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Editorial on the Research Topic

The effect of anti-cancer drug therapies in the treatment of lung cancer
Lung cancer is still the leading cause of cancer-related deaths worldwide (1). Patients

with lung cancer feature poor clinical outcomes primarily due to the challenges of early

detection, high risk of metastasis and the development of resistance to multiple therapies.

Thus, a deeper understanding of the molecular mechanisms supporting therapy escape is

essential to improve the survival rate and prognosis of this disease. Currently,

international guidelines have established a minimum panel of so-called “must test

genes”, including epidermal growth factor receptor (EGFR), Kirsten Rat Sarcoma Viral

Oncogene Homolog (KRAS) and V-Raf Murine Sarcoma Viral Oncogene Homolog B

(BRAF) mutations, Anaplastic Lymphoma Receptor Tyrosine Kinase (ALK), ROS Proto-

Oncogene 1, Receptor Tyrosine Kinase (ROS1), Rearranged During Transfection (RET),

Neurotrophic Receptor Tyrosine Kinase (NTRK) gene rearrangements and MET Proto-

Oncogene, Receptor Tyrosine Kinase (MET) exon 14 skipping, for tyrosine kinase

inhibitors (TKIs) administration and the evaluation of the expression level of

Programmed death-ligand 1 (PD-L1), for immune-checkpoint inhibitors (ICIs)

administration, in order to avoid to leave any non-small cell lung cancer (NSCLC)

patient behind (2). Beyond well-established biomarkers, others are being currently under

investigation as potentially actionable genomic alterations. (Zhou et al.; Zhai et al.)

Overall, in this Special Topic of Frontiers in Oncology and Frontiers in

Pharmacology, we attempt to address some major concerns related to targeted

therapies and ICIs administration, novel therapeutic strategies, resistance mechanisms

and adverse events in lung cancer patients.

The results of FLAURA clinical trial have clearly demonstrated the superiority in

terms of clinical benefit of first-line osimertinib respect to other EGFR TKIs in untreated

advanced stage NSCLC patients harboring common (exon 19 deletions or exon 21

p.L858R) EGFR mutations (3, 4). However, little was known about the efficacy of this

drug on uncommon EGFR mutant patients. In this setting, Zhi et al., in a case report
frontiersin.org
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experience, highlighted that the combination of osimertinib plus

bevacizumab may represent a valid therapeutic option after

osimertinib in advanced stage NSCLC patients harboring

EGFR exon 20 p.D770_N771insGT mutation and brain

metastasis.The combination of osimertinib plus bevacizumab

has also demonstrated a higher clinical efficacy respect to

chemotherapy plus bevacizumab in advanced stage NSCLC

EGFR-mutant patients after the failure of osimertinib alone

administration (Cui et al.). In addition, osimertinib seemed to

be safe and feasible also in neoadjuvant setting in resectable

NSCLC EGFR-mutant patients (Hu et al.). A crucial point in the

management of advanced stage NSCLC patients by EGFR TKIs

is represented by the possibility to act on brain metastasis. As for

osimertinib, almonertinib, a novel third generation EGFR TKI,

showed in preclinical models the capacity to easily penetrate the

blood-brain barrier and the ability to act on brain and spinal

cord metastases (Zhang et al.). Beyond EGFR-mutant patients,

careful attention should be paid on gene rearrangements. In this

setting, Peng et al. highlighted, in a Bayesian network meta-

analysis, that lorlatinib is associated with the highest

progression-free survival (PFS) and lowest risk of brain

progression in advanced stage NSCLC ALK-fused patients

respect to other ALK TKIs. However, a significant higher

toxicity was also registered. Regarding small cell lung cancer

and other rare large cell neuroendocrine lung carcinomas,

encouraging results have been reported with the adoption of

the novel multi-targeting TKI anlotinib (Gan et al.; Xu et al.).

Regarding ICIs administration, beyond the established role of

expression level of PD-L1, other biomarkers are being under

investigation. Among these, Fu et al. showed the benefit of ICI

administration in an advanced stage NSCLC patients with DNA

Polymerase Epsilon, Catalytic Subunit (POLE) mutation and

brain metastasis.

The role of POLE2 was also highlighted in the study by Ni

et al. In this work, the authors showed that berberine, a natural

anti-cancer drug, may inhibit in vitro and in vivo lung

adenocarcinoma progression due to the down-regulation of

Forkhead Box M1 (FOXM1) /POLE2 express ion as

emerged.Among the novel therapeutic strategies, several other

molecules are being currently under investigation and are

showing promising pre-clinical results. (Pan et al.; Wang et al.;

Wu et al; Yan et al.; Ye et al.; Yin et al.; Zhang et al.; Zhao et al.;

Zhao et al.). As far as chemotherapy is concerned, Tu et al.

showed that the inhibition of hedgehog signaling may a be a

promising strategy to improve paclitaxel response in advanced

stage NSCLC EGFR wild type patients.

Another crucial point in lung cancer treatment is

represented by the development of resistance. In this scenario,

several mechanisms may arise. In the case report by Liu et al., a

patient harboring an EGFR exon 21 p.L858R point mutation

developed a Lysocardiolipin Acyltransferase 1 (LCLAT1)/ALK

rearrangement after icotinib administration and an additional

EGFR exon 20 p.T790M after the subsequent ensartinib
Frontiers in Oncology
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administration. Thus, in those patients an association of

osimertinib plus ensartinib has been considered to overcome

the double resistance mechanisms.Considering gene

rearrangements, MET amplification has been identified as a

resistance mechanism to crizotinib administration in advanced

stage NSCLC ROS1-fused patients by Yang et al.

Finally, the role of adverse events to chemotherapy and

targeted therapies, including TKIs and ICIs, should be taken into

account. Regarding antimetabolites, Geier et al. described the

development of a severe acrosyndrome. The authors suggested

awareness for the rise of these events, in particular in patients

with predisposing factors. As far as TKI regimen is concerned, a

rare and severe fatal tumor lysis syndrome has been showed after

brigatinib administration in an advanced NSCLC ALK-fused

patients. (Wang et al.). A possible solution to reduce adverse

events in afatinib administration has been proposed by Wang

et al. The authors in their systematic review and meta-analysis

highlighted a significant reduction in adverse events with a dose

reduction of the drug. Rare adverse events have been also

reported for ICI regimens. In particular, Lin et al. reported a

hepatic sarcoid/granulomatous-like reaction after toripalimab

(anti PD-1) administration whereas a severe pneumonitis was

reported by Xie et al. after pembrolizumab administration.

However, in this latter case, the Authors highlighted the role

of nintedanib for the treatment of this adverse event (Xie et al.).

Overall, this Research Topic has highlighted the effects, in

terms of clinical benefit, resistance mechanisms and adverse

events, of different anti-cancer drugs in the treatment of lung

cancer. Ongoing research is warranted to improve the clinical

outcome of these patients.
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Lung cancer is one of the most common and lethal neoplasms for which very few
efficacious treatments are currently available. M1-like polarised tumour-associated
macrophages (TAMs) are key mediators to modulate the tumour microenvironment,
which play a key role in inhibiting cancer cell growth. Sophoridine, a naturally occurring
alkaloid, exerts multiple pharmacological activities including anti-tumour and anti-
inflammatory activities, but it has not been characterised as a regulator of tumour
microenvironment towards NSCLC. Herein, the regulatory effects of sophoridine on the
polarisation of THP-1 cells into TAMs and the anti-tumour effects of sophoridine-
stimulated M1 polarised macrophages towards lung cancer cells were carefully
investigated both in vitro and in vivo. The results showed that sophoridine could
significantly promote M1 polarisation of RAW264.7 and THP-1-derived macrophages,
leading to increased expression of pro-inflammatory cytokines and the M1 surface
markers CD86 via activating MAPKs signaling pathway. Further investigations showed
that sophoridine-stimulated RAW264.7 and THP-1-derived M1 macrophages effectively
induced cell apoptosis as well as inhibited the cell colony formation and cell proliferation in
both H460 and Lewis lung cancer cells. In Lewis-bearing mice model, sophoridine (15 or
25 mg/kg) significantly inhibited the tumour growth and up-regulated the expression of
CD86/F4/80 in tumour tissues. Collectively, the findings clearly demonstrate that
sophoridine promoted M1-like polarisation in vitro and in vivo, suggesting that
sophoridine held a great therapeutic potential for treating lung cancer.

Keywords: macrophage differentiation, mitogen-activated protein kinase (MPKs) pathway, sophoridine, RAW264.7,
THP-1 cells
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INTRODUCTION

Lung cancer is one of the leading causes of cancer-related
mortality over the world, and its 5-year survival rate is less
than 18% (1). Approximately 1.8 million lung cancer patients are
diagnosed annually, 80% of which present with an advanced
stage disease (2). 80% of lung cancer cases are non-small cell lung
cancer (NSCLC). The prognosis of NSCLC patients remains
poor in spite of several advances in early detection and
systematic therapies. The high mortality rate of NSCLC is
mainly responsible for the difficulty of early detection for
prognosis, high risk of metastasis, and inadequate reactions to
chemical therapy and radiotherapy (3). Since no curative therapy
has been developed to date for the developed lung cancer, clinical
care is mostly palliative (4). It is therefore necessary to gain deep
insight into the fundamental biological and molecular
mechanisms of the progression of NSCLC.

Intercommunication between the tumour and its
microenvironment contributes to several steps of cancer
development (5). Tumour-associated macrophages (TAMs) are
the macrophages that migrate to the stroma of tumour (6). Both
tissue-resident macrophages and monocyte-derived
macrophages are employed during the inflammation (7).
Classically activated macrophages (M1s) and the alternatively
active macrophages (M2s) are two major macrophage
polarisation states and also represent the Th1/Th2
differentiation paradigm (8). Th1-related cytokines, including
LPS, polarise macrophages to the M1 phenotype, producing a
high level of pro-inflammatory cytokines, such as IL-6, IL-1b,
TNF-a, reactive oxygen, and nitrogen species (9, 10). In
comparison, IL-4 activates macrophages to differentiate into
M2 phenotype, exerting anti-inflammatory and pro-
tumourigenic properties (11, 12). MAPKs signalling pathway is
involved in the inflammatory activation of macrophages and
reprogramming TAMs towards the M1 phenotype (13, 14).
Depletion of TAMs or inducing macrophage M1 polarisation
status via MAPKs signalling pathway is taken to be a promising
therapeutic strategy for treating NSCLC.

The combination of traditional therapies with natural
compounds has shown an additive effect due to the alternative
activation of the signalling pathway, which can lead to cell death
or improve the efficiency of the chemotherapeutic agents (15).
The participation in cancer immunobiology of these natural
compounds (either alone or in combination therapy) may offer
potential therapeutic possibilities (16). Herbal medicines contain
numerous of biologically active natural compounds, which have
been reported to have remarkable therapeutic efficacy with
minimal adverse effects and also as a major source for
discovery of drug lead compounds (17). Sophoridine
(C15H24N2O, Figure 1A) is a bioactive quinolizidine alkaloid
isolated from the leaves of Sophora alopecuroides. L (18). Studies
have revealed that sophoridine exhibited impressive viral
pharmacological effects, including anti-inflammatory, anti-
virus, and anti-cancer effects (19). The anti-tumour effects of
sophoridine are involved in several underlying mechanisms,
including arresting the cell cycle of pancreatic cancer cells in
the S or G0/G1 phase through activation of the phosphorylation
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of MAPK signalling pathways (20), inhibiting the tumour
progression and invasion in human colorectal cancer cells (21),
and inhibiting ubiquitin-proteasome signalling pathway in
human glioma cells (22). Sophoridine has been reported (23)
to have the ability of forming the gastric cancer immune
microenvironment by transferring TAM polarisation to M1
and suppressing M2-TAM polarisation. However, only one
study (24) reported that sophoridine exerted anti-tumour
effects via activation of p53 and Hippo signalling pathways
towards lung cancer cells. It has not been reported whether
sophoridine could inhibit the growth of lung cancer cells via
promoting TAM polarisation to pro-inflammatory M1 status or
regulating the tumour microenvironment.

Herein, the regulatory effects of sophoridine on the
differentiation of THP-1 cells into macrophages and the anti-
tumour effects of sophoridine-stimulated M1 polarised
macrophages towards lung cancer cells were investigated both in
vitro and in vivo. Surface markers and cytokine production were
employed to confirm the TAM polarisation to pro-inflammatory
M1 status. The findings in this study clearly demonstrated that
sophoridine was capable of promoting the polarisation of
RAW264.7 and THP-1 cells into M1-like macrophages.
The anti-tumour effects of sophoridine-stimulated M1 polarised
macrophages were evaluated via co-culturing with lung cell lines
(H460 and Lewis lung cancer cells). In addition, the in vivo
anticancer effects of sophoridine were investigated in a
subcutaneous xenograft tumour mice model (Figure 2).
MATERIALS AND METHODS

Reagents and Antibodies
Sophoridine powder was purchased from MCE (purity > 98%).
Anti-human/mouse CD86 PE, anti-human/mouse CD11b FITC,
anti-mouse F4/80 FITC were purchased from BioLegend (CA,
USA). Antibodies against total and phosphorylated MAPK, Ki67,
F4/80 and CD86, and GAPDH were purchased from Cell
Signaling Technology (MA, USA). SP600125 were purchased
from MCE (NJ, USA). LPS and Phorbol 12-myristate 13-acetate
(PMA) was obtained from Sigma-Aldrich (MO, USA).
Cell lines and Cell Culture
The human and mouse lung cancer cell lines, H460 and Lewis,
the human monocyte cell line, THP-1, and the mouse
macrophages, RAW264.7, were kindly provided by the Chinese
Academy of Sciences, China (Shanghai, China). Lewis and
RAW264.7 cells were cultured in DMEM medium (Gibco, NY,
USA), while H460 and THP-1 cells were cultured in RPMI-1640
medium (Gibco). All cultures were supplemented with 10% fetal
bovine serum (Gibco) and 100 U/ml penicillin–streptomycin
(Sigma-Aldrich). The cultures were kept under 5% CO2 at 37°C.
THP-1 was differentiated into macrophages-like phenotype by
stimulating with 150 nM PMA. The macrophages were polarised
into M1 by 1 mg/ml LPS for 24 h. M0 macrophages were
stimulated with 20 or 40 mg/ml sophoridine for 24 h.
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FIGURE 1 | Sophoridine promoted macrophages shifting to M1 phenotype. (A) Chemical structure of sophoridine (downloaded from PubChem). (B, C) The cell
viability of sophoridine-stimulated RAW264.7 and THP-1-derived macrophages was detected by CCK-8 assay. (D, E) The percentage of CD86 of RAW264.7 and
THP-1-derived macrophages. (F, G) The relative expression of IFN-g, TNF-a, IL-6, iNOS, and IL-1b mRNA in RAW264.7 and THP-1-derived macrophages
determined by RT-PCR. (H, I) The NO production of RAW264.7 and THP-1-derived macrophages assessed by Griess. (J, K) The protein expression (% of GAPDH)
of TNF-a and IL-1b in RAW264.7 and THP-1-derived macrophages determine by Western blotting (n = 3), p < 0.05 (*).
Frontiers in Oncology | www.frontiersin.org February 2021 | Volume 11 | Article 634851311

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhao et al. Sophoridine Inhibited NSLC Tumour Growth
Afterwards, the supernatant of the treated cells was collected, and
co-cultured with Lewis and H460, respectively.

Conditioned Medium Preparation
Cell supernatants of macrophages were harvested after an
additional 24 h of culture. The supernatants were centrifugated
at 2,000 rpm for 10 min, and filtrated through a 0.22 µm cell
strainer. Supernatants were collected as conditioned medium
and stored at −80°C.

CCK-8 Assays
After stimulating with different concentrations of sophoridine, the
cell viability was detected using CCK-8 assay (Dojindo,
Kumamato, Japan). The cells were seeded in 96-well flat plates at
a density of 5 × 103 cell/ml. After the indicated incubation time, 10
ml of CCK-8 reagent was added into each well. Cells were cultured
for 1.5 h. The OD value of each well was detected at 450 nm. Cell
viability rate (%) = OD450(test)/OD450 (control) × 100%.

Flow Cytometry
After 24 h incubation, cells were washed with staining buffer
(BioLegend. CA, USA), then incubated with anti-human/mouse
PE-CD86 or human/mouse FITC-CD11b at room temperature
for 20 min. Afterwards, the cells were collected, washed, and
resuspended in cell staining buffer. Spleens were filtered through
40 mm nylon mesh strainer, and then were lysed for 5 min by
using 1× Red Blood Cell Lysis Buffer. Cells were double stained
with mouse FITC-CD11b and PE-CD86 fluorescently tagged
antibodies. All data were detected by a CytExpert flow cytometer
system and analysed by FlowJo software.

RT-PCR analysis
Total RNA was isolated with Trizol (Sigma-Aldrich) method.
cDNA was synthesised using the PrimeScript II 1st Strand cDNA
Synthesis Kit (Takara, Tokyo, Japan). The mRNA expression was
prepared by RT-PCR with SYBR Green PC Master Mix (Applied
Biosystems, USA). The primer sets used were as follows: Mouse:
IL-6: forward: ATAGGTGGACTGGACTCCCGA, reverse: TTT
GGTGCTTCACAATTCAG; TNF-a: forward: GCGACGTGGA
ACTGGCAGAAG, reverse: GCCACAAGCAGGAATGAGA
AGAGG; IL-1b : forward: ATGGCAATGTTCCTGAAC
TCAACT, reverse: CAGGACAGGTATAGATTCTTTCCTTT;
iNOS: forward: GGACCCAGTGCCCTGCTTT, reverse: CACC
AAGCTCATGCGGCCT; b-actin: forward: TGGAATCCTGT
GGCATCCATGAAAC, reverse: TAAAACGCAGCTCAGTAA
CAGTCCG; Human: IL-1b: forward: TGCTCAAGTGTCTGA
AGCAG, reverse: TGGTGGTCGGAGATTCGTAG; TNF-a:
forward: CCCAGGGACCTCTCTCTAATC, reverse: ATGGGC
TACAGGCTTGTCACT; IL-6: forward: ACCCTGACCAT
CCAAGTCAAA, reverse: TTGGCCTCGCATCTTAGAAAG;
iNOS: forward: TGGAGCCAGTTGTGGATTGTC, reverse:
GGTCGTAATGTCCAGGAAGTAG; GAPDH: forward: CACC
AACTGCTTAGCACCCC, reverse: TGGTCATGAGTCCT
TCCACG. Thermocycler conditions: initial holding at 50°C for
2 min; 95°C for 5 min and 15 s; 60°C for 15 s; 72°C for 30 s for 40
cycle sandals; holding at 72°C for 5 s. Reactions were conducted
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using an ABI PRISM® 7,300 Sequence Detection System
(Applied Biosystems, Canada). The results were expressed as
RQ = 2− DDCt.

Griess Test
20 and 40 mg/ml sophoridine or 1 mg/ml LPS was added for 24 h.
After the incubation, cell supernatants were collected for the
measurement of Nitric Oxide (NO) by using NO assay kit
(Sigma-Aldrich), and incubated for 10 min. A microplate
reader was used to detect the OD value at 540 nm.

Western Blot Analysis
Proteins (10 mg/lane) was dissolved in sodium dodecyl sulfate
(SDS)-polyacrylamide gels and transferred onto a polyvinyl
difluoride (PVDF) membrane (Millipore), then incubated
overnight with primary antibody at 4°C. The blots were
incubated with secondary antibodies for 2 h. The results were
analysed using ImageJ software (National Institutes of Health,
Maryland, USA).

Cell apoptosis Assay
Cells were collected after 24 h incubation. The cell apoptosis was
analysed using an Annexin V-FITC/PI Apoptosis Detection Kit
(V13241) (Thermo, MA, USA). All samples were detected using
a CytExpert flow cytometer (Beckman Coulter, USA).

Colony Formation, Cell Cycle, and Cell
Proliferation Analysis
Cells were seeded in 12-well flat plates at a density of 900 cells/
well and incubated for 10 d. Cells were fixed with 4%
paraformaldehyde (Beyotime, Shanghai, China) for 15 min and
stained with crystal violet (Beyotime) for 15 min. Glacial acetic
acid was added after taking pictures; the OD value of each well
was detected at 590 nm. For cell cycle assay, the cells were
stimulated with sophoridine (20 and 40 mg/ml) for 24 h. Cells
were fixed with 70% ethanol at −20°C overnight. DNA content
was detected by PI staining. Cell proliferation was measured
using the 5-ethynyl-2′-deoxyuridine (EdU) staining. Cells (1 ×
105/ml) were incubated with 1 µM EdU solution (Thermo Fisher
Scientific, Inc.) for 2 h, and then stained with 1× Hoechst 33342
solution (Beyotime) for 10 min at 25°C. The morphologic
changes were observed using a fluorescence microscope
(magnification, ×100).

Measuring of Intracellular Reactive
Oxygen Species
To measure the intracellular ROS level, the diluted DCFH-DA
was added to the incubated cells for 30 min at 25°C in the dark.
The intensity of fluorescence was detected using a CytExpert
flow cytometer.

Lewis Lung Cancer Tumour Xenograft
Mice Experiment
Female C57BL/6J mice (6-week-old) were conducted in
compliance with the relevant laws and institutional guidelines.
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The animal studies were approved by the Animal Care and Use
Committee of Shanghai Institute of Food and Drug Control (the
approval No. SIFDC18096). LLC cells (8 × 105 cells) in 0.2 ml of
PBS were injected subcutaneously into the right back side of the
mouse. After 1 d, mice were intragastric (i.g.) administrated with
0.2 ml of sophoridine (15 mg/kg) and 0.2 ml of sophoridine (25
mg/kg) for 25 d.

Haematoxylin–Eosin
and Immunohistochemistry Staining
Tissue (heart, liver, kidney, and spleen) slides were stained with
H&E. Slides were observed using a microscope (×100
magnification) for six fields. The expression of Ki67 was
quantitatively evaluated using a fluorescence microscope
(×100 magnification).

Immunofluorescent Staining
To analyse the expression of M1-like macrophages in tumour
tissues, tumour tissues were fixed by 4% paraformaldehyde for
10 min. Then, all tissues made into paraffin were cut at a
thickness of 4 mm. For immunofluorescence, the primary
antibodies were employed: F4/80 (1:500) and CD86 (1:500).
For morphometric evaluation, five optical fields/tumour section
were randomly chosen and imaged by a fluorescence microscope.

Statistical Analysis
Values are expressed in Mean ± Standard Deviation of three
independent experiments. GraphPad Prism 8.0 software (San
Diego, CA, USA) was employed to analyse data. The difference
between groups was measured using Unpaired Student’s t-test
(two-tailed) and one-way ANOVA test. Values with p <0.05 (*)
mean statistically different.
RESULTS

Sophoridine Promoted Macrophages
Switching to M1 Phenotype
The effects of sophoridine on cell viability of RAW 264.7 and
THP-1-derived macrophages were measured by CCK-8 assay. As
shown in Figures 1B, C, 10, 20, and 40 mg/ml sophoridine
displayed negligible effects on cell viability compared to the
untreated control groups (p > 0.05). Herein, 20 and 40 mg/ml
sophoridine were used for subsequent experiments.

To determine whether sophoridine induced M1 macrophages
polarisation, CD86, a co-stimulatory molecule, which is a
differentiated marker of macrophages, was detected by flow
cytometry analysis. As shown in Figures 1D, E, stimulated with
LPS alone induced macrophages polarising to M1 phenotype, and
the expressions of CD86 of RAW 264.7 and THP-1 macrophages
were more than 80%. When treated with 20 or 40 mg/ml
sophoridine, the expressions of CD86 marker of macrophages
increased significantly compared to the control cells (p < 0.05).
Moreover, THP-1 cells stimulated by sophoridine showed an
approximately two to three-fold increase in the expression of
CD86 surfacemarker relative to PMA-differentiatedmacrophages.
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To further evaluate the effects of sophoridine on the release of
the classic cytokines of M1-like macrophage, RT-PCR was
carried out to detect the expression of IFN-g, IL-1b, TNF-a,
IL-6, and iNOS of RAW264.7 and THP-1-derived macrophages.
As shown in Figure 1F, upon exposure to LPS or sophoridine,
RAW264.7 produced noticeably greater amounts of iNOS
compared to the untreated cells, followed by IFN-g and TNF-
a. Figure 1G presents that LPS- or sophoridine-stimulated THP-
1-derived macrophages produced higher levels of pro-
inflammatory cytokines of M1-like macrophage compared to
the control cells (p < 0.05). Sophoridine induced the cytokine
production of M1 macrophages in a.

In order to further determine whether sophoridine could up-
regulate pro-inflammatory cytokines of M1 macrophages, the
protein expressions of TNF-a and IL-1b were also detected by
Western blotting. As shown in Figures 1J, K, LPS and
sophoridine up-regulated the expression of TNF-a and IL-1b
in both RAW264.7 and THP-1-derived macrophages. The results
were highly consistent with the mRNA expression of TNF-a and
IL-1b.

The results of mRNA expression of iNOS in macrophages
(Figures 1F, G) showed that sophoridine increased the mRNA
expression of iNOS in RAW264.7 and THP-1-derivedmacrophages
compared to the control cells. NO production was further
quantified by Griess in this study, and the effects of sophoridine
on the release of NO in RAW264.7 and THP-1-derived
macrophages were depicted in Figures 1H, I. LPS-stimulated
RAW264.7 produced 22.5 mmoL/L NO, while 20 and 40 mg/ml
sophoridine-stimulated RAW264.7 released 16 and 18 mmoL/L NO,
respectively, which were up to 16- to 18-fold higher than the control
level (p < 0.05). The level of NO production was also consistent with
the mRNA expression of iNOS.

To determine whether sophoridine inhibits IL-4 and IL-13-
induced RAW264.7 macrophage M2 polarisation, we detected
the expression of the surface markers CD206 by flow cytometry
in M2 macrophages after treatment with sophoridine. As shown
in Supplementary Figure 1, significant up-regulation of CD206
was observed when RAW24.7 monocytes were treated with IL-4
and IL-13 for 24 h, and this was greatly reduced by sophoridine.

MAPK Signalling Pathway Regulated
the Sophoridine-Induced Differentiation
and the Production of Pro-Inflammatory
Cytokines
As macrophage polarisation needs the activation of unique
transcription factors; the potential signalling pathways involved
in sophoridine-stimulated M1 macrophage polarisation need to
be further elucidated. The MAPK signalling pathway, which has
been proved to play an essential role in mediating inflammatory
response (25), was carried out. Prior to the sophoridine
stimulation, a JNK inhibitor, SP600125, was employed to
evaluate its effect on MAPK signalling pathway. SP600125
down-regulated the expression of p-JNK of RAW246.7 and
THP-1-derived macrophages compared to untreated cells
(Supplementary Figure 1). Hence, SP600125 blocked the
MAPK signalling pathway via inactivation of p-JNK. Afterwards,
February 2021 | Volume 11 | Article 634851

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhao et al. Sophoridine Inhibited NSLC Tumour Growth
thedifferentiatedmacrophageswere stimulatedby20 and40mg/ml
sophoridine to determine whether sophoridine can induce theM1
macrophages polarisation. According to the Figures 3A, B, LPS
and sophoridine (20 and 40 mg/ml) triggered the phosphorylation
of JNK, ERK, and p38 MAPK in RAW264.7 and THP-1-derived
macrophages. RAW264.7 and THP-1 cells were pre-treated with
SP600125, and then stimulated with or without sophoridine (20
and 40 mg/ml). The expression of surface markers, CD86 and
CD11b (Figures 3C, D) as well as pro-inflammatory cytokines,
including IL-1b, IFN-g, TNF-a, iNOS, and IL-6 (Figures 3E, F) in
macrophages were detected by flow cytometry and RT-PCR
analysis, respectively. The expression of CD86 and the pro-
inflammatory cytokines in RAW264.7 and THP-1-derived
macrophages was partly prevented by SP600125. Although
RAW264.7 and THP-1-derived macrophages were co-stimulated
with 20/40 mg/ml sophoridine, the mRNA expressions of IFN-g,
TNF-a, IL-6, iNOS, and IL-1b were significantly lower than that
of stimulated with sophoridine alone (p < 0.05). In addition, pre-
treatment with SP600125 down-regulated the expression of CD86
in sophoridine-stimulated macrophages when compared with the
macrophages without pre-treatment with SP600125. Besides,
the expression of NO in RAW264.7 and THP-1-derived
macrophages was measured. After pre-treating with SP600125
on sophoridine-stimulated RAW264.7 and THP-1-derived
macrophages, the NO production was considerably lower than
the macrophages without treatment with SP600125 (Figures 3G,
H, p < 0.05). This result was consistent with the down-regulated
mRNA expression of iNOS.

Sophoridine-Stimulated Macrophage-Lung
Cancer Cell Crosstalk Induced Cell
Apoptosis
The supernatants of sophoridine-treated RAW264.7 and THP-1-
derivedmacrophages were collected and co-cultured with H460 and
Lewis lung cancer cells, respectively. Cell colony formation, cell
apoptosis, and distribution of the cell cycle were conducted onH460
and Lewis cells. Prior to these analyses, H460 and Lewis cells were
stimulated with various concentrations of sophoridine alone for
48 h. The results show that the IC50 for H460 and Lewis was 73.49
and 64.95 mg/ml at 24 h and 53.52 and 40.10 mg/ml at 48 h,
respectively (Supplementary Figure 2), demonstrating that
sophoridine inhibited the growth of H460 and Lewis cells.

The apoptotic rate of H460 and Lewis cells was measured.
Infiltration of H460 and Lewis lung cancer cells with sophoridine-
induced RAW264.7 and THP-1-derived macrophages,
respectively, significantly increased the percentages of the later
and early apoptotic rate of lung cancer cells compared to the
untreated and sophoridine-treated alone H460 and Lewis cells (p
< 0.05) (Figure 4A). These results suggested that 20 and 40 mg/ml
sophoridine-stimulated macrophages effectively induced the cell
apoptosis of H460 and Lewis cells. Quantitative analysis of
colony formation in Figure 4B demonstrates that the colony
formations of macrophages infiltrated H460 and Lewis cancer
cells were significantly lower than control and sophoridine-
treated alone lung cancer cells (p < 0.05). This trend was in
agreement with the results of cell apoptosis of H460 and Lewis
Frontiers in Oncology | www.frontiersin.org 614
cells, suggesting that sophoridine-stimulated macrophages
significantly effectively inhibited cell colony forming activities
of H460 and Lewis lung cancer cells at the doses of 20 and
40 mg/ml.

Morphologic changes and cell proliferation of lung cancer
cells were detected after the Hoechst and EdU staining. The
obvious apoptotic features, such as nuclear shrinkage, irregular
condensation of chromatin, and apoptotic bodies, were detected
in sophoridine stimulated-H460 and Lewis cells (Figure 4C, blue
staining). In addition, the area of the red staining, representing
the cell proliferation, decreased dramatically in macrophages
infiltrated H460 and Lewis cells compared to untreated cells.
Moreover, this phenomenon seemed to be more obvious
compared to those in Lewis lung cancer cells. These results
revealed that sophoridine-stimulated macrophages at the doses
of 20 and 40 mg/ml induced the cell apoptosis and suppressed the
cell proliferation of lung cancer cells.

Figure 4D shows the percentage of cell number in each
phase of cell cycle of H460 and Lewis cells. The percentage of
THP-1-infiltrated H460 cells in the G2/M phase significantly
increased, whilst the percentage of RAW264.7-infiltrated
Lewis cells in the S and G2/M phases increased when
compared with the untreated cells (p < 0.05). The arrest effect
in macrophage-infiltrated cells was more significant than in lung
cancer cells stimulated with sophoridine alone (p < 0.05). These
results suggested that sophoridine-stimulated THP-1-derived
arrested the cell cycle of H460 in the G2/M phase, while
sophoridine-stimulated RAW264.7 macrophages arrested the
cell cycle of Lewis cells in the S phase partially and the G2/
M phase.

The ROS generation in two lung cancer cells was detected by
flow cytometry analysis, and the results are shown in Figure 4E.
The ROS generation increased considerably in sophoridine-
stimulated macrophages infiltrated compared to untreated cells
(p < 0.05). M1 polarised macrophages infiltrated lung cancer cells
generated greater ROS than sophoridine-administrated.
Sophoridine Inhibited Tumour Growth
In Vivo
Figures 5A, B present that oral administration of sophoridine at
doses of 15 and 25 mg/kg significantly suppressed tumour
growth markedly, which was reflected by the decrease of the
volume and the weight of tumour, and the final volume and the
weight of tumour from mice administrated with sophoridine
were significantly lower than those from control mice (p < 0.05).
Consistent with the results in Figure 5C, 15 and 25 mg/kg
sophoridine induced the destruction of architectures of tumour
tissues, and the infiltration of large number of inflammatory cells
into tumour tissues reflected by H&E staining.

The IHC staining of Ki67 (Figure 5C) presents that the
tumour tissues from mice administrated with sophoridine had
less positive staining compared to the untreated mice (p < 0.05),
indicating that administration of sophoridine at the doses of 15
and 25 mg/kg significantly inhibited the expression of Ki67 in
tumour tissues. These pathological analyses indicated that the
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administration of sophoridine effectively prevented the
tumour growth.

Sophoridine Promoted M1 Polarisation
of Macrophages In Vivo
The lung sections from different groups were double stained
with the M1-marker CD86 and the macrophage marker F4/80.
The results are shown in Figure 6A; sophoridine increased the
percentage of CD86 significantly. Flow cytometry analysis was
also employed to measure the ratio of CD86 to F4/80. The
result of spleen in Figure 6B was consistent with the staining
results, presenting that sophoridine increased the ratio of
CD86/F4/80.

Sophoridine Had No Toxicity Toward
Heart/Kidney/Spleen/Liver
The in vivo toxicity of sophoridine was evaluated in mice.
Following oral administration of sophoridine at the doses of 15
and 25 mg/kg for 25 days, the systemic toxicity was evaluated by
H&E staining. As shown in Figure 7, there was no obvious
difference between control groups and sophoridine-
administration groups. The tissues collected from mice were
stained with H&E to further monitor the cardiac, liver, spleen,
and kidney toxicity after the oral administration. The histological
structure of the heart, kidney, liver, and spleen was observed and
Frontiers in Oncology | www.frontiersin.org 715
compared microscopically. There was no obvious histological
change after oral administration of sophoridine. These findings
revealed that sophoridine was an effective agent, which
suppressed the xenograft lung tumour growth in vivo, with
well-tolerated toxicity.
DISCUSSION

Monocyte-to-macrophage differentiation is a vital stage during
the onset of immune responses. THP-1 cell has been widely
employed to investigate the function activity and the
differentiation of monocyte and macrophage in vitro (26).
PMA is considered as the most effective stimulating agent to
induce the differentiation of THP-1 cells, which can represent a
simplified macrophage model (27). In this study, PMA was
employed to induce the differentiation of THP-1 cells to
macrophages, and PMA-stimulated THP-1-derived macrophages
were used for subsequent experiments.

CD86, a co-stimulatory molecule, which is the differentiated
marker of macrophages, was detected in this study. The up-
regulated expression of CD86 surface marker revealed that
sophoridine stimulated RAW264.7 and THP-1 cells to
differentiate into macrophage-like cells and might induce
macrophages polarising to M1 phenotype. M1 phenotype
FIGURE 2 | Sophoridine induced macrophages M1 polarisation via MAPKs pathway.
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FIGURE 3 | The sophoridine induced macrophages differentiation and produced pro-inflammatory cytokines via the MAPKs signaling pathway (A, B) The relative
protein expression of p-JNK, p-ERK, and p-P38 (relative to JNK, ERK, and P38, respectively) in RAW264.7 and THP-1-derived macrophages determine by Western
Blotting. (C, D) The percentage of CD86 of sophoridine-stimulated RAW264.7 and THP-1-derived macrophages with or without SP600125 treatment. (E, F) The
relative expression of IFN-g, TNF-a, IL-6, iNOS, and IL-1b mRNA in sophoridine-stimulated RAW264.7 and THP-1-derived macrophages with or without SP600125
treatment determine by RT-PCR. (G, H) The NO production of sophoridine-stimulated RAW264.7 and THP-1-derived macrophages with or without SP600125
treatment (n = 3), p < 0.05 (*).
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FIGURE 4 | Sophoridine-stimulated macrophage-lung cancer cell crosstalk induced cell apoptosis, cell colony formation, and suppressed cell proliferation. (A) The
cell apoptosis of H460 with or without infiltration of sophoridine-stimulated THP-1-derived macrophages, and Lewis lung cancer cells with or without sophoridine-
stimulated RAW264.7 macrophages determine by flow cytometry analysis. (B) The cell colony formation of H460 with or without infiltration of sophoridine-stimulated
THP-1-derived macrophages, and Lewis lung cancer cells with or without sophoridine-stimulated RAW264.7 macrophages. (C) The cell proliferation and apoptosis
of H460 with or without infiltration of sophoridine-stimulated THP-1-derived macrophages, and Lewis lung cancer cells with or without sophoridine-stimulated
RAW264.7 macrophages determine by EdU and Hoechst staining. (D) The percentage of cell number in the G1, S, and G2/M phase during the cell cycle of H460
with or without infiltration of sophoridine-stimulated THP-1-derived macrophages, and Lewis lung cancer cells with or without sophoridine-stimulated RAW264.7
macrophages detect by flow cytometry using PI staining. (E) ROS intensity with or without infiltration of sophoridine-stimulated macrophages (n = 3), p < 0.05 (*).
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produces pro-inflammatory cytokines and plays a critical role in
microbial and tumour regression, while M2 expresses anti-
inflammatory factors and participants in the immune regulation
and tumour progression. In the tumour microenvironment, the
TAMs adopt an immunosuppressive M2-like phenotype
important to promote cancer growth. To further evaluate the
influences of sophoridine on the production of the typical
cytokines of M1 macrophage, the expression of IFN-g, TNF-a,
IL-6, IL-1b, and iNOS was measured. The results indicated that
sophoridine induced the cytokines production of M1
macrophages. Pathogens, in particular of those containing LPS,
induce chronic inflammation (28), which is related to the increase
in NO production. Macrophages appear to be the major cellular
source of NO (29). Previous studies have demonstrated LPS-
stimulated macrophages produced high level of NO, thus
leading to the macrophage’s differentiation. iNOS is the primary
enzyme and makes the great contributions to the NO production
in inflammatory processes (30). A change in iNOS activity directly
affects the production of NO (31). This study demonstrated that
sophoridine induced the activation of iNOS activity of
macrophages to produce NO, thus leading to the M1-
macrophages polarisation. Macrophage activation state is vital to
regulate between inflammation and resolution or tissue
homeostasis and disease pathogenesis. Moreover, it was
Frontiers in Oncology | www.frontiersin.org 1018
demonstrated that sophoridine inhibit skewing of M2-like
macrophages (Supplementary Figure 3). However, we need
more experiments to verify that sophoridine inhibits M2-
like macrophages.

MAPK signalling pathway has been reported to be
associated with macrophage activation and reprogramme
TAMs towards M1 macrophages polarisation (13, 14).
SP600125 was used to block the initiation of signal
transduction (32), and the results suggested that stimulation
of JNK inhibitor before polarising with LPS or sophoridine
blocked the induction of the M1 marker CD86 and decreased
the production of the M1 cytokines in sophoridine-stimulated
macrophages. In addition, iNOS activity and NO production
were drastically blocked by JNK inhibitor, which resulted in
the inhibition of iNOS activity, thus leading to the reduction
of NO production in sophoridine-stimulated RAW264.7 and
THP-1-derived macrophages. Taken together, these results
revealed that JNK acted as an initiator for activation of
MAPKs signalling pathway during the process of M1-like
macrophage polarisation. However, there are still some
limitations in this study. On the one hand, this study
focussed primarily on the MAPK signalling pathway, despite
any other potential mechanisms involved in the macrophage
polarisation. On the other hand, only CD86 was employed as
A B

C

FIGURE 5 | Sophoridine inhibited tumour growth of Lewis-bearing mice and promoted M1 polarisation of macrophages in vivo. (A) Administration of 15 and 25 mg/
kg sophoridine decreased the tumour volume (mm3). (B) Administration of 15 and 25 mg/kg sophoridine decreased the tumour weigh. (C) Administration of 15 and
25 mg/kg sophoridine decreased the infiltration of inflammatory cells measured by H&E staining, and the expression of Ki67 measured by IHC staining, in tumour
tissues from Lewis-bearing mice p < 0.05 (*).
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the surface marker to discriminate macrophages. More
definitive biochemical markers to differentiate macrophage
populations are needed.

The interactions of lung cancer cells with the RAW264.7/THP-
1-derived macrophages are bidirectional. RAW264.7 and THP-1-
derivedmacrophages seem to be educated by the lung cancer cells to
lead to their activation under the co-culture conditions (33).

ROS generation plays a key role in several signalling
pathways. Elevated ROS in cancer cells promotes the cell
apoptosis in response to the cellular stress induced by
chemotherapy (34). Varieties of drugs have been reported to
exert their effects via the activation of induced the cell apoptosis
through ROS generation. ROS are the natural products of cellular
metabolism (35). Herein, infiltration with sophoridine-
stimulated macrophages induced the cell apoptosis and ROS
generation of lung cancer cells, indicating that ROS production
was an upstream regulator of sophoridine inducing lung cancer
cell apoptosis.

Sophoridine-stimulated macrophages arrested the cell cycle
of Lewis cells in the S phase partially as well as in the G2/M phase
which prevented DNA from replicating properly, and thus
inhibited the tumour growth. This result was agreement with a
previous study (21), reporting that sophoridine arrested the S
phase of pancreatic cancer cell cycle. The damage and error
induced by the cell cycle arrest, which occurs in the course of cell
division, are difficult to repair (36). Herein, sophoridine-
stimulated macrophages induced the DNA damage and cell
Frontiers in Oncology | www.frontiersin.org 1119
cycle arrest, leading to the suppression of lung cancer cell
proliferation. Large numbers of macrophages infiltrated into
lung adenocarcinoma tissues were related to the poor patient
prognosis (37). The data obtained in this study revealed that the
RAW264.7 and THP-1-derived macrophages likely underwent
differentiation into M1-like macrophage, thus exerted biological
effects towards lung cancer cells. Therefore, RAW264.7 and
THP-1-derived macrophages and lung cancer cells altered the
behaviors mutually between each other. Furthermore, lung
cancer cells educated by macrophages acquired myeloid
features, including the properties of cell colony formation, cell
apoptosis, and cell proliferation.

High proliferation rate is a characteristic of cancer. Ki67 protein is
well characterised at the molecular level and is normally used as a
prognostic and predictive marker for the diagnosis and treatment of
cancers (38). Ki67 is rapidly degraded with a half-life of 1–1.5 h. This
makes the Ki-67 antigen an outstanding marker for the detection of
the cell proliferation in normal and tumour cell populations (39).
Therefore, it deserves further investigation and development, such as
testing in more sophisticated in vitro and appropriate in vivomodels.
Cellular proliferation can be identified by different methods, IHC
staining for the Ki-67 antigen has become widely used in
histopathology, especially as a proliferator in various tumour types.
High expression level of Ki-67 in the tumour tissue has been reported
to be associated with poor prognosis in NSCLC (38). However, a
study reported that Ki-67 level did not affect the survival rate of
cancer patients (40). In this study, after administration of sophoridine,
A

B

FIGURE 6 | (A) The expression of CD86 and F4/80, determined by IHC. Scale bar: 50 mm (B) Administration of 15 and 25 mg/kg sophoridine increased the
expression of the ratio of CD86/F4/80 (n = 3), p < 0.05 (*).
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the expression of Ki67 in tumour tissues decreased considerably
compared to untreated mice. These results confirmed that
sophoridine inhibited the cell proliferation and demonstrated a
favorable anti-tumour effect in vivo.

Macrophages are the most prominent component of
leukocytes that infiltrate tumour-bearing mice and humans
with various types of cancers (41). Considering the influence
of sophoridine on tumour growth, the sophoridine-mediated
effects on altered TAM polarisation in tumour tissues in vivo
were investigated. These observations link TAMs highlighted
the anti-tumourigenic effect of sophoridine, specifically via
the MAPK signalling pathway, provided a promising
strategy to modulate the environment of lung cancer cells
and gave scientific support for the clinical application
of sophoridine.
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capillipes Restores Radiosensitivity
in Ionizing Radiation-Resistant Lung
Cancer Cells Through Regulation
of ERRFI1/EGFR/STAT3
Signaling Pathway
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Center, Hangzhou, China, 5 Hangzhou Cancer Institute, Affiliated Hangzhou Cancer Hospital, Zhejiang University School of
Medicine, Zhejiang University Cancer Center, Hangzhou, China, 6 Department of Oncology, Jiande Second People’s
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Aims: Radiation therapy is used as the primary treatment for lung cancer. Unfortunately,
radiation resistance remains to be the major clinic problem for lung cancer patients.
Lysimachia capillipes capilliposide C (LC-C), an extract from LC Hemsl, has demonstrated
multiple anti-cancer effects in several types of cancer. Here, we investigated the potential
therapeutic impacts of LC-C on radiosensitivity in lung cancer cells and their underlying
mechanisms.

Methods: Non-small cell lung cancer cell lines were initially irradiated to generate ionizing
radiation (IR)-resistant lung cancer cell lines. RNA-seq analysis was used to examine the
whole-transcriptome alteration in IR-resistant lung cancer cells treated with or without LC-
C, and the differentially expressed genes with most significance were verified by RT-
qPCR. Colony formation assays were performed to determine the effect of LC-C and the
target gene ErbB receptor feedback inhibitor 1 (ERRFI1) on radiosensitivity of IR-resistant
lung cancer cells. In addition, effects of ERRFI1 on cell cycle distribution, DNA damage
repair activity were assessed by flow cytometry and g-H2AX immunofluorescence staining
respectively. Western blotting was performed to identify the activation of related signaling
pathways. Tumor xenograft experiments were conducted to observe the effect of LC-C
and ERRFI1 on radiosensitivity of IR-resistant lung cancer cells in vivo.
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Results: Compared with parental cells, IR-resistant lung cancer cells were more resistant
to radiation. LC-C significantly enhanced the effect of radiation in IR-resistant lung cancer
cells both in vitro and in vivo and validated ERRFI1 as a candidate downstream gene by
RNA-seq. Forced expression of ERRFI1 alone could significantly increase the
radiosensitivity of IR-resistant lung cancer cells, while silencing of ERRFI1 attenuated
the radiosensitizing function of LC-C. Accordingly, LC-C and ERRFI1 effectively inhibited
IR-induced DNA damage repair, and ERRFI1 significantly induced G2/M checkpoint
arrest. Additional investigations revealed that down-regulation of EGFR/STAT3 pathway
played an important role in radiosensitization between ERRFI1 and LC-C. Furthermore,
the high expression level of ERRFI1 was associated with high overall survival rates in lung
cancer patients.

Conclusions: Treatment of LC-Cmay serve as a promising therapeutic strategy to overcome
the radiation resistance and ERRFI1 may be a potential therapeutic target in NSCLC.
Keywords: Lysimachia capillipes capilliposide C, non-small cell lung cancer, radiosensitivity, erbB receptor
feedback inhibitor 1, epidermal growth factor receptor
INTRODUCTION

Lung cancer is the leading cause of cancer related death
worldwide (1, 2), and non-small cell lung cancer (NSCLC)
accounts for approximately 85% of all cases. Radiation therapy
serves as an important modality for the treatment of NSCLC.
Despite major advances in the field of radiotherapy technology
during the past decades (3, 4), the prognosis for 5-year survival
rate in patients with inoperable locally advanced NSCLC is still
poor (approximately 12–24%) (5) due to radioresistance related
local recurrence (6). Increasing radiation dose is an important
strategy for overcoming radiation tolerance; however, the risk of
normal tissue toxicity always limits the dose escalation (7, 8). The
mechanism of radioresistance has not been well clarified yet, and
effective radiosensitization strategies are urgently needed in the
clinic. Recent radiosensitization research has focused on
compounds that improve tumor oxygenation (9), interfere with
microtubules (10), and activate caspases (11), but the toxicity of
most radiosensitizers hampers their clinical application (12). It is
therefore crucial to find new therapeutic targets and/or drugs to
overcome radioresistance without increasing the adverse effects,
and natural products have been considered as promising
candidates of radiosensitizers (13, 14).

Lysimachia capillipes (LC) Hemsl, a traditional medicinal
plant that grows in southeastern China, has been used for
treating cough, menstrual, rheumatalgia disorder, and
carcinomas. In our previous studies, capilliposide extracted
from LC has demonstrated therapeutic effects on lung cancer
cells (15, 16). Recently, the main bioactive component
capilliposide C (LC-C) (Figure S1) (17), a pentacyclic
triperpenoid compound extracted from LC, has been tested for
its anti-cancer effects. The results showed that LC-C can
effectively induce cytotoxic cell death of cancer cells in vitro
without obvious in vivo toxic side effects (18, 19). LC-C could
induce apoptosis through activation of caspases, down-
224
regulation of Bcl-2, JNK, and P38a/b, and up-regulation of
Bax, p-JNK, and p-P38 in prostate cancer cells (19).
Furthermore, a study revealed the pharmacologic advantage of
LC-C in oxaliplatin-induced cytotoxicity via PI3K/AKT/mTOR
pathway (19). Apoptosis is an important mechanism of
irradiation-induced toxicity, which suggests that LC-C may
have the potential to modulate the radiosensitivity. To data,
whether LC-C has radiosensitization effect is still unknown. The
purpose of this study is to evaluate the therapeutic potential of
LC-C as a radiation sensitizer in ionizing radiation-resistant lung
cancer cells.
MATERIALS AND METHODS

Cell Lines and Reagents
A549 and H1299 cell lines were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). RPMI 1640
medium (Gibco, Waltham, MA, USA) plus 10% heat-inactivated
fetal bovine serum (FBS, Gibco, Waltham, MA, USA) was used for
cell culture. LC-C was gifted by Professor Tian of the Department of
Chinese Medicine Sciences & Engineering at Zhejiang University
(Hangzhou, Zhejiang, China). The purity of LC-C was measured
>98% using the HPLC-ELSD method. The stock concentration of
LC-C was 100 mM, and the working solution of LC-C was prepared
with RPMI 1640 medium before the experiment.

Establishment of Ionizing Radiation-
Resistant Cell Lines
A549 and H1299 cell lines were used to establish ionizing
radiation-resistant lung cancer cell lines (A549-IR/H1299-IR)
as described (20). In brief, the A549 and H1299 cells in
exponential growth phase were treated with a repeated IR dose
of 2 Gy each (RadSource’s RS 2000 Biological Research
Irradiator, Shangai Medicilon, Shangai, China) at room
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temperature and then returned to the incubator. When they
reached approximately 90% confluence, the cells were
trypsinized and cultured into new dishes. The fractionated
irradiations were continued until the total dose reached 80 Gy.
The parental cells were trypsinized and passaged under the same
conditions without irradiation. The development of radioresistance
was evaluated through MTT and colony formation assays.
MTT Assay
MTT assay was conducted for cell proliferation analysis, as per
the manufacturer’s instructions (Sigma, St. Louis, MO, USA).
Cells were cultured in 96-well plates at 8 × 103 cells per well and
allowed to adhere overnight. Cell viability was tested 24 h after
treatment with different concentrations of LC-C. After
treatment, cells were incubated with 50 ml of 1 mg/ml MTT in
PBS for 3 h. The purple formazan was then solubilized by DMSO
and absorbance at 570 nm was determined with a Plus 384
microplate reader (Molecular Devices LLC, Sunnyvale, CA,
USA). The IC30 value, which was defined as the concentrations
of drug with 30% inhibitory potency, was calculated by
GraphPad Prism 8.0 software (San Diego, CA, USA).
Colony Formation Assay
Colony formation assay (21, 22) was conducted in six-well plates.
Briefly, cells were exposed to LC-C (IC30 value) for 24 h as
pretreatment, and then irradiated with different doses (200 MU/
min) or left untreated as control. After treatment, 500–8,000 cells
were re-plated with fresh medium and left untouched for 7–14
days until the colony formed. Cells were fixed and stained, and
colony numbers were counted under the microscope (Sigma, St.
Louis, MO, USA).
RNA-seq Analysis
Total RNA was extracted from A549-IR cells treated with or
without LC-C using the TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). RNA degradation and contamination were monitored
using GeneGreen-stained 1% agarose gels (Invitrogen, Carlsbad,
CA, USA), and RNA purity was determined using a
NanoPhotometer® spectrophotometer (Implen, Westlake
Village, CA, USA). RNA concentration and integrity were
measured using the RNA Nano 6000 Assay Kit of a
Bioanalyzer 2100 system (Agilent Technologies, Santa Clara,
CA, USA). Ribosomal RNA (rRNA) was then removed from
total RNA using the RiboMinus Eukaryote Kit (Invitrogen,
Frontiers in Oncology | www.frontiersin.org 325
Carlsbad, CA, USA) and oligonucleotide probes for rRNAs.
Sequencing libraries were constructed with the RNA samples
by the NEBNext mRNA Library Prep kit (New England BioLabs,
Ipswich, MA, UK) and used for sequencing.

Differential Gene Patterns
and Pathway Analysis
The genes with p-value less than 0.05 and fold change greater
than 2 were selected as differentially expressed genes across
sample groups. KEGG analysis was used to find significantly
enriched pathways (23).

Quantitative Real-Time-PCR
RNA extraction and reverse-transcribed were conducted in
A549-IR cell lines treated with or without LC-C with TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) and M-MLV Reverse
Transcriptase (Promega, Fitchburg, WI, USA), respectively.
Quantitative RT-PCR analysis was performed with a SYBR-
Green PCR Master Mix Kit (Applied Bioscience, Foster City,
CA, USA). b-actin was used as control. The PCR primers were
designed with Primer Premier Version 5.0 (Premier Biosoft
International, Palo Alto, CA, USA), and all sequences of
primers were listed in Table 1.

ERRFI1 Knockdown and Overexpression
in A549-IR Cells
To overexpress ERRFI1 in A549-IR cells, an expression construct
was generated by subcloning the Coding Sequence (CDS) of
human ERRFI1 into a pcDNA3.1 vector (Invitrogen, Carlsbad,
CA, USA), and the integrity of the respective plasmid constructs
was confirmed by DNA sequencing. ERRFI1 siRNA was
designed and purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). ERRFI1 overexpressing plasmid, siRNA, and
their respective controls were transduced into cells using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Western
blotting was used to validate the changes of protein expression.

Flow Cytometry Analysis of Cell Cycle
Cell cycle distribution was determined by flow cytometry
analysis. Briefly, cells were fixed with 70% ethanol after
treatment, and then stained with 50 mg/ml PI (BD Biosciences,
San Jose, CA, USA) in the dark for 30 min. Stained cells were
analyzed by flow cytometry (FACS Calibur, BD Biosciences, San
Jose, CA, USA), and the percentages of cells at G1, S, and G2/M
TABLE 1 | Primer sequences used in the study.

Gene name Forward primer (5′–3′) Reverse primer (5′–3′)

ERRFI1 ACCCCTCCACTGACACCCAT CTTCGCCTGCCAGGAACATC
GA45A TGCTGCGAGAACGACATCAAC TTTCCCGGCAAAAACAAATAAG
PLK3 GCCCCCAGCGGAACAGAACC GCACCCACGGAGAAGGAGAAGT
BCL10 ACAGAAGATTACAGATGAAGTGC TTAGTAGAAAAAAAGGGCGT
b-actin AGCACAGAGCCTCGCCTTTGC CTGTAGCCGCGCTCGGTGAG
April 2
ERRFI1, ErbB receptor feedback inhibitor 1; GA45A, growth arrest and DNA damage gene 45A; PLK3, Polo-like kinases 3; BCL10, B cell lymphoma/leukemia-10.
021 | Volume 11 | Article 644117

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wu et al. LC-C Radiosensitizes Lung Cancer Cells
were calculated by the FlowJo software program (TreeStar Inc.,
Ashland, OR, USA) based on the DNA content.

Immunofluorescence
Cells grown on glass slide were irradiated and were then washed
twice with Ca++/Mg++-free PBS and fixed in 4%
paraformaldehyde. Immunofluorescence staining was
performed with g-H2AX antibody (rabbit monoclonal, Cell
Signaling Technology, Trask Lane Danvers, MA, USA). DAPI
(Invitrogen, Carlsbad, CA, USA) was used for nuclear
counterstaining. Images were acquired with LSM 510 confocal
microscope (Zeiss) and processed by Photoshop (Adobe). At
least 100 cells from each experiment were selected at random and
were counted to calculate the percentage of cells as “positive” for
g-H2A.X foci if they displayed >5 discrete dots in the nuclei.

Western Blotting
Cells were lysed in RIPA buffer containing HALT inhibitor
(Sigma, St. Louis, MO, USA) with mild sonication for
indicated western blot assays. The antibodies were from:
Abcam (ERRFI1 and EGFR), Cell Signaling Technology (p21,
phosphorylation-CDC2 (Try15), phosphorylation-CHK2
(Thr68) , phosphory la t ion-ATM (Ser1981) , EGFR,
phosphorylation-EGFR (Tyr1068), STAT3, phosphorylation-
STAT3 (Tyr705)), and Santa Cruz Biotech (phosphorylation-
EGFR). Anti-b-actin (Abcam) was included for equivalent
protein loading.

Animal Experiments
All animal work was conducted in accordance with the ethical
guidelines of the Animal Care and Use Committee, Zhejiang
Chinese Medical University (No. SYXK (Zhe) 2018-0012).
Immunocompromised nude mice were purchased from The
Shanghai Laboratory Animal Center of Chinese Academy
Sciences (Shanghai, China). 5 × 106 A549-IR cells in 0.1 ml 1×
HBSS with 50% Matrigel (Corning, USA) were inoculated
subcutaneously into the right thigh of 6–8 weeks old female
nude mice. When average tumor volume reached an appropriate
size range (approximately day 10 after inoculation), mice were
randomly grouped into groups of: drug alone (LC-C 25 mg·kg−1,
every other day, begin on day 1), radiation alone (6 Gy X-rays,
given after drug treatment on day 5), combination of LC-C and
radiation (LC-C 25 mg·kg−1 plus 6 Gy), or administration with
physiological saline as control (n = 6 per group). LC-C and
physiological saline were intragastric administrated. Tumor
growth was tracked with caliper measuring every two days,
and tumor volume was calculated according to the formula:
length × width2 × 0.5. Body weight of these animals was also
measured every two days. Total experiment lasted 13 days, and
the study would be terminated early if tumor burden exceeds
2 cm or further complications affect animal welfare. Mice were
humanely euthanized after experiment terminated, and tumors
were excised for further tests.

Xenograft tumors were collected and paraffin-embedded for
immunohistochemistry analysis with ERRFI1 antibody (rabbit
monoclonal, Abcam, Cambridge, UK).
Frontiers in Oncology | www.frontiersin.org 426
Statistical Analysis
GraphPad Prism 8.0 software was used for statistical analyses.
Data are presented as the means ± standard deviation. The t-test
was used for statistical analysis, and P-value <0.05 was
considered statistically significant.
RESULTS

LC-C Significantly Enhances the
Radiosensitivity of Ionizing Radiation-
Resistant Lung Cancer Cells
We first determined the inhibitory effects of LC-C on the cell
growth of A549 and A549-IR cells with MTT assay. Our results
showed that the cell viability of A549-IR cells was slightly higher
than A549 cells after treatment with LC-C, and the IC30 dose of
LC-C in both cells was about 3.5 mM to 4 mM (Figure 1A). To
test whether LC-C has the potential to sensitize lung cancer cells
to radiation treatment, we treated cells with 3.5 mM LC-C for
24 h and then exposed the cells to different doses of radiation
treatment. Colony formation assay showed that A549-IR cells
were more resistant to radiation than A549 cells, and LC-C
significantly radiosensitized A549-IR cells as the surviving
fractions at 2 Gy (SF2) was reduced in the LC-C group
compared to the control group (0.27 ± 0.03 vs. 0.91 ± 0.05, P <
0.01) (Figures 1B–D), indicating a potential radiosensitization
effect of LC-C on ionizing radiation-resistant A549-IR cells. In
addition, MTT assay showed that the IC30 dose of LC-C in
H1299 and H1299-IR cells was about 2.5 mM to 3 mM (Figure
2A). Furthermore, colony formation assay showed that 2.5 mM
LC-C also significantly radiosensitized H1299-IR cells as the SF2
was reduced in the LC-C group compared to the control group
(0.53 ± 0.04 vs. 0.77 ± 0.02, P < 0.05) (Figures 2B–D).

ERRFI1 Was Up-regulated in A549-IR Cells
When Cells Were Treated With LC-C
In order to explore the molecular mechanism of
radiosensitization of LC-C on A549-IR cells, we performed
RNA-seq analysis using Illumina high-throughput sequencing
platform. We detected a total of 1,482 genes differentially
expressed in control A549-IR cells (DMSO) versus in A549-IR
cells with treatment of LC-C (LC-C), including 1,028 up-
regulated genes and 454 down-regulated genes for A549-IR
cells after LC-C treatment (Figures 3A, B). KEGG analysis
showed that these differentially expressed genes were enriched
in 20 signaling pathways (Figure 3C), and most of these
pathways were relative to radiosensitivity and cell survival,
such as MAPK pathway, NF-kB pathway and JAK/
STAT pathway.

Of the top 20 genes that showed the significant differential
expression in A549-IR cells after treatment with LC-C
(Figure 3D), we noticed that four genes, including B cell
lymphoma/leukemia-10 (BCL10) (24), ERRFI1 (25–27), growth
arrest and DNA damage gene 45A (Gadd45a, GA45A) (28), and
Polo-like kinases 3 (PLK3) (29) had been demonstrated to be
April 2021 | Volume 11 | Article 64411
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promising targets for radiation sensitivity. We used RT-PCR to
check the changes of the gene expression for these four genes,
and the results validated the RNA-seq profiling of these four
genes in the A549-IR cells (Figure 3E). Of note, both RNA-seq
and RT-PCR analyses showed that the ERRFI1 gene was the
most significantly up-regulated gene in the A549-IR cells after
treatment with 3.5 mM of LC-C.

Furthermore, the clinical significance of ERRFI1 in lung
cancer patients was evaluated with Kaplan–Meier Plotter. The
median overall survival rate of the high expression cohort was
108.27 months, which was more than that of the low expression
cohort (61.30 months) (HR = 0.71, P < 0.001). These results
revealed the positive prognostic value of ERRFI1 in lung cancer
patients (Figure S2).

LC-C Enhanced Radiosensitivity of A549-
IR Cells in an ERRFI1-Dependent Manner
We next tested the potential role of ERRFI1 gene in the
radiosensitization effect of LC-C on A549-IR cells. For this, we
first engineered A549-IR cells with ERRFI1-overexpression
Frontiers in Oncology | www.frontiersin.org 527
(Figure 3F) and then determined the cellular response to
irradiation. The colony formation assay showed dramatically
decreased clonogenic survival of A549-IR/ERRFI1 cells when
compared to the parental control A549-IR cells, with reduced
SF2 value from 0.54 ± 0.07 to 0.24 ± 0.06 (p < 0.01), and the
sensitizing enhancement ratio of 1.667 (Figures 4A, B). We also
knocked down ERRFI1 expression with siRNA transfection in
A549-IR cells and we found that, although exposure to LC-C
significantly enhanced the radiosensitivity of A549-IR cells,
ERRFI1 down-regulation attenuated the radiosensitization
effect of LC-C on A549-IR cells (Figures 4C–E).

We further tested the effects of ERRFI1 on cell cycling in cells
in response to irradiation. We used flow cytometry analysis to
examine the cell cycle distributions of cells with treatment of 2
Gy irradiation. We found that overexpression of ERRFI1 in
A549-IR cells resulted in decreased ratio of the G1/G0 versus S
phase and an increase of the G2/M phase in response to IR
treatment when compared to the control cells (Figures 5A, B).
Western blot analysis also showed that forced expression of
ERRFI1 increased p21 protein expression, enhanced CDC2
A B

C D

FIGURE 1 | LC-C significantly enhances the radiosensitivity of A549-IR cells. (A) MTT assay showing the cell viability of A549-IR cells was slightly higher than A549
cells after treatment with LC-C, and the IC30 dose of LC-C in both cells was about 3.5 mM to 4 mM. (B) A549 cells were pretreated with LC-C (3.5 mM) or DMSO as
control for 24 h and were then exposed to indicated dose of radiation. Colony formation assay showed that A549 cells were sensitive to radiation, and LC-C (3.5
mM) only radiosensitized A549 cells after exposure to low dose radiation (1 Gy). (C) A549-IR cells were pretreated with LC-C (3.5 mM) or DMSO as control for 24 h
and were then exposed to the indicated dose of radiation. Colony formation assay showed that LC-C significantly radiosensitized A549-IR cells as SF2 reduced from
0.91 ± 0.05 to 0.27± 0.03. (D) Representative images showing the colony formation of A549 and A549-IR cells. Results shown are the means ± standard deviation.
*Significant difference at P < 0.05 level. **Significant difference at P < 0.01 level.
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pho spho ry l a t i on (p -CDC2 ) , and r educ ed CHK2
phosphorylation (p-CHK2) in A549-IR cells when cells were
exposed to 2 Gy IR (Figure 5C). These results thus indicated that
ERRFI1 promoted cell cycle G2/M arrest of A549-IR cells when
cells were irradiated.

Immunofluorescence staining for g-H2AX was performed to
determine the effect of ERRFI1 on double-strand breaks (DSBs)
repair during irradiation. We found that treatment with LC-C
increased g-H2AX foci+ cell percentage in A549-IR cells after 2
Gy irradiation for 12 and 24 h (Figures 5D, E). Furthermore, our
results revealed the significant increases of the g-H2AX foci+ cell
percentage in ERRFI1-overexpressed A549-IR cells after 2 Gy
irradiation for 12 and 24 h when compared to control cells
(Figures 5F, G), suggesting a potential of LC-C/ERRFI1
expression blocking DSB repair of irradiated A549-IR cells. To
support this, we also detected reduced phosphorylation levels of
ATM (p-ATM) and CHK2 (p-CHK2) in ERRFI1-overexpressed
A549-IR cells when cells were exposed to 2 Gy IR (Figure 5C).

Taken together , these resul t s indicate that the
radiosensitization effects of LC-C in A549-IR cells depend on
ERRFI1 expression.
Frontiers in Oncology | www.frontiersin.org 628
ERRFI1 Expression Reduces the Activation
of EGFR and STAT3 Signaling Pathways in
Irradiated A549-IR Cells
To further evaluate the underlying mechanism of how ERRFI1
expression mediates the radiosensitization effects of LC-C, we
examined the activation and signaling of EGFR (30) and STAT3.
As shown in Figure 6A, we detected a moderate increase of p-
EGFR and p-STAT3 in A549-IR cells treated with 2 Gy IR.
However, we found overexpressing ERRFI1 in A549-IR cells
reduced basal level of p-EGFR and p-STAT3 and remarkably
inhibited activation of EGFR and STAT3 when cells were
exposed to IR. We also noticed treatment with LC-C increased
ERRFI1 expression and reduced phosphorylation of EGFR and
STAT3 in parental A549-IR cells (Figure 6B). These results
indicate that the radiosensitization effect of LC-C is associated
with ERRFI1-involved EGFR and STAT3 signaling pathways.

LC-C Enhanced Radiosensitivity in
Xenograft Models
We further used nude mice xenograft model to determine in vivo
radiosensitization effect of LC-C on ionizing radiation-resistant
A B

C D

FIGURE 2 | LC-C significantly enhances the radiosensitivity of H1299-IR cells. (A) MTT assay showing the IC30 dose of LC-C in H1299 and H1299-IR cells was
about 2.5 mM to 3 mM. (B) H1299 cells were pretreated with LC-C (2.5 mM) or DMSO as control for 24 h and were then exposed to the indicated dose of radiation.
Colony formation assay showed that H1299 cells were sensitive to radiation, and there was no obvious radio-sensitization effect of LC-C on H1299 cells. (C) H1299-
IR cells were pretreated with LC-C (2.5 mM) or DMSO as control for 24 h and were then exposed to the indicated dose of radiation. Colony formation assay showed
that LC-C significantly radiosensitized H1299-IR cells as SF2 reduced from 0.77 ± 0.02 to 0.53± 0.04. (D) Representative images showing the colony formation of
H1299 and H1299-IR cells. Results shown are the means ± standard deviation. *Significant difference at P < 0.05 level.
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NSCLC cells. Our results revealed similar body weight of mice in
four groups (Figure 7A), which suggests that cotreatment with
irradiation and LC-C is well tolerated. However, significant
growth inhibition on A549-IR xenograft tumors was found in
the group with the combination treatment of LC-C/IR
when compared to the group with IR or LC-C treatment alone
(Figure 7B). In addition, the results of immunohistochemical
staining, western blotting, and qRT-PCR analysis also confirmed
the higher the expression level of ERRFI1 in xenograft tumors
treated with the combination of LC-C and IR, compared to
radiation alone (Figures 7C–E).
DISCUSSION

Radiation therapy is essential for local tumor control of lung
cancer; however, radioresistance is a biological behavior of
cancer cells that leads to the failure of radiotherapy and poor
prognosis. Some chemotherapeutics are currently used as
radiosensitizers, but significant negative side effects still
Frontiers in Oncology | www.frontiersin.org 729
seriously limit their wide application (12). Recently,
compounds derived from natural sources have attracted
increasing attention due to its anti-cancer activity and
acceptable toxicity (13). LC-C, a pentacyclic triterpenoid
compound (17), has been proved to have anti-tumor effects in
a variety types of cancer; however its radiosensitization potential
has not been explored. Herein, our study demonstrated that LC-
C could sensitize ionizing radiation-resistant lung cancer cells to
IR treatment in vitro and in vivo, and the radiosensitization
effects of LC-C correlated to the level of ERRFI1 expression.

The ERRFI1 gene locus is on chromosome 1p36, a segment of
chromosome where many cancer-related genes are located (25).
ERRFI1 is a tumor suppressor gene (24), and low ERRFI1
expression has been observed in various types of cancer (25, 31).
In breast cancer, down-regulation of ERRFI1 expression is
correlated with poor survival (32). Based on Kaplan–Meier
Plotter, we found that the expression level of ERRFI1 is associated
with a positive prognosis in lung cancer patients. Besides, ERRFI1 is
a transcriptional target of epidermal growth factor (EGF) (33), and
as a feedback, ERRFI1 expression inhibits tyrosine phosphorylation
A B C

D E F

FIGURE 3 | LC-C upregulates ERRFI1 in A549-IR cells. (A) Heatmap of RNA-seq analysis showing altered transcriptome profiling in A549-IR cells treated with LC-
C. Red color in the heatmap denotes upregulation and blue color denotes down-regulation. (B) Volcano plot showing the distribution of -log10 (FDR) vs. log2 (Fold
Change). Each point represents a gene, red and green points indicate p value < 0.05, while gray points indicate that p value ≥ 0.05. (C) KEGG pathways enrichment
analysis. (D) Graph showing expression changes of the top 20 differentially expressed genes from the RNA-seq analysis; (E) RT-qPCR validation of BCL10, ERRFI1,
GA45A, and PLK3 upregulation in A549-IR cells after treatment with LC-C. (F) Western blotting showing the overexpression of ERRFI1 in A549-IR cells. Results
shown are the means ± standard deviation. *Significant difference at P < 0.05 level. **Significant difference at P < 0.01 level.
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of EGFR (34) and the downstream activation of ERK, JNK, and Akt
signaling (35). ERRFI1 binds to EGFR family member proteins via
its ErbB2-binding domain and inhibits the tyrosine kinase activity.
Consequently, loss of ERRFI1 expression in human lung cancer cells
showed no response to the activated EGF pathway (25).
Interestingly, activation of EGFR signaling pathway plays
important roles in radiosensitivity of cancer cells as irradiation
induces unusual activation of EGFR signaling and thus causes
radioresistance through EGFR activation-controlled cell
proliferation, DNA repair, hypoxia, and metastasis (36). Up to
now, there have been no reports on the radiosensitization effect of
ERRFI1 gene. Our results showed decrease of ERRFI1 protein
expression and increased of p-EGFR protein expression in A549-
IR cells when cells were treated with radiation, suggesting the
significant decreased expression of ERRFI1 was associated with
the abnormal activation of EGFR signaling pathway and the
invalidation of the negative feedback regulation mechanism.

STAT3 is also a critical transcriptional regulatory target of
EGFR, and its activation regulates DNA damage repair,
autophagy, apoptosis, proliferation, angiogenesis, migration,
invasion, and immune suppression in lung cancer cells
Frontiers in Oncology | www.frontiersin.org 830
(37–39). Our results showed that the expression level of p-
STAT3 protein was increased in A549-IR cells treated with
radiation alone and decreased in A549-IR cells overexpressed
with ERRFI1, which revealed that EGFR/STAT3 signaling
pathway may be involved in the radiosensitization of ERRFI1.

DSBs are the main form of damage resulting in cell death after
irradiation, and DNA damage responses, including repair, and
checkpoint activation after DSBs are important molecular
mechanisms of radiotherapy sensitivity. Phosphorylation of g-
H2AX was extensively studied as a sensitive indicator of DSBs
after radiation (40). Consequently, observation and counting of
g-H2AX foci under fluorescence microscopy may indicate a
complexity of DNA damage. In our study, higher level of g-
H2AX and reduced phosphorylation levels of DNA damage
repair protein, including p-ATM and p-CHK2, in ERRFI1-
overexpressed group than that in the control group suggest
that prolonged process of DNA damage repair could
contribute to ERRFI1-mediated radiosensitization in lung
cancer cells. In addition, we found that ERRFI1-overexpression
significantly enhanced radiation-induced G2/M arrest and also
increased p21, p-CDC2 expression, reduced p-CHK2 expression
A B

C D

E

FIGURE 4 | ERRFI1 expression regulates LC-C-enhanced radiosensitivity of A549-IR cells. (A) Representative images of colony formation assays in A549-IR cells
with/without overexpression of ERRFI1. (B) Clonogenic cell survival curves showing the decrease of clonogenic survival in the ERRFI1 overexpressed cells;
(C) Western blotting showing the ERRFI1 expression after siRNA-ERRFI1 transfection in A549-IR cells, and ERRFI1-1 was used in the subsequent colony formation
assays; (D) Representative images of colony formation showing the knocking-down of ERRFI1 in A549-IR cells on the radiosensitization effects of LC-C. (E) Diagram
of clonogenic cell survival rate showing the knocking-down of ERRFI1 in A549-IR cells attenuated radiosensitization effects of LC-C in A549-IR cells. Results shown
are the means ± standard deviation. *Significant difference at P < 0.05 level. **Significant difference at P < 0.01 level.
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FIGURE 5 | ERRFI1 promotes G2/M cell cycle arrest and LC-C/ERRFI1 blocks IR-induced DNA doublestrand break repair in A549-IR cells after radiation.
(A) Representative FACS images showing cell cycle distributions of ERRFI1-expressed A549-IR cells after treatment of radiation; (B) Histogram of cell cycle
distribution of ERRFI1-expressed A549-IR cells after treatment with radiation; (C) Western blotting showing the changes of protein expression and phosphorylation in
ERRFI1-expressed A549-IR cells after treatment with radiation; (D) Representative images of g-H2AX foci in A549-IR cells treated with LC-C and radiation (g-H2AX
labeled with red, nuclei with blue). (E) Histogram showing the average numbers of g-H2AX foci per cell in A549-IR cells treated with LC-C and radiation.
(F) Representative images of g-H2AX foci of ERRFI1-expressed A549-IR cells after treatment of radiation (g-H2AX labeled with red, nuclei with blue). (G) Histogram
showing the average numbers of g-H2AX foci per cell of ERRFI1-expressed A549-IR cells after treatment with radiation. Results shown are the means ± standard
deviations. **Significant difference at P < 0.01 level. ***Significant difference at P < 0.001 level.
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A B

FIGURE 6 | Enhanced radiosensitivity of A549-IR cells by LC-C is associated with decreased activation of EGFR and STAT3 signaling pathways. Western blotting
showing the effects of ERRFI1 expression (A) or LC-C (B) on changes of protein expression and phosphorylation in A549-IR cells. *Significant difference at P < 0.05
level. **Significant difference at P < 0.01 level, ***Significant difference at P < 0.001 level.
A B C

D E

FIGURE 7 | LC-C induces radiosensitivity in xenograft models. A549-IR xenograft nude mice were treated with LC-C, radiation, or both. (A) Body weight of mice in
four groups; (B) Graphs showing the tumor growth of A549-IR xenograft; (C) Western blotting showing change of expressions of ERRFI1 in xenograft tumors;
(D) Immunohistochemical staining of ERRFI1 in xenograft tumors; (E) qRT-PCR analysis of ERRFI1 expression in xenograft tumors. Samples were run in triplicate
and normalized to b-actin mRNA to determine relative expression. One datum that deviated noticeably from the group was eliminated. Results shown are the means
± standard deviation. *Significant difference at P < 0.05 level. **Significant difference at P < 0.01 level. ***Significant difference at P < 0.001 level.
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in lung cancer cells. Since G2/M phase cells have the highest
radiosensitivity, the high radiosensitivity associated with ERRFI1
may be due to the G2/M arrest of A549-IR cells, leaving most
cells in the G2/M phase, thus causing a large number of cells to
be killed. These results may help in understanding the detailed
molecular mechanisms of how ERRFI1 contributes to radiation
sensitivity of NSCLC cells.

In this study, we investigated for the first time the effect of LC-C
pt?>on tumor cell radiosensitivity of lung cancer cells. Our results
showed that ERRFI1 was up-regulated in lung cancer cells after
treatment with LC-C in vitro and in vivo, and the expression level of
p-EGFR and p-STAT3 was decreased in A549-IR cells after
treatment with LC-C, which revealed that ERRFI1 and EGFR/
STAT3 may be critical molecules in the radiosensitization effect of
LC-C. LC-C may promote radiation induced anti-tumor effect by
increasing the expressions of ERRFI1 and associated with EGFR and
STAT3 signaling pathways.

Further investigations are warranted to determine the regulation
mechanism of LC-C on ERRFI1, which might contribute to develop
more drugs for enhancing radiosensitivity of lung cancer. Tumor
suppressor genes can be inactivated by somatic mutation and/or
promoter methylation (41). Previous studies showed that genetic
mutations in the ERRFI1 coding region do not seem to be frequent
in the cancers analyzed (25). Conversely, as many CpG islands
presented in the ERRFI1 promoter region (42), DNA methylation
may be a promising direction for future research on the
radiosensitivity mechanism of LC-C.
CONCLUSIONS

The current study demonstrated the LC-C sensitized ionizing
radiation-resistant lung cancer cells to radiation both in vitro and
in vivo, and the radiosensitization effect was attributed to the up-
regulation of ERRFI1 and the down-regulation of EGFR/STAT3
pathway. Our results provide a rationale for future clinical
investigation of the therapeutic efficacy of LC-C in combination
with radiotherapy. However, the detailed mechanism of LC-C
upregulating the expression of ERRFI1 remains unclear, and
further studies are needed.
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Background: Pemetrexed and gemcitabine are both antimetabolites drugs approved in
advanced non-small cell lung cancer (NSCLC). Their toxicity profile is well known.
However, rare vascular side effects can occur such as vascular acrosyndromes and
especially digital ischemia. The cause of this disfiguring and painful event is still
controversial. Amputation is frequently required and has been described as a predictor
of poor survival outcomes.

Case Presentation: This report presents two cases of vascular acrosyndrome in NSCLC
patients during treatment with antimetabolites (pemetrexed and gemcitabine). Patients
presented severe digital ischemia having required prostacyclin analog and chemotherapy
discontinuation. In one case, symptoms improved while in the other case symptoms
persisted. Both patients experienced prolonged tumor response. These findings suggest a
multifactorial mechanism behind digital necrosis including an autoimmune process, which
could lead to prolonged tumor control as described with immune checkpoint inhibitors.

Conclusion: Severe vascular acrosyndrome such as digital ischemia can occur in lung
cancer patients treated with antimetabolites. Awareness needs to be raised when using
these drugs in patients with predisposing factors. Whether occurrence of chemotherapy-
induced immune vascular side effects might explain prolonged tumor response deserves
further investigations.
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BACKGROUND

Gemcitabine is a nucleosid analog that inhibits DNA synthesis
and repair. Pemetrexed is a new generation multifolate
antagonist that directly affects the enzymes involved in cell
activation and cell division. Both antimetabolite drugs have
displayed significant antitumor activity in metastatic non-small
cell lung cancer (NSCLC) when combined with platinum-based
chemotherapy (1, 2). They are also approved as single-agent with
mild manageable toxicity. Side effects commonly observed with
gemcitabine are myelosuppression, influenza-like syndrome and
vascular toxicity. Pemetrexed is primarily responsible of
hematological, hepatic and renal toxicities (1, 2). Herein, we
report two cases of NSCLC patients treated with these
antimetabolite drugs, who experienced severe vascular
acrosyndromes but also prolonged tumor response.
CASE PRESENTATION 1

A 58-year-old woman presented in November 2016 with a
diagnosis of KRAS-mutant advanced lung adenocarcinoma
(Figure 1A). Her medical comorbidities included hypertension
controlled with calcium channel blocker, and active smoking.
She reported Raynaud’s like symptoms without etiological
orientation that appeared 6 months earlier. The patient was
treated with six cycles of cisplatin and pemetrexed, resulting in
complete tumor response.
Frontiers in Oncology | www.frontiersin.org 237
Prior to start maintenance pemetrexed at 500 mg/m2 every 3
weeks, she reported recurrence of a vascular acrosyndrome of
both hands. She described episodic pain, numbness, tumefaction
and cyanosis of all digits and was therefore admitted in
Department of Dermatology for evaluation. The patient
reported xerostomia as systemic symptoms. General health
status was good. Physical examination revealed sclerodactyly of
hands, distal ulceration of the fourth right and left digits.
Raynaud’s phenomenon was found in the upper and lower
limbs without telangiectasia or subcutaneous calcifications. Her
chest, heart, abdomen, and lymph node stations examination
results were normal.

Laboratory studies showed macrocytic anemia with
hemoglobin concentration of 11.8 g/dl. Other routine tests
(electrolytes, creatinin, liver function, and hemostasis) were
normal. Urinary sediment, CPK, C3-, and C4-complement,
cryoglobulins, and ANCA did not show any abnormality. An
antinuclear antibody (ANA) test was performed, with a weakly
positive (>1/320; N: <1/160) speckled pattern. Anti-extractable
nuclear antigen antibodies were negative (especially no anti-
Scl70 or anti-centromere antibodies). Anti-phosphatidylserine/
prothrombin (aPS/PT) antibodies were mildly positive (21 U; N:
<15), but other antiphospholipid antibodies were not detected.
The contrast CT scan of thorax showed complete tumor response
without interstitial lung disease associated. Lung function test
and echocardiogram were normal. Capillaroscopic imaging was
normal. Arterial Doppler ultrasound revealed a normal macro-
circulation of the upper and lower limbs.
A B

FIGURE 1 | Case 1 (A) PET computed tomography (CT) at diagnosis reveals hypermetabolic activities of right hilar, mediastinal (white arrow) and supra-clavicular
lymph nodes (black arrow). (B) PET CT three years after diagnosis shows complete metabolic response.
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Paraneoplastic syndrome was initially suspected and
chemotherapy was pursued. Shortly after, she experienced
significant pain exacerbation and developed ulceration of fourth
left digit, left heel and toes. Patient received prostacyclin analog
iloprost trometamol (20 mg/day for three weeks) with gradually
improvement of symptoms. Pemetrexed infusions were stopped
since chemotherapy-induced endothelial dysfunction was
suspected. Tumor response remained complete more than 3 years
after chemotherapy discontinuation and no further episode of digital
ischemia occurred (Figure 1B).
CASE PRESENTATION 2

A 69-year-old man presented to the emergency department in
August 2018 with acute limb ischemia. He was a heavy smoker
and had a history of high blood pressure and peripheral arterial
occlusive disease (PAOD). On examination, his left foot
appeared cold with hypoesthesia along the medial aspect of the
forefoot. Arterial and venous Doppler ultrasound of the lower
limbs revealed critical ischemia of the left lower limb related to
an occlusion of left external iliac artery associated with left
proximal deep vein thrombosis. Aortic CT angiography
confirmed arterial occlusion with fortuitous diagnosis of a right
lung tumor mass. Patient underwent peripheral artery bypass
and anticoagulant therapy was initiated resulting in the
improvement of his symptoms. A diagnosis of PD-L1 negative
metastatic lung squamous cell carcinoma was subsequently made
(Figures 2A–C) and gemcitabine-platinum combination was
started. Partial objective tumor response was observed after
Frontiers in Oncology | www.frontiersin.org 338
four cycles and maintenance gemcitabine was pursued.
Between first and second cycle of maintenance, he described
occurrence of pain, cyanosis and hypoesthesia of all digits except
thumbs with distal ulceration of the second right digit but also
numbness and edema of the left big toe.

Laboratory tests did not find any etiology (negative ANCA,
absence of cryoglobulins). To note, anti-SSA antibodies were
weakly positive in serum (12 U/ml; N: <10). Arterial Doppler
ultrasound was normal. Nail fold capillaroscopy was not
performed. Based on the hypothesis of gemcitabine-induced
vasculitis, patient discontinued chemotherapy. A prolonged
infusion of iloprost trometamol was then administered with
incomplete improvement of vascular acrosyndrome.

Despite this event, patient had no sign of cancer recurrence
and duration of tumor objective response achieved 16 months
(Figures 2D, E). One year after chemotherapy discontinuation,
pat ient descr ibed pers is tent pain in the lef t foot .
Electrophysiological test was therefore performed and
highlighted multiple mononeuropathy. Anti-SSA antibodies
were detected in serum (66 U/ml; N: <10). Neurological
manifestation of Sjögren’s syndrome was suspected but not
confirmed after performance of salivary glands biopsy.
Unfortunately, cancer progressed in April 2020 and second-
line anti–PD-1 was initiated. After the first infusion of
pembrolizumab, patient described occurrence of pain regarding
his right foot with intermittent claudication. CT angiography
confirmed worsening of PAOD and patient underwent a second
peripheral artery bypass resulting in control of symptoms. After
6 cycles of anti–PD-1, progressive disease was observed and
chemotherapy with paclitaxel was initiated.
FIGURE 2 | Case 2 (A-C) PET CT at diagnosis shows an intensely hypermetabolic mass at right lower lobe adjacent to mediastinum (white arrows). (D, E) CT
image of the chest performed 16 months after diagnosis shows partial response of the primary lung tumor (white arrows).
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DISCUSSION

In the present study, we report two rare cases of advanced
NSCLC patients presenting vascular acrosyndrome leading to
digital ischemia that occurred during first line antimetabolite-
based chemotherapy sequence. In the first case, symptoms
resolved after discontinuation of pemetrexed, unlike in the
second case where symptoms persisted despite gemcitabine
discontinuation. Fortunately, no amputation was necessary. In
both cases, antimetabolite infusions were stopped and patients
experienced prolonged tumor response (not reached after 3 years
and 16 months, for case 1 and 2 respectively).

Digital ischemia is an uncommon and painful condition with
a negative impact on patient’s quality of life but is rare among
cancer patients. Etiologies of vascular acrosyndromes are
numerous and include connective disorders, vasculitis,
hematological diseases, paraneoplastic syndromes, drugs,
vasculopathy, infectious diseases, trauma or embolic diseases;
all complicated by secondary vasospasm (3). Here, we discuss the
potential multifactorial mechanisms underlying vascular
acrosyndrome worsened by antimetabolites administration as
antineoplastic agents and the relationship with associated
prolonged tumor response.

Cardiovascular risk factors constitute an important cause of
vascular acrosyndromes (4). Indeed, NSCLC patients often have
smoking history, arterial hypertension, hypercholesterolemia, and/
ordiabeteswith atherosclerotic comorbidities leading toPAODand
ischemicevents, asdescribed inour case 2.However, atherosclerosis
andcholesterolembolizationsyndromearerarely thecauseofdigital
ischemiabutmoreoften implicated intoenecrosis (5).

Patient’s ischemic symptoms could also be an adverse
consequence of cumulative toxicity of antimetabolites resulting
in endothelial dysfunction and hypercoagulability. Indeed,
chemotherapy-induced endothelial lesions have been
previously reported. Specific chemotherapies such as
cyclophosphamide, methotrexate, 5-fluorouracil, gemcitabine,
cis/carboplatin, pemetrexed could be involved and have been
implicated in thrombosis and thrombembolic events (6).
Important vascular side effects have been related to the use of
gemcitabine, probably higher than previously estimated and
currently largely reported in literature. Among them, venous
and arterial thromboembolic events, necrotizing vasculitis,
thrombotic microangiopathy and severe systemic capillary leak
syndrome have been described (7–10). Vénat-Bouvet et al.
reported cases of probable thrombotic microangiopathy and
digital necrosis due to gemcitabine perfusion (11). In these
cases, chemotherapy was withdrawn, resulting in resolution of
symptoms, despite cancer progression. Vascular toxicity of
pemetrexed is less frequently reported in literature. Gupta et al.
described long-term exposure to pemetrexed in the case of a 65-
year-old patient with a diagnosis of metastatic lung
adenocarcinoma leading to multiple digital infarctions
requiring amputation (12). Authors concluded that Raynaud’s
phenomenon (RP) in the initial stages may be the consequence of
pemetrexed-induced endothelial damage and that special
attention should be given to patients on maintenance
pemetrexed who complained about painful digits. In our case
Frontiers in Oncology | www.frontiersin.org 439
1, occurrence of digital ischemia was probably due to pemetrexed
vascular side effect as indicated by resolving microcirculation in
all digits after chemotherapy discontinuation and the
intervention with vasodilating agent iloprost.

Occurrence of digital ischemia in patients with active
malignancy may also be considered as a paraneoplastic
disorder, especially in the case of adenocarcinoma, squamous
cell carcinoma or hematologic malignancies (13, 14). However,
lung carcinoma-related digital necrosis remains an uncommon
paraneoplastic feature and is considered more often as a
consequence of NSCLC (15, 16). It may be a complication of
its own or may be associated with RP. The presence of
antinuclear and antiphospholipid antibodies remains uncertain.
Multiple mechanisms have been suggested to explain vascular
acrosyndrome associated with malignancy (14). The main one
proposed is a neoplastic involvement of the cervical sympathetic
trunk, with resulting peripheral vasospasm or overproduction of
vasoconstrictive substances by tumor cells (13, 17). A
thromboembolic mechanism, with either migration of tumor
fragments or hyperviscosity, hypercoagulability and spontaneous
platelet aggregation have also been discussed (13). In several
reports of patients with paraneoplastic vascular acrosyndrome,
the vasospastic complications often improve with initiation of
specific anti-cancer therapy (18). In our cases and especially in
case 1 with pre-existing RP, this etiology was unlikely the cause
of patient’s digital manifestations, as patients had objective
tumor response at the time of worsening of symptoms.

Hypothesis of an immunologic mechanism is also suggested
(13). Indeed, malignant diseases may promote autoimmunity by
generation of autoantibodies against various autoantigens,
resulting in complement activation in contact with the arterial
wall. Furthermore, the detection of ANA or abnormal
cryoglobulins might be explained by an altered function of
suppressor T cells and by proliferation of monoclonal B
lymphoid cells (19, 20). Finally, diversity of the major
histocompatibility complex and innate immune gene
expression have a significant positive correlation with
resistance or susceptibility to various types of cancers (21).

In the present cases, potential pre-existing connective
disorder might have influenced the occurrence of digital
ischemia. In patient 1, there was a weak evidence of an
underlying autoimmune process due to borderline ANA with
positive aPS/PT antibodies suggestive of an antiphospholipid
antibody syndrome, and a diagnosis of paraneoplastic systemic
sclerosis (SSc) could also be discussed with recent-onset RP and
sclerodactily, but there was no specific autoantibody and
capillaroscopy was normal. Sjögren’s syndrome could be
suspected in case 2 with positive anti-SSA antibodies. Patients
with pre-existing rheumatic disorders such as SSc are at high
risk for developing digital ulcers because of their latent
vascular disease with impairment of microcirculation and
associated RP (22). The occurrence of multiple acral ischemic
lesions in a SSc patient after receiving platinum-based
chemotherapy plus gemcitabine for NSCLC has already been
described (23). Thereby, several authors recommend caution
when administering chemotherapy in subjects with autoimmune
April 2021 | Volume 11 | Article 644282
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disorders. These cases could highlight interaction of
chemotherapy toxicity and immune-mediated vascular disease
leading to digital ischemia.

The association between treatment toxicity and clinical
outcomes has long been a concern in cancer patients. It is
however possible that relation between treatment-related
toxicities and outcomes varies according to therapeutic modality
or specific cancer type. Prolonged tumor response associated with
immune-related adverse events (IRAEs) is well described in cancer
patients treated with immune checkpoint inhibitors (ICIs) (24).
Restoration of antitumor immunity during treatment with ICIs
leads to a broad spectrum of manifestations such as hypophysitis,
colitis, pneumonitis but also vasculitis of medium and large vessels
(24). Conversely, reports of small vessel vasculitis involving the
digits are rare. Several recent reports described the development of
acral vascular necrosis with ICIs, without preexisting autoimmune
disease prior initiation of immunotherapy (25, 26). Khaddour et al.
reported the occurrence of digital necrosis in a patient with lung
adenocarcinoma treated with pembrolizumab (26). One
hypothesis was the mechanism of action of ICIs, potentially
leading to disruption of immune tolerance with stimulation of T
cell populations or autoantibody formation against various
antigens such as endothelial cells, which might induce vasculitis
disorders. Moreover, an autoimmune etiology of digital ischemic
symptoms during ICIs treatment is supported in literature as
suppressive dose of steroids might resolve acral ischemia (27, 28).

Here, we postulate that antimetabolites induced both vascular
IRAE and prolonged response, as reported with ICIs. Indeed,
preclinical studies have revealed that the mechanism of action of
cancer drugs depends on several off-target effects, especially
directed to the host immune system. These off-target
interactions contribute to cancer cells elimination (29, 30).
Gemcitabine has a powerful downregulation effect on the
immunosuppressive microenvironment (31, 32). It notably
depletes regulatory T-cells and selectively kills myeloid-derived
suppressor cells, thereby relieving immunosuppression and
enhancing CD8 T-cell-dependent anticancer immune
responses (31). The influence of pemetrexed on the immune-
mediated antitumor response is however currently underrated.
Novosiadly et al. evaluated the preclinical profile of pemetrexed
on immune response in tumor microenvironment (33). They
concluded that pemetrexed enhanced T cell-mediated
immunogenic cell death and increased activation and
metabolic fitness of T cells. These effects enhanced anti-tumor
efficacy in combination with PD-1 pathway blockade. According
to these results, we suggest that chemotherapies could also lead
to vascular IRAEs and to a favorable clinical course (7).
Nonetheless, the literature data are currently lacking to
confirm the robustness of this hypothesis.
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To our knowledge, our reports are the first ones to describe
development of vascular acrosyndrome with the use of
antimetabolites in NSCLC patients experiencing prolonged
tumor response despite chemotherapy discontinuation. In the
future, special attention should be paid to NSCLC patients in
maintenance therapy, especially since FDA approval
pemetrexed-pembrolizumab combination as first-line
treatment in advanced non-squamous lung carcinoma. Indeed,
systematic use of ICIs combined with antimetabolite could
theoretically increase occurrence of digital ischemia, as their
positive interaction may enhance immunogenic response.
CONCLUSION

Vascular acrosyndromes are a rare complication of
antimetabolite chemotherapeutic drugs. Awareness needs to be
raised when using these anticancer agents. They may rarely
promote digital infarction for patients with predisposing
factors. Whether occurrence of chemotherapy-induced
immune vascular side effects might explain prolonged tumor
response deserves further investigations.
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Background: Although C-ros oncogene 1 (ROS1) targeted therapies have demonstrated
remarkable efficacy in ROS1-rearranged non-small cell lung cancer (NSCLC), patients
inevitably develop resistance to ROS1-tyrosine kinase inhibitors (TKIs). Commonly
acquired resistance mechanisms include a second mutation of the ROS1 kinase
domain and activation of bypass signaling pathways. However, MMNG HOS
Transforming gene (MET) amplification has not been reported as a novel mechanism of
ROS1-TKIs resistance.

Case Presentation: We report a case of a 62-year-old man diagnosed with ROS1-
rearranged metastatic lung adenocarcinoma, who received first-line treatment with
crizotinib for 19 months. During the course of disease, the primary lung tumor was
under control while the brain metastasis progressed despite the treatment with lorlatinib.
The biopsy and genetic tests of the metastatic brain tumor showed a high level of MET
amplification (32 copies). However, fluorescence in situ hybridization of the primary cancer
showed no MET amplification, suggesting that MET amplification may be associated with
an acquired resistance to ROS1-TKIs.

Summary: This case suggested that MET amplification could be explored as a potential
mechanism for developing ROS1-TKIs resistance. Combination treatment with highly
potent and selective MET-TKIs warrants further investigations.

Keywords: MET amplification, ROS1, crizotinib, resistance, non-small cell lung cancer
INTRODUCTION

C-ros oncogene 1 (ROS1) has been identified as an oncogenic driver in 1–2% of non-small cell lung
cancer (NSCLC) (1). Patients with ROS1-rearranged lung cancer significantly benefit from
treatment with ROS1 tyrosine kinase inhibitors (TKIs) (2), such as crizotinib, with an overall
response rate (ORR) of 72% and a progression free survival (PFS) of approximately 19.3 months (3).
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However, following initial positive responses to crizotinib, a large
number of patients with ROS1-rearranged NSCLC experience
progression of disease due to the occurrence of resistance. The
most common mechanism of acquired resistance to TKIs is
secondary mutation of the ROS1 kinase domain, such as
G2032R, L2155S, and S1986F/Y, which decreases the potency
of kinase inhibition. Furthermore, the activation of bypass
signaling pathways, including EGFR, KIT, and MAPK, have
been identified as another mechanism of resistance in ROS1-
rearranged cancers and accounts for about 45% of the crizotinib-
resistance ROS1-rearranged NSCLC (4, 5). The treatment
options, including switching drugs and combination therapies,
can vary based on the different underlying mechanisms.

In this study, we reported a case wherein a high level of
MMNG HOS Transforming gene (MET) amplification was
found at the time of progression, as a potential mechanism for
ROS1-TKIs resistance in NSCLC.
CASE DESCRIPTION

A 62-year-old male nonsmoker presented at our hospital in
January 2018. He complained of a one-month history of right
chest and back discomfort with no noted triggers. Imaging
examinations showed a 2.3 cm mass in his right middle lobe,
with metastasis in the right hilar and mediastinal lymph nodes as
well as left ilium. A solitary brain metastasis in the left frontal
lobe was also noted in magnetic resonance imaging (MRI).
Pulmonary biopsy revealed lung adenocarcinoma stage IV
(T1cN2M1c). Immunohistochemistry (IHC) results of the
tumor tissue were positive for ROS1 and PD-L1 (> 90%) but
Frontiers in Oncology | www.frontiersin.org 243
negative for anaplastic lymphoma kinase (ALK) (Figure 1).
ROS1 rearrangement was then confirmed by fluorescence
in situ hybridization (FISH) (Figure 1).

The patient was given first-line treatment with crizotinib
250mg twice daily from February 2018. This achieved a partial
response with good tolerance. Six months later, he felt dizzy,
right lower extremity weakness, and unsteadiness. Imaging
showed a controlled primary lung lesion but a progressing
brain lesion. Therefore, the patient continued to receive
crizotinib and underwent concurrent gamma knife
radiosurgery for the intracranial lesion. Six cycles of
combination therapy with crizotinib and bevacizumab were
initiated in March 2019. Approximately 19 months after
crizotinib treatment was initiated, he reported dizziness and
progressive weakness of his right lower limb. MRI confirmed
disease progression and significant edema in the brain in
October. A computed tomography (CT) scan of the chest
showed the primary lesion still under control. The patient then
received lorlatinib 75mg once daily, but his symptoms were not
relieved. Instead, his dizziness and the muscular weakness in
both lower extremities worsened. New symptoms, such as
headache, convulsions, sluggishness, and unresponsiveness
developed. A repeated brain-MRI showed rapid brain tumor
progression, severe brain edema, and cerebral midline deviation
(Figure 2). Then, an emergency brain metastasis surgery was
performed, and the pathological tests demonstrated the presence
of adenocarcinoma from lung cancer. The specimen was further
analyzed via next-generation sequencing (NGS; FoundationOne
CDx). Unfortunately, the patient succumbed to the intracranial
hypertension and cerebral hernia before the NGS report,
which showed a high level of MET amplification (32 copies).
FIGURE 1 | Comparison of findings from biopsy of the primary lung tumor and metastatic brain tumor. Hematoxylin and eosin staining (HE ×40) of the primary lung
adenocarcinoma was positive for ROS1 and PD-L1 (> 90%) by immunohistochemical (IHC ×40). The metastatic brain tumor showed poorly differentiated carcinoma by HE,
which was partly positive for ROS1 and PD-L1 (40%) by IHC. ROS1 rearrangement was confirmed by FISH (>15% of the cells demonstrate split or single 3′ signals).
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FISH demonstrated a cluster of MET signals congruent
with the NGS result (Figure 3). To investigate whether MET
amplification was acquired after TKI treatment, the primary lung
lesion was reanalyzed by FISH, and the result was negative for
MET amplification (Figure 3).
DISCUSSION

MET amplification activates a bypass signaling pathway that is
responsible for resistance to EGFR and ALK TKIs (6, 7).
However, its role in ROS1-TKIs has never been reported. To
our knowledge, this is the first report suggesting MET
amplification can serve as a mechanism for acquired resistance
to ROS1-TKIs. In the present case, the results of pathological
analysis confirmed the acquisition of MET amplification after
crizotinib therapy using NGS and FISH. The immediate post-
crizotinib brain tumor specimen showed a high level of MET
amplification (32 copies) in contrast to the MET-negative pre-
crizotinib primary lung tumor. Combining the patient’s initial
response to crizotinib and subsequent disease progression facts,
speculation arises that MET amplification contributed to
acquired ROS1-TKI resistance. In addition, the rapid growth of
the tumor within a month post-lorlatinib indicated that high-
level MET amplification is a potentially potent oncogenic driver.
However, the patient was not able to receive treatment with
selective MET inhibitors to validate and overcome this
resistance mechanism.

Crizotinib, a multitargeted ALK/ROS1/MET inhibitor, was
the first TKI approved by the FDA for the treatment of ROS1-
Frontiers in Oncology | www.frontiersin.org 344
rearranged advanced NSCLC in 2016 (8). It inhibits ATP-
dependent cellular functions by binding to the respective
protein kinase domains, leading to potent ALK, ROS1, and
MET suppression and generating positive clinical effects (9).
The observations of several cases indicated that NSCLC patients
with MET amplification could benefit from crizotinib (10–12). A
previous report described two patients with high-level MET
amplification NSCLC (MET/CEP7 ratio≥5) responding to
crizotinib in the absence of detectable exon 14 alterations (10).
A recent case reported that MET D1228N mutation might be a
mechanism of resistance to crizotinib in ROS1 fusion NSCLC
(13). The resistances to ROS1-TKIs of both cases may have been
due to variations of MET, but via different mechanisms: MET
secondary mutation and MET amplification. Further studies are
needed to confirm these finding.

Recently, the activity of crizotinib against MET-amplified
NSCLC has been demonstrated, but which was at a lower level
than that seen against ROS1 (14–16). In the phase II AcSé trail,
which evaluated the efficacy of crizotinib in MET amplification
and ROS1-positive NSCLC, the best ORR during treatment was
32% in the MET amplification cohort and 69.4% in the ROS1-
positive cohort (15). Another phase II study reported that
crizotinib produced an ORR of 27% with a median PFS of 4.4
months in MET amplification patients, while the ORR and
median PFS were 65% and 22.8 months, respectively, in ROS1-
rearranged patients (16). Likewise, the results of our current case
confirmed the unfavorable prognosis of MET-amplification
NSCLC with crizotinib therapy. The lower activity of crizotinib
in overcoming MET amplification may be due to its higher IC50

for MET amplification (0.58 µM) compared to that for ROS1
FIGURE 2 | Schematic diagram of the course of the patient’s disease. Imaging before treatment showed a lung mass in the right middle lobe and left frontal lobe
metastasis. After administration of crizotinib, the primary tumor size shrank; however, left frontal lobe metastasis was larger.
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(31nM for SDC4–ROS1 fusion) (17, 18). The IC50 of crizotinib
for MET in vitro was approximately 4nM (19), which was much
lower to that for MET amplification. It could be another reason
for the decreased sensitivity of crizotinib in patients with MET
amplification. In addition, it was reported that the CSF-to-
plasma ratio of crizotinib concentration was 0.0026 (20), which
implied a poor blood-brain barrier penetration. These factors
may explain why acquired MET amplification was found in the
brain lesion but not observed in extracranial sites with the
treatment of crizotinib.

In previous studies, patients harboring acquired MET
amplifications after disease progression benefited from
combination therapy that targeted both the primary driver and
MET gene (21). A phase Ib/II study found that the efficacy of
combination therapy (capmatinib and gefitinib) increased along
with the MET copy number for patients with EGFR-mutated,
MET-amplified NSCLC (22). This suggested that the likelihood
of benefiting from MET-TKIs rises as the level of MET
amplification increases. Therefore, combination therapy with
more potent selective MET-TKIs should be considered. In
addition, the primary lung tumor and brain metastasis tumor
were both positive for PD-L1 (greater than 90% and 40%,
respectively), suggesting that the patient may benefit from a
combination of immunotherapy and target therapy. Furthermore,
Frontiers in Oncology | www.frontiersin.org 445
the variation of the PD-L1 and MET during the disease progression
revealed the highly heterogeneous character of the patient’s cancer.
Therefore, repeated genetic testing during the treatment is crucial.

In summary, this case suggested that MET amplification may
be an important mechanism for acquired resistance to ROS1-
TKIs. The combination of crizotinib and a more potent MET
inhibitor should be investigated post-crizotinib progression in
ROS1-rearranged NSCLC patients who harbored acquired
MET amplification.
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Aim of the Study: CHE can inhibit the proliferation of lung cancer cells and induce
apoptosis. However, despite having in vivo toxicity, CHE has not been thoroughly
investigated in term of its in vivo antitumor effect. The present study evaluated the
antitumor effect of CHE on non-small cell lung cancer cell line HCC827.

Methods: The antitumor effect of CHE on HCC827 was evaluated, and its potential work
mechanism was investigated. CHE long circulation liposomes (CHELPs) modified with
polyethylene glycol have been optimized and characterized by in vivo pharmacokinetic
studies. A HCC827 xenograft model was developed on BALB/c nude mice for the
assessment of the effects of CHE and CHELP.

Results: CHE might inhibit HCC827 growth through the ROS/PKC-ϵ/caspase 3 pathway
and glycolysis. The optimized CHELP remained stable after storage for 10 days at 4°C
and exhibited sustained drug release, showing approximately one-fifteenth of the in vivo
clearance rate and 86 times the absorption concentration of free drug. While increasing
the bioavailability of CHE, CHELP showed a good therapeutic effect on HCC827 tumor-
bearing nude mice and reduced the toxicity of the free drug, improving the safety of CHE.

Conclusions: CHE is a candidate drug for NSCLC, and liposomes are effective in
alleviating the toxicity of CHE.

Keywords: liposome, chelerythrine, non-small cell lung cancer, apoptosis, antitumor effects
INTRODUCTION

Lung cancer is one of the most common malignancies, with an estimated 1.6 million new cases and
1.38 million deaths each year. Approximately 80–85% of lung cancers are non-small cell lung cancer
(NSCLC), and 10−15% are small cell lung cancer (1). Most patients with NSCLC are in the stage of
tumor progression, losing early surgery and having a poor clinical outcome (2). Epidermal growth
factor receptor-tyrosine kinase inhibitor (EGFR-TKI) is the best treatment for NSCLC with EGFR
mutations, and three generations of EGFR-TKIs are currently known, such as gefitinib, afatinib, and
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osimertinib (3). However, patients often have side effects (4) and
drug resistance (5) when treated with EGFR-TKIs, such as
EGFR-T790M (6). The effects usually develop in the patients
after treatment with first-generation (7) and second-generation
(8) EGFR-TKIs. The third-generation EGFR-TKI osimertinib,
developed in response to this secondary mutation, has resulted in
resistance as well (9). Therefore, discovering medicinal plant
materials that are effective in treating NSCLC is of great
research value.

Natural herbal medicines with a variety of biological effects
have been used in clinical practice for thousands of years.
Traditional Chinese medicine, such as astragalus, ginseng, and
codonopsis can play an important role in anti-NSCLC treatment
through various pathways and targets (10). Chelerythrine (CHE)
is one of the main components of Chelidonium majus L (11). and
can also be extracted from the herbs Toddalia asiatica (Linn)
Lam (12) and Macleaya cordata (Willd.) R. Br (13).. CHEs have
shown a variety of effects, including antitumor (14), antibacterial
(12), anti-inflammatory (11), pesticidal, and antihepatic fibrosis
effects (15) and certain protective effects against diabetic
cardiomyopathy (16). In terms of antitumor effect, CHE can
inhibit proliferation (17) and induce apoptosis (18) on various
human tumor cell lines, such as lung cancer (19), liver cancer
(20), breast cancer (14) cell lines, indicating that CHE has great
research value and development prospects.

Studies on the CHE treatment of NSCLC cell lines are
currently few. He (19) treated NSCLC cells with a combination
of CHE and erlotinib, which significantly inhibited proliferation,
reduced clone formation, and induced apoptosis. In the research
of another NSCLC cell line A549, CHE promoted cell apoptosis
and autophagy, decreased cell viability, and induced cell death by
increasing ROS generation (21). However, the in vivo antitumor
effect of CHE has not been comprehensively researched, and
CHE has been found to have a certain level of toxicity to
animals (22).

Therefore, in this paper, the effects of CHE on cancer cell line
and normal cell lines were respectively evaluated, and the
potential pathways were investigated. For the reduction of
CHE toxicity, the liposomes of CHE (CHELP) were prepared
for the treatment of NSCLC cell line HCC827 with EGFR
mutation. Moreover, polyethylene glycol (PEG) was introduced
to long circulation liposomes to enhance the hydrophilicity of
liposomes and promote a sustained release effect (23). The study
may offer reference for formulating novel drug delivery systems
using traditional Chinese medicine for cancer treatment.
MATERIALS AND METHODS

Materials
Chelerythrinewas purchased fromChengduMust BiotechnologyCo.,
Ltd (Chengdu, China). Chelerythrine reference substance and
propranolol reference substance were purchased from the National
Institute for the Control of Pharmaceutical and Biological Products
(NICPBP, China). 1,2-distearoyl-sn-glycero-3-phosphatiylethanol-
amine-N-[methoxy(poly-ethyleneglycol)2000] (DSPE-PEG2000),
cholesterol (CHOL) and hydrogenated soybean phosphatidylcholine
Frontiers in Oncology | www.frontiersin.org 248
(HSPC) were purchased from A.V.T. pharmaceutical Co., Ltd
(Shanghai, China). Dimethyl sulfoxide (DMSO), DCFH-DA, and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were purchased from Sigma Aldrich (USA). PI, RNase,
Mitochondrial Membrane Potential Assay Kit with JC-1, Caspase 3
viability kit, and SDS-PAGE gel rapid preparation kit were purchased
from Beyotime Biotechnology Co., Ltd (Shanghai, China). FITC
Annexin V Apoptosis Detection Kit I was purchased from BD
Biosciences (USA). Trans-well chamber was purchased from
Corning Co., Ltd (Shanghai, China). Cell counting kit-8 (CCK-8),
methanol and crystal violet staining solutionwere purchased formBBI
Life Sciences Co., Ltd. XF Base Medium, XF24 Cell Culture
Microplates, XF24 Extracellular Flux Assay Kits, XF Calibrant, XF
CellMito Stress Test Kit were all purchased fromAgilent technologies
Inc. (Shanghai, China). L-Glutamine, Sodium pyruvate solution, D-
glucosewerepurchased fromSigma(USA).18 ICRmiceand26BALB/
C nude mice were purchased from Jiangsu GemPharmatech Co, Ltd
and raised in Laboratory Animal Center, Shanghai University of
Traditional Chinese Medicine.

Cell Culture
The human non-small cell lung cancer cell line HCC827 was
obtained from Chinese Academy of Sciences Cell Bank
(Shanghai, China). Cells were cultured in RPMI medium 1640
(Hyclone, USA) with 10% FBS (Lonsera, USA) at 37°C in a
humidified atmosphere with 5% CO2.

Cell Viability Assay
Cell counting kit-8 (CCK-8) was applied to assess cell
proliferation following the manufacturer’s instructions (BBI
Life Sciences, E606335-0500). In brief, HCC827 cells were
seeded into a 96-well plate at a density of 8,000 cells/well in
100 ml cell culture medium with different contents of CHE (0, 5,
10, 15, 20, 30, and 40 mM) respectively. Then, cell proliferation
was detected by microplate reader at 450 nm wavelength (Biotek,
EPOCH2) on days 1, 2, and 3 after adding 10 ml CCK8 reagent in
each well and incubating cells in darkness for 1 h. The rate of cell
proliferation was calculated by the optical density. Moreover,
another two cell lines (HL-7702 and HEK-293) were also
assessed by the same way in order to understand the impact of
CHE on normal cells.

In vitro cytotoxicity of chelerythrine was evaluated in
HCC827 cell line using MTT assay. Cells were seeded in 96-
well plates at a density of 8,000 cells/well and treated with 100 ml
of chelerythrine in full medium of different concentrations for
24 h. Then 20 ml MTT (5 mg/ml) was added and incubated for
4 h at 37°C. The formed formazan salt was dissolved in 100 ml of
DMSO and absorbance was detected at 490 nm using a plate
reader (SpectraMax M5, Molecular Devices). Data were
represented as means ± standard deviation (SD). The mean
drug concentration required for 50% growth inhibition (IC50)
was determined using Graphpad Prism 7.0 software.

Apoptosis and Cell Cycle Analysis
Briefly, HCC827 cells were seeded in six-well plates 24 h prior to
drug treatment. In the apoptosis assay, apoptotic populations of
vehicle- or chelerythrine-treated cells were quantified using the
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dual staining FITC-Annexin V Apoptosis Detection Kit as per
manufacturer’s instructions. After the drug incubation, the
supernatant was collected in the tube, and cells were collected
using 0.25% Tyrisin without EDTA in flow tube as well. Cells
were washed by PBS twice before being stained with FITC dyeing
solution in darkness for 30 min and then stained with PI dyeing
solution for 10 min, waiting for flow cytometry on ice. In cell
cycle assay, after incubation with RNase A (5 mg/ml) for 30 min,
cells were only stained with PI solution (20 mg/ml) for 10 min
and also detected by FACS Calibur flow cytometer
(BD Biosciences).

Wound-Healing and Trans-Well
Migration Assays
In wound-healing assay, cells were seeded into six-well culture
plates after counting. When the cells grew to an appropriate
density, a straight scratch was made by a pipette tip in the cell
layer. Subsequently, the floating cells were removed, and new
medium containing a different concentration of CHE was added
to the culture for 24 h. The distance between the wounded area
was measured by using the inverted fluorescence microscope
(OLYMPUS, CKX41) at 0, 12, and 24 h to assess the
wound-healing.

Trans-well assay was used to evaluate the migration of cells.
In short, 100 ml counted cell suspension was added into each
trans-well chamber (Corning). 600 ml medium containing 20%
FCS was added in the wells of 24-well culture plate as a bottom
culture medium to induce cell migration. The cells were
incubated for 24 h before the trans-well chambers were taken
out, and the medium was discarded. Trans-well chambers were
washed twice with PBS. The cells were fixed via formaldehyde for
30 min, then air-dried, and stained with 0.1% crystal violet for
30 min, and non-migrated cells were gently wiped off the top-
well with a cotton swab. After washing the trans-well chambers
three times with PBS, the number of migrated cells was counted
in three randomly-selected fields under a 400-fold microscope
per well to assess the cell invasion capability.

Extracellular Acidification Rate Test
Cancer cells under a hypoxic environment mainly depend on
glycolytic pathways as a source of cell energy. Therefore,
extracellular acidification rate (ECAR) was measured by a
Seahorse XF24 Extracellular Flux Assay Kits (Agilent
technologies, Q29216) and Seahorse XF24 Extracellular Flux
Analyzers (Agilent technologies) in order to detect glycolysis.
HCC827 cells were planted in a Seahorse XF24 Cell Culture
Microplates (Agilent Technologies, 28816) at a density of 1 × 105

cells/well. 1 mL hydration fluid was added into the lower layer of
the XF24 Extracellular Flux Assay Kit and hydrated overnight in
a CO2-free incubator at 37°C. Meanwhile, the drug and Seahorse
XF basic medium (Agilent technologies, 102353) were prepared,
of which the pH value was adjusted to 7.4. The medium was put
into 37°C water bath for 1 h before washing the cells twice with it.
Then each well was replenished by 450 ml Seahorse XF basic
medium. Culture cells for another 1 h at 37°C. Different
concentrates of CHE were diluted, and 75 ml solution was
Frontiers in Oncology | www.frontiersin.org 349
added into the upper layer of XF24 Extracellular Flux Assay
Kits for measurements. After 30 min, the lower layer of XF24
Extracellular Flux Assay Kits was removed and replaced by the
cell plate for detecting.

ROS Generation and Mitochondrial
Membrane Potential Analysis
Briefly, the cells were seeded in 12-well plates 24 h prior to drug
treatment. In ROS generation analysis, cells were stained with
10 mM DCFH-DA solution for 30 min in the dark after CHE
treatment for 2 h and then collected. After being washed by PBS
twice, dihydrodichlorofluorescein (DCF) fluorescence was
analyzed by FACS Calibur flow cytometer (BD Biosciences). In
mitochondrial membrane potential (Dym) analysis, cells were
collected and stained with JC-1 dyeing solution after CHE
treatment for 2 h. Then cells were detected by flow cytometer
as well. The change of MMP could be obtained by calculating the
ratio of fluorescence degree between the FL2 channel and
FL1 channel.

PKC-ϵ and Caspase 3 Expression Analysis
Briefly, cells were seeded in six-well plates 24 h prior to CHE
drug treatment. PMA, the PKC activator was added with the high
dose group to verify the mechanism. After 4 h, cells were
collected for PKC-ϵ and caspase 3 expression analysis through
western blot assay and caspase 3 viability kit, respectively.
Precooled RIPA lysate with 1% PMSF was added and
centrifuged to get the supernatant for the following western
blot assays to evaluate the expression of PKC-ϵ in cells. For
caspase 3 viability detection, after being ice bath cracked for
30 min, caspase 3 viability in the samples could be directly
detected at 405 nm using a plate reader (SpectraMax M5,
Molecular Devices).

Optimization and Characterization
of CHELP
CHELP was prepared by the thin-film hydration followed by
hydration method. Briefly, a certain amount of CHOL, DSPE-
PEG2000, HSPC (1:1:3, w/w/w) was dissolved completely in
ethanol and evaporated to get a thin film. Then (NH4)2SO4

buffer solution was added for hydration, lasting 45 min, and
blank liposomes were obtained after ultrasonication by a probe
sonicator (Qsonica sonicators, America). CHE water solution
was added into blank liposomes, and NaHCO3 buffer solution
was used to adjust the pH value to 8.0, stirring for 30 min to get
the CHE liposomes. Finally, unbound CHE was removed by gel
permeation chromatography on Sephadex G-50.

CHELP was optimized using the central composite design/
response surface method. The factors, CHOL : HSPC (w/w) (A),
CHE–lipid ratio (B), and the drug incubation time (C) were
investigated. The particle size (Y1) and drug loading (DL) (Y2)
were used as the indexes. The three levels of low, medium and
high were set for the investigation factors (encoding −1, 0, and 1
respectively; Table 1). The design-expert 8.0.6 software was used
for the experimental design, and 20 sets of experimental plans
were generated.
May 2021 | Volume 11 | Article 658543
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In Vitro Release of CHE From CHELP
In vitro release analysis of CHE liposomes was performed by the
dialysis method. Briefly, 1 ml CHE liposomes injected into a
dialysis bag (14,000 Da, molecular weight cut-off) was sunk into
35 ml PBS (pH 5.6) and PBS (pH 7.4) at 37°C, and stirred at the
speed of 150 rpm. At regular intervals, 1 ml CHE containing
simulated PBS solution was taken out, and 1 ml fresh PBS
solution was added. The aliquots were filtrated with 0.45 mm
Millipore filtration before injected into the HPLC system.

In Vivo Pharmacokinetic Study of CHELP
In vivo pharmacokinetic study of CHELP was conducted in ICR
mice (20–25 g). Eighteen mice were randomly divided into two
groups and received i.v. administration of CHE and CHE
liposomes at a dose of 6 mg/kg. After administration, blood
was collected through veins at 2, 5, 15, and 30 min, 1, 2, 4, 8, and
24 h into centrifuge tubes with heparin sodium. The blood
samples were subsequently centrifuged at 3,000 rpm for
10 min to obtain the plasma.

To detect the CHE content in the plasma, 400 ml internal
standard (I.S.) propranolol-containing methanol-acetonitrile
(1:1) was added into 50 ml plasma. In order to precipitate
protein, the mixture was vortexed and centrifuged at 13,000
rpm for 15 min. 250 ml supernatant was taken for nitrogen
blowing and redissolved with 100 ml 70% acetonitrile. After
centrifugation at 13,000 rpm for 15 min, the supernatant was
detected by Angilent 6470 Triple Quad LC/MS.

The Angilent 1290 Infinity II UPLC system was applied with an
ACQUITY UPLC BEH C18 Column (2.1 × 100 mm, 1.7 mM).
Mobile phase: A: 0.1% Formic Acid; B: Acetonitrile. The LC gradient
elution was programmed as Table 2. Column temperature: 30℃;
Flow rate: 0.3 ml/min; Injection volume: 1 ml. The MS condition for
Frontiers in Oncology | www.frontiersin.org 450
CHE and I.S. quantification of Angilent 6470 Triple Quad LC/MS
with electrospray ionization is shown in Table 3. Ion source:
electrospray ion source (ESI); Detection method: positive ion;
Monitoring mode: MRM; Test time: 5 min; Gas temp: 300°C; Gas
flow: 5 L/min; Nebulizer: 45 psi; Capillary voltage: 3,500 V.

Animals and HCC827 Xenograft Model
Male BALB/c nude mice (18–20 g) were kept in an experimental
animal barrier environment for one-week adaptive feeding. 26
mice were subcutaneously injected at the right flank with 0.2 ml
HCC827 cells (1:1, with Matrigel). Tumor volume was calculated
as the formula below.

Tumor volume (mm3) =
1
2
� length� width2

In Vivo Antitumor Effect Evaluation
When the tumor volume arrived 80–150 mm3, mice were
randomly divided into three groups: control group (normal
saline, n = 8), CHE group (10 mg/kg, n = 10), CHELP group
(10 mg/kg, n = 8). The mice were treated through the tail vein
once a week, four times in total, lasting for 23 days. The control
group was injected with the same volume of normal saline. The
tumor volume and the body weight of mice were recorded twice
a week.

Tunel Assays and ROS Detection
of Tumor Tissues
After 23 days, mice were sacrificed, and tumors were collected.
Parts of the tumors were fixed in 4% paraformaldehyde. The
following routine pathological sections were performed, and the
tissues were cut, dehydrated, transparent, wax-permeable, and
embedded. Then TUNEL staining was conducted to evaluate the
apoptosis effect of CHE and CHELP, and parts of the tumor
tissues were stored in dry ice for the ROS detection using
superoxide anion fluorescent probe and DAPI.

PKC-ϵ Expression Analysis in Tumor Tissues
After 23 days, mice were sacrificed, and tumors were collected.
Parts of the tumors were homogenized with RIPA lysis buffer
with 1% PMSF and centrifuged to get the supernatant for the
following western blot assays to evaluate the expression of PKC-ϵ
in tumors.

Safety Evaluation and
Histopathological Analysis
After 23 days, mice were sacrificed and heart, liver, spleen, lung,
and kidney were collected. The spleen morphology and its organ
coefficient were recorded. Heart, liver, spleen, lung, and kidney
were fixed in 4% paraformaldehyde. The following routine
TABLE 1 | Factors and levels.

Factors Levels

−1 0 1

A 0.33 1.67 3
B 0.06 0.16 0.25
C 15 30 45
TABLE 2 | The LC gradient elution.

Time A % B%

0.00 75.00 25.00
1.00 75.00 25.00
1.50 55.00 45.00
3.50 55.00 45.00
4.00 75.00 25.00
5.00 75.00 25.00
TABLE 3 | Parameters of ESI-MS/MS.

Compound name Precursor ion Product ion Dwell Fragmentor Collision energy Polarity

Chelerythrine 348.4 318.0 150 50 20 Positive
Propranolol 260.2 116.3 150 110 14 Positive
M
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pathological sections were performed, and the tissues were cut,
dehydrated, transparent, wax-permeable, and embedded. Then
the HE staining was conducted for safety evaluation.

Statistical Analysis
The experimental data were represented as means ± standard
deviation (SD), and they were processed with GraphPad Prism
7.0 software, using one-wayANOVAor two-wayANOVAanalysis.
Frontiers in Oncology | www.frontiersin.org 551
RESULT

CHE Suppressed the Cell Proliferation
of HCC827 but Not That of HL-7702
and HEK-293
The cytotoxicity of CHE was evaluated through the CCK-8 assay,
which was carried out on HCC827, HL-7702, and HEK293 cells.
As shown in Figures 1A, B, CHE successfully inhibited the
A B

D

E F

G

C

FIGURE 1 | The cell proliferation of HCC827, HL-7702, and HEK-293 after treatment with CHE. (A, C, E) Cell viability of HCC827, HEK-293, HL-7702 cells after
treatment with CHE through the CCK-8 assay, respectively. CHE induced the apoptosis of HCC827 cells. (B, D, F) The relative viability of HCC827, HEK-293,
HL-7702 cells after treatment with CHE at 72 h, respectively. (G) The MTT result of HCC827 after treatment with CHE. (***p < 0.001, **p < 0.01).
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proliferation of HCC827 cells in vitro in a dose-dependent
manner when the content of CHE was greater than 15 mM,
and the inhibitory effect was amplified over time. However, CHE
rarely affected the cell viability of HEK-293 cells, and there was
no significant difference between any group and group with no
CHE (Figures 1E, F). Only high-dose CHE groups (30 and 40
mM) showed significant differences compared with the control
group in terms of the proliferation of human liver cells (HL-
7702) at 72 h (Figures 1C, D), indicating that CHE has a specific
toxicity to cancer cells, and a high dose might lead tissue-specific
Frontiers in Oncology | www.frontiersin.org 652
normal cell damage. Moreover, the antitumor effect of CHE on
HCC827 was confirmed by the MTT result (Figure 1G), and the
IC50 value of CHE was 15.13 ± 0.93 µM for HCC827.

CHE Inhibited Growth of HCC827 Cells
and Induced Apoptosis
The apoptosis and cell cycle of HCC827 cells were analyzed after
CHE treatment. CHE showed a good effect in inducing apoptosis
in HCC827 cells (Figures 2A, B). When the cells were treated
with 30 µM CHE, the apoptosis rate increased significantly,
A B

D

C

FIGURE 2 | CHE inhibited growth of HCC827 cells and induced apoptosis. (A, B) CHE induced the apoptosis of HCC827 cells. (C, D) CHE arrested HCC827 in
G2/M phase. (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05).
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reaching approximately 40%. Notably, the cell cycle was arrested
in the G2/M phase (Figures 2C, D). With increasing CHE dose,
the proportion of HCC827 cells in the G1 phase decreased,
and the proportion in the S phase nearly did not change. By
contrast, the proportion in the G2 phase increased significantly,
and this increase inhibited the growth of cancer cells (24).

CHE Impeded the Migration and Invasion
of HCC827 Cells
The inhibitory effect of CHE on the activity of HCC827 cells was
evaluated through wound-healing and trans-well migration
assays. The results of the wound-healing assay revealed that
the distance between the scratch borders significantly increased
after the HCC827 cells were treated with 20 or 30 mMCHE for 12
and 24 h compared with the control group or low-dose CHE
Frontiers in Oncology | www.frontiersin.org 753
group (10 mM), and the scratch borders after 24 h were nearly
indistinguishable (Figures 3A, B). Consistent with the outcomes
of the wound-healing assay, the invasion activity of HCC827 was
suppressed in the presence of 20 or 30 mM CHE as confirmed by
the trans-well migration assay (Figures 3C, D). The number of
migratory cells significantly decreased after incubation with 20 or
30 mM CHE compared with the number in the control but
showed no obvious difference from the number in the group with
10 mM CHE. Overall, our results suggested that CHE depresses
the migration and invasion of HCC827 cells.

CHE Reduced the Glycolysis Capacity
of HCC827 Cells
As the main energy pathway of tumor cells, glycolysis level may
reflect inhibited growth. Logically, the overall glycolysis level of
A

B

D

C

FIGURE 3 | CHE impeded the migration and invasion of HCC827 cells. (A, B) The wound-healing assays of HCC927 cells after treatment with CHE. (C, D) The
trans-well migration assays. (***p < 0.001).
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HCC827 changed after treatment with CHE, and glycolysis was
significantly inhibited by 30 mM CHE (Figure 4A). Compared
with the control group, CHE-treated group showed decreased
glycolysis, glycolysis capacity, glycolysis reserve, and non-
glycolytic acidification (Figures 4B–E), and 30 mM CHE
exhibited the most significant inhibitory effect on HCC827
cells (***p < 0.001). This result showed that the metabolism
and mitochondrial respiration of HCC827 might be down-
regulated by CHE and limit the activity of HCC827.
CHEAffected Dymand ROS on HCC827 Cells
Antitumor effects were linked to decrease in Dym and increase
in ROS generation. The fluorescence value of FL2 channel
decreased continuously, and the ratio of the fluorescence
degree between the FL2 and FL1 channels decreased with
increasing dose. The Dym of HCC827 cells were decreased by
CHE significantly, leading to cell apoptosis (Figure 5A) (25).
After treatment with CHE, intracellular ROS increased
(Figures 5B, C), which can produce cytotoxicity by acting on
Frontiers in Oncology | www.frontiersin.org 854
proteins and damaging DNA and mediate the rapid apoptosis
of cells (26, 27).

CHE Influenced the Expression of PKC-ϵ
and Caspase 3
CHE might act on the ROS/PKC-ϵ/caspase 3 pathway, inducing
cell apoptosis and inhibiting the growth of tumor cells. CHE, as a
kind of PKC inhibitor, showed great antitumor effects. Caspase 3
is one of the important indicators of the early apoptosis of cells
and can reflect the pro-apoptotic effect of drugs on cells and
participate in the regulation apoptosis through various pathways
(28, 29). Our results showed that CHE can induce early
apoptosis, significantly inhibit PKC-ϵ (Figure 5D), and
promote the expression of caspase 3 in a dose-dependent
manner (Figure 5E). When the high-dose group (CHE 30 µM)
was co-treated with PKC activator PMA, the expression of PKC-ϵ
increased significantly, and the expression of caspase 3 decreased
significantly as shown in Figures 5D, E. Moreover, CHE can
induce early apoptosis by inhibiting protein PKC-ϵ. After PMA
was added, the viability of caspase 3 decreased, and thus the
A

B

D E

C

FIGURE 4 | CHE reduced the glycolysis capacity of HCC827 cells. (A) Extracellular acidification rate (ECAR) test of HCC827 cells after treatment with CHE;
(B) Glycolysis capacity; (C) Glycolysis reserve; (D) Glycolysis; (E) Non-glycolytic acidification. (***p < 0.001, **p < 0.01, *p < 0.05).
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apoptosis-inducing effect ofCHEonnon-small cell lung cancer cell
HCC827 was blocked.
Optimization of CHELP
As shown in Table 4, the influence of three factors (A: CHOL :
HSPC ratio; B: CHE drug–lipid ratio, and C: drug incubation
time) and five levels on the response variables (Y1: particle size
and Y2: drug loading) were studied. The quadratic polynomial
regression equation was fitted using Design Export 7.0 software
(Stat-Ease Inc., Minneapolis, MN, USA).

According to the variance analysis of particle size (Table 5),
particle size model F was 14.06 (p < 0.0001), indicating that the
regression equation fitted well. The lack of fit, p = 0.3314 (>0.05),
was non-significant, indicating the absence of abnormal points in
the data. According to the results of particle size variance
analysis, CHOL : HSPC (w/w) (A), drug fat ratio (B), and
incubation time (C) were fitted by multiple linear regression
Frontiers in Oncology | www.frontiersin.org 955
and quadratic polynomial equation. Regression equation: Y1 =
128.63 + 32.18·A + 4.92·B − 4.47·C − 4.14·AB − 11.39·AC −
2.26·BC + 16.27·A2 + 4.39·B2 + 5.32·C2 (p = 0.0001, significant;
Lack of Fit, p = 0.3314, not significant; R2 = 0.9268).

According to the variance analysis of drug loading (Table 6),
the drug loading model F was 29.20 (p < 0.0001), indicating that
the regression equation fitted well. The lack of fit, p = 0.5754
(>0.05), was non-significant, indicating the absence of abnormal
points in the data. CHOL : HSPC (w/w) (A), drug fat ratio (B),
and drug incubation time (C) were fitted by multiple linear
regression and quadratic polynomial equation. Regression
equation: Y2 = 12.89 − 1.56·A + 4.02·B − 1.36·C + 0.57·AB −
0.40·AC − 0.18·BC − 0.23·A2 − 0.76·B2 − 1.56·C2 (p < 0.0001,
significant; Lack of Fit, p = 0.5754, not significant; R2 = 0.9633).

R2 in the regression equation represents a linear relationship.
The closer the value is to 1, the closer the predicted value of the
regression model is to the real value, that is, the stronger the
predictive power is. In the above two equations, R2 is greater than
A

B

D E

C

FIGURE 5 | The potential mechanism of HCC827 cell’s apoptosis induced by CHE. (A) The Dym of HCC827 decreased after treatment of CHE. (B, C) ROS level in
HCC827 cells after treatment of CHE. (D) CHE inhibited the expression of PKC-ϵ in HCC827 cells. (E) CHE increased of viability of caspase 3 in HCC827 cells.
(****p < 0.0001, ***p < 0.001, **p < 0.01).
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TABLE 4 | Design and results.

Run F1 CHOL: HSPC ratio F2 CHE drug-lipids ratio F3 drug incubation time Response 1 Size (nm) Response 2 DL (%)

1 1.67 0.16 30.00 127.9 12.927
2 1.67 0.16 30.00 119 13.1154
3 1.67 0.16 30.00 137.5 11.2043
4 2.46 0.21 38.92 154 10.7668
5 3.00 0.16 30.00 240.6 9.32359
6 0.87 0.10 21.08 118.8 9.31382
7 1.67 0.16 30.00 123.1 13.7509
8 2.46 0.21 21.08 204 15.6274
9 1.67 0.16 30.00 117.8 11.8688
10 0.33 0.16 30.00 109.9 15.9702
11 1.67 0.16 45.00 143.8 7.15909
12 1.67 0.16 30.00 146.3 14.3151
13 0.87 0.21 21.08 126.7 15.7016
14 2.46 0.10 21.08 196.9 5.96926
15 1.67 0.06 30.00 125.2 3.93899
16 1.67 0.25 30.00 158.1 18.3233
17 0.87 0.10 38.92 123.4 6.77879
18 0.87 0.21 38.92 138 13.4262
19 2.46 0.10 38.92 171.7 2.79281
20 1.67 0.16 15.00 144.8 10.6013
Frontiers in O
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TABLE 5 | Results of variance analysis of size (Y1).

Source Sum of squares df Mean square F-value p-value

Model 20,064.19 9 2,229.35 14.06 0.0001 Significant
A—CHOL : HSPC ratio 14,144.50 1 14,144.50 89.20 <0.0001
B—drug–lipid ratio 330.97 1 330.97 2.09 0.1791
C—drug incubation time 272.30 1 272.30 1.72 0.2193
AB 136.95 1 136.95 0.86 0.3746
AC 1037.40 1 1037.40 6.54 0.0285
BC 40.95 1 40.95 0.26 0.6223
A^2 3813.63 1 3813.63 24.05 0.0006
B^2 277.48 1 277.48 1.75 0.2153
C^2 408.63 1 408.63 2.58 0.1395
Residual 1,585.69 10 158.57
Lack of fit 953.65 5 190.73 1.51 0.3314 Not significant
Pure error 632.04 5 126.41
Cor total 21,649.88 19
e 11 |
TABLE 6 | Results of variance analysis of drug loading efficiency (Y2).

Source Sum of squares df Mean square F-value p-value

Model 323.52 9 35.95 29.20 <0.0001 Significant
A—CHOL : HSPC ratio 33.04 1 33.04 26.84 0.0004
B—drug–lipid ratio 220.36 1 220.36 179.00 <0.0001
C—drug incubation time 25.43 1 25.43 20.66 0.0011
AB 2.64 1 2.64 2.15 0.1737
AC 1.30 1 1.30 1.06 0.3281
BC 0.25 1 0.25 0.21 0.6596
A^2 0.75 1 0.75 0.61 0.4527
B^2 8.42 1 8.42 6.84 0.0258
C^2 35.07 1 35.07 28.49 0.0003
Residual 12.31 10 1.23
Lack of fit 5.61 5 1.12 0.84 0.5754 Not significant
Pure error 6.70 5 1.34
Cor total 335.83 19
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0.9, and the mean p value of the unfitting term is greater than
0.05, indicating that the model fits well.

The three-dimensional effect surface curves of A, B, and C on
Y1, Y2 are shown in Figure 6. Using Design-Expert 8.0.6, we
predicted that the best formulation of CHELP was as follows:
CHOL : HSPC, 0.87:1 (w/w); drug–lipid ratio, 0.21; and drug
incubation time, 26.54 min. The drug loading and particle size of
CHELP were predicted to be 16.88% and 123.3 nm, respectively.
Thus, three parallel experiments were conducted, and the
deviation between the measured and predicted values was
small, showing that the optimal prescription parameters were
reliable and feasible (Table 7).
Characterization of CHELP
The average size of CHELPs was 126.1 ± 1.9 nm; PDI was 0.233 ±
0.02, which was less than 0.3 (Figure 7A); and the zeta potential
of CHELPs was −40.1 ± 2.20 mV. The entrapping efficiency and
drug loading efficiency were 83.94 ± 1.72% and 16.67 ± 0.32%,
Frontiers in Oncology | www.frontiersin.org 1157
respectively. After storage at 4°C for 10 days, no obvious
difference in particle size and obvious massive drug leakage
were observed (Figures 7B, C). The entrapping efficiency and
drug loading efficiency were 71.48 ± 1.95% and 15.01 ± 0.41%,
respectively, showing the good stability of CHELP. According to
the result of the in vitro release study (Figure 7D), the 72 h
releasing rate of CHELP was less than 20%, and CHE was
released up to 100% in 8 h, which showed sustained release
effect of CHELP in vitro compared with free drug.
In Vivo Pharmacokinetic Study of CHELP
The results of the blood concentration–time curve of CHE and
CHELP are shown in Figure 8. DAS 2.0 was used to process and
analyze blood concentration data, and corresponding
pharmacokinetic parameters were obtained. The parameters are
shown inTable 8. The results showed that when CHE free drug and
CHELP were injected into the tail vein at the same dose (6 mg/kg),
theAUC0-t ofCHELPwas 4.349mg/L * h,whichwas nearly 15 times
FIGURE 6 | Response surface diagrams of CHOL : HSPC ratio (A), CHE drug–lipid ratio (B) and drug incubation time (C) to size and drug loading efficiency (DL).
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that of the free drug. The highest plasma concentration (Cmax) of
CHELP, 19.122 mg/L, was significantly higher than that of the free
drug.Meanwhile, the CHELP clearance rate of CLwas 1.353 L/h/kg,
which was significantly lower than that of the free drug. As can be
seen from the pharmacokinetic parameters, CHELP has a lower in
vivo clearance rate and higher absorption concentration than the
free drug, thereby increasing the bioavailability of CHE.
Frontiers in Oncology | www.frontiersin.org 1258
In Vivo Antitumor Effect
CHE and CHELP had a good therapeutic effect on HCC827
tumor-bearing nude mice and inhibited tumor growth (Figures
9A–C). The CHELP inhibition of tumor was slightly better than
the free medicine tumor suppression effect. The average tumor
weight of the CHELP treatment group showed small differences,
whereas the tumor weight of the CHE group was not uniform.
TABLE 7 | Comparison of predicted and experimental value (n = 3).

Sample Experimental value of
size (nm)

Predicted value of
size (nm)

Prediction error of
size (%)

Experimental value of
DL (%)

Predicted value of
DL (%)

Prediction error of
DL (%)

1 128.0 123.3 3.81 16.81 16.88 −0.39
2 126.2 123.3 2.35 16.89 16.88 −0.07
3 124.2 123.3 0.73 16.29 16.88 3.47
Mean absolute
difference

126.13 123.3 2.30 16.67 16.88 1.31
May 2021 | Volum
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FIGURE 7 | Characterization of CHELP. (A) The size distribution of CHELP; (B, C) The stability of CHELP; (D) In vitro release of CHELP.
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The tumor inhibition rate of the CHELP group was slightly
higher than that of the CHE treatment group, reaching
approximately 80% (Figure 9D).

Induced Apoptosis Through the Regulation
of ROS Generation and PKC-ϵ Expression
The number of apoptotic tumor cells was observed in the CHE and
CHELP groups, and the degrees of apoptosis were very close
(Figure 9E). CHE and CHELP induced the apoptosis of tumor
cells in vivo and showed similar effects. Both effectively increased
ROS generation in the tumor tissues and induced the apoptosis of
tumor cells (Figure 9F). In this assay, CHELP showed a better pro-
apoptotic effect than CHE. Compared with the control group, the
CHEandCHELPgroups showedsignificantlydecreasedexpression
levels of protein PKC-ϵ in the tumor tissues of CHE and CHELP
groups, indicating that CHE andCHELP can inhibit the expression
of protein PKC-ϵ in vivo, and their inhibitory effects were close
(Figure 9G). CHE and CHELP can inhibit tumor growth by
inhibiting the expression of protein PKC-ϵ in nude mice.

Safety Evaluation andHistopathological Analysis
Three mice in the CHE treatment group died during the
treatment, indicating that the CHE free drug exerted a certain
Frontiers in Oncology | www.frontiersin.org 1359
level of toxicity to nude mice and caused these deaths (Figures
10 and 11A). The backs of the nude mice in the CHE group were
thin and prominent, and the tails of the nude mice were stiff and
black. Some of them even had broken tails, which were generally
pathological. In the CHELP group, the overall morphology of the
nude mice was healthy, and the tail was smooth without
breakage, indicating that CHELP was safer for nude mice than
CHE (Figure 11A). According to the body weight data of the
nude mice, the body weight of the nude mice in the CHELP
treatment group was stable and increased slightly in the later
period (Figure 11B). In the CHE group, significant weight loss
was observed in the later period. The spleens of the mice in the
CHE treatment group shrank and had obvious lesions (Figure
11C). The organ coefficient of the spleen decreased in the CHE
treatment group, whereas that of the CHELP treatment group
remained close to that of the control group (Figure 11D).
DISCUSSION

CHE inhibits proliferation and induces apoptosis activities on
various human tumor cell lines (20, 30, 31). However, it has a
certain level of toxicity (22, 32), which probably causes challenges
and problems for its applications. In this paper, we studied the in
vitro and in vivo effects of CHE on tumor inhibition and discussed
its possible action mechanism. CHE liposome delivery system was
prepared for the purpose of toxicity reduction.

In vitro antitumor effect of CHE on non-small cells lung
cancer cell line HCC827 was confirmed, and glycolysis and ROS/
PKC-ϵ/caspase-3 pathway might be the underlying mechanism.
MTT and CCK-8 assay showed that CHE suppressed the
viability and proliferation of HCC827 cells in a dose-
FIGURE 8 | Blood concentration–time curve of CHE and CHELP (n = 3).
TABLE 8 | Pharmacokinetic parameters of CHE and CHELP.

Parameters CHE CHELP

AUC0–t (mg/L · h) 0.282 4.349
AUC0–∞ (mg/L · h) 0.291 4.435
Cmax (mg/L) 0.221 19.122
CL (L/h/kg) 20.624 1.353
V (L/kg) 173.455 12.832
T1/2 (h) 5.828 6.573
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dependent manner, and the wound-healing and trans-well
migration assays showed the restricted migration and invasion
capacity of HCC827 after treatment with CHE. CHE arrested cell
cycle in the G2/M phase of renal cell carcinoma (24) and induced
apoptosis through the generation of ROS (21) and ROS-caused
endoplasmic reticulum stress (24), indicating that ROS is the
critical factor in cell apoptosis. The increase in intracellular ROS
resulted in cytotoxicity to cells by acting on proteins and
Frontiers in Oncology | www.frontiersin.org 1460
damaging DNA and mediated rapid apoptosis (27, 33).
Caspase 3 is another important indicator of early apoptosis
and can reflect the pro-apoptotic effects of drugs on cells and
participate in the regulation of apoptosis through various
pathways (28, 29). The relation between ROS and PKC has
been reported in many studies (34, 35). We found that CHE
impeded cell growth by blocking cells in the G2/M phase. The
ECAR results showed that the glycolysis of HCC827 was
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FIGURE 9 | Antitumor effect of CHE and CHELP on HCC827 tumor-bearing nude mice. (Saline group n = 8; CHE treatment group n = 7; CHELP treatment group
n = 8). (A) Tumor weight; (B) the record of tumors; (C) tumor growth; (D) tumor growth inhibition; (E) apoptosis of tumors; (F) ROS generation detection in tumors;
(G) the expression of PKC-ϵ in tumors (n = 3). (****p < 0.0001, **p < 0.01, *p < 0.05).
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inhibited by CHE in a dose-dependent manner, reducing cell
energy supply. Moreover, CHE elevated ROS generation and
down-regulated the PKC-ϵ and caspase 3, thereby inducing cell
apoptosis and inhibiting NSCLC HCC827 cell growth. However,
when the PKC activator PMA was added, the inhibition of CHE
on the protein PKC and the promotion of caspase 3 activity were
blocked. Thus, the ROS/PKC-ϵ/caspase 3 pathway is a possible
mechanism that CHE uses to inhibit the growth of HCC827
tumor cells, and this finding might provide insight into the
mechanism of CHE’s antitumor effect.
Frontiers in Oncology | www.frontiersin.org 1561
For the reduction of CHE toxicity, the liposome of CHE was
designed and optimized. We referred to the prescription of
Doxil, the first PEGylated nano-drug approved by the FDA,
which shows prolonged circulation time and clinical safety, and
reduces the cardiotoxicity of doxorubicin (36), which is close to
our research purpose. In our study, the CHELP prescription
combined with the same lipid materials as Doxil was used and
optimized through the central composite design/response
surface method. CHELP was optimized to receive uniform
particle size distribution, good encapsulation rate, drug loading
FIGURE 10 | Pathological evaluation. (1) Liver, a small amount of inflammatory cells infiltrate (↑); (2) Lung, alveolar septa slightly thickened (↑), inflammatory cell
proliferation (↑), slight congestion in the blood vessels (↑); (3) Kidney, the renal microcysts become smaller or disappear (↑), glomerular atrophy (↑), the renal tubules
are marked by clear tubules (↑).
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efficiency, good stability, and sustained release effect. Doxil can
be released sustainably at less than 20% in 24 h (37). CHELP
showed about one-fifteenth of the in vivo clearance rate and 86
times the absorption concentration of free drug CHE, exerting a
good therapeutic effect on HCC827 tumor-bearing nude mice.

CHELP, PEGylated liposomes, selectively accumulated drugs
at the tumor site through enhanced permeability, and retention
effects after a passive targeting strategy was used (38). CHELP
induced tumor cell apoptosis and inhibited tumor growth by
inhibiting the expression of the protein PKC-ϵ and elevating
ROS generation possibly through the same action mechanism as
that in the in vitro study. As expected, CHELP significantly
reduced the toxicity of CHE after being encapsulated by lipid
materials. In the CHE group, three mice died during the
treatment, and the morphology of other mice was pathological,
with a low organ coefficient. The differences between the
complicated inner environment of organism and single cell
lines might be the reason that CHE did not exhibit obvious
cytotoxicity to HL-7702 and HEK-293 but eventually led to the
death of mice. By contrast, CHELP was safer for the nude mice
and reduced the toxicity of CHE and protected the lung and
spleen from pathological changes in organs.
Frontiers in Oncology | www.frontiersin.org 1662
There are still some problems to be improved in this article.
First of all, the initial purpose of CHELP is to achieve long
circulation and reduce the toxicity of CHE. Although the
preparation successfully reduced the toxicity of CHE in vivo
and avoided the death of experimental animals, pharmacokinetic
studies showed that the half-life of the drug was not significantly
improved. Theoretically, PEG in CHELP lipid material DSPE-
PEG2000 enhanced the hydrophilicity of liposomes, prevented
the recognition and adsorption of proteins in the blood, and
extended circulation time (23). CHELP showed a good
sustained-release effect in vitro. However, the in vivo results
were not as expected, which may be caused by the complexity of
the internal environment, and need to be investigated
subsequently. Another possible explanation is that the
concentration of free agents detected in vivo is too low. The
pharmacokinetic study of CHE and its liposomes (39) showed
that the half time (5.66 h) of CHE liposomes was similar to ours
after oral administration to rats, but the half-life of free drugs was
much lower than the data in our study. Therefore, the sustained
release and long circulation effects of liposomes in vivo may be
masked. Secondly, although the formulation process has been
optimized, the loading of CHE still needs to be further improved.
A B

DC

FIGURE 11 | Safety evaluation. (A) The picture of nude mice in different groups after sacrificed. (B) Body weight; (C) spleen morphology; (D) organ coefficient of
spleen. (Saline group n = 8; CHE treatment group n = 7; CHELP treatment group n = 8).
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Besides drug-to-lipid ratio, the proportion of cholesterol and
hydrogenated soybean phosphatidylcholine, and drug
incubation time, other factors including liposome internal
volume, ammonium-sulfate gradient, and lipid bilayer physical
state, also affect the active-loading process.
CONCLUSION

CHE probably inhibited NSCLC cell growth through the ROS/
PKC-ϵ/caspase 3 pathway and regulated the level of cell
glycolysis and metabolism. CHELP exerted a sustained release
effect and had a higher drug concentration in blood than the free
drug. Additionally, CHELP significantly inhibited tumor growth
in HCC827 tumor-bearing nude mice, reduced the toxicity of
CHE, and improved the drug safety. For further study, we are
looking forward to preparing active-targeting CHE liposomes for
enhanced antitumor effect and comprehensive study.
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Chelerythrine on Cell Growth, Apoptosis, and Cell Cycle in Human
Normal and Cancer Cells in Comparison With Sanguinarine. Cell Biol
Toxicol (2006) 22(6):439–53. doi: 10.1007/s10565-006-0109-x
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Anaplastic lymphoma kinase (ALK) rearrangements account for approximately 5–6% of
non–small-cell lung cancer (NSCLC) patients. In this study, a case of lung
adenocarcinoma harboring a novel MRPS9-ALK fusion is reported. The patient
responded well to the first and second generation of ALK-tyrosine kinase inhibitors
(ALK-TKIs) (crizotinib then alectinib), as her imaging findings and clinical symptoms
significantly improved. At last follow-up, over 21 months of overall survival (OS) has
been achieved since ALK-TKI treatment. The progression-free survival (PFS) is already ten
months since alectinib. The adverse effects were manageable. The case presented here
provides first clinical evidence of the efficacy of ALK-TKIs in NSCLC patients with MRPS9-
ALK fusion.

Keywords: NSCLC, MRPS9-ALK, NGS, crizotinib, ALK-TKI
INTRODUCTION

Lung cancer is one of the most prevalent cancers and is currently the leading cause of cancer-related
mortality worldwide (1). Non-small-cell lung cancer (NSCLC), epithelial in origin, accounts for 80%
of all lung cancers, including adenocarcinoma, squamous cell carcinoma, and large cell carcinoma,
among which adenocarcinoma is the most common pathological subtype (2). Anaplastic lymphoma
kinase (ALK) was first identified in anaplastic large-cell lymphoma (ALCL) in 1994 as a fusion gene,
which is a transmembrane receptor tyrosine kinase, as well as a member of the insulin receptor
superfamily (3). ALK gene rearrangements have been reported in 5-6% of NSCLC patients,
especially in mild or non-smokers (4). The echinoderm microtubule-associated like four
(EML4)–ALK fusion is the most common fusion and was first reported in 2007 (5). Over 90
fusion partners of the ALK gene have been discovered to date in NSCLC (6). The discovery of the
driver mutation in lung adenocarcinoma provides new strategies and promise for the treatment of
unresectable tumors. Crizotinib, an aminopyridine compound, as the first ALK tyrosine kinase
inhibitor (TKI), was approved for the treatment of ALK‐positive NSCLC in 2011 (7). In addition, it
was rapidly followed by the ALK-TKIs of second-generation (alectinib, ceritinib, and brigatinib)
and third-generation (lorlatinib).

However, it remains unclear whether the resulting protein structures translated from fused ALK
transcripts retain the entire kinase domain of ALK, and will thus respond to ALK-TKI therapy.
In addition, how the different fusion partners affect the responsiveness to targeted therapies and
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acquired resistance is still under investigation. And accurate
identification of the ALK gene status is thus crucial for
selecting the appropriate therapy. Based on this, a combination
of different technologies, such as fluorescence in situ
hybridization (FISH), immunohistochemistry (IHC), and next-
generation sequencing (NGS), might be necessary to explore the
ALK status and provide better clinical decision-making (8, 9). In
this report, for the first time an unreported MRPS9-ALK fusion
mutation in a lung adenocarcinoma patient is presented by using
targeted next generation sequencing (NGS). And the patient
rapidly responded to treatment with ALK-TKI with remarkable
therapeutic effect.
CASE PRESENTATION

During a regular health check in July 2013, a 60-year-old non-
smoking Chinese woman was diagnosed with lung carcinoma. A
mass in the right upper lobe and an enlarged lymph node in the
right hilar were showed in thoracic computed tomography (CT).
Then, she received a video-assisted thoracic surgery (VATS)-
assisted right upper lobectomy. A pulmonary nodule (2.0 cm ×
1.0 cm × 1.0 cm) was surgically removed. Postoperative pathology
confirmed that it was a stage IA (pT1N0M0, 7th UICC/AJCC)
poorly-differentiated adenocarcinoma. The immunohistochemistry
(IHC) analysis showed a positive expression of Napsin A, TTF-1,
and Ki-67, but a negative expression of ALK and K-RAS (Figure 1).
The epidermal growth factor receptor (EGFR) mutation was not
detected by using fluorescent polymerase chain reaction (PCR).
Due to the early pathological TNM stage and negative margin (R0),
the patient did not undergo adjuvant therapy; only regular follow-
up and observation were required (NCCN Guidelines, 2013).
However, 16 months after surgery, the patient suffered from
intermittent headache, right limb numbness, and weakness.
Cranial magnetic resonance imaging (MRI) suggested a
metastatic tumor of the left parietal lobe. Therefore, she was
treated with whole-brain radiotherapy (3500cGy/14F) for brain
metastasis (since December 11, 2014) and four cycles of TP regimen
(paclitaxel + cisplatin) chemotherapy (since January 30, 2015).
During therapy, she developed a headache, asthenia, poor
appetite, and grade 1 nausea and vomiting, which were gradually
relieved after symptomatic treatment of dehydration, lowering the
intracranial pressure, antiemetics, and gastro-protection. Grade 1
myelosuppression was also observed after chemotherapy. At the
Frontiers in Oncology | www.frontiersin.org 266
end of treatment, the patient achieved a partial response (PR) based
on the imaging findings.

Progression of the disease was observed again in August,
2018. A thoracic CT showed small nodules on both lungs with
enlarged mediastinal lymph nodes, which were considered to be
metastatic foci. The cranial MR also showed new lesions in the
right frontal lobe, right occipital lobe, and left parietal lobe. The
patient experienced recurrent coughing and expectoration. She
was treated with a PC regimen (pemetrexed + carboplatin)
chemotherapy for two cycles (since August 28, 2018). Because
of the poor therapeutic efficacy, the treatment regimen was
changed to the PC regimen plus bevacizumab 400 mg targeted
therapy for four cycles. The efficacy was evaluated as stable
disease (SD). In addition, a next-generation sequencing (NGS)
analysis was performed on the mediastinal puncture tissue based
on a 425-gene panel targeting eight genes (EGFR, ALK, RET,
POS1, MET, ERBB2, KRAS, and BRAF) (GENESEEQ
Technology Inc, Nanjing, China). A rare novel ALK fusion
(IGR (upstream MRPS9)~ALK) (Figure 3A) was found using
the NGS assay, in which the intact kinase domain of ALK was
retained. The diagram of the MRPS9-ALK fusion is displayed in
Figure 3B. In addition, a frameshift mutation in exon 2 of RET
(c.198delC; p.F66fs) was detected. EGFR mutation and ROS-1
rearrangement were not detected. Due to the uncertainty efficacy
of crizotinib on the atypical mutation of ALK and for economic
concerns (crizotinib was not covered by Chinese health
insurance until Oct. 2018), the patient was not treated with
ALK-TKI immediately but was treated with pemetrexed and
bevacizumab as a maintenance therapy for six cycles (from
February 2019 to July 2019).

Unfortunately, during the period of maintenance therapy,
she felt mild pain in the left lower extremity. On May 14,
2019, the MRI of the left femur showed an abnormal
signal shadow in the upper left femur, which indicated tumor
metastasis. Zoledronic acid was used to prevent bone
destruction immediately (since May 16, 2019). Considering
the continuous progression of the disease and the patient’s
poor physical condition, she consented to take crizotinib at
250mg orally twice daily since August 13, 2019. Luckily, a
reassessment demonstrated that crizotinib had a significant
effect on the patient (Figure 2). Nevertheless, after 10 months
of therapy with crizotinib, the disease progressed again
according to the thoracic CT on June 13, 2020, which showed
enlarged lymph nodes adjacent to the right main trachea,
FIGURE 1 | Pathology results. H&E staining of the biopsy specimen showed poorly-differentiated NSCLC. IHC staining showed positive expression of Ki-67 and
TopoII (x100).
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compressing the airway. A cranial MRI also showed new
intracranial lesions. The patient soon presented with
progressive shortness of breath. To clarify the pathological
type and genetic landscape of the recurrent tumor, a biopsy
was recommended by the medics. However, the patient refused
because of the high cost. In the light of the NGS results and
clinical guidelines, she started to take 600 mg of alectinib orally
twice daily on July 5, 2020, and her clinical symptoms
significantly improved within 3 days of commencing
A

B

FIGURE 3 | Identification of the MRPS9-ALK fusion. (A) Sequencing reads of ALK a
(IGV). (B) The structure schematic map of the MRPS9-ALK fusion locus. Intergenic re
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treatment. The patient maintained stable disease on the
alectinib treatment, with a PFS time of over ten months at last
follow-up (Figure 2).
DISCUSSION

Based on literature retrieval, this is the first report to demonstrate
the presence of a novel MRPS9-ALK mutation in NSCLC. The
nd LINCO1159 & MRPS9 were visualized using the Integrative Genomics Viewer
gion (IGR) of LINCO1159 & MRPS9 were fused to exon 18 of the ALK (yellow).

June 2021 | Volume 11 | Article 670907
FIGURE 2 | Radiological evaluation before and after therapy. The CT scan images demonstrated a significant reduction in pulmonary lesions.
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product may consist of the intergenic region of the LINCO1159
and MRPS9 genes (upstream MRPS9) and the 18 exon of the
ALK gene (Figure 3). A frameshift mutation in exon 2 of RET
was also detected using NGS in this case. Frameshift mutations
are certain base deletions or insertions within the gene coding
region that, disturb the reading frame and thus alter the
downstream code (10). Frameshift mutations of tumor
suppressor genes always result in either silent or conservative
changes, which lead to cancer development. For example,
UVRAG, a tumor suppressor, when truncated by a frameshift
mutation can switch to an oncogene in colorectal cancer (11).
However, the specific significance of a frameshift mutation in the
oncogene, RET, remains to be further studied.

Previous work has demonstrated that the ALK fusion protein
can form homodimers (or oligomers) through the N-terminal
dimerization sites of the ALK fusion protein, which is a
mechanism mimics ligand bindings (12). This phenomenon
leads to the activation of the ALK catalytic domain, that is, the
autophosphorylation of the ALK tyrosine kinase domain (13).
Consequently, common characteristics of ALK fusions have been
proposed that, also result in their carcinogenicity: 1) The entire
tyrosine kinase domain is contained in the fusion protein
(typically at exon 20) when the conserved breakpoint in the
ALK gene occurs; 2) A promoter derived from the N-terminal
fusion partner leads to the constitutive expression of the ALK
fusion protein; and 3) The fusion partner must include an
oligomerization domain (14). During the ALK rearrangement,
the oligomerization domain of the fusion partner mediates the
oligomerization of ALK fusion protein, which further induces
the constitutive activation of the kinase, and thereby activates
downstream ALK signaling events.

Despite the unclear way of gene integration and the specific
significance, the function prediction in this case showed an intact
ALK kinase domain in the fusion. Thus, this may result in the
activation of ALK kinase. The application of crizotinib turned
out to have a significant response as expected, suggesting that
this novel fusion gene can activate the ALK autophosphorylation
and trigger downstream signaling pathways, which further
drive oncogenesis.

Crizotinib is an orally available small molecule competitive
ATP inhibitor of ALK/MET/ROS1 tyrosine kinases (15) that, has
shown a significantly longer PFS and higher overall response rate
(ORR) compared to chemotherapy in considerable clinical
studies (16, 17). However, the efficacy of crizotinib was noted
to not be uniform across all fusions tested (18). Emerging data
have also suggested a significant difference in the sensitivity and
resistance of the clinical responsiveness to ALK TKIs among
different ALK fusions (19). According to the characteristics of
ALK fusion, one reasonable explanation is that different
variations at the N-terminus of the ALK fusions affects its
subcellular localization and the properties of resulting protein,
such as stability and activity, and then further leads to the
impact of ALK TKIs on downstream signaling. It has also
been demonstrated that patients harboring complex ALK
fusions (coexisting canonical and non-canonical ALK fusions)
are associated with better treatment outcomes in ALK TKI
Frontiers in Oncology | www.frontiersin.org 468
therapy (20). For clinicians, to better serve clinical decision-
making, it is vital to determine the mutational status of the ALK
kinase domain, as well as the therapeutic implications of the
partner involved in the fusion.

The patient’s disease worsened again after 10 months of
crizotinib application. It has been reported that the rapid
development of resistance and the consequent tumor relapse
within one to two years was a major limitation of crizotinib
treatment (21). The central nervous system (CNS) is a frequent
site of relapse on crizotinib, since the limited penetration of
crizotinib into the CNS. In this case, the progression of the
metastatic brain tumor was seen 10 months after crizotinib
treatment. Mutations in the ALK tyrosine kinase domain and
the ALK gene amplification are potential mechanisms of
resistance (22). Alectinib, as a first-line therapy for patients
with ALK-positive NSCLC approved in November 2017, has
advantages over crizotinib and is the best candidate for patients
with CNSmetastases. Alectinib was reported not a substrate of P-
glycoprotein (P-gp), that is a key efflux transporter in blood–
brain barrier penetration. This enable alectinib cross the blood-
brain barrier in appreciable quantities (23). Measurable
concentrations of alectinib in the cerebrospinal fluid (CSF) and
the linear relation between paired CSF and plasma
concentrations also demonstrate the penetration of alectinib
into the CNS (24). A liquid biopsy (LB) may be the first choice
in detecting resistance mechanisms and thus guiding the
subsequent therapy, since it is noninvasive, painless, and can
be repeated over time compared to tissue biopsy (25, 26).
However, the tumor burden and the metastatic sites, as well as
the pre-analytical phase and the optimization of the different
parameters, will significantly affect the quantity and quality of
the nucleic acids obtained from a plasma sample (27). Therefore,
irrespective of the potential, which cannot be underestimated,
there are still some limitations of LB, which cannot be neglected.

Variant allele frequency (VAF) of ALK mutation detected in
the case was 1.1%. VAF refers to the proportion of sequencing
reads harboring the mutant gene to all sequencing reads at the
gene site, which turns out to be a valid predictive and prognostic
factor in patients with NSCLC according to the growing studies.
High mutation abundance was reported to have a significant
association with good response to EGFR-TKI treatment and
consequent improved PFS (28, 29). Hence, the relative mutation
abundance can predict responsiveness to TKI treatment. And
moreover, dynamic monitoring of the mutation abundance
during therapy contributes to exploring the mechanisms of
resistance and predicting clinical outcomes. However, altered
abundance may occur during disease progression and TKI and/
or chemotherapy (30). The intratumor heterogeneity might add
an extra level of difficulty to the application of mutation
abundance as well, requiring detecting methods with higher
sensitivity and sufficient sequencing coverage for VAF
mutations capturing (31, 32). However, there are few studies
investigating the effect of ALK VAF in NSCLC and the majority
of existing studies are based on circulating tumor DNA (ctDNA),
which may be not appropriate to compare with tissue biopsies.
Although higher ALK VAF may suggest a better response of
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ALK-TKI treatment in theory, interestingly, correlation between
ALK expression levels and alectinib penetration in the tumor was
not observed early after the administration of single dose in
neuroblastoma xenografts (33). Further investigation on revealing
the correlation between VAF and high CNS penetrance of alectinib
may benefit the better clinical application of alectinib at an
individualized level (34).

In the era of personalized and precise therapy, the clinical
significance of fusion gene detection has been gradually proven,
and more specific subtyping of NSCLC is required for the selection
of therapeutic options. Growing technical methods, including
FISH, IHC, and NGS, have been applied to detect fusion
variants. With the advantages of turnaround times and reduced
cost, IHC is increasingly recommended as a screening method for
ALK. Interestingly, NGS showed an opposite result to IHC in our
case. There may be several possibilities for this difference. It is well
known that the sensitivity and specificity of the method depend on
multiple factors, such as the quantity and quality of the biological
samples, the type or source of antibodies, the antigen retrieval,
antibody detection, amplification techniques, and the
technological platforms (35–38). In this case, the first surgical
sample submitted for histopathologic diagnosis was stored in
formalin-fixed paraffin-embedded (FFPE) tissue, and the DNA
or RNA of which may have been substantially degraded. The low
transcriptional activity of the promoter-enhancer region and
relatively low ALK protein concentrations may further lead to a
false-negative result in IHC (39). Furthermore, FISH and IHCmay
lead to false-negative results or missed identification of the target,
as they cannot achieve the precise determination of the unknown
fusion gene partner and the breakpoint, which results in
discordant results between the two detection methods (40–42).
In this situation, in order to drive the triage of cases for molecular
testing, the clinical application of NGS should be taken adequately
into consideration to improve the accuracy of target
identification (43).

However, the discordance of ALK status among FISH, IHC,
and NGS may also be associated with the existence of
nonproductive rearrangements, which may be due to the
unknown biological mechanisms of biological complexity
involved in transcriptional or post-transcriptional processes.
Ying, J et al. indicated that some uncanonical ALK fusions
detected using DNA NGS did not generate aberrant transcripts
or proteins (44). This finding suggested that the potential
unreliability of DNA NGS in identifying the uncommon ALK
genomic breakpoint for predicting the efficacy of matched
targeted therapy in NSCLC. X. Du et al. reported an
interesting case that was ALK-positive on the DNA level (PCR
and NGS), but ALK-negative on the protein level (IHC D5F3),
and the patient had primary drug resistance to crizotinib. By
using the NGS and analysis of the fusion gene sequence, the
fusion was found to be a null fusion that could not translate the
kinase-active ALK fusion protein (45). In addition, some
uncommon fusions generate the canonical EML4-ALK fusion
transcript alone at the RNA level, probably because the intron
region of the rare gene was spliced out during mRNA
Frontiers in Oncology | www.frontiersin.org 569
maturation. In this case, because of the limited availability of
the patient samples, we were unable to perform the RNA-seq
validation for the rare ALK fusion. However, the response of the
patient to ALK-TKIs strongly suggested the intact reading frame
of the rearrangement. In addition, the spliced isoform still
retained the key intact kinase domain for the production of the
active chimeric protein. Thus, since DNA sequencing fails to
provide direct evidence of functional fusion outcomes,
orthogonal assays that can be verified at the RNA or protein
level are necessary for accurately guiding the optimal treatment.

In conclusion, the first clinical evidence of the efficacy of ALK-
TKI in a NSCLC patient harboring MRPS9-ALK fusion is reported,
which provides a certain therapeutic reference for the patients with
such gene alterations. Adequate utilization of different assay
techniques will disclose more comprehensive mechanisms of
pathogenesis and progression of the disease and treatment
resistance, and furthermore better serve clinical decision-making.
However, there are non‐negligible difficulties in the real world.What
can be done is to make optimal choices with the conscientious,
explicit, and judicious use of the best current evidence.
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Pembrolizumab, an immune checkpoint inhibitor (ICI) approved for advanced non-small
cell lung cancer (NSCLC) treatment, has shown superior survival benefits. However,
pembrolizumab may lead to severe immune-related adverse events (irAEs), such as
checkpoint inhibitor-related pneumonitis (CIP). The routine treatment of CIP was based on
systemic corticosteroids, but the therapies are limited for patients who are unsuitable for
steroid therapy. Here, we present the first successful treatment of nintedanib for
pembrolizumab-related pneumonitis in a patient with advanced NSCLC.

Keywords: checkpoint inhibitor-related pneumonitis, nintedanib, steroid therapy, non-small cell lung
cancer, pembrolizumab
INTRODUCTION

Introduction of immune checkpoint inhibitor (ICI) therapy leads to a significant survival improvement
in various tumors (1). Pembrolizumab has been found to be superior to other chemotherapeutic agents
as first-line treatment in metastatic non-small cell lung cancer (NSCLC) (2). However, pembrolizumab
may lead to severe immune-related adverse events (irAEs), such as checkpoint inhibitor-related
pneumonitis (CIP) (3). The real-world incidence of CIP in patients with NSCLC is reported up to
19% for all grades (4), and the routine treatment of CIP is based on systemic corticosteroids. However,
the optional therapies are limited if patients are not sensitive to steroid therapy.

Nintedanib, an oral tyrosine kinase inhibitor, has been approved for slowing progression of idiopathic
pulmonary fibrosis (IPF) (5). Nintedanib blocks the vascular endothelial growth factor (VEGF), the
platelet-derived growth factor receptor (PDGF) and the fibroblast growth factor receptor (FGFR). All
these receptors are involved in cancer development, therefore nintedanib is considered to possess an
antitumor effect (6). For instance, nintedanib in combination with docetaxel acts as the second-line
therapy for advanced NSCLC (7). Nintedanib plus paclitaxel may improve PD-L1 treatment for
metastatic triple negative breast cancer (8). Two studies have given clues that nintedanib may prevent
anticancer therapy-related pneumonitis. Fang et al. found that nintedanib has a dramatic effect on
targeted therapy-related interstitial pneumonia, providing a promising strategy for the patients who are
not suitable for corticosteroid therapy (9). Unlike targeted therapy-associated pneumonitis, CIP may be
caused by excessive autoimmune response of tumor infiltrating lymphocytes (10). Interestingly,
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Yamakawa and colleagues reported that the addition of nintedanib
to prednisolone prevented atezolizumab-induced pneumonitis in
IPF combined with NSCLC (11). It is worth noting that as an
immunosuppressor, VEGF may function by inhibiting dendric
cells (DCs) maturation and immigration, along with promoting
PD-L1 expression by DCs. Since nintedanib can target the VEGF
pathway, we assume it may prevent ICI-induced pneumonitis.
Here, we present a successful treatment of nintedanib for
pembrolizumab-related pneumonitis in a patient with
advanced NSCLC.
CASE PRESENTATION

A 58-year-old man was sent to a local hospital with shortness of
breath. He denied any history of chronic pulmonary diseases.
However, chest computed tomography (CT) scan in May 2020
showed a mass in the upper lobe of the right lung (Figures 1A, B).
The patient was diagnosed with lung adenocarcinoma with bone
metastasis after a thorough work-up, and the pathological
examination revealed it to be driver gene-negative. He strongly
refused chemotherapy and insisted to receive immunotherapy. He
was then administered 100 mg of pembrolizumab (2 mg/kg, every
3 weeks) combined with bevacizumab by the local physician on
May 17, 2020. After the third pembrolizumab infusion, he
Frontiers in Oncology | www.frontiersin.org 273
complained of fever (38.4°C) and shortness of breath.
Pembrolizumab was discontinued and oxygen inhalation was
required. After receiving methylprednisolone (80 mg/day) for a
week, he reported no significant symptom alleviation. Therefore,
he was transferred immediately to our hospital. On admission, he
presented with acute dyspnea. His blood pressure was normal, but
his blood oxygen saturation was 96%. Laboratory tests revealed the
serum tumor markers were within the normal range except for
elevated Krebs von den Lungen-6 (KL-6) (1575 U/mL), and no
abnormalities in white blood cell count, lactate dehydrogenase and
C-reactive protein. A repeat chest CT scan showedmultiple patchy
and striped shadows in the left lung on July 24 (Figures 1C–E),
and stable disease (RECIST criteria) of primary tumor lesion was
evaluated. Pulmonary function tests indicated restrictive
ventilatory defect. Microbiological testing of bronchoalveolar
lavage fluid were negative (including staining and culture for
bacteria, fungi, viruses, mycobacteria). The diagnosis of grade 3
pembrolizumab-related pneumonitis was based on the above
findings. The initial dosage of methylprednisolone (80mg/day)
did not improve his clinical symptoms and we decided to deliver
him with methylprednisolone (40 mg/day) and added nintedanib
(150 mg bid) to CIP treatment. Five days later, his clinical
condition greatly improved, with obvious radiological
improvement in the left lung and stable primary tumor lesion
on follow-up CT (Figures 1F–H). Since we were concerned about
FIGURE 1 | Development of ICI-related pneumonitis in a patient treated with pembrolizumab for lung adenocarcinoma. (A, B) Chest CT images showed the lesions
in the upper lobe of the right lung before treatment (May 17, 2020). (C–E) After 3 cycles of immunotherapy, CT images showed that primary lesions were stabilized,
but pneumonitis in the left lung (July 24, 2020). (F–H) CT images showed obvious improvement of pneumonitis (July 29, 2020).
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the side effects of corticosteroids, we tried to lower the dose of
methylprednisolone to 20 mg/day, but nintedanib (150 mg bid)
was continued. After 2 weeks of nintedanib monotherapy, the
patient’s condition improved so he withdrew nintedanib.
Unfortunately, he experienced rapid metastatic progression and
died 2 months later.
DISCUSSION

The patient developed CIP after the third injection of
pembrolizumab. According to radiographic classification, this
case is interstitial pneumonia (12). Laboratory test showed that
his serum KL-6 was markedly increased. KL-6 is regarded as an
important biomarker for interstitial lung disease (ILD) and
classified as MUC1 mucin protein, and regenerating type II
pneumocytes are the primary cellular source of KL-6/MUC1 in
the affected lungs of patients with ILD. Serum KL-6/MUC1 is
elevated in 70% to 100% of patients with various ILDs such as
idiopathic interstitial pneumonias, radiation pneumonitis, drug-
induced ILD and acute respiratory distress syndrome (13).

Clinicians should be fully aware of the possibility of ICI-induced
pulmonary toxicity when using programmed death-1/programmed
death-ligand 1 (PD-1/PD-L1) inhibitors. CIP is one of the most
common fatal adverse events of PD-1/PD-L1 inhibitors (14). It has
been reported that approximately 70% to 80% of CIP patients can
be controlled by routine corticosteroid treatment (15). One-week
treatment of initial dosage of methylprednisolone (80mg/day) did
not improve the patient’s clinical symptoms, indicating that CIP
had a poor response to high-dose of methylprednisolone. The
patient was not sensitive to single agent corticosteroid, and thus
the course of pulmonary fibrosis was not reversed. After that, we
attempted to add nintedanib to treat CIP. Thus, methylprednisolone
(40 mg/day) plus nintedanib (150 mg bid) was administered.
Unexpectedly, the improved general situation of the patient and
the remitted clinal symptoms within 5 days indicated that
pembrolizumab-associated pneumonitis had a favorable response
to the combination therapy of methylprednisolone and nintedanib.
We decreased the dose of methylprednisolone by half dose because
we think the dosage of corticosteroid should be reduced after
treatment has achieved remission of symptoms. The addition of
nintedanib to CIP treatment may reduce the dosage and even
duration use of corticosteroid. In some practice, immune
suppressants are recommended for CIP treatment (4, 15), but we
did not try immunosuppressors such as mycophenolate mofetil and
cyclophosphamide for CIP treatment because they work slowly,
which limits their use in CIP because of its acute or subacute course.

Although there have never been trials of combination
treatment of ICIs and nintedanib until now, this combination
therapy may prevent and treat CIP. To the best of our
knowledge, this is the first report to provide clinical evidence
for nintedanib in the treatment of earlier onset of ICI-induced
CIP. One possible mechanism is nintedanib inhibits pulmonary
fibrosis by targeting VEGFR (16). Alternatively, nintedanib may
reduce lung exudation and promote lung recovery through
suppressing VEGF (17). The patient was administered
Frontiers in Oncology | www.frontiersin.org 374
pembrolizumab plus bevacizumab as first-line treatment for
NSCLC. The anti-VEGF effect of nintedanib can only partially
explain its prophylaxis for refractory CIP because bevacizumab
(an anti VEGF antibody) does not have this effect on CIP.
Besides VEGFR family, nintedanib targets pro-angiogenic and
pro-fibrotic pathways mediated by PDGFR, FGFR and as well as
Src and Flt-3 kinases, which are related to the pathogenesis of
pulmonary fibrosis. Nintedanib competitively binds to the ATP
of these receptors, blocking the proliferation, migration, and
signaling transduction of fibroblasts, which might prevent CIP.

VEGF inhibition can enhance immunotherapy benefit for a
variety of cancers (18). We think that the local physician had the
hypothesis that concurrent VEGF blockade may enhance the anti-
tumor activity of pembrolizumab for NSCLC patients. However,
stable disease of primary tumor lesion was evaluated on his chest
CT after three cycles of pembrolizumab plus bevacizumab. During
CIP, pembrolizumab was stopped, but nintedanib was continued.
If nintedanib and PD1 immunotherapy would be administered to
the patient with NSCLC, will the combination therapy have both
anticancer efficacy and prophylaxis for CIP? At the moment, we
have insufficient experience in the use of nintedanib, but it seems
that nintedanib should be used at an earlier onset of CIP.

In conclusion, nintedanib combined with corticosteroid
therapy might be an option for patients with CIP, especially
for those with poor response to steroid-based therapy. Further
studies are urgently needed to elucidate the detailed mechanism
of combined regimen strategy to prevent and treat CIP.
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Undifferentiated large-cell lung cancer is a rare type of non-small cell lung cancer (NSCLC)
with a poor prognosis. It is insensitive to chemotherapy and easily develops drug
resistance. Analysis of the Surveillance, Epidemiology, and End Results (SEER)
database showed that patients with stage IV undifferentiated large-cell lung cancer had
a median overall survival (OS) of only 4 months and that those who received
chemotherapy had a median OS of only 5 months longer than those who did not. For
the first time, we report a case of advanced large-cell undifferentiated lung cancer with rare
tonsil metastasis. The patient developed resistance after 3 months of platinum-based
systemic chemotherapy and local treatment. Antiangiogenic therapy has been
continuously progressing and has shown certain efficacy in treating many malignant
tumors, such as lung cancer. However, there are no relevant studies or case reports on
antiangiogenic therapy in the treatment of undifferentiated large-cell lung cancer. Anlotinib,
an orally delivered small-molecule antiangiogenic tyrosine kinase inhibitor (TKI), was
administered to this patient after chemotherapy resistance occurred, and the outcome
was assessed as continued stable disease (SD). As of the last follow-up evaluation, the
progression-free survival (PFS) of the patient was 21.5 months, and the OS was 27.5
months. Retrospective immunohistochemical analysis showed that the patient was
positive for one of the targets of anlotinib (PDGFR). In general, the findings in this case
suggest that anlotinib may be an option with good efficacy for patients with large-cell
undifferentiated lung cancer after chemotherapy resistance that may have good efficacy
and also suggest that PDGFR may be the target underlying this effect.

Keywords: undifferentiated large-cell lung cancer, antiangiogenic therapy, anlotinib, tonsillar metastasis, platelet-
derived growth factor receptors (PDGFR)
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INTRODUCTION

Metastasis of tumors to the tonsil is extremely rare, with nearly
100 cases reported to date. The most common primary tumors
are digestive tract tumors, renal cancer, and melanoma (1). Most
metastatic tonsil tumors from lung cancer result from small cell
lung cancer (2). No case of tonsil metastasis from
undifferentiated large-cell lung cancer has been reported.

Antiangiogenic therapy has been recommended for the
treatment of non-small cell lung cancer (NSCLC) (3), but there
havebeennoclinical trials or case reports of antiangiogenic therapy
for undifferentiated large-cell lung cancer. Anlotinib is an oral
multitarget small-molecule tyrosine kinase inhibitor (TKI) (4). Its
main targets includeVEGFR andPDGFR. TheAlter0303 study (5)
showed that anlotinib as a third-line treatment can benefit
advanced NSCLC patients with chemotherapy failure. However,
patients with undifferentiated large-cell lung cancer were not
included in this study; therefore, the efficacy of anlotinib in this
group of patients is unknown.We present the first case of a patient
with undifferentiated large-cell lung cancer with rare tonsillar
metastases who achieved a long survival time with anlotinib
treatment after chemotherapy failure. The following case is
presented in accordance with the CARE reporting checklist.
CASE PRESENTATION

A 70-year-oldman with a 20-year history of smoking presented to
theotolaryngologydepartment in January2019with a foreignbody
sensation in his throat. The patient occasionally had dry cough,
Frontiers in Oncology | www.frontiersin.org 277
without sputum, hemoptysis, chest tightness, dyspnea, and other
symptoms. A physical examination showed that the trachea was
centered, and there was no obvious abnormality in the respiratory
sounds of either lung. No superficial lymph node enlargement was
observed. The patient reported no family history of cancer.
Laryngoscopy revealed a tonsil mass (Figure 1A). Chest
computed tomography (CT) (January 16, 2019) showed a mass
of 78 * 51 mm in the upper left mediastinum (Figure 1C). Cranial
magnetic resonance imaging (MRI), abdominal CT, and whole
body bone scan examinations showed no other metastatic lesions
(Supplementary Figure 1). We performed puncture of the lung
lesions and tonsillectomy for the tonsil lesions. Hematoxylin
and eosin (HE) staining and Ki-67 immunohistochemistry
of the tonsil lesion demonstrated malignancy. The TTF1
immunohistochemical results suggested that the lesion might
originate from the lung (Figure 1B). HE staining and Ki-67
immunohistochemistry of lung tissue indicated large-cell
carcinoma. The results of assessment of neuroendocrine-related
immunohistochemical indexes, including CGA and SYN, were
negative, indicating that the tumor may not have neuroendocrine
function (Figure 1D). The patient was finally diagnosed with
undifferentiated large-cell lung cancer of the left lung
[T4NxM1b, American Joint Committee on Cancer (AJCC) 8th

edition].Next generation sequencing (NGS,Geneseeq Technology
Inc) found mutations in TP53, PIK3CA, and CD74 and no driver
gene mutations that could be used for targeted therapy (Table 1).

As shown in Figure 2, from February 15, 2019, the patient
received albumin-bound paclitaxel (200 mg on d 1 and 8) +
carboplatin (450 mg on d 1) chemotherapy for four cycles. Chest
CT (May 15, 2019) showed a 93 * 62 mmmass near the left upper
A B

C D

FIGURE 1 | Initial diagnosis of advanced undifferentiated large-cell lung cancer with rare tonsillar metastasis. (A) Tonsillar metastasis. (B) Pathology and
immunohistochemistry of tonsillar metastasis [KI-67 (40%+); TTF1 (±)]. (C) Primary lung lesion shown by chest CT. (D) Pathology and immunohistochemistry of the
primary lung lesion [KI-67 (50%+); CGA (−; SYN (−)].
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mediastinum, and the efficacy was evaluated as progressive
disease (PD). This result indicated that the patient had
acquired resistance to chemotherapy, with a progression-free
survival (PFS) time of 3 months for this chemotherapy regimen.
A bronchial arterial infusion (cisplatin 40 mg + epirubicin 40
mg) was performed on May 22, 2019. Chest CT (June 6, 2019)
showed a mass of 102 * 63 mm near the left upper mediastinum,
which was evaluated as stable disease (SD). The patient refused
further chemotherapy regimens. Immunotherapy was refused for
financial reasons. Complying with the patient’s wishes, we
administered oral antiangiogenic therapy with anlotinib (12
mg/d). Each cycle was defined as 2 weeks on treatment
followed by 1 week off treatment. The patient was followed up
at an outpatient clinic. The patient developed tolerable mild
fatigue, diarrhea, and a small rash after initial use of anlotinib.
These adverse reactions were rated as Level 1 (CTCAE 5.0).
These adverse events resolved spontaneously without treatment
after two cycles of anlotinib treatment. Chest CT (August 8,
2019) showed a 106 * 63 mm mass near the left upper
mediastinum, and the efficacy was evaluated as SD. The
patient continued oral treatment with anlotinib monotherapy.
Chest CT (April 23, 2020) showed a 101 * 64 mm mass near the
left upper mediastinum, and the efficacy was evaluated as SD.
The patient continued to receive oral anlotinib monotherapy,
and chest CT (October 15, 2020) showed a 93 * 52 mmmass near
the left upper mediastinum. Chest CT scan (December 17, 2020.)
showed a 93 * 52 mmmass near the left upper mediastinum. The
last follow-up chest CT scan (April 1, 2021) showed an 83 *
52 mm mass near the left upper mediastinum, and the efficacy
was evaluated as SD. At the last follow-up, the patient’s PFS and
Frontiers in Oncology | www.frontiersin.org 378
overall survival (OS) were 21.5 and 27.5 months, respectively,
after anlotinib treatment. A re-examination of head and neck CT
showed no new lesions in the tonsils (Supplementary Figure 1).
There was also no evidence of new metastasis or progression
beyond the primary lesion during follow-up. Timeline of the
relevant information is shown in Table 2.

All procedures performed in studies involving human
participants were in accordance with the ethical standards of
the institutional and/or national research committee(s) and with
the Helsinki Declaration (as revised in 2013). Written informed
consent was obtained from the patient for publication of this
manuscript and any accompanying images.
DISCUSSION

The main pathological types of primary tonsil tumors are
squamous cell carcinoma or lymphoma, and metastatic tumors
of the tonsil are very rare (6). Metastatic tonsil tumors have been
reported to account for only 0.8% of all tonsil tumors (7). Nearly
100 cases of metastatic malignant tumors of the tonsil have been
reported, and the most common sources are digestive tract
tumors, kidney cancer, and melanoma. In lung cancer, the
primary pathological type of tonsil metastasis is small cell lung
cancer, and this case is the first report of tonsil metastasis from
undifferentiated large-cell lung cancer.

Undifferentiated large-cell lung cancer is a type of NSCLC, but
its incidence is significantly lower than that of common lung
adenocarcinoma, lung squamous cell carcinoma, and other
subtypes (8). The prognosis of patients with advanced
FIGURE 2 | Graphic summary of the case.
TABLE 1 | Mutations and their abundance detected by NGS (Geneseeq Technology Inc).

Genes Mutations Peripheral Blood Cancer tissue

CD74 c.679C>G (p.L227V) – 1.8%
PIK3CA c.1637A>C (p.Q546P) 0.8% 8.4%
TP53 c.434T>A (p.L145Q) 1.7% 30.7%
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undifferentiated large-cell lung cancer is poor (9). We obtained
survival data from the Surveillance, Epidemiology, andEndResults
(SEER) database for 1,129 patients diagnosed with stage IV (AJCC
7th edition) large-cell undifferentiated lung cancer after 2010
(Figure 3A). The results showed that the median OS was only 4
months. Themedian survival of those who received chemotherapy
was only 5 months longer than that of those who did not or whose
treatment status was unknown (7 vs 2 months, P < 0.0001). This
report describes a case of stage IV undifferentiated large-cell lung
cancer with rare tonsillar metastases for which genetic testing did
not provide a therapeutic target. Platinum-based chemotherapy
was selected as thefirst-line treatment.ThePFSwithchemotherapy
was 3 months, which was similar to the database results.
Frontiers in Oncology | www.frontiersin.org 479
The theory of cutting off the blood supply of tumors to combat
them was first proposed in 1971. The first proangiogenesis factor,
VEGF, was isolated in 1989. The main recognized tumor
angiogenesis signaling pathways are the VEGF/VEGFR and
PDGF/PDGFR pathways (10). At present, antiangiogenic
therapy with bevacizumab is recommended for the treatment of
lung cancer (3). However, there have been no clinical trials or case
reports of antiangiogenic therapy for undifferentiated large-cell
lung cancer. Anlotinib is an oral small-molecule multitarget
antiangiogenic TKI, and its main targets include VEGFR,
PDGFR, and other major angiogenesis-related factors. The
Alter0303 study showed that the use of oral anlotinib
monotherapy as third-line treatment for advanced NSCLC
A

B

FIGURE 3 | (A) Kaplan–Meier (KM) analysis of survival of patients with stage IV (AJCC 7th edition) undifferentiated large-cell lung cancer from the SEER database
after 2010. (B) Retrospective examination of the expression of angiogenesis-related genes and anlotinib targets by immunohistochemistry [VEGF (++); VEGFR (−);
PDGFR (+++)].
TABLE 2 | Timeline of the relevant information.

Time Major medical examination Diagnosis or efficacy evaluation Treatment

2019.01.16–
2019.01.29

Laryngoscopy; chest CT; cranial MRI; abdominal
CT; whole body bone scan; NGS

Undifferentiated large-cell lung cancer of the left
lung (T4NxM1b, AJCC 8th edition)

Puncture of the lung lesions and tonsillectomy;

2019.02.15 - Albumin-bound paclitaxel (200 mg on d 1 and
8) + carboplatin (450 mg on d 1);

2019.03.09 - Albumin-bound paclitaxel (200 mg on d 1 and
8) + carboplatin (450 mg on d 1);

2019.04.02 - Albumin-bound paclitaxel (200 mg on d 1 and
8) + carboplatin (450 mg on d 1);

2019.04.22 - Albumin-bound paclitaxel (200 mg on d 1 and
8) + carboplatin (450 mg on d 1);

2019.05.15 Chest CT; PD
2019.05.22 - Bronchial arterial infusion (cisplatin 40 mg +

epirubicin 40 mg);
2019.06.21 Chest CT; SD Anlotinib;
2019.08.08 Chest CT; SD
2020.04.23 Chest CT; SD
2020.10.15 Chest CT; SD
2020.12.17 Chest CT; SD
2021.04.01 Chest CT; SD
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achieved a PFS of 4 months and an OS of 3.3 months (5).
However, patients with large-cell undifferentiated carcinoma
were not included in this study; therefore, the efficacy of
anlotinib in patients with this type of lung cancer is unclear.

In this case, the tumor size rapidly increasedafter chemotherapy
resistanceoccurred.Weadministered theoral antiangiogenic agent
anlotinib. Early imaging during anlotinib treatment showed that
the tumor remained stable and began to shrink slowly with
prolonged treatment. At the last follow-up, the PFS and OS with
anlotinib treatmentwere 21.5 and 27.5months, respectively. There
were no significant adverse reactions with this regimen. We
retrospectively examined the expression of angiogenesis-related
genes and anlotinib targets in this case by immunohistochemistry
(Figure 3B). VEGF expression was positive, indicating that tumor
angiogenesis activity was very high. Interestingly, VEGFR
expression was negative. The expression of PDGFR, another
important target of anlotinib, was positive, indicating that the
PDGFR signaling pathway may be important for the function of
anlotinib in the treatment of this patient. PDGFR is a tyrosine
kinase receptor with two structurally related forms. Binding of
PDGF and PDGFR activates downstream pathways that mediate
angiogenesis (11). Studies have shown that PDGFR can be
significantly overexpressed in lung tumors. Animal experiments
have also shown that PDGFR inhibitors can significantly inhibit
angiogenesis in tumors, while normal tissue angiogenesis is not
affected (12). Therefore, the angiogenesis of PDGFR-positive
vascular endothelial cells alone may not be significantly affected
by PDGFR inhibitors. PDGFR immunohistochemistry in this case
also indicatedPDGFRpositivity of the tumor. These results suggest
that patients with PDGFR-positive tumors may receive additional
benefit from PDGFR inhibitors such as anlotinib. This case
suggests that for large-cell undifferentiated lung cancer patients
who exhibit chemotherapy resistance, antiangiogenic therapy with
anlotinib can be attempted and may have a good effect. PDGFR
may be the target underlying this effect.
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Experimental Study of Almonertinib
Crossing the Blood-Brain Barrier in
EGFR-Mutant NSCLC Brain
Metastasis and Spinal Cord
Metastasis Models
Yuhan Zhang1, Yaoshuai Zhang1, Wenwen Niu1, Xianming Ge1, Fuhao Huang1,
Jinlong Pang1, Xian Li1, Yu Wang1, Wei Gao1, Fangtian Fan1,2*, Shanshan Li1,2* and
Hao Liu1,2*

1School of Pharmacy, Bengbu Medical College, Bengbu City, China, 2Anhui Province Biochemical Pharmaceutical Engineering
Technology Research Center, Bengbu City, China

Roughly one third of non-small cell lung cancer (NSCLC) patients with epidermal growth
factor receptor tyrosine kinase inhibitor (EGFR-TKI)-sensitive mutated (EGFRm) tumors
experience disease progression through central nervous system (CNS) metastases during
treatment. Although EGFR-TKIs have been reported to be favored in some patients with
EGFRm NSCLC CNS metastases, novel EGFR-TKIs with proven efficacy in CNS
pathologies are clinically needed.To investigate whether almonertinib, a novel third-
generation EGFR-TKI for NSCLC, can cross the blood-brain barrier (BBB) and deliver
treatment for EGFR-mutant NSCLC brain metastases and spinal cord metastases, we
constructed NSCLC brain metastasis and spinal cordmetastasis models in vivo to observe
the anti-tumor effects of almonertinib. Using ABCB1-MDCK and BCRP-MDCK monolayer
cells as the in vitro study model, the effects of transport time and drug concentration on the
apparent permeability coefficient of almonertinib and its active metabolite, HAS-719, were
investigated. The results of this study show that almonertinib can significantly inhibit PC9
brain and spinal cord metastases. Pharmacokinetic studies in mice revealed that
almonertinib has good BBB penetration ability, whereas the metabolite HAS-719 does
not easily penetrate the BBB. Early clinical evidence of almonertinib activity in patients with
EGFRm-advanced NSCLC and brain metastases has also been reported. In conclusion,
almonertinib easily penetrates the BBB and inhibits advanced NSCLC brain and spinal
cord metastases.

Keywords: almonertinib, non-small cell lung cancer, brain and spinal cord metastases, blood-brain barrier, EGFR-
tyrosine kinase inhibitor, transmembrane resistance

INTRODUCTION

According to the data available on the GLOBOCAN 2020 database, lung cancer is still the leading
cause of cancer-related deaths. It is estimated that 1.8 million people die of lung cancer worldwide,
accounting for 18% of total deaths. Non-small cell lung cancer (NSCLC) accounts for approximately
85% of all lung cancers (Morgensztern et al., 2010). Patients with central nervous system (CNS)
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metastases, such as brain and spinal cord metastases, have a poor
prognosis and poor quality of life. Epidermal growth factor
receptor (EGFR) mutations are the most frequent driver
mutations in Asian patients with NSCLC. Brain metastases
occur in approximately 40% of Asian patients with EGFR
mutations before or during treatment (Gow et al., 2009; Luo
et al., 2017).

The poor ability of first and second generation EGFR tyrosine
kinase inhibitors (TKIs) (e.g., gefitinib, erlotinib, and afatinib) to
penetrate the BBB may be due to the influence of ATP binding
cassette subfamily B member 1 (ABCB1) and breast cancer
resistance protein (BCRP) efflux transporters, which are
involved in the removal of toxins, drugs, and
chemotherapeutics from the central nervous system (CNS)
(Clarke et al., 2010; Jackman et al., 2015). Whole brain
radiotherapy (WBRT) has been the standard treatment for
patients with brain metastases. However, because WBRT can
cause cognitive decline, its role in the treatment of patients with
brain metastases remains controversial (Borgelt et al., 1980,
1981). In addition, platinum-based chemotherapeutic drugs
generally do not have the ability to penetrate the blood-brain
barrier (BBB) to reach intracranial lesions, and therefore, they
cannot achieve the desired effect and are not effective against
mutations (Sanchez-Covarrubias et al., 2014).

Osimertinib is a third-generation oral, irreversible, selective
EGFR TKI that was first approved for a positive EGFR T790M
mutation. In the FLAURA study of brain metastasis subgroup,
osimertinib, in comparison with the standard treatment, showed

statistically and clinically significant results (Leighl et al., 2020).
The risk of CNS progression and death was significantly reduced
(Reungwetwattana et al., 2018; Soria et al., 2018). However,
osimertinib is not an ideal treatment in terms of toxicity. In
the AURA3 test (Mok et al., 2017), grade 1 and 2 diarrhea, rashes,
and other adverse reactions occurred in 41 and 34% of patients,
respectively. Importantly, the use of osimertinib in combination
with PD-L1 immune checkpoint inhibitors resulted in a high
incidence of interstitial pneumonia, which may be related to the
high (∼10%) concentration of AZ5104, the active metabolite of
osimertinib in the human body (Mok et al., 2017). Therefore, it is
important to develop novel third-generation EGFR inhibitors
against EGFR T790 mutations.

Almonertinib is the second third-generation targeted drug
for treating lung cancer worldwide, and it has been approved
by the China Food and Drug Administration. Structure-
activity relationship (SAR) analyses and structural
optimization studies have revealed that almonertinib
effectively prevents the formation of non-selective active
metabolites such as AZ5104. Preliminary clinical data show
that almonertinib has good efficacy and safety in the treatment
of T790M-positive, locally advanced or metastatic NSCLC
(Yang et al., 2020; Nagasaka et al., 2021; Zhang et al.,
2021). However, there are only a few reports on the efficacy
of almonertinib in brain and spinal cord metastases of NSCLC.
In our study, the pharmacokinetics of almonertinib in mice
with brain metastases and the anti-tumor efficacy of
almonertinib in mice with brain and spinal cord metastases

GRAPHICAL ABSTRACT | Third-generation EGFR-TKI almonertinib has a low affinity for blood-brain barrier efflux transporters ABCB1 and BCRP, and this can
effectively improve the ability of almonertinib to penetrate the brain and successfully treat brain and spinal cord tumors.
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were observed. Using ABCB1-MDCK and BCRP-MDCK cell
models (established in this study) that highly express ABCB1
and BCRP, we studied the bidirectional transmembrane
transport characteristics of almonertinib and determined
whether almonertinib is a substrate of ABCB1 and BCRP
and has the ability to penetrate the blood-brain barrier.
Furthermore, we discuss the clinical efficacy of almonertinib
in the treatment of patients with NSCLC brain and spinal cord
metastases.

MATERIALS AND METHODS

Cell Culture and Animals
Madin-Darby canine kidney (MDCK) [NBL-2] (Procell CL-
0154) cell line was provided by Procell Life Science &
Technology Co., Ltd. PC9 (exon 19 deletion) cells were
obtained from Saiku Biotechnology Co., Ltd. (Guangdong,
China). PC9 cells and MDCK cells were cultured in RPMI
1640 medium (Gibco, China) and DMEM medium (Gibco,
China). The media were supplemented with 10% fetal bovine
serum (FBS; Gibco, Australia). All cells were grown in an
atmosphere containing 5% CO2 at 37°C.

Nude mice were purchased from Changzhou Cavens
Laboratory Animal Co., Ltd. (Jiangsu, China) and raised in a
specific pathogen-free (SPF) environment. All animal
experiments were carried out in accordance with the UK.
Animals (Scientific Procedures) Act, 1986 and associated
guidelines: the EU Directive 2010/63/EU for animal
experiments or the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Publications No. 8023,
revised 1978).

Production of PC9-LUC, ATP Binding
Cassette Subfamily B Member
1-Madin-Darby Canine Kidney Cells and
Breast Cancer Resistance
Protein-Madin-Darby Canine Kidney Cells
To establish an MDCK transgenic cell line that can stably express
humanABCB1 and BCRP and to identify whether it is suitable for
drug delivery experiments, lentivirus shuttle plasmids pLVX-
CMV-ABCB1 and pLVX-CMV-BCRP and their auxiliary
packaging plasmids PSPAX2 and PMD2G, were extracted with
high purity and free of endotoxin, respectively. 293T cells were
transfected with Lipofectamine™ 3000 transfection reagent, and
the medium was changed 6 h after transfection. After culturing
for 24 and 48 h, the cell supernatants, rich in lentivirus particles,
were collected and concentrated by ultracentrifugation. Before
lentivirus transfection for 18–24 h, adherent MDCK cells were
spread on 24-well plates at a density of 1 × 105/well. The number
of cells transfected with lentivirus was approximately 2 × 105/well.
The next day, the original mediumwas replaced with 2 ml of fresh
medium containing 6 μg/ml polybrene, and then an appropriate
amount of virus suspension; the plates were incubated at 37°C.
After 4 h, 2 ml of fresh medium was added to dilute polybrene.
The cells were cultured for another 24 h, and the medium

containing virus was replaced with fresh medium. After
3–4 days of transfection, puromycin was added to screen the
cell lines stably expressing ABCB1 and BCRP.

The cells used in the mouse intracranial tumor model were
transfected with luciferase-containing plasmid pGL4.50 (luc2/
CMV/Hygro). Stably transfected cell clones were screened using a
serial dilution of hygromycin B (10 mg/ml). The fluorescence
signal of the cells in the in vitro imager (FX-PRO, United States)
were then detected.

Surface Plasmon Resonance
The interaction between analyte (almonertinib and osimertinib)
and ligand (EGFR mutant protein) was analyzed at room
temperature on an Open surface plasmon resonance (SPR)
instrument (Nicoya, Canada). First, according to the standard
procedure, a COOH sensor chip was installed on the Open SPR
instrument. The buffer was run at the maximum flow rate and
exhaust bubbles after reaching the signal baseline. Then, 0.25%
SDS was injected and run for 1 min to clean the chip surface. The
buffer flow rate was then depressed to 20 µl/min and a sample of
200 µl EDC/NHS (1:1) solution was run for 4 min. Then, the
injection instrument of the 200 µl ligand was operated for 4 min.
Diluted with activation buffer, Once the ligand-chip interaction
was completed, the upper sample mouth was rinsed with buffer
and emptied by air. Sample 200 µl Blocking (20 µl/min,4 min)
solution, buffer (PBS) rinse the sample ring and empty it by air.
The baseline was then observed for 5 min to ensure stability.
Finally, different concentrations of analyte were injected
separately on the surface of the ligand chip (the concentration
is detailed in the experimental results), and the analyte was
sampled at 20 µl/min. The binding time of the analyte to the
ligand was 240 s and the natural dissociation occurred at 480 s.
The 200 µl sample flowed through the chip for 240 s at a constant
flow rate of 20 µl/min in each cycle.

The combined compounds can be dissociated from the coating
surface by acid and alkali. After each measurement, small
molecules and target proteins can be separated by 0.25% SDS.
Finally, the kinetic parameters of the binding reactions were
calculated and analyzed using Trace Drawer software (Ridgeview
Instruments AB, Sweden).

Anti-Proliferation Assay
The safe toxicity range of almonertinib to MDCK, ABCB1-
MDCK, and BCRP-MDCK cells was determined using the
CCK8 method. The cells in the logarithmic growth phase were
digested with 0.25% EDTA-trypsin, and the complete culture
medium was washed and centrifuged at 1,000 rpm for 3 min. The
cell density was adjusted to 5 × 104/ml, and they were seeded in a
96-well cell culture plate. The cell suspension (100 μl) was added
to each well, and the cells adhered to the wall after 24 h of culture.
Almonertinib (100 μl) at different concentrations was added
(diluted with high-glucose DMEM). Each sample contained six
compound holes. In addition, culture medium containing cells
without drugs was used as the control group and culture medium
without cells was used as the blank control group. After 3 h of
administration and culture, 10 μL of CCK8 was added to each
well and incubated at 37°C for 30 min. The absorbance (A) of the
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samples was determined using an enzyme-labeling instrument at
450 nm.

ABCB1 and BCRP Substrate Assessment
MDCK, ABCB1-MDCK, and BCRP-MDCK cells were inoculated
in Tmur75 culture bottles with high-glucose DMEM. The cells
were counted using a cell counter, the cell density was adjusted to
2.0 × 105 cells/ml, and the cells were inoculated in 12-well
transwell plates [1.13 cm2 insert area, 0.4 µm pore size
(Corning Life Sciences, New York, NY, United States)].
Thereafter, 0.5 ml of cell suspension was added to the villous
surface of each hole (AP side) and 1.5 ml of blank culture medium
was added to the basal surface (BL side). After 24 h of culture in
the incubator, the fresh culture medium was changed on both AP
and BL sides, and the medium was changed every day for
3–5 days. In this experiment, transmembrane resistance was
used to evaluate the compactness and integrity of the cell
model. When the transmembrane resistance (TEER) is greater
than 300Ω cm2, the cell monolayer is considered dense and
intact. The higher the TEER value, the tighter the monolayer
connection. The TEER of monolayer cells was calculated using
the following formula: TEER � (R - Rb) × A; where, R is the
resistance of the well inoculated with cells, Rb is the blank well
without cell inoculation, and A is the membrane area of the
polycarbonate membrane.

Before the transport experiment, the cell monolayer was
washed with blank HBSS solution at 37°C three times, and
then placed in a CO2 incubator and balanced with HBSS
solution for 30 min at 37°C. The transport of the AP→BL side:
0.5 ml of the test solution was added to the AP side as the supply
pool, whereas 1.5 ml of blank HBSS solution was added to the BL
side as the receiving pool. Before sampling, 0.1 ml of the sample
was collected from the BL side in the centrifuge tube, and after
sampling, 0.1 ml of blank HBSS, transport sample, was added to
the BL side to precipitate protein with methanol, and used for
liquid chromatography-tandem mass spectrometry (LC-MS)
detection. The transport of the BL→AP side: 1.5 ml of the test
solution was added to the BL side as the supply pool, whereas
0.5 ml of blank HBSS solution was added to the AP side as the
receiving pool. First, 0.1 ml of the sample was collected on the AP
side in the centrifuge tube, and then 0.1 ml of HBSS was added to
the AP side after sampling. A transport sample was added to the
AP side to precipitate the protein with methanol and used for LC-
MS detection.

The protein was precipitated with methanol in 0.1 ml of blank
HBSS, transport sample, and used for LC-MS detection. Drug
absorption was determined by LC-MS/MS. The effects of
transport time and mass concentration on the two-way
transport and absorption of almonertinib were investigated.

Mouse Brain Metastasis Xenograft
The brain metastasis model was established via intracranial
injection of tumor cells into 6–8-week-old SPF female BALB/c
nude mice. The tumor seeding process, which is an aseptic
operation, was carried out on an ultra-clean bench. The tumor
cells used in this experiment were PC9-LUC cells, and the
concentration of the cell suspension was 1 × 108/ml.

Pentobarbital sodium at 50 mg/kg body weight was
administered via intraperitoneal injection. The top of the
mouse skull was cut along the center of the skull from the
ears to the eyes. An area of about 1–2 cm of the skull was
then wiped repeatedly with a cotton swab to remove the fascia
and expose the cranial sutures. Holes were then drilled 1 mm
below the coronal suture of the skull and 2–2.5 mm from the
sagittal suture while keeping the mouse head level. The cranial
drill was inserted vertically and the drill was operated at low speed
to avoid brain damage. Each mouse was then placed on the brain
stereotaxic device, the tip of the syringe needle was aligned with
the hole on the skull, and 3 μl of cell suspension (3 × 105 cells) was
injected via a needle at a depth of 3 mm from the skull. The needle
was maintained for 1–2 min following cell injection and then
withdrawn. A cotton swab was used to compress the wound and
medical adhesive was used to bond the skin wounds. Mice were
then placed on a heating blanket and then returned to the animal
room for recovery and ongoing nurture. Bioluminescent (BLI)
signals were measured weekly using the IVIS Xenogen Imaging
system (FX-PRO, United States) to monitor tumor growth. In the
mouse brain metastatic tumor model, when the intracranial
fluorescence signal of mice reached 2 × 107 photons/s, the
effects of long-term once daily administration of almonertinib
and osimertinib were observed. The mice were divided into five
different treatment groups including the control group,
almonertinib (10 or 25 mg/kg), and osimertinib (10 or
25 mg/kg). The BLI signal was measured once a week and the
body weight of the mice was recorded.

Mouse Spinal Cord Metastasis Model
In contrast to the construction of the brain metastasis model, the
injection site of the spinal cord metastasis model was 1–1.5 mm
below the coronal suture and 2–2.5 mm to the right of the sagittal
suture of the skull. Each spinal cord metastasis model mice was
injected with 3 μl (4 × 105 cells) cell suspension at a speed of 1 μl/
min. In a mouse model of spinal cord metastasis, when the
fluorescence signal in the spine of mice reached 2 × 107

photons/s, the effects of long-term once daily administration
of almonertinib and osimertinib were observed. The mice were
divided into five different treatment groups—the control group,
almonertinib (5 or 25 mg/kg), and osimertinib (5 or 25 mg/kg).
The BLI signal was measured once a week, and the body weight of
the mice was recorded.

Mouse Pharmacokinetic Studies
When the fluorescence signal of the tumor is greater than 2 ×
107 photons/s (about 2–3 weeks), 25 mg/kg body weight of
almonertinib was administered orally to female BALB/c nude
mice bearing PC9-LUC brain metastasis xenograft. The blood
and brain tissues of mice with brain metastases were sampled
at 0.5, 1, 2, 4, 8, and 24 h post dosing. The blood samples were
obtained by removing the eyeballs of mice. The mice were
killed by increasing the CO2 concentration. The heads of the
mice were taken, the skin was cut to expose the skull, and the
eye sockets were clamped with large-pointed tweezers, and the
midline of the skull was slightly cut off with ophthalmic
scissors. Gradually remove the skull from the bottom to the

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 7500314

Zhang et al. Almonertinib in NSCLC CNS Metastasis

85

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


top. When the whole brain is exposed, use ophthalmic forceps
to remove the meninges and blood vessels, and then use a
bamboo stick to remove the whole brain from the olfactory
bulb. The concentration of almonertinib and HAS-719 was
determined by LC-MS.

Liquid Chromatography-Tandem Mass
Spectrometry
Chromatographic column:Thermo Hypersil C18 100 ×
2.1 mm, 3 μm; Flow rate: 0.4 ml/min; Water phase: 0.1%
formic acid aqueous solution; Organic phase: 0.1% formic
acid/acetonitrile; Needle wash: methanol; Column oven
temperature: 40°C; Autosampler temperature: 10.0°C;
Automatic sampling Injection volume of the detector:
5.00 µl.

Ion source: electrospray ionization source; Scanning method:
positive ion scanning; Detection method: selective reaction
monitoring; Electrospray voltage: (+) 4,000 V; Capillary
temperature: 300°C; Atomization temperature: 350°C; Sheath
gas: nitrogen (Purity ≥99.999%), 30 Arb; Aux Gas Pressure:
Nitrogen (purity ≥99.999%), 10 Arb; Collision gas: high-purity

argon (purity ≥99.999%); Data collection time: 5.00 min;
Accurately weigh almonertinib and HAS-719 standard
products respectively, dissolve them in methanol, and prepare
a stock solution of 2.00 mg/ml. Dilute the 2.00 mg/ml stock
solution to obtain standard curve solutions with
concentrations of 500, 200, 50, 2, 1, and 0.5 ng/ml.

Dissolve the serum sample at room temperature, take 50 μl,
add 150 μl methanol, vortex for 5 min, place in a centrifuge at
15,000 rpm for 10 min, take the supernatant for analysis. Weigh
the tissue sample, add 2 ml of methanol, grind for 5 min, vortex
and mix for 5 min, place it in a centrifuge at 15,000 rpm for
10 min, and take the supernatant for analysis.

The chromatogram collection and integration of almonertinib
and HAS-719 are processed by the software Xcilabur 3.0
(Thermo), and linear regression is performed with weighting
coefficients.

Clinical Case Study
Herein, we present details of a clinical case study. In this case,
brain metastases were recorded at the beginning of the study, and
almonertinib was administered for several weeks to allow
magnetic resonance imaging of the brain to observe the

FIGURE 1 | Interaction between almonertinib and EGFR-T790 mutant protein. (A) Chemical structure of almonertinib; (B)molecular model diagram of interaction
between almonertinib and EGFR T790M mutation; (C) determination of the affinity of EGFR T790M and almonertinib using the SPR method, the affinity constant was
11.1 μM; (D) the affinity of EGFR T790M and osimertinib was 90.8 μM.
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progression of the disease. Written informed consent was
obtained from the patient. The work has been carried out in
accordance with The Code of Ethics of the World Medical
Association (Declaration of Helsinki).

Statistical Analysis
All data are presented as mean ± SEM. All experiments were
independently repeated at least three times. Different groups were
compared using an unpaired Student’s t-test or one-way ANOVA
followed by Tukey’s post-hoc test. Differences were considered
statistically significant at p < 0.05. GraphPad Prism 7 software
(GraphPad Software, San Diego, CA, United States) was used for
statistical analyses.

RESULTS

Interaction Between Almonertinib and
EGFR-T790 Mutant Protein
To study the interaction between almonertinib and EGFR-
T790M protein, their binding mode and affinity were
predicted by molecular docking and surface plasmon
resonance (SPR). The molecular docking results showed that
almonertinib can flexibly bind to small molecule pockets on the
EGFR-T790 mutant protein with a better geometrical match. The
binding sites of almonertinib and the EGFR-T790 mutant protein
are relatively conservative. Almonertinib has a large chemical
group and a pure hydrophobic chain. It can form a hydrophobic
binding match with protein-binding pockets (e.g., F723, V726,
M790, A743, L792, and L844). The other end of the almonertinib
branch contains an N-(CH3)2 group and an -NH-C(�O)- group,
which can be inserted into the small groove of the binding cavity,
forming a polar bond with N842, D837, and D855. The N atom
on the plane ring in the small molecule can form a polar hydrogen
bond with K745. Hinges in enzyme proteins often form hydrogen
bonds with the corresponding molecules, which are relatively
conserved in kinase proteins. However, the amino acid group at
the hinge of our kinase protein mutation system does not form
conventional hydrogen bonds with small molecules. The polar
effect weakens the binding force of this part of the effect.
Almonertinib can flexibly bind to the small molecule pocket
on the EGFR-T790M mutant protein with good geometric
matching, and the binding energy between the two is
−7.03 kcal/mol (Figures 1A,B). At the same time,
almonertinib showed a higher affinity for T790M (KD �
11.1 µM) than for osimertinib (KD � 90.8 µM) (Figures 1C,D).

Almonertinib Shows Superior
Tumor-Regressing Efficacy in an Epidermal
Growth Factor Receptor Mutant Brain
Metastases Model
To evaluate the efficacy of almonertinib in inhibiting intracranial
tumor growth compared with osimertinib, 3 × 105 PC9-LUC cells
were inoculated with intracranial tumors at a position 1mm from the
coronal suture of the skull and 2–2.5mm to the right of the sagittal
suture in female BALB/Cmice. The tumor-bearingmice were treated

daily with the control, 10mg/kg almonertinib, 25mg/kg
almonertinib, 10mg/kg osimertinib, or 25mg/kg osimertinib.
After 2–3 weeks, the bioluminescence signal of the mice was
obvious. The daily dose of 25mg/kg osimertinib in nude mice
provides the exposure level was comparable to the daily dose of
80mg in humans. In this experiment, 10 and 25mg/kg almonertinib
and osimertinib effectively inhibited the growth of intracranial
tumors (Figures 2A–C). The body weight of mice treated with
both almonertinib and osimertinib decreased after administration.
The weight loss in the 25 mg/kg osimertinib dose group was
more obvious, and the skin of mice in the osimertinib 25 mg/kg
group appeared to be keratinized (Figures 2D, G,H). To
evaluate whether the efficacy of almonertinib in the
treatment of intracranial tumors was related to the survival
rate of mice, we calculated the survival of mice in the control,
almonertinib (10 and 25 mg/kg), and osimertinib (10 and
25 mg/kg) groups for 60 days (Figure 2E). The results
showed that the overall survival time of mice in the
almonertinib group was longer than that of mice in the
osimertinib group, and the quality of life achieved with
10 mg/kg almonertinib and 10 mg/kg osimertinib was better
than that with 25 mg/kg almonertinib and 25 mg/kg
osimertinib. At the same time, the experimental sample size
was small and the individual differences of mice were large;
therefore, more samples are needed for comparison.
Histological analysis showed that the number of proliferative
cells significantly decreased in almonertinib-treated mice
(Figure 2F). Correspondingly, we performed a sticky dot test
and a vertical test on mice to score neurological function and to
evaluate motor and sensory nerve function. The mice with brain
metastasis in the almonertinib 25 mg/kg group showed a
significant improvement in neurological function compared
with those in the control group (Figures 2I,J).

Almonertinib Shows Superior
Tumor-Regressing Efficacy in an Epidermal
Growth Factor Receptor Mutant Spinal
Cord Metastases Model
Spinal cord metastasis remains a major problem in NSCLC. To
verify whether almonertinib has an inhibitory effect on spine
metastasis, we established an NSCLC spinal cord metastasis
model in nude mice. For the spinal cord metastasis model,
PC9-LUC cells were injected into the brain ventricles of nude
mice, and the mice were placed in an SPF environment. After
2–3 weeks, the spinal cord bioluminescence signal of the mice
was obvious. These mice were then randomly divided into five
groups (five in each group) to receive various treatments. After
16 days of modeling, bioluminescence imaging was used to
assess the growth and metastasis of PC9-LUC cells every week.
Compared with the control group, the biofluorescence signal
of the high-dose almonertinib group and the high-dose
osimertinib group was significantly reduced, showing
inhibited growth and metastasis of intracranial and spinal
cord tumor cells. The biofluorescence signal of the
almonertinib and osimertinib low-dose groups did not
change significantly compared with that of the control
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FIGURE 2 | Anti-tumor effect of almonertinib in PC9-LUC brain metastatic tumor model. (A) Establishment of a brain metastatic tumor model of non-small cell lung
cancer; (B) Two weeks after the injection of PC9-LUC, the animals were treated with almonertinib or osimertinib once daily. Almonertinib 10 and 25 mg/kg (Qd) and
osimertinib 10 and 25 mg/kg (Qd) were used to treat PC9-LUC brain metastatic tumor mice. Tumor bioluminescence (C), body weight (D), and overall survival rate (E)
were observed. (F) The expression of Ki-67 in the brain tissue was detected by hematoxylin-eosin and immunohistochemical staining. (G,H) Images of brain
metastases in mice after administration; (I,J) neurological score of mice with brain metastases. Scale bar, 50 μm. Data are presented as mean ± SEM (n � 5/group). **p <
0.01 vs. vehicle control.
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FIGURE 3 | Antitumor effect of almonertinib in PC9-LUC-injected mice with spinal cord metastases. (A) Establishment of a spinal cord metastasis model of non-small cell
lung cancerwith brainmetastasis; (B)Twoweeks after the injection of PC9-LUC, the animalswere treatedwith almonertinib or osimertinib once daily. Almonertinib 5 and 25 mg/kg
(Qd) and osimertinib 5 and 25 mg/kg (Qd) were used to treat PC9-LUC-injected mice with brain metastases and spinal cord metastases. Intracranial tumor bioluminescence (C),
spinal cord tumor bioluminescence (D), body weight (E), and overall survival rate (F) were observed. The expression of Ki-67 in the spinal cord tissue was detected by
hematoxylin-eosin staining and immunohistochemical staining. Scale bar, 50 μm. Data are presented as mean ± SEM (n � 5/group). **p < 0.01 vs. vehicle control. (G) The
expression of Ki-67 in the spinal cord tissue was detected by hematoxylin-eosin staining and immunohistochemical staining.
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group, and the growth of tumor cells was the same as that
before administration (Figures 3A–D). Similar to the
treatment of brain metastases, we observed changes in the
body weight and survival curve of mice; the weight change in
nude mice in the high-dose group was higher than that in the
nude mice in the low-dose group (Figures 3E,F). Nude mice in
the almonertinib-administered group presented a longer

survival time than those in the osimertinib-administered
group. After treatment, the spinal cords of the high-dose
almonertinib and control mice were dissected for H&E and
Ki-67 staining. The high-dose almonertinib group showed a
significant inhibition in the proliferation of tumor cells
(Figure 3G). In summary, almonertinib can inhibit NSCL
brain and spinal cord metastases in vivo.

Almonertinb can Cross the Blood-Brain
Barrier and Enter the Brain to Distribute in
the Tumor Tissue
To verify whether almonertinib can penetrate the BBB, the drug
concentration in the brain tissue and plasma of mice with brain
metastases within 24 h after administration was detected. In the PC9-
LUCBMxenograft model, almonertinib demonstrated excellent BBB
penetration. The maximum concentration of the compound was
detected in the brain at 4 h after a single dose of 25mg/kg. The blood
concentration-time curve of almonertinib andHAS-719measured by
oral administration of almonertinib and HAS-719 in mice with brain
metastases was 25mg/kg. According to the curve of blood
concentration at each time point, the plasma concentration of
almonertinib increased rapidly within 0.5 h after oral
administration, decreased rapidly after 1 h, and reached a
maximum at 4 h. Almonertinib could still be detected in the
plasma and brain tissue at 24 h. At the same time, we observed
that the concentration of almonertinib metabolite HAS-719 in the
brain tissue was considerably lower than that in the plasma (Figures
4A–E; Table1).

Almonertinib is a Substrate of ATP Binding
Cassette Subfamily B Member 1 and Breast
Cancer Resistance Protein Transporters
There are a series of expatriate transporters on the BBB, and they
can further restrict the entry of therapeutic drugs into the brain.
Among all expatriate transporters expressed on the BBB, two

TABLE 1 | Pharmacokinetics of almonertinib and HAS-719 in plasma and brain
following oral administration of almonertinib at 25 mg/kg to female BALB/c
nude mice bearing PC9-LUC tumor xenografts.

Test compound Dose (mg/kg) 25

Tissue Plasma Brain

Almonertinib Cmax (μmol/L) 6.41 5.36
tmax (h) 0.5 2
AUC0–t (μmol/L.h/L) 16.86 30.6
Tissue/plasma AUC ratio NA 1.82
MRTLast (h) 5.42 6.19

HAS-719 Cmax (μmol/L) 0.65 0.11
tmax (h) 4 6
AUC0–t (μmol/L.h/L) 4.96 1.06
Tissue/plasma AUC ratio NA 0.21
MRTLast (h) 6.67 7.44

AUC, area under the plasma or tissue concentration-time curve; AUC0–t, area under the
plasma or tissue concentration-time curve from time 0 to time t; Cmax, maximum plasma
concentration; NA, not applicable; tmax, time to Cmax; MRTlast, retention time of the drug in
the body.

FIGURE 4 | Almonertinib and its metabolite HAS-719 in the brain tissue
and plasma of mice with brain metastases were determined by liquid
chromatography-mass spectrometry (LC-MS). (A) The second-order mass
spectra of almonertinib and HAS-7A9; the typical LC-MS
chromatograms of almonertinib (left) and HAS-7199 (right). (B) Blank
plasma; (C) blank plasmamixed with standard almonertinib and HAS-719; (D)
almonertinib 25 mg/kg was orally administered to mice. (E) Concentration-
time profiles of almonertinib and HAS-719 after the oral administration of
almonertinib in mice with brain metastases (n � 5).
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(ABCB1 and BCRP) are mainly responsible for transporting
anticancer drugs that penetrate the brain parenchyma, and
back to the circulating blood. To verify whether almonertinib
is a substrate of efflux transporters such as ABCB1 and BCRP, we

measured the net efflux ratio (ER) of ABCB1 or BCRP at different
doses of almonertinib and HAS-719 (Figure 5). Based on the
positive substrate criteria of the efflux ratio (ER >2) and the
finding of a previous study (Ballard et al., 2016), the relative efflux

FIGURE 5 | Permeability of almonertinib and HAS-719 across MDCK, ABCB1-MDCK and BCRP-MDCK cell monolayers. (A) The production of ABCB1-MDCK
and BCRP-MDCK cells. (B) The ABCB1-overexpressing and BCRP-overexpressing MDCK cells were identified by western blotting. (C) The effects of almonertinib on
the viability of MDCK, ABCB1-MDCK, and BCRP-MDCK cells. These cells were treated with almonertinib at a gradient concentration (0–70 μM) for 4 h. (D) Permeability
of almonertinib (1, 10, and 20 μM), (E) HAS-719 (1, 10, and 20 μM) across MDCK, ABCB1-MDCK, and BCRP-MDCK cell monolayers.
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ratios of almonertinib or its metabolite HAS-719 between
ABCB1-MDCK and normal MDCK cells and between BCRP-
MDCK andMDCK cells suggest that these agents are ABCB1 and
BCRP transporter substrates. In ABCB1-MDCK cells, the efflux
ratio of almonertinib dosed at 1 µM was 5.2, at 10 µM was 2.75,
and at 20 µM was 1.84. ER in BCRP-MDCK cells at 1 µM was
4.62, at 10 µM was 2.51, and at 20 µM was 1.53.

Almonertinib Demonstrates Potent
Anti-Tumor Activity in a Patient With
Epidermal Growth Factor Receptor Mutant
Non-Small Cell Lung Cancer
A 67-year-old Asian woman with EGFR 19del mutant lung
adenocarcinoma and brain metastases was treated with
almonertinib 110 mg po qd as a first-line treatment. After
8 weeks of treatment, the patient’s intracranial tumor partially
responded. During the treatment, the patient had no other
abnormalities (Figure 6).

DISCUSSION

In recent years, the clinical effect of EGFR-TKIs in the treatment
of patients with NSCLC has gradually attracted attention, and

several clinical trials have proven their effectiveness (Ballard et al.,
2016; Wang et al., 2017; Su et al., 2018; Saida et al., 2019; Yomo
et al., 2019; Yun et al., 2019; Dai et al., 2020). A retrospective study
(Liu et al., 2020) compared the efficacy of first-generation icotinib
and gefitinib against EGFR-mutated NSCLC brain metastases.
There was no significant difference in the intracranial overall
response rate (ORR) and disease control rate between the groups.
The median intracranial progression free survival (PFS) was 8.4
and 10.6 months, respectively, showing that EGFR-TKI
treatment is effective. Compared with first-generation TKIs,
second-generation TKIs improve the PFS and overall survival
(OS) of patients with EGFR-mutant NSCLC, and they are
effective in patients with brain metastases. In a comprehensive
analysis, afatinib significantly improved PFS, compared with
chemotherapy in patients with brain metastases (Schuler et al.,
2016). Although the treatment of EGFR-mutant tumors with
first- and second-generation TKIs improves tumor control,
resistance to first- and second-generation EGFR-TKIs usually
occurs within 9–14 months. The EGFR T790M point mutation is
observed in more than 50% of patients with disease progression
following the use of first-line TKIs (Mok et al., 2009; Maemondo
et al., 2010; Mitsudomi et al., 2010; Rosell et al., 2012; Sequist
et al., 2013; Wu et al., 2014; Wu et al., 2017). Osimertinib, a third-
generation, irreversible EGFR-TKI, inhibits common EGFR
mutations as well as the T790M resistance mutation. Its

FIGURE 6 | Almonertinib demonstrated potent anti-tumor activity in a patient with EGFRmutant NSCLC. Intracranial and extracranial response after treatment with
110 mg almonertinib in a 67-year old female patient with the EGFR mutation.
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distribution in the brain tissue is higher than that of the earlier
generations of TKIs, and the ability to penetrate the BBB is
stronger (Ballard et al., 2016). It has superior intracranial
performance and anti-tumor activity. However, osimertinib is
not ideal in terms of toxicity, which may be related to the active
metabolite AZ5104 produced in the body. Almonertinib is a new
third-generation EGFR TKI that targets EGFR-sensitizing
mutations and T790M resistance mutations. A phase I
multicenter clinical trial (NCT0298110) has confirmed that
almonertinib is safe, tolerable, and effective in patients with
locally advanced or metastatic NSCLC with EGFR T790M
mutation (Yang et al., 2020). Compared with osimertinib,
almonertinib retains the acrylamide structure, uses
aminopyrimidine as the core, and introduces cyclopropyl to
increase the stability of the compound (Cross et al., 2014;
Uchibori et al., 2017; Dong et al., 2019). After the T790M
mutation, the protein forms a compact hydrophobic pocket.
The hydrophobic cyclopropyl substituents on the indole and
its heteroatoms in the structure can fill this compact
hydrophobic pocket and achieve good inhibitory activity and
selectivity to WT.

In recent years, the incidence of brain metastases with NSCLC
has increased. WBRT is a conventional treatment for brain
metastases, and it can alleviate the neurological symptoms of
patients with NSCLC brain metastases. However, long-term
adverse effects are more significant, and they can cause
neurocognitive functional degradation and a decline in the
quality of life of patients. Platinum-based chemotherapy drugs
are difficult to reach brain tumors due to the BBB, and the median
survival time of patients is generally only 3–6 months. The
emergence of targeted therapy has transformed the treatment
of NSCLC into the era of individualized treatment. With
extensive research on NSCLC brain metastasis and the
continuous development of molecular targeted drugs for
corresponding gene mutations, the patient’s disease control
time and overall survival time have been significantly
prolonged, bringing hope to patients with NSCLC brain
metastasis.

In this study, the administration of almonertinib showed good
efficacy in a PC9-LUC nude mouse brain metastasis model. The
administration of 25 mg/kg almonertinib led to the regression of
brain tumors and improved neurological functions. Consistent
with the experimental results, the intracranial lesions in the
patient studied were significantly reduced after treatment with
almonertinib. The body weight of the nude mice in the
osimertinib group decreased more significantly than that of
mice in the almonertinib group. The almonertinib group
exhibited a longer survival time than the osimertinib group.
During the administration period, there was obvious skin
keratinization in the face and neck of mice in the 25 mg/kg
osimertinib group. We surmise that in the high-dose osimertinib
group, the drug may be metabolized into the active compound
AZ5104, which has a stronger inhibitory effect on wild-type
EGFR, while almonertinib effectively avoids non-selective
molecules such as AZ5104 metabolites.

Interestingly, with the method of establishing a brain
metastasis model reported by Yun et al. (2019), we found that

the nude mice also developed spinal cord metastases when tumor
cells were injected at 1 mm below the coronal suture of the skull
and 2–2.5 mm from the sagittal suture. Spinal cord metastases
can compress normal spinal cord tissue, resulting in the complete
loss of the corresponding sphincter function and motor and
sensory functions. If not diagnosed and treated on time, this
can cause physical disorders and seriously affect the patient’s
quality of life. In a previous study, autopsy revealed that
approximately 0.9–2.0% of patients with cancer had spinal
cord metastasis (Chamberlain et al., 2017), among which lung
cancer was the most common primary cancer, accounting for
approximately 50% (CHASON et al., 1963). In recent years,
EFGR-TKI has achieved good results in the treatment of
primary lung adenocarcinoma and brain metastases. However,
due to the few cases of intramedullary spinal cord metastasis
(ISCM) complicated by lung adenocarcinoma, the effect of
targeted therapy is still unclear. Tumor metastasis to the
spinal cord is an advanced manifestation of cancer.
Approximately 61% of patients also have brain metastases
(Sung et al., 2013; Goyal et al., 2019), and 15–55% of patients
have metastases to other parts of the body, such as the meninges
(Potti et al., 2001; Diehn et al., 2015). However, there are only a
few reports on spinal cord metastasis, and the treatment options
are relatively limited. In this study, the NSCLC spinal cord
metastasis model was established by injecting PC9-LUC cells
into different parts of the brains in nude mice. The 10 mg/kg
almonertinib treatment group showed a good treatment effect
against brain metastases. Therefore, we used 5 and 25 mg/kg
almonertinib to treat spinal cord metastatic mice and found that
almonertinib can inhibit tumor growth but cannot cause tumor
regression when administered at 5 mg/kg. However, 25 mg/kg
almonertinib showed a good treatment effect against brain and
spinal cord metastases. Consistent with the phenomenon
observed in the monotherapy of brain metastases, the
almonertinib and osimertinib groups showed similar efficacy.

The BBB can limit the permeation of most molecules, thereby
playing the role of a physical barrier (Porteous et al., 2013; Sanchez-
Covarrubias et al., 2014). Simultaneously, brain capillary endothelial
cells express a variety of pumps that can actively remove exogenous
substances that enter the cerebrospinal fluid circulation. However,
most chemotherapeutic drugs and available targeted drugs have
limited ability to enter the central nervous system through the BBB.
In this study, the pharmacokinetic parameters of PC9-LUC brain
metastases in mice treated with almonertinib reflected that
almonertinib has a higher intracranial concentration and has
good BBB penetration. The results of in vitro permeation
experiments showed that when almonertinib penetrated ABCB1-
MDCK and BCRP-MDCKmonolayer cells, its effect was influenced
by the excretion of ABCB1 and BCRP transporters. The penetration
rate of almonertinib at low concentrations is poor, and increasing the
dose can significantly increase the penetration rate of almonertinib.

The preclinical study results reported here are promising;
almonertinib could be a potential clinically significant
treatment option for patients with EGFRm brain and spinal
cord metastases. Nonetheless, further investigation of
almonertinib in patients with EGFRm NSCLC and brain and
spinal cord metastases is warranted.
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Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (EGFR-TKIs) are the
standard of care for non–small cell lung cancer (NSCLC) patients with EGFR exon 19
deletion and L858R mutations. However, no EGFR TKI has been approved for NSCLC
patients harboring insertion mutations in EGFR exon 20 (EGFRex20ins), a subgroup of
uncommon EGFR mutations resistant to first-generation EGFR TKIs. This unmet clinical
challenge is further complicated by disease progression due to brain metastases (BMs),
which limits the use of EGFR TKIs with low intracranial activity. Osimertinib, a third-
generation EGFR TKI with high CNS activity, has demonstrated superior efficacy as a first-
line treatment for EGFR-mutant NSCLC with or without BM. The VEGF pathway is a key
mediator of cancer metastasis and resistance to EGFR TKIs. Accumulating evidence has
demonstrated that the addition of anti-VEGF agents to EGFR TKIs provides an alternative
treatment option for the clinical management of EGFR-mutant NSCLC. We herein report
an NSCLC case with a novel EGFRex20ins mutation D770_N771insGT and multiple brain
metastases who briefly responded to first-line osimertinib treatment and subsequently
achieved prolonged disease control with osimertinib plus bevacizumab as second-line
treatment. Our case suggests that osimertinib in combination with bevacizumab may be
an effective option for NSCLC patients with specific EGFRex20ins mutations and
brain metastases.
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INTRODUCTION

Epidermal growth factor receptor (EGFR) mutations are major
drivers of non–small cell lung cancer (NSCLC) (1). Common
EGFR mutations (exon 19 deletion and L858R) and some
uncommon mutations (G719X, S768I, L861Q) are sensitive to
EFGR tyrosine kinase inhibitors (TKIs) (2). In contrast, EGFR
exon 20 insertion (EGFRex20ins) mutations represent a
heterogeneous group of uncommon EGFR mutations generally
associated with a lack of response to EFGR TKIs (2).

The molecular heterogeneity of EGFRex20ins mutations is
largely mediated by three elements: position, length, and the
exact amino acid sequence of the insertion (3, 4). Approximately
87% of EGFRex20ins mutations are clustered in a span of 14
amino acids containing two motifs: the aC-helix (E762_M766)
and the aC-b4 loop (A767_C775) (4). About 5% of EGFRex20ins
insertions are located at the N-terminus of the aC-helix
(A763_Y764insX), which is sensitive to EGFR TKIs. In
contrast, EGFRex20ins mutants with insertions in the aC-b4
loop have an unaltered ATP-binding pocket and are intrinsically
resistant to first-generation EGFR TKIs. In 2017, Kohsaka et al.
developed a mixed-all-nominated-mutants-in-one (MANO)
method to evaluate the drug sensitivity of 101 EGFR mutants
to five EGFR TKIs (gefitinib, erlotinib, afatinib, osimertinib, and
rociletinib). This work showed that five EGFRex20ins mutants
included in this study (S768_D770dup/D770_N771insSVD,
N771_P772insN, H773_V774insH, H773_V774insPH,
V774_C775insHV) are resistant to gefitinib, erlotinib, and
rociletinib but display some varied sensitivity to afatinib and
osimertinib (5). Furthermore, there was significant variation in
the drug sensitivity of these five mutants as N771_P772insN was
much more sensitive to afatinib/osimertinib than the others.

When EGFR TKIs are considered a treatment option for
EGFRex20ins-mutant NSCLC, physicians need to find the right
EGFR TKI with high activity for EGFR mutants and selectivity
over wild-type (WT) EGFR. A recent study showed that
mobocertinib (TAK-788) inhibits the 4 most common
EGFRex20ins mutants (A767_V769dup, S768_D770dup,
D770_N771insNPG, and N771_ H773dup) more potently than
WT EGFR while afatinib showed the opposite pattern (6).
Interestingly, osimertinib has selectivity for D770_N771insNPG
but not the others. Given the heterogeneity of EGFRex20ins
mutations, the practice of personalized therapy in patients with
these mutations requires a detailed analysis of specific variants.

The VEGF pathway is a key regulator of cancer metastasis and
anti-VEGF therapies have been approved for use in NSCLC (7).
Preclinical studies have found that VEGF and EGFR pathways
share common downstream signaling, and their crosstalk can
promote disease progression (8, 9). Recent clinical trials have
demonstrated that the addition of anti-VEGF therapy to erlotinib
in treatment-naive patients with EGFR-mutant NSCLC
significantly improved their clinical outcomes (10, 11). Based on
these results, the NCCN guidelines include erlotinib plus
bevacizumab or ramucirumab as first-line treatment options for
NSCLC patients with common EGFR mutations (2). However,
whether EGFR/VEGF dual blockade could improve the clinical
outcome of EGFRex20ins-mutant NSCLC patients is unknown.
Frontiers in Oncology | www.frontiersin.org 297
Here, we present an NSCLC patient with a novel EGFRex20ins
mutation and brain metastases who achieved durable disease
control with osimertinib plus bevacizumab after a brief response
to first-line osimertinib monotherapy.
CASE DESCRIPTION

In January 2019 a 69-year-old Chinese male ex-smoker who had
had type 2 diabetes for 10 years presented with dizziness and
unsteady walking for two months. Computed tomography (CT)
scans of the chest revealed two masses and multiple nodules in
the right lower lobe. Brain magnetic resonance (MR) imaging
found multiple metastases and ECT showed enhanced
radioactivity at T2 and L4. The patient was diagnosed with
stage IV (T3N0M1) lung adenocarcinoma via percutaneous
biopsy. Next-generation sequencing (NGS) testing showed an
EGFR exon20 insertion (p.D770-N771insGT) mutation with
concurring ERBB2 and TP53 mutations (Figure 1). According
to the American College of Medical Genetics and Genomics
(ACMG) guidelines (12), the ERBB2 P1170A and TP53
R197_V197insA mutations were classified as benign and a
variant of unknown significance (VUS), respectively. Therefore,
they were excluded from the treatment decision-making process.

The patient refused chemotherapy and whole-brain radiation,
the standard care for his condition. As D770_N771insGT is a
novel EGFRex20ins mutant, we used data from two very similar
mutants as the reference to guide our EGFR TKI selection
process. For the D770_N771insNPG mutant, the IC50 values
of erlotinib, afatinib, and osimertinib were 1146 nM, 43 nM, and
42 nM, respectively (13). The selectivity indexes (log10
[IC50mutant/IC50Wild Type]) for afatinib and osimertinib
were above zero and below -1, which means osimertinib has a
better therapeutic dose window than afatinib for this variant.
Importantly, Piotrowska et al. reported an 11- month-long
clinical response to osimertinib in a metastatic lung cancer
patient harboring an EGFR S768_D770dup mutation (14).
Additionally, preclinical comparison of osimertinib with other
EGFR TKIs in an EGFR-mutant NSCLC brain metastasis model
showed that osimertinib has greater penetration of the blood-
brain barrier than gefitinib, rociletinib, or afatinib at clinically
relevant doses (15). The brain:plasma Cmax ratios for
osimertinib, afatinib, gefitinib, and rociletinib were 3.41, <0.36,
0.21, and <0.08, respectively. Based on all these data, the patient
was administered osimertinib (80 mg daily). It was well tolerated
with only grade 1 nausea and his symptoms disappeared 20 days
later. At the 4 month follow-up, the lesions on the right lung and
brain achieved partial response by RECIST (version 1.1; −37.5%
and -52.3% response, respectively). At the end of May, the
patient complained about headache, and progression of the
brain lesion was noted by MRI. With the consent of the
patient, bevacizumab (400 mg/month) was added to
osimertinib from June 6th, 2019. The combination was well
tolerated without any report of toxicity. CNS symptoms
cleared up again as the brain nodule stopped growing and
edema was eliminated. Strikingly, the lung lesion achieved PR
again (version 1.1; −82.2% response) with the combination
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therapy. At follow-up 2.1, 4.5, 6.5, and 9.1 months after the
combination therapy, the patient had an ongoing clinical benefit
and stable disease. The dynamic changes in chest CT and brain
MRI during treatments are shown in Figure 2.

Two months before the patient’s death, there was a significant
decline in his physical activity and consciousness. On March 5th,
a CT scan of the chest revealed no progressive disease. Brain MRI
was not feasible due to his poor physical condition. Laboratory
Frontiers in Oncology | www.frontiersin.org 398
tests showed hemoglobin 96 g/L(normal range, 137-179 g/L),
creatinine 177.7 umol/L (normal range, 30-110 umol/L), brain
natriuretic peptide precursor (proBNP) 234.9 pg/mL (normal
range, 0-150 pg/mL), carcinoembryonic antigen (CEA)22.46 ug/
L (normal range, 0-5.0 ug/L), CYFRA21-1 5.15 ng/mL (normal
range, 0.1-4.0 ng/mL), and SCC 3.1 ng/mL. Bevacizumab was
discontinued due to the increased creatine level, a biomarker for
kidney damage. Elevated proBNP levels are a heart failure
FIGURE 2 | Patient dynamic changes in the chest CT and brain MRI during treatments.
FIGURE 1 | Gene check analysis showed that the patient had an EGFR exon20 insertion (p.D770-N771insGT) mutation.
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biomarker related to cardiac adverse events associated with
osimertinib. Because of his physical condition and the lack of
symptoms of heart failure, the patient continued with
osimertinib. He was discharged after his symptoms improved.
Although we suspected the presence of leptomeningeal
metastasis, we could not confirm this diagnosis with enhanced
brain MRI or physical examination. Due to poor physical
condition, the patient declined lumbar puncture for further
diagnosis. Therefore, the exact cause of his death is unknown.
On March 20th, the patient died with an overall survival time of
13.5 months. Figure 3 shows a flow pathway for treatment
and assessment.
DISCUSSION

Activating EGFR mutations are common drivers of NSCLC (1).
EGFR exon 19 deletions and the L858R mutation represent 85-
90% of kinase domain mutations observed in NSCLC and are
sensitive to EGFR tyrosine kinase inhibitors (TKIs) (16). In
contrast, uncommon EGFRex20ins mutations are generally
resistant to early-generation EGFR TKIs (17). Currently, no
EGFR TKI has been approved for EGFRex20ins-driven NSCLC
and the standard of care for this condition is chemotherapy
associated with 50-63% response rates and median PFS 4.1–6.4
months (18–20). Therefore, there is a substantial clinical need to
improve the outcome of this NSCLC patient subgroup.

Currently, osimertinib is the preferred first-line EGFR TKI for
NSCLC patients with sensitizing EGFR mutations (2). However,
its efficacy in EGFRex20ins NSCLC has not been adequately
characterized. EA5162, a single-arm, phase 2 study showed that
osimertinib at 160 mg achieved a response rate of 25%, disease
control rate of 85%, and mPFS of 9.7 months in 20 EGFRex20ins
Frontiers in Oncology | www.frontiersin.org 499
NSCLC patients (21). In a single-center retrospective study of
osimertinib for 62 EGFRex20ins NSCLC patients, osimertinib 80
mg or 160 mg resulted in a response rate of 6.5%, disease control
rate of 53.2%, and mPFS of 2.3 months (22). There was no
significant difference in median PFS between patients who
received osimertinib 80 mg or 160 mg (2.5 vs. 1.3 months,
P = 0.161).

Because EGFRex20ins mutants are heterogeneous in their
drug sensitivity, the selection of EGFR TKIs targeting specific
EGFRex20ins mutants requires a good understanding of their
mechanism of activation and effects on drug binding. For
instance, steric hindrance in the drug-binding pocket of some
EGFRex20ins mutants restricts the binding of EGFR TKIs with a
rigid core and large terminal group such as osimertinib (6).
Under this condition, afatinib can have a better inhibition
potential than osimertinib. Consistently, the average IC50
values for afatinib and osimertinib across 6 EGFRex20ins
mutants (A767insASV, S768dupSVD, V769insASV,
D770insNPG, D770insSVD, H773insNPH) were 39.9 nM and
103 nM, respectively (23). And afatinib achieved a durable
response in a small number of NSCLC patients harboring
specific EGFRex20ins mutations (24–27). Similarly, poziotinib
has a less rigid core and smaller terminal groups than
osimertinib, which allows it to assess the restricted drug-
binding pocket of EGFRex20ins mutants more easily (16). In
the ZENITH20-3 phase 2 trial, EGFRex20ins NSCLC patients
receiving poziotinib had an ORR of 27.8% (95% confidence
interval [CI] 18.4–39.1%) and a median PFS of 7.2 months
(28). Mobocertinib (TAK-788) is a novel EGFR TKI rationally
designed to fit the drug-binding pocket of EGFRex20ins mutants
which results in increased affinity compared with osimertinib (6).
In a phase 1/2 trial, pretreated EGFRex20ins NSCLC patients
receiving mobocertinib achieved an ORR of 28% and a median
FIGURE 3 | Patient clinical course including treatment process and relevant assessment.
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PFS of 7.3 months (29). Interestingly, amivantamab, an EGFR-
MET bispecific antibody, was recently approved to treat
EGFRex20ins NSCLC patients (30). This approval was based
on the results of a phase 1 trial CHRYSALIS (NCT02609776) in
which amivantamab achieved an ORR of 40% (95% CI: 29%,
51%) and a median response duration of 11.1 months (95% CI:
6.9, not evaluable) (31).

Preclinical studies have found that the crosstalk between the
VEGF and EGFR pathways plays an important role in the
pathogenesis and metastasis of EGFR-mutant NSCLC (8, 9).
Activation of EGFR signaling increases VEGF expression
through hypoxia-independent mechanisms, and elevated
VEGF, in turn, contributes to resistance to EGFR TKIs (9).
Therefore, dual EGFR-VEGF inhibition may provide greater
antitumor activity than the respective monotherapies (7).
Indeed, the NEJ026 and ARTEMIS-CTONG1509 trials showed
that PFS was significantly improved in the erlotinib plus
bevacizumab group compared with the erlotinib group (16.9
versus 13.3 mo, HR: 0.605, p = 0.016; 17.9 vs. 11.2 mo, HR: 0.55, p
< 0.001, respectively) (10, 32). The RELAY trial evaluated the
efficacy of erlotinib plus ramucirumab versus erlotinib plus
placebo (11). PFS was superior in the combination group
compared with the control group (median PFS: 19.4 versus
12.4 mo, HR: 0.59, p < 0.0001). Currently, the NSCLC NCCN
guidelines include erlotinib plus bevacizumab or ramucirumab
as first-line treatments for patients with sensitizing EGFR
mutations (2).

NSCLC patients with acquired erlotinib-resistant EGFR
T790M mutations were excluded from most of the clinical
trials mentioned above. Based on the superior efficacy of
osimertinib against the T790M mutation and positive results of
the RELAY and NEJ026 trials, it is expected that osimertinib plus
bevacizumab may achieve better clinical efficacy than osimertinib
alone in T790M-positive NSCLC patients. However, data from
the randomized WJOG 8715L phase 2 trial revealed that this
combination did not improve PFS or OS in T790M-positive
NSCLC (33).

Here, we conducted a three-step analysis to reconcile the
conflicting results between the WJOG 8715L trial and previous
erlotinib/bevacizumab combination trials. First, we separated OS
results from PFS results. Since no OS benefit was seen in phase 3
trials for erlotinib plus bevacizumab in EGFR-mutant NSCLC
(7), one should not expect osimertinib plus bevacizumab to
achieve longer OS than osimertinib alone. Second, we
separated the first-line setting from the second-line setting in
the PFS analysis. In the WJOG 8715L trial, the median PFS of
second-line bevacizumab plus osimertinib was numerically
shorter than that of osimertinib alone (9.4 vs. 13.5 months, p =
0.2). However, in the first-line setting, this combination achieved
a median PFS of 19 months in a phase 1/2 trial conducted at
MSKCC, close to the median PFS of 18.9 months with that of
osimertinib alone in the FLAURA trial (34, 35). It is noteworthy
that more patients in the MSKCC trial had brain metastases than
those in the FLAURA trial (31% vs. 19%), which may influence
PFS. Third, we identified multiple putative confounding factors
in the WJOG 8715L trial. The percentages of stage IV diseases,
Frontiers in Oncology | www.frontiersin.org 5100
prior chemotherapy, prior anti-VEGF therapy, and brain
metastases in the combination group were all higher than
those in the osimertinib group (83% vs. 63%, 25% vs. 17%,
20% vs. 10%, 30% vs. 22%) (33). Although these confounding
factors were not statistically significant individually, all four
factors were in favor of the osimertinib group. Furthermore,
subgroup analysis revealed that patients with prior anti-VEGF
therapy had a significantly shorter PFS than those who did not in
the combination group (4.6 vs. 11.1 months; HR, 0.41; P = .03)
but not in the osimertinib group (15.1 months vs. 13.7 months;
HR, 1.19; P = .85) (33). Given the relatively small sample size (n
= 81) and imbalanced patient characteristics of the WJOG 8715L
trial, it will be too early to draw conclusions regarding the efficacy
of osimertinib plus bevacizumab before the results of more trials
become available.

In line with our analysis, the results of the ETOP BOOSTER
phase 2 trial with a setting identical to the WJOG 8715L trial and
larger sample size (n = 155) revealed that osimertinib plus
bevacizumab yielded significantly longer median PFS in
current/former smokers than osimertinib alone (16.5 vs. 8.4
months, p = 0.0052) (36). More importantly, the combination
also achieved significantly longer median OS than osimertinib
alone in the smoker subgroup. These results indicate that
osimertinib plus bevacizumab could benefit the smoker
subgroup of EGFR-mutant NSCLC patients.

One unresolved question is whether EGFRex20ins-driven
NSCLC will share similar downstream signaling profiles and
vulnerabilities that can be exploited therapeutically with dual
inhibition of EGFR and VEGF signaling. Interestingly, a
preclinical study showed that three representative EGFR-
activating mutations (exon 19 deletion, L858R, N771delinsFH)
induce HIF-1a expression, which in turn upregulates VEGF
expression (9). Osimertinib treatment reduced HIF-1a and
VEGF in L858R or exon 19 deletion mutant cells while
poziotinib treatment decreased HIF-1a and VEGF levels in
N771delinsFH mutant cells. These results indicated that
abnormal EGFR signaling activation was the dominant driver
of VEGF upregulation in NSCLC cells and that EGFR-dependent
upregulation of VEGF can be targeted with EGFR TKIs.
Furthermore, in two PDXs harboring EGFRex20ins mutations
(H773insNPH and S768dupSVD), poziotinib plus bevacizumab
resulted in near-complete tumor regression and significantly
prolonged PFS compared with either reagent alone (9). These
results indicated that the addition of bevacizumab to EGFR TKIs
may achieve better therapeutic efficacy in EGFRex20ins NSCLC
than EGFR TKIs alone.

Accumulating evidence suggests that EGFR TKIs plus
bevacizumab are a promising treatment option for EGFR-
mutant NSCLC patients with CNS diseases. Data from the
ARTEMIS-CTONG1509 phase 3 trial showed that the addition
of bevacizumab to erlotinib significantly improved PFS in
patients with brain metastases (32). Compared to erlotinib
alone, the combination also had a positive trend to prolong OS
in this patient subgroup. Similarly, in the MSKCC phase 2 trial,
osimertinib plus bevacizumab resulted in a 100% response rate in
6 patients with brain metastases, including two complete
October 2021 | Volume 11 | Article 733276
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responses (35). Interestingly, this combination also
demonstrated CNS activity in patients with leptomeningeal
metastases (37, 38). Consistently, the addition of bevacizumab
to osimertinib achieved significantly longer PFS than osimertinib
alone in our patient, who had multiple brain metastases.
CONCLUSIONS

Our case suggests that osimertinib alone or in combination with
bevacizumab can be a feasible therapeutic option for NSCLC
patients with specific EGFRex20ins mutations and brain
metastases. Future studies are required to determine the
efficacy and safety of this combination in NSCLC patients with
different EGFRex20ins mutations.
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Chemotherapy is the most common clinical treatment for non-small cell lung cancer
(NSCLC), but low efficiency and high toxicity of current chemotherapy drugs limit their
clinical application. Therefore, it is urgent to develop hypotoxic and efficient chemotherapy
drugs. Theophylline, a natural compound, is safe and easy to get, and it can be used as a
modified scaffold structure and hold huge potential for developing safe and efficient
antitumor drugs. Herein, we linked theophylline with different azide compounds to
synthesize a new type of 1,2,3-triazole ring-containing theophylline derivatives. We
found that some theophylline1,2,3-triazole compounds showed a good tumor-
suppressive efficacy. Especially, derivative d17 showed strong antiproliferative activity
against a variety of cancer cells in vitro, including H460, A549, A2780, LOVO, MB-231,
MCF-7, OVCAR3, SW480, and PC-9. It is worth noting that the two NSCLC cell lines
H460 H and A549 are sensitive to compound d17 particularly, with IC50 of 5.929 ±
0.97 μM and 6.76 ± 0.25 μM, respectively. Compound d17 can significantly induce cell
apoptosis by increasing the ratio of apoptotic protein Bax/Bcl-2 by downregulating the
expression of phosphorylated Akt protein, and it has little toxicity to normal hepatocyte
cells LO2 at therapeutic concentrations. These data indicate that these theophylline acetic
acid-1,2,3-triazole derivatives may be potential drug candidates for anti-NSCLC and are
worthy of further study.

Keywords: theophylline, 1,2,3-triazole, apoptosis, NSCLC, antitumor

INTRODUCTION

It is reported that lung cancer is the deadliest cancer in men in developed countries (26.2%) and
developing countries (22.3%) (Bray et al., 2018; Siegel et al., 2019). In 2020, there were 2.2 million
new lung cancer cases worldwide, accounting for 11.4% of the total global new cases; the death toll
from lung cancer was 1.782 million, accounting for 18.0% of the total global cancer deaths (Sung
et al., 2021). Lung cancer falls into two categories, non-small cell lung cancer (NSCLC) and small cell
lung cancer (SCLC). NSCLC is the most common type of lung cancer, further divided into squamous
cell carcinoma (SCC), large cell carcinoma (LCC), and adenocarcinoma (AC) (Goldstraw et al.,
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2011; Travis et al., 2011). AC (accounting for 50% of total
NSCLC cases) and SCC (accounting for 30% of total NSCLC
cases) are the most common types of NSCLC (Lee and Cheah,
2019). Chemotherapy is the most commonly used treatment of
NSCLC, but both single-agent chemotherapy and combination
chemotherapy will bring a series of serious side effects, such as
hair loss, anemia, nausea, and vomiting (Miller et al., 2016).
Therefore, it is extremely urgent to design a safe, efficient, and
less side-effect chemotherapy drug.

It is estimated that methylxanthine-containing compounds,
such as pentoxifylline (Figure 1A), can improve the efficacy of
radiotherapy and chemotherapy and are used as chemotherapy
sensitivity modifiers (Misirlioglu et al., 2007); caffeine
(Figure 1B) and theophylline (Figure 1C) can enhance the
toxicity of doxorubicin to tumor cells (Motegi et al., 2013;
Yung-Lung Chang et al., 2017; David Osarieme et al., 2019;
Liu et al., 2019). When theophylline is used in combination
with gemcitabine or cisplatin, it has been found that
theophylline can induce apoptosis in a variety of tumor cells
(Hirsh et al., 2004). As a natural medicine, theophylline has a
wide range of sources and low biological toxicity. Therefore,
theophylline as a basic modified scaffold structure provides hope
for developing safe and efficient antitumor drugs (Abou-Zied
et al., 2019).

1, 2, 3-Triazole, as an important nitrogen heterocyclic
structure, plays an important role in compound design and
synthesis (Majeed et al., 2013). Compounds with the 1, 2, 3-
triazole ring generally show good inhibitory activity against
cancer, inflammation, and microorganisms (Rohrig et al.,
2012; Zhao et al., 2012; Chen et al., 2017; Al-Blewi et al.,

2018; Sakly et al., 2018). In addition, the 1, 2, 3-triazole ring
can be easily constructed by the copper-catalyzed azide and
alkyne cycloaddition reaction, which reduces the difficulty of
synthesis and further improves the application potential. In
addition, some compounds containing 1, 2, 3-triazole, such as
ceftriaxone (Figure 1D) and carboxamide triazole (Figure 1E),
have been used in clinics or are undergoing clinical trials for
cancer treatment (Xu et al., 2019; Vanaparthi et al., 2020).
Tazobactam is also used as an antibacterial agent (Karlowsky
et al., 2020; Lob et al., 2020; Los-Arcos et al., 2020). 1, 2, 3-
Triazole can hybridize with other anticancer pharmacophores
or act as a linker connecting two anticancer pharmacophores,
which make it in the design and synthesis of antitumor
compounds widely (Bozorov et al., 2019; Aouad et al., 2021;
Liang et al., 2021).

Based on the above, we combined the advantages of
theophylline and 1, 2, 3-triazole, hoping to develop a novel
series of safe and efficient theophylline-containing 1, 2, 3-
triazole ring derivatives for the treatment of NSCLC. We
expect that this combination will improve the antitumor
activity of such compounds and solve safety issues. For
example, recent studies demonstrate that a novel series of
benzimidazole derivatives have cell-cycle inhibition and
apoptotic effects against a panel of selected human cancer
cell lines (Atmaca et al., 2020; Atmaca et al., 2021). The
structural modification of this series of compounds holds
great potential that leads to the discovery of a series of
novel antitumor chemical compounds which combine the
advantages of the original molecule with the introduced
additional functional groups.

FIGURE 1 | Examples of the methylxanthine-containing compounds and the reported 1, 2, 3-triazole derivatives for treating tumors.
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RESULTS AND DISCUSSION

Chemistry
The strategy for preparing target compound d is shown in
Scheme 1. Compound 2 was obtained after reaction of
theophylline acetic acid (compound 1) and 4-
aminophenylacetylene. The target compounds d1–d29 were
gained through click reaction of compound 2 with different
azido compounds. The reaction conditions of these operations
were gentle and easy to control. The structures of the key
intermediates and all target compounds were confirmed by
nuclear magnetic resonance (1H NMR and 13C NMR) and
high-resolution mass spectrometry (HRMS) (in
Supplementary Material).

In Vitro Antitumor Activity Study
IC50 values were obtained from three independent experiments.
These results are reported as the average ± SD.

Proliferative Activity of Nine Human Cancer Cell Lines
Was Inhibited by Theophylline-1,2,3-Triazole
Derivatives
In order to screen out compounds with excellent antitumor
activity from 31 theophylline acetic acid derivatives, we
selected two tumor cells lines, A549 and MCF-7, as the
treatment objects. The CCK8 assay was used to evaluate the
effect of this series of theophylline acetic acid derivatives on A549
andMCF-7 proliferative activity. As shown in Table 1, both A549
and MCF-7 are not sensitive to theophylline acetic acid [half-

maximal inhibitory concentration (IC50) >100 μM]. A549 is only
sensitive to d17 (IC50 � 6.76 ± 0.25) but not sensitive to
theophylline acetic acid and other theophylline-1, 2, 3-triazole
derivatives. For MCF−7, d1 (IC50 � 60.97 ± 9.74), d6 (IC50 �
45.24 ± 3.23), d17 (IC50 � 12.61 ± 3.48), d19 (IC50 � 59.01 ±
2.68), and d28 (IC50 � 80.69 ± 17.77) are sensitive. Although
the number of compounds sensitive toMCF-7 is more than A549,
A549 has the best sensitivity to compound d17 (IC50 � 6.76 ±
0.25), and MCF−7 also shows moderate sensitivity to
compound d17, so we chose compound d17 to carry out
the study.

To confirm the antitumor activity of compound d17 and
screen out the most sensitive cell line to compound d17, we
added seven cell lines, H460, A2780, LOVO, MB-231, OVCAR3,
SW480, and PC9, as treatment objects. As shown in Table 2,
compound d17 showed strong antiproliferative and cytotoxicity
to these nine cancer cell lines, H460 (IC50 � 5.93 ± 0.97 μM),
A549 (IC50 � 6.76 ± 0.25 μM), A2780 (IC50 � 26.84 ± 6.96 μM),
LOVO (IC50 � 37.42 ± 0.82 μM), MB-231 (IC50 � 18.78 ±
3.84 μM), MCF-7 (IC50 � 12.61 ± 1.76 μM), OVCAR3
(IC50 � 29.33 ± 6.20 μM), SW480 (IC50 � 15.66 ± 2.37 μM),
and PC9 (IC50 � 18.20 ± 14.15 μM). Among these nine cell lines,
H460 and A549 are the most sensitive cell lines to compound d17,
with IC50 of 5.93 ± 0.97 μM Figure 2A and 8.926 μM
(Figure 2B), respectively. In addition, we also measured the
cytotoxicity of compound d17 to normal liver cells LO2
(Figure 2C), and the results showed that at an effective
therapeutic concentration (8 μM), the cytotoxicity of d17 to
normal liver cells was almost 0; when the compound

SCHEME 1 | Reagents and conditions: (A) Theophylline acetic acid, 4-aminophenylacetylene, AHTU, and DIPEA were stirred in the DMF solvent 24 h at room
temperature; (B) click reaction of copper sulfate water and sodium ascorbate in a solvent (tert-butanol: tetrahydrofuran: water � 1:1:1 at 85°C).
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concentration reached 16 μM, it had a little inhibitory effect
on LO2.

To further evaluate the anti-NSCLC activity of compound d17, we
used LIVE/DEADstaining. As shown inFigure 3, the number of dead
cells increased as the concentration of compound d17 increased,
which was consistent with the results of CCK8 determination. In
short, these results indicate that compound d17 can effectively inhibit
the proliferative activity ofNSCLC andhas little cytotoxicity to normal
hepatocytes at effective therapeutic concentrations.

Theophylline1, 2, 3-Triazole Derivatives Suppress
NSCLC Cell Lines by Inducing Apoptosis
To clarify whether the antiproliferative effect is related to cell
apoptosis, H460 and A549 cells were treated with different
concentrations (5, 10, and 15 μM) of compound d17 for 48 h
and then detected by flow cytometry. As shown in Figure 4, we
observed significant apoptosis in H460 and A549 cells exposed to

different concentrations of d17. The proportions of H460
apoptotic cells treated with compound d17 were 11.19%
(5 μM), 24.89% (10 μM), and 40.09% (15 μM), while the
proportions of A549 apoptotic cells treated with compound
d17 were 8.55% (5 μM), 12.47% (10 μM), and 26.76% (15 μM).
These results suggested that compound d17 considerably
promoted the apoptosis of lung cancer cell lines H460 and
A549 in a concentration-dependent manner.

Theophylline1, 2, 3-Triazole Derivatives Trigger
Apoptosis by Suppressing Phosphorylation of Akt
Protein
In order to further explore the mechanism of d17-induced
apoptosis in NSCLC, western blot was used to detect
apoptosis-related markers Bax, Bcl-2 (Figure 5A), and Akt
(Figure 5B). As shown in Figure 5, after H460 cells were
treated with 0.1% DMSO as control or different concentrations

TABLE 2 | Antiproliferative activities of compounds d17 against nine human cancer cell lines and normal liver cell lines.

Compound no IC50 (μM)

H460 A549 A2780 LOVO MB-231 MCF-7 OVCAR3 SW480 PC-9 LO2

d17 5.93 ±
0.97

6.76 ±
0.25

26.84 ±
6.96

37.42 ±
0.82

18.78 ±
3.84

12.61 ±
1.76

29.33 ±
6.20

15.66 ±
2.37

18.20 ±
14.15

29.24 ±
3.74

IC50 values were obtained from three independent experiments. These results are reported as the average ± SD.

TABLE 1 | Antitumor activities of the designed compounds against two cancer cells lines in vitro.

Compound no n R1 R2 R3 R4 R5 IC50(μM)

A549 MCF-7

d-1 0 CH3 NO2 H H H >100 60.97 ± 9.74
d-2 1 Cl H H H H >100 >100
d-3 0 H H H H H >100 >100
d-4 1 H OCH3 H H H >100 >100
d-5 0 F H H H H >100 >100
d-6 1 H H Cl H H >100 45.24 ± 3.23
d-7 1 CF3 H H H H >100 >100
d-8 1 H H H H H >100 >100
d-9 1 Br H H H H >100 >100
d-10 1 H H CF3 H H >100 >100
d-11 0 OCF3 H H H H >100 >100
d-12 0 H CF3 CF3 H H >100 >100
d-13 0 H CH3 CH3 H H >100 >100
d-14 0 CF3 H H H H >100 >100
d-15 0 CH2CH3 H H H H >100 >100
d-16 0 CH3 H CH3 H CH3 >100 >100
d-17 0 CF3 H H CF3 H 6.76 ± 0.25 12.61 ± 3.48
d-18 0 H F H H H >100 >100
d-19 0 Cl H H H H >100 59.01 ± 2.68
d-20 0 H Br H H H >100 >100
d-21 0 H CF3 H CF3 H >100 >100
d-22 0 I H H H H >100 >100
d-23 0 H Cl H H H >100 >100
d-24 0 H H Cl H H >100 >100
d-25 0 H OCH3 H H H >100 >100
d-26 0 OCH3 H H H H >100 >100
d-27 0 H H F H H >100 >100
d-28 0 Br H H H H >100 80.69 ± 17.77
d-29 0 H H CF3 H H >100 >100
Theophylline acetic acid — — — — — — >100 >100
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of compound d17 for 24 h, total cell protein analysis showed
that the p-Akt protein level in H460 cells was lower than that in
the control group, and the ratio of p-Akt/Akt is also lower than

that in the control group, and as the drug concentration
increases, the ratio of p-Akt/Akt decreases. The levels of
apoptosis inhibitor protein Bcl-2 and apoptosis marker
protein Bax both decreased with the increase of drug
concentration, but the ratio of Bax/Bcl-2 increased with the
increase of drug concentration. Phosphorylated Akt protein
can inhibit apoptosis by inhibiting the function of Bax protein,
and various studies have reported that the overexpression of
phosphorylated AKT (p-AKT) is a key defect in many types of
solid tumors (Atmaca et al., 2017; Brown and Banerji, 2017;
Shariati and Meric-Bernstam, 2019; Song et al., 2019; Iida
et al., 2020). Compound d17 can inhibit the phosphorylation
of Akt protein, which indicates that compound d17 can
increase the ratio of apoptotic protein Bax/Bcl-2 and
promotes NSCLC cell apoptosis by inhibiting the
phosphorylation of Akt protein.

CONCLUSION

In a word, we designed and synthesized a series of
theophylline derivatives containing the 1, 2, 3-triazole ring
and evaluated their antiproliferative activity on nine kinds of
cancer cells. Some of these compounds showed significant
antitumor activity compared to theophylline acetic acid
against one or more cancer cell lines used in this study.
Among them, compound d17 showed strong
antiproliferation and cytotoxicity to all nine kinds of
cancer cells, and the two NSCLC, H460 and A549, show
the most sensitivity to compound d17 particularly. We
revealed the potential mechanism of d17-induce NSCLC
cell death is that compound d17 through inhibiting Akt
protein phosphorylation to induce mitochorylation
appotosis. Current research shows that when appropriate
substituents are introduced into the original molecule, the
structural diversity of drugs can be expanded. Future research
will focus on improving the anticancer activity and
pharmacokinetic properties of these compounds.

FIGURE 2 | Compound d17 supresses H460 and A549 cancer cells. H460 (A), A549 (B), and LO2 (C) cells were exposed to compound d17 with indicated
concentrations for 72 h, and cell viability was assessed by the CCK-8 assay, n � 3. *p-value < 0.05, **p-value < 0.01, and ***p-value < 0.001 (one-way ANOVA, followed
by Tukey’s post-test).

FIGURE 3 | Compound d17 suppresses H460 and A549 cancer cells.
Fluorescence images of (A) H460 and (B) A549 cells exposed to compound
d17 with indicated concentrations for 48 h and then stained with the red/
green kit; green indicates live cells, and red indicates dead cells.
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EXPERIMENTAL SECTION

General Experimental Procedures
The theophylline acetic acid, 4-aminophenylacetylene, and azido
compounds were purchased from Aladdin (CHINA). The RPMI-
1640 medium, Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), trypsin, and phosphate-buffered saline
(PBS) were purchased from Gibco (United States). The cell
Counting Kit-8 (CCK-8) was purchased from Abmole
(United States). An Annexin V/propidium iodide (PI) staining
kit was purchased from BD Biosciences (United States). Akt,
AKT1 (phospho S473), and the secondary antibodies of antirabbit
and antimouse were purchased from Cell Signaling Technology,
Inc. (United States). NSCLC cell lines PC-9, H460, and A549 and
other cancer cell lines A2780, LOVO, MB-231, MCF-7,
OVCAR3, and SW480 were obtained from ATCC.

Chemistry
The general procedures of preparation for erlotinib and
compounds d1–d29 were described in the section of results.
The structures of all target compounds were confirmed by
nuclear magnetic resonance (1H NMR and 13C NMR) and
high-resolution mass spectrometry (HRMS) as below.

Theophylline acetic acid [compound 1 (5 g, 0.02mol)], 4-
aminophenylacetylene (3.69 g, 0.0 3mol), HATU (12.96 g,
0.03mol), and DIPEA (8.13 g, 0.06mol) were added together into
a 500ml reaction flask in DMF, stirring for 24 h at room temperature
under nitrogen protection. The reaction process was monitored by
thin-layer chromatography (TLC). After the reaction was completed,
DMF was removed with an oil pump; dichloromethane was added
and washed with saturated salt water; the organic phase was
combined, dried with anhydrous sodium sulfate, and concentrated
in vacuum to obtain solid compound 2.

Benzyl bromide and sodium azide were stirred in a solvent
(acetone: water � 4:1) for 24 h at room temperature to

produce benzyl azide 3 (n � 1). Aniline is added to the
solvent (water:hydrochloric acid � 1:1) and stirred (below
5°), and then, sodium nitrite is dissolved in water, slowly
dripping in the solvent (water:hydrochloric acid � 1:1).
Finally, sodium azide is dissolved in water, slowly dripping
in the solvent (water:hydrochloric acid � 1:1) too, reacting for
24 h to obtain phenyl azide 3 (n � 0).

The azide compound (1.2 mmol) and compound 2 (1.0 mmol)
were added to 15 ml of a mixed solvent (tetrahydrofuran:water:
tert-butanol � 1:1:1). Anhydrous copper sulfate (0.1 mmol) and
sodium ascorbate (0.2 mmol) were added, and the mixture was
stirred at 80°C for 8 h. Upon completion of the reaction
(monitored by TLC), the mixture was extracted with
dichloromethane (15 ml × 3). All the organic phases were
continuously washed with water and brine, dried with
anhydrous sodium sulfate, and concentrated in vacuum. The
residue was purified by column chromatography
(dichloromethane:methanol � 20:1) to obtain the target
compounds d1–d29 in the white powder form.

2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-
N-(4-(1-(2-methyl-3-nitrophenyl)-1H-1,2,3-triazol-4-yl)phenyl)
acetamide (d1). 1H NMR (400 MHz, DMSO-d6): δ 10.58 (s, 1H),
8.97 (s, 1H), 8.19 (d, J � 7.3, 1H), 8.09 (s, 1H), 7.94–7.89 (m, 3H),
7.74–7.69 (m, 3H), 5.24 (s, 2H), 3.47 (s, 3H), 3.21 (s, 3H), 2.24
(s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 165.50, 155.00,
151.49, 151.26, 148.44, 147.00, 144.26, 139.11, 138.17, 131.46,
128.74, 128.50, 126.51, 126.09, 125.80, 123.66, 119.89, 106.95,
49.25, 29.95, 27.94, 14.45. HR MS (ESI) m/z: calcd for C24H22

N9O5 [M + H]+ 516.1744, found 516.1741.
N-(4-(1-(2-chlorobenzyl)-1H-1,2,3-triazol-4-yl)phenyl)-2-

(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)acetamide
(d2). 1H NMR (400 MHz, DMSO) δ 10.53 (s, 1H), 8.53 (s, 1H),
8.08 (s, 1H), 7.82 (d, J � 8.3, 2H), 7.65 (d, J � 8.3, 2H), 7.54 (d, J �
7.6, 1H), 7.43–7.37 (m, 2H), 7.28 (d, J � 7.0, 1H), 5.75 (d, J � 7.5,
2H), 5.22 (s, 2H), 3.46 (s, 3H), 3.20 (s, 3H). 13C NMR (100 MHz,

FIGURE 4 | Compound d17 induced apoptosis of H460 and A549. Flow cytometry analysis data from three independent experiments were summarized and
shown. NC, negative control. *p-value < 0.05, **p-value < 0.01, and ***p-value < 0.001 (one-way ANOVA, followed by Tukey’s post-test).
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DMSO-d6) δ 165.41, 154.98, 151.49, 148.43, 146.69, 144.25,
138.75, 133.64, 133.09, 130.99, 130.73, 130.10, 128.25, 126.36,
126.29, 121.85, 119.80, 106.93, 51.23, 49.22, 29.94, 27.92. HRMS
(ESI) m/z: calcd for C24H22 ClN8O3 [M + H]+ 505.1503, found
505.1501.

2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-
yl)-N-(4-(1-phenyl-1H-1,2,3-triazol-4-yl)phenyl)acetamide (d3).

1H NMR (400 MHz, DMSO-d6) δ 10.58 (s, 1H), 9.23 (s, 1H), 8.09
(s, 1H), 7.93 (dd, J1 � 14.5, J2 � 8.2, 4H), 7.71 (d, J � 8.4, 2H), 7.64
(t, J � 7.7, 2H), 7.52 (t, J � 7.3, 1H), 5.24 (s, 2H), 3.47 (s, 3H), 3.21
(s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 165.50, 155.00, 151.50,
148.45, 147.54, 144.27, 139.05, 137.14, 129.16, 126.46, 126.01,
120.44, 119.90, 106.96, 49.26, 29.96, 27.95. HR MS (ESI) m/z:
calcd for C23H21N8O3 [M + H]+ 457.1737, found 457.1737.

FIGURE 5 | Compound d17 suppressed Akt phosphorylation and its transduction of downstream signaling Bax and Bcl-2 in NSCLC cells. Western blot was used
to detect apoptosis-related markers Bax, Bcl-2 (A), and Akt (B). Protein bands (left images) and quantification (right images and tables below) are presented. NC,
negative control. *p-value < 0.05, **p-value < 0.01, and ***p-value < 0.001 (one-way ANOVA, followed by Tukey’s post-test).
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2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-
yl)-N-(4-(1-(3-methoxybenzyl)-1H-1,2,3-triazol-4-yl)phenyl)
acetamide (d4). 1H NMR (400 MHz, DMSO-d6) δ 10.53 (s, 1H),
8.55 (s, 1H), 8.08 (s, 1H), 7.81 (d, J � 8.3, 2H), 7.65 (d, J � 8.3, 2H),
7.30 (t, J � 7.8, 1H), 6.91 (dd, J1 � 16.6, J2 � 8.0, 3H), 5.60 (s, 2H),
5.22 (s, 2H), 3.75 (s, 3H), 3.46 (s, 3H), 3.20 (s, 3H). 13C NMR
(100 MHz, DMSO-d6) δ 165.40, 159.94, 154.98, 151.49, 148.43,
146.86, 144.25, 138.71, 137.89, 130.43, 126.46, 126.24, 121.51,
120.45, 119.81, 114.20, 113.95, 106.94, 55.59, 53.40, 29.94, 27.93.
HR MS (ESI) m/z: calcd for C25H25N8O4 [M + H]+ 501.1999,
found 501.2004.

2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-
N-(4-(1-(2-fluorophenyl)-1H-1,2,3-triazol-4-yl)phenyl)acetamide
(d5). 1H NMR (400MHz, DMSO-d6) δ 10.59 (s, 1H), 9.01 (s, 1H),
8.10 (s, 1H), 7.92 (s, 3H), 7.67 (d, J � 31.5, 4H), 7.48 (s, 1H), 5.24
(s, 2H), 3.46 (d, J � 4.5, 3H), 3.21 (s, 3H). 13C NMR (100MHz,
DMSO-d6) δ 144.26, 139.10, 126.55, 126.46, 126.10, 119.88, 49.25,
40.40, 40.19, 29.95, 27.94. HR MS (ESI) m/z: calcd for
C23H20FN8O3 [M + H]+ 475.1642, found 475.1651.

N-(4-(1-(4-chlorobenzyl)-1H-1,2,3-triazol-4-yl)phenyl)-2-(1,3-
dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)acetamide
(d6). 1HNMR (400 MHz, DMSO-d6) δ 10.51 (s, 1H), 8.54 (s, 1H),
8.08 (s, 1H), 7.80 (d, J � 8.7, 2H), 7.64 (d, J � 8.7, 2H), 7.48–7.43
(m, 2H), 7.37 (d, J � 8.5, 2H), 5.64 (s, 2H), 5.22 (s, 2H), 3.46
(s, 3H), 3.20 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 165.40,
154.99, 151.50, 148.45, 146.92, 144.26, 138.74, 135.45, 133.34,
129.26, 126.26, 121.56, 119.84, 106.95, 52.67, 49.22, 29.94, 27.93.
HR MS (ESI) m/z: calcd for C24H22ClN8O3 [M + H]+ 505.1503,
found 505.1504.

2-(1,3-dimethyl-2-oxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-N-
(4-(1-(2-(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)phenyl)
acetamide (d7). 1H NMR (400 MHz, DMSO-d6) δ 10.55 (s, 1H),
8.55 (s, 1H), 8.08 (s, 1H), 7.82 (s, 3H), 7.65 (d, J � 44.0, 4H), 7.24
(d, J � 4.4, 1H), 5.83 (s, 2H), 5.23 (s, 2H), 3.46 (s, 3H), 3.20 (s, 3H).
13C NMR (100 MHz, DMSO-d6) δ 165.42, 154.98, 148.43, 146.83,
144.26, 138.81, 133.73, 130.70, 129.39, 126.73, 126.67, 126.30,
122.09, 119.80, 106.94, 52.47, 50.16, 49.23, 39.99.29.95, 27.93,
7.64. HR MS (ESI) m/z: calcd for C25H22F3N8O3 [M + H]+

539.1767, found 539.1766.
N-(4-(1-benzyl-1H-1,2,3-triazol-4-yl)phenyl)-2-(1,3-dimethyl-

2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)acetamide (d8). 1H
NMR (400 MHz, DMSO-d6) δ 10.53 (s, 1H), 8.56 (s, 1H), 8.09
(s, 1H), 7.80 (s, 2H), 7.68–7.62 (m, 2H), 7.42–7.31 (m, 5H), 5.64
(s, 2H), 5.22 (s, 2H), 3.46 (s, 3H), 3.20 (s, 3H). 13C NMR
(100 MHz, DMSO-d6) δ 165.41, 146.87, 144.25, 136.47, 129.26,
128.62, 128.36, 126.24, 121.52, 119.81, 53.48, 49.23, 40.16, 29.94,
27.93. HR MS (ESI) m/z: calcd for C24H23N8O3 [M + H]+

471.1893, found 471.1903.
N-(4-(1-(2-bromobenzyl)-1H-1,2,3-triazol-4-yl)phenyl)-2-

(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)
acetamide (d9). 1H NMR (400 MHz, DMSO-d6) δ 10.51 (s, 1H),
8.51 (s, 1H), 8.08 (s, 1H), 7.82 (d, J � 8.6, 2H), 7.68 (dd, J1 � 21.2, J2
� 8.3, 3H), 7.45–7.40 (m, 1H), 7.33 (d, J � 16.8, 1H), 7.22 (d, J �
8.9, 1H), 5.72 (s, 2H), 5.22 (s, 2H), 3.46 (s, 3H), 3.20 (s, 3H). 13C
NMR (100 MHz, DMSO-d6) δ 165.40, 154.99, 151.50, 148.44,
146.70, 144.26, 138.76, 135.26, 133.38, 128.80, 126.39, 126.30,
123.34, 121.88, 119.84, 106.95, 53.57, 49.23, 29.94, 27.92. HR MS

(ESI) m/z: calcd for C24H22BrN8O3 [M + H]+ 549.0998, found
549.1008.

2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-
yl)-N-(4-(1-(4-(trifluoromethyl)benzyl)-1H-1,2,3-triazol-4-yl)
phenyl)acetamide (d10). 1H NMR (400 MHz, DMSO-d6) δ 10.53
(s, 1H), 8.60 (s, 1H), 8.08 (s, 1H), 7.79 (dd, J1 � 16.5, J1 � 8.4, 4H),
7.66 (d, J � 8.7, 2H), 7.54 (d, J � 8.1, 2H), 5.77 (s, 2H), 5.23 (s, 2H),
3.46 (s, 3H), 3.20 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ
165.42, 154.99, 151.49, 148.44, 146.99, 144.26, 141.15, 138.79,
129.07, 126.35, 126.28, 126.22, 126.18, 121.81, 119.82, 106.94,
52.81, 49.23, 29.95, 27.93. HR MS (ESI) m/z: calcd for
C25H22F3N8O3 [M + H]+ 539.1767, found 539.1776.

2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-
N-(4-(1-(2-(trifluoromethoxy)phenyl)-1H-1,2,3-triazol-4-yl)
phenyl)acetamide(d11). 1H NMR (400 MHz, DMSO-d6) δ 10.58
(s, 1H), 8.98 (s, 1H), 8.10 (s, 1H), 7.91 (t, J � 7.5, 3H), 7.76– 8 (m,
5H), 5.25 (s, 2H), 3.47 (s, 3H), 3.21 (s, 3H). 13C NMR (100 MHz,
DMSO-d6) δ 165.49, 155.00, 151.50, 148.45, 146.97, 144.26,
141.61, 139.11, 132.10, 130.20, 129.30, 128.02, 126.50, 125.76,
123.04, 119.94, 106.95, 49.25, 40.23, 29.94, 27.92. HRMS (ESI)m/
z: calcd for C24H20F3N8O4 [M + H]+ 541.1560, found 541.1568.

2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-
yl)-N-(4-(1-(3-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-yl)
phenyl)acetamide (d12). 1H NMR (400 MHz, DMSO-d6) δ 10.60
(s, 1H), 9.41 (s, 1H), 8.32 (s, 2H), 8.09 (s, 1H), 7.91 (d, J � 9.1, 4H),
7.73 (d, J � 8.4, 2H), 5.25 (s, 2H), 3.47 (s, 3H), 3.21 (s, 3H). 13C
NMR (100 MHz, DMSO-d6) δ 165.52, 155.00, 151.50, 148.45,
147.79, 144.26, 139.18, 137.58, 131.88, 126.48, 125.74,
124.28, 119.94, 116.98, 106.96, 49.26, 29.96, 27.94. HR MS
(ESI) m/z: calcd for C24H20F3N8O3 [M + H]+ 525.1610,
found 525.1623.

2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-
yl)-N-(4-(1-(m-tolyl)-1H-1,2,3-triazol-4-yl)phenyl)acetamide
(d13). 1H NMR (400 MHz, DMSO-d6) δ 10.58 (s, 1H), 9.20 (s,
1H), 8.09 (s, 1H), 7.91 (d, J � 6.8, 2H), 7.79 (s, 1H), 7.72 (s, 3H),
7.50 (t, J � 6.5, 1H), 7.33 (s, 1H), 5.76 (s, 2H), 5.24 (s, 2H), 3.47 (s,
3H), 3.21 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 165.48,
154.99, 151.49, 148.44, 147.45, 144.25, 140.13, 139.01, 137.09,
130.18, 129.70, 126.41, 126.05, 120.82, 119.89, 117.49, 106.95,
55.37, 49.25, 29.94, 27.92, 21.42. HR MS (ESI) m/z: calcd for
C24H23N8O3 [M + H]+ 471.1893, found 471.1906.

2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-
yl)-N-(4-(1-(2-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-yl)
phenyl)acetamide (d14). 1H NMR (400 MHz, DMSO-d6) δ 10.59
(s, 1H), 9.28 (s, 1H), 8.09 (s, 1H), 7.87 (dd, J1 � 19.7, J2 � 7.2, 4H),
7.78–7.64 (m, 3H), 7.37 (s, 1H), 5.25 (s, 2H), 3.47 (s, 3H), 3.21 (s,
3H). 13C NMR (100 MHz, DMSO-d6) δ 154.99, 151.50, 144.26,
132.41, 132.32, 126.47, 119.93, 119.72, 116.31, 55.36, 49.25, 40.21,
29.94, 27.92. HRMS (ESI)m/z: calcd for C24H20F3N8O3 [M +H]+

525.1610, found 525.1619.
2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-

N-(4-(1-(2-ethylphenyl)-1H-1,2,3-triazol-4-yl)phenyl)acetamide
(d15). 1HNMR (400MHz, DMSO-d6) δ 10.58 (s, 1H), 8.87 (s, 1H),
8.10 (s, 1H), 7.92 (d, J � 8.5, 2H), 7.71 (d, J � 8.6, 2H), 7.58 (s, 2H),
7.42 (s, 2H), 5.25 (s, 2H), 3.47 (s, 3H), 3.21 (s, 3H), 2.52 (s, 2H), 1.06
(t, J � 7.5, 3H). 13C NMR (100MHz, DMSO-d6) δ 144.25, 130.69,
130.35, 127.45, 126.87, 126.40, 123.28, 119.83, 49.24, 29.94, 27.93,
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24.27, 15.36. HR MS (ESI) m/z: calcd for C25H25N8O3 [M + H]+

485.2050, found 485.2060.
2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-

N-(4-(1-mesityl-1H-1,2,3-triazol-4-yl)phenyl)acetamide (d16).
1H NMR (400MHz, DMSO-d6) δ 10.57 (s, 1H), 8.72 (s, 1H),
8.09 (s, 1H), 7.90 (d, J � 8.5, 2H), 7.70 (d, J � 8.5, 2H), 7.12 (s, 2H),
5.24 (s, 2H), 3.47 (s, 3H), 3.21 (s, 3H), 2.34 (s, 3H), 1.94 (s, 6H).
13C NMR (100MHz, DMSO-d6) δ 165.45, 155.01, 151.50, 148.44,
144.28, 140.03, 138.88, 134.95, 126.37, 126.29, 123.33, 119.82,
49.23, 40.41, 29.95, 27.94, 17.36. HR MS (ESI) m/z: calcd for
C26H27N8O3 [M + H]+ 499.2206, found 499.2216.

N-(4-(1-(2,5-bis(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-
yl)phenyl)-2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-
purin-7-yl)acetamide (d17). 1H NMR (400 MHz, DMSO-d6) δ
10.57 (s, 1H), 9.02 (s, 1H), 8.40 (s, 1H), 8.30 (q, J � 8.4, 2H),
8.10–8.07 (m, 1H), 7.91 (d, J � 7.4, 2H), 7.72 (d, J � 7.5, 2H), 5.24
(s, 2H), 3.49–3.46 (m, 3H), 3.23–3.20 (m, 3H). 13C NMR
(100 MHz, DMSO-d6) δ 165.52, 155.01, 151.51, 148.45, 146.87,
144.27, 139.18, 129.79, 127.10, 126.52, 125.55, 119.93, 106.95,
49.25, 29.96, 27.94. HR MS (ESI) m/z: calcd for C25H19F6N8O3

[M + H]+ 593.1484, found 593.1491.
2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-

N-(4-(1-(3-fluorophenyl)-1H-1,2,3-triazol-4-yl)phenyl)acetamide
(d18). 1H NMR (400MHz, DMSO-d6) δ 10.59 (s, 1H), 9.28
(s, 1H), 8.09 (s, 1H), 7.87 (d, J � 12.5, 4H), 7.72 (s, 3H), 7.37
(s, 1H), 5.25 (s, 2H), 3.47 (s, 3H), 3.21 (s, 3H). 13C NMR
(100MHz, DMSO-d6) δ 165.52, 155.00, 151.50, 148.45, 147.65,
144.27, 139.15, 132.43, 132.34, 126.48, 125.78, 119.94, 119.74,
116.33, 115.75, 108.03, 107.76, 106.95, 49.25, 29.95, 27.93. HR
MS (ESI) m/z: calcd for C23H20FN8O3 [M + H]+ 475.1642, found
475.1641.

N-(4-(1-(2-chlorophenyl)-1H-1,2,3-triazol-4-yl)phenyl)-2-
(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)
acetamide (d19). 1H NMR (400 MHz, DMSO-d6) δ 10.58 (s, 1H),
8.97 (s, 1H), 8.09 (s, 1H), 7.91 (d, J � 8.4, 2H), 7.79 (dd, J � 15.4,
7.6, 2H), 7.71 (d, J � 8.4, 2H), 7.67–7.59 (m, 2H), 5.24 (s, 2H), 3.47
(s, 3H), 3.21 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 151.52,
144.27, 126.45, 122.85, 122.77, 119.94, 119.86, 117.37, 117.14,
49.25, 40.44, 29.95, 27.94. HR MS (ESI) m/z: calcd for
C23H20ClN8O3 [M + H]+ 491.1347, found 491.1354.

N-(4-(1-(3-bromophenyl)-1H-1,2,3-triazol-4-yl)phenyl)-2-
(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)acetamide
(d20). 1H NMR (400 MHz, DMSO-d6) δ 10.59 (s, 1H), 9.31
(s, 1H), 8.20 (s, 1H), 8.09 (d, J � 4.1, 1H), 8.00 (t, J � 5.5,
1H), 7.89 (t, J � 6.1, 2H), 7.72 (dd, J1 � 8.3, J2 � 3.8, 3H), 7.59 (s,
1H), 5.24 (s, 2H), 3.47 (s, 3H), 3.21 (s, 3H). 13C NMR (100 MHz,
DMSO-d6) δ 165.51, 154.99, 151.49, 148.44, 147.65, 144.25,
139.14, 138.23, 132.36, 131.83, 126.45, 125.79, 122.95, 119.93,
119.72, 119.34, 106.95, 49.25, 40.21, 29.95, 27.93. HRMS (ESI)m/
z: calcd for C23H20BrN8O3 [M + H]+ 535.0842, found 535.0840.

N-(4-(1-(3,5-bis(trifluoromethyl)phenyl)-1H-1,2,3-triazol-
4-yl)phenyl)-2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-
purin-7-yl)acetamide (d21). 1H NMR (400 MHz, DMSO-d6) δ
10.60 (s, 1H), 9.55 (s, 1H), 8.67 (s, 2H), 8.28 (s, 1H), 8.09 (s, 1H),
7.90 (d, J � 7.4, 2H), 7.74 (d, J � 7.6, 2H), 5.25 (s, 2H), 3.47 (s, 3H),
3.21 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 165.54, 155.00,

151.50, 148.46, 147.99, 144.25, 139.31, 132.55, 132.21, 126.49,
125.48, 124.63, 120.95, 120.18, 119.99, 106.96, 55.34, 49.26, 29.93,
27.91. HR MS (ESI) m/z: calcd for C25H19F6N8O3 [M + H]+

593.1484, found 593.1487.
2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-

N-(4-(1-(2-iodophenyl)-1H-1,2,3-triazol-4-yl)phenyl)acetamide
(d22). 1H NMR (400 MHz, DMSO-d6) δ 10.58 (s, 1H), 8.90
(s, 1H), 8.13–8.09 (m, 2H), 7.91 (d, J � 8.5, 2H), 7.71 (d, J � 8.6,
2H), 7.64 (d, J � 4.2, 2H), 7.39 (dt, J1 � 8.6, J2 � 4.5, 1H), 5.24
(s, 2H), 3.47 (s, 3H), 3.21 (s, 3H). 13C NMR (100MHz, DMSO-d6)
δ 165.47, 155.00, 151.50, 148.45, 146.68, 144.27, 140.33, 140.23,
138.99, 132.46, 129.92, 128.50, 126.40, 126.03, 123.38, 119.88,
106.95, 96.39, 49.25, 49.07, 40.20, 29.96, 27.95. HR MS (ESI) m/
z: calcd for C23H20IN8O3 [M + H]+ 583.0703, found 583.0704.

N-(4-(1-(3-chlorophenyl)-1H-1,2,3-triazol-4-yl)phenyl)-2-
(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)
acetamide (d23). 1H NMR (400 MHz, DMSO-d6) δ 10.59 (s, 1H),
9.31 (s, 1H), 8.09 (d, J � 5.7, 2H), 7.97 (d, J � 8.2, 1H), 7.90 (d,
J � 8.4, 2H), 7.69 (dd, J1 � 24.6, J2 � 8.2, 3H), 7.59 (d, J � 8.0, 1H),
5.24 (s, 2H), 3.47 (s, 3H), 3.21 (s, 3H). 13C NMR (100 MHz,
DMSO-d6) δ 165.51, 154.99, 151.50, 148.45, 147.66, 144.26,
139.15, 138.16, 134.71, 132.16, 128.93, 126.46, 125.78, 120.19,
119.93, 119.75, 118.98, 106.95, 49.25, 29.95, 27.94. HR MS (ESI)
m/z: calcd for C23H20ClN8O3 [M + H]+ 491.1347, found
491.1348.

N-(4-(1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)phenyl)-2-
(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)
acetamide (d24). 1H NMR (400 MHz, DMSO-d6) δ 10.56 (s, 1H),
9.25 (s, 1H), 8.09 (s, 1H), 7.98 (d, J � 8.8, 2H), 7.89 (d, J � 8.6, 2H),
7.71 (d, J � 8.8, 4H), 5.24 (s, 2H), 3.47 (s, 3H), 3.21 (s, 3H). 13C
NMR (100 MHz, DMSO-d6) δ 165.51, 155.00, 151.50, 148.45,
147.67, 144.27, 139.12, 135.92, 133.39, 130.40, 126.47, 125.84,
122.09, 119.91, 119.66, 106.95, 49.25, 29.96, 27.94. HR MS (ESI)
m/z: calcd for C23H20ClN8O3 [M + H]+ 491.1347, found
491.1351.

2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-
yl)-N-(4-(1-(3-methoxyphenyl)-1H-1,2,3-triazol-4-yl)phenyl)
acetamide (d25). 1H NMR (400 MHz, DMSO-d6) δ 10.50 (s, 1H),
8.54 (s, 1H), 8.08 (s, 1H), 7.80 (d, J � 8.7, 2H), 7.64 (d, J � 8.7, 2H),
7.30 (t, J � 7.9, 1H), 6.91 (d, J � 23.8, 3H), 5.22 (s, 2H), 3.75
(s, 3H), 3.46 (s, 3H), 3.20 (s, 3H). 13C NMR (100 MHz, DMSO-
d6) δ 165.40, 154.99, 130.43, 126.25, 121.51, 120.46, 119.84,
114.22, 113.98, 55.60, 53.42, 40.24, 29.94. HR MS (ESI) m/z:
calcd for C24H23N8O4 [M + H]+ 487.1842, found 487.1771.

2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-
yl)-N-(4-(1-(2-methoxyphenyl)-1H-1,2,3-triazol-4-yl)phenyl)
acetamide (d26). 1H NMR (400 MHz, DMSO-d6) δ 10.56 (s, 1H),
8.84 (s, 1H), 8.09 (s, 1H), 7.91 (d, J � 7.1, 2H), 7.74–7.64 (m, 3H),
7.55 (s, 1H), 7.34 (d, J � 7.8, 1H), 7.17 (s, 1H), 5.24 (s, 2H), 3.88 (s,
3H), 3.47 (s, 3H), 3.21 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ
131.28, 126.41, 126.33, 126.23, 123.29, 121.33, 119.85, 113.46,
56.60, 49.24, 40.22, 29.93, 27.92. HR MS (ESI) m/z: calcd for
C24H23N8O4 [M + H]+ 487.1842, found 487.1854.

2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-
N-(4-(1-(4-fluorophenyl)-1H-1,2,3-triazol-4-yl)phenyl)acetamide
(d27). 1H NMR (400 MHz, DMSO-d6) δ 10.56 (s, 1H), 9.20 (s,
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1H), 8.09 (s, 1H), 7.99 (d, J � 12.4, 2H), 7.89 (d, J � 8.1, 2H), 7.71
(d, J � 8.2, 2H), 7.49 (t, J � 8.5, 2H), 5.24 (s, 2H), 3.47 (s, 3H), 3.21
(s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 151.52, 144.27, 126.45,
122.85, 122.77, 119.94, 119.86, 117.37, 117.14, 49.25, 40.44, 29.95,
27.94. HR MS (ESI) m/z: calcd for C23H20FN8O3 [M + H]+

475.1642, found 475.1648.
N-(4-(1-(2-bromophenyl)-1H-1,2,3-triazol-4-yl)phenyl)-2-

(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)
acetamide (d28). 1H NMR (400 MHz, DMSO-d6) δ 10.56 (s, 1H),
8.94 (s, 1H), 8.09 (s, 1H), 7.93 (d, J � 20.7, 3H), 7.77–7.56 (m, 5H),
5.24 (s, 2H), 3.47 (d, J � 3.0, 3H), 3.21 (s, 3H). 13C NMR
(100 MHz, DMSO-d6) δ 165.47, 155.00, 151.50, 148.45, 146.66,
144.26, 139.02, 136.72, 134.13, 132.50, 129.46, 129.17, 126.44,
125.95, 123.52, 119.92, 119.38, 49.25, 40.23, 29.95, 27.93. HR MS
(ESI) m/z: calcd for C23H20BrN8O3 [M + H]+ 535.0842, found
535.0848.

2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-N-
(4-(1-(4-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-yl)phenyl)
acetamide (d29). 1H NMR (400MHz, DMSO-d6) δ 10.57 (s, 1H),
9.38 (s, 1H), 8.21 (d, J � 7.7, 2H), 8.10–8.00 (m, 3H), 7.92 (d, J � 7.9,
2H), 7.72 (d, J � 7.8, 2H), 5.24 (s, 2H), 3.47 (s, 3H), 3.21 (s, 3H). 13C
NMR (100MHz, DMSO-d6) δ 165.53, 155.00, 151.50, 148.45,
144.27, 139.89, 139.22, 127.79, 127.75, 126.53, 125.67,120.80,
119.93, 119.77, 106.96, 49.26, 29.96, 27.94. HR MS (ESI) m/z:
calcd for C24H20F3N8O3 [M + H]+ 525.1610, found 25.1621.

Bioexperiment
Cell Culture and Treatment
Human non-small cell lung cancer cell lines PC-9, H460, and A549
were cultured with the RIPM-1640 complete medium containing
10% FBS and 1% penicillin–streptomycin at 37°C in a 5% CO2

humidification environment. Other tumor cell lines A2780, LOVO,
MB-231, MCF-7, OVCAR-3, and SW480 were cultured with the
DMEM complete medium containing 10% FBS and 1%
penicillin–streptomycin at 37°C in 5% CO2 humidification
environment too. All compounds were dissolved in DMSO to
prepare 100mM mother liquor and then used complete the
medium to prepare different working concentrations.

Cell Counting Kit-8 (CCK-8) for Cell Proliferation and
Cytotoxicity Assays
Cells in the logarithmic growth phasewere seeded into 96-well plates
(2000–4,000 cells/well). 24 h after cell implantation, the cells were
treatedwith different concentrations of the compound (1, 2, 8, 16 μM)
for 72 h, and 0.1% DMSO was used as a negative control. Finally, the
CCK8 reagent was added and incubated for 1–4 h at 37°C. The
absorbance of each well was detected at a 450 nm wavelength by a
multifunctional microplate reader (Thermo Fisher Varioskan Luk).
The cell survival rate of the negative control group was regarded as
100%, and the half-maximal inhibitory concentration (IC50) of the
compounds was calculated by Graph Pad Prism 8.0 software.

Live/Dead Cell Imaging
LIVE/DEAD cell analysis was carried out using a laser confocal
fluorescence microscope using the LIVE/DEAD kit. In brief, H460

and A549 (3 × 103–5 × 103 cells/well) cells were seeded in 96-well
plates incubating for 24 h, and then, cells were treated with various
concentrations of compound d17 (5, 10, 15 μM) for 48 h and 0.1%
DMSO was used as a control. After various concentrations,
compound d17 cells were stained with the LIVE/DEAD Cell
Imaging Kit for 15–20min and then observed and photographed
using a fluorescence microscope (LSM880 with Fast Airyscan).

Flow Cytometry Detection for Cell Apoptosis
The cell apoptosis assay was carried out using the Annexin V/PI
apoptosis kit and flow cytometry (BD LSRFortessaTM Flow
Cytometer). Briefly, H460 and A549 cells in the logarithmic
growth phase were seeded into 6-well plates (4.0×105∼6.0×105
cells/well). 24 h after cell implantation, the cells were treated with
different concentrations of compound d17 (5, 10, 15 μM) for 48 h,
and 0.1%DMSO was used as a negative control. All cells (including
those in the supernatant) were collected after trypsin digestion and
washed with PBS; then, the cells were gently resuspended with
100 μL Annexin V-FITC binding solution and then incubated with
2.5 μLAnnexinV-FITC and 5 μL of propidium iodide (PI) staining
solution in dark at room temperature for 20–30min. Finally, cell
apoptosis of each well was detected by flow cytometry. The
percentage of apoptosis was analyzed by Flowjo software.

Western Blot Analysis
H460 and A549 cells in the logarithmic growth phase were seeded
into 6-well plates (4.0 × 105∼6.0 × 105 cells/well). 24 h after cell
implantation, the cells were treated with different concentrations of
compound d17 (5, 10, 15 μM) for 24 h, and 0.1% DMSO was used
as a negative control. The supernatant was discarded, and the cells
were collected by trypsin digestion and washed once with PBS.
Then, the cells were lysed on ice with 100 μL of RIPA lysis buffer
containing protease and the phosphatase inhibitor for 30 min.
Finally, the total protein extract was obtained by centrifugation
at 12,000 RPM at 4 degrees for 10min. The proteins were isolated
by electrophoresis with 12.5% sodium dodecyl sulfate
polyacrylamide gel. After electrophoresis, the proteins were
transferred to the NC membrane and then sealed with 5% skim
milk prepared by TBS-T [150mMNaCl, 10 mM Tris (pH 7.4), and
0.1% Tween20] at room temperature for 1 h. After sealing, 1:1,000
diluted solution of anti-Bax (D2E11), anti-Bcl-2 (124), anti-Akt
(PAN) (C67E7), anti-Akt1 (PhosphoS473) (EP2109Y), and the
anti-β-actin (8H10D10) primary antibody was incubated
overnight at 4°Cand then washed with TBS-T for 5 min
(three times). Incubation was carried out with 1:2000 diluted
solution of the antirabbit or antimouse secondary antibody for
1 h at room temperature, and finally, washing was carried out with
TBS-T for 5 min (three times) to obtain protein strips through
chemiluminescence. The protein expression level and proportion
were quantitatively analyzed by ImageJ software.

Statistical Analysis
All values are presented as means ± SD. The significant
differences are determined using GraphPad Prism 8 software.
The significant differences between the two groups are confirmed
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using Student’s t-test. All experiments are considered to be
statistically significant using one-way ANOVA, followed by
Tukey’s post test (significant difference at p < 0.05).
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Biostatistics, Zhongshan Hospital, Fudan University, Shanghai, China

Background: Targeted therapies have led to significant improvement in the management
and prognosis of anaplastic lymphoma kinase (ALK)-positive non-small cell lung cancer
(NSCLC). We performed a network meta-analysis of frontline treatment options of ALK-
positive NSCLC to provide clinical guidance.

Methods: PubMed, Embase, ClinicalTrials.gov, and international conference databases
were searched to identify relevant trials from inception to June 30, 2021. Phase III
randomized controlled trials (RCTs) comparing treatments for patients with ALK-positive
advanced NSCLC in the first-line setting were included in a Bayesian network meta-
analysis. Eligible studies reported at least one of the following clinical outcomes:
progression-free survival (PFS), overall survival (OS), risk of the central nervous system
(CNS) progression, adverse events (AEs) of grade (G) 3 or higher (G3 AEs), or serious AEs
(SAEs). Hazard ratios (HRs) and CI for primary outcome of PFS and secondary outcome of
OS and risk of CNS progression were obtained. A multivariate, consistency model, fixed-
effects analysis was used in the network meta-analysis. Data on G3 AEs and SAEs were
abstracted and meta-analyzed. Risk of bias (RoB) was assessed using the Cochrane
Collaboration’s tool.

Results: Nine RCTs comprising 2,484 patients were included with seven treatments:
alectinib, brigatinib, ceritinib, crizotinib, ensartinib, lorlatinib, and chemotherapy.
Compared with chemotherapy, ALK-tyrosine kinase inhibitors (TKIs) significantly
prolong PFS and reduced risk of CNS progression except for ceritinib. Lorlatinib
appears superior at reducing risk of CNS progression. None of the ALK-TKIs have a
significantly prolonged OS as compared with chemotherapy. Lorlatinib increases the risk
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of G3 AEs as compared with alectinib (odds ratio 4.26 [95% CrI 1.22 to 15.53]), while
alectinib caused the fewest G3 AEs.

Conclusions: Lorlatinib is associated with the highest PFS benefit and lowest risk of CNS
progression benefits for patients with advanced ALK-positive NSCLC, compared with
other first-line treatments, but with higher toxicity. The implementation of a newer
generation of ALK-TKIs in the first-line treatment of ALK-positive NSCLC into current
clinical practice is evolving rapidly.
Keywords: non-small cell lung cancer, ALK, tyrosine kinase inhibitor, network meta-analysis, first-line
INTRODUCTION

Anaplastic lymphoma kinase (ALK), a member of the insulin
receptor tyrosine kinase family (RTK), is encoded by the ALK
gene on chromosome 2p23 (1). The fusion between echinoderm
microtubule-associated protein-like 4 (EML4) and ALK has been
identified in a minority of non-small cell lung cancer (NSCLC)
specimens, and ALK rearrangements are found in approximately
3%–7% of cases, more common among patients with a never/
light smoking history, with adenocarcinoma histology, with
younger age, and are female and in wild-type tumors for EGFR
and KRAS (2). Targeted therapies with small-molecule tyrosine
kinase inhibitors (TKIs) to ALK have revolutionized the
prognosis and management of ALK-positive NSCLC. Over the
past few decades, first-line treatments for ALK-positive advanced
NSCLC patients have evolved from the chemotherapy to targeted
drugs as TKIs.

Currently, multiple-generation ALK-TKIs have been
developed, including crizotinib (first generation); alectinib,
brigatinib, ceritinib, and ensartinib (second generation); and
lorlatinib (third generation). Randomized controlled trials have
been conducted by comparing efficacy and safety of first-line
treatments for patients with advanced ALK-positive NSCLC.
Relative efficacy and safety among multiple first-line treatments
have raised debates. We performed a network meta-analysis to
investigate efficacy and safety of first-line treatments in patients
with advanced ALK-positive NSCLC to inform the optimal
clinical choice.
MATERIALS AND METHODS

Search Strategy
This meta-analysis was performed following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) extension statement for network meta-analysis
(Table S1). Bayesian network meta-analysis was used because
it offers a more straightforward method for conducting
probabilistic statements and predictions on the treatment
effects. Institutional review board was exempted due to the
nature of the review study.

PubMed, Embase, and ClinicalTrials.gov databases were
searched to find relevant articles up to June 30, 2021, in all
languages using main search terms “NSCLC” and “ALK” within
2116
the restriction limit of “randomized controlled trial”. Abstracts of
clinical trials from international conferences were also searched
(American Society of Clinical Oncology, European Society for
Medical Oncology, and World Conference on Lung Cancer).
Finally, the reference lists of the relevant articles were checked for
additional studies.

Study Selection
Phase III randomized controlled trials that met the following
criteria were included: 1) patients with histologically or
cytologically confirmed advanced (stage III/IV/recurrent)
NSCLC with ALK rearrangements; 2) two or more different
arms of first-line treatments for patients with ALK-positive
NSCLC were compared; and 3) at least one of the following
clinical outcome measures: progression-free survival (PFS);
overall survival (OS); risk of the central nervous system (CNS)
progression, defined by CNS progression, was defined as a new
CNS lesion or progression of preexisting CNS lesions, compared
with baseline; toxicity regarding adverse events (AEs) of grade 3
or higher defined and graded by the National Cancer Institute’s
common terminology criteria for AEs and serious AEs (SAEs).

Exclusion criteria included the following: 1) trials only
reporting results from a subgroup analysis; 2) ALK-TKIs were
used as neoadjuvant/adjuvant/maintenance treatments, or as
sequential treatments with chemotherapy; and 3) treatments
that have not been approved by any regulator such as the US
Food and Drug Administration. Updated data from long term
follow-up were used.

Data Extraction and Risk of Bias
Assessment
Data (e.g., first author, publication year, and patient
characteristics), treatments, and reported outcomes were
extracted. Survival data were extracted assessed by two
independent authors (LP and KX) to avoid potential
assessment bias. Risk of bias was assessed using the Cochrane
Risk of Bias Tool, including the following domains: random
sequence generation, allocation concealment, blinding of
participants and personnel, blinding of outcome assessment,
incomplete outcome data, selective outcome reporting, and
other sources of bias. Items were scored as low, high, or
unclear risk of bias. All investigators independently conducted
study selection and data extraction. Two investigators (LP and
KX) independently assessed risk of bias of individual studies.
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Any discrepancies were resolved by consensus and arbitration by
the authors (LP, KX, YX, FL, and DL).

Data Synthesis and Statistical Analysis
We synthesized evidence to compare different treatments in
terms of efficacy and safety, reported as hazard ratios (HRs)
for survival outcomes (PFS, OS, and risk of CNS progression)
and odds ratios (ORs) for binary outcomes (G3 AEs and SAEs)
along with corresponding 95% credible intervals. The primary
outcome was PFS. Secondary outcomes were OS, risk of CNS
progression, and G3 AEs and SAEs as reported by the
study authors.

Stata (version 14.0) was used to generate network plots to
illustrate the geometries, to clarify which treatments were
compared directly or indirectly in the included studies (3).
Frequentist, fixed-effects, pairwise meta-analysis was performed
on head-to-head comparisons. Heterogeneity between studies
was assessed using the Q test and I2 statistic within a visual forest
plot. p-Value of 0.05 was set as statistical significance.
Heterogeneity was considered low, moderate, or high for
estimated I2 values under 25%, between 25% and 50%, and
over 50%, respectively.

Network meta-analyses were performed in a Bayesian
framework using a Markov chain Monte Carlo simulation
technique in R (version 4.0.2). The fixed-effects consistency
model was used. For PFS, OS, and risk of CNS progression,
30,000 sample iterations were generated with 20,000 burn-ins
and a thinning interval of 1. Convergence of iterations was
evaluated by visual inspection of the four chains to establish
homogenous parameter estimates and in accordance with the
Brooks–Gelman–Rubin diagnostic (Figure S1). Once
convergence was established, the posterior distributions for the
model parameters were obtained as the output of the network
Frontiers in Oncology | www.frontiersin.org 3117
meta-analysis estimate (HR/OR and the corresponding 95%
credible interval). In the presence of minimally informative
priors, credible intervals can be interpreted like conventional
CIs. Network meta-analysis estimated the overall rankings of
treatments by calculating the surface under the cumulative
ranking curve for each, which equals 1 when a treatment is the
best and 0 when a treatment is the worst. Transitivity was
evaluated using descriptive statistics for study and population
baselines, such as sample size, age, and gender. Inconsistency was
evaluated by comparing the fit of consistency in models.
RESULTS

Study Selection and Characteristics
In total, 968 records were identified from the initial title and
abstract screening, and 46 reports were retrieved and reviewed in
full text (Figure 1). Nine randomized controlled trials were
deemed eligible for inclusion with a total of 2,484 patients
enrolled to receive seven different treatments including ALK-
TKIs (crizotinib, alectinib, brigatinib, ceritinib, ensartinib, or
lorlatinib) or chemotherapy. The networks are presented in
Figure 2. The main characteristics of included studies are
reported in Table 1. The assumption of transitivity is accepted
because no variability was identified in the study and population
baselines. The majority of trials include random sequence
generation. Overall, the studies are deemed to be at low risk of
biases. Figure 3 summarizes the detailed risk of bias assessments.

Network Meta-Analysis in Advanced
ALK-Positive NSCLC
The network meta-analysis included all treatments for PFS and
OS (Figure 2A), six treatments for risk of CNS progression
FIGURE 1 | Selection process for the trials included in the meta-analysis. PRISMA diagram. NSCLC, non-small cell lung cancer; RCT, randomized controlled trial;
PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.
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(Figure 2B), six treatments for G3 AEs (Figure 2C), and four
treatments for SAEs (Figure 2D).

In terms of PFS (Figure 4A and Figure S2), lorlatinib yields the
highest benefit versus chemotherapy (HR 0.12, 95% credible interval
0.03 to 0.43), but also significant benefits versus crizotinib (0.28, 0.10
to 0.80). Benefit is also observed with alectinib (0.15, 0.05 to 0.36),
ensartinib (0.19, 0.05 to 0.70), brigatinib (0.21, 0.06 to 0.76), and
Frontiers in Oncology | www.frontiersin.org 4118
crizotinib (0.43, 0.20 to 0.89), all versus chemotherapy. Alectinib
significantly prolongs PFS as compared with crizotinib (0.34, 0.17 to
0.61). In terms of OS (Figure 4B and Figure S3), none of the ALK-
TKIs showed significant differences when compared with
chemotherapy or with other ALK-TKI.

In terms of risk of CNS progression (Figure 4C and Figure
S4), lorlatinib is consistent (HR 0.04, 0.01 to 0.20) in providing
A B

DC

FIGURE 2 | (A) Comparisons on PFS and OS in patients with advanced ALK-positive NSCLC. (B) Comparisons on risk of CNS progression in patients with
advanced ALK-positive NSCLC (C) Comparisons on adverse events of grade 3 or higher in patients with advanced ALKpositive NSCLC. (D) Comparisons on
serious adverse events with advanced ALK-positive NSCLC.
TABLE 1 | Main characteristics and results of the eligible studies.

Study Publication/
meeting

Phase Region Treatment Control Sample size
(treatment/control)

Median
age(years)

Female
(%)

Reported outcomes

ALEX (4) 2017 NEJM 3 Global Alectinib Crizotinib 152/151 58/54 55/58 PFS, OS, risk of CNS progression,
G3 AE, SAE

J-ALEX (5) 2017 Lancet 3 Japan Alectinib Crizotinib 103/104 61.0/59.5 60/61 PFS, OS, risk of CNS progression,
G3 AE, SAE

ALESIA (6) 2019 Lancet
Respir Med

3 Asia Alectinib Crizotinib 125/62 51/49 49/45 PFS, OS, risk of CNS progression,
G3 AE, SAE

ALTA-1L
(7)

2018 NEJM 3 International Brigatinib Crizotinib 137/138 58/60 50/59 PFS, OS, risk of CNS progression,
G3 AE

ASCEND-4
(8)

2017 Lancet 3 Global Ceritinib Chemotherapy 189/187 55/54 54/61 PFS, OS, G3 AE

PROFILE
1014 (9)

2014 NEJM 3 Global Crizotinib Chemotherapy 172/171 52/54 63/60 PFS, OS, risk of CNS progression,
G3 AE

PROFILE
1029 (10)

2018 JTO 3 Asia Crizotinib Chemotherapy 104/103 48/50 51.9/
58.3

PFS, OS, risk of CNS progression

eXalt3 (11) 2020 WCLC 3 Global Ensartinib Crizotinib 143/147 54/53 50/48 PFS, OS, risk of CNS progression,
SAE

CROWN
(12)

2020 NEJM 3 Global Lorlatinib Crizotinib 149/147 61/56 56/62 PFS, OS, risk of CNS progression,
G3 AE, SAE
N
ovember 2
Summary table of studies included in the meta-analysis.
OS, overall survival; PFS, progression-free survival; CNS, central nervous system; G3 AE, adverse events of grade 3 or higher; SAE, serious adverse event.
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the highest benefit compared with chemotherapy; significant
difference is also observed when compared with crizotinib
(0.06, 0.01 to 0.26). Similar efficacy is observed with alectinib
versus chemotherapy (0.11, 0.04 to 0.32) and crizotinib (0.30,
0.09 to 0.99).

We observe similar toxicity related to ALK-TKIs among the
comparable treatments versus chemotherapy (Figure 4D and
Figure S5). Lorlatinib has higher AEs of grade 3 or higher, than
has alectinib (4.26, 1.22 to 15.53); similar higher incidences are
observed with crizotinib versus alectinib (2.01, 1.08 to 3.89). No
differences are observed regarding the probability of severe AEs
among four treatments (alectinib, crizotinib, ensartinib, and
chemotherapy, Figure 4E and Figure S6).

Rank Probabilities
Figure 5 and Table S2 show the Bayesian ranking profiles of
comparable treatments. The Bayesian ranking results are almost
in line with the pooled analyses using hazard and ORs. For
patients with advanced ALK-positive NSCLC, lorlatinib is most
likely to be ranked first for PFS (cumulative probability 60%) and
risk of CNS progression (90%).

Ceritinib is most likely to cause G3 AE (56%), followed by
lorlatinib (35%), as shown in Figure 5. Alectinib has the highest
Frontiers in Oncology | www.frontiersin.org 5119
probability (87%) of ranking the last in causing AEs of grade 3
or higher.

Heterogeneity and Inconsistency
Assessment
Forest plots of pairwise comparisons with heterogeneity
estimates were generated in Figure S7. The results suggest
minimal (I2 = 0%) heterogeneity in half of all comparisons
regarding different outcomes. However, moderate-to-high
heterogeneity was detected in the comparisons of crizotinib
versus alectinib for PFS (59.2%), OS (74.1%), and AEs of grade
3 or higher (38.1%).

The fit of the consistency model is similar with that of
inconsistency model (Tables S3). Publication bias was assessed
(Figure S8).
DISCUSSION

To our knowledge, the current study represents the most
extensive network meta-analysis comparing different treatment
options for ALK-positive NSCLC performed to date. In this
network meta-analysis, we summarize the comparative efficacy
A

B

FIGURE 3 | (A) Risk-of-bias graph: Each risk-of-bias item presented as percentages across all included studies. (B) Risk-of-bias summary: Each risk-of-bias item
for each included study.
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and safety of multiple first-line treatments including all available
ALK-TKIs and chemotherapy for patients with advanced ALK-
positive NSCLC. The results suggest that lorlatinib ranks the first
in providing the PFS benefits and reducing the risk of CNS
progression for advanced ALK-positive NSCLC patients. None
of the ALK-TKIs perform better than chemotherapy regarding
OS based on pairwise comparison. However, in terms of toxicity,
ceritinib has the highest rate of G3 AEs followed by lorlatinib.

Since OS is particularly relevant to assess efficacy of
treatments (13), this network meta-analysis was conducted to
include these results. All OS data included were not mature
considering the long median survival for ALK-positive patients.
Whether third-generation ALK inhibitors will achieve OS
Frontiers in Oncology | www.frontiersin.org 6120
significance when data are mature remains unknown. Most
likely, PFS benefits may not translate to OS benefits due to
crossover to other ALK-TKIs and or chemotherapy. This is why
none of the included trials incorporate OS as primary endpoints.
Patients in clinical practice do receive multiple lines of treatment
at disease progression, and these contribute to the longer survival
of these patients when compared with patients with other types
of NSCLC.

Patients with ALK-positive NSCLC have a higher risk of
developing brain metastases than patients with other subtypes
of NSCLC (14). Given the potentially significant impact
of intracranial disease burden on the long-term outcomes of
patients with ALK-positive advanced NSCLC, CNS efficacy of
A

B

D

E

C

FIGURE 4 | (A) Pooled hazard ratios (95% credible intervals) for PFS. (B) Pooled hazard ratios (95% credible intervals) for OS. (C) Pooled hazard ratios (95%
credible intervals) for risk of CNS progression. (D) Pooled odds ratios (95% credible intervals) for adverse events of grade 3 or higher. (E) Pooled odds ratios (95%
credible intervals) for serious adverse events.
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ALK-TKIs remains a relevant challenge. Third-generation drugs,
such as lorlatinib, were observed to have greater effects on CNS
outcomes in terms of reducing the risk of CNS progression.

Differences in toxicity spectrums among ALK-TKIs were
observed. The more frequent and severe toxicities of the
lorlatinib are hyperlipidemia, edema, and peripheral
neuropathy (12). Special AEs to note include CNS effects such
as changes in mental status, mood, speech, and sleep. Cognitive
effects and mood effects were the most frequently reported
treatment-related CNS AEs in patients with or without
baseline CNS metastases. Compared with the previously
reported network meta-analyses of advanced ALK-positive
NSCLC (15, 16), our network meta-analysis has several
strengths. Firstly, our study consists exclusively of patients with
advanced ALK-positive NSCLC for the first-line treatment,
which ensured the homogeneity of study population. Secondly,
our study systematically analyzed all major efficacy and toxicity
outcomes with the most updated data. Thirdly, although there
were only nine trials included, a funnel plot was used to assess
the publication bias and small study effects. Moreover,
transitivity, heterogeneity, and inconsistency were thoroughly
investigated. There are three trials using chemotherapy as
comparator arm (8–10), and the drugs used were pemetrexed
with platinum; therefore, chemotherapy was grouped as “a single
therapy” in our study. However, we did not separate two doses of
alectinib, which could be a potential source of heterogeneity and
inconsistency, and also possible weak transitivity.
Frontiers in Oncology | www.frontiersin.org 7121
On the other side, our study has several limitations. Firstly,
methodologic heterogeneity across studies was anticipated in this
network meta-analysis; thus, both pairwise meta-analysis and
network meta-analysis were performed to obtain the highest
generalizability in the pooled estimates. Secondly, OS data might
cause heterogeneity when taken as an endpoint to evaluate each
treatment’s effect. Although we initially searched for the most
updated OS HRs, data on OS had only 37%maturity in the ALEX
trial (17) and 40.8% maturity in the J-ALEX trial (18); thus, it is
still tempting for clinicians to consider an improvement in OS
benefit for first-line ALK-TKIs compared with conventional
chemotherapy. Therefore, we reported PFS as the primary
outcome measure. A third limitation was that patients were
not stratified according to factors such as ALK variants, drug
dose, smoking status, or gender, which might modify treatment
benefits. Some existing evidence implies that different variants of
ALK rearrangements vary in their clinical and pathological
correlations, which suggests that the benefit of ALK-TKIs
might differ with variants (19). EML4-ALK fusion variant 3
and TP53 mutation were identified as poor-prognosis
biomarkers in ALK+ NSCLC (20). Clinical evidence has also
demonstrated different efficacies toward ALK variants.
Crizotinib was observed to have better efficacy in patients with
ALK variant 1 versus non-variant 1 (21). Ethnic differences in
pharmacokinetics of ALK-TKIs were also noted. In the J-ALEX
trial (4), Japanese patients received a lower dose (300 mg BID
instead of 600 mg BID for western countries) due to the four
FIGURE 5 | Bayesian ranking profiles of comparable treatments on efficacy for patients with advanced ALK-positive NSCLC. Profiles indicate the probability of each
comparable treatment being ranked from first to last on PFS, OS, risk of CNS progression, grade ≥3 adverse events, and serious adverse events. Ranking curves
are described according to the Bayesian ranking results presented in Table S2. ALK, anaplastic lymphoma kinase; NSCLC, non-small cell lung cancer; PFS,
progression-free survival; OS, overall survival; CNS, central nervous system.
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times lower AUC0–10 in US patients than in Japanese patients
with ALK-positive NSCLC (22).

There are no available data yet reporting the results of
combining ALK-TKI with chemotherapy or anti-angiogenic
drugs. Studying combination treatments and potentially different
management for subgroups should also be explored for ALK-
positive NSCLC patients. Other ALK inhibitors are in
development, including repotrectinib (TPX-005), that may
represent an effective therapeutic option for patients with ALK-
rearranged NSCLC who have progressed on earlier-generation
TKIs (23). Furthermore, the role of immune checkpoint inhibitors
in ALK-positive NSCLC resistant to ALK-TKIs and chemotherapy
is still under investigation (24). Finally, questions regarding the
efficacy of treatments in sequential use were not investigated and,
therefore, remain a subject for further studies.
CONCLUSIONS

In this network meta-analysis, lorlatinib appears to be superior
first-line treatment choices for patients with advanced ALK-
positive NSCLC in terms of PFS and risk of CNS progression. We
also found that alectinib is associated with the least toxicity and
ranked second in PFS and risk of CNS progression.

By synthesizing all randomized controlled evidence, this
review provides clinicians a reference source to evaluate
strengths and weaknesses for practice choice among multiple
promising options.
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Background: Evodiamine (EVO), an alkaloid extracted from the traditional Chinese
medicine Euodia rutaecarpa, plays an important role in the treatment of cancer. This
study was performed to clarify the effects of evodiamine in mice tumor model studies.

Methods: Electronic databases and search engines involved China Knowledge Resource
Integrated Database (CNKI), Wanfang Database, Chinese Scientific Journal Database
(CSJD-VIP), China Biomedical Literature Database (CBM), PubMed, Embase, Web of
Science, and ClinicalTrials.gov databases, which were searched for literature related to
the antitumor effects of evodiamine in animal tumor models (all until 1 October 2021). The
evodiamine effects on the tumor volume and tumor weight were compared between the
treatment and control groups using the standardized mean difference (SMD).

Results: Evodiamine significantly inhibited tumor growth in mice, as was assessed with
tumor volume [13 studies, n=267; 138 for EVO and 129 for control; standard mean
difference (SMD)= -5.99; 95% (CI): -8.89 to -3.10; I2 = 97.69%, p ≤ 0.00], tumor weight [6
studies, n=89; 49 for EVO and 40 for control; standard mean difference (SMD)= -3.51;
95% (CI): -5.13 to -3.90; I2 = 83.02%, p ≤ 0.00].

Conclusion: EVO significantly suppresses tumor growth in mice models, which would
be beneficial for clinical transformation. However, due to the small number of studies
included in this meta-analysis, the experimental design and experimental method
limitations should be considered when interpreting the results. Significant clinical and
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animal studies are still required to evaluate whether EVO can be used in the adjuvant
treatment of clinical tumor patients.
Keywords: evodiamine, tumor, systematic review, meta-analysis, mice model experiments
INTRODUCTION

Evodiamine (EVO, Figure 1), a kind of quinazolinocarboline
alkaloid, is one of the components isolated from a Chinese herbal
medicine, called Wu-Chu-Yu (Evodia rutaecarpa) (1). It has been
considered an effective Chinese medicine for the treatment of
gastropathy, hypertension, and eczema (2). In recent years, the
antitumor effect of EVO in vivo has become a focus for innovation
and a hot topic in medical research. Recent work in this field
suggests that the anticancer effects of EVO resist several high-risk
cancers, including pancreatic cancer, lung cancer, colon cancer,
lymphoma, and oral cancer (3–7). EVO, as a novel occurring indole
alkaloid with attractivemultitargeting antiproliferative activity, has
been investigated as a leading compound that possesses
multitargeting profiles (8, 9). Novel boron-containing EVO
derivatives were designed, which have improved the antitumor
potency of the EVO and showed a good antitumor activity in vitro
and in vivo by reactive oxygen species (ROS) (8).

Although many preclinical experiments have undoubtedly
shown that EVO exerts an antitumor effect, less evidence,
however, has established clinical associations to guide healthcare
decisions. Moreover, quality assessment of these animal studies
reporting the antitumor effect of EVO is lacking. A systematic
review of preclinical studies (especially animal experiments) can
evaluate the efficacy and mechanism of treatment, provide reliable
information for drug research, and lay the foundation for future
clinical research (10). To accelerate the transformation of
preclinical experiments to clinical studies, a systematic review and
meta-analysis would be performed. The aim of this study is to
investigate the impact of EVO on a mice tumor model.
MATERIALS AND METHODS

This study was performed according to the systematic reviews of
animal experiments (11) (Supplementary Table S1) and
.org 2125
preferred reporting items for systematic reviews and meta-
analyses (PRISMA) (12) guidelines (Supplementary Table S2).

Search Strategy
We searched China Knowledge Resource Integrated Database
(CNKI), Wanfang Database, Chinese Scientific Journal
Database (CSJD-VIP), China Biomedical Literature Database
(CBM) , PubMed , Emba s e , Web o f S c i en c e , and
ClinicalTrials.gov databases to find relevant articles up to 1
October 2021 in all languages using a combination of the main
search terms “evodiamine” and “Neoplasms.” The search
strategy was designed to be as broad as possible. Then, the
reference lists of the relevant articles were checked for
additional articles. The detailed search strategy is presented
in Supplementary Table S3.

Two authors (YC and PHB) independently reviewed the titles
and abstracts. Discrepancies were resolved through discussions
between the two authors. The two authors then independently
analyzed the full text of the remaining articles to determine the
final inclusion.
Selection Criteria
The inclusion criteria were as follows—(1) types of animals:
mice; (2) types of intervention: EVO only; (3) type of outcome
measure: the effects of EVO in mice cancer models, including
tumor volume and tumor weight; and (4) study design:
experiments should be prospectively controlled. The exclusion
criteria were as follows: (1) review, conference reports, or
editorial articles; (2) repeatedly published studies; (3) articles
with incomplete data; and (4) articles with no use of
experimental animals.
Data Extraction
Two authors (YC and PHB) extracted data from the selected
trials. This process was verified by another investigator (LJ). An
FIGURE 1 | The chemical structure of evodiamine.
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Excel database was used to extract the following information
from the included studies: (1) author name, year of publication,
and country; (2) animal species, sex, and sample size; (3)
methods of inducing tumor; and (4) EVO treatment conditions
including administration route, dosage, frequency, duration,
and types of tumor. To obtain the data not presented in the
original articles, we sent two e-mails 1 week apart to the
corresponding authors.

Data of all outcomes including sample size of animals (N),
means, standard deviation (SD), or standard error of the mean
(SEM) were extracted. If the data were presented in the form of
graph, data extraction would be performed using digital image
analysis software (Getdata.Ink). SEM was converted to SD by a
mathematical formula: SD=SEM×√N.
Assessment of the Methodological Quality
Each study was evaluated according to the Systematic Review
Centre for Laboratory Animal Experimentation (SYRCLE) for
animal model studies (13). The tool, which aims to assess
methodological quality, was adapted to appraise bias in animal
studies, including random sequence generation (selection bias),
baseline characteristics (selection bias), allocation concealment
(selection bias), random housing (performance bias), blinding of
participants and personnel (performance bias), random selection
of animals in the evaluation results (detection bias), blinding of
outcome assessment (detection bias), incomplete outcome data
(attrition bias), selective reporting (reporting bias), and other
biases. Two trained researchers (YC and PHB) independently
evaluated and cross-checked the inherent risk of bias in the
included studies. Differences in opinion were negotiated or
settled by a third party (LJ). Answers to the assessment
questions (tools) were either “yes” to indicate a low risk of bias
or “no” to indicate a high risk of bias. An answer of “unclear” was
assigned to items for which a “yes” or “no” answer was not clear.
Statistical Analysis
We performed the analysis with use of STATAMP, version 16.
For the outcome measures of tumor volume and tumor weight,
we will use standard mean difference (SMD). Considering the
variation between studies, the random-effects model was used
at a 95% confidence level. In addition, the heterogeneity of the
studies was assessed by forest plots using I2 statistics. Then, a
subgroup analysis was performed based on gender, mode of
administration, the types of tumor, and animal species. A p-
value of less than 0.05 was considered significant. Funnel plots
were performed to analyze publication bias. A sensitivity
analysis was conducted only when three or more studies were
included in the comparison. Sensitivity analysis was used to
assess the robustness of meta-analysis results by sequentially
removing individual included studies. The presence of the
publication bias was checked for each outcome through
funnel plots. Publication bias was assessed using the Egger
regression asymmetry test when the comparison contained at
least 10 studies (14).
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RESULTS

Selection of Studies
A total of 1,748 studies were identified in the electronic database
search. After selection, 13 studies (1, 3, 4, 6, 15–23) met the
inclusion criteria and were included in our meta-analysis. The
flow of literature screening is shown in Figure 2.
Study Characteristics
Study characteristics are presented in Table 1. A total of 13
studies from 2012 to 2021 met the inclusion criteria, containing
various cancer types, including lymphoma, oral cancer, colon
cancer, hepatocellular cancer, ovarian cancer, lung cancer, and
pancreatic cancer. The studies all used mice, and the mice were
modeled via subcutaneous tumor implantation or induced
tumor formation. EVO was administered in doses ranging
between 3 and 100 mg/kg body weight through subcutaneous
injection, intraperitoneal injection, and gavage. The size of the
study sample ranged from 4 to 18, while the course of treatment
ranged from 14 to 70 days.
Quality Assessment
The quality assessment results of the 13 included studies are
shown in Figure 3 and Supplementary Figure S1. All of the
studies did not report the following aspects: random sequence
generation, allocation concealment, random housing, blinding of
participants and personnel, random selection of animals in the
evaluation results, and blinding of outcome assessment. Baseline
characteristics were not fully reported in most studies. One study
showed high risk of bias on the attrition bias item of incomplete
outcome data with the main problem of an unclear number of
animals. Although the overall quality of the studies was poor,
none of the papers were excluded because of their quality or risk
of bias assessment.
Tumor Volume
Thirteen studies using xenograft models or an induced tumor
model were included to investigate the effect of EVO treatment
on tumor volume (Figure 4). A total of 138 mice were in the
intervention group, while 129 mice were in the control group.
The pooled estimate suggested a significant inhibition of tumor
volume [SMD -5.99; 95% CI -8.89, -3.10; P ≤ 0.00]. The
heterogeneity among studies was relatively high (I2 = 97.69%,
P ≤ 0.00). Subgroup analysis had not found the sources of the
significant heterogeneity (Table 2).
Tumor Weight
Six studies using xenograft models were included to investigate
the effect of EVO treatment on tumor weight (Figure 5). A total
of 95 mice were in the intervention group, while 95 mice were in
the control group. The pooled estimate suggested a significant
inhibition of tumor weight [SMD -3.51; 95% CI -5.13, -1.90; P ≤
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0.00]. The heterogeneity among studies was relatively high (I2 =
83.02%, P ≤ 0.00). Subgroup analysis had not found the sources
of the significant heterogeneity (Table 3).
Sensitivity Analysis
Supplementary Figures S2, S3 show that the results of tumor
volume and tumor weight were robust.
Frontiers in Oncology | www.frontiersin.org 4127
Publication Bias
Funnel plots (Figures 6, 7) were used to express publication bias.
The standard error was plotted against the tumor volume and
tumor weight (13 publications evaluating the inhibitory effects of
EVO on tumor volume and 6 on tumor weight). Visual inspection
of the funnel plot test suggested that publication bias was possible.
In this research, we were unable to evaluate publication bias
because some positive results may be much easier to be published.
Records identified from:

Databases (n = 1748):

CNKI (n = 450), WanFang (n = 
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DISCUSSION

This meta-analysis was conducted to evaluate the effects of
EVO on animal tumor models. It suggested that EVO generates
a significant antitumor activity in animal models of tumor. It
has been shown that EVO mediates tumor apoptosis mainly
through a mitochondrial pathway (24, 25). EVO could increase
the ratio of BAX/BCL to sensitize cells to death signals (15, 20,
26). Then, it would activate apoptotic initiation protease
caspase-9 and its downstream apoptotic execution protease
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caspase-3 (27–30). Also, the key rate-limiting step of
apoptosis release of cyto-C was observed (28). Moreover,
EVO suppresses cancer growing by eliminating stemness and
inhibiting invasion and migration (7, 31). This is mainly due to
the downregulation of epithelial-mesenchymal transition
(EMT) (32–34). For instance, EVO elevated epithelial marker
E-cadherin and reduced the expression of mesenchymal
markers N-cadherin and vimentin (33), as well as matrix
metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9
(MMP-9) protein levels (32).
TABLE 1 | Characteristics of included studies.

Author, year Sample Types of tumor Tumor Model Mode of administration Dose Duration N (M/E) Outcomes

Wei et al., 2012 (20) Nude Balb/c Mice,
F

Pancreatic cancer Xenograft model Intraperitoneal injection 10 mg/kg/d 37 d 24 (12/
12)

TW; TV

Li et al., 2014 (18) Nude Balb/c Mice,
F

Oral squamous cell
carcinoma

Xenograft model Gavage 10 mg/kg/d 28 d 8 (4/4) TW; TV

Lee et al., 2015 (17) SCID Mice, NA Ovarian cancer Xenograft model Intraperitoneal injection 100 mg/kg NA 10 (5/5) TV
Shi et al., 2017 (19) Nude Balb/c Mice,

F
Colorectal carcinoma Xenograft model Gavage 3 mg/kg/d 22 d 30 (15/

15)
TV

Yang et al., 2017
(21)

Balb/c Mice, M Lymphoma Xenograft model Gavage 10 mg/kg/d 24 d 32 (16/
16)

TV

Hu et al., 2017 (1) C57BL/6 Mice, M Liver cancer Xenograft model Fed 20 mg/kg,
3d

30 d 40 (20/
20)

TV

Guo et al., 2018
(15)

Nude Balb/c Mice,
NA

Liver cancer Xenograft model NA 10 mg/kg/d 21 d 12 (6/6) TW; TV

Guo et al., 2019
(4)

Nude Balb/c Mice,
M

Oral squamous cell
carcinoma

Xenograft model Intraperitoneal injection 10 mg/kg/d 35 d 12 (6/6) TW; TV

Jiang et al., 2020
(6)

Balb/c Mice, F Lung cancer Xenograft model Gavage 20 mg/kg/d 22 d 6 (3/3) TW; TV

Deng et al., 2020
(3)

KM Mice, M Lymphoma Xenograft model Gavage 20 mg/kg,
3d

21 d 10 (5/5) TV

Zeng et al., 2021
(23)

Nude Balb/c Mice,
F

Colorectal carcinoma Xenograft model Intraperitoneal injection 10 mg/kg/d 22 d 20 (10/
10)

TV

Hyun et al., 2021
(16)

NOD/SCID Mice,
NA

Lung cancer Xenograft model Gavage 20 mg/kg/d 14 d 27 (18/9) TW; TV

Zhu et al., 2021
(22)

C57 Mice, NA Colorectal carcinoma Drug-induced
model

NA 10 mg/kg/d 70 d 16 (8/8) TV
November 2
021 | Volum
e 11 | Art
F, female; M, male; NA, not applicable; d, day; N(M/E), number (model/evodiamine group); TW, tumor weight; TV, tumor volume.
FIGURE 3 | The risk of bias graph of included studies.
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FIGURE 4 | Forest plot of tumor volume.
TABLE 2 | Sub-analysis of the effects of EVO on tumor volume.

Variable Tumor volume

Number of studies 95% CI P-value I2 (%)

Overall 13 -5.99 (-8.89,-3.10) ≤0.00 97.69
Types of tumor
Pancreatic cancer 1 -5.01 (-6.62,-3.39) ─ ─
Oral squamous cell carcinoma 2 -3.84 (-9.32,1.64) ≤0.00 91.47
Ovarian cancer 1 -16.05 (-23.17,-8.93) ─ ─
Colorectal carcinoma 3 -3.04 (-3.73,-2.34) 0.90 0
Lymphoma 2 -11.66 (-26.08,2.76) ≤0.00 96.90
Liver cancer 2 -3.14 (-4.78,-1.50) 0.06 72.2
Lung cancer 2 -11.66 (-26.08,2.76) ≤0.00 88.28
Species
Mice 7 -9.29 (-15.10,-3.49) ≤0.00 98.62
Nude mice 6 -3.28 (-4.66,-1.91) ≤0.00 81.66
Gender
Female 5 -3.29 (-4.90,-1.68) ≤0.00 80.21
Male 4 -8.30 (-14.99,-1.62) ≤0.00 98.17
NA 4 -5.33 (-10.45,-0.21) ≤0.00 97.30
Mode of administration
Intraperitoneal injection 4 -6.73 (-11.31,-2.16) ≤0.00 94.24
Gavage 6 -7.91 (-14.54,-1.28) ≤0.00 99.01
Fed 1 -3.92 (-4.97,-2.87) ─ ─
NA 2 -2.68 (-3.67,-1.68) 0.37 0
Frontiers in Oncology | www.frontiersin.org
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Many in vitro and in vivo studies had reported beneficial
effects of EVO against tumor, and as far as we know, this is the
first meta-analysis that assessed the anticancer effect of EVO in
preclinical experiments. Our results showed that both the tumor
volume and tumor weight results of mice animal models treated
with EVO showed significant improvement, indicating that EVO
can probably be used as a new treatment strategy in the
treatment of clinical tumor patients.

Although this study achieved positive results, the possible
shortcomings should not be ignored. First, our research only
includes the available data; some negative results are less likely to
have been published. Therefore, this meta-analysis may have
Frontiers in Oncology | www.frontiersin.org 7130
exaggerated the effect size. Second, the heterogeneity among the
various animal studies was quite considerable, as animal studies
are often explorative and heterogeneous compared with clinical
trials. As a consequence, a subgroup analysis involving cancer
types, species, mode of administration, and gender was
conducted; however, due to the limited sample size of each
subgroup and insufficient statistical power, it did not find the
source of significant heterogeneity. Heterogeneity might have
originated from different animal ages, varied administration
routes, and different initiation times for treatment. Third, our
study still lacks the findings of the effect of EVO in tumor mice
models with specific types of diseases. Clinical patients are more
FIGURE 5 | Forest plot of tumor weight.
TABLE 3 | Sub-analysis of the effects of EVO on tumor weight.

Variable Tumor weight

Number of studies 95% CI P-value I2 (%)

Overall 6 -3.51 (-5.13,-1.90) ≤0.00 83.02
Types of tumor
Pancreatic cancer 1 -7.43 (-9.67,-5.19) ─ ─
Oral squamous cell carcinoma 2 -2.39 (-3.49,-1.30) 0.44 0
Liver cancer 1 -2.13 (-3.48,-0.78) ─ ─
Lung cancer 2 -3.41 (-5.77,-1.06) 0.13 55.84
Species
Mice 2 -3.41 (-5.77,-1.06) 0.13 55.84
Nude mice 4 -3.55 (-5.92,-1.18) ≤0.00 87.96
Gender
Female 3 -5.15 (-7.86,-2.44) 0.01 74.04
Male 1 -2.09 (-3.43,-0.75) ─ ─
NA 2 -2.42 (-3.24,-1.59) 0.6 0
Mode of administration
Intraperitoneal injection 2 -4.68 (-9.91,0.55) ≤0.00 93.79
Gavage 3 -2.87 (-3.75,-1.99) 0.32 0
NA 1 -2.13 (-3.48,-0.78) ─ ─
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likely to present with different types of underlying diseases, so
there is still a lot of work to be done in clinical translation. In
addition, we could not get exact conclusion in this condition: the
treatment methods in control arms did not unify to an extent; the
numbers of animals varied from group to group.
CONCLUSIONS

EVO appears to have the highest efficacy in reducing tumor
volume and weight, which increases our confidence in the results
and their transformation to the clinical situation. This is a result
of antiproliferative, anti-invasive, and apoptosis-inducing
functions of EVO in animal experiments. However, due to the
small number of studies included in this meta-analysis, the
experimental design and experimental method limitations
should be considered when interpreting the results. Significant
clinical and animal studies are still required to evaluate whether
EVO can be used in the adjuvant treatment of clinical
tumor patients.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.
Frontiers in Oncology | www.frontiersin.org 8131
AUTHOR CONTRIBUTIONS

YC, LJ, and CKL contributed to conception and design of the
study. YC and CJ organized the database. YC, CJ, PHB, and YSJ
performed the statistical analysis. YC, CJ, and LJ wrote the first
draft of the manuscript. All authors contributed to manuscript
revision, read, and approved the submitted version.
FUNDING

This study was supported by Key project at central government
level: The ability establishment of sustainable use for valuable
Chinese medicine resources (2060302); The Opening Project of
Hubei Provincial Key Laboratory of Occurrence and
Intervention of Rheumatic Diseases (Hubei Minzu University)
(PT022002); The Opening Project of Zhejiang Provincial
Preponderant and Characteristic Subject of Key University
(Traditional Chinese Pharmacology), Zhejiang Chinese
Medical University (No. ZYAOXYB2019003).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
774201/full#supplementary-material
REFERENCES

1. Hu CY, Wu HT, Su YC, Lin CH, Chang CJ, Wu CL. Evodiamine Exerts an Anti-
Hepatocellular Carcinoma Activity Through a WWOX-Dependent Pathway.
Molecules (Basel Switzerland) (2017) 22(7):1175. doi: 10.3390/molecules22071175

2. Meng T, Fu S, He D, Hu G, Gao X, Zhang Y, et al. Evodiamine Inhibits
Lipopolysaccharide (LPS)-Induced Inflammation in BV-2 Cells via
Regulating AKT/Nrf2-HO-1/NF-kb Signaling Axis. Cell Mol Neurobiol
(2021) 41(1):115–27. doi: 10.1007/s10571-020-00839-w
3. Deng YH, Dai YC, Tang B. Effect of Evodiamine on the Ki-67 Expression in
Tumor Tissue of Lymphoma Transplanted Mice Model. Clin Basic Bridging
Res (2020) 36(6):655–7. doi: 10.16368/j.issn.1674-8999.2017.06.240

4. Guo Q, Liu Y, Zhao J, Wang J, Li Y, Pang Y, et al. Evodiamine Inactivates NF-
kb and Potentiates the Antitumor Effects of Gemcitabine on Tongue Cancer
Both In Vitro and In Vivo. OncoTargets Ther (2019) 12:257–67. doi: 10.2147/
OTT.S181062

5. Hong Z, Wang Z, Zhou B, Wang J, Tong H, Liao Y, et al. Effects of
Evodiamine on PI3K/Akt and MAPK/ERK Signaling Pathways in
FIGURE 6 | Funnel plot of tumor volume.
 FIGURE 7 | Funnel plot of tumor weight.
November 2021 | Volume 11 | Article 774201

https://www.frontiersin.org/articles/10.3389/fonc.2021.774201/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.774201/full#supplementary-material
https://doi.org/10.3390/molecules22071175
https://doi.org/10.1007/s10571-020-00839-w
https://doi.org/10.16368/j.issn.1674-8999.2017.06.240
https://doi.org/10.2147/OTT.S181062
https://doi.org/10.2147/OTT.S181062
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yin et al. Antitumor, Evodiamine, Systematic Review, Meta-Analysis
Pancreatic Cancer Cells. Int J Oncol (2020) 56(3):783–93. doi: 10.3892/
ijo.2020.4956

6. Jiang ZB, Huang JM, Xie YJ, Zhang YZ, Chang C, Lai HL, et al. Evodiamine
Suppresses non-Small Cell Lung Cancer by Elevating CD8(+) T Cells and
Downregulating the MUC1-C/PD-L1 Axis. J Exp Clin Cancer Res CR (2020)
39(1):249. doi: 10.1186/s13046-020-01741-5

7. Kim H, Yu Y, Choi S, Lee H, Yu J, Lee JH, et al. Evodiamine Eliminates Colon
Cancer Stem Cells via Suppressing Notch andWnt Signaling.Molecules (Basel
Switzerland) (2019) 24(24):4520. doi: 10.3390/molecules24244520

8. Li X, Wu S, Dong G, Chen S, Ma Z, Liu D, et al. Natural Product Evodiamine
With Borate Trigger Unit: Discovery of Potent Antitumor Agents Against
Colon Cancer. ACS Medicinal Chem Lett (2020) 11(4):439–44. doi: 10.1021/
acsmedchemlett.9b00513

9. Yu H, Jin H, Gong W, Wang Z, Liang H. Pharmacological Actions of Multi-
Target-Directed Evodiamine. Molecules (Basel Switzerland) (2013) 18
(2):1826–43. doi: 10.3390/molecules18021826

10. Sena ES, Currie GL, McCann SK, Macleod MR, Howells DW. Systematic
Reviews and Meta-Analysis of Preclinical Studies: Why Perform Them and
How to Appraise Them Critically. J Cereb Blood Flow Metab Off J Int Soc
Cereb Blood Flow Metab (2014) 34(5):737–42. doi: 10.1038/jcbfm.2014.28

11. Peters JL, Sutton AJ, Jones DR, Rushton L, Abrams KR. A Systematic Review of
Systematic Reviews andMeta-Analyses of Animal ExperimentsWith Guidelines
for Reporting. J Environ Sci Health Part B Pesticides Food Contaminants Agric
Wastes (2006) 41(7):1245–58. doi: 10.1080/03601230600857130

12. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD,
et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting
Systematic Reviews. BMJ (Clinical Res ed) (2021) 372:n71. doi: 10.1136/
bmj.n71

13. Hooijmans CR, Rovers MM, de Vries RB, Leenaars M, Ritskes-Hoitinga M,
Langendam MW. SYRCLE's Risk of Bias Tool for Animal Studies. BMC Med
Res Method (2014) 14:43. doi: 10.1186/1471-2288-14-43

14. Yin C, Li Z, Xiang Y, Peng H, Yang P, Yuan S, et al. Effect of Intermittent
Fasting on Non-Alcoholic Fatty Liver Disease: Systematic Review and Meta-
Analysis. Front Nutr (2021) 8:709683. doi: 10.3389/fnut.2021.709683

15. Guo XX, Li XP, Zhou P, Li DY, Lyu XT, Chen Y, et al. Evodiamine Induces
Apoptosis in SMMC-7721 and HepG2 Cells by Suppressing NOD1 Signal
Pathway. Int J Mol Sci (2018) 19(11):3419. doi: 10.3390/ijms19113419

16. Hyun SY, Le HT, Min HY, Pei H, Lim Y, Song I, et al. Evodiamine Inhibits
Both Stem Cell and non-Stem-Cell Populations in Human Cancer Cells by
Targeting Heat Shock Protein 70. Theranostics (2021) 11(6):2932–52. doi:
10.7150/thno.49876

17. Lee YC, Lee CH, Tsai HP, An HW, Lee CM, Wu JC, et al. Targeting of
Topoisomerase I for Prognoses and Therapeutics of Camptothecin-Resistant
Ovarian Cancer. PloS One (2015) 10(7):e0132579. doi: 10.1371/
journal.pone.0132579

18. Li J, Zhang KL, Hu CQ, Han YY, Kang ZQ, Sun QQ, et al. Inhibitory Effect of
Evodiamine Combined With Radiotherapy on the Growth of Xenografts of
Human Tongue Squamous-Cell Carcinoma Tca-8113 Cells in Nude Mice.
TUMOR (2014) 34(2):108–12. doi: 10.3781/j.issn.1000-7431.2014.02.002

19. Shi XP, Li XP, Xiong W, Li H, Guo P, Wang F, et al. Evodiamine Suppresses
Proliferation of Colon Cancer HCT-116 Cells in Mice. Basic Clin Med (2017)
37(10):1373–7. doi: 10.3969/j.issn.1001-6325.2017.10.005

20. Wei WT, Chen H, Wang ZH, Ni ZL, Liu HB, Tong HF, et al. Enhanced
Antitumor Efficacy of Gemcitabine by Evodiamine on Pancreatic Cancer via
Regulating PI3K/Akt Pathway. Int J Biol Sci (2012) 8(1):1–14. doi: 10.7150/
ijbs.8.1

21. Yang YL. Effect of Evodiamine on the Expression of Bcl-2 mRNA and Ki-67
mRNA in the Model Mice With Lymphoma. China J Chin Med (2017) 32
(6):921–4. doi: 10.16368/j.issn.1674-8999.2017.06.240

22. Zhu LQ, Zhang L, Zhang J, Chang GL, Liu G, Yu DD, et al. Evodiamine
Inhibits High-Fat Diet-Induced Colitis-Associated Cancer in Mice Through
Regulating the Gut Microbiota. J Integr Med (2021) 19(1):56–65. doi: 10.1016/
j.joim.2020.11.001
Frontiers in Oncology | www.frontiersin.org 9132
23. Zeng D, Zhou P, Jiang R, Li XP, Huang SY, Li DY, et al. Evodiamine Inhibits
Vasculogenic Mimicry in HCT116 Cells by Suppressing Hypoxia-Inducible
Factor 1-Alpha-Mediated Angiogenesis. Anti Cancer Drugs (2021) 32(3):314–
22. doi: 10.1097/CAD.0000000000001030

24. Adrain C, Martin SJ. The Mitochondrial Apoptosome: A Killer Unleashed by
the Cytochrome Seas. Trends Biochem Sci (2001) 26(6):390–7. doi: 10.1016/
S0968-0004(01)01844-8

25. Fang C, Zhang J, Qi D, Fan X, Luo J, Liu L, et al. Evodiamine Induces G2/M
Arrest and Apoptosis via Mitochondrial and Endoplasmic Reticulum
Pathways in H446 and H1688 Human Small-Cell Lung Cancer Cells. PloS
One (2014) 9(12):e115204. doi: 10.1371/journal.pone.0115204

26. Lalier L, Cartron PF, Juin P, Nedelkina S, Manon S, Bechinger B, et al.
Bax Activation and Mitochondrial Insertion During Apoptosis. Apoptosis
an Int J Programmed Cell Death (2007) 12(5):887–96. doi: 10.1007/s10495-
007-0749-1

27. Huang YC, Guh JH, Teng CM. Induction of Mitotic Arrest and Apoptosis by
Evodiamine in Human Leukemic T-Lymphocytes. Life Sci (2004) 75(1):35–49.
doi: 10.1016/j.lfs.2003.11.025

28. Mohan V, Agarwal R, Singh RP. A Novel Alkaloid, Evodiamine Causes
Nuclear Localization of Cytochrome-C and Induces Apoptosis Independent
of P53 in Human Lung Cancer Cells. Biochem Biophys Res Commun (2016)
477(4):1065–71. doi: 10.1016/j.bbrc.2016.07.037

29. Yang F, Shi L, Liang T, Ji L, Zhang G, Shen Y, et al. Anti-Tumor Effect of
Evodiamine by Inducing Akt-Mediated Apoptosis in Hepatocellular
Carcinoma. Biochem Biophys Res Commun (2017) 485(1):54–61. doi:
10.1016/j.bbrc.2017.02.017

30. Zhao N, Tian KT, Cheng KG, Han T, Hu X, Li DH, et al. Antiproliferative
Activity and Apoptosis Inducing Effects of Nitric Oxide Donating Derivatives
of Evodiamine. Bioorganic Medicinal Chem (2016) 24(13):2971–8. doi:
10.1016/j.bmc.2016.05.001

31. Wang D, Ge S, Chen Z, Song Y. Evodiamine Exerts Anticancer Effects via
Induction of Apoptosis and Autophagy and Suppresses the Migration and
Invasion of Human Colon Cancer Cells. J BUON Off J Balkan Union Oncol
(2019) 24(5):1824–9.

32. Kim SH, Kang JG, Kim CS, Ihm SH, Choi MG, Lee SJ. Evodiamine Suppresses
Survival, Proliferation, Migration and Epithelial-Mesenchymal Transition of
Thyroid Carcinoma Cells. Anticancer Res (2018) 38(11):6339–52. doi:
10.21873/anticanres.12992

33. Yang S, Chen J, Tan T, Wang N, Huang Y, Wang Y, et al. Evodiamine Exerts
Anticancer Effects Against 143B andMG63 Cells Through theWnt/b-Catenin
Signaling Pathway. Cancer Manage Res (2020) 12:2875–88. doi: 10.2147/
CMAR.S238093

34. YangW, Gong X,Wang X, Huang C. AMediator of Phosphorylated Smad2/3,
Evodiamine, in the Reversion of TAF-Induced EMT in Normal Colonic
Epithelial Cells. Invest New Drugs (2019) 37(5):865–75. doi: 10.1007/
s10637-018-0702-x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Yin, Cheng, Peng, Yuan, Chen and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
November 2021 | Volume 11 | Article 774201

https://doi.org/10.3892/ijo.2020.4956
https://doi.org/10.3892/ijo.2020.4956
https://doi.org/10.1186/s13046-020-01741-5
https://doi.org/10.3390/molecules24244520
https://doi.org/10.1021/acsmedchemlett.9b00513
https://doi.org/10.1021/acsmedchemlett.9b00513
https://doi.org/10.3390/molecules18021826
https://doi.org/10.1038/jcbfm.2014.28
https://doi.org/10.1080/03601230600857130
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1186/1471-2288-14-43
https://doi.org/10.3389/fnut.2021.709683
https://doi.org/10.3390/ijms19113419
https://doi.org/10.7150/thno.49876
https://doi.org/10.1371/journal.pone.0132579
https://doi.org/10.1371/journal.pone.0132579
https://doi.org/10.3781/j.issn.1000-7431.2014.02.002
https://doi.org/10.3969/j.issn.1001-6325.2017.10.005
https://doi.org/10.7150/ijbs.8.1
https://doi.org/10.7150/ijbs.8.1
https://doi.org/10.16368/j.issn.1674-8999.2017.06.240
https://doi.org/10.1016/j.joim.2020.11.001
https://doi.org/10.1016/j.joim.2020.11.001
https://doi.org/10.1097/CAD.0000000000001030
https://doi.org/10.1016/S0968-0004(01)01844-8
https://doi.org/10.1016/S0968-0004(01)01844-8
https://doi.org/10.1371/journal.pone.0115204
https://doi.org/10.1007/s10495-007-0749-1
https://doi.org/10.1007/s10495-007-0749-1
https://doi.org/10.1016/j.lfs.2003.11.025
https://doi.org/10.1016/j.bbrc.2016.07.037
https://doi.org/10.1016/j.bbrc.2017.02.017
https://doi.org/10.1016/j.bmc.2016.05.001
https://doi.org/10.21873/anticanres.12992
https://doi.org/10.2147/CMAR.S238093
https://doi.org/10.2147/CMAR.S238093
https://doi.org/10.1007/s10637-018-0702-x
https://doi.org/10.1007/s10637-018-0702-x
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Pasquale Pisapia,

University of Naples Federico II, Italy

Reviewed by:
Elham Sajjadi,

University of Milan, Italy
Vincenzo L’Imperio,

University of Milano-Bicocca, Italy

*Correspondence:
Yuying Gan

yuyinggan@126.com

Specialty section:
This article was submitted to

Pharmacology of Anti-Cancer Drugs,
a section of the journal
Frontiers in Oncology

Received: 13 September 2021
Accepted: 25 October 2021

Published: 11 November 2021

Citation:
Gan Y, Liu P and Luo T (2021)

Successful Treatment of an Elderly
Patient With Combined Small
Cell Lung Cancer Receiving
Anlotinib: A Case Report.
Front. Oncol. 11:775201.

doi: 10.3389/fonc.2021.775201

CASE REPORT
published: 11 November 2021

doi: 10.3389/fonc.2021.775201
Successful Treatment of an
Elderly Patient With Combined
Small Cell Lung Cancer Receiving
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Combined small-cell lung cancer (C-SCLC) is a relatively rare subtype of SCLC and is
defined by the combination of SCLC and any elements of non-small-cell lung carcinoma.
Anlotinib is a novel oral multitarget tyrosine kinase inhibitor that led to significant
improvements in progression-free survival and overall survival in third-line therapy of
advanced SCLC in the ALTER1202 study. Antiangiogenic therapy with anlotinib in C-
SCLC has not previously been reported. An 80-year-old man was admitted with a 20-day
history of blood-stained sputum. Chest computed tomography revealed a soft mass (45 ×
43 mm) in the right upper lobe and a mediastinal lymph node and additional lung lesions in
the homo lung. Pathology confirmed C-SCLC after an ultrasound-guided percutaneous
puncture biopsy of the right lung tumor. The elderly patient was given anlotinib
monotherapy at a dose of 10 mg/day on days 1–14 of a 21-day cycle after providing
informed consent, and the outcome was assessed as continued partial response. As of
the last follow-up evaluation, the patient’s progression-free survival was more than 7
months, and the treatment showed satisfactory safety. Our findings provide direct
evidence of the efficacy of anlotinib in an elderly patient with C-SCLC. More studies are
needed to confirm our observations.

Keywords: combined small cell lung cancer, elderly, anlotinib, long progression-free survival, the first-line therapy
INTRODUCTION

Combined small-cell lung cancer (C-SCLC) is a subtype of SCLC according to the World Health
Organization in 2015 (1). C-SCLC is defined as SCLC combined with any elements of non-small-
cell lung cancer (NSCLC) and usually comprises squamous cell carcinoma, adenocarcinoma,
large cell carcinoma, large cell neuroendocrine carcinoma, or any other rare components such as
giant cell carcinoma or spindle-cell carcinoma. In previous studies, C-SCLC was found to account
for 2%–28% of SCLC cases (2). The diagnosis rate with combined histology is higher in surgical
specimens than those obtained by bronchoscopy or needle biopsy. The optimal treatments for C-
SCLC have not been fully verified, which is often referred to as the SCLC (3).

SCLC proliferation has been demonstrated to be associated with the formation of microvessels, so
inhibition of angiogenesis could be a promising treatment for SCLC (4). Anlotinib hydrochloride (AL
3818) is an oral tyrosine multiline inhibitor that targets the vascular endothelial growth factor receptor,
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platelet-derived growth factor receptor, fibroblast growth factor
receptor, c-Kit, etc. TheNationalMedical Products Administration
approved anlotinib as a third-line treatment for SCLC in2019 based
on phase 2 of the ALTER1202 trial (5).

Here, we present a case report of an elderly patient with C-
SCLC who achieved significant clinical benefit from anlotinib
monotherapy as first-line therapy.
CASE PRESENTATION

A 80-year-old male former smoker with a Brinkman index of 400
was admitted to our department with a complaint of blood-stained
sputum for 20 days on December 25, 2020. The patient had a
history of chronic obstructive pulmonary disease. An enhanced
computed tomography (CT) scan of the chest showed a mass (45
× 43 mm) in the posterior segment of the right upper lobe,
multiple pulmonary nodules with a maximum diameter of 20 ×
14 mm, and enlarged right hilar and mediastinal lymph nodes
(Figure 1). An ultrasound-guided percutaneous puncture biopsy
was performed against the right upper lobe mass, and the
pathology was proved to be C-SCLC comprising SCLC and
squamous cell carcinoma (Figure 2). The positron emission
tomography scan for clinical staging showed significant uptake
in each abnormal area, with the following standardized uptake
values: posterior segment mass, 15 g/ml; posterior segment
nodule, 9.0 g/ml; and right pulmonary hilar and mediastinal
lymph nodes, 12.2 g/ml. The tumor–node–metastasis (TNM)
stage was T2N2M1 IV according to the 8th edition of the
American Joint Committee on Cancer (AJCC)/Union for
International Cancer Control (UICC) TNM staging system for
lung cancer. No epidermal growth factor receptor (EGFR) gene
mutation was found in the biopsied tissue by next-generation
sequencing. Considering that oral anlotinib therapy is generally
better tolerated than conventional chemotherapy, after providing
Frontiers in Oncology | www.frontiersin.org 2134
informed consent, the patient was treated with anlotinib (10 mg/
day once daily orally, 2 weeks on and 1 week off). The patient was
followed up with a chest CT in the outpatient department. The
chest CT (February 19, 2021) showed a 39 × 39 mm mass in the
right upper lobe and a 21 × 14 mm nodule in the right upper lobe,
the lymph nodes in the right hilum and mediastinum were slightly
enlarged, and the efficacy was evaluated as stable disease (SD)
according to RECIST version 1.1. The patient continued to be
treated with oral anlotinib monotherapy. Chest CT (May 5, 2021)
showed a 30 × 30 mm mass in the right upper lobe, a 8 × 7 mm
nodule in the right upper lobe, and significant shrinkage of the
right pulmonary hilar and mediastinal lymph nodes; the curative
effect was evaluated as partial response (PR). As a result of the
reduction in mass, the patient was more confident in continuing
with anlotinib. Chest CT from the last follow-up (June 30, 2021)
showed a 23 × 22 mm mass in the right upper lobe, a 8 × 7 mm
nodule in the right upper lobe, no significant changes in the right
pulmonary hilar or mediastinal lymph nodes, and a small amount
of additional unilateral pleural effusion; the efficacy was evaluated
as PR (Figure 3). From the beginning of treatment to the last
follow-up, the patient had been receiving anlotinib treatment for
more than 7 months. During the treatment, the patient developed
mild fatigue and hypertension. All these adverse events were
defined as level 1.
DISCUSSION

C-SCLC is a rare subtype of SCLC with both components of
SCLC and NSCLC. The incidence of C-SCLC has been
previously reported to range from 2% to 28% in various
studies. In our case, the patient was diagnosed as C-SCLC by
hematoxylin–eosin staining and immunohistochemistry.

Owing to its rarity and complexity, only a few studies have
focused on prognosis in C-SCLC. A previous study noted that
FIGURE 1 | Contrast-enhanced chest computed tomography (CT) scan showing (A) a soft mass (45 × 43 mm) in the posterior segment of the right upper lobe and
the enlarged right hilar and mediastinal lymph nodes (arrow) and (B) multiple pulmonary nodules with a maximum diameter of 20 × 14 mm (arrow).
November 2021 | Volume 11 | Article 775201
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there was no difference in overall survival (OS) between C-
SCLC and pure SCLC in patients that did not receive surgery
(6). In our case, the stage was too late for surgery to be suitable;
the patient may have a poor prognosis without other
effective treatments.

Treatment options are limited for elderly C-SCLC patients,
who are often excluded from various clinical trials, leading to a
lack of evidence-based medicine and insufficient clinical
Frontiers in Oncology | www.frontiersin.org 3135
evidence for this group of patients. Moreover, there is no
unified treatment for C-SCLC, referring to SCLC treatment,
such as surgery, radiotherapy, and chemotherapy. In our case,
the patient was 80 years old. Elderly patients are often thought
to be too weak to tolerate treatment-related toxicity. However,
in a recent study involving a total of 146 elderly SCLC patients
aged from 80 to 92 years old, the median survival was 1.3
months without any treatment, 6 months with local therapy
FIGURE 2 | (A) Hematoxylin and eosin staining (H&E) × 40 showing combined small-cell lung cancer (small-cell carcinoma and squamous cell carcinoma). (B) Same
field as in Panel (A) with positive cytoplasmic staining for synaptophysin as typical neuroendocrine. (C) Same field as in Panel (A) with positive cytoplasmic staining
for chromogranin A as typical neuroendocrine. (D) P40 brown nuclear staining. (E) H&E × 10 showing infiltrative squamous cell carcinoma component. (F) Same field
as in Panel (E) with unclear staining for P40.
November 2021 | Volume 11 | Article 775201
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alone, 7.2 months with chemotherapy alone, and 14.4 months
with chemotherapy plus local therapy (7). These results
indicate that very elderly SCLC patients can benefit from
aggressive multimodality therapy. Even so, the patient and his
family in our case refused chemotherapy or radiotherapy
because of his age. Targeted therapy and immunotherapy are
generally better tolerated than conventional chemotherapy.
According to previous studies, the likelihood of EGFR
mutation in C-SCLC varies from 15% to 20% (8). Per some
case studies, EGFR or ALK tyrosine kinase inhibitors may be
effective (9). The patient was only tested for an EGFR mutation
because of financial and healthcare concerns in this case; the
results were negative for the EGFR gene. Atezolizumab and
durvalumab improved OS in the first-line treatment of SCLC
(10, 11), but not C-SCLC. A recent study showed that the
failure of PD-L1 inhibitors in postoperative C-SCLC patients
may be due to poor PS (12). The patient abandoned
immunotherapy and refused to be tested for PD-L1 owing to
the high cost and unproven efficacy of immunotherapy.

Anlotinib is a new tyrosine kinase inhibitor targeting a variety
of factors, including tumor proliferation, the vascular system,
and the tumor microenvironment. Anlotinib was shown to
improve OS and progression-free survival (PFS) as a third-line
therapy for SCLC patients, and the drug was approved in China.
The efficacy and safety of anlotinib for elderly patients with
previously treated extensive small-cell carcinoma was recently
confirmed by a retrospective analysis (13). The study enrolled 79
elderly patients who were treated with anlotinib, with objective
response rate of 8.9%, disease control rate of 69.6%, median PFS
of 3.0 months, and median OS of 7.1 months. Importantly, most
of the adverse reactions were grade 1–2. However, there are no
reported cases of C-SCLC treated with anlotinib, and C-SCLC is
Frontiers in Oncology | www.frontiersin.org 4136
excluded from trials in ALTER1202. In our case, the patient was
given anlotinib at 10 mg once daily for 2 weeks on with 1 week
off; the lesions shrank dramatically, and the treatment was well
tolerated. Although a chest CT (June 30, 2021) revealed a tiny
amount of further unilateral pleural effusion, the volume of
pleural fluid was insufficient to determine the nature of the
pleural effusion, and the patient continued to be treated with
anlotinib. The patient was re-examined on September 27, 2021,
with a chest CT indicating that the pleural effusion had been
absorbed (Supplementary Figure), and the outcome was graded
as maintained SD.

In our case, the patient was admitted to our department
complaining of blood-stained sputum. Hemoptysis did not
worsen after anlotinib therapy. The patient developed
hypertension after anlotinib treatment. As shown in a recent
study, hypertension that occurs during the delivery of anlotinib is
associated with better prognosis (13). In addition, tumor
cavitation was found to be an independent factor predicting
better PFS (14). During anlotinib therapy, tumor cavitation
occurred in our patient. However, effective predictive
biomarkers of anlotinib are not clear. Further investigation
is warranted.
CONCLUSION

To the best of our knowledge, this is the first case of successful
anlotinib treatment of an elderly patient with C-SCLC. Anlotinib
is a potential treatment choice for elderly C-SCLC patients who
refuse or cannot tolerate chemotherapy. More studies are needed
to confirm our observations.
FIGURE 3 | (A) Chest computed tomography (CT) scan showing the initial tumor. (B) Two cycles after anlotinib initiation; the efficacy was evaluated as SD. (C) CT
scan showing remarkable shrinkage of the tumor; the efficacy was evaluated as PR. (D) CT scan showing sustained shrinkage of the tumor and a small amount of
additional effusion; the efficacy was evaluated as PR.
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Up-Regulation of p53/miR-628-3p
Pathway, a Novel Mechanism of
Shikonin on Inhibiting Proliferation and
Inducing Apoptosis of A549 and PC-9
Non–Small Cell LungCancer Cell Lines
Jieli Pan1†, Meiya Li1†, Fenglin Yu2, Feiye Zhu1, Linyan Wang1, Dandan Ning1, Xiaoli Hou1

and Fusheng Jiang2*

1Academy of Chinese Medical Sciences, Zhejiang Chinese Medical University, Hangzhou, China, 2College of Life Science,
Zhejiang Chinese Medical University, Hangzhou, China

Shikonin (SHK) is a pleiotropic agent with remarkable cell growth inhibition activity against
various cancer types, especially non–small cell lung cancer (NSCLC), but its molecular
mechanism is still unclear. Our previous study found that miR-628-3p could inhibit the
growth of A549 cells and induce its apoptosis. Bioinformatics analysis predicted that miR-
628-3p promoter sequence contained p53 binding sites. Considering the regulatory effect
of SHK on p53, we speculate that SHK may inhibit the growth and induce apoptosis of
NSCLC cells by up-regulating miR-628-3p. CCK-8 and EdU assay confirmed the inhibitory
effect of SHK on A549 and PC-9 cells. Meanwhile, quantitative reverse
transcription–polymerase chain reaction and Western blot showed that SHK could
promote the expression of p53 and miR-628-3p in a dose-dependent manner.
Overexpression of p53 or miR-628-3p can inhibit the growth and promote apoptosis
of A549 and PC-9 cells, while silencing p53 or miR-628-3p has the opposite effect. Dual
luciferase reporting assay and ChIP (chromatin immunoprecipitation) assay further verified
the direct interaction between p53 and the promoter of miR-628-3p. Gene knockdown for
p53 or miR-628-3p confirmed that SHK inhibits the growth and induces apoptosis of A549
and PC-9 cells at least partly by up-regulating p53/miR-628-3p signaling pathway.
Therefore, these novel findings provide an alternative approach to target p53/miR-628-
3p axis and could be used for the development of new treatment strategies for NSCLC.

Keywords: shikonin, non–small cell lung cancer, p53, miRNA, proliferation, apoptosis

INTRODUCTION

Lung cancer is the most often diagnosed cancer (approximately 11.6% of all cancer cases) and the
leading cause of cancer death worldwide (18.4% of overall cancer mortality) (Bray et al., 2018); it
places a heavy burden on the health care system and causes a significant challenge to clinicians and
patients. According to histology, lung cancer can be classified into small cell lung cancer (SCLC) and
non–small cell lung cancer (NSCLC) (Goldstraw, 2011). NSCLC, a subtype of lung cancer, accounts
for approximately 85% of cases, which is the most common cause of cancer death. Currently, surgery,
radiation therapy, chemotherapy, and immunotherapy are widely used in clinical practice; especially
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chemotherapy for NSCLC (such as anaplastic lymphoma kinase
inhibitors, tyrosine kinase inhibitors, and epidermal growth
factor receptor inhibitors) has shown better clinical outcome
than that for SCLC (Wang et al., 2020). These results indicated
that the development of small molecule drugs for the treatment of
NSCLC is still of great significance.

Shikonin (SHK), a natural naphthoquinone pigment isolated
from Lithospermum erythrorhizon, has been reported to suppress
the growth of various cancer types in vitro, such as lung (Kim
et al., 2017; Li et al., 2018; Fayez et al., 2020), breast (Du et al.,
2020; Wang et al., 2021), skin (Li et al., 2015), gallbladder (Zhai
et al., 2017), glioma (Ma et al., 2020), and prostate (Gara et al.,
2015). One clinical trial proved that SHK is beneficial for late-
stage lung cancer patients, who were not candidates for operation,
radiotherapy, or chemotherapy (Guo et al., 1991). Researches on
different lung cancer cell lines have shown that SHK can elicit its
growth inhibitory activity by inducing apoptosis, necrosis,
autophagy, and senescence, and its mechanism involves
regulating the multiple signaling pathways such as p53, ERK,
STAT3, EGFR, and so on (Eric et al., 2020). However, the exact
antitumor molecular mechanism of SHK remains to be
elucidated.

MicroRNAs (miRNAs) are small noncoding RNA molecules
that inhibit gene expression at the transcriptional and
posttranscriptional level by binding to the 3′-untranslated
region of the target mRNAs (Wang et al., 2013). In cancer
cells, miRNAs can act as carcinogens or tumor suppressors,
depending on their target genes and cell types (Kooshkaki
et al., 2020). A large number of studies have shown that
anticancer drugs can inhibit tumor cell proliferation,
epithelial–mesenchymal transition, and drug efflux; induce
tumor cell apoptosis and autophagy; and improve the
sensitivity of cancer cells to anticancer therapy by interfering
with miRNA (Seo et al., 2019; Kooshkaki et al., 2020). Therefore,
miRNA can be used as a target for anticancer drug research and
development. Recent studies have shown that SHK can inhibit the
proliferation of retinoblastoma by up-regulating miR-34a and
miR-202 (Su et al., 2018), and it can also suppress progression and
epithelial–mesenchymal transition in hepatocellular carcinoma
cells by modulating miR-106b (Li and Zeng, 2020). Apparently,
regulating miRNA is another potential anticancer molecular
mechanism of SHK.

Recent studies have reported that miR-628-3p was down-
expressed in breast (Dong et al., 2019), gastric (Chen et al.,
2015), and pancreatic cancer (Jiang, 2017) comparing with its
adjacent normal tissue, and overexpression miR-628-3p can
inhibit cancer cell growth and migration and induce cancer cell
apoptosis (Chen et al., 2015; Jiang, 2017; Dong et al., 2019).
Consistent with those reports, our previous work
demonstrated that up-regulated miR-628-3p can inhibit
migration and promote apoptosis in A549 cells by
negatively regulating HSP90 (Pan et al., 2018). Further
bioinformatics analysis showed that miR-628-3p
transcription might be regulated by p53. Meanwhile, several
studies have shown that SHK can inhibit the growth and
induce apoptosis of A549 cells by promoting the expression
of p53 (Yeh et al., 2015; Zheng, 2017; Zheng et al., 2018).

Herein, the objective of the current study was to reveal whether
SHK can inhibit the proliferation and induce apoptosis of
NSCLC cells by regulating the p53/miR-628-3p pathway.

MATERIALS AND METHODS

Cell Culture
293T human NSCLC cell lines A549 and PC-9 were purchased
from the Type Culture Collection of the Chinese Academy of
Sciences, Shanghai, China. The cells were cultured in Dulbecco
modified Eagle medium and RPMI 1640 medium (Invitrogen,
United States) supplemented with 10% fetal bovine serum (Gibco,
United States) and 1% antibiotics (100 U/ml penicillin and
100 μg/ml streptomycin sulfate) in 5% CO2 at 37°C.

Transfection
miRNA mimics (miR-628-3p mimics, miR-NC), miRNA
inhibitors (anti-miR-NC, anti-miR-628-3p), and si-RNAs (si-
NC, si-p53) (See Supplementary Table S1 for details) were
designed and synthesized by Ribobio company (Guangzhou,
China). The p53 overexpression vector (pHY-819-p53) was
commercially constructed by Hanyin Company (Shanghai,
China) and empty pHY-819 vector (see Supplementary
Figure S1) was used as the negative control. All
oligonucleotides and plasmids were transfected into 293T,
A549, and PC-9 cells using the Lipofectamine 3000
Transfection Reagent (Invitrogen) according to the
manufacturer’s instructions.

CCK-8 Assay
SHK (HPLC ≥98%, B21682, Shanghai Yuanye Bio-Technology
Co., Ltd. Shanghai, China) was dissolved in dimethyl sulfoxide
(DMSO) and diluted into a series of concentrations with culture
medium (the final concentration of DMSO was 0.1%). After cells
were treated in triplicate with the various concentrations of SHK
or vehicle (medium containing 0.1% DMSO), CCK-8 was added
to the cell suspension and incubated for 2 h. The optical density
(OD) at 450 nm in each well was measured using a microplate
reader (PE enpire; United States). The OD resulting in control
cells was defined as 100% cell viability, and all other
measurements were expressed as a percentage of the control
cell value. At least three independent experiments were
performed.

5-Ethynyl-29-Deoxyuridine Assay
The cells were incubated with 5-ethynyl-2′-deoxyuridine (EdU;
Ribobio) for 2 h and processed according to the manufacturer’s
instruction. After three washes with phosphate-buffered saline
(PBS), the cells were treated with 300 μl of 1× Apollo reaction
cocktail for 10–30 min and analyzed by flow cytometry. For
fluorescence microscope analysis, the EdU-stained cells in 96
wells were restained by DAPI (100 ng/ml) in the dark at room
temperature for 10 min. After that, cells were washed with PBS
twice and photographed on an ImageXpress Micro Confocal
High-Content Imaging System (Molecular Devices, Sunnyvale,
CA, United States).
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Annexin V/Propidium Iodide Assay (FACS
Analysis for Differentiation of Apoptosis
From Necrosis)
To analyze the extent of apoptosis and necrosis in response to SHK
exposure, A549 and PC-9 cells in the exponential growth phase (2.5 ×
105 cells) were seeded in 12-well plate and were incubated at 37°C for
the indicated times in the presence or absence of specified test drugs.
Then the cells were trypsinized, pelleted, washed in ice-cold PBS, and
resuspended in 1× binding buffer according to the manufacturer’s
instructions. They were then incubated with annexin V–fluorescein
isothiocyanate (FITC) and propidium iodide (PI) for 15min at room
temperature. After incubation, the stained cells were analyzed by flow
cytometry (Cytoflex S, BeckmanCoulter), and the emittedfluorescence
of the FITC-stained cells exited by a 488-nm laser, whereas the emitted
fluorescence of the PE-stained cells was measured at a wavelength of
561-nm laser. Cells were then gated by forward and side scattering, at
least 10,000 events were used in calculations for each sample, and the
proportions of viable, early apoptotic, late apoptotic, and necrotic cells
in each sample were estimated from those with low annexin–low PI,
high annexin–low PI, high annexin–high PI, and low annexin–high PI
staining, respectively.

RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction
Total RNA from the cells was extracted using TRIzol (Invitrogen)
according to the manufacturer’s protocol and then quantified using a
NanoDrop spectrophotometer (Thermo Fisher Scientific,
United States). One microgram of RNA was reversely transcribed
into complementary DNA (cDNA) using PrimeScript reverse
transcription (RT) reagent kit with genomic DNA Eraser (TaKaRa,
China) and Bulge-Loop-miRNA–quantitative RT (qRT)–polymerase
chain reaction (PCR) Starter Kit (RiboBio, China). qRT-PCR reactions
were performed to detect miR-628-3p and p53 mRNA expression
using SYBR Green I mix reagents (TaKaRa, China) in a 20-μl reaction
volume (10 μl SYBRGreen Imix, 200 nM forward and reverse primer,
1 μl cDNA template) on a 7500 Real-Time PCR System (Applied
Biosystems). 18sRNA or U6 was used as the internal control. Each
reaction was run in triplicate. The change in gene expression was
calculated with the 2−ΔΔCt method. The details of PCR primers are
shown in Supplementary Table S2.

Protein Extraction
Cells were washed three times with PBS chilled to 4°C. Whole-cell
proteins were extracted with M-PERMammalian Protein Extraction
Reagent (78503, Thermo Fisher Scientific, United States) containing
protease and phosphatase inhibitor (Roche, Germany) at 4°C for
30min. Then, the samples were centrifuged at 14,000 × g for 10min,
and the supernatant was transferred to a new tube for analysis.

Western Blotting
Before blotting, the protein was quantified using the bicinchoninic
acid method. Simple Western immunoblotting was performed on a
Simple Wes System (ProteinSimple, CA, United States) using a Size
Separation Master Kit with Split Buffer (12–230 kDa) according to
the manufacturer’s standard instruction and using anti-p53 (sc-126,

Santa Cruz, USA) and anti–β-actin (4970S, CST, United States)
antibodies. Compass software (version 4.0.0, ProteinSimple) was used
to program the SimpleWes and for presentation (and quantification)
of the Western immunoblots. Output data were displayed from the
software calculated average of seven exposures (5–480 s).

Luciferase Reporter Assays
The wild-type (WT) promoter region for the transcription of
pre–miR-628 (2 kb upstream of the pre–miR-628 gene) was
cloned into the pGL3 basic luciferase vector (Promega). Then, the
mutant-type (MUT) promoter region that lost p53 binding sites was
also synthesized and cloned into the pGL3 basic luciferase vector. A
dual-luciferase reporter assay was carried out by cotransfecting the
pGL3 basic luciferase vector containing the WT or MUT promoter
region (see Supplementary Figure S2) of pre–miR-628, p53-
expressing plasmid, empty vector control, and Renilla luciferase
vector into 293T cells using the Lipofectamine 3000 reagent
(Thermo Fisher Scientific). The firefly and Renilla luciferase
activity were measured with the dual-luciferase reporter assay
system (Promega). Firefly luciferase activity was normalized to
Renilla activity and presented as relative luciferase activity. All
assays were performed in triplicate three times.

Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were performed
using a Pierce Agarose ChIP Kit (Thermo Fisher Scientific)
following the manufacturer’s instructions, and ChIP-enriched
DNA samples were analyzed by qPCR. Cells were cross-linked
with 1% formaldehyde for 10 min at room temperature and
quenched in glycine. Anti-p53 antibody (CST #2524) or normal
immunoglobulin G (IgG) (BD Biosciences) were used for
immunoprecipitation. The DNA was recovered and subjected to
qPCR to amplify the binding sites of the pre–miR-628 promoter
region. Data are presented as relative enrichment normalized to
control IgG. The primer pairs used for PCR analysis were as follows:
forward, 5′-CAGTAGTTGCCTTGTAAAGTGC-3′, reverse, 5′-
AGAAGAGCGAAAATGACAGACC-3′;

Statistical Analyses
Each experiment was performed at least three times, and all
values are expressed as the mean ± SD of triplicate samples. Data
are assessed by one-way analysis of variance with Tukey post hoc
test. p < 0.05 was considered statistically significant.

RESULTS

SHK Inhibits the Proliferation of A549 and
PC-9 Cells
A549 and PC-9, as a p53 WT cells (Raynal et al., 1997; Wang et al.,
2015), were selected to investigate the role of SHK. Cell survival was
measured with a CCK-8 assay. The results revealed a dose-dependent
decrease in proliferation of A549 and PC-9 cells after SHK treatment,
and the inhibition rate of concentration greater than 2.0 μM was
significantly different from that of the untreated group (Figure 1A).
In general, the inhibition rate of SHK on A549 and PC-9 cells treated
for 48 h was higher than that of corresponding concentration
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treatment for 24 h, but there was no significant difference observed in
both cell lines except the 2.0 μM treatment on PC-9 cells, so did the
situation in IC50 concentration of SHK in A549 cells at 48 and 24 h,
but the significant difference was detected on PC-9 cells. Both A549
and PC-9 cell lines showed high sensitivity to SHK, and the IC50

concentrations at 24 h were 3.349 ± 0.167 and 2.132 ± 0.174 μM,
respectively.

EdU incorporation method, which can accurately reflect the
percentage of cell proliferation (Yu et al., 2009), was also used to

determine the proliferation inhibitory activity of SHK in A549
and PC-9 cells. The results of flow cytometry showed that 1.0 μM
SHK treatment significantly reduced the proliferation of A549
and PC-9 cells; the EdU positive cells decreased by 40.14 and
34.98%, respectively (Figure 1B). While 3.0 μM SHK treatment
almost completely blocked the proliferation of A549 and PC-9
cells (Figure 1B), which was reconfirmed by fluorescence
microscope (Figure 1C). Moreover, the IC50 of SHK against
A549 and PC-9 cells were 1.221 ± 0.059 and 1.334 ± 0.114 μM,

FIGURE 1 | The inhibitory effect of SHK on A549 cells and PC-9 cells. (A) CCK-8 assay, (B) EdU assay on A549 (upper panel) and PC-9 (lower panel) cells
detected by flow cytometry, and (C) EdU assay on A549 (upper panel) and PC-9 (lower panel) cells recorded by fluorescence microscope. All measurements were
carried out in triplicates, and data are given as mean ± SD (n � 3). *fnlowast p < 0.05, **p < 0.01.
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FIGURE 2 | Apoptosis of (A) A549 cells and (B) PC-9 cells induced by SHK. A549 cells and PC-9 cells were treated by various concentrations of SHK for 24 h; cells
were stained with annexin V–fluorescein isothiocyanate/propidium iodide and evaluated for apoptosis by flow cytometry. All measurements were carried out in triplicates,
and data are given as mean ± SD (n � 3). **p < 0.01.

FIGURE3 | SHK induces the expression of p53 andmiR-628-3p on A549 and PC-9 cells. Cells were treated with different concentrations of SHK for 24 h, and then
the relative p53 (A) and (B) miR-628-3p mRNA levels were measured by qRT-PCR, and (C) relative p53 protein expression levels were recorded by simple Western
immunoblotting method. All measurements were carried out in triplicates, and data are given as mean ± SD (n � 3). *p < 0.05, **p < 0.01.
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respectively. Obviously, compared with CCK-8 results, EdU
results showed that SHK had a stronger inhibitory effect and
exhibited similar inhibitory activity in A549 and PC-9 cells.

SHK Induces the Apoptosis of A549 and
PC-9 cells
To further investigate whether SHK inhibited A549 and PC-9 cell
growth through the induction of apoptosis, the percentage of

apoptotic cells was calculated by flow cytometry using the
annexin V/PI double-staining assay following treatment of the
cells with various doses of SHK. The representative flow
cytometry data are presented in Figure 2. It was demonstrated
that treatment with 1.0, 2.0, and 3.0 μMSHK for 24 h significantly
increased the numbers of apoptotic cells compared with the
control group, and the numbers of apoptotic cells in both
A549 and PC-9 cells increased in a dose-dependent manner. It
is worth noting that, in treatment with 2.0 μMSHK, the apoptosis

FIGURE 4 | Cell viability of A549 and PC-9 cells. p53-overexpression plasmid (p53) or its control vector, p53 specific siRNA or siRNA NC, mimic 628-3p, inhibitor
628-3p, or their corresponding negative control was transfected into A549 or PC-9 cells by Lipofectamine 3000 as indicated. Then (A) total proteins were extracted, and
p53 protein levels were determined on a Simple Wes System; (B) CCK-8 assay and (C) EdU assay were performed after 24 h of transfection. All measurements were
carried out in triplicates, and data are given as mean ± SD (n � 3). *p < 0.05, **p < 0.01.
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rates of A549 and PC-9 cells were 26.977 ± 7.127% and 55.787% ±
11.248%, respectively. The PC-9 cells showed more sensitivity to
the apoptosis induced by SHK.

Expression of p53 andmiR-628-3p Changes
in Response to SHK in A549 and PC-9 Cells
Both p53 (Wang et al., 2013) and miR-628-3p (Pan et al., 2018)
can mediate the apoptosis of A549 cells, and SHK can promote
the apoptosis of A549 cells in a dose-dependent manner.
Therefore, we studied whether p53 and miR-628-3p are
involved in SHK-induced apoptosis of A549 and PC-9 cells.
The results displayed that the relative miR-628-3p level and
p53 mRNA and protein level were dramatically increased by
SHK treatment compared with the control group (Figure 3). This
positive reaction implied that SHK may exert its activity through
up-regulating p53 and miR-628-3p.

The Effects of miR-628-3p and p53 in A549
and PC-9 Cell Proliferation and Apoptosis
To understand the effects of p53 andmiR-628-3p on the proliferation
of A549 and PC-9 cells, p53 overexpression vector (ormimic 628-3p)
and p53 siRNA (or inhibitor 628-3p) were transfected into A549 and
PC-9 cells, respectively. Empty plasmid (mimic NC) and siRNA NC
(inhibitor NC) were used as negative control respectively. The results
showed that overexpression of p53 significantly elevated the protein
level of p53 in A549 and PC-9 cells (Figure 4A) and led to the growth
of A549, and PC-9 cells were inhibited (Figure 4B), but after
interfering with siRNA of p53, the protein level of p53 was
dramatically decreased (Figure 4A), and accordingly, the
proliferation of A549 and PC-9 cells was promoted instead

(Figure 4B). Similarly, the overexpression of mimic 628-3p also
inhibited the growth of A549 and PC-9 cells, while the transfection of
miR-628-3p inhibitor significantly increased the cell proliferation
(Figure 4B). The effects of p53 and miR-628-3p on the proliferation
of A549 and PC-9 cells were further reconfirmed using EdU assay
(Figure 4C).

The apoptosis of A549 cells induced by overexpression of miR-
628-3p and p53 was analyzed by flow cytometry. The
overexpression of p53 remarkably increased the apoptotic rates
in A549 and PC-9 cells compared with control vector (Figure 5).
Similarly, after transfection of mimic 628-3p, the apoptosis rate of
A549 and PC-9 cells increased from 3.917% ± 0.361% to
10.430% ± 2.721% and from 7.710 ± 1.192% to 13.497% ±
1.222%, respectively (Figure 5).

miR-628-3p is a Direct Transcriptional
Target of p53
Based on the data accumulated, we sought to investigate in detail
the p53/miR-628-3p interplay. In keeping with the in silico
predictions of a p53-mediated control of miR-628-3p, we
observed that modulation of p53 expression in tumor cell lines
affected miR-628-3p transcription. Specifically, ectopic
expression of p53 or siRNA mediated down-regulation of p53
in A549 and PC-9 cells associated with a concordant variation in
the expression of miR-628-3p (Figures 6A, B), which implied
that p53 is a regulator of miR-628-3p.

To validate this hypothesis, the 2-kb promoter sequence of
human pre–miR-628 was retrieved from UCSC database, and the
binding of transcription factor p53 to the promoter sequence was
predicted by Jaspar. Then we generated an miR-628-3p promoter
reporter plasmid in which the miR-628-3p promoter, either WT

FIGURE 5 | Effects of overexpression of miR-628-3p and p53 on apoptosis of A549 and PC-9 cells. (A) A549 and (B) PC-9 cells were transfected with p53 vector
or control vector or mimic 628-3p or mimic NC, and the apoptosis was detected by flow cytometry 24 h later. All measurements were carried out in triplicates, and data
are given as mean ± SD (n � 3). **p < 0.01, comparing with control vector or mimic NC.
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or mutagenized in the p53 binding sites with the highest
prediction score according to MatInspector, was cloned
upstream of the luciferase gene (Figure 6C). Reporter assays
indicated that cotransfection of p53 and miR-628-3p WT
promoter reporter luc plasmid dramatically increased the
luciferase activity compared with the control group, whereas
cotransfection of p53 and miR-628-3p MUT promoter
reporter luc plasmid hardly detected the increase of luciferase
activity (Figure 6D).

To ultimately demonstrate that p53 actually sits on the miR-
628-3p promoter, we performed ChIP experiments. A549 and
PC-9 cells lysates were immunoprecipitated using a p53-specific
antibody and the regions encompassing the pre–miR-628
promoter was amplified and quantified by qPCR. Preimmune
IgG isotype antibodies were used in a mock immunoprecipitation
as a negative control/background signal. ChIP-qPCR confirmed

that there was a certain amount of p53 binding on the promoter
of pre–miR-628 of A549 cells without any treatment, whereas a
strong enrichment of the amplicons encompassing was observed
in anti-p53 ChIP compared to the control IgG ChIP after
stimulation with 2.0 μM of SHK on both A549 and PC-9 cells
(Figure 6E). The identification of functional binding sites for p53
in the pre–miR-628 promoter region compellingly demonstrated
that miR-628-3p is a direct transcriptional target of p53.

SHK Inhibits A549 and PC-9 Cell
Proliferation and Induces A549 and PC-9
Cell Apoptosis Through the p53/miR-628-3p
Axis
We investigated if SHK could be able to inhibit the proliferation
of A549 and PC-9 cells through p53/miR-628-3p pathway, EdU

FIGURE 6 |miR-628-3p is a direct transcriptional target of p53. After 24 h of p53 overexpression or interference, the expression levels of (A) p53 mRNA and (B)
miR-628-3p were detected by qRT-PCR, respectively; (C) miR-628 reporter plasmid in which the pre–miR-628 promoter, either wild type or mutagenized in the p53
binding sites (depicted schematically), was cloned into pGL3 vector upstream of the luciferase reporter gene. (D) pGL3 luc reporter plasmid itself (pGL3 Basic) or pGL3
plasmid containing the WT or MUT promoter region of pre–miR-628, p53-expressing plasmid (p53), or its control vector was transfected into 293T cells by
Lipofectamine 3000 as indicated. The interaction between p53 and the promoter region of pre–miR-628 was then determined by dual-luciferase assays. (E) A549 and
PC-9 cells were untreated or treated with 2.0 μM SHK; after cell lysis, the chromosomal DNA was subjected to ChIP assays by incubating with mouse anti-human p53
antibody or normal mouse IgG. The DNA was recovered and subjected to qPCR to amplify the binding sites of the pre–miR-628 promoter region using specific primers.
Data are presented as relative enrichment normalized to control IgG. All measurements were carried out in triplicates, and data are given as mean ± SD (n � 3). *p ≤ 0.05,
**p ≤ 0.01.
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FIGURE 7 | SHK inhibits the growth and induces apoptosis of A549 and PC-9 cells through the p53/miR-628-3p pathway. A549 and PC-9 cells were pretreated
with p53 siRNA or inhibitor 628-3p and then cotreated with 2.0 μM of SHK for 24 h; cells were stained with (A) EdU or (B) annexin V–fluorescein isothiocyanate/
propidium iodide and analyzed by flow cytometry. siRNA NC and inhibitor NC were performed as negative control, respectively. All measurements were carried out in
triplicates, and data are given as mean ± SD (n � 3). *p ≤ 0.05, **p ≤ 0.01.
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assay, which could accurately detect cell proliferation was
conducted by flow cytometry. As depicted in Figure 7A, the
inhibitory effects of SHK (2.0 μM) on the proliferation of A549
and PC-9 cells were significantly attenuated by addition of p53
specific siRNA or miR-628-3p–specific inhibitor. Accordingly,
the apoptosis of A549 and PC-9 cells induced by SHK (2.0 μM)
was also dramatically abolished by cotreatment with p53 siRNA
or inhibitor 628-3p (Figure 7B). Overall, these data added
support to the notion that SHK inhibits A549 and PC-9 cell
proliferation and induces A549 and PC-9 cell apoptosis through
up-regulation p53/miR-628-3p signal pathway.

DISCUSSION

SHK, a naphthoquinone derivative, has been shown to inhibit the
growth of many kinds of cancer cells. Studies have shown that
lung cancer cells are more sensitive to SHK than other types of
cancer cells. For example, the IC50 values of SHK on MCF-7,
HeLa, and HepG2 cells were 5.0, 5.8, and 9.4 μM respectively, but
its IC50 against A549 cells ranging from 1.7 to 3.1 μM (Wei et al.,
2020), which was almost consistent with our results 3.349 and
2.132 μM against A549 and PC-9 cells determined by CCK-8
method, respectively (Figure 1A). EdU, a thymidine analogue,
can be incorporated into DNA during its synthesis, making the
counting of proliferating cells visible, simple and more accurate
(Okada and Shi, 2017). The result of EdU assay indicated that the
IC50 of SHK on A549 and PC-9 cells were 1.221 and 1.334 μM,
respectively (Figure 1B), which reconfirmed the strong inhibition
activity of SHK against NSCLC. The apoptosis of A549 and PC-9
cells induced by SHK was analyzed by flow cytometry. The results
revealed that SHK could induce the apoptosis of A549 and PC-9
cells in a dose-dependent manner, and the apoptosis rates were
21.547% ± 3.731% and 47.787% ± 2.674%, respectively, when
treated with 2.0 μM of SHK (Figure 2). These data warrant

additional research to further investigate the inhibitory effect
of SHK against A549 and PC-9 cells and the biochemical
mechanisms behind its bioactivities.

SHK can regulate a variety of signaling pathways and thus
exert its inhibitory activity on tumor cells (Eric et al., 2020). Our
previous study found that miR-628-3p can regulate the
proliferation and apoptosis of A549 cells (Pan et al., 2018).
Bioinformatics analysis showed that the promoter sequence of
pre–miR-628 contained p53 binding sites, which suggested that
p53 might be an miR-628-3p regulatory factor. In view of the
important regulatory role of p53 on cell proliferation and
apoptosis, we speculate that SHK may regulate miR-628-3p
through p53 to mediate the proliferation inhibition and
apoptosis induction of A549 and PC-9 cells. The results
showed that SHK could simultaneously promote the
expression of p53 and miR-628-3p in a dose-dependent
manner (Figure 3). Overexpression of p53 or miR-628-3p can
inhibit the proliferation and induce apoptosis of A549 and PC-9
cells. Meanwhile, interference with p53 or inhibition of miR-628-
3p has the opposite effect (Figures 4, 5). In addition, there was
overexpression of p53 or interference with p53 associated with a
synergistic change in the expression of miR-628-3p (Figures 6A,
B). These data reconfirmed the inhibitory and proapoptotic
effects of p53 (Zhang et al., 2019) and miR-628-3p (Pan et al.,
2018) on A549 and PC-9 cells and further suggested that p53 may
regulate the transcription of miR-628-3p, which may be a new
anticancer mechanism of SHK.

To further verify the interaction between p53 andmiR-628-3p,
we performed a dual luciferase reporting assay. The results
displayed that p53 could interact with the promoter region of
pre–miR-628, leading to the elevation of relative luciferase
activity from 18.769 ± 3.648 to 47.180 ± 7.995, whereas
mutation of the binding site completely abolished this
interaction and as indicated by no luciferase activity promoted
(Figure 6D). Moreover, we applied a ChIP assay, the standard

FIGURE 8 | Proposed mechanism of SHK inhibiting cell growth and inducing cell apoptosis in non–small cell lung cancer by regulating p53/miR-628-3p pathway.
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method to determine the interaction between specific proteins
and their DNA targets in vivo (Isono and Hashimoto, 2020), to
assess the direct interaction between p53 and the promoter of
pre–miR-628. Consistently, a direct interaction was detected and
was weak in control cells; however, the interaction was
dramatically enhanced after SHK (2.0 μM) treatment
(Figure 6E). As Western blot results showed that SHK could
promote the expression of p53 in a dose-dependent manner
(Figure 3C); therefore, these data suggested that p53 is a
regulator of miR-628-3p, and SHK can promote the
expression of miR-628-3p by up-regulating the expression of
p53. Finally, we performed gene knockdown for p53 or miR-628-
3p to further verify the possible mechanism of SHK against A549
and PC-9 cells. The results clearly demonstrated that p53 or miR-
628-3p silencing robustly decreased inhibiting cell proliferation
activity and inducing cell apoptosis activity of SHK (Figure 7).

In summary, our study revealed that p53 is a regulator of miR-
628-3p, and elevated p53 could inhibit the growth and induce
apoptosis of A549 and PC-9 cells by promoting miR-628-3p
expression (Figure 8). In addition, we found that SHK inhibits
the growth and induces apoptosis of A549 and PC-9 cells at least
partly by up-regulating p53/miR-628-3p signaling pathway
(Figure 8). Moreover, our previous work displayed that
HSP90 is one of the downstream targets of miR-628-3p (Pan
et al., 2018), which implied that SHK may exert its effect through
p53/miR-628-3p/HSP90 pathway, and more work is needed to
uncover other potential targets (Figure 8). Many studies have
confirmed that p53 is the key signal pathway for SHK to exert
antitumor effect (Yeh et al., 2015; Zheng, 2017; Zheng et al.,
2018), but the specific upstream target of direct interaction with
SHK is still unclear (Figure 8). Affinity-based protein profiling
would be a powerful technique to reveal the exact target protein of
SHK (van der Zouwen and Witte, 2021). Systematically revealing
the target and molecular mechanism of SHK is conducive to
promoting its development and utilization and looking for new
high-efficiency anticancer drugs. Therefore, these novel findings
provide an alternative approach to target p53/miR-628-3p axis
and could be used for the development of new treatment
strategies for NSCLC.
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Background and Aim: As one of the second-generation epidermal growth factor
receptor (EGFR)–tyrosine kinase inhibitors, afatinib brings survival benefits to patients
with common and rare EGFR mutations. This study aimed to compare the effectiveness
and safety of 30 and 40mg of afatinib in patients with non–small cell lung cancer (NSCLC)
using qualitative and quantitative analysis methods so as to provide reference for clinical
medication.

Methods: The PubMed, Embase, ClinicalTrials.gov, Cochrane Library, China National
Knowledge Infrastructure, and WanFang databases were thoroughly searched from
inception to February 26, 2021. Two researchers independently screened the
literature, extracted data, and evaluated the quality. RevMan and Stata 15.0 were used
for meta-analysis.

Results: Twelve cohort studies including 1290 patients for final analysis were selected; of
which, 1129 patients were analyzed to measure the effectiveness outcomes and 470
patients were analyzed for safety outcomes. In patients with non-brain metastasis, the
progression-free survival of the first- or second-line treatment with reduced-dose afatinib
was equivalent to the conventional dose. In terms of safety, the reduced dose could
significantly lower the incidence of severe diarrhea and severe rash, but not the total
incidence of diarrhea, rash, and all levels of paronychia.

Conclusions: The incidence of common serious adverse reactions was significantly lower
with 30mg of afatinib than with 40mg of afatinib in patients with NSCLC. The effectiveness
appeared to be similar to that in patients with non-brain metastasis. This study provides a
reference for clinical dose reduction of afatinib.
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BACKGROUND

According to the International Agency for Research on Cancer’s
(IARC) 2020 cancer report, lung cancer is currently the most
common cause of cancer deaths (GLOBOCAN, 2020).
Non–small cell lung cancer (NSCLC) accounts for about 85%
of all lung cancers, and the 5-year survival rate for advanced
patients was only 23% (Miller et al., 2019). In recent years, the
drug treatment for NSCLC has developed from chemotherapeutic
drugs to targeted drugs, wherein epidermal growth factor
receptor-tyrosine kinase inhibitors (EGFR-TKIs) are targeted
drugs that target EGFR for anticancer treatment. The EGFR-
TKI therapy has shown significant survival benefits in patients
with EGFR-mutant NSCLC. It has become the first-line treatment
recommended by the guidelines of the National Comprehensive
Cancer Network, the European Society for Medical Oncology,
and the Chinese Society of Clinical Oncology (NCCN, 2021;
ESMO, 2020; CSCO, 2020).

As a second-generation EGFR-TKI, afatinib can bind to the
kinase domains of multiple subtypes in the EGFR family and
inhibit the autophosphorylation of tyrosine kinases. Afatinib
treatment has better progression-free survival (PFS) than the
first-generation drugs and in patients with exon19 deletion
mutation, which approximately accounts for 45% of EGFR
mutations and showed better benefits (Yang et al., 2015; Park
et al., 2016). However, the incidence of afatinib-related adverse
reactions has been high and more serious because of the pan-target
characteristics of afatinib. The most common adverse reactions are
diarrhea, rash, and paronychia, which have a negative impact on
the quality of life in patients. Afatinib can improve disease-related
symptoms, such as chest pain and dyspnea, of patients with lung
cancer compared with the placebo group. However, it increases
diarrhea and loss of appetite at the same time, according to the
patient-reported outcome analysis of clinical registration research
LUX-Lung 1 (Hirsh et al., 2013).

According to the label, the recommended initial dose of
afatinib is 40 mg, which can be reduced by 10 mg if not
tolerated (Afatinib label, 2019). In clinical trials, the
proportion of patients with dose reduction is 28–53% (Sequist
et al., 2013; Wu et al., 2014), and more than half of the patients
undergo dose modification due to adverse reactions in real-world
studies (Kim et al., 2017; Cheema et al., 2019). It is an important
clinical issue, but whether dose reduction can reduce the
incidence of adverse reactions and achieve similar clinical
effectiveness simultaneously remains elusive.

Some observational studies reported the effectiveness and
safety of afatinib dose reduction, but no systematic review or
meta-analysis integrated the existing study results. Therefore, this
study aimed to compare the effectiveness and safety of 30 and
40 mg of afatinib in patients with NSCLC using qualitative and
quantitative analyses to provide reference for clinical medication.

METHODS

This systematic review and meta-analysis was performed and
reported according to the meta-analysis of observational

studies in epidemiology (Stroup et al., 2000) and the
preferred reporting items for systematic reviews and meta-
analyses checklists (Liberati et al., 2009). The review protocol
was registered in the International Prospective Register of
Systematic Reviews and the registration number is
CRD42021238043.

Search Strategy and Eligibility Criteria
The search terms were related to “afatinib” and “non–small cell
lung cancer.” The PubMed, Cochrane Library, EMBASE,
ClinicalTrials.gov, China National Knowledge Infrastructure,
and WanFang databases were searched to identify relevant
publications in English and Chinese from inception to
February 2021. The search syntax is provided in
Supplementary Table SA.

The inclusion criteria were as follows: comparison of the
effectiveness and safety of afatinib dose reduction in patients
with NSCLC, age 18 years and above, using afatinib alone or in
combination with other non–EGFR-TKI drugs. The exclusion
criteria were as follows: doses were mixed when evaluating the
effectiveness and safety of afatinib 30 and 40 mg, non-English or
Chinese studies, no availability of full-text articles, letters,
abstracts, meeting proceedings, and case reports. Two
reviewers (WANG and DU) independently screened titles and
abstracts for the eligibility of identified studies and then
independently reviewed full-text articles. Disagreements were
resolved by referring to a third reviewer (CHEN).

Data Extraction
Two reviewers (WANG and DU) extracted data
independently, using a predefined data extraction file. The
following baseline characteristics were extracted from the
included studies: first author, year of publication, study
design, country in which the study was performed, study
period, number of included patients, patient baseline
characteristics and drug regimen of the intervention (30 mg
of afatinib) and comparator (40 mg of afatinib) groups, and
the effectiveness and safety outcomes of the intervention and
comparator groups, such as the objective response rate (ORR),
disease control rate (DCR), PFS, and incidence of common
adverse events of all grades.

Quality Assessment
Two reviewers independently assessed the methodological
quality of included studies using modified Newcastle–Ottawa
Scales (Ga Wells et al., 2021). Disagreements were resolved by
consensus.

Primary and Secondary Outcomes
The primary outcome of effectiveness was PFS. The secondary
outcomes included the ORR and DCR. The ORR was defined as
the sum of the proportions of complete response and partial
response, and the DCR was defined as the sum of the
proportions of complete response, partial response, and
stable disease; evaluations were based on the Response
Evaluation Criteria In Solid Tumors (RECIST) 1.1
(Eisenhauer et al., 2009). The primary outcome of safety is
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the incidence of adverse events of all grades (diarrhea, rash, and
paronychia). The incidence and severity of all adverse events
were documented according to the common terminology
criteria for the same.

Statistical Analysis
We used Stata 15.0 for statistical analysis of PFS and used Review
Manager (Revman, version 5.3) for other statistical analyses. The
dichotomous outcome was reported as the risk ratio (RR), the
survival outcome was reported as the median survival ratio

(MSR), and the data were analyzed using a random-effect
meta-analysis based on the Mantel-Haenszel and
DerSimonian—Laird model accompanying 95% confidence
intervals (CIs). Statistical heterogeneity between studies was
assessed using I2 and χ2 (test level α � 0.1) statistics. In the case
of statistical heterogeneity, the sources of heterogeneity were
either explored through the subgroup and sensitivity analyses or
only descriptive analysis was performed. Publication bias was
assessed using Egger’s test when at least 10 studies were
included.

FIGURE 1 | Flow diagram representing search and selection of studies comparing 30 versus 40 mg of afatinib treatment in patients with EGFR-mutant NSCLC.
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TABLE 1 | Characteristics of the included studies.

Study and year Region and study
type

Overall
no.a

Qualitative and
quantitative
analyses no.b

Age (year) Sex (male %) Adenocarcinoma
(%)

ECOG ≤1% Brain
metastasis (%)

EGFR common
mutation

(exon19 del or
exon21

L858R) %

30 mg 40 mg 30 mg 40 mg 30 mg 40 mg 30 mg 40 mg 30 mg 40 mg 30 mg 40 mg 30 mg 40 mg

afatinib only

Arrieta, 2015 (Arrieta
et al., 2015)

Mexico, prospective
cohort study

84 39 26 Overall 59.3 ± 1.6c Overall 70.2 NA Overall 91.7 NA NA

Halmos, 2019
(Halmos et al., 2019)

Multicenter,
prospective cohort
studye

228 73 73 — — — — — — — — — — — —

Lim, 2018 (Lim et al.,
2018)

Taiwan, retrospective
cohort study

158 44 114 65.8
(34.3–88.1) d

61.2
(28.1–88.0) d

28.1 41.1 100 100 89.1 94.7 32.8 31.1 68.7 86.8

Tamura, 2019
(Tamura et al., 2019)

Japan, prospective
cohort study

1602 70 550 NA 34.5 43.7 NA 76.4 89.1 NA NA

Tan, 2018 (Tan
et al., 2018)

Singapore, prospective
cohort study

125 23 37 Overall 62 (26–86) d Overall 64 Overall 96.8 NA Overall 33.6 Overall 91.2

Tanaka, 2018
(Tanaka et al., 2018)

Japan, prospective
cohort study

15 3 6 Overall 79 (75–87) d Overall 20 Overall 100 Overall 86.7 NA Overall 93.4

Wang, 2019 (Wang
et al., 2019)

China, retrospective
cohort study

60 19 41 58.1
(44.6–82.7) d

57.2
(36.2–70.9) d

47.4 51.2 100 100 100 100 31.6 43.9 68.4 70.7

Wei, 2019 (Wei
et al., 2019)

Taiwan, retrospective
cohort study

84 22 62 64.4 ± 12.1c 58.8 ± 9.7c 31.6 32.7 100 100 100 94.5 100 100 68.5 89.1

Yang, 2017 (Yang
et al., 2017)

Taiwan, retrospective
cohort study

48 29 19 67.3 ± 8.0c 60.6 ± 8.8c 21 63 100 100 76 84 28 21 100 100

afatinib + 15 mg/ kg bevacizumab

Ko, 2021 (Ko et al.,
2021)

Japan, prospective
cohort study

16 14 2 Overall 63 (44–73) d Overall 31.25 Overall 100 Overall 100 NA Overall 100

Ninomiya, 2018
(Ninomiya et al., 2018)

Japan, prospective
cohort study

19 14 5 67.5 (40–76) d 65.0 (42–68) d 50 60 100 100 100 100 50 40 100 100

afatinib +1 mg sirolimus

Moran, 2017 (Moran
et al., 2017)

Spain, prospective
cohort study

39 12 4 Overall 58.9 ± 12.3c Overall 38.5 Overall 84.6 Overall 97.4 NA NA

aTotal number of people involved in the study, including dose groups other than 30 mg or 40 mg.
bNumber of people included in the systematic review.
cMean ± standard deviation.
dMedian (range).
eBefore and after self-control study.
NA, Not available.
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RESULTS

Search
The search strategy yielded 5260 citations. After removing
duplicate citations, 4428 unique titles and abstracts were
screened and 55 full-text articles were assessed for eligibility.
Twelve cohort studies were eligible for inclusion, which
comprised eight prospective studies and four retrospective
studies (Arrieta et al., 2015; Moran et al., 2017; Yang et al.,
2017; Lim et al., 2018; Ninomiya et al., 2018; Tan et al., 2018;
Tanaka et al., 2018; Halmos et al., 2019; Tamura et al., 2019;
Wang et al., 2019; Wei et al., 2019; Ko et al., 2021) (see Figure 1).

Baseline Study Characteristics and Quality
Assessment
Table 1 shows the baseline characteristics of included studies.
In total, 12 studies, including 1290 patients, were selected for
qualitative and quantitative analyses, with 362 patients in the
30-mg afatinib group and 928 in the 40-mg afatinib group.
Moreover, 1129 patients were analyzed to measure
effectiveness outcomes and 470 patients were analyzed to
measure safety outcomes. The dosage regimen included
afatinib administration only in nine studies and afatinib
administration with concomitant medication in three
studies. Most studies (9 studies, 75%) were launched in Asia,
including 1 in Mexico, 1 in Spain, and 1 globally across 13
countries. The overall quality of the included studies was good.
Among the 12 cohort studies included, 3 had a risk of bias in the
assessment of prognostic factors and 2 did not match or were
adjusted for a few plausible prognostic variables.
Supplementary Table SB presents details of the risk-of-bias
assessment for observational studies.

Effectiveness Outcome Measures
Progression-free Survival
PFS was reported in 6 studies involving 509 patients (Arrieta
et al., 2015; Yang et al., 2017; Lim et al., 2018; Tan et al., 2018;
Wang et al., 2019; Wei et al., 2019); median PFS data were
presented as the MSR, and meta-analysis was performed in Stata
15 using the metan command. Significant heterogeneity was
found between studies (I2 � 85.4%). After applying various
subgroup analyses, the heterogeneity was still high (I2 �
70.1–89.1%). Therefore, only descriptive analysis was
performed on the effectiveness outcome, as shown in
Supplementary Figures S1-6.

Six studies used log-rank analysis to compare the median
survival of patients using reduced and routine doses of afatinib, all
with p-value > 0.05. Kim et al. (Kim et al., 2019) drew the
Kaplan–Meier curve of 165 patients with the first-line use of
afatinib and found that reducing the dose to 30 mg did not affect
the PFS of the patients. However, Tan et al. (Tan et al., 2018)
showed that in using afatinib as a first-line treatment in patients
with stage IV NSCLC with brain metastases, 40 mg afatinib
demonstrated better PFS than 30 mg afatinib (median PFS,
30 vs. 40 mg, 5.3 vs. 13.3 months, p � 0.04). Furthermore, the
results were stable after being adjusted by the Cox regression

model [hazard ratio (HR), 0.39 (0.15–0.99), p � 0.042]. However,
Wei et al. (Wei et al., 2019) found no significant difference in PFS
between the 30- and 40-mg afatinib groups in the same
population (median PFS 30 vs. 40 mg, 9.1 vs. 12.9 months, p �
0.193). Table 2 shows the results of the six studies.

ORR and DCR
The ORR and DCR were reported in four studies with 871
patients (Yang et al., 2017; Lim et al., 2018; Tamura et al.,
2019; Wei et al., 2019), and all of them used afatinib as the
first-line treatment. The heterogeneity between the studies was
acceptable. No statistically significant difference in the ORR [RR
� 0.93 (0.81, 1.06)] and DCR [RR � 1.01 (0.96, 1.05)] was found
between the 40- and 30-mg afatinib groups (see Figure 2).

Safety Outcome Measures
Diarrhea
The incidence of diarrhea was reported in seven studies with 454
patients (Yang et al., 2017; Lim et al., 2018; Ninomiya et al., 2018;
Tanaka et al., 2018; Halmos et al., 2019; Wang et al., 2019; Ko
et al., 2021), and no significant difference was found in the
incidence of diarrhea between patients taking 30 and 40 mg
afatinib [RR � 0.75 (0.52, 1.08), p � 0.35]. A subgroup
analysis showed that when afatinib was used alone or
combined with 15 mg/kg bevacizumab, no significant
difference in the incidence of diarrhea was found among
patients with a reduced dose compared with the conventional
dose of afatinib. [RR � 0.75 (0.52, 1.08), p � 0.35], [RR � 0.91
(0.68, 1.21), p � 0.53].

The incidence of severe diarrhea (≥grade 3) was reported in
seven studies with 312 patients (Yang et al., 2017; Lim et al., 2018;
Ninomiya et al., 2018; Tanaka et al., 2018; Halmos et al., 2019;
Wang et al., 2019; Ko et al., 2021); no heterogeneity was found
between these studies. Dose modification of afatinib to 30 mg
significantly reduced the incidence of severe diarrhea [RR � 0.22
(0.10, 0.49), p � 0.0002] (see Figure 3).

Rash
The incidence of rash was reported in seven studies with 454
patients (Yang et al., 2017; Lim et al., 2018; Ninomiya et al., 2018;
Tanaka et al., 2018; Halmos et al., 2019; Wang et al., 2019; Ko
et al., 2021); 30 mg of afatinib did not show a reduction in the
incidence of rash in patients [RR � 0.84 (0.67, 1.06), p � 0.15], and
the subgroup analysis showed no significant difference whether
afatinib was used alone [RR � 0.80 (0.60, 1.06), p � 0.12] or in
combination with other drugs [RR � 1.03 (0.71, 1.49), p � 0.87].

The incidence of severe rash (≥grade 3) was reported in 6
studies with 280 patients (Yang et al., 2017; Ninomiya et al., 2018;
Tanaka et al., 2018; Halmos et al., 2019; Wang et al., 2019; Ko
et al., 2021), and little heterogeneity was observed. Patients taking
30 mg afatinib had a lower risk of developing severe rash [RR �
0.28 (0.10, 0.78), p � 0.02] (see Figure 4).

Paronychia
The incidence of paronychia was reported in 6 studies with 308
patients (Yang et al., 2017; Lim et al., 2018; Ninomiya et al., 2018;
Tanaka et al., 2018; Wang et al., 2019; Ko et al., 2021), and the
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incidence of paronychia in the two groups was similar [RR � 0.89
(0.67, 1.20), p � 0.45].

The incidence of severe paronychia (≥grade 3) was reported in
five studies with 141 patients (Yang et al., 2017; Ninomiya et al.,
2018; Tanaka et al., 2018; Wang et al., 2019; Ko et al., 2021), and
no statistical difference was found in the incidence of severe
paronychia [RR � 0.28 (0.07, 1.10), p � 0.07] (see Figure 5).

Sensitivity Analysis
For different outcome measures, sensitivity analysis was
performed by excluding individual studies one by one. The

results showed that meta-analysis results did not change in
direction after excluding any study, indicating that these meta-
analysis results were relatively stable.

DISCUSSION

The present systematic review and meta-analysis was the first
study to compare the effectiveness and safety of patients with
NSCLC using 30 and 40 mg afatinib. The results showed that in
patients with advanced NSCLC without brain metastases, the PFS

TABLE 2 | Survival results of the six studies comparing patients using 30 and 40 mg afatinib.

Study Population Patient number Study type Median PFS (months) HR (95% CI) p
value30-mg

group
40-mg
group

30-mg
group

40-mg
group

p value

Arrieta, 2015 (Arrieta
et al. 2015)

Stage Ⅳ second-line 39 26 Prospective 9.2
(4.5–13.8)

14.6
(7.2–22)

0.337 NR NR

Lim, 2018 (Lim et al.
2018)

Stage IIIB + Ⅳ first-line 44 114 Retrospective 13.9 (NR) 16.8 (NR) NR NR NR

Tan, 2018 (Tan et al.
2018)

Stage IIIB + Ⅳ first-line 23 37 Retrospective 10.7 (NR) 10.3 (NR) 0.367 0.63
(0.36,1.11)

0.113

Stage Ⅳ with BM first-line 13 7 5.3
(3.1–10.8)

13.3
(6.6-UD)

0.040 0.39
(0.15–0.99)

0.042

Wei, 2019 (Wei et al.
2019)

Stage Ⅳ with BM first-line 15 30 Retrospective 9.1 (NR) 12.9 (NR) 0.193 NR NR
Stage Ⅳ with BM first-line with
local treatment

4 25 Retrospective 7.7 (NR) 15.0 (NR) 0.193 NR NR

Wang, 2019 (Wang
et al. 2019)

Stage Ⅳ with BM 6 18 Retrospective 6.6
(4.5–8.8)

10 (0–22.6) 0.776 NR NR

Stage IIIB + Ⅳ first-line 10 29 Retrospective 5.2
(0.8–9.6)

14.5
(9.4–19.7)

0.101 NR NR

Stage IIIB + Ⅳ second-line 9 12 Retrospective 5.0
(2.5–7.5)

3.0 (1.3–4.8) 0.375 NR NR

Yang, 2017 (Yang
et al. 2017)

Stage Ⅳ first-line 29 19 Retrospective 15.6 14.8 0.842 0.40
(0.11–1.49)

0.172

BM, Brain metastasis; NR, not reported; UD, undefined.

FIGURE 2 | Forest plot of the ORR and DCR in the meta-analysis of patients treated with 30 and 40 mg afatinib.
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appeared to be equivalent between the 30- and 40-mg afatinib
groups, irrespective of whether afatinib was used as a first-line or
second-line treatment; however, the data were limited. No

statistical difference in the ORR and DCR was found between
the two groups of patients who used afatinib as the first-line
treatment. In terms of safety, whether afatinib was used alone or

FIGURE 3 | Forest plot of the incidence of diarrhea and ≥grade 3 diarrhea in the meta-analysis of patients treated with 30 and 40 mg of afatinib.
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in combination with other drugs, reduced-dose afatinib could
significantly reduce the incidence of severe diarrhea and rash;
however, the results did not indicate that dose reduction could
reduce the incidence of paronychia at all levels.

Afatinib was approved by the U.S. Food and Drug
Administration in 2013. As the second-generation EGFR-
TKI, afatinib not only showed a better survival benefit for

patients with common EGFR mutations (exon 19del and exon
21 L858R) but was also effective for patients with rare
mutations (Banno et al., 2018; Chang et al., 2021).
However, the incidence of adverse reactions was also
significantly higher than that of the first- and third-
generation drugs. The risk of diarrhea was the highest
among the first- and third-generation drugs (RR � 38.88,

FIGURE 4 | Forest plot of the incidence of rash and ≥grade 3 rash in the meta-analysis of patients treated with 30 and 40 mg of afatinib.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7810848

Wang et al. Impact of Afatinib Dose Reduction

157

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


p < 0.001) (Yin et al., 2021). Afatinib-related adverse reactions
not only reduced the quality of life in patients but also
increased their financial burden due to the cost of
management (Villa et al., 2016; Subramanian et al., 2019).
The median occurrence time of adverse reactions in patients
using afatinib was mainly within 1 month from the initial
medication (Cheema et al., 2017). Therefore, clinically, some
doctors consider reducing the dose empirically at the first

administration, while no definite evidence exists for clinical
dose reduction currently. Of the 12 studies, 6 reported initial
dose reduction and others included dose escalation trials (5
clinical phase I or II) and self-control analyses before and after
the trial (1 study). After analyzing the patient characteristics of
the included studies, the population characteristics of the 30-
mg afatinib group were as follows. Gender: Six studies
presented the baseline characteristics of patients with

FIGURE 5 | Forest plot of the incidence of paronychia and ≥grade 3 paronychia in the meta-analysis of patients treated with 30 and 40 mg afatinib.
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different doses, which revealed that more female patients took
reduced doses than male patients. Especially in the study by
Yang (Yang et al., 2017), the proportion of women taking
30 mg afatinib was twice that of those taking 40 mg afatinib
(79 vs. 37%) (Miller et al., 2019). Weight: Only two studies
reported the baseline information on body surface area (BSA)
and weight; hence, the data are not summarized in Table 1.
Patients who received reduced doses had significantly lower
BSA (1.5 ± 0.2 vs. 1.7 ± 0.1, p � 0.0055) and smaller body
weight (weight ≥ 60 kg, 19.1 vs. 33.4%). Age: Five studies
presented the age of patients in different dose groups,
revealing that patients in the 30-mg afatinib group were
older. In the study of Lim et al. (Lim et al., 2018) and Yang
et al. (Yang et al., 2017), the age of the 30-mg afatinib group
was statistically significantly higher than that of the 40-mg
afatinib group [65.8 (34.3–88.1) vs. 61.2 (28.1–88.0), p < 0.05;
67.3 ± 8.0 vs. 60.6 ± 8.8, p < 0.05]. The aforementioned
population characteristics of reduced doses were basically
consistent with the results of afatinib population
pharmacokinetic studies (Freiwald et al., 2014), which
indicated that women, less weight, low creatinine clearance,
and high total protein levels tended to associate with greater
drug exposure, and the bioavailability of afatinib in patients
with a poor physical status increased.

Therefore, the theoretical basis for reduction in afatinib could be
explained by the dose-exposure–response relationship. The steady-
state plasma trough concentration after administering 30mg
afatinib was significantly lower than that of patients taking
40mg afatinib daily (p � 0.02) (Nakao et al., 2019). The steady-
state trough blood concentration of patients with serious adverse
reactions requiring dose reduction or withdrawal could be twice
that of other patients (Chiba, 2016). The blood concentration
positively correlated with the severity of diarrhea in the early
phase (r � 0.498, p < 0.05) (Hayashi et al., 2019). However, no
afatinib exposure–response study was available to explore the
relationship between blood concentration and effectiveness. In
the phase I trial of afatinib, a high-dose intermittent
administration of 55 mg afatinib daily (3 weeks for medication/
1 week for rest) achieved a Cmax about four times that of 40 mg
afatinib daily, but no definite ORR exists (Marshall et al., 2013).

This study had several limitations. First, the number of
relevant original studies was limited, further subgroup analysis
based on population characteristics could not be performed, and
the number of studies for each outcome was not enough to assess
publication bias. Second, few included studies adjusted the
outcome results for multivariate analysis, which might affect
the accuracy of the final analysis results. Third, for the
analysis of PFS, quantitative analysis could not be performed
due to the obvious heterogeneity among the relevant studies.

CONCLUSION

This study was the first systematic review and meta-analysis
evaluating the effectiveness and safety outcomes of dose
reduction of afatinib used in patients with NSCLC. The
results showed that reduced-dose afatinib could significantly
reduce the incidence of common serious adverse events. The
effectiveness appeared to be comparable between the regular-
and reduced-dose group, although the evidence was
inadequate and of low quality. Further studies are needed to
identify the appropriate population for initial dose reduction
to provide more individualized and precise treatment to the
patients.
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Report
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Tumour lysis syndrome (TLS) represents a group of fatal metabolic derangements resulting
from the rapid breakdown of tumour cells. TLS typically occurs soon after the
administration of chemotherapy in haematologic malignancies but is rarely observed in
solid tumours. Here, we report a case of brigatinib-induced TLS after treatment with
sequential anaplastic lymphoma kinase (ALK) inhibitors in a patient with advanced ALK-
rearranged lung adenocarcinoma. The patient was treated sequentially with crizotinib,
alectinib, and ensartinib. High-throughput molecular profiling after disease progression
indicated that brigatinib may overcome ALK resistance mutations, so the patient was
administered brigatinib as the fourth-line treatment. After 22 days of therapy, he developed
oliguria, fever, and progressive dyspnoea. Clinical manifestations and laboratory findings
met the diagnostic criteria for TLS. The significant decrease in the abundance of ALK
mutations in plasma indicated a therapeutic response at the molecular level.
Consequently, the diagnosis of brigatinib-induced TLS was established. To the best of
our knowledge, this is the first case of TLS induced by sequential targeted therapy in non-
small cell lung cancer. With the extensive application of sequential therapy with more
potent next-generation targeted therapeutic drugs, special attention should be given to
this rare but severe complication.

Keywords: tumour lysis syndrome, non-small cell lung cancer, targeted therapy, brigatinib, acute kidney injury, case
report
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INTRODUCTION

Tumour lysis syndrome (TLS) is a life-threatening oncology
emergency. It is induced by a massive release of intracellular
contents into the circulation when tumour cells breakdown
spontaneously or after the initiation of chemotherapy (Howard
et al., 2011). TLS mostly develops in the context of haematologic
malignancies and is relatively rare in solid tumours (Cairo et al.,
2010). Only a few cases of TLS have been reported in non-small
cell lung cancer (NSCLC), most of which are induced by
chemotherapy (Myint et al., 2015).

With the development of molecular diagnoses and targeted
therapies, small molecular tyrosine kinase inhibitors (TKIs) have
become the cornerstone of treatment for patients with targetable
mutations. The most common therapeutic targets include
epidermal growth factor receptor (EGFR) and anaplastic
lymphoma kinase (ALK) genomic alterations in NSCLC
(Recondo et al., 2018). Over the past years, EGFR-TKIs and
ALK-TKIs have continuously evolved from the first generation to
the third generation (Mok et al., 2009; Solomon et al., 2014;
Ramalingam et al., 2020; Shaw et al., 2020). In patients with
sensitizing mutations who experienced progression after first-line
targeted therapy, sequential treatment with more potent next-
generation inhibitors is recommended to overcome drug
resistance and improve patient outcomes (Mok et al., 2017;
Shaw et al., 2019; Nishio et al., 2021). However, the usage of

more potent next-generation inhibitors may increase the risk of
rapid breakdown of tumour cells and the incidence of TLS. In this
study, we describe a patient with metastatic ALK-rearranged
NSCLC who received multiple prior ALK inhibitors during his
treatment course and subsequently died from brigatinib-
induced TLS.

CASE PRESENTATION

A 39-year-old nonsmoking male presented to our hospital with
chest pain in November 2017 (Figure 1A). The patient had no
significant medical or family history of malignancy. Chest
computed tomography (CT) demonstrated a 26-mm solid
nodule in the hilum of the right lung (Figure 1B). Positron-
emission tomography/computed tomography (PET/CT) revealed
multiple right pleural and bilateral supraclavicular lymph node
metastases without distant metastasis. The patient was diagnosed
with lung adenocarcinoma (pT4N3M1a, stage IVA) following a
tissue biopsy via video-assisted thoracoscopic surgery (VATS).
Next-generation sequencing (NGS) with a 168-gene sequencing
panel (Burning Rock, Guangzhou, China) revealed echinoderm
microtubule-associated protein-like 4 (EML4)-ALK
rearrangement and TP53 mutation (Figure 2A). The patient
was administered crizotinib (250 mg twice daily) as the first-
line treatment and achieved a partial response according to the

FIGURE 1 | The Clinical course of the disease, treatment history, and response evaluation. (A) Timeline of treatment and molecular profiling based on tissue and
liquid biopsies. (B) Duration of disease response evaluated by CT and PET/CT. CT, computed tomography; PET/CT, positron-emission tomography/computed
tomography.
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Response Evaluation Criteria in Solid Tumors (RECIST 1.1).
After effective treatment for 11 months, he was admitted to
our hospital again for dyspnoea. CT showed a large right
pleural effusion. Thoracentesis was performed to collect
pleural effusion for circulating tumour DNA (ctDNA) analysis.
NGS identified two emerging mutations in the ALK kinase
domain, F1174L and G1269A, indicating the onset of
resistance to crizotinib.

Crizotinib was discontinued, and he was administered
alectinib (600 mg twice daily) as the second-line treatment.
Stable disease (SD) was maintained for 10 months, during
which only EML4-ALK was detectable in the plasma and
pleural effusion. The patient gradually developed low back
pain. PET/CT demonstrated bone metastasis and systemic
progression. VATS biopsy was performed again, and NGS of
metastatic tissues identifiedALK L1196M and G1269Amutations
in addition to EML4-ALK rearrangement and TP53 mutation.
Meanwhile, plasma ctDNA revealed the other two ALK F1174L
and V1180L mutations. Considering disease progression and
drug accessibility, he was switched to ensartinib (225 mg once
daily) as the third-line treatment. Subsequent CT confirmed
encapsulated pleural effusion after 3 months of therapy, and

he had SD that lasted for 4 months. Although the ALK
F1174L and V1180L mutations were subsequently not
detectable in plasma, the mutational spectrum became
significantly complicated with the emergence of various
concomitant mutations.

In April 2020, the patient experienced progressive left pleural
effusion and started receiving brigatinib (90 mg once daily and
then 180 mg once daily at 1 week) as the fourth-line treatment.
Symptoms or laboratory abnormalities associated with TLS were
not observed before initiation of brigatinib except for slightly
elevated lactate dehydrogenase (Table 1). On Day 6, he reported
mild relief from dyspnoea, and brigatinib was continued.
However, the patient presented to the emergency department
with oliguria, fever, and progressive dyspnoea after 22 days of
therapy. The electrocardiogram revealed atrial fibrillation.
Laboratory tests revealed the following results: hyperuricaemia
(956 μmol/L), hyperkalaemia (6.27 mmol/L),
hyperphosphatemia (2.65 mmol/L), hypocalcaemia (1.93 mmol/
L), elevated urea nitrogen (36.4 mmol/L), creatinine (320.2 μmol/
L), and lactate dehydrogenase (1,477 U/L). The estimated
glomerular filtration rate (eGFR) was 19.5 ml/min/1.73 m2.
Dynamic monitoring of plasma ctDNA revealed a significant

FIGURE 2 | An overview of somatic mutation profiles within tissue and liquid biopsies using the next-generation sequencing technique. (A) Each row represents
one individual biopsy sample, and each column represents one somatic genetic alteration. (B) Dynamic changes in the gene abundance of plasma ctDNA. Solid lines
represent ALK mutations, and dashed lines represent concomitant mutations. ctDNA, circulating tumour DNA.

TABLE 1 | Laboratory parameters before (Day -12) and after (Day 22) brigatinib treatment.

Parameters Reference range Before (day -12) After (day 22)

Potassium (mmol/L) 3.5–5.5 4.9 6.27
Phosphorous (mmol/L) 0.81–1.45 1.39 2.65
Calcium (mmol/L) 2.13–2.70 2.32 1.93
Uric acid (μmol/L) 210–416 363 956
LDH (U/L) 0–250 376 1477
BUN (mmol/L) 2.78–7.14 5.29 36.4
Creatinine (μmol/L) 59–104 73 320.2
eGFR (ml/min/1.73 m2) 80–120 108.6 19.5

LDH, lactate dehydrogenase; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate.
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decrease in the abundance of EML4-ALK rearrangement from
1.52 to 0.61%. The other resistance-associated ALK point
mutations disappeared (Figure 2B).

Based on clinical manifestations and laboratory findings, the
diagnosis of brigatinib-induced TLS was established. The patient
immediately received intubation and mechanical ventilation for
progressive respiratory failure. He was subsequently treated with
vigorous volume expansion, torasemide, sodium polystyrene
sulfonate, calcium gluconate, and ceftazidime. Despite these
aggressive medical interventions, his clinical and biochemical
parameters did not improve, and continuous renal replacement
therapy was required. The patient and his family refused
emergent haemodialysis or further interventions due to the
dismal prognosis. He was transitioned to comfort care and
passed away within 24 h.

DISCUSSION

TLS is a potentially lethal complication in the therapy of tumours
with a mortality rate of up to 35% in solid tumours (Baeksgaard
and Sørensen, 2003). TLS occurs frequently in patients with
haematologic malignancies after the initiation of cytotoxic
chemotherapy, such as acute lymphoblastic leukaemia and
high-grade non-Hodgkin’s lymphoma (Cairo and Bishop,
2004). An increasing number of TLS cases have been reported
in patients with solid tumours that were previously rarely
associated with this complication (Mirrakhimov et al., 2014).
Moreover, with the advent of more potent targeted agents, TLS
induced by targeted therapy has been reported in several solid
tumours, such as melanoma and colorectal, liver, kidney, and
breast cancers (Krishnan et al., 2008; Huang and Yang, 2009;
Michels et al., 2010; Handy et al., 2021; Tachibana et al., 2021). To
the best of our knowledge, this is the first case of TLS induced by
targeted therapy in NSCLC.

The pathophysiological mechanisms of TLS are mainly due
to the rapid lysis of tumour cells with a massive release of
intracellular contents, such as potassium, phosphorus, and
nucleic acids that are ultimately metabolized to uric acids
(Howard et al., 2011). These chemical substances are mainly
excreted through the kidney, which exceeds the compensatory
capacity of the kidney and leads to metabolic disorders and
electrolyte disturbances. The most commonly employed
criteria of TLS diagnosis were developed by Cairo and
Bishop in 2004 (Cairo and Bishop, 2004). In their
classification system, TLS is classified as laboratory TLS or
clinical TLS. Laboratory TLS requires at least two of the
following laboratory abnormalities within 3 days before or
up to 7 days after the initiation of therapy: hyperuricaemia,
hyperkalaemia, hyperphosphatemia, and hypocalcaemia.
Clinical TLS is defined as the presence of laboratory TLS
and at least one of the following clinical complications:
renal insufficiency, seizures, and cardiac arrhythmias or
sudden death (Cairo and Bishop, 2004). In our case, uric
acid, potassium, and phosphate levels met the criteria for
laboratory TLS, and the creatine level, atrial fibrillation, and
death met the criteria for clinical TLS.

Brigatinib is a potent next-generation ALK inhibitor with
demonstrated activity against ALK rearrangement and multiple
mutations in the ALK kinase domain that confer resistance
(Kim et al., 2017; Camidge et al., 2018; Camidge et al., 2020;
Nishio et al., 2021; Stinchcombe et al., 2021). In our case, the
patient was treated with crizotinib as the first-line treatment and
subsequently switched to alectinib due to disease progression.
Stable disease was maintained for 10 months, after which the
patient gradually developed bone metastasis and systemic
progression. NGS identified acquired ALK resistance
mutations, including F1174L, G1269A, L1196M, and V1180L.
At that time, lorlatinib was not approved in China, and the
patient declined platinum-doublet chemotherapy. Yang et al.
reported that ensartinib could exhibit clinical activity in patients
with acquired resistance mutations to some other second-
generation ALK TKIs (Yang et al., 2020; Yang et al., 2021).
Therefore, the patient was administered ensartinib as the third-
line treatment and subsequently experienced progressive left
pleural effusion. The phase 2 J-ALTA trial confirmed the
antitumour activity of brigatinib in patients with ALK-
rearranged NSCLC refractory to alectinib or other ALK-TKIs
(Nishio et al., 2021). Previous literature reported that brigatinib
may overcome acquired ALK resistance mutations in this
patient, so the patient chose brigatinib as the fourth-line
treatment (Gainor et al., 2016; Zhang et al., 2016; Recondo
et al., 2018; Gristina et al., 2020).

During the patient’s treatment course, repeat molecular
profiling based on tissue or liquid biopsies played an
important role in monitoring the evolution of resistance and
tailoring individualized treatment after disease progression
(Horn et al., 2019). In recent years, liquid biopsy has gradually
become an alternative or complementary approach to tissue
biopsy for diagnostic, predictive, and prognostic purposes.
Compared with traditional tissue biopsy, liquid biopsy has
notable advantages, such as its minimally invasive nature,
ability to reflect tumour heterogeneity, and capacity to be
repeatedly performed to realize dynamic monitoring of the
disease (Russo et al., 2021). Liquid biopsy is particularly
suitable for patients for whom sufficient tumour tissues cannot
be obtained for molecular profiling. However, liquid biopsy
exhibits various limitations due to both biological and
technological issues. Foremost among them is the risk of a
false-negative result, which might affect subsequent clinical
decisions and outcomes. In addition, some other limitations,
such as discordance with tissue specimens, remain to be
further addressed by technical advances and the establishment
of standard processes. In this patient, dynamic monitoring of
plasma ctDNA revealed a significant decrease in the abundance of
EML4-ALK rearrangement and the disappearance of other
resistance-associated ALK point mutations. It is difficult to
directly evaluate the effect of brigatinib because the patient
only received it for less than 1 month. However, the significant
decrease or clearance of ALK mutations after treatment with
brigatinib indicated a therapeutic response at the molecular level
(Wang et al., 2018). Therefore, the diagnosis of brigatinib-
induced TLS was established after carefully excluding other
possible contributing factors.

Frontiers in Pharmacology | www.frontiersin.org December 2021 | Volume 12 | Article 8094674

Wang et al. TLS Induced by Brigatinib

165

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


The existing Cairo-Bishop criteria were mainly based on the
clinical features and treatment paradigms of haematologic
malignancies. Thus, it is less suited for solid tumours and new
treatment modalities, such as targeted therapy and
immunotherapy. The Cairo-Bishop criteria have several
limitations and need to be further improved. First, receipt of
chemotherapy is the basic foundation for the diagnosis of TLS.
However, TLS can develop spontaneously or after the initiation of
surgery, radiotherapy, targeted therapy, and immunotherapy in
solid tumours (Noh et al., 2008; Shenoy, 2009; Shin et al., 2019;
Sugimoto et al., 2020; Tachibana et al., 2021).With the emergence
of more potent therapeutic modalities and multiple combined
therapies, especially in advanced tumours, predisposing factors of
TLS should not just be limited to chemotherapy. Second, the time
of occurrence of TLS in the Cairo-Bishop criteria may need to be
redefined. Most conventional chemotherapy agents kill tumour
cells through cytotoxic effects with rapid onset of action.
Therefore, chemotherapy-induced TLS was diagnosed
relatively early. Nevertheless, the mechanism of chemotherapy
is considerably different from that of targeted therapy and
immunotherapy. Targeted therapy acts specifically on certain
signalling pathways and precisely kills tumour cells (Recondo
et al., 2018). The principle of immunotherapy is to activate the
patient’s own immune system to attack malignant tumour cells
(Alsaab et al., 2017). Consequently, these therapeutic agents may
have a slower onset of efficacy and relatively moderate response at
the beginning of therapy compared with chemotherapy.
Nicholaou et al. reported a case of sunitinib-induced TLS in a
patient with kidney renal clear cell carcinoma after 14 days of
treatment (Nicholaou et al., 2007). Huang et al. reported a case of
sorafenib-induced TLS after 30 days of treatment in an advanced
hepatocellular carcinoma patient (Huang and Yang, 2009). In our
case, the patient developed TLS after 22 days of brigatinib
treatment. These results indicate that the Cairo-Bishop criteria
may potentially exclude some patients who develop TLS over a 7-
days period after initiating treatment. Therefore, the Cairo-
Bishop criteria need to be dynamically updated to adapt the
features of novel treatment strategies.

Given the seriousness and urgency of the TLS, early prevention
and early recognition are vital for reducing mortality. Major risk
factors for TLS include but are not limited to a large tumour burden,
tumours with a high proliferative rate, highly effective antitumour
treatment, liver metastases, and baseline renal insufficiency (Amiri,
2015). According to these risk factors, patients can be divided into
low-risk, intermediate-risk, and high-risk groups, which is of central
importance to enable stratified management. Prevention measures
include adequate hydration and prophylactic administration of
rasburicase in high-risk patients, adequate hydration plus
allopurinol or rasburicase for intermediate-risk patients, and
careful monitoring for low-risk patients (Coiffier et al., 2008;
Cairo et al., 2010). Additionally, repeat dynamic detection of
laboratory and clinical indicators before and during treatment is
recommended. In our case, the patient was at an advanced stage with
multiple metastases and had been sequentially treated with
crizotinib, alectinib, and ensartinib before initiation of brigatinib.
Therefore, multiline TKI therapy and a high tumour load may be
associated with rapid lysis of tumour cells and the occurrence of TLS

when the patient was treated with a more potent next-generation
TKI. Actually, with the extensive application of sequential therapy
with potent next-generation TKIs, such as osimertinib and lorlatinib,
this risk factor should attract sufficient attention from clinicians
(Ramalingam et al., 2020; Shaw et al., 2020). In addition, patients
with NSCLC typically receive oral small molecular TKIs at home
instead of at the hospital. Thus, these patients require careful
observation and appropriate laboratory tests in the initial period
of targeted therapy.

As soon as symptoms or laboratory abnormalities associated
with TLS are observed, multidisciplinary diagnostic assessment
and strict monitoring are necessary. Accurate and timely
diagnosis of TLS is a prerequisite for taking effective measures
to prevent the disease from further worsening and reduce overall
mortality. Once a definite diagnosis of TLS has been established,
antineoplastic treatment that may lead to TLS should be
discontinued. Frequent monitoring examinations involving
continuous electrocardiogram, repeat blood biochemistry
parameters and urine analysis should be performed. The
patient should be monitored and treated in the intensive care
unit with an experienced multidisciplinary team according to the
standard guidelines for TLS (Jones et al., 2015).

Another noteworthy concern is whether molecular targeted
drugs could be restarted after recovery from TLS. In clinical
practice, the decision must be made regarding the potential
clinical benefit versus the relative risk of the re-emergence of
TLS. Several studies reported that readministration of molecular
targeted drugs at a reduced dose could confer a survival benefit
with no TLS recurrence (Joshita et al., 2010; Michels et al., 2010;
Shimizu et al., 2021). Therefore, resumption of prior treatment
may be attempted with careful monitoring if the targeted drug is
irreplaceable or significantly more effective than the alternatives.

CONCLUSION

In summary, our case indicated that TLS can be induced at a
relatively late timing by sequential targeted therapy in NSCLC.
Given the seriousness of TLS and the extensive use of sequential
targeted therapy, clinicians should maintain a high clinical
suspicion for TLS and take appropriate measures to reduce
mortality.
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At present, treatment options for osimertinib resistance are very limited. Dual inhibition of
the vascular endothelial growth factor (VEGF) and epidermal growth factor receptor (EGFR)
significantly improved the progression-free survival (PFS) of advanced EGFR-mutant
non–small cell lung cancer (NSCLC). After EGFR-tyrosine kinase inhibitor (TKI)
resistance, EGFR-TKI continuation combined with VEGF inhibitors still had clinical
benefits. It is unclear whether the addition of bevacizumab after osimertinib progresses
will prolong the duration of the osimertinib benefit. We screened 1289 patients with
NSCLC and finally included 96 patients to evaluate osimertinib combined with
bevacizumab (osi + bev) versus chemotherapy combined with bevacizumab (che +
bev) for patients with acquired resistance to osimertinib. The overall response rate
(ORR) for osi + bev and chem + bev was 15.8% (6 of 38) and 20.7% (12 of 58),
respectively. The median PFS for osi + bev and che + bev was 7.0 and 4.9 months
(HR 0.415 95%CI: 0.252–0.687 p � 0.001). The median OS for osi + bev and che + bev
was 12.6 and 7.1 months (HR 0.430 95%CI: 0.266–0.696 p � 0.001). Multivariate
analyses showed that no brain metastases and osi + bev treatment after osimertinib
resistance correlated with longer PFS (p � 0.044, p � 0.001), while the median PFS of
osimertinib less than 6 months (p � 0.021) had a detrimental effect on sequent treatment.
Only osi + bev treatment was identified as an independent predictor of OS (p � 0.001). The
most common adverse events (AEs) of grade ≥3 were hypertension (13.2%) and diarrhea
(10.5%) in the osi + bevacizumab group. Neutropenia (24.1%) and thrombocytopenia
(19%) were the most common grade ≥3 AEs in the che + bev group. The overall incidence
of serious AEs (grade ≥3) was significantly higher in the chemotherapy plus bevacizumab
group. Our study has shown the superiority of osi + bev compared to che + bev after the
failure of osimertinib, making it a preferred option for patients with acquired resistance to
osimertinib.
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INTRODUCTION

Lung cancer is the second most commonly diagnosed cancer
worldwide and the leading cause of cancer death (Sung et al.,
2021). Non–small cell lung cancer (NSCLC) accounts for
approximately 85% of all lung cancers (Planchard et al.,
2018). Targeted drugs represented by epidermal growth
factor receptor (EGFR)–tyrosine kinase inhibitors (TKIs)
have brought revolutionary progress in the treatment of
advanced NSCLC (Mitsudomi et al., 2010; Rosell et al.,
2012; Mok et al., 2017; Soria et al., 2018). Unfortunately,
no matter which generation of EGFR-TKI is used, patients will
develop resistance sooner or later. Acquired EGFR exon 20
T790M mutation is the main mechanism of first-generation
and second-generation EGFR-TKI resistance (Sequist et al.,
2011). Osimertinib is an oral third-generation EGFR-TKI,
which is effective against EGFR (exon 19 deletion or exon
21L858R) and exon 20 T790M mutation (Yver, 2016).
Therefore, osimertinib can be used as the main treatment
strategy after first- and second-generation EGFR-TKI
resistance. Compared with the first- and second-generation
EGFR-TKIs, first-line osimertinib application has longer
progression-free survival (PFS) and overall survival (OS)
(Soria et al., 2018; Ramalingam et al., 2020) and has a
higher control rate of central nervous system metastases
(Reungwetwattana et al., 2018). Therefore, it has been
widely used in the first-line treatment of EGFR-sensitive
mutations. With the extensive clinical application of
osimertinib, acquired resistance has become a challenge
faced by clinicians. Different from the first- and second-
generation EGFR-TKIs, the resistance mechanism of
osimertinib is complicated. Reported resistance
mechanisms of osimertinib can be divided into EGFR
pathway-dependent resistance (i.e., C797S or loss of
T790M), upregulation of alternative signaling pathways
(i.e., MET/HER-2 amplification and BRAF mutation), and
histological transformation (Oxnard et al., 2018). C797S and
MET amplification are the two most common resistance
mechanisms, but effective drugs are not available in
mainland China. For those who cannot access proper
clinical trials, platinum-based chemotherapy with or
without bevacizumab remains the standard treatment.

Several prospective randomized trials have established the
benefit of the dual EGFR/VEGF pathway on PFS in advanced
EGFR-mutant NSCLC (Nakagawa et al., 2019; Zhou et al., 2019;
Makoto et al., 2020). VEGF levels were significantly increased in
lung cancer cells and NSCLC tissues with EGFRmutations (Hung
et al., 2016), and the enhanced expression of VEGF is frequently
related to the resistance of EGFR-TKI (Hung et al., 2016). Anti-
VEGF therapy combined with EGFR-TKI can reverse EGFR-TKI
resistance (Byers and Heymach, 2007). However, it is unclear
whether the addition of bevacizumab after the progress of
osimertinib will re-sensitize the tumor to osimertinib.
Therefore, this retrospective study compared osimertinib plus
bevacizumab vs. chemotherapy plus bevacizumab in patients
resistant to osimertinib.

MATERIALS AND METHODS

Patients
We screened patients who received bevacizumab combined with
osimertinib or chemotherapy after being resistant to osimertinib
from April 2017 to January 2020 in the Affiliated Cancer Hospital
of Zhengzhou University, Affiliated Zhengzhou Central Hospital
of Zhengzhou University, and Second People’s Hospital of
Pingdingshan. This retrospective study was approved by the
ethics committee of the three participating institutions,
without the need for informed consent. The inclusion criteria
were as follows: 1) patients with stage IIIB or IV NSCLC with
confirmed pathological diagnosis and classification; 2) EGFR-
sensitive mutation or secondary T790M mutation; 3) ECOG
score 0–2; 4) patients with at least a measurable lesion; and 5)
normal bone marrow hematopoietic function and liver and
kidney function. The exclusion criteria were as follows: 1) no
T790M mutation after first-generation or second-generation
EGFR-TKI resistance; 2) osimertinib combined with
chemotherapy or radiotherapy or other targeted drugs; 3)
patients with interstitial lung disease, radiation pneumonia,
lung fibrosis, cardiac insufficiency, and history of deep vein
thrombosis; 4) patients who did not respond at all to initial
osimertinib; and 5) patients with incomplete efficacy evaluation
or follow-up data.

Treatment and Assessments
Eligible patients who received osimertinib combined with
bevacizumab were defined as the osi + bev group, and those
who received chemotherapy combined with bevacizumab were
defined as the che + bev group. Patients in the osi + bev group
received 80 mg of osimertinib daily combined with 7.5 mg/kg or
15 mg/kg of bevacizumab every 3 weeks. Patients in the che + bev
group received chemotherapy combined with 7.5 mg/kg or
15 mg/kg of bevacizumab every 3 weeks. To assess the efficacy,
a computed tomography scan of the chest and upper abdomen
was evaluated every 6 or 9 weeks. If the patient had brain
metastases, brain magnetic resonance imaging was evaluated
too. Tumor response was evaluated according to the Response
Evaluation Criteria in Solid Tumors (RECIST) (version 1.1)
(Eisenhauer et al., 2009). PFS was calculated from the
beginning of osi + bev or che + bev to disease progression or
death. OS was defined as the time from osi + bev or che + bev to
death or when the patients were censored at the last follow-up.
Safety was monitored by medical records, blood tests, chief
complaints, and physical examinations. Adverse events (AEs)
were graded according to the National Cancer Institute Common
Terminology Criteria for Adverse Events (NCI CTCAE)
version 5.0.

Statistical Analysis
Analyses were conducted using the GraphPad Prism version 5.0.
Categorical variables are expressed as frequency (percentage) by
descriptive methods. Chi-square tests (χ2 test) were used to
compare clinical baseline characteristics between the two
groups. PFS and OS were plotted using the Kaplan–Meier
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curve and compared using the log-rank test. p < 0.05 was
considered statistically significant. Moreover, we used
multivariate Cox regression models to estimate hazard ratio
(HR) and exact 95% confidence intervals (CI) to analyze the
prognostic factors.

RESULTS

Patient Characteristics
Between April 2017 and January 2020, we screened 1289 patients
from three institutions with advanced NSCLC, of which 96 were
eligible for inclusion (Figure 1), specifically, the Affiliated Cancer
Hospital of Zhengzhou University (n � 63), Affiliated Zhengzhou
Central Hospital of Zhengzhou University (n � 17), and Second
People’s Hospital of Pingdingshan (n � 16). All patients had lung
adenocarcinoma and EGFR-sensitive mutation. The clinical
characteristics of the patients are shown in Table 1. The median
age was 57 years (range, 36–75). The majority of patients were
women (74 of 96, 77.1%), had never smoked (78 of 96, 81.2%), and
had a good ECOG performance status of 0 or 1 (79 of 96, 82.3%).
Patients were previously treated with gefitinib (58 of 96, 60.4%) and
icotinib (34 of 96, 35.4%) before osimertinib. In total, 4, 80, and 12
patients received osimertinib as first-, second-, and third-line
treatment, respectively. All patients who received osimertinib in
second- or third-line treatment had a T790Mmutation. The median
PFS for osimertinib was 9.5 months (95% CI: 7.1–12.2). In total, 76
(79.2%) patients had stage IV disease. Prior to the treatment of
osimertinib, 20 (20.8%) patients had received chemotherapy and 4
(4.2%) had received bevacizumab. After the resistance of osimertinib,
38 cases received osimertinib (80 mg daily) rechallenge combined

with bevacizumab (30 received 7.5 mg/kg and 8 received 15mg/kg
q3w), and 58 cases received chemotherapy combined with
bevacizumab (46 received 7.5 mg/kg and 12 received 15mg/kg).
The platinum-doublet regimens that patients received in
combination with bevacizumab were as follows: pemetrexed/
carboplatin (29 of 58, 50%), paclitaxel/carboplatin (10 of 58,
17.2%), and gemcitabine/carboplatin (5 of 58, 8.6%). The single-
agent chemotherapy regimens that patients received with
bevacizumab were pemetrexed (9/58, 15.5%), docetaxel (3 of 58,
5.2%), and nab-paclitaxel (2 of 58, 3.4%). In total, 34 (35.4%) patients
had brain metastases at diagnosis. At the time of osimertinib
progression, an additional 19 patients developed brain metastases.
Thus, before the start of bevacizumab plus chemotherapy or
osimertinib, 55.2% of the patients had brain metastases.

Effectiveness
At the time of data cutoff (March 1, 2021), the median follow-up
time was 19.5 months (range, 6.9–35.9 months). No complete
response cases were observed in the two groups. A total of 38
patients were evaluable for efficacy: 6 patients with partial
response (PR), 18 with stable disease (SD), and 14 with
progressive disease (PD) in the osi + bev group. On the other
hand, there were 12 patients with PR, 24 with SD, and 22 with PD
in the che + bev group. The overall response rate (ORR) for osi +
bev and che + bev was 15.8% (6 of 38) and 20.7% (12 of 58),
respectively (Figure 2). The median PFS for osi + bev and che +
bev was 7.0 and 4.9 months, respectively (HR 0.415 95% CI:
0.252–0.687 p � 0.001) (Figure 3A). The median OS for osi + bev
and che + bev was 12.6 and 7.1 months, respectively (HR 0.430
95% CI: 0.266–0.696 p � 0.001) (Figure 3B). When we excluded
the 15 mg/kg bevacizumab dosage, we found that the PFS and OS

FIGURE 1 | Study cohort selection.
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of the two groups were very close to that of the total population.
The median PFS for osi + bev and che + bev was 7.0 and
4.8 months, respectively (HR 0.398 95% CI: 0.228–0.694 p �

0.001) (Figure 4A). The median OS for osi + bev and che + bev
was 12.6 and 6.8 months, respectively (HR 0.397 95% CI:
0.227–0.694 p � 0.001) (Figure 4B).

TABLE 1 | Baseline characteristics of patients.

Characteristics Total (n = 96) Osi + bev (n = 38) Che + bev (n = 58) p-value

Age
Median (range) 57 (36–75) 56 (36–70) 57 (40–75) 0.139
≤ 65 years, n (%) 74 (77.1) 30 (78.9) 44 (75.9)
> 65 years, n (%) 22 (22.9) 8 (21.1) 14 (24.1)

Gender, n (%)
Female 74 (77.1) 32 (84.2) 42 (72.4) 0.220
Male 22 (22.9) 6 (15.8) 16 (27.6)

Smoking history, n (%)
Never 78 (81.2) 33 (86.8) 45 (77.6) 0.296
Current/ever 18 (18.8) 5 (13.2) 13 (22.4)

ECOG PS at progression, n (%)
0–1 79 (82.3) 30 (78.9) 49 (84.5) 0.587
2 17 (17.7) 8 (21.1) 9 (15.5)

EGFR mutation type at diagnosis, n (%)
Exon 19 deletion 53 (55.2) 18 (47.4) 35 (60.3) 0.675
21 L858R 43 (44.8) 20 (52.6) 23 (39.7)

Brain metastasis at diagnosis, n (%)
Yes 34 (35.4) 14 (36.8) 20 (34.5) 0.527
None 62 (64.6) 24 (63.2) 38 (65.5)

Brain metastasis after osimertinib, n (%)
Yes 53 (55.2) 23 (60.5) 30 (51.7) 0.675
None 43 (44.8) 15 (39.5) 28 (48.3)

Stage at diagnosis, n (%)
IIIB 20 (20.8) 8 (21.1) 12 (20.7) 0.966
IV 76 (79.2) 30 (78.9) 46 (79.3)

Number of treatment lines of osimertinib
1 4 (4.2) 1 (2.6) 3 (5.2) 0.426
2 80 (83.3) 34 (89.5) 46 (79.3)
3 12 (12.5) 3 (7.9) 9 (15.5)

PFS of osimertinib, n (%)
≤6 months 36 (37.5) 18 (47.4) 18 (31) 0.133
>6 months 60 (62.5) 20 (52.6) 40 (69)

Prior chemotherapy, n (%)
Yes 20 (20.8) 8 (21.1) 12 (20.7) 0.966
No 76 (79.2) 30 (78.9) 46 (79.3)

Prior bevacizumab therapy, n (%)
Yes 4 (4.2) 0 4 (6.9) 0.098
No 92 (95.8) 38 (100) 54 (93.1)

EGFR, epidermal growth factor receptor; osi + bev, osimertinib plus bevacizumab; che + bev, chemotherapy plus bevacizumab; PFS, progression-free survival.

FIGURE 2 | Best response in tumor burden from baseline in the two groups.
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Multivariate Analyses of PFS and OS
To further identify the risk factors related to PFS or OS, we used
multivariate Cox regression analysis to determine protective or
adverse prognostic factors. As for PFS, multivariate Cox
regression analyses suggested that no brain metastases (HR
0.528, 95% CI: 0.283–0.984, p � 0.044) and osi + bev
treatment (HR 0.403, 95% CI: 0.233–0.697, p � 0.001) were
considered as protective prognosis factors, while the median
PFS of osimertinib of less than 6 months (HR 1.861, 95% CI:
1.099–3.149, p � 0.021) had a detrimental effect on the
subsequent treatment. As for OS analysis, patients without
brain metastases showed a marginally longer OS than those

with brain metastases, but it was not statistically significant.
Only osi + bev treatment remained as an independent
predictor of OS (p � 0.001) (Table 2).

AEs
Table 3 summarizes the major adverse events. Most AEs were
generally mild (grade < 3). Proteinuria was the most common AE
of the osi + bev group (34.2%). Neutropenia was the most
frequent AE of the che + bev group (50%). Grade ≥3 AEs
included hypertension (13.2%), diarrhea (10.5%),
thrombocytopenia (7.9%), proteinuria (7.9%), anemia (7.9%),
neutropenia (5.3%), liver function disorder (5.3%), anorexia

FIGURE 3 | Kaplan–Meier curves of progression-free survival and overall survival.

FIGURE 4 | Kaplan–Meier curves of progression-free survival and overall survival for patients who received bevacizumab at 7.5 mg/kg.

TABLE 2 | Multivariate analyses of progression-free survival and overall survival to assess the impact factor.

PFS OS

HR (95%CI) p-value HR (95%CI) p-value

Age (≤ 60 vs. > 60) 1.287 (0.753–2.200) 0.356 1.187 (0.682–2.066) 0.545
Gender (female vs. male) 0.954 (0.467–1.652) 0.940 0.943 (0.502–1.771) 0.635
Smoking (no vs. yes) 0.963 (0.254–3.656) 0.956 0.657 (0.134–2.118) 0.542
ECOG (0 vs. 1–2) 0.713 (0.371–1.367) 0.308 0.702 (0.381–1.586) 0.322
EGFR mutation (21L858 vs. 19del) 0.670 (0.405–1.108) 0.118 0.684 (0.189–3.909) 0.146
Brain metastases (none vs. yes) 0.528 (0.283–0.984) 0.044 0.531 (0.302–1.160) 0.058
PFS of osimertinib (≤ 6 months vs. > 6 months) 1.861 (1.099–3.149) 0.021 1.258 (0.807–2.169) 0.379
Treatment after osimertinib resistance (osi + bev vs. che + bev) 0.403 (0.233–0.697) 0.001 0.395 (0.225–0.692) 0.001

EGFR, epidermal growth factor receptor; osi + bev, osimertinib plus bevacizumab; che + bev, chemotherapy plus bevacizumab; PFS, progression-free survival; OS, overall survival.
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(5.3%), and hypoproteinemia (2.6%) in the osi + bev group.
Neutropenia (24.1%), thrombocytopenia (19%), fatigue (17.2%),
anemia (12.1%), liver function disorder (10.3%), hypertension
(10.3%), anorexia (10.3%), proteinuria (8.6%), hypoproteinemia
(8.6%), and nausea (6.9%) were the most common AEs of grade
≥3 in the che + bev group. The overall incidence of serious AEs
(grade ≥ 3) was significantly higher in the che + bev group.

DISCUSSION

While osimertinib has achieved outstanding efficacy in EGFR-
mutant NSCLC in terms of PFS and OS, most people inevitably
develop resistance, which presents another challenge in the
treatment of NSCLC. The resistance mechanism of osimertinib
is heterogeneous and mostly non-targeted, including a higher
proportion of EGFR-independent mechanisms than EGFR-
dependent mechanisms (Leonetti et al., 2019; Mehlman et al.,
2019; Zhao et al., 2019). Although important research has been
conducted on the mechanism and treatment strategies of
osimertinib resistance, there is still no unified standard
treatment method for osimertinib resistance, and the efficacy
is not satisfactory. For erlotinib combined with osimertinib in the
treatment of patients with EGFR C797S found alongside T790M,
the PFS was only about three months (Wang et al., 2017). For
c-Met inhibitor combined with osimertinib in the treatment of
c-Met-driven acquired resistance, the longest PFS was close to
5 months (Sequist et al., 2020).

Aside from targeted therapy, chemotherapy and the addition of
antiangiogenic inhibitors to EGFR-TKI therapy after progression are
also alternative strategies. Studies have shown that patients with
resistance to osimertinib derived prolonged clinical benefits from the
continuous use of osimertinib alone or in combination with
radiotherapy or chemotherapy (Le et al., 2018; Su et al., 2021;

White et al., 2021). However, it has not been elucidated whether
the combination of osimertinib and bevacizumab is beneficial after
the progress of osimertinib. The rationale behind this study is based
on the fact that VEGF expression levels change dynamically during
anti-tumor therapy, and EGFR-TKI resistance is often accompanied
by increased levels of VEGF (Takeuchi et al., 2012). VEGF signaling
plays an important role in the formation of new blood vessels, and
inhibition of VEGF is a key therapeutic strategy for cancer treatment
(Manzo et al., 2017). EGFR mutation enhances VEGF expression in
lung cancer (Hung et al., 2016). Preclinical and clinical data support
dual inhibition of EGFR andVEGF inNSCLCwith EGFRmutations
as a promising strategy to improve patient prognosis (Le et al., 2021).
Compared with treatment with EGFR-TKI alone, dual inhibition of
VEGF and EGFR significantly improved the PFS of advanced EGFR-
mutant NSCLC in first-line treatment (Landre et al., 2020; Peravali
et al., 2020). Even after EGFR-TKI resistance, EGFR-TKI
continuation combined with VEGF inhibitors still had clinical
benefits (Otsuka et al., 2015; Jiang et al., 2017). Dual inhibition of
VEGF and EGFR pathways had the potential advantage of reversing
EGFR-TKI resistance (Larsen et al., 2011). A retrospective analysis of
patients with advanced NSCLC who failed osimertinib treatment
showed that osimertinib rechallenge combined with apatinib
reached a median PFS of 4months (95% CI: 3.5–4.5 months)
(Yang et al., 2021). How about the combination of osimertinib
and bevacizumab in osimertinib resistance?

This is the first study to compare the efficacy of adding
bevacizumab to osimertinib versus chemotherapy plus
bevacizumab after the progression of osimertinib. Although
the ORR of che + bev was better than that of osi + bev (20.7
vs. 15.8%), the median PFS of che + bev was shorter than that of
osi + bev (7 months in osi + bev vs. 4.9 months in che + bev, HR
0.415 95% CI: 0.252–0.687 p � 0.001). The benefits of ORR in che
+ bev have not been translated into prolongation of OS
(12.6 months in osi + bev vs. 7.1 months in che + bev, HR
0.430 95% CI: 0.266–0.696 p � 0.001), as exhibited in Table 2.
As for PFS, multivariate Cox regression suggested that no brain
metastases (HR 0.528, 95% CI: 0.283–0.984, p � 0.044) and osi +
bev treatment (HR 0.403, 95% CI: 0.233–0.697, p � 0.001) were
considered as protective prognosis factors, while the median PFS
of osimertinib of less than 6 months (HR 1.861, 95% CI:
1.099–3.149, p � 0.021) had a detrimental effect on subsequent
treatment. As for OS, the median PFS of osimertinib of less than
6 months was an adverse prognosis factor, but there was no
statistically significant difference. Only osi + bev treatment
remained an independent predictor of OS (HR 0.395, 95% CI:
0.225–0.692, p � 0.001).

Bevacizumab and osimertinib act on different pathways, one
regulating angiogenesis and one inhibiting tumor growth.
Theoretically, receiving both drugs may confer additional
benefits to NSCLC. So far, whether osimertinib combined with
chemotherapy or bevacizumab has a synergistic effect is still
controversial. In patients with advanced NSCLC with EGFR
T790M, a randomized phase II trial showed a median PFS of
15.8 months for osimertinib monotherapy and 14.6 months for
osimertinib and carboplatin-pemetrexed combination therapy,
indicating no synergistic effect of combination (Tanaka et al.,
2021). On the contrary, another study suggests that osimertinib

TABLE 3 | Summary of adverse events. Values are expressed as frequencies
[n (%)].

Adverse event Osi + bev (n = 38) Che + bev (n = 58)

All grades Grade ≥ 3 All grades Grade ≥ 3

Proteinuria 13 (34.2) 3 (7.9) 17 (29.3) 5 (8.6)
Thrombocytopenia 12 (31.6) 3 (7.9) 15 (25.9) 11 (19)
Neutropenia 9 (23.7) 2 (5.3) 29 (50.0) 14 (24.1)
AST/ALT elevation 8 (21.1) 2 (5.3) 14 (24.1) 6 (10.3)
Hypoproteinemia 10 (26.3) 1 (2.6) 16 (27.6) 5 (8.6)
Anemia 7 (18.4) 3 (7.9) 13 (22.4) 7 (12.1)
Fatigue 8 (21.1) 0 19 (32.8) 10 (17.2)
Rash 7 (18.4) 0 2 (3.4) 0
Anorexia 8 (21.1) 2 (5.3) 15 (25.9) 6 (10.3)
Nausea 7 (18.4) 0 16 (27.6) 4 (6.9)
Vomiting 3 (7.9) 0 10 (17.2) 2 (3.4)
Headache 4 (10.5) 0 5 (8.6) 0
Oral mucositis 5 (13.2) 0 7 (12.1) 0
Pharyngodynia 3 (7.9) 0 6 (10.3) 0
Hypertension 11 (28.9) 5 (13.2) 18 (31) 6 (10.3)
Diarrhea 9 (23.7) 4 (10.5) 14 (24.1) 2 (3.4)
Bleeding 8 (21.1) 2 (5.3) 12 (20.7) 1 (1.7)

WBC, white blood cell; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
osi + bev, osimertinib plus bevacizumab; che + bev, chemotherapy plus bevacizumab.
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combined with chemotherapy can be beneficial to patients after
the progression of multi-line therapy (White et al., 2021). A
single-arm study reported that among 49 NSCLC patients with
EGFR mutation, osimertinib plus bevacizumab showed an ORR
of 80% and a median PFS of 19 months (Yu et al., 2020). Another
single-arm prospective trial of osimertinib plus bevacizumab in
14 patients with leptomeningeal metastasis (LM) from EGFR
mutation showed an LMORR of 50%, median PFS of 9.3 months,
median OS of 12.6 months, and one-year survival rate of 35.7%
(Lu et al., 2021). On the contrary, another phase II study showed
that, compared to osimertinib monotherapy, although ORR was
slightly better in the osimertinib and bevacizumab combination
arm, combination therapy could not show advantages in PFS and
OS, even in subgroup analyses (Akamatsu et al., 2021). The
results of our study contradict this phase II study. The reason
is unclear. We speculate that the timing of treatment, different
populations, and drug doses may affect the research results. The
dose of bevacizumab used in this phase II clinical study was
15 mg/kg, while most patients in our study received 7.5 mg/kg.
Clinical trials did not find any significant difference between the
two doses of bevacizumab on the PFS and OS of NSCLC.
However, it still lacks a large-scale phase III study to confirm
it. Considering economic factors or adverse reactions, it is very
common for clinicians to choose the 7.5 mg/kg dose of
bevacizumab. VEGF and EGF share a common downstream
signaling pathway and may be independent of each other
during tumorigenesis and acquired treatment resistance. The
anti-VEGF inhibitor may induce a different tumor
environment. Theoretically, the tumor environment is different
in osimertinib-naive and pre-treated patients, and excessive
inhibition of VEGF may affect the efficacy of EGFR-TKI. We
are not sure whether the dose of bevacizumab affects the synergy
with osimertinib. This needs further experimental verification. In
addition, we need further research to confirm the optimal
combined dose of osimertinib and bevacizumab, which will be
synergistic and will not cause serious adverse reactions.

A study reported that in patients with EGFR mutations,
compared with first-line chemotherapy without TKI, front-line
EGFR-TKI significantly reduces the sensitivity of subsequent
chemotherapy (Zeng et al., 2014). In our study, osi + bev
showed more clinical benefits than che + bev in patients with
osimertinib acquired resistance, which may be related to the
reduced efficacy of chemotherapy after EGFR-TKIs treatment.
On the other hand, regardless of frequency or severity, compared
with che + bev, the adverse reactions of osi + bev are milder. The
osi + bev combination is superior to che + bev in terms of safety
because it avoids the toxicities of chemotherapy. Bevacizumab has
its own series of adverse reactions, such as hypertension and
proteinuria, which were observed in the two groups. The
reduction in the dose of bevacizumab greatly reduced the
incidence of adverse effects. In the osi + bev group,
hypertension (13.2%), diarrhea (10.5%), proteinuria (7.9%),
thrombocytopenia (7.9%), and anemia (7.9%) were the most
AEs of grade 3 or higher. The adverse reactions related to
bone marrow suppression were obviously higher in the che +
bev group than in the osi + bev group. This supports the fact that
the addition of bevacizumab to osimertinib would be more

tolerable than chemotherapy and bevacizumab for patients
resistant to osimertinib. Despite efforts to adjust multiple
factors through Cox regression analysis and exclude patients
with primary resistance to osimertinib, this retrospective
analysis still has some limitations. First, retrospective research
may inevitably introduce collection bias. In the case of significant
progression and clinical deterioration, physicians had to choose
to stop osimertinib. Patients who have progressed in imaging
evaluation and have no clinical symptoms are more inclined to
choose combination or switch to other treatments rather than
continuing to use osimertinib alone. Second, we included patients
who received different chemotherapy regimens and different
bevacizumab dosages. The treatment of patients is not
uniform, which may affect the results. Third, histomolecular
profiles at progression should be collected to distinguish the
benefits of people under different resistance mechanisms.
Furthermore, other strategies in the following treatment, such
as immunotherapy checkpoint inhibitors, the addition of local
therapy, or radiotherapy, should be evaluated, which will
inevitably affect OS analysis.

In conclusion, although this study is a retrospective study, the
efficacy of osi + bev and che + bev was compared in patients with
osimertinib resistance. Compared with che + bev, osi + bev
provides significantly longer PFS and OS, and the toxicity is
tolerable. This observation indicates that for patients who have
failed osimertinib treatment, especially for those with a non-
targetable resistance mechanism, bevacizumab plus continuous
osimertinib should be considered an appropriate regimen. This
program is worthy of large-scale verification in randomized
clinical trials.
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Anaplastic lymphoma kinase (ALK)-positive non-small-cell lung cancers (NSCLCs) have
favorable and impressive response to ALK tyrosine kinase inhibitors (TKIs). However, ALK
rearrangement had approximately 90 distinct fusion partners. Patients with different ALK
fusions might have distinct responses to different-generation ALK-TKIs. In this case
report, we identified a novel non-reciprocal ALK fusion: ALK-grancalcin (GCA) (A19:
intragenic) and EML4-ALK (E20: A20) by next-generation sequencing (NGS) in a male lung
adenocarcinoma patient who was staged as IIIB-N2 after surgery. After a multidisciplinary
discussion, the patient received alectinib adjuvant targeted therapy and postoperative
radiotherapy (PORT). He is currently in good condition, and disease-free survival (DFS) has
been 20 months so far, which has been longer than the median survival time of IIIB NSCLC
patients. Our study extended the spectrum of ALK fusion partners in ALK + NSCLC, and
we reported a new ALK fusion: ALK-GCA and EML4-ALK and its sensitivity to alectinib
firstly in lung cancer. It is vital for clinicians to detect fusion mutations of patients and report
timely the newfound fusions and their response to guide treatment.

Keywords: ALK fusion, ALK-GCA and EML4-ALK, stage IIIB-N2 NSCLC, alectinib, adjuvant targeted therapy
BACKGROUND

Approximately 83% of lung cancers are classified as non-small-cell lung cancer (NSCLC) (1), 5%–
7% of which harbor oncogenic anaplastic lymphoma kinase (ALK) fusion and are defined as ALK-
positive NSCLC at diagnosis (2). ALK tyrosine kinase inhibitors (TKIs), including crizotinib,
alectinib, and ceritinib, demonstrated outstanding efficacy and tolerability for the treatment of ALK-
rearranged NSCLC (3–5). In particular, alectinib which has higher blood–brain barrier permeability
and lower toxicities, is currently used widely in the first line of ALK+NSCLC in the metastatic
setting (5).
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Despite favorable results, ALK-rearranged NSCLC is a
heterogeneous disease. Patients with different ALK fusions have
distinct responses toALK-TKIs (6). Apart from the classical EML4-
ALK fusion, ALK rearrangement had approximately 90 distinct
fusion partners, like LTBP1 and STRN OFCC1 (6–9). Some of the
ALK rearrangements presented crizotinib and alectinib resistance
primarily. ALK rearrangement could be mainly categorized into
three types: 3′-ALK fusion alone, 5′-ALK fusion alone, and non-
reciprocal/reciprocal ALK (10). A research reported that non-
reciprocal ALK fusion partners were poor predictive markers and
would have an impact on the ALK-TKI response with shorter PFS
(10).Thus, in termsof this heterogeneityofALK-positiveNSCLC, it
is vital for clinicians to detect fusion mutations of patients and
report timely the newfound fusions and their response to guide
treatment. Herein, we report a new non-reciprocal ALK fusion:
ALK-GCA (A19: intragenic) and EML4-ALK (E20: A20) detected
by next-generation sequencing (NGS) for the first time from a
patient with lung adenocarcinoma.
CASE PRESENTATION

A55-year-oldmale Chinese patient, without a smoking history and
family history of cancer, complainedof left chest pain subsequent to
a fall and presented to our hospitals. Physical examination showed
he was tender to palpation at the left 7–10 rib. Chest computed
tomography (CT) scan revealed a lung mass with a diameter of
about 5.1 cm in the left lower lobe and 7–10 rib fracture in January
2020 (Figure 1). Then, percutaneous pulmonary biopsy was
performed and found lung adenocarcinoma. For further
treatment, he received pulmonary lobectomy in March 2020, with
a pathologic diagnosis of stage IIIB (pT3N2M0) moderately and
poorly differentiated invasive lung adenocarcinoma (acinar type,
micropapillary pattern, solid form) (Figure 1). Then,
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immunochemistry (IHC-ventana D5F3) of the tumor specimen
was performed and the results showed a significant ALK fusion
protein expression (Figure 1). Furthermore, we conducted
fluorescence in situ hybridization (FISH) (11) and confirmed the
positive ALK gene break using commercially available probes (GSP
ALK,Anbiping Pharmaceutical TechnologyCo., Ltd.) (Figure 2C).
In addition, as previously described (12), the genomic profiles of
surgical specimens were assessed by performing capture-based
targeted deep sequencing using the Lung Core panel (Burning
RockBiotech, Guangzhou, China), which covers thewhole exons of
68 lung cancer-related genes and spans 345 kb of the human
genome (Supplementary Material 2). DNA quality and size were
assessed by high-sensitivity DNA assay using a bioanalyzer. All
indexed samples were sequenced on a NextSeq 500 system
(Illumina, Inc.) with pair-end reads with a target sequencing
depth of 1,000* for tissue samples. The NGS identified a non-
reciprocal ALK fusion: ALK-GCA (A19: intragenic) (abundance:
17.18%) and EML4-ALK (E20: A20) (abundance: 14.47%)
(Figure 2A). After a multidisciplinary discussion, alectinib as
adjuvant targeted therapy was administrated for him to reduce
the risk of tumor recurrence. In addition, concerning that the
patient had mediastinal lymph node metastasis, then
postoperative radiotherapy (PORT) in terms of elective nodal
irradiation (ENI) with a total dose of 50 Gy in 25 fractions was
performed in October 2020. The toxicities of combined therapy for
the patient were tolerable. The patient is currently in good
condition, and disease-free survival (DFS) has been 20 months so
far. We will continue to follow up and dynamically monitor the
changes of these two ALK fusions in the future treatment process.

DISCUSSION

The non-reciprocal ALK translocation was defined firstly in
Journal of Thoracic Oncology by Yongchang Zhang et al., as
FIGURE 1 | The clinical treatment history of the patient. Chest computed tomography (CT) and histological findings were presented. HE staining showed lung
adenocarcinoma. Immunochemistry results suggested non-reciprocal ALK fusion: ALK-GCA (A19: intragenic) and EML4-ALK (E20: A20) expressed significantly at
the protein level.
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harboring concurrent ALK fusions with at least one 3′-ALK
fusion and one 5′-ALK when compared to 3′-ALK alone fusion.
We showed a schematic diagram of non-reciprocal ALK
translocation in Supplementary Figure 1. Therefore, ALK-
GCA (A19: intragenic) as 5′-ALK and EML4-ALK (E20: A20)
as 3′-ALK in our case were defined together as a non-reciprocal
ALK fusion (Figure 2A). This fusion was the GCA intergenic
region rearranged to exons 1–19 of the ALK gene, while the
EML4 broken gene fused to the exons 20–29 of the ALK gene,
which contain the ALK kinase domain (Figure 2B). Based on
sequence analysis, we speculated that two ALK fusions may be
harbored by the same tumor clone. However, in fact, we could
not be completely sure that the two ALK fusions are from the
same clone of tumor cells, or two different populations in the
adenocarcinoma. There is a limitation that the FISH results in
our hospital could only prove that the ALK gene has been broken
and rearranged in a cell. It could not confirm whether GCA-ALK
and EML4-ALK exist in one tumor cell clone or two clones. This
requires customizing specific probes of GCA genes and the
EML4 gene to explain this problem, which is time-consuming
and expensive. We will further study in future work.

Furthermore, despite surgery, the 5-year survival rates of
stage III NSCLC are low and most patients mainly die from
Frontiers in Oncology | www.frontiersin.org 3180
metastatic disease (13, 14). Thus, our patient diagnosed as stage
IIIB-N2 ALK-positive NSCLC had a great risk of disease
recurrence. We administrated alectinib as adjuvant targeted
therapy for our case, leading to 20 months of DFS to date
which has been longer than approximately 14.1 months of
median survival time of IIIB NSCLC patients (14). From the
perspective of clinical practice, we believed that the use of
alectinib adjuvant targeted therapy for this patient with this
novel non-reciprocal ALK-GCA (A19: intragenic) and EML4-
ALK (E20: A20) may be effective. Furthermore, the previous
study reported that the 5′-ALK (GCA-ALK) of non-reciprocal
ALK fusion would affect the efficacy of ALK-TKI (10). Therefore,
it cannot be said that the response to alectinib is totally due to
EML4-ALK fusion. A clinical trial ALINA investigating the role
of adjuvant ALK-TKI in locally advanced ALK+NSCLC
currently is still ongoing (15), and adjuvant alectinib may be
promising. Furthermore, some research suggested that N2-
NSCLC patients benefit from PORT (16, 17). Our patient also
received PORT as adjuvant treatment after surgery, without
serious side effects when combining PORT and target adjuvant.
Hence, it may provide a rationale to investigate the efficacy and
safety of the ALK-TKI target adjuvant combined with PORT
further for IIIB-N2 locally advanced ALK+ NSCLC patients for
A

B C

FIGURE 2 | Next-generation sequencing and FISH results of surgical specimen of the patient. (A) ALK-GCA (A19: intragenic) and EML4-ALK (E20: A20) ALK
rearrangement visualized using the Integrative Genomics Viewer (IGV). (B) Diagram depicting the non-reciprocal ALK fusion: ALK-GCA (A19: intragenic) and EML4-
ALK (E20: A20). (C) ALK gene rearrangement positive signal (one green and one red, by white arrow) (*1,000).
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longer survival. Finally, we speculated that this novel non-
reciprocal ALK-GCA (A19: intragenic) and EML4-ALK (E20:
A20) in the patient may be sensitive to alectinib.
CONCLUSION

We identified a novel non-reciprocal ALK rearrangement, ALK-
GCA (A19: intragenic) and EML4-ALK (E20: A20), by using
powerful NGS, expanding the spectrum of ALK fusion in ALK+
NSCLC. In addition, this non-reciprocal fusion may be sensitive
to alectinib treatment.
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FGFC1 Selectively Inhibits
Erlotinib-Resistant Non-Small Cell
Lung Cancer via Elevation of ROS
Mediated by the EGFR/PI3K/Akt/
mTOR Pathway
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Non-small cell lung cancer (NSCLC) is one of the most common malignancies in the world.
Epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) have been used as a
first-line treatment for patients harboring with EGFR mutations in advanced NSCLC.
Nevertheless, the drug resistance after continuous and long-term chemotherapies
considerably limits its clinical efficacy. Therefore, it is of great importance to develop new
chemotherapeutic agents and treatment strategies to conquer the drug resistance. FGFC1
(Fungi fibrinolytic compound 1), a type of bisindole alkaloid from a metabolite of the rare
marine fungi Starchbotrys longispora. FG216, has exhibited excellent fibrinolytic and anti-
inflammatory activity. However, the potent efficacy of FGFC1 in human cancer therapy
requires further study. Herein, we demonstrated that FGFC1 selectively suppressed the
growth of NSCLC cells with EGFR mutation. Mechanistically, FGFC1 treatment significantly
induced the apoptosis of erlotinib-resistant NSCLC cells H1975 in a dose-dependent
manner, which was proved to be mediated by mitochondrial dysfunction and elevated
accumulation of intracellular reactive oxygen species (ROS). Scavenging ROS not only
alleviated FGFC1-induced apoptosis but also relieved the decrease of phospho-Akt. We
further confirmed that FGFC1 significantly decreased the phosphorylation of protein EGFR,
phosphatidylinositol 3-kinase (PI3K), protein kinase B (Akt), and mammalian target of
rapamycin (mTOR) in H1975 cells. Notably, PI3K inhibitor (LY294002) could promote the
accumulation of ROS and the expression levels of apoptosis-related proteins induced by
FGFC1. Molecular dynamics simulations indicated that FGFC1 can inhibit EGFR and its
downstream PI3K/Akt/mTOR pathway through directly binding to EGFR, which displayed a
much higher binding affinity to EGFRT790M/L858R than EGFRWT. Additionally, FGFC1 treatment
also inhibited the migration and invasion of H1975 cells. Finally, FGFC1 effectively inhibited
tumor growth in the nude mice xenograft model of NSCLC. Taken together, our results
indicate that FGFC1 may be a potential candidate for erlotinib-resistant NSCLC therapy.

Keywords: FGFC1, non-small cell lung cancer, erlotinib-resistant, mitochondrial dysfunction, ROS, EGFR/PI3K/Akt/
mTOR pathway
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INTRODUCTION

Lung cancer has become the leading cause of cancer-related
deaths worldwide. Non-small cell lung cancer (NSCLC) as the
most common type of cancer accounts for about 80–85% of all
lung cancer cases, which makes it a global health concern (Ke
et al., 2015; Siegel et al., 2020). Compared with the steady
improvement in survival rates for most other types of cancer,
advances in treatments for NSCLC have made relatively little
progress, and the 5-year survival rates of NSCLC patients remains
less than 20% (Cheng et al., 2016).

Somatic mutations of the Epidermal growth factor receptor
(EGFR) gene are major drivers of NSCLC development and are
detected in approximately 30–65% of NSCLC patients in Asia
(Paez et al., 2004). The most common mutations of the EGFR
gene found in NSCLC are deletions in exon 19 and the L858R
mutation in exon 21, resulting in activation of EGFR and its
downstream signaling pathways, such as phosphatidylinositol 3-
kinase (PI3K)/protein kinase B (Akt)/mammalian target of
rapamycin (mTOR), which has been proved to play an
important role in the development, differentiation, survival
and drug resistance of NSCLC (Wee and Wang, 2017). Thus,
selective targeted EGFR tyrosine kinase inhibitors (TKIs) are
widely developed and used for the treatment of NSCLC (Hanahan
and Weinberg, 2011), which has remarkable therapeutic effects
against NSCLC patients with EGFRmutations. For example, first-
generation EGFR-TKIs erlotinib (Minna and Dowell, 2005) and
gefitinib (Cohen et al., 2003) showed an encouraging response
rate to NSCLC with EGFR mutations (exon 19 deletions and
L858R point mutations). Unfortunately, more than 80% of
patients harboring EGFR mutation who initially respond to
EGFR-TKI will gradually develop acquired resistance within
about 1 year of treatment, mostly due to an additional
mutation T790M in exon 20 of EGFR (Chan et al., 2006).
Currently, numerous TKIs have been designed to directly
target T790M mutant NSCLC cells, however, there is still a
challenge for them to be used clinically owing to their poor
selectivity or potential toxicity (Yang and Tam, 2018).
Consequently, novel effective therapeutic agents that can
overcome EGFR-TKI resistance should be identified and
developed to treat NSCLC, which will ultimately prolong the
overall survival time of NSCLC patients.

An essential step for killing resistant NSCLC is mitochondrial
dysfunction, which has been proved to play a crucial role in the
apoptotic cell death induced by anti-cancer agents (Joseph et al.,
2017). Young et al. (2016) reported that Simvastatin can induce
mitochondrial apoptosis to overcome gefitinib resistance with EGFR
T790M mutation NSCLC cells. As well known, reactive oxygen
species (ROS) formation is closely related to the mitochondrial
pathway, which is confirmed to be the cause and/or consequence
of the mitochondrial dysfunction (Kim et al., 2021). High levels of
ROS triggers oxidant stress, which leads to cellular damages, tumor
progression, and chemotherapy resistance (Brozovic et al., 2010).
Several studies have demonstrated that ROS triggers overoxidation
of theMet residue of EGFRT790M with direct or indirect involvement
in TKI-acquired resistance, and shuts down the EGFR downstream
PI3K/Akt survival pathway (Paulsen et al., 2011; Leung et al., 2016).

However, the PI3K/Akt signaling pathway can not only be mediated
by ROS but also regulate ROS in turn to affect tumor growth. Zhang
et al. (2021) have provided clear evidence that dieckol effectively
inhibits the human OS MG-63 cells growth by triggering the ROS
accumulation via down-regulating the PI3K/Akt signaling pathway
(Zhang et al., 2021). In addition, the hyperactivation of PI3K/Akt
signaling is usually associated with resistance to different targeted-
mediated therapies (Jabbarzadeh Kaboli et al., 2020). Based on the
above, inhibiting the PI3K pathway could induce apoptosis and
overcome resistance to EGFR-TKI in EGFRmutant lung cancer cells
(Donev et al., 2011; Gadgeel and Wozniak, 2013; Wang et al., 2019;
Lai et al., 2021).

Up to now, about 63% of the existent anti-tumor agents are
natural products (Newman and Cragg, 2016). Recently, marine
natural products (MNPs) have been valuable sources for novel
drug discovery due to their unique chemical diversity and
excellent biological activity (Khalifa et al., 2019). As reported
in our previous studies, we obtained a series of MNPs FGFC1,
FGFC2, FGFC3, and FGFC4 from a metabolite of the rare marine
fungi Starchbotrys longispora. FG216 (Wang et al., 2015; Guo
et al., 2016). Among them, FGFC1{Fungi fibrinolytic compound
(R)-2,5-bis((2R,3R)-2-((E)-4,8-dimethylnona-3,7-dien-1-yl)-3,5-
dihydroxy-2-methyl-7-oxo-3,4,7,9-tetrahydropyrano[2,3-e]
isoindol-8(2H)-yl)pentanoic acid} (Figure 1A), has been shown
to have fibrinolytic activity and anti-inflammatory properties
both in vitro and in vivo (Sawada et al., 2014; Yan et al., 2015;
Huang et al., 2018; Suzuki et al., 2018). However, its anti-cancer
activity in NSCLC remains unknown. In the present study, we
investigated the anti-cancer effects and possible mechanisms of
FGFC1 against erlotinib-resistant EGFRT790M/L858R-driven
NSCLC. We found that FGFC1 selectively exhibited significant
anti-cancer effects on erlotinib-resistant H1975 NSCLC cells
in vitro and reduced their tumorigenicity in vivo. FGFC1
induced H1975 apoptosis through mitochondrial dysfunction
and cumulatively elevated levels of intracellular ROS. These
therapeutic efficacies were associated with the binding ability
of FGFC1 to EGFRT790M/L858R and inactivation of PI3K/Akt/
mTOR signaling pathway, which was important for driving
tumorigenesis of NSCLC and TKI resistance. Collectively, our
results provide new possibilities that FGFC1 can be used as a lead
compound for the treatment of erlotinib-resistant NSCLC with
EGFR T790M mutation and L858R activating mutation.

MATERIALS AND METHODS

Chemical and Reagents
FGFC1 (≥98% purity) was extracted and purified from the
methanol extracts of Stachybotrys longispora. FG216, as
previously described (Wang et al., 2015; Guo et al., 2016). The
medium of FG216 fermented samples was centrifuged and
filtered. Marine microorganism precipitation was obtained
(200 g), which was added methanol into 2 L. After ultrasonic
extraction, centrifuging, and filtering, the sample immersed into
methanol was concentrated under vacuum at 40–60°C. The
sample was dissolved with 60% saturation using NaCl and
adjusted to pH 3.0 with 6N HCl. Then the acid solution was
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FIGURE 1 | The cytotoxic effects of FGFC1 on different cancer cells. (A) Chemical structure of FGFC1 (MW � 869.4947). (B) NSCLC cell lines (PC9) were more
sensitive to FGFC1 than the other four cell lines for 72 h. PC9, HCT116, HeLa, B16, and 293T cells were incubated with the indicated concentrations of DMSO or FGFC1
(0.01, 0.1, 1, 2, 5, 10, 20, 40, 80, and 100 μM) for 72 h. Cell viability was assessed using CCK-8 assay and shown as relative viability compared to the untreated control.
Each test was performed in triplicate. (C) The IC50 values of FGFC1 in PC9, HCT116, HeLa, B16, and 293T cells were assessed and expressed as the mean ± SD
(n � 3). (D) Above described cells were treated with different concentrations of FGFC1 (0, 5, and, 10 μM) for 72 h. Cell morphology was imaged under microscope
(200×). Scale bar � 100 μm. (E) FGFC1 selectively inhibited the growth of H1975 erlotinib-resistant NSCLC cells in a dose-dependent manner. H1975, A549, H1299,
and BEAS-2B cells were treated with FGFC1 (0.01, 0.1, 1, 2, 5, 10, 20, 40, 80, and 100 μM) for 72 h, respectively. Cell viability was examined by CCK-8 assay and
shown as relative viability compared to the untreated control. Each test was performed in triplicate. (F) The IC50 values of FGFC1, the EGFR mutations status, and the
erlotinib sensitivity of these four cells were assessed and expressed as the mean ± SD (n � 3). (G) H1975, A549, H1299, and BEAS-2B cells were treated with different
concentrations of FGFC1 (0, 5, and 10 μM) for 72 h. Cell morphology was imaged under microscope (200×). Scale bar � 100 μm. (H) FGFC1 remarkably increased the
LDH leakage of H1975 cells. The above described cells were incubated with the indicated concentrations of DMSO or FGFC1 (0, 5, 10, and 20 μM) for 48 h. The
cytotoxicity of FGFC1 on these cells was examined by the release of LDH. (I) FGFC1 significantly inhibited colony formation ability of H1975 cells in a dose-dependent
manner. Colony formation of H1975 and A549 cells was monitored after FGFC1 (0, 5, 10, and 20 μM) treatment for 14 days, and photographs of crystal violet stained
colonies were depicted. (J) The statistical result of (I). All data were represented as the means ± SD for at least three independent experiments. (*p < 0.05 and **p < 0.01
vs the DMSO control).
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extracted triple with ethyl acetate. The ethyl acetate layer was
extracted triple with saturated sodium chloride solution. Finally,
the acid solution layer was concentrated in vacuum and dissolved
to obtain the crude extract. Then, the extract was subjected to
preparative High Performance Liquid Chromatography (HPLC)
on an Inertsil PREP-ODS column (22.5 × 250 mm), which was
developed at 40°C with a gradient elution of acetonitrile and 0.1%

trifluoroacetic acid at a rate of 10 ml/min. After the purified
compounds were extracted with ethyl acetate, the fractions that
contain the fibrinolytic products were evaporated to remove
acetonitrile and trifluoroacetic acid. The chemical structure is
shown in Figure 1A. FGFC1 was dissolved in DMSO to make
a stock solution, which is convenient for diluting to various
concentrations with cell culture medium before using. Erlotinib

FIGURE 1 | (Continued )
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FIGURE 2 | FGFC1 selectively induced apoptosis in erlotinib-resistant NSCLC cells. (A) FGFC1 significantly enhanced H1975 cells death. H1975, A549 and H1299
cells were incubated with the indicated concentrations of FGFC1 (0, 5, 10, and 20 μM) for 48 h, and the cell apoptosis rates were detected by the Annexin-V FITC/PI
staining assay. (B) The statistical result of (A). (C) H1975, A549 and H1299 cells were treated with different concentrations of FGFC1 (0, 5, 10, and 20 μM) for 24 h.
Cleaved-PARP, cleaved-caspase 3, Bax and Bcl-2 protein levels were examined by Western blotting. β-actin were detected as the endogenous loading control,
accordingly. (D) The statistical result of (C). All data were represented as the means ± SD for at least three independent experiments (*p < 0.05 and **p < 0.01 vs the
DMSO control).
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was purchased from Selleck (Selleck Chemicals, Houston, TX,
United States). Dimethyl sulfoxide (DMSO) was purchased
from Sigma Aldrich (St. Louis, MO, United States). Dulbecco’s
Modified Eagle Medium (DMEM), Roswell Park Memorial
Institute (RPMI)-1640 medium, phosphate-buffered saline (PBS)
washing buffer, Fetal bovine serum (FBS), Trypsin-EDTA solution,
and Penicillin-Streptomycin solution (PS) (100×) were all
purchased from Gibco (Carlsbad, CA, United States). Cell
Counting Kit-8 (CCK8), Lactate dehydrogenase (LDH)
Cytotoxicity Assay Kit, RIPA lysis buffer, crystal violet, ROS
assay kit, Mitochondrial membrane potential assay kit with JC-
1, GSH and GSSG Assay Kit and LY294002 were purchased from
Beyotime (Shanghai, China). N-Acetyl-L-cysteine (NAC) was
purchased from MedChemExpress (Shanghai, China). Annexin
V- Fluorescein isothiocyanate (FITC) apoptosis detection kit was
obtained from BD Biosciences (San Jose, CA, United States).
Bicinchoninic acid (BCA) Protein assay kit was acquired from
TIANGEN (Shanghai, China). The cocktail was obtained from
Roche (Basel, Lewes, UK). Polyvinylidene fluoride (PVDF)
membranes were purchased from Millipore (Billerica, MA,
United States). All other chemicals were determined to be of
high purity and were purchased from commercial sources.

The following antibodies were used for western blotting. β-actin
(Cat#3700) and primary antibodies against cleaved- poly ADP-
ribose polymerase (PARP) (Cat#5625), cleaved-caspase3
(Cat#9661), Bcl-2 (D55G8) (Cat#4223), Bax (D2E11) (Cat#5023),

cytochrome C (Cat#4272), EGFR (Cat#4267), phospho-EGFR
(Y1068) (Cat#2234), PI3K (p110α) (Cat#4249), phospho-PI3K
p85 (Tyr458)/p55 (Tyr199) (Cat#4228), Akt (Cat#9272),
phospho-Akt (Ser473) (Cat#9271), mTOR (Cat#2983), and
phospho-mTOR (Ser2448) (Cat#2971) were all purchased from
Cell Signaling Technology (Beverly, MA, United States).
Peroxidase-conjugated goat anti-rabbit and mouse secondary
antibodies were purchased from Sigma Aldrich (St. Louis, MO,
United States).

Cell Lines and Cell Culture
H1975, PC9, A549, H1299, HeLa, HCT116, B16, BEAS-2B and
293T cells were obtained from the Institute of American Type
Culture Collection (ATCC) (Manassas, VA, United States).
These cell lines were passaged for less than 6 months after
recovery. PC9 cells harbor an exon 19 in-frame deletion
(DelE746-A750) of the EGFR gene (Lee et al., 2011). H1975
cells harbor two mutations (L858R and T790M) in the EGFR
gene and are associated with erlotinib resistance (Sudo et al.,
2013). H1975, PC9, H1299, HeLa, BEAS-2B and HCT116 cell
lines were cultured in RPMI-1640, whereas A549, 293T, and B16
cell lines were cultured in DMEM. All culture media were
supplemented with 10% FBS with 100 U/ml penicillin and
100 μg/ml streptomycin, and cells were cultured at 37°C in
5% CO2. The cell lines were routinely tested to confirm that
they were free of Mycoplasma.

FIGURE 2 | (Continued )
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Cell Viability Assays
Cell viability of treated or untreated with FGFC1 was evaluated by
CCK-8 assay. Briefly, cells were seeded into 96-well plates at a
density of 2–3 × 103 cells per well and allowed to adhere overnight
(Zhang et al., 2009; Rong et al., 2019). Cells were treated with
different doses of FGFC1 for 72 h, and DMSO served as vehicle
control. Each dosage was repeated in triplicate, and three
independent experiments were performed. After treatment,
10 μL CCK-8 reagent was added to each well and incubated
for an additional 2 h. Finally, the absorbance of each well at
450 nm was measured by a Microplate Reader (BIO-TEK, Inc.,
Winooski, VT, United States). The IC50 value was calculated by
GraphPad Prism 8.0 (San Diego, CA, United States) software.

Lactate Dehydrogenase Release Assay
The cytotoxicity of FGFC1 was analyzed by LDH release assay using
LDH Cytotoxicity Assay Kit. NSCLC cells were seeded in a 96-well
plate at a density of 1 × 104 cells per well and were treated with
different concentrations of FGFC1 (0, 5, 10, and 20 μM). According to
themanufacturer’s instructions, after 48 h treatment, the 96-well plate
was centrifuged at 400 g for 5min. Then, the 120 μl of supernatant
from each well was transferred to a new 96-well plate and added 60 μl
of LDHmaximum leakage, following centrifugation. After the 96-well
plate was prevented from light for 30min, the absorbance value was
then detected at 490 nm with Microplate Reader (BIO-TEK, Inc.,
Winooski, VT, United States). The result was evaluated by GraphPad
Prism 8.0 (San Diego, CA, United States) software.

Colony Formation Assay
Colony formation assay was used to examine the long-term effects
of FGFC1 on NSCLC cell growth. Cells were seeded in six-well
plates at a density of 1,000 cells per well. After attachment
overnight, cells were exposed to various concentrations of
FGFC1 (0, 5, 10, and 20 μM) with medium changed every

FIGURE 3 | FGFC1 induced apoptosis in erlotinib-resistant NSCLC cells
via mitochondrial dysfunction and accumulation of ROS. (A) FGFC1
significantly downregulated the MMP level. H1975, A549 and H1299 cells
were treated with FGFC1 at different concentrations (0, 10 and 20 μM)
for 24 h. The treated cells were stained with JC-1 dye and then analyzed by

(Continued )

FIGURE 3 | Flow cytometry. Cell populations indicating JC-1 aggregates (red)
were in the upper right quadrant and JC-1monomers (green) were in the lower
right part. (B) The treated cells stained with JC-1 were pictured by
fluorescence microscope to estimate the alteration in MMP level (scale bar �
100 μm). (C) FGFC1 significantly enhanced ROS production in H1975 cells.
H1975, A549 and H1299 cells were incubated with the indicated
concentrations of FGFC1 (0, 5, 10, and 20 μM) for 24 h, followed by ROS
measurement. Representative flow cytometry histograms displaying levels of
fluorescent DCFH-DA in cells were presented. (D) Statistical analysis of the
percentage of ROS generation. (E) FGFC1 induced GSH depletion in H1975
cells. The above described cells were treated with various doses of FGFC1 (0,
5, 10, and 20 μM) for 24 h, and then the cellular GSH content was measured
using an Assay Kit. (F) H1975 cells were pretreated with or without NAC
(5 mM) for 2 h, then treated with FGFC1 (10 μM) and NAC (5 mM) alone or in
combination for 24 h. Intra cellular ROS were measured by flow cytometry
after 10 μM DCFH-DA staining. (G) Statistical analysis of the percentage of
ROS generation. (H) H1975 cells were pretreated with or without NAC (5 mM)
for 2 h, then treated with FGFC1 (10 μM) and NAC (5 mM) alone or in
combination for 24 h. Cleaved-PARP, cleaved-caspase 3, Bax, Bcl-2 and
p-Akt protein expression were evaluated by Western blotting. β-actin was
detected as the endogenous loading control, accordingly. (I) The statistical
result of (H). All data were represented as the means ± SD for at least three
independent experiments. (*p < 0.05 and **p < 0.01 vs the DMSO control).
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3 days until visible colonies formed. The colonies were washedwith
cold PBS, then fixed with 4% paraformaldehyde (PFA) and stained
by crystal violet for 15min at room temperature and photographed
by a camera. Macroscopic colonies of each well were counted.

Apoptosis Assays
Cell apoptosis was detected by flow cytometry using an Annexin
V-FITC apoptosis detection kit. According to the manufacturer’s
instructions, NSCLC cells were seeded in 6-well plates at a density of
1 × 105 cells per well and were treated with FGFC1 (0, 5, 10, and
20 μM) for 48 h, DMSO served as vehicle control. Subsequently, cells
were collected and then stained with Annexin V and Propidium
Iodide (PI) in 1 × binding buffer at room temperature for 15 min.
Finally, stained cells were analyzed using FACSCelesta flow
cytometer (BD Biosciences, San Jose, CA, United States). FlowJo
software was used to analyze the percentage of cells that undergo
apoptosis.

Mitochondrial Membrane Potential (MMP)
Detection
The mitochondrial membrane potential was evaluated using
MMP assay Kit with JC-1. H1975, A549, and H1299 cells were

seeded into 6-well plates at a density of 1 × 105 cells per well
and treated with FGFC1 (0, 10, and 20 μM) for 24 h, DMSO
served as vehicle control. The cells were then washed once with
PBS and incubated with JC-1 staining solution at 37°C, 5% CO2

for 20 min. After incubation, the cells were washed twice and
resuspended using the JC-1 assay buffer followed by
centrifuge. MMP of FGFC1-treated cells was quantified
using FACSCelesta flow cytometer. Cells with red JC-1
aggregates and mitochondrial-collapsed apoptotic cells with
green JC-1 monomers were detected in the PI and FITC
channels, respectively. All analyses were performed with
FlowJo software.

JC-1 Staining
Changes of MMP were investigated using JC-1 Assay Kit. H1975,
A549, and H1299 cells were seeded into 6-well plates at a density
of 1 × 105 cells per well and treated with FGFC1 (0, 10, and
20 μM) for 24 h, DMSO served as vehicle control. According to
the manufacturer’s instructions, the treated cells were incubated
with JC-1 staining solution in a dark for 20 min at 37°C and
washed cells with dilution buffer. Then the cellular fluorescence
of both JC-1 monomers and aggregates was visualized under
fluorescent microscopy (Leica DMI8, Germany).

FIGURE 3 | (Continued )
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ROS Measurement
2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA) was
used as ROS probe to detect ROS. NSCLC cells were seeded
into 6-well plates at a density of 1 × 105 cells per well and treated
with FGFC1 (0, 5, 10, and 20 μM), NAC (5 mM) or LY294002
(20 μM) alone or co-treated with NAC (5 mM) or LY294002
(20 μM) and FGFC1 (10 μM) for 24 h, DMSO served as vehicle
control. Then the cells were harvested, centrifuged, and
incubated with 10 μM DCFH-DA at 37°C for 30 min.
Subsequently, cells were washed twice with PBS. Finally, the
mean fluorescence intensity was analyzed using FACSCelesta

flow cytometer and data then were evaluated with FlowJo
software.

GSH Intracellular Assay
Intracellular glutathione (GSH) content was measured using the
GSH and GSSG Assay Kit according to the manufacturer’s
instructions. Briefly, after indicated concentrations of FGFC1
(0, 5, 10, and 20 μM) treatment, NSCLC cells were trypsinized
and washed with ice-cold PBS. Next, cells were centrifuged at
1000 rpm for 5 min at 4°C, and then were lysed and vortexed
thoroughly in a 96-well plate. 150 μl of the total-glutathione

FIGURE 3 | (Continued )
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FIGURE 4 | FGFC1 meditated apoptosis through the EGFR pathway against erlotinib-resistant NSCLC cells. (A) FGFC1 remarkably suppressed the
phosphorylation of EGFR and its downstream targets in H1975 cells. H1975, A549 and H1299 cells were treated with the indicated concentrations of FGFC1 (0, 5, 10,
and 20 μM) for 24 h. The expression of p-EGFR, EGFR, p-PI3K, PI3K, p-Akt, Akt, p-mTOR, and mTOR was examined by Western blotting. β-actin was detected as the
endogenous loading control. (B) The statistical result of (A). (C) H1975 and PC9 cells were treated with a range of concentrations of erlotinib (0, 0.01, 0.05, and
0.1 μM) for 24 h, the cell lysates were subjected to Western blotting with the indicated antibodies. (D) The statistical result of (C). (E) H1975 cells were treated with
FGFC1 (10 μM) and LY294002 (20 μM) alone or in combination for 24 h. The expression of p-EGFR, EGFR, p-PI3K, PI3K, p-Akt, Akt, p-mTOR, mTOR, cleaved-
caspase3, cleaved-PARP, Bax, and Bcl-2 was evaluated by Western blotting. β-actin was detected as the endogenous loading control, accordingly. (F) The statistical
result of (E). (G) H1975 cells were treated with FGFC1 (10 μM) and LY294002 (20 μM) alone or in combination for 24 h. Intra cellular ROS were measured by flow
cytometry after 10 μMDCFH-DA staining. (H) Statistical analysis of the percentage of ROS generation. (I) Docking score of FGFC1 with EGFRT790M/L858R and EGFRWT.
(J) The binding mode of FGFC1 docked into EGFRT790M/L858R and EGFRWT, respectively. Data shown were representative of three independent experiments. All data
were represented as the means ± SD for at least three independent experiments. (*p < 0.05 and **p < 0.01 vs the DMSO control).
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detection solution chromogen was added to the plates, and
10 μl of the diluted prepared samples was added to each well
and mixed thoroughly. The plates were equilibrated at 25°C for

5 min. Subsequently, 50 μl of reduced form of nicotinamide-
adenine dinucleotide phosphate (NADPH) (0.5 mg/ml) was
added to each well. GSH standards (0, 0.5, 1, 2, 5, 10, and

FIGURE 4 | (Continued )
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15 μM) were also similarly prepared and assayed at the same
time. Finally, the colorimetric intensity of the plates was
measured at 412 nm with Microplate Reader (BIO-TEK,
Inc., Winooski, VT, United States), and the data were assessed
by GraphPad Prism 8.0 (San Diego, CA, United States)
software.

Wound-Healing Assay
A wound-healing assay was performed as previously described
(Wang et al., 2013). In brief, NSCLC cells were seeded into 6-
well plates and treated with medium containing mitomycin
(10 μg/ml) for 3 h to inactivate cell proliferation. The cells were
scratched with 200 µL pipette tips and then washed three times
with PBS. Complete culture media containing FGFC1 (0, 5,
and 10 μM) was subsequently added to allow wound healing.
After 24 h of incubation, images of the cells were captured
under a microscope equipped with a camera (Nikon, Japan).
The migrated cells were counted manually.

Transwell Invasion Assay
The invasion assay was detected with transwell membranes. Briefly,
matrigel diluted in the serum-free mediumwas applied on top of the
transwell membrane and incubated in 5% CO2 at 37°C for 4 h. The
lower chamber was filled with 800 μl of complete medium
containing 20% FBS as chemoattractant. The upper coated
chamber was laid over the lower chamber. Then the cells treated
with FGFC1 (0, 5, and 10 μM) were suspended in the serum-free
medium at a density of 1 × 105/ml and then seeded onto upper
chamber wells. The transwell system was incubated at 37°C for 24 h.
Later, the transwell insert was carefully removed from the plate, and
600 μl of 4% PFA was added to fix cells. Finally, cells were stained
with 0.1% crystal violet solution and observed under an inverted
microscope (Olympus Corporation, Japan).

Western Blotting Analysis
After being treated with different doses of FGFC1, erlotinib, NAC, or
LY294002 for 24 h, NSCLC cells were collected on ice and washed
twice with PBS. The cell pellets were lysed in RIPA buffer with a
complete protease inhibitor cocktail for 10 min on ice followed by
centrifugation at 4°C. The concentration of proteins was determined
by the BCA Protein kit. Equal amounts of total proteins were
resuspended in loading buffer, boiled at 100°C for 5 min, and
separated by 12% sodium salt-polyacrylamide gel electrophoresis
(SDS-PAGE). Proteins were transferred to PVDFmembranes. Then
the membranes were blocked with 5% non-fat dry milk in tris-
buffered saline and tween 20 (TBST) for 1 h and subsequently
incubated with specific primary antibodies (1:1,000) overnight at
4°C. Then the membranes were washed with TBST three times,
followed by incubation with the secondary antibodies conjugated
with horseradish peroxidase (HRP) (1:10,000) for 1 h. Immunoblots
were visualized with the Bio-Rad ChemiDoc XRS system.
Quantification was directly performed on the blot using the
Image Lab software.

Molecular Docking Analysis
All themolecular docking simulations were following the previous
reports (Yang et al., 2014; He et al., 2016) (https://www.ebi.ac.uk/

thornton-srv/software/LIGPLOT/). The computational docking
of FGFC1 to EGFR was performed on AutoDock 4.2 software
(Morris et al., 2008) for binding mode prediction. Schrödinger
software was used for the preparation of the ligand and
macromolecular. The 3D structures of EGFRT790M/L858R (PDB
ID:3W2R) and EGFRWT (PDB ID:3POZ) was obtained from
Protein Data Bank. FGFC1 was docked into the binding site of
the EGFRT790M/L858R and EGFRWT with the standard precision
scoring mode. In the process of molecular docking, the best
binding pose for FGFC1 was conserved for further analysis.
The molecular docking results were analyzed using
AutodockTools and ligplot+ v1.1.

Animal Studies
BALB/c nude mice (male, 5–6 weeks old, 10–14 g), supplied by the
Jiesijie Experimental Animal Co. Ltd (Shanghai, China), were raised
in a pathogen-free and temperature-controlled environment. H1975
cells (5 × 106) were subcutaneously implanted into the right flank of
nude mice. Tumor volumes were evaluated by calipers and
calculated using the standard formula: volume � 0.5 × (width)2 ×
length. Once tumor volume exceeded approximately 100mm3, mice
were randomized into three treatment groups (six mice per
treatment group): vehicle (5% DMSO in PBS), FGFC1
(10mg/kg/d, ip), and erlotinib (10 mg/kg/d, ip) as a control for
21 consecutive days. Mice were treated for 21 days and the tumor
volume and body weight were measured after every 3 days. All
animal experiments were approved by the Animal Ethical
Committee (Permit Number: SHOU-DW-2018-054) of
Shanghai Ocean University (Shanghai, China). The
experiment was performed according to the NIH guidelines
for animal care and use. At the endpoint, the mice were
anesthetized, and the tumors were harvested for weight and
immunohistochemistry analysis after being separated from
the surrounding muscles and dermis.

Histology and Immunohistochemistry
Immunohistochemical staining was performed by Shanghai
RecordBio Co., Ltd. (Shanghai, China). Tumor sections were
immunostained with specific anti-EGFR and anti-Ki67 antibodies.
The images were captured using a Pannoramic MIDI scanner. The
immunoreactive score (IRS) system was applied to evaluate the
immunoreactivity of each IHC marker (Remmele and Stegner,
1987). Briefly, IRS � staining intensity × percentage of positive
cells. Staining intensity was scored as 0 (negative), 1 (weak), 2
(moderate), and 3 (strong). Percentage of positive cells was
scored as 0 (0–5%), 1 (6–25%), 2 (26–50%), 3 (51–75%), and 4
(76–100%). Ten visual fields from different areas of each specimen
were chosen randomly for the IRS evaluation, and the average IRS
was calculated as the final score.

Statistical Analysis
All experiments were repeated at least three times and the
quantified data were expressed as the mean ± SD unless
otherwise indicated. Comparisons were made using one-way
ANOVA analysis. p-values < 0.05 was considered to be
statistically significant. Statistical analyses were performed with
GraphPad Prism 8.0 software.
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FIGURE 5 | FGFC1 selectively inhibited the migration and invasion of H1975 NSCLC cells. (A) The migration of H1975, A549 and H1299 cells was evaluated using
the scratch wound-healing assay after cells treated with indicated concentrations of FGFC1. NSCLC cells were seeded in 6-well plates and were treated with the
indicated dose of FGFC1 (0, 5, and 10 μM) for 24 h. Images of the results were obtained under microscope (200×) (scale bar � 100 μm). The migrated cells were
quantified manually. (B) The invasion activity of H1975, A549 and H1299 cells treated with FGFC1 were measured by transwell invasion assay. NSCLC cells were
seeded in 24-well plates and were treated with the indicated concentrations of FGFC1 (0, 5, and 10 μM). After 24 h, the invasive cells were stained with crystal violet, and
photos were taken under microscope (200×). The invasion activity of these cells was measured by counting the staining positive cells (scale bar � 100 μm). (C)
Quantification of the data in (A). (D) Quantification of the data in (B). All data were represented as the means ± SD for at least three independent experiments. (*p < 0.05
and **p < 0.01 vs the DMSO control).
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RESULTS

FGFC1 Exhibited Different Degrees of
Sensitivity Among Various Cancer Cell Lines
The main purpose of this study was to investigate the effects and
mechanism of FGFC1 on cancer cells. Therefore, normal renal

epithelial cell line (293T), PC9 (NSCLC), HCT116 (colon cancer),
HeLa (cervical cancer), and B16 (melanoma) cells were treated
with FGFC1 to determine its cellular cytotoxicity on these cells.
FGFC1 showed varied anti-proliferative activities against the
tested cells (Figure 1B). Interestingly, FGFC1 dramatically
decreased the viability of PC9 cells in an apparent dose-

FIGURE 6 | FGFC1 inhibited the growth of H1975 cell-derived tumor in vivo. H1975 cells were subcutaneously inoculated into the flank of nude mice. The mice were
randomized into three groups. (A) Tumor volumewasmeasured by caliper once every 3 days when the tumor reached approximately 60 mm3 in size. (B) 7 days after H1975
cells implantation, mice were treated with vehicle (5% DMSO in PBS, ip), FGFC1 (10 mg/kg, ip) and erlotinib (10 mg/kg, ip) once a day for 21 consecutive days. The body
weight was quantified in each group. (C) The representative stripped images of the tumor entity after being treatedwith vehicle, FGFC1 and erlotinib for 21 days. (D) The
scatter plot summarized the weight of the tumors. (E) FGFC1 decreased the expression of p-EGFR, Ki-67 in vivo. The expression of p-EGFR and Ki-67 in tumor tissues from
nude mice was assessed by immunohistochemistry (400×) (scale bar � 50 μm). (F) The IHC score of p-EGFR and Ki-67 was quantified by the IRS system (n � 10 fields of
view). All data were represented as the means ± SD for at least three independent experiments. (*p < 0.05 and **p < 0.01 vs the DMSO control).
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dependent manner, but only slight inhibitory effect was observed
in HCT116, HeLa, B16, and 293T cells, suggesting that FGFC1
exerted a selective inhibitory effect on PC9 cells. Figure 1C
summarized the IC50 values of FGFC1 in the 5 cell lines.
Compared with the normal cell line and other three cancer
cell lines, PC9 was the most sensitive to FGFC1 with an IC50

value of 7.45 ± 0.57 μM.Whereas, HCT116, HeLa, B16, and 293T
were relatively less sensitive with IC50 values of 182.94 ±
12.03 μM, 134.21 ± 9.82 μM, 132.98 ± 10.74 μM, and 138.44 ±
10.05 μM, respectively. PC9 cells are known to harbor an exon
19 in-frame deletion (DelE746-A750) of the EGFR gene and are
sensitive to erlotinib. As shown in Figure 1D, the morphological
observation of cells exhibited that the space between PC9 cells
was significantly increased and their appearance had evidently
changed. Exposure to a low concentration FGFC1, the
pseudopodia of PC9 cells extended and the shape was
elongated from the epithelial shape to the spindle shape. The
cell morphology visibly changed, and the number of viable cells
decreased in a dose-dependent manner. However, barely any
morphological changes were observed in other cell lines,
indicating that FGFC1 selectively induced PC9 cell death.
Collectively, this data indicated that FGFC1 might selectively
suppress the growth of NSCLC cells with EGFR mutations.

FGFC1 Selectively Inhibited the Growth of
Erlotinib-Resistant NSCLC Cells
We further examined the cytotoxic effect of FGFC1 on a
normal lung epithelial cell line (BEAS-2B) and three
NSCLC cell lines with different EGFR status, consisting of
two NSCLC cell lines (A549 and H1299) with wild type EGFR
and another erlotinib-resistant NSCLC cell line H1975
harboring EGFR double mutations (L858R/T790M).
Interestingly, FGFC1 exhibited substantially stronger
cytotoxicity in erlotinib-resistant H1975 cells (IC50 � 9.22 ±

0.84 μM) than A549 (IC50 � 116.79 ± 9.47 μM), H1299
(IC50 � 109.51 ± 8.69 μM), and BEAS-2B (134.45 ±
12.32 μM) (Figures 1E,F). When exposed to FGFC1, as
observed in PC9 cells, H1975 cells also showed significant
morphological alterations under a phase-contrast microscope.
The viable cell numbers decreased in a dose-dependent
manner as well. On the other hand, no remarkable changes
were seen in EGFR wild type cells including A549, H1299 and
BEAS-2B cells (Figure 1G). In addition, we also found that
FGFC1 treatment remarkably increased the LDH leakage of
H1975 cells in a dose-dependent manner (100.67, 145.68,
198.51, and 321.96% following 48 h treatment with FGFC1,
respectively), not in A549 and H1299 cells (Figure 1H).
Furthermore, we examined the effect of FGFC1 on cell
colony formation. The results from experimental colony
formation assays indicated that FGFC1 was able to reduce
the number and size of the colonies of H1975 cells in a dose-
dependent manner compared with A549 cells (Figures 1I,J).
Consequently, these results demonstrated that except for
erlotinib-sensitive PC9 cells, FGFC1 could selectively inhibit
the growth of erlotinib-resistant H1975 NSCLC cells, which
harbors L858R/T790M double mutation of EGFR. Due to
T790M might be the most important mutation, leading to
the development of TKI resistance (Rajappa et al., 2019), next
we mainly evaluated the effects of FGFC1 on EGFRT790M

mutant NSCLC cells.

FGFC1 Selectively Triggered Apoptosis in
H1975 Erlotinib-Resistant NSCLC Cells
Given the fact that FGFC1 treatment appeared to enhance cell
death, especially for the H1975 erlotinib-resistant NSCLC cells
when they were treated with high concentrations of FGFC1, we
further determined whether this compound caused apoptosis of
cells. As presented in Figure 2A, compared to the EGFR wild type

FIGURE 7 | The proposed mechanism of the effect of FGFC1 on NSCLC cells.
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cells A549 and H1299, the application of FGFC1 had a significant
dose-dependent effect upon increasing the apoptotic proportion
of H1975 cells. A distinct increase was observed in the percentage
of H1975 apoptotic cells (4.35, 11.28, 17.14, and 29.8% following
48 h treatment with FGFC1, respectively) (Figure 2B). In
addition, the expression levels of apoptosis-related protein
PARP, caspase 3, Bax, and Bcl-2 from these cells were
examined by immunoblotting analysis. Our results suggested
that FGFC1 dose-dependent promoted the expression levels of
cleaved caspase-3, PARP, and Bax, while it markedly dose-
dependent inhibited the expression levels of Bcl-2. (Figures
2C,D). In contrast, limited effects were observed in EGFR wild
type A549 and H1299 cells, which confirmed the selective
inhibitory effects of FGFC1 on apoptosis in H1975 cells. These
results clearly suggested that FGFC1 effectively induced erlotinib-
resistant H1975 cell death by promoting their apoptosis.

FGFC1 Enhanced Mitochondrial
Dysfunction and ROS Generation to Induce
Apoptosis in H1975 Erlotinib-Resistant
NSCLC Cells
Considering the pivotal role of mitochondria in orchestrating the
apoptotic pathway, we investigated the effect of FGFC1 on the
MMP. The decrease of MMP was a detection index in the early
phase of apoptosis and indicated mitochondrial dysfunction.
Reduced red fluorescence and increased green fluorescence
were regarded as the MMP collapsed. As shown in Figure 3A,
compared with EGFR wild type A549 and H1299 cells, FGFC1
induced a significant loss of MMP in H1975 cells in a dose-
dependent manner. Additionally, fluorescence results confirmed
that H1975 cells treated with FGFC1 displayed a clear shift in JC-
1 staining of the mitochondria from red to green in a dose-
dependent manner (Figure 3B). Moreover, FGFC1 incubation
could dose-dependently increase the protein level of cytochrome
C in H1975 cells (Supplementary Figure 1). These results
signified that FGFC1 could induce mitochondrial dysfunction
in H1975 erlotinib-resistant cells. Next, we examined the changes
of cellular ROS levels in the above cell lines. As expected, the ROS
levels were increased dose dependently after FGFC1 treatment in
H1975 cells (13.2, 23.8, 39.7, and 50.3%, respectively) compared
with control A549 and H1299 cells. (Figures 3C,D).
Additionally, excessive intracellular ROS can deplete cellular
GSH (Rahman et al., 2019). Figure 3E showed that FGFC1
indeed reduced the GSH content in H1975 cells dose
dependently (100, 77.8, 52.37, and 32.67% following 24 h
treatment with FGFC1, respectively), whereas the GSH
depletion was not significantly observed in A549 and H1299
cells. Finally, to determine the role of ROS in FGFC1-treated
cellular apoptosis, we pre-incubated NSCLC cells with the ROS
scavenger NAC to demonstrate the effect of FGFC1 treatment
and determine whether NAC could attenuate apoptosis induced
by FGFC1. The result of flow cytometry showed that NAC
significantly inhibited the accumulation of ROS induced by
FGFC1 in H1975 cells (Figures 3F,G). Bcl-2, Bax, cleaved-
caspase 3, and PARP protein expression were detected by
western blot assay. As shown in Figures 3H,I, suppression

effects on Bcl-2 and the apoptotic effects (indicated by the
levels of cleaved-caspase 3, PARP, and Bax) were attenuated
in the NAC and FGFC1 combined treatment group compared
with the FGFC1 treatment alone group. Additionally, our
western blot analysis also revealed that FGFC1 inhibited the
phosphorylation of Akt, which has been proved to be suppressed
by ROS (Palanivel et al., 2014). And this phosphorylation
suppression effect was attenuated in the NAC and FGFC1
combined treatment group (Figures 3H,I), which indicated
that FGFC1 might trigger anti-proliferation effect via Akt
signaling pathway. Consequently, we concluded that FGFC1-
treatment-induced cell apoptosis was associated with
mitochondrial dysfunction and ROS production in NSCLC
cells, and Akt signaling was involved in this process.

EGFR/PI3K/Akt/mTOR Signaling Pathway
Involved in FGFC1-Induced Cell Apoptosis
Due to the selective inhibition of FGFC1 on H1975 erlotinib-
resistant NSCLC cells and its inhibition on the
phosphorylation of Akt, we tested the activation of EGFR
and its downstream signaling pathway PI3K/Akt/mTOR after
FGFC1 treatment (Jorissen et al., 2003; Seshacharyulu et al.,
2012). Firstly, cells were treated either with FGFC1 or
erlotinib for 24 h. As shown in Figures 4A,B, FGFC1 dose-
dependently suppressed the phosphorylation of EGFR, PI3K,
Akt, and mTOR in H1975 cells, while the levels of total EGFR,
PI3K, Akt, and mTOR remained unaltered. Meanwhile, as a
parallel control, we also examined the protein levels of these
phosphorylation kinases in A549 and H1299 cells, but no
evident inhibition was observed. As expected, erlotinib
significantly inhibited the phosphorylation of EGFR, PI3K,
Akt, and mTOR in PC9 cells, whereas there is no obvious
effect in H1975 cells (Figures 4C,D). Furthermore, we used an
inhibitor of the PI3K/Akt/mTOR signaling pathway,
LY294002, in order to determine whether or not FGFC1
was able to inhibit the PI3K/Akt/mTOR signaling pathway.
H1975 cells were exposed to FGFC1 and LY294002 alone or in
combination for 24 h. The results clarified that co-treatment
with FGFC1 and LY294002 has significantly suppressed Bcl-2
and the phosphorylation of EGFR, PI3K, Akt, and mTOR than
with either drug alone group. Conversely, a significant
increase in the expression of cleaved-caspase 3, cleaved-
PARP, and Bax protein was observed in the combination
treatment group (Figures 4E,F). Meanwhile, we also
evaluated the levels of ROS in H1975 cells after treatment
with FGFC1 and LY294002 alone or in combination for 24 h.
As presented in Figures 4G,H, compared with the FGFC1 or
LY294002 treatment alone group, the accumulation of ROS
was significantly increased in the FGFC1 and LY294002
combined treatment group. Collectively, LY294002
markedly enhanced the inhibitory effect of FGFC1 on the
phosphorylation of EGFR, PI3K, Akt, mTOR, and increased
FGFC1-induced ROS generation and cell apoptosis.
Therefore, we suggested that FGFC1 induced apoptosis and
death in H1975 erlotinib-resistant NSCLC cells through the
EGFR/PI3K/Akt/mTOR signaling pathway.
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Molecular Docking Predicted the Potential
Binding of FGFC1 to EGFRT790M/L88R

To identify the direct target of FGFC1, molecular docking was
performed to investigate the binding mode of FGFC1 with
EGFRT790M/L858R and EGFRWT. The molecular docking scores
of FGFC1 in various proteins were -6.87 kcal/mol and
−5.99 kcal/mol respectively (Figure 4I). As shown in
Figure 4J, the hydrophobic groups of FGFC1 bound deeply
with the hydrophobic pocket of EGFRT790M/L858R, and the
interaction complex could be stabilized through binding with
Leu718 of EGFRT790M/L858R by a hydrogen bond. Meanwhile,
FGFC1 experienced favorable hydrophobic and van der Waals
interactions with residues Asp855, Lys745, Val726, Leu788,
Leu844, Cys775, Ala743, Met790, Met793 Thr854, and
Gln791 in the active pocket, which could further stabilize
the protein-ligand complex. The above results suggested that
FGFC1 possessed a preferential binding ability to
EGFRT790M/L858R.

FGFC1 Prevented H1975 Cell Migration and
Invasion
Tumor cell migration and invasion are vital steps in the
process of tumor metastasis, which leads to the death of
tumor patients. Thus, we next studied whether FGFC1 was
able to affect erlotinib-resistant NSCLC cell migration or cell
invasion. Cells were treated with various concentrations of
FGFC1 for 24 h. As shown in Figure 5A, the wound-healing
assay showed that FGFC1 significantly suppressed the
migration capacity of H1975 cells in a dose-dependent
manner (Figures 5A,C). While at the same concentration
gradient, FGFC1 exhibited a slight inhibition in A549 and
H1299. Then, the effect of FGFC1 on NSCLC cells invasion
was further examined using a transwell assay, and similar
results were observed. The application of FGFC1 had a
significant dose-dependent effect upon inhibiting H1975
cells invasion. However, there was still no significant
inhibitory effect in A549 and H1299 (Figures 5B,D).
Collectively, this data suggested that FGFC1 could suppress
the migration and invasion of H1975 cells, which might
contribute to the treatment of erlotinib-resistant NSCLC
with EGFR T790M mutation and L858R activating mutation.

FGFC1 Suppressed Tumor Growth in H1975
Xenografts
In order to further determine whether or not FGFC1 was able
to exert the same anti-cancer effects in vivo, we evaluated such
effects of FGFC1 in vivo by xenograft mice bearing H1975
tumors. The data showed that FGFC1 significantly suppressed
subcutaneous tumor growth in nude mice (Figure 6A), but
the body weight of mice did not decrease notably (Figure 6B).
The average tumor weight in the FGFC1-treated group was
obviously lower than that in the control and erlotinib-treated
group (Figures 6C,D). In addition, the immunohistochemical
analysis indicated that FGFC1 treatment decreased the

expression of Ki-67, a marker for tumor cell proliferation,
and significantly reduced EGFR phosphorylation in tumor
cells which were consistent with the in vitro study (Figures
6E,F). In conclusion, the results demonstrated that FGFC1
inhibited NSCLC tumor growth via regulating EGFR signaling
pathways.

DISCUSSION

EGFR mutations result in the activation of EGFR and its
downstream signaling pathways, which contribute to the
progression of many human cancers, including lung cancer
(Hsieh et al., 2013). Overexpression of EGFR exists in more
than 45% of NSCLC cases, which has been considered as a
predictor of low survival rate and poor outcome of NSCLC
patients. In recent years, a series of TKIs targeting EGFR have
been developed and approved for the treatment of NSCLC
patients harboring EGFR mutations, such as erlotinib and
gefitinib. Unfortunately, the progression of cancer resulting
from acquired resistance to EGFR-TKIs is a critical obstacle in
the treatment with NSCLC.

Therefore, identification and development of novel drugs
targeting EGFR T790M with good curative effects and limited
side effects have great clinical significance. In the present
study, we provided evidence for the first time that FGFC1
possessed selective anti-cancer activity against EGFR-mutant
PC9 and H1975 NSCLC cells. It is known that H1975 cells
harbor the L858R-activating and T790M resistant mutations
of EGFR and are erlotinib-resistant. Subsequently, we revealed
the inhibitory effect mechanism of FGFC1 on H1975 NSCLC
cells both in vivo and in vitro. Our results showed that FGFC1
was a potential target molecule for overcoming T790M
resistance.

Inhibiting the proliferation of tumor cells is a critical aspect
while determining the approaches to treat cancer (Wang et al.,
2018). In this study, we investigated the effects of FGFC1 on
different cancer cell lines, including lung cancer, cervical
cancer, colon cancer, melanoma, and normal renal epithelial
cells. CCK-8 assay demonstrated that FGFC1 revealed a
selective cytotoxic effect on NSCLC cells PC9, it was
relatively safe for normal renal epithelial cells 293T and
other cancer cells (Figures 1B–D). This data indicated that
FGFC1 exerted certain selectivity to NSCLC with EGFR
mutations. Thus, we further explored the effects of FGFC1
on various NSCLC cells with different EGFR status. In addition
to PC9, a surprising finding was discovered. FGFC1 also
exerted significantly inhibitory effect on erlotinib-resistant
H1975 NSCLC cells proliferation, while only slightly
inhibitory effect on EGFR wild type cells A549 and H1299
(Figures 1E–H).

Since cell apoptosis is an importantmechanism in the induction of
cell death, we subsequently elucidated cellular apoptosis after FGFC1
treatment. We examined whether FGFC1 could induce cell apoptosis
of erlotinib-resistant H1975 NSCLC cells. Meanwhile, using EGFR
wild-type cell lines (A549 and H1299) as a parallel control. Annexin
V and PI staining revealed that compared with control cells, FGFC1
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selectively induced apoptosis in H1975 erlotinib-resistant NSCLC
cells (Figures 2A,B). Consistent with these results, we clarified that
the FGFC1 treatment can significantly promote the expression levels
of cleaved-PARP, cleaved-caspase-3, and Bax, whereas induced a
decrease in the expression levels of Bcl-2 (Figures 2C,D). Thus, our
results indicated that FGFC1 could selectively kill the erlotinib-
resistant H1975 NSCLC cells.

The mitochondrion is an important organelle involved in cell
death (Green and Kroemer, 2004), and it is also a central
processor in the processes of energy metabolism, cell signal
transduction, and apoptosis regulation (Li et al., 2021). When
apoptosis of cells was induced by external factors, a decrease in
MMP causes apoptotic factors to release from mitochondria into
the cytosol, which further triggers caspase-dependent or caspase-
independent apoptotic pathways. Many studies have displayed
that triggering mitochondria-mediated apoptosis becomes an
available method for therapy of resistant cancer. In addition,
mitochondria dysfunction could cause the generation of
intracellular ROS (Kim et al., 2021), which is confirmed to be
involved in the drug resistance related to EGFR and its
downstream pathway (Weng et al., 2018; Zhang et al., 2019).
Excessive ROS produced by external stimuli was not conducive to
the survival of cells, thus causing the accumulation of ROS and
cell apoptosis (Yuan et al., 2019). Moreover, previous reports have
corroborated that ROS played an important role in regulating
PI3K/Akt/mTOR pathways, which is highly associated with
migration, Invasion, and tumorigenesis. Chen et al. (2019)
have reported that Glutathione Peroxidase 1 could induce the
drug-resistant NSCLC apoptosis through ROS-mediated PI3K/
Akt signaling pathway. Wu et al. (2020) have demonstrated that
tormentic acid could induce anti-cancer effects in cisplatin-
resistant cervical cancer via ROS-mediated PI3K/Akt pathway.
Additionally, it also has been proved that chemical-induced ROS
generation was mediated by PI3K/Akt signaling pathway. Ji et al.
(2019) have indicated that 2′,4′-Dihydroxy-6′-methoxy-3′,5′-
dimethylchalcone-induced ROS generation causing cell apoptosis
was via suppression PI3K/Akt pathway. Yen et al. (2012) have
clarified that Arsenic-induced cell apoptosis was regulated by PI3K/
Akt pathway-mediated ROS. Herein, we showed that FGFC1
induced the dysfunction of mitochondrial, leading to the
accumulation of intracellular ROS and GSH depletion in H1975
cells (Figures 3A–E). Moreover, NAC preconditioning could
alleviate FGFC1-induced ROS accumulation and block the
upregulation of intrinsic pro-apoptotic proteins induced by
FGFC1, suggesting that FGFC1 triggered apoptosis of erlotinib-
resistant H1975 NSCLC cells via inducing the mitochondrial
dysfunction and ROS accumulation (Figures 3F–I). Additionally,
given the close relationship between ROS and PI3K/Akt pathway
(Zhang and Yang, 2013; Zhang et al., 2017; Zhu et al., 2021), thenwe
researched the effect of FGFC1 on this pathway. The results showed
that FGFC1 decreased the phosphorylation of Akt, whereas NAC
indeed alleviated the inhibition of Akt phosphorylation induced by
FGFC1 (Figure 3H), demonstrating that the PI3K/Akt signaling
pathway might be involved in the FGFC1-induced cell apoptosis.

The PI3K/Akt signaling, an important pathway downstream
of EGFR, has been demonstrated that aberrant activation of it
could promote TKI resistance in NSCLC (Toulany and

Rodemann, 2015). Therefore, inhibition of the PI3K/Akt
pathway might overcome TKI resistance effectively. Here, we
showed that FGFC1 could selectively inhibit the expressions of
p-EGFR, p-PI3K, p-Akt, and p-mTOR in erlotinib-resistant
H1975 NSCLC cells (Figures 4A,B). The LY294002 and
FGFC1 combined treatment group was found to have
aggravated the accumulation of ROS and cell apoptosis
through enhancing the inhibitory effects of FGFC1 on the
EGFR/PI3K/Akt/mTOR pathway (Figures 4E–H). The data
clarified that FGFC1 inhibited cell viability and induced
apoptosis of erlotinib-resistant NSCLC cells via negative
regulation of PI3K/Akt/mTOR signaling pathway. However, the
precise molecular mechanisms of ROS accumulation regulated by
PI3K/Akt pathway still need to be further studied. To identify the
direct target of FGFC1, we subsequently conducted molecular
modeling and found that FGFC1 had a great potential to target
EGFRT790M/L858R (Figures 4I,J). In addition, tumor metastasis is a
major contributor to cancer-related deaths, accounting for 90% of
deaths (Pritchard et al., 2011; Zeeshan and Mutahir, 2017). Studies
have reported that the PI3K/Akt/mTOR pathway activation was
associated with enhanced invasive and migratory in NSCLC (Fu
et al., 2015; Pérez-Ramírez et al., 2015). Our data verified that
FGFC1 could remarkably inhibit the migratory and invasive
abilities of H1975 cells, selectively (Figure 5).

Finally, we assessed the anti-cancer effects of FGFC1 in vivo.
Erlotinib has been used as the first-line TKIs in NSCLC clinical
treatments. As parallel control, we compared the anti-cancer effects
of the FGFC1 and erlotinib by reduced tumor weight and size when
the tumor-bearing animals were treated with them. To our
satisfaction, FGFC1 had no significant toxicity effect on mice
body weight and tissue histology. FGFC1 (10 mg/kg) showed
more potent anti-cancer properties in suppressing H1975 solid
tumors compared with vehicle (5% DMSO in PBS) or erlotinib
(10 mg/kg) groups, which was consistent with studies in vitro
(Figure 6). Additionally, immunohistochemical results of study
in vivo further confirmed that FGFC1 suppressed erlotinib-
resistant NSCLC xenograft tumor growth through decreasing
p-EGFR and Ki67 expression.

Based on our present results, we have proposed an outline of
FGFC1 anti-cancer mechanism in Figure 7. Our overall results
demonstrated that FGFC1 could effectively interact with mutated
EGFR and consequently selectively kill erlotinib-resistant H1975
NSCLC cells. Furthermore, FGFC1 can efficiently inhibit the cell
viability by leading mitochondrial dysfunction, accumulation of
ROS in vivo, and down-regulation of EGFR/PI3K/Akt/mTOR
signaling pathway. Therefore, FGFC1 might be an effective anti-
cancer candidate in the clinical settings of erlotinib-resistant
NSCLC. The preliminary molecular mechanism of FGFC1 on
the erlotinib-resistant NSCLC was revealed and provided a sound
rationale for future investigation in the clinical setting.
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Berberine Inhibits FOXM1 Dependent
Transcriptional Regulation of POLE2
and Interferes With the Survival of
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Background: Berberine is one of the most interesting and promising natural anticancer
drugs. POLE2 is involved in many cellular functions such as DNA replication and is highly
expressed in a variety of cancers. However, the specificmolecular mechanism of berberine
interfering with POLE2 expression in lung adenocarcinoma (LUAD) is still unknown to a
great extent.

Method: The KEGG database (Release 91.0) and Gene Ontology (GO) category database
were used for functional annotation of differentially expressed genes after berberine treatment.
Reproducibility assessment using TCGA dataset. The biological functions of berberine in
LUADwere investigated by a series of in vitro and in vivo experiments: MTT, colony formation,
mouse xenograft and plasmid transfection. The molecular mechanisms of berberine were
demonstrated by plasmid transfection, quantitative RT-PCR and Western blotting.

Result: The elevated expression of FOXM1 and the high enrichment of DNA replication
pathway were confirmed in LUAD by microarray and TCGA analysis, and were positively
correlated with poor prognosis. Functionally, berberine inhibited the proliferation and
survival of LUAD cell lines in vitro and in vivo. Mechanistically, berberine treatment down
regulated the expression of FOXM1which closely related to survival, survival related genes
in Cell cycle and DNA replication pathway, and significantly down regulated the expression
of survival related POLE2. Interestingly, we found that the transcription factor FOXM1
could act as a bridge between berberine and POLE2.

Conclusion: Berberine significantly inhibited LUAD progression via the FOXM1/POLE2,
and FOXM1/POLE2 may act as a clinical prognostic factor and a therapeutic target for
LUAD. Berberine may be used as a promising therapeutic candidate for LUAD patients.
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INTRODUCTION

Lung cancer is the malignant tumor with the highest incidence
and mortality in the world, and 85% of cases are NSCLC (Torre
et al., 2015). Lung adenocarcinoma is the most common subtype
of NSCLC, and the five-year overall survival rate is less than 18%
(Miller et al., 2019). The initiation of DNA replication is the basic
process of cell proliferation, and malignant proliferation is the
basic feature of lung cancer cells. It is well known that the
occurrence of lung adenocarcinoma is the result of imbalance
of tumor suppressor genes or oncogenes, which will lead to
uncontrolled proliferation of lung adenocarcinoma cells. In
clinical, many mature chemotherapeutic drugs were designed
to directly or indirectly inhibit DNA synthesis. Targeted DNA
therapy was usually effective for the proliferation and survival of
lung adenocarcinoma cells, such as cisplatin and carboplatin.
They cross-linked purine bases in DNA, prevented DNA
replication and repair of lung adenocarcinoma cells and
promoted cell death. However, the side effects of these
targeted drugs such as gastrointestinal, nephrotoxicity,
ototoxicity and infection were very obvious. Therefore, it is
very important and urgent to find high-efficiency and low
toxicity anti lung adenocarcinoma drugs.

Plant medicine is a rich source of new pharmacological active
agents against diseases. Berberine is a low toxic natural plant
alkaloid with broad spectrum of biological and pharmacological
activities, including anti diabetes (Wang et al., 2019),
antidiarrheal (Joshi et al., 2011), anti-cancer (Liu et al., 2019)
and antibacterial (Peng et al., 2015). At present, berberine has
been evaluated in many clinical trials. Berberine has low toxicity
to healthy cells and high cytotoxicity to cancer cells, which makes
its research in anticancer become the most promising. Since the
first study on the cytotoxicity in cancer cells of berberine in 1986
(Wang et al., 1986), its anticancer properties have been proved in
many cancer cell studies (Kettmann et al., 2004; Yu et al., 2007;
Pazhang et al., 2011; Zheng et al., 2014; Och et al., 2019), which
makes berberine one of the most interesting and promising
natural anticancer drugs.

Although many studies had shown that berberine against
lung adenocarcinoma mainly focused on different cell signaling
pathways, including Sin3A/TOP2B (Chen et al., 2020), Bcl-2/
Bax (Li et al., 2018), mTOR (Kumar et al., 2020) and NF-κB/
COX-2, Akt/ERK (Lu et al., 2016), miR-19a/TF/MAPK (Chen
et al., 2019), etc. It was not clear whether berberine could
exert anticancer effect by interfering with DNA replication,
the basic process of lung adenocarcinoma cell proliferation.
In this study, we provided evidence that berberine inhibited
DNA replication levels in lung adenocarcinoma cells and
Lewis tumor xenograft mice. Berberine inhibited the
proliferation of lung adenocarcinoma cells by interfering
with the expression of POLE2 involved in DNA replication
mediated by transcription factor FOXM1. Our study analyzed
the mechanism of berberine inhibiting the proliferation of
lung adenocarcinoma by using gene chip technology and
TCGA, and correlated the changes of genome and transcriptome
with cancer cell proliferation, DNA replication and overall
survival.

MATERIALS AND METHODS

Experiment Reagents
Berberine were purchased from Shanghai Tongtian
Biotechnology Co., Ltd. (shanghai, China). Berberine were
dissolved in DMSO and stored at −20°C. RPMI 1640 and
Dulbeberberineo’s modified eagle medium (DMEM) for
culture were purchased from Gibco (Grand Island, NY,
United States); fetal bovine serum (FBS) was from HyClone
(South Logan, United States) and trypsin was from Gibco
(Grand Island, NY, United States). Thiazoles [3- (4,5-
Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium Bromide;
Methylthiazolyldiphenyl-tetrazolium bromide (MTT)] were
purchased from Sigma (St. Louis, MO, United States).
Propidium iodide (PI) and FITC-Annexin V were both
purchased from BD Biosciences (San Jose, CA). RNA
extraction kit, PrimeScript RT MasterMix kit, and SYBR
Premix Ex Taq kit were provided by Takara (Dalian, China).
Antibodies against POLE2 was obtained from Santa Cruz (CA,
United States). Antibodies against FOXM1 and actin as well as
secondary antibodies were purchased from Cell Signaling
Technology (Danvers, MA, United States).

Microarray Data Analysis
A549 cells were treated with 120uM berberine for 24 h. Total
RNA of berberine treatment and non-berberine treatment were
extracted using the Trizol reagent (Invitrogen, Life Technologies)
and reversely transcribed to complementary DNA (cDNA) using
the Quantscript RT kit (Tiangen Biotech). Hybridization was
performed using the lllumina Human-12Tv4 Expression
BeadChip system (lllumina, San Diego, CA), which contains
47,231 probes per array product. Slides were scanned by
GeneChip® Scanner 3,000 (Cat#00-00212, Affymetrix, Santa
Clara, CA, US) and Command Console Software 4.0
(Affymetrix, Santa Clara, CA, US) with default settings. Raw
data were normalized by MAS 5.0 algorithm. Statistical
significance of differential expression of probe sets between
groups were detected by student t test. Probe set with p-value
& 0.05 and absolute fold change S 1.5 were considered as
differential expressed. One gene keeps only one most statistical
significant differential expressed probe set.

Functional Characterization of DEGs
The KEGG database (Release 91.0) and Gene Ontology (GO)
category database were used for functional annotation of
differentially expressed genes. Enrichment analysis of GO
categories was performed by R clusterProfiler (v 3.14.3)
package, and enrichment analysis of pathways was tested upon
hypergeometric distribution by R “phyper” function. Those GO
categories a FDR < 0.05 were considered as significant enriched.
While pathways with a p-value < 0.05 were regared as enriched.
Only those GO categories or pathways contains S 5 DEGs were
kept for further analysis.

Gene Set Enrichment Analysis
Genes were ranked by log2 (Foldchange). Annotated gene set
“c2.cp.kegg.v7.1.symbols.gmt” was selected as the reference gene
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set downloaded from the Molecular Signatures Database
(MSigDB), and p adjust <FDR and absolute NES >= 1 was
considered significant. R package “clusterProfiler” were used to
do this analysis. Then we plot the Cell Cycle and DNA repliaction
gene sets in the enrichment score.

Protein–Protein Interaction
The interactions between the protein products of DEGs were
collected from Pathway Commons database (http://www.
pathwaycommons.org/), Pathway Commons provides directed
protein-protein interactions. Two criteria were used: Number of
protein–protein interactions (PPIs) and largest connected
component. 1,000 randomized networks were created. Pvalue
were calculated by compared the observed value with values of
randomized networks.

Reproducibility Assessment Using TCGA
Dataset
The gene expression profiles data of 526 LUAD patients and 59
adjacent cancer samples and clinical characteristics of matched
patients were obtained from the Cancer Genome Atlas (TCGA)
data portal (Liu et al., 2018). LUAD sequencing data were
downloaded. Differential expression of genes between patients
and adjacent were detected by “edgeR” (v 3.28.1) package, with a
threshold of a FDR& 0.05. Then functional enrichment analysis
were performed on these DEGs as described above. The clinical
data of 522 patients were used for Cox regression analysis.

Cell Culture and Plasmid Transfection
Human NSCLC cell lines, A549, H1299, and H1975 cells were
purchased from Shanghai Cell Bank of the Chinese Academy of
Sciences. A549 cells were cultured with DMEM medium and
H1299 and H1975 cells were grown in RPMI 1640 medium. Both
DMEM medium and RPMI 1640 medium were supplemented
with 10% fetal bovine serum, penicillin (100 U/ml) and
streptomycin sulfate (100 μg/ml). Cells were maintained at
37°C in a humidified 5% CO2 atmosphere. The empty plasmid
EX-NEG-M02 (Genecopoeia) and human FOXM1-
overexpression plasmid (Genecopoeia) were transfected into
A549, H1299, and H1975 cells using Lipofectamine 3,000
reagent (Invitrogen #2024201, MA, United States), according
to the manufacturer’s instructions. After that, the A549,
H1299, and H1975 cells transfected with the plasmid were
used in subsequent experiments.

MTT Colorimetric Analysis for Determining
Inhibition of Cell Proliferation
To assess the effect of berberine on the survival and proliferation
of NSCLC cells, MTT analysis was adopted. A549, H1299 and
H1975 cells in the logarithmic phase were seeded in a 96-well
plate, at a density of 3,000 cells/well and maintained at 37°C in a
humidified 5% CO2 atmosphere for 16 h. Then the berberine at a
density of 0, 30, 60, 90, 120, 150, 180, 210, 240, 270 μM were
added, respectively. The total volume was 200 μL. Every
concentration was set as well with four parallel wells in each

group and kept at 37°C in a humidified 5% CO2 atmosphere for
24, 48 and 72 h, respectively. When the time was due, 20 μL of
MTT reagent (Sigma) was added to each well in the 96-well plate.
Then the plate was kept at 37°C for 4 h. After removing the
supernatants, 150 μL of DMSO was supplemented into each well
and then the plate was maintained at 37°C for 15 min.
Absorbance (A) was determined with the microplate reader at
570 nm. The cell inhibition was calculated as follows:

Inhibition rate (%) � [(A of negative control group − A of test group)

× /A of negative control group] ×100%

Determination of Sphere Formation
Efficiency
To clarify the effect of berberine on the tumorigenesis ability of
NSCLC cells, plate clone assay was applied. A549, H1975 and
H1299 cells (2000 for each type) in the logarithmic phase were
seeded in a 6-well plate for 16 h. Then berberine at a density of 0,
5, 10 and 20 μM were added to NSCLC cells, respectively. The
cells were maintained at 37°C in a humidified 5% CO2
atmosphere. Ten days later, the colonies were stained with
crystal violet and photographs of the stained colonies were
taken by the digital camera and dissecting microscope.

Determination of the Effects on
Transplanted Tumor in C57BL/6 Mice
C57BL/6 mice aged at 6–8 weeks and weighed at 18–22 g were
purchased from SLAC Shanghai and fed in a standard feeding
atmosphere at Jiangnan University. LLC cells (3 × 106) were
suspended in the medium at 150 μL and then subcutaneously
injected into the right axilla of C57BL/6 mice. After LLC cells
were injected, berberine groups were given an intraperitoneal
injection of berberine (100, 200 and 400 mg/Kg) continually for
4 weeks. The blank control group was administered
intraperitoneally injected with PBS. The volume of the tumor
was measured every 3 days with a vernier caliper. The formula for
volume was as follows: V=(U/8) × a × b2. “a” represents the
maximum diameter of the tumor, while “b” reflects the shorter
diameter vertical to “a”. The C57BL/6 mice with the tumor over
2000 mm3 was put to death by CO2 suffocation.

HE Staining of Mouse Tumor Were
Observed
The tumors of mice were taken and soaked in 4%
paraformaldehyde solution. The 4% paraformaldehyde solution
was changed every day. One week later, the fixed specimens were
routinely dehydrated with alcohol gradient, transparent xylene,
embedded with paraffin, and sectioned 5 m thick. The tumor
sections were stained with HE and were observed under
microscope.

Immunohistochemistry Analysis
To demonstrate the expression of FOXM, immunohistochemistry
was used to detect. The tumor sections of mice in each group were
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incubated with FOXM1 (Cell Signaling Technology, MA,
United States) and detected, respectively, with the secondary
antibodies (Cell Signaling Technology, MA, United States).

Quantitative RT-PCR
Total RNA from A549, H1299 and H1975 cells was extracted
using Trizol reagent after the treatment of 0, 30, 60, 120 μM
berberine for 24 h. 1 μg of total RNA was transcribed to cDNA
using the PrimeScriptTM RT Master Mix kit (TaKaRa, China)
aberberineording to the protocols. Quantitative RT-PCR was
performed in a reaction volume of 20 μL cDNA on ABI
system (Applied Biosystems, Life Technologies), and carried
out with the following parameters: 95°C for 30 s,
amplifications were carried out with 40 cycles at a melting
temperature of 95°C for 5 s and an annealing temperature of
60°C for 30 s, followed by melt curve analysis. The relative
expression was calculated using the 2−△△Ct. The following
four genes were selected for analysis: RRM1, RRM2, POLE2,
and LIG1. An 18 S was used as an internal reference gene to
normalize the expression of all genes. Primers for all genes were
listed as follows: 18 S forward: GTAACCCGTTGAACCCCATT;
18S reverse: CCATCCAATCGGTAGTAGCG. POLD1 forward:
ATCCAGAACTTCGACCTTCCG; POLD1 reverse: ACGGCA
TTGAGCGTGTAGG. DNA2 forward: AGAGCTGTCCTG
AGTGAAACT; DNA2 reverse: GAAACACCTCATGGAGAA
CCG. POLE2 forward: TTTTGCAGAAGTCTTCACAGATG;
POLE2 reverse: GCAGAAGGTTGGTTTGAAGA. RFC5
forward: GAAGCAGACGCCATGACTCAG; RFC5 reverse:
GACCGAACCGAAACCTCGT. MCM2 forward: ATCTAC
GCCAAGGAGAGGGT; MCM2 reverse: GTAATGGGGATG
CTGCCTGT. MCM4 forward: CTGTCCATTGCAAAGGCTG;
MCM4 reverse: GAGACTCAATGGGATTTGCTG. MCM6
forward: CTGTGATGAGGTCCAACCT; MCM6 reverse: GAC
ATCAGGTGTTTCCACAC. RFC3 forward: CCCTGAGACAGA
TTGGGAG; RFC3 reverse: TCAAGGAGCCTTTGTGGAG. FEN1
forward: GATGATTTCTTCAAGCCTTGAC; FEN1 reverse: TCA
CAAACACAGACACAGC. POLA2 forward: CTCTCCAAGTGC
TACTCCC; POLA2 reverse: ATACTCCCTGTGCTAAGCC.
PRIM1 forward: CTTAAACTTTATTACCGGAGGC; PRIM1
reverse: GTAATTCTTTATCACTCCACCG. PRIM2 forward:
GGTTTAACTTTGGAACAGGC; PRIM2 reverse: TTCCTCTTC
CTTGTCTGGA; FOXM1 forward: ATACGTGGATTGAGGACC
ACT; FOXM1 reverse: TCCAATGTCAAGTAGCGGTTG.

Western Blotting for Determining Protein
A549, H1299 and H1975 cells in the logarithmic phase were
seeded in 10 cm culture dishes. When cells occupied 80% of the
dish, berberine were used for intervention. berberine at a density
of 0, 30, 60, 120 μMwere added to A549, H1299 and H1975 cells,
respectively. 24 h later, 100 μL RIPA was added to the dishes and
cells were fully soaked. After centrifugation for 30 min,
supernatants were collected for protein measurement. After
being washed with 95°C water for 10 min, the proteins were
separated with gel and transferred to a membrane. The
membranes were incubated overnight at 4°C with the primary
antibodies and then further incubated with secondary antibodies
and finally visualized.

Statistical Analysis
The relationship between Cell cycle or DNA repair pathway
related gene expression and overall survival of TCGA—LUAD
patients was analyzed using COX regression. p < 0.05 was
considered to have significant statistical significance. all these
analysis were conducted using R (v. 3.6.0).

RESULTS

Altered Pathway and Genes After Berberine
Treatment
To screen for potential differentially expressed genes (DEGs), we
analyzed the transcriptome of three berberine treated and three
untreated A549 cells by microarray. The results showed that
nearly 76% of DEGs were down-regulated after berberine
treatment, compared with control group (Figure 1A). KEGG
pathway and Gene Ontology enrichment of these DEGs after
berberine treatment were highly enriched in Cell cycle and DNA
replication pathway, and tended to be down-regulated (Figures
1B,C). And we reproduced this finding by Gene Set enrichment
analysis (GSEA). GSEA revealed that Cell Cycle and DNA
replication pathway were the most enriched (Supplementary
Figure S1), and A549 cells treated with berberine showed an
declining phenotype of Cell Cycle and DNA replication
(Figure 1D). Therefore, we guess the DEGs of Cell Cycle and
DNA replication might have crucial roles after berberine
treatement. We name these DEGs as CC-DEGs and visualized
in a scatter plot with the x-axis as log2 (FoldChange) and y-axis
as–log10 (Pvalue). The CC-DEGs were colored in green. Some of
the CC-DEGs shows high differential expssion at the down-
regulated region with high–log10 (p-value) and absolute log2
(FoldChange) (Figure 1E). Next, we investigate the tendency for
the protein products of CC-DEGs to physically interact with
other DEGs. Enrichment for protein-protein interactions (PPIs)
between CC-DEGs and other DEGs was observed relative to
random expectation (Figure 1F, empirical p < 10−3). We then
evaluated whether Cell cycle and DNA replication genes densely
interact with other DEGs by calculating the size of the largest
connected component between CC genes and other DEGs, and
found that these genes collectively formed a significantly larger
subnetwork than random expectation (Figure 1D, empirical
p < 10−3). This results further indicate that the important role
of CC-DEGs after berberine treatment.

Berberine Down Regulated Survival Related
Genes in Cell Cycle and DNA Replication
Pathway
To further explore the effect of berberine on Cell cycle and DNA
replication, we analyzed the data in 59 adjacent normal tissues
and 526 Lung adenocarcinoma (LUAD) tumor tissues from The
Cancer Genome Atlas (TCGA). 8,876 genes were up-regulated
and 4,937 genes were down-regulated when tumor compared
with the adjacent normal tissues by the cutoff of a FDR < 0.05.
Functional enrichment of these DEGs showed that Cell cycle
pathway was statistically enriched (Supplementary Figures
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S2A,B) and up-regulated in tumor. In TCGA, the differential
genes were mainly enriched in purine metabolism and Cell cycle,
and tended to be up-regulated. But, almost all of the differentially
expressed genes in DNA replication were up-regulated
(Supplementary Figure S2A). From this result, we learned
that Cell cycle, DNA replication pathways were significant
altered and up-regulated in tumor samples. Considering
whether berberine could down-regulate these Cell cycle and
DNA repair related genes. We compared the DEGs from
comparison of adjacent of TCGA-LUAD date and 646 DEGs
from berberine treated lung adenocarcinoma cells, 480 genes
were common differential expressed, among which 321 were
common down and 56 common up regulated (Figure 2A).
Functional enrichment of these 377 coexist DEGs with the
same up-down direction showed that Cell cycle and DNA
replication pathways were the most significant enriched
(Figure 2B). And the heatmap plot of the differential statu of
these Cell Cycle and DNA replication related genes in the
berberine treated lung adenocarcinoma cells showed that
except for three genes, the rest genes were down-regulated
(Figure 2C). Besides, the DNA replication related genes which

tended to have lower p-value were more significant altered than
the Cell Cycle genes. Among these DNA replication related
DEGs, MCM2, MCM3, MCM4 and DNA2 had lower p-value
and POLE2 and PRIM1 had larger fold change (Figures 2D,E).
All these results suggested that berberine might interfere with
tumor progression mainly by down regulating gene expression of
Cell cycle and DNA replication.

Next, we wondered whether berberine would selectively act on
survival related genes, rather than randomly altered DEGs in Cell
cycle and DNA replication screened from the clinical samples.
Firstly, we classify these Cell cycle and DNA replication DEGs
into survival or non-survival realated by Cox ph analyasis. Genes
with a p-value < 0.05 were regarded as survival related. We found
that survival related DEGs tend to differentially expressed after
berberine treatment (Figure 2F), especially reflected in DNA
replication pathway. Nearly 90% survival related DEGs in DNA
replication were also differentially expressed after berberine
treatment, While those DEGs not alterd by berberine tended
to be survival unrelated (Figure 2F), and berberine also had more
significant effect on differential survival related genes in DNA
replication pathway (Figure 2D). In addition, those survival

FIGURE 1 | Potential antitumour mechanisms of berberine in NSCLC. (A) Heatmap of differential expression gene human A549 cells after berberine treatment 157
genes were up-regulated and 489 genes were down-regulated. (B) KEGG enrichment analysis showed that the DEGs were mainly enriched in Cell cycle and DNA
replication pathway after berberine treatment, and tended to be down-regulated. (C)Gene Ontology enrichment analysis showed that the DEGs were mainly enriched in
Cell cycle gene set. (D) Enrichment Score of Cell Cycle and DNA replication pathway in the Berberine cohort. (E) Volcano plot of DEGs. Up-regulated genes were
colored in red, down-regulated genes in blue and Cell cycle and DNA replication related genes in green. Cell cycle and DNA replication related genes were significantly
down regulated. (F) Density plot of number of protein-protein interactions (PPIs) in the 1,000 randomized network and the observed PPIs, revealing significant
enrichment for PPIs between CC-DEGs and other DEGs relative to random expectation (p < 10−3); Density plot of size of the largest connected component (LCC) in the
1,000 randomized network and the observed LCC, revealing CC-DEGs densely interact with other DEGs (p < 10−3).
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related DEGs in Cell cycle or DNA replication pathway, although
there was no significant difference after berberine treatment, a
large proportion tended to be down regulated (Supplementary
Figures S2, S3).

Berberine Down Regulated the Expression
of FOXM1 Related to Survival
To further investigate the effect of berberine on survival related
genes in DNA replication pathway, then we analyzed the
upstream regulation of DNA replication related differential
genes after berberine treatment. The results showed that
except FOSL1, the numbers of target genes regulated by other
transcription factors or their cofactors were almost the same

(Figure 3A). Next, we carried out the survival analysis of the
above transcription factors and their cofactors in TCGA-LUAD
data, and only FOXM1 met the p value < 0.05, showed high
expression and low survival (Figure 3B). In addition, we analyzed
the differential expression of FOXM1 in TCGA-LUAD. The
results showed that FOXM1 was highly expressed in clinical
cancer tissues (Figure 3C), berberine treatment decreased
significantly (Figure 3D). And the functional enrichment
results of downstream regulatory genes of FOXM1 showed
that Cell cycle and DNA replication pathway were significantly
enriched, and mainly inclined to up-regulated genes
(Supplementary Figure S4). After that, we verified it on non-
small cell lung cancer cells. The results showed that the mRNA
and protein lever expression of FOXM1 were down regulated in

FIGURE 2 | Berberine down regulates survival related genes in DNA replication pathway. (A) The Venn map of DEGs in berberine cohort and TCGA-LUAD cohort
showed that berberine could change the up-regulated genes into down-regulated genes, and the enrichment of (321 + 56) genes with the same up and down-regulated
direction after berberine treatment. (B) KEGG enrichment analysis showed that the common differential genes in berberine treatment and TCGA were mainly enriched in
Cell cycle and DNA replication pathway, and tended to be down regulated. (C) Heatmap of Cell cycle and DNA replication related DEGs after the treatment of
berberin (only the survival related DEGs were labled on the right). (D) Barplot of Cell cycle and DNA replication DEGs’ distribution on three intervals cutted by p-value.
DNA replication genes tend to have lower p-value. (E) Scatter plot of Cell cycle and DNA replication DEGs, with the x-axis as log2 (Fold change) and y-axis as–log10
(p-value) in the berberine cohort. (F) Mosaic plot of survival and non-survival related DEGs of TCGA-cohort. Survival related DEGs of berberine cohort were colored in
dark violet, while non-survival related DEGs of berberine cohort were colored in light violet. The results showed that berberine significantly affected the survival genes in
Cell cycle and DNA replication, especially in DNA replication pathway.
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A549, H1299 and H1975 cells after berberine treatment, and it
was the most significant in H1975 cells (Figures 3E–G).

Berberine Inhibited the Survival of NSCLC
Cells
Since berberine could inhibit the expression of FOXM1 related to
survival, whether berberine could really inhibit the survival of
NSCLC cells, then we carried out the cellular verification. A549,
H1299 and H1975 cells were treated with berberine (0, 30, 60, 90,

120, 150, 180, 210, 240, 270 μM) for 24, 48 and 72 h, respectively.
The results showed that when the concentration was 120 μM, the
number of NSCLC cells was reduced and the morphology
shrunked significantly (Figures 4A,B), and the inhibitory
effect was enhanced with the increase of concentration
(Figure 4B). Berberine is quite sensitive to H1975 cells, even
at very low concentration, the inhibition rate was very high
(Figure 4B). Then, we further studied the effect of berberine
on the tumorigenesis of NSCLC cells by plate cloning. The results
showed that after treatment of berberine (0, 5, 10, 20 μM), the

FIGURE 3 | Berberine down regulated the expression of FOXM1 related to survival. (A) Number of target gene regulated by TF or TF cofactors. These target gene
were DNA replication pathway related differential genes. (B) Survival analysis of overall survival in FOXM1 high and low expressed (cutted by median expression) groups
of patients of TCGA-LUAD Cohort. p value from Kaplan-Meier analysis. (C,D) Boxplot of the expression level of FOXM1 in TCGA-LUAD cohort and berberine treatment
cohort. p value from student t-test. (E) Berberine down-regulated FOXM1 mRNA levels in both A549, H1299 and H1975 cells. (F) Berberine down-regulated
FOXM1 expression by WB in both A549, H1299 and H1975 cells. (G) Data were pooled from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001,
compared with the control group.
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clone number of NSCLC cells decreased with the increase of
concentration (Figures 4C,D), 10 and 20 μM could completely
inhibit the formation of NSCLC cells (p < 0.001, p < 0.001,
p < 0.001) (Figure 4D). At high magnification, we found that the
clone size of control group was very large, while that of berberine
group was significantly reduced (Figure 4C). These results
suggest that berberine could inhibit the survival of NSCLC cells.

Berberine Inhibited the Survival of Lung
Cancer Xenografts andDownRegulated the
Expression of FOXM1 in vivo
In lung cancer cells, we have just confirmed that berberine can
inhibit the survival of NSCLC cells. Then we tested the effect of
berberine on the survival of lung cancer xenografts in more
complex animals. We injected LLC cells into the right armpit
of c57bl/6 mice. Berberine with 100, 200 and 400 mg/kg
concentration were used for gastric administration. After
4 weeks, we found that high, medium and low concentrations
of berberine could significantly inhibit the growth of lung cancer
transplantation (p < 0.01, p < 0.001, p < 0.001) (Figures 5A,B),
and the medium concentration of berberine had the most
significant inhibition effect on the growth of lung cancer
transplantation (Figures 5A,B). In addition, berberine with
medium and low concentration significantly prolonged the
survival time of lung cancer transplanted mice (Figure 5C),
and there was no significant difference in weight between the
mice in each group (Figure 5D). Then we performed HE staining
and immunohistochemistry analysis of the tumor. The results of
microscope showed that the tumor necrosis area of berberine

group was significantly increased compared with the blank
control group (Figure 5E). And berberine could significantly
reduce the expression of FOXM1 in tumor (p < 0.05) (Figure 5F).

Berberine Interfered the Expression of
Survival Related Genes POLE2 in DNA
Replication Mediated by FOXM1
To verify that berberine inhibited the survival related genes in
DNA replication pathway through FOXM1. We further analyzed
the network relationship between FOXM1 and DNA replication
related differential genes after berberine treatment, and found
that not all the differentially expressed target genes were survival
related (Figure 6A). Then, we used univariable Cox proportional
hazards regression analysis to analyze the survival of DNA
replication related genes in TCGA data, and found out the
survival related genes in DNA replication (Figure 6B). We
verified the common genes of the above two analyses by PCR
in A549 cells and found that berberine down regulated the
expression of MCM4, POLA2, POLE2 and PRIM1 in A549
cells (Figure 6C). At the same time, we found that MCM4,
POLA2, POLE2 and PRIM1 were involved in G1/S transition
of mitotic Cell cycle and DNA replication, while berberine could
significantly down regulate their expression, especially on POLE2
and PRIM1 (Figure 6D). And berberine could significantly down
regulate POLE2 and PRIM1 in A549 cells, H1299 cells and H1975
cells (Figure 6E). In addition, we found that berberine did not
reduce the expression of POLE2 when FOXM1 was
overexpressed, but could significantly reduce the expression of
PRIM1 (Figure 6F). Moreover, we collected the peak information

FIGURE 4 | Berberine inhibited the survival of NSCLC cells. (A) A549, H1299, and H1975 cells were treated with berberine (120 μM) for 24 h, respectively.
Photographs of cell morphology from a representative experiment are shown. (B) A549, H1299, and H1975 cells were treated with berberine (0, 30, 60, 90, 120, 150,
180, 210, 240, 270 μM) for 24, 48, and 72 h, respectively, and cell viability was analyzed by the MTT assay. (C) A549, H1299, and H1975 cells were treated with
berberine (0, 5, 10 and 20 μM) and allowed to grow for an additional 10 days. Photographs of cell culture dishes from a representative experiment are shown. (B)
Display of individual clone sizes (0 and 5 μM). (D) Colony percentages represent the mean ± SEM from three individual experiments. *p < 0.05; **p < 0.01; ***p < 0.001,
compared with the control group.
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of FOXM1 binding sites in the pole2 genome region from the
UCSC Genome Browser and found that there was a FOXM1
binding peak in the pole2 promoter region (Supplementary
Figure S5). This suggested that FOXM1 bound to the POLE2
promoter region to regulate POLE2 expression. These results
indicated that berberine affected the survival of NSCLC cells by
inhibiting the expression of POLE2 through FOXM1.

DISCUSSION

Gene chip technology and Cancer Genome Atlas (TCGA) have
been proved to be reliable diagnostic and prognostic tools for
cancer patients (Sato et al., 2013; Team, 2017; Wang et al., 2017).
This independent data stored in a public database enables
researchers to explore the potential mechanisms of diagnosis
and treatment. In this study, in order to reveal the molecular

mechanism of berberine intervention in the survival of lung
adenocarcinoma cells, we analyzed the differential expression
of genes in A549 cells treated with berberine and in the lung
adenocarcinoma cohort created by TCGA, then determined the
importance of DNA replication pathway, and deeply analyzed the
relationship between DNA replication of lung adenocarcinoma
cells and berberine intervention in the survival of lung
adenocarcinoma patients. The results showed that the
differentially expressed genes were mainly enriched in the Cell
cycle and DNA replication pathway after berberine treatment,
and were significantly down regulated. In previous studies, we
used flow cytometry to detect the cell cycle, berberine could
effectively induce G1/S phase arrest of NSCLC cells. We used the
samples of lung adenocarcinoma tumor and adjacent tissues in
cancer genome map and lung adenocarcinoma cells before and
after berberine treatment for common differential expressed gene
analysis. The results showed that there were 321 + 56 common

FIGURE 5 | Berberine inhibited the survival of lung cancer xenografts and down regulated the expression of FOXM1 in vivo. (A) Tumor volume. (B) Tumor photos.
(C) Survival. (D)Weight. (E) HE staining of the tumor (The area indicated by the arrow was the tumor necrosis area in mice.) (F) Compared with the blank control group,
the expression levels of tumor FOXM1 in mice in the medium concentration berberine group were relatively significantly reduced (“−” refers to the absence of a
corresponding antibody, while “+” refers to the corresponding antibody). Data are presented as mean ± SEM from three independent experiments. *p < 0.05; **p <
0.01; ***p < 0.001, compared with the control group.
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differentially expressed genes, mainly related to Cell cycle and
DNA replication pathway. After berberine treatment, these
differentially expressed genes were mainly downregulated, and
most of these differentially expressed genes were survival related
genes. Berberine had a more significant effect on differential
survival related genes in DNA replication pathway than that in
Cell cycle pathway. These results suggested that berberine could
significantly affect the survival related genes in lung
adenocarcinoma, especially in the DNA replication pathway.

It is well known that transcription factors (TF) play a major
role in tumorigenesis and tumor progression by widely
promoting or blocking the transcription of their targets.
Identifying TF with malignant characteristics can provide a
comprehensive view for explaining tumor biology. Forkhead/
wing helix domain transcription factor FOXM1, as an

oncoprotein, affected the occurrence and development of
cancer through trans activation of related oncogenes (Halasi
and Gartel, 2013; Kalathil et al., 2020). Its expression had been
proved to be increased in various cancers (Halasi and Gartel,
2013; Nandi et al., 2018). It was worth noting that FOXM1 had
been reported as the primary gene expression biomarker with
poor prognosis in Pan-cancer analysis, which includes >18,000
tumors from 39 different malignancies (Gentles et al., 2015). The
high expression of FoxM1 was closely related to the reduction of
patient survival (Li et al., 2017; Barger et al., 2019). People were
interested in the therapeutic target of FoxM1 in cancer
(Tabatabaei Dakhili et al., 2019; Ziegler et al., 2019). FoxM1
had recently been identified as a key transcriptional regulator of
related oncogenes in lung adenocarcinoma. In our study, the
expression of FoxM1 was down regulated in lung

FIGURE 6 | Berberine interfered the expression of survival related genes POLE2 in DNA replication mediated by FOXM1. (A) FOXM1 regulates DNA replication
pathway related differential genes. (B) Forest plot of the DNA replication-DEGs RNA-expression profiles in univariate Cox proportional hazards analysis in TCGA-LUAD
cohort. DNA replication-DEGs were DEGs in berberine cohort and related to DNA replication pathway. Only those genes met p-value < 0.05 were plotted. (C) We
selected common genes both in DNA replication related genes regulated by FOXM1 in A549 cells and DNA replication related survival genes in TCGA, and the
expression levels of them in A549 cells were tested by PCR after berberine treatment (90 μM). *p < 0.05; **p < 0.01; ***p < 0.001, compared with the control group. (D)
The heat map showed that MCM4, POLA2, POLE2 and PRIM1 were involved in G1/S transition of mitotic Cell cycle and DNA replication, while berberine could
significantly down regulate their expression, especially on POLE2 and PRIM1. (E) Berberine regulated MCM4, POLA2, POLE2 and PRIM1expression by PCR in both
A549, H1299 and H1975 cells. (F) After overexpression of FOXM1 or treatment with berberine, the expression levels of POLE2 and PRIM1 were detected by WB in
A549, H1299 and H1975 cells.
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adenocarcinoma cells after berberine treatment, most
significantly in H1975 cells. At the same time, berberine could
also inhibit the growth and clone formation of lung
adenocarcinoma cells. In vivo, we also found that berberine
inhibited the survival of lung adenocarcinoma xenografts and
significantly down regulated the expression of FOXM1. In
conclusion, berberine could significantly inhibit the survival of
lung adenocarcinoma through FOXM1.

FOXM1 played an important role in DNA replication. FOXM1
was recently reported to induce DNA replication pressure in vitro,
and FOXM1 expression was observed to be associated with the
expression of DNA replication pressure biomarkers in several cancer
types (Li et al., 2020). In order to evaluate the role of FOXM1 in
DNA replication of lung adenocarcinoma cells, we further analyzed
the transcriptional regulation of related differential genes in DNA
replication pathway. We found that the number of target genes
regulated by transcription factors or their cofactors was almost the
same except FOSL1. However, in TCGA data, we analyzed the
survival of the above transcription factors and their cofactors, and
only FOXM1met p< 0.05, showing high expression and low survival
rate.We further analyzed the network relationship between FOXM1
and related differentially expressed genes in DNA replication
pathway after berberine treatment, and also found that most
differentially expressed target genes were related to survival. We
used univariate Cox proportional hazards regression analysis to find
survival related genes in DNA replication in TCGA data. Then, the
common differential expressed gene in the above two analyses was
verified by PCR. It was found that berberine could down regulated
the expression of POLE2 and PRIM1.

It was worth noting that our study also found FOXM1 was
closely related to POLE2. POLE2 was involved in cell functions,
such as DNA replication, repair and Cell cycle control (Burgers,
1998), as well as array based proliferation characteristics
(Rosenwald et al., 2003). On the other hand, POLE2 had been
previously reported to be highly expressed in breast cancer,
colorectal cancer, cervical cancer and bladder cancer (Zhou
et al., 2008; Liu et al., 2014; Chubb et al., 2016). We
overexpressed FOXM1 and found that berberine could not
reduce the expression of POLE2, but could significantly reduce
the expression of PRIM1, indicating that FOXM1 mediated the
expression of POLE2. In conclusion, berberine intervened the
survival of lung adenocarcinoma cells by inhibiting the
expression of POLE2 mediated by FOXM1.

In conclusion, we found that berberine could significantly
inhibit the DNA replication pathway in lung adenocarcinoma
cells through gene chip technology of lung adenocarcinoma
A549 cells and TCGA data analysis. We found that berberine
could significantly inhibit the proliferation of lung
adenocarcinoma cells in vitro and in vivo. In addition, we
demonstrated that the therapeutic target of berberine was to
inhibit the expression of FOXM1 and POLE2 mediated by
FOXM1, so as to intervene the survival of lung
adenocarcinoma (Overview of this study). This is the first
study on the mechanism of berberine in the treatment of
lung adenocarcinoma by regulating FOXM1 and POLE2
mediated by FOXM1. It is also the first time to confirm the
significance and relationship of FOXM1 and its target gene
POLE2 in lung adenocarcinoma.

SCHEME 1 | Framework diagram of the study.
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Sensitivity by Regulating
Akt-Mediated Phosphorylation of Bax
in EGFR Wild-Type Non-Small Cell
Lung Cancer Cells
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Non-small cell lung cancer (NSCLC) is one of the most common and deadly cancers
worldwide. Among NSCLC patients, almost half have wild-type epidermal growth factor
receptor (EGFR WT). The primary therapeutic option for these EGFR WT NSCLC patients
is chemotherapy, while NSCLC patients with EGFR mutations have more diverse
therapeutic options, including EGFR tyrosine kinase inhibitors. Moreover, NSCLC
patients with EGFR WT have worse chemotherapy response than EGFR mutant
NSCLC patients. Thus, an urgent need exists for novel therapeutic strategies to
improve chemotherapy response in EGFR WT NSCLC patients. Hedgehog signaling is
known to be highly active in NSCLC; however, its potential role in chemoresistance is not
fully understood. In the present study, we found that paclitaxel (PTX) treatment induces
hedgehog signaling in EGFR WT NSCLC cells, and inhibition of hedgehog signaling with
GDC-0449 (Vismodegib) increases sensitivity to PTX-stimulated apoptosis. Furthermore,
GDC-0449 potentiates PTX-induced reactive oxygen species and mitochondrial
dysfunction. In contrast, a hedgehog agonist, Hh-Ag1.5, attenuates PTX-induced
apoptosis. Mechanistic experiments revealed that hedgehog induces phosphorylation
of Akt at Ser473. Akt then phosphorylates Bax at Ser184, which can switch its activity from
pro-apoptosis to anti-apoptosis. Taken together, our findings suggest that inhibition of
hedgehog signaling might be a promising therapeutic strategy to improve PTX response in
EGFR WT NSCLC.

Keywords: Hedgehog, EGFR, paclitaxel, GDC-0449, non-small cell lung cancer

INTRODUCTION

Non-small cell lung cancer (NSCLC) is the most common type of lung cancer worldwide (Yuan et al.,
2019), and its main treatment options are surgical resection and chemotherapy (Felip et al., 2010).
Currently, the chemotherapeutic agents used for NSCLC include platinum-based drugs, gemcitabine,
docetaxel, and paclitaxel (PTX) (Zappa and Mousa, 2016; Pirker, 2020). In addition, epidermal
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growth factor receptor (EGFR)-targeted therapy and
immunotherapy may exhibit therapeutic benefits for some
patients (Zappa and Mousa, 2016; Pirker, 2020). However,
EGFR tyrosine kinase inhibitors (TKIs) only provide clinical
benefits in patients who carry specific EGFR mutations
(Tomasini et al., 2017; Pirker, 2020). Almost half of NSCLC
patients show no EGFR mutation (EGFR WT) (Xu et al., 2015),
leaving chemotherapy and immunotherapy as the only viable
therapeutic options (Tomasini et al., 2017). Clinical trials have
demonstrated anti-PD-1/anti-PD-L1 therapies can prolong
overall survival in EGFR WT NSCLC patients (To et al.,
2021), and chemotherapy combined with immunotherapy was
approved by the United States FDA in 2020 for the treatment of
metastatic or recurrent NSCLC (Shields et al., 2021).
Nevertheless, the utility of these therapies is limited by adverse
effects of anti-PD-1/anti-PD-L1 treatments (Su et al., 2020) and
the high prices for immunotherapeutic drugs (Green, 2021).
Therefore, despite the recent advances in developing novel
treatments for NSCLC, chemotherapy remains the main
therapeutic option for most patients (Vasekar et al., 2020;
Green, 2021). As patients receiving chemotherapy often
develop resistance to the drugs, chemoresistance represents the
main cause of therapeutic failure in NSCLC (Iglesias et al., 2018).
To make matters worse, EGFR WT NSCLC patients also have
poor initial response to chemotherapy (Liang et al., 2014). For
these reasons, the 5-years survival rate for the disease is still below
21% (Lu et al., 2019), and new cost-effective therapeutic strategies
are urgently needed to overcome poor chemotherapy response in
EGFR WT NSCLC patients.

Hedgehog signaling is crucial for embryonic development and
adult tissue homeostasis (Giroux-Leprieur et al., 2018). Activation of
the canonical hedgehog pathway depends on hedgehog-ligand
receptor interactions (Giroux-Leprieur et al., 2018). When sonic
hedgehog (Shh) blinds to the patched receptor, glioma-associated
oncogene homolog 1 (GLI1) dissociates from suppressor of fused
protein (Giroux-Leprieur et al., 2018). The free GLI1 subsequently
enters the nucleus where it regulates its target genes (Giroux-
Leprieur et al., 2018). On the other hand, activation of the non-
canonical hedgehog pathway can be directly triggered by EGFR,
transforming growth factor-β, and tumor necrosis factor-α pathway
(Giroux-Leprieur et al., 2018). Under normal conditions, hedgehog
is silenced in lung tissues. However, GLI1 and Shh are overexpressed
in human NSCLC, and their expression levels are significantly
correlated with tumor recurrence (Giroux-Leprieur et al., 2018).
Furthermore, hedgehog has been implicated in lung cancer
chemoresistance and radioresistance (Giroux-Leprieur et al.,
2018). A case report demonstrated that vismodegib (GDC-0449;
GDC), a hedgehog pathway inhibitor approved for the treatment of
metastatic basal cell carcinoma, also exhibits promising anticancer
potential in NSCLC patients (Tsao et al., 2017). This case report
suggested that hedgehog signaling could be a potential therapeutic
target in NSCLC. However, the detailed mechanisms by which
hedgehog signaling affects chemotherapy sensitivity in lung
cancer are not fully known. Nevertheless, it is known that lung
cancer patients with high levels of phosphorylated Akt have poor
prognosis and do not respond well to TKIs (Tang et al., 2006;
Jacobsen et al., 2017). Moreover, the hedgehog pathway was recently

linked to activation of phosphoinositide 3-kinase (PI3K)/Akt in
leukemia cells (Kern et al., 2015). Despite this potential mechanistic
connection, it remains unclear whether PI3K/Akt signaling is
directly modulated by hedgehog in lung cancer cells. In this
study, we delineated the role of hedgehog in PTX sensitivity in
EGFR WT NSCLC cells. Our results suggest a novel therapeutic
approach to alleviate resistance to PTX in EGFR WT NSCLC.

MATERIALS AND METHODS

Reagents
4′,6-diamidino-2-phenylindole dihydrochloride (DAPI), 2′,7′-
dichlordihydrofluorescein diacetate (DCFDA),
dihydroethidium (DHE), mitoTEMPO (TEMPO), phenazine
methosulfate (PMS), and paclitaxel (PTX) were purchased
from Merck (Darmstadt, Germany). Tetramethylrhodamine,
ethyl ester (TMRE) was purchased from Thermo Fisher
Scientific (Waltham, United States). GDC-0449 (GDC) and
Hh-Ag1.5 were purchased from BioVision (Milpitas,
United States). MTS was purchased from Promega (Madison,
United States). Z-VAD-FMK was purchased from Cell Signaling
Technology (Danvers, United States). FITC Annexin V was
purchased from BioLegend (San Diego, United States).

Cell Culture
The A549 NSCLC cell line and MRC-5 non-cancerous human
lung cell line were purchased from BCRC (Hsinchu, Taiwan).
A549 and MRC-5 cells were maintained in DMEM (Thermo
Fisher Scientific; Waltham, United States) supplemented with
10% fetal bovine serum (Peak; Colorado, United States) and
antibiotic-antimycotic (Thermo Fisher Scientific; Waltham,
United States). The H1299 cell line (an EGFR WT NSCLC cell
line) was kindly provided by Dr. Pan-Chyr Yang (Institute of
Biomedical Sciences, Academia Sinica). The H1299 line was
maintained in RPMI (Thermo Fisher Scientific; Waltham,
United States) supplemented with 10% fetal bovine serum
(Peak; Colorado, United States) and antibiotic-antimycotic
(Thermo Fisher Scientific; Waltham, United States).

Cell Viability and Apoptotic Assay
The trypan blue exclusion assay was performed to assess cell viability.
Briefly, both suspended cells and adherent cells were collected and
mixed with trypan blue. Viable and dead cells were observed under
light microscopy. The MTS/PMS activity assay was also performed
according to the manufacturer’s instructions to assess cell viability.
Apoptosis was assessed as previously described, according to
chromatin condensation (Su and Mo, 2014) and annexin V
staining (Su et al., 2019). In addition, the TUNEL assay was
performed according to the manufacturer’s protocol (AAT
Bioquest). After TUNEL staining, apoptotic cells in five random
fields of view were scored under fluorescence microscopy.

Immunofluorescence Assay
After treatments, cells were fixed in methanol at −20°C for 10 min
and permeabilized with cold methanol. Thereafter, cells were
blocked with 0.1% bovine serum albumin in PBS at room
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temperature for 1 h and then stained with Alexa Fluor 488
conjugated α-tubulin antibody (Cell Signaling Technology) at
4°C overnight. Cells were then washed with PBS three times and
stained with DAPI (Merck). Mitotic morphology was observed
under fluorescence microscopy.

Western Blotting and Antibodies
Antibodies against GLI1, Shh, phospho-Akt (Ser473), Akt,
phospho-ERK (Thr202/Tyr204), ERK, cIAP1, XIAP, survivin,
caspase-3, PARP, Bax, Bak, catalase, UCP2, SOD1, β-actin were
purchased from Cell Signaling Technology (Danvers,
United States). Phospho-Bax (Ser184) antibody was purchased
from ThermoFisher Scientific (Waltham, United States). Whole
cell lysates were collected in RIPA buffer. Protein lysates were
separated by gradient SDS-PAGE, and transferred onto PVDF
membranes. Thereafter, PVDF membranes were probed with
indicated antibodies by standard methods.

Mitochondrial Membrane Potential and
ROS Analysis
Mitochondrial membrane potential was validated using TMRE
(100 nM). ROS levels was assessed using fluorescent ROS
indicators, DHE (20 μM) and DCFDA (10 μM). Briefly, cells
were stimulated with indicated treatments, followed by
addition of TMRE or fluorescent ROS indicators (DCFDA and
DHE) for 15 min. Thereafter, cells were rinsed with phosphate
buffered saline three times. TMRE, DCFDA, and DHE intensities
were assessed by flow cytometry (Beckman Coulter) or observed

under fluorescence microscopy (EVOS FL Cell Imaging System,
ThermoFisher, Waltham, United States).

Statistical Analysis
All experiments were performed as least three times. Results are
shown as mean ± SEM. Statistical differences were assessed by
Student’s t-test or one way ANOVA using Graph Pad Prism8. p
values smaller than 0.05 were considered statistically significant.

RESULTS

Hedgehog Pathway Is Activated by PTX in
EGFR WT NSCLC A549 Cells
To test whether the hedgehog pathway is activated upon PTX
treatment in EGFR WT NSCLC cells, A549 cells were treated
with PTX for various times. Two markers of hedgehog signaling
activation, GLI1 and Shh, were monitored (Ma et al., 2013).
Both GLI1 and Shh were elevated within 30 min (Figure 1A) of
treatment, indicating that the hedgehog pathway is indeed
activated by PTX. To determine what actions PTX-induced
hedgehog signaling might have in EGFR WT NSCLC cells,
the cells were incubated with hedgehog agonist Hh-Ag1.5. As
expected, we found that Hh-Ag1.5 induced activation of GLI1
and Shh within 1 h (Figure 1B). We also found that it activated
several anti-apoptotic proteins (Figure 1C), as the levels of
XIAP, survivin, BCL-2 and BCL-XL peaked at about 3 h after
treatment. In addition, Hh-Ag1.5 induced sustained
phosphorylation of Akt and ERK, while it had no observable

FIGURE 1 | Hedgehog signaling is induced by paclitaxel. (A,B,C) A549 cells were treated with paclitaxel (PTX; 20 nM) or Hh-Ag1.5 (1 nM) for the indicated times.
Then, total cell lysates were immunoblotted using anti-GLI1, anti-Shh, anti-P-Akt, anti-Akt, anti-P-ERK, anti-ERK, anti-XIAP, anti-survivin, anti-cIAP1, anti-BCL-2, anti-
BCL-XL, anti-Bax, anti-Bak, and anti-β-actin antibodies. Protein band intensities were analyzed using ImageJ. *: p < .05; indicates statistically significant difference
between 0 h or 0 min and the indicated time point. All experiments were performed at least three times. n = 3 for all groups.
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effect on the levels of pro-apoptotic proteins, such as Bax and
Bak (Figure 1C).

Pharmacological Inhibition of Hedgehog
Signaling Potentiates PTX-Induced
Cytotoxicity in EGFR WT NSCLC Cells
Because PTX induced hedgehog signaling that activates several
anti-apoptotic proteins in A549 cells (Figure 1C), we suspected
that activation of hedgehog signaling may attenuate PTX-induced
cytotoxicity in EGFR WT NSCLC cells. Thus, we preincubated
A549 cells with the hedgehog inhibitor, GDC-0449 (GDC). Then,
we treated the cells with different doses of PTX. We found that
GDC could potentiate PTX-induced cytotoxicity (Figures 2A,B).
Furthermore, GDC enhanced PTX-induced apoptosis in EGFR
WT NSCLC A549 and H1299 cells, as assessed by rounded cell
morphologies (Figure 2C). Cytotoxicity was only significantly
induced in the PTX/GDC group compared to the vehicle group
(Veh vs PTX, p = 0.1686; Veh vs GDC, p = 0.7969; Veh vs PTX/
GDC, p = 0.005). Treatment with the pan-caspase inhibitor,
Z-VAD-FMK, abolished the cytotoxicity of GDC combined
with PTX in A549 cells (PTX/GDC/Z-VAD vs Veh, p =
0.0965), indicating that the combination mainly induces
apoptotic cell death (Figure 2D). Notably, there was no

statistically significant difference between vehicle and PTX
group, and the combination of PTX and GDC showed only
marginal cytotoxicity in MRC-5 non-cancerous lung cells
(Figure 2E). Moreover, the PTX-induced activation of
hedgehog signaling could be inhibited by GDC treatment
(Figure 2F).

GDC Augments PTX-Induced Apoptosis
PTX dose-dependently induced poly (ADP-ribose) polymerase
(PARP) cleavage, further suggesting that PTX induces apoptosis
in EGFR WT NSCLC cells (Figure 3A). Therefore, we next
validated the apoptotic effect of the PTX/GDC combination by
monitoring various markers of apoptosis, including chromosome
condensation (Figure 3B), phosphatidylserine exposure
(Figure 3C), DNA strand breaks (Figure 3D), and cleavage of
PARP and caspase-3 (Figure 3E). Each apoptotic marker was
clearly induced in cells treated with the PTX/GDC combination
(Figures 3B–E). Furthermore, the percentage of cells with
abnormal mitotic spindles was dramatically increased by
treatment with the PTX/GDC combination (Figure 3F). While
normal mitotic cells exhibit bipolar spindles, abnormal mitotic
cells often exhibit multipolar spindles (Figure 3F). Importantly,
we found that Hh-Ag1.5 alleviated PTX-induced cleavage of
PARP and caspase-3 in A549 cells (Figure 3G), and PTX-

FIGURE 2 | GDC potentiates paclitaxel-induced cytotoxicity in NSCLC cells. A549 cells were preincubated with DMSO (vehicle; Veh) or GDC-0449 (GDC; 20 μM)
for 1 h followed by treatment with various doses of PTX for 24 h. Cell viability was determined by trypan blue exclusion (A) and MTS/PMS activity (B) assays. (C) Cells
were preincubated with Veh or GDC (20 μM) for 1 h followed by PTX (20 nM) treatment for 24 h. Apoptotic cells were identified by morphology under light microscopy
(×20 objective). G + P, GDC +PTX. (D)Cells were treated with GDC (20 μM) and PTX (20 nM) for 24 h, with or without preincubation with the pan-caspase inhibitor,
Z-VAD-FMK (Z-VAD; 100 μM). G + P, GDC + PTX; G + P + Z-VAD, GDC + PTX + Z-VAD. Cell viability was analyzed by theMTS/PMS activity assay. (E)MRC-5 cells were
preincubated with Veh or GDC (20 μM) for 1 h followed by PTX (20 nM) treatment for 24 h. Cell viability was assessed with the MTS/PMS assay. (F) A549 cells were
preincubated with GDC (20 μM) for 1 h followed by PTX (20 nM) treatment for an additional 1 h. Whole cell lysates were collected and immunoblotted with anti-GLI1,
anti-Shh, and anti-β-actin antibodies. Protein band intensities were analyzed using ImageJ. G + P, GDC + PTX. *: p < .05; indicates a statistically significant difference
between indicated groups. All experiments were performed at least three times. n = 3 for all groups.
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induced PARP cleavage could also be suppressed by Hh-Ag1.5 in
H1299 cells (Figure 3H).

GDC Alleviates Akt-Mediated Bax
Phosphorylation
To determine the effects of combined PTX and GDC on anti-
apoptotic proteins, A549 cells were preincubated with GDC,
followed by treatment with PTX. Western blot results showed that
the levels of cIAPwere reduced by PTX/GDC (Figure 4A), and GDC
also alleviated the PTX-induced phosphorylation of both Akt
(Ser473) and Bax (Ser184) (Figure 4A). Of note, the PTX-induced
phosphorylation of ERK (Thr202/Tyr204) was not further enhanced
or suppressed by GDC (Figure 4A), even though phosphorylation of

ERK is slightly induced by GDC alone. A previous study showed that
phosphorylated Akt can phosphorylate Bax and switch its function
from pro-apoptosis into anti-apoptosis (Kale et al., 2018). We
therefore treated cells with the PI3K/Akt inhibitor, LY294002, and
found that it could abolish PTX-induced phosphorylation of Akt and
Bax in both A549 (Figure 4B) and H1299 (Figure 4C) cells. In
addition, GDC potentiated PTX-induced mitochondrial
hyperpolarization (Figure 4D).

Mitochondrial ROS Is Crucial for PTX/
GDC-Induced Apoptosis
Previous studies demonstrated that the elevation of reactive oxygen
species (ROS) plays a crucial role in PTX-induced apoptosis

FIGURE 3 | GDC potentiates paclitaxel-induced apoptosis. (A) A549 cells were treated with indicated doses of PTX for 24 h. Whole cell lysates were
immunoblotted with anti-PARP and anti-β-actin antibodies. Protein band intensities were analyzed using ImageJ. A549 cells were preincubated with GDC (20 μM) for 1 h
followed by PTX (20 nM) treatment for 24 h. Chromosome condensation was observed under fluorescencemicroscopy (B). Phosphatidylserine exposure was assessed
using annexin V-FITC staining by flow cytometry (C). DNA double strand breaks were observed using TUNEL assay analyzed with fluorescence microscopy (D).
Activation of PARP and caspase-3 were monitored by western blotting (E). A549 cells were treated as in (B); cell mitosis was observed under fluorescence microscopy.
Green color: microtubule; blue color: cell nuclei. Scale bar: 20 μm (F). (G) A549 cells were preincubatedwith Hh-Ag1.5 (1 nM) for 24 h followed by PTX (20 nM) treatment
for 24 h. Total cell lysates were immunoblotted with anti-PARP, anti-caspase-3, and anti-β-actin antibodies. Protein band intensities were analyzed using ImageJ. (H)
H1299 cells were preincubated with Hh-Ag1.5 (1 nM) for 24 h followed by PTX (20 nM) treatment for 24 h. Total cell lysates were immunoblotted with anti-PARP and
anti-β-actin antibodies. Protein band intensities were analyzed using ImageJ. *: p < .05; indicates a statistically significant difference between indicated groups. All
experiments were performed at least three times. n = 3 for all groups.
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(Meshkini and Yazdanparast, 2012; Huang et al., 2017). We found
that PTX treatment alone slightly elevated the intracellular level of
ROS (Figures 5A–C), and addition of GDC further enhanced PTX-
induced ROS (Figures 5A–C). Moreover, the specific mitochondrial
ROS scavengermitoTEMPOabolished PTX/GDC-induced cell death
in bothA549 (Figure 5D) andH1299 (Figure 5E) cells, suggesting an
essential role for mitochondrial ROS in this process. However, the
combination of GDC and PTX did not affect the levels of antioxidant
proteins, such as catalase, UCP-2 and SOD1 (Figure 5F).

DISCUSSION

In this study, we found that hedgehog signaling is induced by PTX
treatment of EGFR WT NSCLC cells (Figure 1). Furthermore,

pharmacological inhibition of hedgehog signaling with GDC
potentiates PTX-induced mitochondrial damage (Figure 4), ROS
accumulation (Figure 5), abnormal mitosis and apoptosis in EGFR
WT NSCLC cells (Figure 3), suggesting that hedgehog signaling
may play a significant role in modulating PTX sensitivity. Our
experiments probing the underlying mechanism revealed that
hedgehog induces Akt-mediated inactivation of Bax (Figure 4).
Based on these findings, we conclude that a PTX-induced hedgehog-
Akt-Bax signaling axis promotes chemoresistance in EGFR WT
NSCLC cells (Figure 6).

PTX induces cytotoxicity in various cancer cell types by
stabilizing microtubules and subsequently interfering with mitosis
(Whitaker and Placzek, 2019; Fang et al., 2021). This mode of action
is consistent with our findings (Figure 3F). We found that GDC can
enhance PTX-induced mitotic abnormalities, suggesting that

FIGURE 4 | Combination of PTX and GDC reduced Bax phosphorylation. (A) A549 cells were preincubated with GDC (20 μM) for 1 h followed by PTX (20 nM)
treatment for 24 h. Total cell lysates were immunoblotted using anti-cIAP1, anti-XIAP, anti-survivin, anti-P-Akt, anti-Akt, anti-P-ERK, anti-ERK, anti-P-Bax, anti-Bax, and
anti-β-actin antibodies. Protein band intensities were analyzed using ImageJ. *: p < .05; indicates a statistically significant difference between indicated groups. A549 (B)
and H1299 (C) cells were preincubated with LY294002 (20 μM) for 1 h followed by PTX (20 nM) treatment for 24 h. Total cell lysates were immunoblotted with anti-
P-Akt, anti-Akt, anti-P-Bax, anti-Bax, and anti-β-actin antibodies. Protein band intensities were analyzed using ImageJ. *: p < .05; indicates a statistically significant
difference between indicated groups. (D) A549 cells were preincubated with GDC (20 μM) for 1 h followed by PTX (20 nM) treatment for 24 h. Mitochondrial membrane
potential was monitored by TMRE using flow cytometry. All experiments were performed at least three times. n = 3 for all groups.
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hedgehog signaling might prevent the effect. In addition to its effects
on microtubules, PTX also targets mitochondria (Andre et al., 2000;
Whitaker and Placzek, 2019). BCL-2 is a key inhibitor of the
mitochondrial apoptosis pathway, and its high expression levels
are associated with poor therapeutic efficacy of PTX in lung cancer
patients (Maraz et al., 2011), and attenuated death in multiple
myeloma cells (Gazitt et al., 1998). Thus, mitochondria are likely
to be central players in the anticancer activity of PTX. In the present
study, we found that PTX induces apoptosis in EGFR WT NSCLC
cells, but the cell death is accompanied by a competing protective
activation of the hedgehog pathway (Figures 1–3). While the
induction mechanism in NSCLC cells remains unclear, hedgehog
activation can render the cells more resistant to PTX-induced
mitochondrial damage and apoptosis by a mechanism involving
phosphorylation of Bax at S184 (Figure 4). The apoptotic regulatory
activity of Bax is known to be determined by phosphorylation at
different residues (Kale et al., 2018). For example, Bax
phosphorylation at S184 prevents its insertion into mitochondria,
which renders cancer cells resistant to apoptotic stimuli (Kale et al.,
2018). In contrast, phosphorylation at Thr167 triggers Bax

translocation to mitochondria (Kim et al., 2006). Notably, Akt is
essential for phosphorylation of Bax at S184 (Gardai et al., 2004). In
line with thismechanism, the activation of hedgehog andAkt in lung
cancer are associated with resistance to chemotherapy (Giroux-
Leprieur et al., 2018), poor prognosis (Tang et al., 2006), and low
survival rate (Tang et al., 2006). We found that Akt phosphorylation
is induced by hedgehog agonist Hh-Ag1.5 (Figure 1), suggesting that
Akt is a downstream target of hedgehog. Similar findings were
reported for glioblastoma (Chang et al., 2015), and it is possible that
hedgehog might induce Akt phosphorylation via suppression of
PTEN (Pietrobono and Stecca, 2018). Regardless of the precise
signaling mechanism, PTX-induced Akt and Bax phosphorylation
was effectively inhibited by the addition of GDC (Figure 4).
Furthermore, the combination treatment induced robust
mitochondrial damage in A549 cells (Figure 4). Together, these
findings suggested that hedgehog induces protective Akt-mediated
signaling to counteract PTX-induced mitochondrial damage in
EGFR WT NSCLC cells.

GDC (Vismodegib) is an FDA-approved drug for the treatment
of metastatic basal cell carcinoma, and it acts to inhibit the

FIGURE 5 | ROS generation is enhanced by the combination of PTX and GDC. A549 cells were preincubated with GDC (20 μM) for 1 h followed by PTX (20 nM)
treatment for 24 h. Intracellular ROS levels were monitored by DCFDA (A) and DHE (B,C). A549 (D) and H1299. (E) A549 cells were treated with GDC (20 μM) and PTX
(20 nM) for 24 h, with or without preincubation with the mitochondrial ROS scavenger, mitoTEMPO (TEM; 10 μM). Cell viability was assessed by trypan blue exclusion
assay. G + P, GDC + PTX; G + P + T, GDC + PTX + TEMPO. (F) Cells were treated as in (A); total cell lysates were immunoblotted with anti-catalase, anti-UCP2,
anti-SOD1, and anti-β-actin antibodies. G + P, GDC + PTX. Protein band intensities were analyzed using ImageJ. G + P, GDC + PTX. *: p < 0.05; indicates a statistically
significant difference between indicated groups. All experiments were performed at least three times. n = 3 for all groups.
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hedgehog pathway by antagonizing smoothened protein (Babacan
et al., 2012). Its therapeutic benefits for several different types of
cancers have recently received increased attention. For example,
recent studies have demonstrated that GDC treatment exhibits
promising anticancer activities in NSCLC (Tsao et al., 2017) and
medulloblastoma (Li et al., 2019). In addition, clinical and
preclinical studies have explored the utility of combining GDC
with standard chemotherapeutic agents or other therapeutic
strategies in various types of cancer. As such, GDC in
combination with photodynamic therapy exhibits strong
antitumor activity in multiple basal cell carcinomas (Rizzo et al.,
2018). Additionally, the combination of GDC with standard
chemotherapeutic agents exhibits better anti-osteosarcoma
action than chemotherapeutic agents alone (Saitoh et al., 2016).
However, the addition of GDC to standard chemotherapeutic
agents does not always improve outcome. The combinations
failed to induce better therapeutic efficacy in metastatic
pancreatic adenocarcinoma (De Jesus-Acosta et al., 2020) and
extensive-stage small cell lung cancer (Belani et al., 2016).
Despite the inconsistent therapeutic benefits of GDC
combinations, clinical trials in patients have demonstrated that
the combination of GDC with chemotherapeutics is safe (Rizzo
et al., 2018). Our study in cultured NSCLC cells suggests that the
combination of PTX and GDC has potential to produce better
therapeutic response than PTX alone in EGFR WT NSCLC.
Whether GDC could also increase the abilities of other
chemotherapeutic agents to induce cytotoxicity in NSCLC
remains to be explored. It is worthwhile to evaluate the
potential for repurposing GDC for NSCLC because GDC is

already approved for the treatment of metastatic basal cell
carcinoma. Therefore, its clinical safety and pharmacology are
already well characterized. Also, the combination of PTX andGDC
to treat EGFRWTNSCLC is relatively easy to implement, allowing
this strategy to be applied in the near future if successful.

Overall, our study shows that pharmacological inhibition of
hedgehog signaling is a promising approach to increase the
sensitivity of EGFR WT NSCLC cells to PTX treatment. Our
findings further suggest that lower doses of PTX may exhibit
anticancer activity when hedgehog signaling is suppressed,
potentially through synergistic or additive drug effects. In
future studies, we plan to investigate the therapeutic efficacy of
this combination in vivo using an EGFR WT NSCLC patient-
derived xenograft (PDX) model. The PDX model will allow us to
extend our in vitro findings and test the implications of our data
in a whole animal system.

Importantly, our current findings reveal an underlying
mechanism of hedgehog signaling-mediated PTX resistance in
EGFR WT NSCLC cells, which involves Akt-mediated
phosphorylation of Bax. Thus, our study suggests the
combination of PTX and GDC might be an effective
therapeutic option for EGFR WT NSCLC patients.
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FIGURE 6 | Model of GDC potentiation of PTX-induced apoptosis.
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Immunotherapy for a POLE Mutation
Advanced Non-Small-Cell Lung
Cancer Patient
Yang Fu†, Yue Zheng†, Pei-Pei Wang, Yue-Yun Chen and Zhen-Yu Ding*

Cancer Center, State Key Laboratory of Biotherapy, Department of Biotherapy, West China Hospital, West ChinaMedical School,
Sichuan University, Chengdu, China

Currently, the predictive role of POLE mutations for immunotherapy is under intense
investigation. The POLE gene encodes one of the four subunits of DNA polymerase
important for DNA replication and repair. POLE mutations are related to other favorable
predicative factors such as high expression of PD-L1, high TMB, and infiltration of CD8+

cells in the tumor microenvironment. No formal clinical trials studied the efficacy of
immunotherapy in lung patients harboring POLE mutation, and only few cases were
mentioned in the literature. Moreover, lung cancer patients are prone to brain metastasis,
which is notorious for the unresponsiveness to chemotherapy. The efficacy of
immunotherapy for brain metastasis is still controversial. Here, we described a case of
a POLEmt non-small-cell lung cancer (NSCLC) patient with brain metastasis who was
treated with immunotherapy. His brain lesions disappeared after treatment. Our report
strongly supported the benefit of immune-combined therapy for advanced NSCLC
patients with POLE mutation, even with brain metastasis.

Keywords: POLE mutation, lung adenocarcinoma, PD-L1, brain metastases, CR

CASE REPORT

A 65-year-old man was admitted because of a nodule in the upper lobe of his right lung in his annual
health screen without any discomfort. He had a smoking history of 30 years. The patient underwent
an enhanced CT scan of his head before surgery, and no obvious metastases were found. He
underwent right upper lobectomy and lymph node dissection. Postoperative pathological
examination revealed invasive adenocarcinoma (alveolar, papillary, and solid) with pleural
involvement, supported by typical immunohistochemistry (IHC) staining as follows: CK7(+),
TTF-1 (+), NapsinA (+), CK5/6 (−), P63 (−), P40 (−), CD56 (−), CgA (−), Syn (−), and Ki-67
(50%). PD-L1 expression of the tumor proportion score (TPS) was evaluated using the IHC 22C3
pharmDx assay, and a combined positive sore of 30 was assessed (Figure 1). All the 13 excised lymph
nodes were free of tumor cells including group 2 (0/2), group 4 (0/2), group 7 (0/3), and group 11 (0/
1). He was diagnosed with pT2aN0M0, IB stage. However, after surgery, multiple enhanced
intracranial nodules were observed in contrasted head MRI (Figures 2C–E) without neurological
symptoms. The diagnosis was corrected to cT0N0M1c, IVc stage. The next-generation sequencing of
his tumor detected POLE mutation (exon 26, p. P1025fs, 47.81%) and TP53 mutation (exon5, c.376-
1G>A, 5.74%), microsatellite stabilization (MSS), and TMB 16.95 mut/Mb.

He was prescribed with two cycles of combination therapy of pemetrexed (500 mg/kg, Hansoh
Inc.) plus carboplatin (AUC = 5, Yangtze Inc.) plus bevacizumab (7.5 mg/kg, Roche Inc.) plus
tislelizumab (an anti-PD1 antibody, BeiGene Inc., 200 mg). After two cycles of therapy, the
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intracranial metastases became smaller in size (from 1.6 cm ×
1.0 cm to 0.6 cm × 0.6 cm, Figures 2F–H). After four cycles of
combined therapy, the metastases had completely disappeared
(Figures 2I–K). He received tislelizumab, pemetrexed, and
bevacizumab for two cycles of consolidation therapy. After six
cycles of treatment, the patient felt fatigue and poor appetite. We
tested the ACTH, 24 h urinary free cortisol excretion (UFC), and
8 h cortisol (PTC-8). The results showed that the 24 h UFC (4.8
ug/24h, normal: 20.3–127.6 ug/24h) and PTC-8 (19.9 nmol/L,
normal: 133.0–537.0 nmol/L) decreased significantly. The patient
was diagnosed with immune-related hypophysitis (grade 2) after
multi-disciplinary treatment. He received glucocorticoids for a
week, and the hypophysitis gradually relieved. Then, the
treatment was switched to tislelizumab and bevacizumab for
six cycles until now. Currently, 11 months after the initiation
of the combined therapy, the patient is still on therapy and
responding with no further treatment-related adverse events.
The complete treatment process of the patient is shown in
Table 1.

DISCUSSION

In the past decade, immune checkpoint inhibitors (ICIs) have
emerged as a new treatment modality beyond chemotherapy for
advanced non-small-cell lung cancer (NSCLC) without driver
mutations. However, the question is that only a minority

(20–30%) of patients can benefit from immunotherapy (Reck
et al., 2016; Hellmann et al., 2019).

Currently, the predictive role of POLE mutations for
immunotherapy is under intense investigation. The POLE gene
is located in chromosome 12q24.33, encoding one of the four
subunits of DNA polymerase important for DNA replication and
repair (Rossi et al., 2020). POLE mutations are related to other
favorable predicative factors such as high expression of PD-L1,
high TMB, and infiltration of CD8+ cells in the tumor
microenvironment (TME) (Wang et al., 2019; Yao et al.,
2019). In one report, the density of CD8+ T cells was
consistently higher in tumors harboring POLE mutation
(POLEmt) than wild-type (POLEwt), either in endometrial
cancer (59.4 vs. 24.7 CD8+ cells per HPF, p = 0.11) or
colorectal intraepithelial neoplasia (59.4 vs. 14.8 CD8+ cells
per HPF, p = 0.029) or colorectal cancer (154.9 vs. 34.0 CD8+

cells per HPF, p value undescribed) (Temko et al., 2018). The high
CD8+ T-cell infiltration in POLEmt colorectal cancer was also
reported by Domingo et al. (Domingo et al., 2016). In POLEmt

endometrial cancer (n = 37), PD-L1 expression (>1%) was 29.6%
and intratumoral T-cell infiltrates were 27.8% (Pasanen et al.,
2020). In another report, Howitt et al. showed a PD-L1 expression
(>10%) of 84% and a number of 32.8 CD8+TIL per HPF in
POLEmt endometrial cancer (Howitt et al., 2015).

The positive relationship between POLEmt and
immunotherapy was studied in a pancancer research study
(Wang et al., 2019). Patients harboring POLEmt were divided

FIGURE 1 | Pathological examination showed adenocarcinoma morphology (A,B). (C–L) Immunohistochemistry data: CK7 (+), TTF-1 (+), NapsinA (+), CK5/6 (−),
P63 (−), P40 (−), CD56 (−), CgA (−), Syn (−) and PD-L1 (+, positive proportion about 30%), supported the diagnosis. Original magnification: (A) ×100 and (B–K) × 200.
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into the MSS group and MSI group, and the prognosis of the MSI
group was better. However, in another phase II multicenter study
where metastatic or unresectable colorectal cancer patients (n =

33) with dMMR/MSI-H or POLEmt were enrolled, salvage (≥2
line) avelumab was prescribed. Unfortunately, all patients with
POLEmt (n = 3) had progressive disease in 2 months (Kim et al.,

FIGURE 2 | The red arrow represents the primary lesion of the lung (A,B). The red triangle represents brain metastases (C–H). And the enhanced MRI showed
complete response of brain metastases (I–K).
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2020). Therefore, the role of POLEmt is still controversial, and
more studies are needed.

POLE mutations are common in endometrial cancer and
colorectal cancer, but account for only about 3% of NSCLC
(Wang et al., 2019; Song et al., 2018). It was reported that
POLEmt was a favorable prognostic factor in lung cancer (Liu
et al., 2018). A study found a mutation rate of 2.8% (9/319) in
NSCLC patients, and all were adenocarcinomas. The TMB of
these patients was 12.2/Mb, higher than 7.8/Mb for the rest. None
had MSI tumors. Seven patients were positive for CD8+ T cells,
and five patients had a PD-L1 expression more than 25% (Song
et al., 2018). No formal clinical trials studied the efficacy of
immunotherapy in these patients, and only few cases were
mentioned in the literature (Table 2) (Rizvi et al., 2015;

Johanns et al., 2016; Gong et al., 2017; Song et al., 2018; Lee
et al., 2019; Veneris et al., 2019; Zhu et al., 2020).

Moreover, lung cancer patients are prone to brain metastasis,
which is notorious for unresponsiveness to chemotherapy. The
efficacy of immunotherapy for brain metastasis is still
controversial. In the brain metastasis subgroup of OAK research,
atezolizumab outperformed docetaxel in the survival of these
patients (16.0 vs. 11.9 months, p = 0.163, HR = 0.74) (Gadgeel
et al., 2019). Recently, pembrolizumab was tested in a phase II trial
for NSCLC with brain metastases, and 42 patients were divided into
cohort 1 (PD-L1≥1%, n = 37) or 2 (PD-L1<1%, n = 5). The ORR of
cohort 1 was 29.7% with four patients having CR, while there were
no objective responses in cohort 2 (Goldberg et al., 2020). Another
phase II trial evaluated the safety and efficacy of pembrolizumab on

TABLE 1 | Complete treatment process of the patient.

The timetable of
the entire disease

process

September 2020 Annual health screen
November 2020 Right upper lobectomy and lymph node dissection
December 2020 Brain metastases
December 2020–February 2021 Two cycles of tislelizumab plus pemetrexed- carboplatin and Bev
February 2021 Partial response after two cycles of treatment
February 2021–April 2021 Two cycles of tislelizumab plus pemetrexed- carboplatin and Bev
April 2021 Complete response after four cycles of treatment
April 2021–June 2021 Two cycles of tislelizumab plus pemetrexed and Bev
June 2021 Complete response
June 2021 Immune-related hypophysitis (grade 2)
July 2021–November 2021 Six cycles of tislelizumab plus Bev
November 2021 Complete response

TABLE 2 | Summary of case reports observing the efficacy of ICI in POLE mutation cancer.

Source Tumor Age Ethnicity Stage Gene PD-
L1

TMB MSS Line Therapy PFS Response Death

Song
et al.,
2018

NSCLC 45 Asian IIIB POLE p.E468K 40% N/A Yes Second AC +
Atezo

8 months PR No

Rizvi et al.,
2015

NSCLC N/A N/A N/A POLE N/A N/A N/A N/A Pembro 14 months PR No

Rizvi et al. NSCLC N/A N/A N/A POLE N/A N/A N/A N/A Pembro 10 months PR No

Zhu et al.,
2020

Cervical
carcinosarcoma

58 Asian IV POLE
p.Pro286Arg,
p.Ala724Val

N/A 691.3 Yes Fourth Pembro 11 months CR No

Johanns
et al.,
2016

Glioblastoma IV 31 N/A IV POLE R793C,
V1002A

N/A N/A N/A Second Pembro 4 months PR No

Veneris
et al.,
2019

Endometrial
cancer

49 N/A IV POLE
c.1231GNT

10% 305.6 Yes Second Pembro 6 cycles PR No

Lee et al.,
2019

Cervical cancer 55 N/A IB3 POLE P286R 10% N/A Yes Maintenance Pembro 4 yrs —— No

Gong
et al.,
2017

Colorectal
cancer

81 Hispanic IV POLE V411L 100% N/A Yes Third Pembro 8 cycles PR No

NSCLC, non-small-cell lung cancer; AC, pemetrexed plus cisplatin; Atezo, atezolizumab; Pembro, pembrolizumab; yrs, years.
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melanoma and NSCLC with brain metastases. All 18 patients in the
NSCLC cohort had PD-L1 ≥ 1%. The ORR in this cohort was 33%
(CR: n = 4, PR: n = 2), and the median survival was 7.7 months
(Goldberg et al., 2016). In the RATIONALE 304 study, tislelizumab
plus chemotherapy had a significantly longer median PFS than
chemotherapy (9.7 vs. 7.6 m, p = 0.004). In addition, 18 NSCLC
patients with brainmetastases were enrolled in this study; however, it
did not give exact data for the subgroup (Lu et al., 2021).
Bevacizumab had encouraging efficacy against NSCLC with brain
metastases. The combination of bevacizumab plus carboplatin and
paclitaxel in the treatment of advanced non-squamous NSCLC was
tested in phase II trial BRAIN (NCT00800202). The results showed
that the ORR of intracranial lesions, median PFS, and median OS
were 61.2%, 6.7 months, and 16.0 months, respectively (Besse et al.,
2015). So, we chose four-drug combination therapy for this patient.

In conclusion, in this report, we described a case of a POLEmt

NSCLC patient with brain metastasis who was treated with
immunotherapy plus chemotherapy and bevacizumab. His
brain lesions disappeared after treatment. Our report strongly
supported the benefit of immune-combined therapy for advanced
NSCLC patients with POLEmutation, even with brain metastasis.
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Immune checkpoint inhibitor (ICI) treatment has dramatically revolutionized the landscape
of therapeutic approaches in multiple cancers, particularly, non-small-cell lung cancer
(NSCLC). With the increasing use of programmed death-1 (PD-1) inhibitors in the clinic,
the emerging toxicity profile presents a novel learning curve for clinicians. Here we report
the first case of an NSCLC patient displaying sarcoid/granulomatous-like reaction (SLR,
also known as GLR) in the liver during an anti-PD-1 therapy which showed efficacious
response of complete regression. Also, this is the first report describing the SLR induced
by toripalimab, a novel PD-1 inhibitor. Given this kind of hepatic findings can be easily
mistaken as metastasis, even resulting in premature use of second-line treatments. In
particular, we briefly review the clinical features of all those cases reporting sarcoidosis
and SLRs manifested on different organs during anti-PD-(L)1 therapy. We anticipate that
these clinical cases would help to alert the attention of clinicians that SLRs, as a rare
immune-related adverse event (irAE), is manageable and that histopathological analysis is
necessary before interpreting it as disease progression.

Keywords: Sarcoid-like reaction, immune checkpoint inhibitor, Toripalimab, PD-1, case report
INTRODUCTION

Lung cancer represents the most commonly diagnosed neoplasm and the leading cause of cancer-related
death worldwide, and approximately 85% of the patients are histologically categorized as NSCLC (1).
Although the introduction of targeted therapies has largely improved outcomes of NSCLC patients,
heterogeneity of responses and resistance to these agents are noted.Given the fact thatmost of the patients
have advanced disease on presentation, the 5-year survival among all NSCLC patients remains less than
18% (2, 3). Recently, ICI treatment has become a groundbreaking change in cancermanagement, as itmay
achieve enormous long-term survival benefits in several cancers, particularly, NSCLC. Based on the
marvelous results achieved in a series of clinical trials, pembrolizumab (an anti-PD-1 antibody) and
atezolizumab (ananti-PD-L1antibody)havealreadygainedglobal approval asfirst-lineoptions for eligible
patients with metastatic NSCLC either as monotherapy or combined with chemotherapy (4–9). In fact,
more andmore novel agents targeting PD-(L)1 are continually under investigation. Toripalimab is such a
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selective recombinant, humanized immunoglobulin G4monoclonal
antibody against PD-1. After having received its global approval in
China for use in the unresectable or metastatic melanoma that has
failed previous systemic treatment, several clinical trials of
toripalimab in other advanced/metastatic cancers are underway
(10). Most recently, a phase I trial reported that toripalimab
displayed encouraging antitumor activity and manageable safety
profiles in NSCLC patients, which is comparable to other PD-1
antagonists such as nivolumab and pembrolizumab (11).

However, along with the robust antitumor activity displayed, ICI
treatment also causes non-specific systemic consequences in the
setting of immune activation. Specifically, toxicities manifest as a
wide spectrum of immune-related adverse events (irAEs), namely,
dermatitis, endocrinopathies, autoimmune colitis, pneumonia,
hepatitis, and neuropathies (12). Sarcoidosis or SLR is a
granulomatous (like) disease which has been sporadically reported
and recognizedas a rare, but important, kindof irAEsecondary to ICI
treatment (13). In this present article, we report the first case of an
NSCLCpatientwhogot aCRontoripalimab treatmentanddisplayed
the hepatic SLR mimicking disease progression. In addition, we also
summarize the recentpiecesof literature thatdescribe sarcoidosis and
SLR induced by ICI therapy in various cancers.

We present the following case in accordance with the CARE
reporting checklist.
CASE PRESENTATION

A 69-year-old Chinese man was diagnosed with squamous cell lung
carcinoma in February 2020, complaining of stimulating dry cough
for 10 months and tachypnea for 2 weeks. Chest and abdomen
contrast enhanced computed tomography (CT) scan showed two
masses in thebilateral lower lung lobe (right: 32mm, left: 31mm)and
the appearance of left hilar lymphadenopathy. A CT-guided
percutaneous intrathoracic lung biopsy was conducted to the mass
on the left lower lung lobe and ahistopathological analysis confirmed
it as squamous cell lung carcinoma. In addition, both of the
pulmonary masses and left hilar lymphadenopathy were confirmed
as hypermetabolic on [18F]2-fluoro-2-deoxy-D-glucose–positron
emission tomography/CT (FDG–PET/CT) (Figure 1A). Brain
magnetic resonance imaging (MRI), bone scan, and abdomen B-
ultrasound were performed and showed no metastatic findings.
Given these clinical contents, he had a final diagnosis of metastatic
squamous cell lung carcinomawith stage IVA (cT2N1M1a) which is
unresectable. The immunohistochemistry (IHC) result of the biopsy
from the tumor tissue showed the positive expression of PD-L1
protein (PD-L1 >1%, TPS, 22C3). After multidiscipline discussion
and communication with the patient, he received PC chemotherapy
regimens (paclitaxel 300 mg and carboplatin 400 mg), along with
toripalimab (240 mg) at day 1 every 3 weeks. The response of the
patient was remarkable: a routine CT scan after two cycles of this
combination treatment showed about 80%of tumor shrinkage of the
known tumoral masses and hilar lymphadenopathy; a repeated CT
scanafter 4 cycles showed that all the lesions have almost disappeared
and the amount of FDG uptake were lost from the PET/CT scan
(Figure 1B), with an evaluation of clinical CR by the Response
Evaluation Criteria in Solid Tumors (RECIST) version 1.1.
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Given the favorable tumor regression, chemotherapy of PC
regimens were discontinued after 4 cycles and toripalimab as a
single drug treatment was continued. Overall, toripalimab was well
tolerated except that of a cutaneous diffuse maculopapular rash
with mild itching which was improved dramatically and kept on a
good control with the treatment of oral antihistamine agents plus
topical compound flumetasone ointment. However, a CT scan
indicated a 10.0 × 6.3 mm hypodense nodule in the liver quadrate
lobe after 6 cycles, which was considered as disease progression
with live metastasis in support of the radiology examination,
namely, abdominal contrast enhanced CT, hepatic ultrasound,
and hepatic contrast enhanced MRI (Figures 2A–C). A
radiofrequency ablation of liver metastasis and a secondary
systemic chemotherapy had even been placed on the agenda.
The clinical presentation of the patient, however, seemed to be in
healthy status without any symptoms or liver enzyme elevation.
Specifically, acid-fast and periodic acid-Schiff-diastase staining was
negative for atypical fungal and mycobacterial infection. The
patient denied any preexisting granulomatous disease and a
thorough evaluation of virus, mycobacterium tuberculosis,
autoantibodies were all negative. Laboratory tests of aspartate
aminotransferase (AST), alanine transaminase (ALT), g-glutamyl
transpeptidase (GGT), alkaline phosphatase (AKP), bilirubin, and
serum calcium were within normal range. Considering the
paradox that remote metastasis occurs while primary tumors are
still kept in good control, and the discrepancy between the
radiology findings and clinical presentation, an ultrasound-
guided biopsy of the liver nodule was conducted to ensure a
correct diagnosis. Histopathological analysis revealed a
noncaseating granulomatous pattern with a mixed cellular
infiltrate of lymphocytes, macrophages, and fibrocytes, but no
malignant cells (Figures 3A, B). Taken together, the patient was
referred as a granulomatous disease induced by immunotherapy,
and hepatic metastasis was ruled out. Given no other clinical
features of multi-organ involvement, such as mediastinal lymph
node enlargement, were observed in this case, a final diagnosis of
SLR was made for this patient. As the patient was systemically in
excellent health, he was continued with the immunotherapy and
no immunosuppressive treatment towards the hepatic SLR
was administered. After 8 cycles of toripalimab treatment,
radiographic evaluations showed that the hepatic nodule had
almost disappeared spontaneously (Figures 2D–F) and the
primary malignancies were still in CR. Up until October 25,
2021, this patient had received 23 cycles of toripalimab
treatment (4 cycles of PC chemotherapy along with toripalimab
and 19 cycles of toripalimab alone maintenance immunotherapy),
and he is well-tolerated in good health with sustained CR of the
primary intrathoracic lesions.
OVERVIEW OF THE CLINICAL FEATURES
OF SARCOIDOSIS AND SLRs
ASSOCIATED TO ICIs TREATMENT

SLRs refer to the atypical response patterns of localized non-
caseating granulomatous inflammation without fulfilling the
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systemic sarcoidosis criteria. Unlike the typical sarcoidosis which
is obscure in etiology, SLR is majorly described in the setting of
active cancer or after the delivery of immunotherapy (14). It was
reported that PD-1 or PD-L1 expression was increased both in
sarcoidosis and in the peripheral blood upon PD-1 blockade
treatment, which may contribute to the pathogenesis of SLR (15–
17). Although the exact underlying mechanism remains elusive,
a line of cell factors such as interleukin-2, interleukin-12,
interferon-g, and tumor-necrosis factor-a is thought to be
involved in the formation of granulomatous inflammation (14,
18, 19). To better understand the clinical presentation of this rare
irAE, we briefly summarize all the searchable studies reporting
Frontiers in Oncology | www.frontiersin.org 3235
sarcoidosis and SLRs related to ICIs therapy published in the
English literature up to February 2021. We identified a total of 53
cases developing sarcoidosis or SLRs, which were summarized in
Table 1, with the content of demographic features, primary
malignancy, ICI treatment, sites, onset and follow-up.

Demographic and Epidemiologic Features
Based on these records, the median age at the onset of SLRs was
60 years (range, 31–83 years), with a comparable male to female
ratio (34/63, 54%). The most common primary tumor was
melanoma (49/63, 78%), followed by NSCLC (7/63, 11%), and
others. Most cases were documented with treatment of PD-1
A

B

FIGURE 1 | PET/CT scans of the target lesions. (A) Before toripalimab and chemotherapy administration in February 2020, PET/CT showed three lesions with
intense hypermetabolic activity. (B) After 4 cycles of the combination treatment in June 2020, the solid portion of the left lower lobe lung mass disappeared with a
cavity left. Also note the dramatic decrease in the size and metabolism of the other two masses.
FIGURE 2 | The MRI course of the SLR in liver. November 2020, 13 mm sized nodule in liver quadrate lobe showed circular hyperintensity on axial unenhanced T2-
weighted image (A) and circular hyperenhancement in portal venous phase with axial image (B) and coronal image (C). January 2021, post 2 more doses of
toripalimab, the nodule in liver quadrate lobe shrunk to 6 mm in diameter, axial unenhanced T2-weighted image (D) and axial enhanced T1-weighted image in portal
venous phase with axial image (E) and coronal image (F).
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inhibitors nivolumab (18/63, 29%) or pembrolizumab (22/63,
36%), followed by CTLA4 inhibitor ipilimumab (12/63, 19%),
the combination of CTLA4 and PD-1 inhibitor therapy (7/63,
11%), and anti-PD-L1 antibodies atezolizumab/durvalumab (2/
63, 3%). Toripalimab, however, has not been reported so far. A
total of 52 cases (83%) occurred in the setting of palliative
therapy for metastatic diseases, and 11 cases (18%) in
neoadjuvant therapy. The onset time ranges from less than one
month to 43 months after immunotherapy initiation, with a
median interval of 3 months.

Clinical Phenotypes, Symptoms and
Diagnosis
In regards with the clinical phenotypes, multi-system
involvement occurred more frequently than single organ
involvement (58.0% vs 42.0%). The thorax (intrapulmonary,
hilar and mediastinal lesions) and skin (subcutaneous and
cutaneous lesions) were two most commonly affected sites,
with 84.1 and 42.9% respectively. Other organ involvement,
such as extra-thoracic lymphadenopathy, spleen, central
nervous system, eyes and bone were relatively rare.

As for the accompanied symptoms, subcutaneous and
cutaneous reactions usually presented as cutaneous erythema,
subcutaneous nodules with itching or pain. A few cases
manifested with nonspecific flu-like symptoms such as
arthralgia, myalgia, fatigue, fever, sweat, chill, nausea, and
vomiting. When central neural system (CNS) was implicated,
symptoms of headache, aphasia, visual field deficits, and seizure
would develop. These symptoms were always in a mild to
moderate extent. But life-threatening ones occasionally
occurred with a relative higher incidence among patients with
neural and intrapulmonary implications.

The diagnosis of sarcoidosis and SLRs is usually challenging,
given a variety of cases were asymptomatic and the nodular
lesion was only revealed by radiological evaluations. It is difficult
to distinguish between metastatic and granulomatous lesions by
both contrast enhanced CT and MRI (27). Neither can FDG-
PET/CT, since FDG uptake is associated with enhanced cellular
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metabolism but irrespective of the nature of the cells. Therefore,
it is predisposed to draw a false positive report for a malignancy
(66), and differential diagnosis is crucial. Misdiagnosing SLRs as
progressive diseases is apt to misdirect the course of cancer
management. For example, in the case reported by Swathi B.
Reddy, a melanoma patient developed mediastinal/hilar
lymphadenopathy and several subcutaneous nodules after 8
cycles of ipilimumab monotherapy. Those newly occurred
lesions were firstly referred as disease progression and
secondary pembrolizumab was initiated. Her condition
worsened dramatically after one dose of pembrolizumab with
fever, dyspnea, nausea, vomiting, and transaminitis. A chest CT
scan showed emerging bilateral pulmonary consolidations. A
biopsy was taken and a histopathology examination revealed
non-necrotizing granulomatous inflammation consistent with
sarcoidosis. Subsequently, pembrolizumab was withheld,
corticosteroid therapy was initiated and this patient generally
recovered from this irAE (30). A similar scenario was also seen in
other cases (37, 46). In particular, a special 68Ga-DOTA-NOC/
TATE PET/CT, adopted by Anne-Leen Deleu and her colleagues,
was reported to be capable of distinguishing atezolizumab-
induced thoracic SLRs from malignancies in a triple-negative
breast carcinoma patient (61). However, further exploration for
diagnosis is absolutely warranted, and in this case, tissue biopsy
is still the gold standard for diagnosis nowadays.

Treatments
The managements to this adverse side effect were quite
personalized. Watchful waiting was chosen in 11 cases without
any medical intervention because of limited organ affection and
mild symptoms. Corticosteroids were the mainstay of
immunosuppressive therapy when necessary. The cessation of
immunotherapy and the admission of corticosteroids were
adopted in 68% (23/40) and 49% (25/51) of cases, respectively.
Appropriate corticosteroid treatments were efficient for
symptom relief and may not attenuate anti-tumor efficacy of
immunotherapy. Tropical, oral or intravenous corticosteroids
were prescribed according to the manifestations, which worked
FIGURE 3 | Histological findings of the SLR in liver. Histologic examination of the biopsy tissue showing noncaseating epithelioid granulomatous reaction (within the
red box) by hematoxylin–eosin stain, with a mixed cellular infiltrate of lymphocytes, macrophages and fibrocytes. The magnification were ×10 (A) and ×40 (B).
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TABLE 1 | Published cases of sarcoidosis-like reactions induced by immunotherapy.

Sex/
Age

Type of
cancer

Type of ICIs Onset
time

Sites of SLR Treatment of SLR# ICIs
withhold

Status Ref

M/44 Melanoma Ipili 18 m Spleen None No PR (20)
M/38 Melanoma Ipili 7 m CNS, LN Prednisolone Yes* SD (21)
F/46 Melanoma Ipili 3 m Skin, lung Topical clobetasol, oral corticosteroids Yes PD (22)
F/52 Melanoma Ipili 1 m Spleen, lung, LN Methylprednisolone Yes SD (23)
M/55 Melanoma Ipili 1 m Skin, lung, LN Prednisone Yes* PD (24)
M/31 Melanoma Ipili 43 m LN None Yes* PD (25)
M/63 Melanoma Ipili 5 m LN None Yes* CR (26)
F/66 Melanoma Ipili (NAT) 2 m Spleen, lung, LN None Yes RF (27)
F/44 Melanoma Ipili (NAT) 3 m LN None Yes* RF (28)
M/57 Melanoma Ipili (NAT) 1 m Skin, LN Oral prednisone NR RF (29)
M/41 Melanoma Ipili (NAT) 2 m Spleen, LN None Yes RF (29)
F/57 Melanoma Ipili,pembro 8 m Skin, lung, LN Dexamethasone Yes PD (30)
M/50 Melanoma Ipili,pembro 9 m LN NR NR GR (31)
M/69 Melanoma Pembro 6 m LN None No CR (28)
F/43 Melanoma Pembro 5 m Skin, LN None Yes NR (29)
F/50 Melanoma Pembro 4 m Spleen, LN, pancreas,

bone
None Yes GR (32)

F/69 Melanoma Pembro 1 m Skin, lung, LN NR NR NR (33)
F/58 Melanoma Pembro 12 m Bone, skin, LN Prednisone Yes CR (34)
F/66 Melanoma Pembro 3 m Skin, LN Prednisolone NR GR (31)
M/64 Melanoma Pembro 12 m Bone, skin, lung, LN None Yes CR (35)
M/51 Melanoma Pembro 9 m LN NR NR GR (31)
M/64 Melanoma Pembro 2 m Skin None No NR (36)
F/62 Melanoma Pembro 2 m Skin, lung, LN None Yes NR (37)
F/69 Melanoma Pembro 1 m Skin, lung, LN Prednisolone Yes NR (37)
F/71 Melanoma Pembro 4 m Skin NR NR CR (38)
F/83 Melanoma Pembro 11 m Uvea, skin, LN None Yes CR (39)
F/68 Melanoma Pembro 6 m Choroid, LN None No NR (40)
M/78 Melanoma Pembro 18 m Skin, soft tissue, LN None Yes CR (41)
M/60 Melanoma Pembro 12 m Skin, lung NR Yes* CR (42)
M/81 Melanoma Pembro 18 m Skin, LN Intralesional triamcinolone Yes CR (28)
M/45 Melanoma Nivo 2 m Skin, LN Prednisolone Yes NR (37)
F/56 Melanoma Nivo 4 m Skin NR NR NR (43)
F/69 Melanoma Nivo 2 m Skin, LN Naproxen No PD (44)
M/59 Melanoma Nivo 10 m Skin, LN None Yes CR (45)
M/69 Melanoma Nivo 3 m Lung, eye Oral prednisolone Yes PR (46)
M/66 Melanoma Nivo (NAT) 4 m Skin NR NR NR (47)
M/55 Melanoma Nivo (NAT) 3 m Choroid, lung, LN None Yes RF (48)
M/71 Melanoma Nivo 5 m LN Prednisone Yes SD (25)
M/59 Melanoma Nivo 0.75 m Lung Oral prednisone No PD (49)
M/57 Melanoma Nivo (NAT) 3 m Bone, LN None No RF (50)
F/53 Melanoma Nivo (NAT) 2 m Skin, lung, LN Methylprednisolone, prednisone Yes RF (51)
M/32 Melanoma Nivo (NAT) 4 m LN Prednisone Yes RF (25)
M/57 Melanoma Nivo/ipili 3.2 m LN Oral hydrocortisone No RF (18)
F/64 Melanoma Nivo/ipili

(NAT)
9 m LN Prednisone Yes* RF (25)

F/50 Melanoma Nivo/ipili 3 m Skin, LN Oral prednisolone Yes* PR (52)
F/55 Melanoma Nivo/ipili 1 m Skin, lung, LN Prednisone Yes PR (30)
M/68 Melanoma Nivo/ipili 11 m CNS Dexamethasone, infliximab,methotrexate Yes* SD (53)

5 m LN None Yes* SD
M/67 Melanoma Nivo/ipili 1 m LN None Yes SD (54)

12 m CNS Dexamethasone, methylprednisolone, infliximab,
methotrexate

Yes* SD

M/63 Melanoma Pembro/ipili 24 m LN None Yes SD (25)
M/74 NSCLC Pembro 4 m LN None NR PR (55)
M/55 NSCLC Pembro 4 m Lung NR NR NR (56)
M/69 NSCLC Nivo 2 m LN None No PR (57)
M/76 NSCLC Nivo 1 m Lung, LN None No CR (58)
F/63 NSCLC Nivo 3 m Skin Methylprednisolon,prednisone,Hydroxychloroquine Yes SD (15)
F/56 NSCLC Nivo 3 m LN None Yes PR (17)
M/81 NSCLC Nivo 3 m Lung None Yes PR (59)
F/76 NSCLC Durva (NAT) 3 m LN Oral prednisolone Yes* PD (60)
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well in most cases (51). In a few refractory cases, infliximab,
methotrexate, mycophenolate, and hydroxychloroquine were
also considered (15, 53, 54). Overall, ICI-induced sarcoidosis
and SLRs were manageable with benign outcomes. Either
resolution or improvement was noted in 89% (47/53) of
reported cases, and the rest of them are stable. After good
control of sarcoidosis and SLRs, the reintroduction of
immunotherapy was also considered in some cases.
Interestingly, it seems like patients with this kind of
documented irAEs preferred better clinical benefits on
immunotherapy. Clinical response rate was documented for
54% (25/41) of metastatic patients, followed by stable disease
with 22% (9/41), while only 17% (7/41) of patients experienced
tumor progression, highlighting the potential role of this reaction
as a predictive parameter to ICI therapies (28, 47).
DISCUSSION AND CONCLUSION

Immunotherapy, especially the checkpoint inhibitor-based
immunotherapy, has been a major breakthrough in the field of
oncology for providing an efficacious and durable therapeutic
option for patients with advanced-stage cancer. PD-1 antagonists
selectively block the PD-1 receptor and attenuate its interaction
with the ligands, PD-L1, and PD-L2 (67). Disruption of the PD-
(L)1 pathway helps induce immune tolerance and reinvigorates
the innate antitumor capabilities of the immune system by
upregulating T-cell activation and proliferation (68, 69). While
the triggered auto-immunity exerts potent anti-tumor activity, it
opens the door to a novel class of irAEs as well. IrAEs may
manifest in any organ system but most frequently in the lung,
skin, gut, endocrine glands, and liver (12). In the past few years,
sarcoidosis and SLRs have been increasingly reported as a kind of
rare irAE secondary to ICI treatment. Herein, we report the first
case of hepatic SLR mimicking malignant metastasis in a NSCLC
patient treated with the anti-PD-1 antibody toripalimab.

Our case adds to the growing bodies of literature of the world
about ICIs-induced SLRs for malignancies. To the best of our
knowledge, isolated hepatic granulomatous involvement has
Frontiers in Oncology | www.frontiersin.org 6238
never been previously reported. It is noteworthy that liver
injury has actually been recognized as a complication of ICI
treatment (12), which manifests as hepatitis with liver enzymes
or bilirubin elevation. But most of these patients were mild in
severity without any radiologic findings or histological features
except hepatic injury (70). However, in our case, the patient was
asymptomatic and his laboratory tests were normal, the only
clinical manifestation is the SLR found in liver radiologically
presented as a single low-attenuation nodular lesion with
dynamic contrast enhancement. He was firstly referred as a
disease progression with liver metastasis, which was then
correctly diagnosed as SLR depended on the histopathological
findings. This is also the first reported case of granuloma
formation induced by toripalimab, which showed efficiency
and safety profiles comparable with other anti-PD-1 antibodies
(11). The low incidence may probably be due to the limited use of
this agent only for clinical trial. Based on the PC chemotherapy
regimens along with toripalimab, our patient exhibited favorable
therapeutic response at the presence of SLR, which also supports
the positive relationship between SLRs and favorable therapeutic
outcome. Similar with many previous cases reported, the SLR
developed in this patient was gradually improved spontaneously.
However, it is worth noting that although toripalimab, as the first
domestic anti-PD-1 monoclonal antibody developed in China,
has received conditional approvals for the treatments of
melanoma, nasopharyngeal carcinoma and urothelial
carcinoma in China, it is still restrictedly applied for clinical
trials only in NSCLC patients all over the world. Though most of
these preclinical studies in NSCLC are ongoing in China, we
anticipate that further more international multicentric studies of
toripalimab may start to provide more solid evidences for
supporting its clinical use in the future.

In summary, we report a first case displaying isolated hepatic
SLR in an NSCLC patient treated with toripalimab, and then we
perform a brief review about the clinical features of sarcoidosis
and SLRs associated to ICI treatment. With the increasing use of
ICIs, we will see more similar cases in the near future.
Misinterpretation of sarcoidosis and SLRs as disease
progression would cause unnecessary second-line cancer
TABLE 1 | Continued

Sex/
Age

Type of
cancer

Type of ICIs Onset
time

Sites of SLR Treatment of SLR# ICIs
withhold

Status Ref

F/50 BC Atezo 3 m Lung, LN NR NR SD (61)
F/69 BC Atezo 2 m LN None No CR (62)
F/77 Urothelial

cancer
Pembro 0.75 m Skin NR NR NR (47)

M/52 Urothelial
cancer

Nivo/ipili 2 m Skin, LN Plaquenil, Methylprednisolone Yes SD (63)

F/64 Renal
carcinoma

Nivo 10 m LN NR NR NR (64)

F/58 uLMS Pembro 2 m Lung, LN None Yes PD (65)
March 2022 | Vol
ume 12 | A
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#Treatment of SLR: Prednisolone, prednisone or methylprednisolone without indicated as “oral or topical” was used by intravenous.
*Yes: It refers to those patients with ICIs discontinuation, not because of sarcoidosis or SLRs, but due to events including other treatment schedules, other AEs or disease progression.
Age, age at sarcoidosis diagnosis; Atezo, atezolizumab; BC, breast cancer; CNS, central nervous system; CR, complete remission; GR, good response; F, female; ipili, ipilimumab; LN,
lymphadenopathy; M, male; m, months; NAT, neoadjuvant therapy; Nivo, nivolumab; NR, not reported; NSCLC, non-small cell lung cancer; PD, progressive disease; PR, partial remission;
Pembro, pembrolizumab; SD, stable disease; uLMS, Uterine leiomyosarcoma.
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treatments. It deserves the attention of clinicians on this kind of
rare irAE, and histopathological evaluation of suspicious lesions
developing upon immunotherapy, particularly in the setting of
mixed responses, where it is necessary and critical to make sure
and correct clinical decisions.
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GPX4 Plays a Crucial Role in Fuzheng
Kang’ai Decoction-Induced
Non-Small Cell Lung Cancer Cell
Ferroptosis
Yue-Yang Zhao1,2,3†, Yu-Qi Yang4†, Hong-Hao Sheng2,5,6†, Qing Tang2,5,6, Ling Han5,6*,
Su-Mei Wang2,5,6* and Wan-Yin Wu2,5,6*

1Department of Hematology, Guangdong Provincial Hospital of Chinese Medicine, The Second Clinical Medical College,
Guangzhou University of Chinese Medicine, Guangzhou, China, 2Department of Oncology, Clinical and Basic Research Team of
TCM Prevention and Treatment of NSCLC, Guangdong Provincial Hospital of Chinese Medicine, The Second Clinical College of
Guangzhou University of Chinese Medicine, Guangzhou, China, 3The Postdoctoral Research Station, Guangzhou University of
Chinese Medicine, Guangzhou, China, 4The Second Clinical Medical College, The Second Affiliated Hospital of Guangzhou
University of Chinese Medicine, Guangzhou University of Chinese Medicine, Guangzhou, China, 5State Key Laboratory of
Dampness Syndrome of Chinese Medicine, The Second Affiliated Hospital of Guangzhou University of Chinese Medicine,
Guangzhou, China, 6Guangdong Provincial Key Laboratory of Clinical Research on Traditional Chinese Medicine Syndrome,
Guangdong-Hong Kong-Macau Joint Lab on Chinese Medicine and Immune Disease Research, Guangzhou University of
Chinese Medicine, Guangzhou, China

Background: Fuzheng Kang’ai decoction (FZKA) has been widely used to treat Non-
Small Cell Lung Cancer (NSCLC) patients in China for decades, showing definitively
curative effects in clinic. Recently, we found that FZKA could induce NSCLC cell
ferroptosis, another type of programmed cell death (PCD), which is totally different from
cell apoptosis. Therefore, in the present study, we aim to discover the exact
mechanism by which FZKA induces NSCLC cell ferroptosis, which is rarely studied
in Traditional Chinese Medicine (TCM).

Methods: Cell proliferation assay were performed to detect the cell viability. Cell
ferroptosis triggered by FZKA was observed by performing lipid peroxidation assay,
Fe2+ Ions assay, and mitochondrial ultrastructure by transmission electron microscopy.
Ferroptosis inhibitors including liproxstatin-1 and UAMC 3203 were used to block
ferroptosis. The ratio of GSH/GSSG was done to measure the alteration of oxidative
stress. Western blot and qRT-PCR were carried out to detect the expression of solute
carrier family 7 member 11 (SLC7A11), solute carrier family 3 member 2 (SLC3A2) and
glutathione peroxidase 4 (GPX4) at protein and mRNA levels, respectively. Lentivirus
transfection was performed to overexpress GPX4 stably. Animal model was done to verify
the effect of FZKA-induced ferroptosis in NSCLC in vivo and immunohistochemistry was
done to detect the expression of SLC7A11, SLC3A2 and GPX4 at protein level.
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Results: First of all, in vitro experiments confirmed the inhibition effect of FZKA on NSCLC
cell growth. We then, for the first time, found that FZKA induced NSCLC cell ferroptosis by
increasing lipid peroxidation and cellular Fe2+ Ions. Moreover, characteristic morphological
changes of NSCLC cell ferroptosis was observed under transmission electron
microscopy. Mechanistically, GPX4, as a key inhibitor of lipid peroxidation, was greatly
suppressed by FZKA treatment both at protein andmRNA levels. Furthermore, system xc−

(SLC7A11 and SLC3A2) were found to be suppressed and a decreased GSH/GSSG ratio
was observed at the same time when treated with FZKA. Notably, overexpressing GPX4
reversed the effect of FZKA-induced NSCLC cell ferroptosis significantly. Finally, the above
effect was validated using animal model in vivo.

Conclusion: Our findings conclude that GPX4 plays a crucial role in FZKA-induced
NSCLC cell ferroptosis, providing a novel molecular mechanism by which FZKA treats
NSCLC.

Keywords: FZKA, NSCLC, ferroptosis, GPX4, TCM

BACKGROUND

The burden of cancer incidence and mortality is rapidly growing
worldwide. Lung cancer remained the leading cause of cancer
death, with an estimated 1.8 million death in 2020 (Sung et al.,
2021). It is a serious threat to human health. NSCLC is the most
common type of lung cancer, accounting for about 85% of all lung
malignancies (Herbst et al., 2008). Approximately 70% of NSCLC
is topically advanced or metastatic at the time of diagnosis
(Molina et al., 2008). Until the last decade, the 5-year overall
survival rate for patients with metastatic NSCLC was less than 5%
(Arbour and Riely, 2019). Improved understanding of the biology
of lung cancer had resulted in the development of new biomarker-
targeted therapies and led to improvements for patients with
advanced or metastatic cancers (Jordan et al., 2017; Melosky
et al., 2018; Zhu et al., 2020). Disease progression is unavoidable
in the advanced stage, thus additional strategies to extend survival
and improve quality of life (QoL) are required. The Chinese herbal
medicine (CHM) has been commonly used in cancer treatment as an
adjuvant therapy in many countries, especially in China. It has been
found that CHM has potential benefit in retarding tumor
progression (Wang et al., 2018a; Luo et al., 2019).

FZKA, a formular containing 12 CHMs, has been confirmed to
have definite benefit for treating NSCLC patients. In our previous
study, we found that FZKA combined with geftinib could prolong
progression-free survival (PFS) and reduce the toxic effect,
comparing with geftinib alone (Yang et al., 2018). In addition,
FZKA could also enhance the disease control rate (DCR) as well as
median survival time (MST) of NSCLC patients (Wu et al., 2010;
Xiao-Bing Yang et al., 2014). Our further basic research showed
that FZKA could inhibit NSCLC cell proliferation and promote cell
apoptosis via AMPKα/IGFBP1/FOXO3a and STAT3/Bcl-2/
Caspase-3 pathways, respectively (Zheng et al., 2016; Wang
et al., 2018b). Here in the present study, we, for the first time,
found that FZKA could induce NSCLC cell ferroptosis.

Ferroptosis, first described in 2012 (Dixon et al., 2012), is
characterized by iron-dependent lipid peroxidation and

metabolic constraints (Seibt et al., 2019). The happening of
specific lipid peroxidation products directly precedes cellular
disintegration and cell death (Angeli et al., 2017). Mechanistically,
cysteine availability, glutathione (GSH) biosynthesis and proper
functioning of GPX4 are crucial in the process of cell ferroptosis.
GPX4 is a key inhibitor of lipid peroxidation. Ferroptotic cell death
will be triggered on the condition of GPX4 inhibition. Ferroptosis is
characterized by the generation of specific phospholipid
hydroperoxides in the presence of catalytically active iron, which
is endogenously offset by the system xc−/GSH/GPX4 axis (Dixon
et al., 2012; Friedmann Angeli et al., 2014; Wan Seok Yang et al.,
2014). System xc−, composed of SLC7A11 and SLC3A2, is a cystine-
glutamate anti-porter (Conrad and Sato, 2012). Therefore,
disturbances in any of these protective compartments will result
in ferroptotic cell death. In our study, we identified that system xc−/
GSH/GPX4 axis was involved in FZKA-induced NSCLC cell
ferroptosis and GPX4 is the key molecular.

MATERIALS AND METHODS

Fuzheng Kang’ai Decoction
FZKA, containing 12 components, was obtained from Guangdong
Kangmei Pharmaceutical Company Ltd. (Guangdong, China), as
previously reported (Xiao-Bing Yang et al., 2014). The components
of FZKA include Radix Pseudostellariae 30 g, Rhizoma Atractylodis
Macrocephalae 15 g, Milkvetch Root 30 g, Hedyotis Difusa 30 g,
Solanum Nigrum 30 g, Chinese Sage Herb 30 g, Indian Iphigenia
Bulb 30 g, Coix Seed 30 g, Akebia Trifoliata Koidz 30 g, Snake
Bubble Ilicifolius 30 g, Curcuma Zedoaria 15 g, Licorice 10 g. For
in vitro experiments, the granules were dissolved in RPMI-1640
medium to a final concentration of 20mg/ml and centrifuged at
14,000 rpm for 10 min; the supernatant was then filtered using
0.22 μm filter before use and the pH value of the cultured cells with
the media was adjusted to 7.2–7.4 after FZKA addition. For in vivo
experiments, animals were treated with FZKA by intragastric
administration.
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FIGURE 1 | FZKA inhibited the growth of NSCLC cells in vitro. (A), H1650 and H1299 cells were treated with different concentrations of FZKA for up to 72 h. The
cells were collected and processed for CCK-8 assay as described in the Materials and Methods section, *p < 0.05. (B), H1650 and H1299 cells were treated with FZKA
(1 mg/ml) for 24 h, followed by EdU proliferation assay. (C). Cultured A549 cells were treated with FZKA (1.5 mg/ml), in the presence and absence of ferroptosis
inhibitors. Cell were stained with Annexin V and PI and analyzed by flow cytometry, *p < 0.05.
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High Performance Liquid Chromatography
The initial batch to batch consistency study was performed using
HPLC, as previously reported (Zheng et al., 2016). Briefly, the
sample solutions were put into the HPLC system (250 mm ×
4.6 mm, 5 μm, ACE, Scotland). The mobile phase consisted of
deionized water with 0.1% formic acid (A) and acetonitrile with
0.1% formic acid (B). The gradient elution program was as
follows: 5% B at 0–5 min, 5–20% B at 5–10 min, 20–40% B at
10–15 min, 40–95% B at 15–40 min, and 95–100% B at
40–45 min. The flow rate was 1.0 ml/min, and the detection
wavelength was set at 280 nm. The injection volume was 10 μl
and the column temperature was maintained at 30°C. The efficacy
of different batch of FZKA is dependable (Wang et al., 2020).

Cell Lines, Reagents and Antibodies
NSCLC cell lines including A549, H1299, PC9 and H1650 were
obtained from Guangzhou Cellcook Biotech Co. (Guangzhou,
China). All cells were grown at 37°C in a humidified 5% CO2 and
95% air and cultured in RPMI-1640 medium (Life Technologies,
Carlsbad, CA, United States) containing 10% FBS (Gibco,
United States) and 0.5% penicillin-streptomycin sulfate
(Invitrogen Life Technologies, Carlsbad, CA, United States).
Annexin V-FITC Apoptosis Detection Kit and Cell Counting
Kit (CCK-8) were purchased from Shanghai Yisheng
Biotechnology Co. (Shanghai, China). BODIPY™ 581/591 C11
was obtained from Thermo Fisher Scientific (Waltham, MA).
Lentiviral vectors for overexpression constructs were purchased
from GeneCopoeia (Rockville, United States). The antibodies
were obtained from the following sources: GPX4 (ab125066)
and GAPDH (ab9485) were purchased from Abcam
(Cambridge, United Kingdom); SLC3A2 (4F2hc/CD98)
(47213S), SLC7A11 (12691S), horseradish peroxidase (HRP)-
conjugated goat anti-rabbit antibody (7074S), were from Cell
Signalling Technology (Danvers, MA); SLC7A11 (bs-6883R) for
immunohistochemistry was obtained from Bioss Biological
Technology Co. Ltd. (Beijing, China). FerroOrange and GSSG/
GSH Quantification Kit were purchased from Dojindo Molecular
Technologies Company (Kumamoto, Japan).

Cell Counting Kit-8 Assay
Cell proliferation was measured by CCK-8 assay according to the
manufacturer’s protocol. Briefly, the NSCLC cells were administered
with different treatments, and incubated with the CCK-8 reaction
solution for 1.5 h. After that, the optical density (OD) values were
measured at the wavelength of 450 nm to evaluate cell viability.

5-Ethynyl-29-Deoxyuridine Proliferation
Assay
5-ethynyl-2′-deoxyuridine (EdU) proliferation assay was
performed to measure cell proliferation. Cells were plated in
96-well plates at a density of 8 × 103 cells/well. After adding FZKA
for 24 h, cells were treated with 50 µM EdU (RiboBio,
Guangzhou, China) and fixed with 4% paraformaldehyde in
PBS for 30 min. After permeabilization with 0.5% TritonX-100

FIGURE 2 | FZKA induced ferroptosis in NSCLC cells by FCM and TEM.
(A,B), Cells were stained with C11-BODIPY (10 μM) or FerroOrange (1 μM) for
30 min, the level of lipid peroxidation and Fe2+ Ions was detected by flow
cytometry, *p < 0.05. (C), Transmission electron microscopy of H1650
and H1299 cells treated with DMSO (10 h), erastin (ferroptosis inducer,
10 µM, 10 h), FZKA (1 mg/ml, 10 h). The mitochondria appeared to be
changed including swollen, cristae loss and mitochondira vacuolization in
H1650 and H1299 cells. Scale bar represents 1 µM and 600 nm.
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for 10 min, the cells were stained with 1× Apollo reaction reagent.
Then the DNA contents were stained with Hoechst 33,342 for
30 min. The photographs were obtained using fluorescence
microscope.

Flow Cytometry of Cell Death Distribution
Cells were treated with FZKA and ferroptosis inhibitors.
Annexin V-FITC Apoptosis Detection Kit was used to
observe the quadrant distribution of cell death. Both
floating and adherent cells were collected and washed
3 times with PBS. Finally, 10 μl Annexin V-FITC and 5 μl
PI were added into the cells at room temperature for 15 min.
The quadrant distribution of cell death was measured using
flow cytometry with the acquisition criteria of 10,000 events
for each sample.

Transmission Electron Microscopy
The mitochondrial ultrastructure was observed by transmission
electron microscopy (TEM). 2 × 106 cells were seeded into
100 mm cell culture dishes and exposed to FZKA decoction
and erastin for 10 h, respectively. After that, cells were
collected, washed three times with PBS, and fixed with 2.5%
glutaraldehyde. Samples were then pretreated according to
standard procedures, including staining, dehydration,
embedding, and slicing to obtain ultra-thin sections. During
the analysis, images were acquired using a HITACHIH-7650
transmission electron microscope (Hitachi, Tokyo, Japan).

Lipid Peroxidation Measurement
C11-BODIPY (10 μM) was added to FZKA treated or untreated
cells for 0.5 h, then cells were collected by trypsin. Oxidation

FIGURE 3 | Ferroptosis inhibitors including liproxstatin-1 and UAMC 3203 reversed the effect of FZKA. A, PC9 cells were treated as (A) FZKA (1.5 mg/ml),
UAMC3203 (25 nM) or liproxstatin-1 (200 nM) for 24 h, and stained with BODIPY™ 581/591 C11 (10 μM) for 30 min. The level of lipid peroxidation was detected by flow
cytometry. Each point represents the mean ± SEM, n = 3, *p <0.05. (B), Cultured NSCLC cells were seeded in 96 well plate, FZKA (1.5 mg/ml in A549 and PC9 cells,
1 mg/ml in H1650 and H1299 cells), with UAMC3203 (25 nM), or liproxstatin-1 (200 nM) for 24 h. Cell viability was detected by CCK-8 assay, *p < 0.05.
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of the poly-unsaturated butadienyl portion of C11-BODIPY
resulted in a shift of the fluorescence emission peak from
~590 to ~510 nm. Samples were analyzed using flow
cytometry (Exc: 488 nm, Em: 510 nm) after washing twice
with PBS, and the results were analyzed by NovoExpress
software.

Detection of Cellular Fe2+ Ions Generation
To clarify Fe2+ ions generation via the nanoparticles in cells,
FerroOrange (1 μM, an intracellular Fe2+ ions probe, Ex: 543 nm,
Em: 580 nm) dispersed in serum-free medium was added to the
cells, and cells were incubated for 30 min in a 37°C incubator.

Cells were then collected by trypsin. Finally, the fluorescence of
cells were captured using flow cytometry after washing twice
with PBS.

Lentivirus Transfection
Lentiviral vectors including GPX4 (CS-M0369-Lv105) and
Negative Control (EX-NEG-Lv105) were purchased from
GeneCopoeia. For lentivirus production, HEK293T packaging
cells were transfected with 10 μg lentiviral vectors using the
calcium phosphate method. After 48 h of incubation, the viral
supernatant was collected and filtered. NSCLC cells were
incubated overnight with the viral supernatant and
supplemented with 10 μg/ml polybrene. Puromycin at a dose
of 2 μg/ml was used to select the cell line overexpressing GPX4
stably.

Western Blot Analysis
Western blot was conducted as previously reported (Wang
et al., 2018b). Briefly, the cells were harvested, washed and
lysed with 1 × RIPA buffer, and their protein concentrations
were measured using Bradford method. SDS-PAGE was used
to separate the protein in each sample. Proteins were
transferred from gel to membrane. Then, the membrane was
blocked and incubated with indicated primary antibodies. The
blots were rinsed before probed with secondary antibodies. The
reactive bands were visualized by ECL and scanned using the Bio-
Rad ChemiDoc XRS + Chemiluminescence imaging system (Bio-
Rad, Hercules, CA, United States). All the results were analyzed by
ImageJ software.

Quantitative Real-Time PCR
Total RNA was isolated using Trizol (Invitrogen, CA, United
States). Transcriptor first strand cDNA synthesis kit (Roche,
Basel, Switzerland) was used to convert RNAs to cDNAs. And
FS essential DNA green master (Roche, Basel, Switzerland) was
used to perform qRT-PCR. Complementary DNA from
various cell samples was amplified with specific primers.
GPX4: 5′-AGTGAGGCAAGACCGAAGT-3′ and 5′- AAC
TGGTTACACGGGAAGG-3′; GAPDH: 5′-
GAACGGGAAGCTCACTGG -3′ and 5′- GCCTGCTTC
ACCACCTTCT -3′. Data were analyzed with 2−ΔΔCt for
relative changes in gene expression.

Glutathione/Glutathione Disulfide Assay
The intracellular level of GSH and GSSG (glutathione
disulfide) were performed by GSSG/GSH Quantification Kit
(Dojindo, Kumamoto, Japan), following the manufacturer’s
instruction. The concentration of total glutathione or GSSG
was calculated via standard curve. GSH level was calculated as:
GSH = (total glutathione-GSSG) × 2. The ratio of GSH/GSSG
was calculated as (GSH)/(GSSG).

Animal Model
All animal experiments were approved by the Ethics
Committee of Guangdong Provincial Hospital of Chinese
Medicine (2020079). A total of 1.0 × 106 A549 cells were
subcutaneously injected into the right flank of the athymic

FIGURE 4 | FZKA downregulated the GPX4 expression in NSCLC cells
at both protein and mRNA levels. (A), The protein expression levels of GPX4
were detected by Western blot. (B), NSCLC cells were treated with different
concentrations of FZKA for 24 h. The mRNA expression of GPX4 were
detected by qPCR. Each point represents the mean ± SEM, n = 3. *p < 0.05.
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BALB/c nude mice (aged 4–6 weeks, weight 18–20 g, female;
Vital River, Beijing, China). When the tumor mass became
palpable (at day 5 after injection), the mice were randomly
divided into three groups: control, FZKA (31 g/kg) and
combination with FZKA and liproxstatin-1(30 mg/kg).
Tumors were measured every 5 days with digital calipers.
The tumor volume (in mm3) was calculated using the
formula: Volume=(L×W2)/2. Mice were sacrificed around
day 25 after injection, when some of the tumors reached
the size limit set by the institutional animal care and use
committee. Tumors were weighed after careful resection.

Immunohistochemistry
The protein levels of GPX4, SLC7A11 and SLC3A2 expression
were detected immunohistochemically on paraffin-embedded
xenograft tumor tissue sections. Briefly, sections were treated
with 10 mM sodium citrate buffer (pH 6.0) for heat-induced
retrieval of the antigen and immersed in 3% hydrogen
peroxide solution to inhibit endogenous peroxidase

activity, followed by incubation of the sections in 5%
bovine serum albumin to block nonspecific binding. The
sections were incubated with primary antibodies against
GPX4 (1:250), SLC7A11 (1:100) and SLC3A2 (1:100) at
4°C overnight and then incubated with biotinylated
secondary antibody followed by the Liquid DAB Substrate
Chromogen System according to the manufacturer’s
instructions. Protein expression level was evaluated by
counting at least 500 tumor cells in at least five
representative high-power fields. The percentage of positive
tumor cells and the staining intensity were multiplied to
produce a weighted score for each case (Lu et al., 1998).

Statistical Analysis
Statistical analysis was performed using the SPSS statistical
software. Statistical evaluation for data analysis used Student’s
t-test when there were only two groups (two sided) and
differences between groups were assessed by one-way
ANOVA. All data are reported as Mean ± SD. Differences

FIGURE 5 | FZKA decreased the ratio of GSH/GSSG and expression of system xc−. (A), The protein expression levels of SLC7A11 and SLC3A2 were
detected by Western blot. (B), the levels of GSH and GSSG were measured by GSH and GSSG Assay kit. Each point represents the mean ± SEM, n = 3.
*p < 0.05.
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between groups were considered significant statistically when
p ≤0.05.

RESULTS

Non-Small Cell Lung Cancer Cell Growth
was Inhibited by Fuzheng Kang’ai
Decoction in vitro
Our previous studies have shown that FZKA inhibited the growth
of NSCLC cell lines including A549, PC9, and H1975 cells (Wang
et al., 2020; Zheng et al., 2019). In the present study, we further
observed the effect of FZKA on NSCLC cell growth inhibition in
another NSCLC cell types including H1650 and H1299 using
CCK-8 assay. We reconfirmed that FZKA decreased H1650 and
H1299 cell viability in a dose-and time-dependent manner
(Figure 1A). Similar findings were also demonstrated by EdU
proliferation assay, which detects EdU incorporated into cellular
DNA during cell proliferation (Figure 1B). Intriguingly, we
found that blocking ferroptosis by UAMC 3203 and
liproxstatin-1 could significantly reversed changes in the
quadrants of Annexin V-/PI+ (Q1) and Annexin V+/PI+
(Figure 1C). The cells in Q1 quadrant in the top left had been
supposed as non-apoptotic cells, and ferroptotic cell death was
included in Q1 quadrant (Gai et al., 2020). The data showed that
inhibiting ferroptosis could decrease the percent of Q1 induced
by FZKA, which suggests that ferroptosis plays an important role
in the inhibition effect of FZKA in NSCLC cells and FZKA may
promote ferroptosis in NSCLC cells.

Non-Small Cell Lung Cancer Cell
Ferroptosis was Induced by Fuzheng
Kang’ai decoction
To identify whether NSCLC cell ferroptosis was induced by
FZKA treatment, lipid peroxidation and intracellular-free
iron, as two key characteristics of cell ferroptosis, were
then detected in NSCLC cells after treatment with FZKA
(Lei et al., 2019). C11-BODIPY was used as a lipid
peroxidation probe in mammalian cells (Ortega Ferrusola
et al., 2009). The intracellular labile Fe (II) levels in the
living cells were measured by FerroOrange (Hirayama
et al., 2020). The results showed that FZKA increased the
levels of lipid peroxidation (Figure 2A) and intracellular-free
iron (Figure 2B) in A549 and PC9 cells. The same results were
also observed in H1299 and H1650 cells (Supplementary
Figure S1). Moreover, the characteristic changes of
ferroptosis on mitochondria, including swollen, decreased
cristae, mitochondria vacuolization and increased
membrane density, were further observed under TEM in
NSCLC cells (Figure 2C, Supplementary Figure S2).

Blocking Ferroptosis Reversed the
Inhibition Effect of Fuzheng Kang’ai
decoction on Non-Small Cell Lung Cancer
Cells
To further observe the role of ferroptosis in FZKA-treated
NSCLC cells, two ferroptosis inhibitors including UAMC
3203 and liproxstatin-1 were applied to block ferroptosis.

FIGURE 6 | Overexpression of GPX4 reversed the efficacy of FZKA. (A), Cultured H1299 and PC9 cells were transfected with negative control and GPX4 lentiviral
vectors, then treated with or without FZKA for 24 h. The expression of GPX4 was detected by western blot. (B), lipid peroxidation assay was performed in A549 cell after
treatment with FZKA or/and GPX4 lentivirus. (C), Cells were transfected and treated with FZKA, and CCK-8 assay were then conducted. Each point represents the
mean ± SEM, n = 3. *p < 0.05.
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As shown in Figure 3A and Supplementary Figure S3, the
FZKA-induced elevation of lipid peroxidation was almost
reversed by treating with UAMC 3203 and liproxstatin-1.
Our further data showed that blocking ferroptosis
remarkedly reversed the inhibition effect of FZKA on
NSCLC cell lines (A549, PC9, H1650 and H1299), as
shown in the Figure 3B. These results indicated that
ferroptosis plays a vital role in FZKA treated NSCLC cells.

Glutathione Peroxidase 4 was Significantly
Suppressed by Fuzheng Kang’ai Decoction
in Non-Small Cell Lung Cancer Cells
GPX4 is a key inhibitor of lipid peroxidation and ferroptosis.
The down-regulation of GPX4 could directly or indirectly
trigger ferroptosis as a result of lipid peroxidation inhibition.
We detected the expressions of GPX4 at protein and mRNA

FIGURE 7 | Validation of FZKA-induced NSCLC cell ferroptosis in vivo. (A), Mice tumor photograph and tumor weight was showed. Data represents Mean ± SEM,
n = 7. *p < 0.05. (B), Tumor volume in each group was showed. Data represents Mean ± SEM, n = 7. *p < 0.05. (C), Western blot analyses of GPX4, SLC7A11 and
SLC3A2 expression from tumor tissues. Data represents Mean ± SEM, n = 7. *p < 0.05. (D), Immunohistochemistry was carried out to measure the expression of GPX4,
SLC7A11 and SLC3A2 in mice tumor tissues. Data represents Mean ± SEM, n = 7. *p < 0.05. (E), The diagram showing FZKA induced NSCLC cell ferroptosis
through system xc−/GSH/GPX4 axis, and, importantly, GPX4 is the crucial molecular in the process. Finally, inhibition of GPX4 by FZKA leads to NSCLC cell ferroptosis.
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level after treatment with FZKA. Our data found that the
protein level of GPX4 was significantly decreased following
the application of FZKA in NSCLC cells (Figure 4A).
Meanwhile, the mRNA level of GPX4 were also decreased
by treating with FZKA (Figure 4B). The above data indicated
that GPX4 might be a main molecular in the FZKA-induced
NSCLC cell ferroptosis process.

System xc−/Glutathione Axis was Involved
in Fuzheng Kang’ai Decoction-Induced
Non-Small Cell Lung Cancer Cell
Ferroptosis
The cystine-glutamate antiporter system xc−, which is composed
of the subunits SLC7A11 and SLC3A2, plays a protective role
against cell ferroptosis (Cui et al., 2018). We revealed that the
protein levels of SLC7A11 and SLC3A2 were obviously decreased
following the application of FZKA in a dose-dependent manner
in H1650 and H1299 cells (Figure 5A). Glutathione is a
tripeptide, that is, derived from cysteine, glutamate, and
glycine, among which cysteine is the rate-limiting precursor.
As expected, the amount of GSH was significantly decreased
by FZKA. GSH is highly reactive with lipid ROS, and their
reaction generates glutathione disulfide (GSSG). A reduced
ratio of GSH/GSSG is considered to be a marker of oxidative
stress. In our study, we found that FZKA reduced the ratio of
GSH/GSSG significantly (Figure 5B). System xc− and GSH are at
the upstream of GPX4, therefore, our data showed that system
xc−/GSH/GPX4 axis plays an important role in FZKA-induced
NSCLC cell ferroptosis.

Over-Expressing Glutathione Peroxidase 4
Reversed the Effect of Fuzheng Kang’ai
Decoction-Induced Cell Ferroptosis
Since GPX4 plays a crucial role in the process of cell
ferroptosis, we further confirmed that GPX4′s role in
FZKA-induced NSCLC ferroptosis. We then over-expressed
GPX4 in H1299 and PC9 cells by transfecting lentivirus
(Figure 6A). As expected, the induced effect of NSCLC
ferroptosis by FZKA was substantially decreased following
GPX4 overexpression as shown by lipid peroxidation assay
(Figure 6B and Supplementary Figure S4). Interestingly,
NSCLC cell viability inhibition by FZKA was also partially
reversed when over-expressed GPX4 (Figure 6C). This data
further confirmed that GPX4 contributes to the effect of
FZKA-induced NSCLC cell ferroptosis and FZKA-
suppressed NSCLC cell growth, suggesting that GPX4 plays
a crucial role in FZKA-treated NSCLC cells.

Fuzheng Kang’ai Decoction Inhibited
Non-Small Cell Lung Cancer Tumor Growth
by Inducing Ferroptosis in vivo
To validate the effect of FZKA-induced NSCLC cell ferroptosis in
vivo, we constructed NSCLC cell xenograft model. As shown in

Figures 7A,B, mice tumor growth was obviously inhibited by
FZKA treatment undoubtedly. Notably, when cell ferroptosis was
blocked by liproxstatin-1, the inhibition effect of tumor growth by
FZKA was significantly rescued. Then system xc− and GPX4 were
detected by Western blot and immunohistochemistry. As
expected, the data was consistent with in vitro results showing
downregulated expression of system xc− and GPX4 in the FZKA-
treated group (Figures 7C,D). Totally, our xenograft model data
reconfirmed the effect of FZKA-induced NSCLC cell ferroptosis
and system xc−/GPX4 axis plays a crucial in the process.

DISCUSSION

Ferroptosis, as another type of PCD, is entirely different from cell
apoptosis, necroptosis, autophagic cell death and other forms of
regulated necrotic cell death. The ferroptosis-induced cell death is
characterized by iron-dependent lipid peroxidation (Dixon et al.,
2012; Seibt et al., 2019). Ferroptotic cell death was considered to
locate at Q1 quadrant by flow cytometry of Annexin V/PI
staining (Gai et al., 2020). In our study, we found that
blocking ferroptosis via ferroptosis inhibitors could reversed
Q1 quadrant after FZKA treatment, indicating the important
role of ferroptosis in FZKA-treated NSCLC cells. Since lipid
peroxidation and intracellular-free iron are two key
characteristics of cell ferroptosis (Lei et al., 2019), we then
detected the lipid peroxidation and intracellular-free iron in
NSCLC cells after treatment with FZKA. Our results showed
that FZKA could increase lipid peroxidation and intracellular-
free iron, indicating that FZKA might have the ability to induce
NSCLC cell ferroptosis. We then observed characteristic changes
on mitochondria of ferroptosis using TEM in NSCLC cells when
treated with FZKA. Treatment with FZKA resulted in swollen
mitochondria with fractured cristae and increased membrane
density, which is consistent with erastin, a ferroptosis inducer.
Therefore, our data provided solid evidences that FZKA induces
NSCLC cell ferroptosis.

Early research indicated the primary role of GPX4 in
protecting against oxidative damage (Imai et al., 1996; Yagi
et al., 1996). Cells with GPX4 overexpression are resistant to
lipid hydroperoxide-triggered cell death (Geiger et al., 1991).
Later, more studies provided evidences that silencing GPX4 could
invariably cause ferroptosis (Maiorino et al., 2018). Some
researches reported that GPX4 was decreased at protein
levels, resulting in cell ferroptosis (Lou et al., 2021; Zhang
et al., 2021). In our study, the expression of GPX4 at the
protein and mRNA levels were significantly suppressed by
FZKA in NSCLC cells. Disturbances in any of these protective
compartments including system xc− and GSH biosynthesis,
upstream of GPX4, might result in ferroptotic cell death (Lee
et al., 2021). Our results showed that FZKA decreased the
expression of SLC7A11 and SLC3A2 in NSCLC cells. And the
ratio of GSH/GSSG was also suppressed in FZKA-treated
group. Most importantly, when we over-expressed GPX4, it
could reverse NSCLC cell ferroptosis induced by FZKA. And
cell viability inhibition effect by FZKA was also partially
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reversed by over-expressing GPX4 at the same time. Therefore,
our data indicated the critical role of GPX4 in the induction of
NSCLC cell ferroptosis by FZKA. Our findings provide a valid
evidence that FZKA might function as a GPX4 inhibitor in
treating NSCLC patients, and system xc−/GSH/GPX4 axis was
involved in the process.

CONCLUSION

In our study, we investigated the effect of FZKA on NSCLC cell
ferroptosis both in intro and in vivo. Our results showed that
FZKA induces ferroptosis by suppressing GPX4 in NSCLC. We
provides solid evidences to clarify why FZKA benefits NSCLC
patients in clinic.
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Background: Relatively little is known about the effect of traditional Chinese medicine
(TCM) on prognosis of non-small cell lung cancer (NSCLC).

Methods: In this nationwide, multicenter, prospective, cohort study, eligible patients aged
18-75 years with radical resection, and histologically confirmed stage II-IIIA NSCLC were
enrolled. All patients received 4 cycles of standard adjuvant chemotherapy. Patients who
received Chinese herbal decoction and (or) oral Chinese patent medicine for a cumulative
period of not less than 6 months were defined as TCM group, otherwise they were
considered as control group. The primary endpoint was DFS calculated using the
Kaplan–Meier method. A time-dependent Cox proportional hazards model was used to
correct immortal time bias. The secondary endpoints included DFS in patients of different
characteristics, and safety analyses. This study was registered with the Chinese Clinical
Trial Registry (ChiCTR1800015776).
April 2022 | Volume 12 | Article 8456131254

https://www.frontiersin.org/articles/10.3389/fonc.2022.845613/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.845613/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.845613/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.845613/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.845613/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:huabaojinxs@126.com
mailto:houwei1964@163.com
mailto:honggangzheng@126.com
https://doi.org/10.3389/fonc.2022.845613
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.845613
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.845613&domain=pdf&date_stamp=2022-04-22


Zhang et al. TCM in NSCLC

Frontiers in Oncology | www.frontiersin.org
Results: A total of 507 patients were included (230 patients in the TCM group; 277
patients in the control group). The median follow-up was 32.1 months. 101 (44%) in the
TCM group and 186 (67%) in the control group had disease relapse. The median DFS was
not reached in the TCM group and was 19.4 months (95% CI, 14.2 to 24.6) in the control
group. The adjusted time-dependent HR was 0.61 (95% CI, 0.47 to 0.78), equalling to a
39% reduction in the risk of disease recurrence with TCM. the number needed to treat to
prevent one patient from relapsing was 4.29 (95% CI, 3.15 to 6.73) at 5 years. Similar
results were observed in most of subgroups. Patients had a significant improvement in
white blood cell decrease, nausea, decreased appetite, diarrhea, pain, and fatigue in the
TCM group.

Conclusion: TCM may improves DFS and has a better tolerability profile in patients with
stage II-IIIA NSCLC receiving standard chemotherapy after complete resection compared
with those receiving standard chemotherapy alone. Further studies are warranted.
Keywords: Chinese medicine, lung cancer, chemotherapy, prognosis, toxicity
INTRODUCTION

Lung cancer is the leading cause of cancer death worldwide, with
an estimated 1.8 million deaths in the year 2020 (1).
Approximately 76% of cases are non-small cell lung cancer
(NSCLC) (2). Surgical resection is the optimal treatment for
stage II-IIIA NSCLC and adjuvant cisplatin-based chemotherapy
is recommended for routine use in patients who have undergone
radical surgical resections (3). A large number of studies
performed since the 1990s have suggested the benefit of
adjuvant chemotherapy for disease-free survival (DFS),
however, with minimal absolute 5-year DFS benefits (4.3% to
5.8%) after complete resection in patients with early-stage
NSCLC (4–6). The outcomes of these studies suggest that the
development of adjuvant chemotherapy has plateaued during the
past two decades, with no additional gains in DFS over this
period. Moreover, the toxicity of chemotherapy has always been
a concern for clinicians. The rate of overall grade 3 to 4 adverse
events (AEs) of cisplatin-based chemotherapy varies from 66% to
90% across studies with different regimens and data collection (3,
6, 7). Otherwise, chemotherapy-related deaths (0.9%) have been
reported in previous studies (3). Most patients receiving
treatment with chemotherapy experienced hematologic and
non-hematologic AEs, such as neutropenia, anemia, fatigue,
nausea, anorexia, and vomiting (8), which decreased their
quality of life and might lead to dose reduction, delays, or
chemotherapy discontinuation. Minimal benefits and toxicity
of chemotherapy in patients with early-stage NSCLC after
complete resection emphasize that this treatment approach
requires additional improvements.

Cancer patients in low- and middle-income countries are
often treated with traditional, complementary, and integrative
medicine that is more familiar, less costly, and widely available
(9). Previous studies have reported that 21% up to nearly 90% of
cancer patients in Asia used traditional Chinese medicine (TCM)
(10, 11), while 25%-47% of Chinese cancer patients in the North
America used TCM as part of their cancer treatments (12, 13).
2255
Studies have suggested that TCM could inhibit lung cancer cell
growth, possibly by inhibiting nuclear factor kappa-B (NF-kB)
activity (14, 15) (NF-kB promotes tumor progression, mainly by
protecting transformed cells from apoptosis) (16). In addition,
TCM can also enhance the immune function of patients by
stimulating the activity of natural killer cells and facilitating the
maturation of dendritic cells (17, 18). In clinical trials, TCM in
combination with adjuvant chemotherapy, compared with
adjuvant chemotherapy alone, has been shown to significantly
improve symptoms such as vomiting, fatigue, pain, and dry
mouth, as well as reduce hematologic AEs in early-stage
NSCLC patients after complete resection (19, 20). Moreover, in
these patients, TCMmight reduce the risk of NSCLC recurrence.

Our previous study suggested that TCM in combination with
conventional postoperative treatment was associated with better
DFS [hazard ratio (HR), 0.42; 95% confidence interval (CI), 0.31
to 0.57], compared with conventional postoperative treatment
alone, in stage I-IIIA NSCLC patients after complete resection
(21). However, adjuvant chemotherapy is only recommended for
routine use in patients with stage II-IIIA NSCLC (3). Therefore,
we aimed to investigate whether TCM can reduce the risk of
recurrence in patients with stage II-IIIA NSCLC receiving
adjuvant chemotherapy after radical resection.
PATIENTS AND METHODS

Study Design and Patients
C-EVID was a nationwide, multicenter, prospective, cohort study,
conducted at 13 hospitals in 9 provinces and cities of China
(Beijing, Shanghai, Guangdong, Liaoning, Jilin, Shanxi, Anhui,
Zhejiang, and Jiangsu). Patients aged 18-75 years with
histologically confirmed stage II-IIIA NSCLC [as classified
according to the seventh edition of the Cancer Staging Manual
of the American Joint Committee on Cancer (AJCC)], who
underwent radical resection up to 3 months before included,
April 2022 | Volume 12 | Article 845613
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were enrolled from November 10, 2014 to February 10, 2017. The
final follow-up was conducted on April 15, 2021. Additional
inclusion criteria were normal function of the heart, liver,
kidney and hematopoietic system; Karnofsky physical status
(KPS) ≥ 60; and informed consent. Exclusion criteria included
pregnant women, patients with mental disorders, and a survival
period of < 6 months.

This study was conducted in accordance with the principles
of the Declaration of Helsinki. The study protocol was
approved by the Medical Ethics Committee of Guang ‘anmen
Hospital of Chinese Academy of Chinese Medical Sciences
(2014EC108-05) and registered in the Chinese Clinical Trial
Registry (ChiCTR1800015776).

Study Treatment and Exposure
All enrolled patients received 4 cycles of first-line of adjuvant
chemotherapy according to the National Comprehensive Cancer
Network Clinical Practice Guideline for NSCLC (Version I,
2014). Our previous study suggested that NSCLC patients
treated with TCM for 6 months had a better DFS (21). In this
study, patients who received Chinese herbal decoction and (or)
oral Chinese patent medicine for a cumulative period of not less
than 6 months were defined as the TCM group (exposure group).

Patients, who did not receive Chinese herbal decoction and
(or) oral Chinese patent medicine or received such treatments for
less than 6 months, would be considered as control group (non-
exposure group). The cumulative exposure time of TCM was
calculated based on medical records.

Assessments
The primary endpoint was the DFS. DFS was calculated from the
time of enrolment until the time of disease recurrence or death
from any cause. Disease recurrence was evaluated according to
the Response Evaluation Criteria in Solid Tumors (RECIST)
version 1.1 (determined by computed tomography, magnetic
resonance imaging, and pathological biopsy) (22).

The secondary endpoints included DFS in patients of
different sexes, ages, smoking histories, body mass indexes
(BMIs), histologic types, AJCC stages, regional lymph nodes,
degrees of differentiation, and adjuvant therapies. Safety
analyses, which were classified based on the National Cancer
Institute Common Terminology Criteria for Adverse Events
(version 4.0), included hematologic and non-hematologic AEs
during the chemotherapy period. The use of Chinese herbal
decoction and oral Chinese patent medicine would be reported.
Follow-ups were performed every 3 weeks during the
chemotherapy period, then every 12 weeks for one year, every
24 weeks for two years, and yearly thereafter.

Statistical Analysis
Baseline characteristics would be presented as the mean
(standard deviation) or median (interquartile range) for
continuous variables and as the number (percentage) for
categorical variables. We would use t-test for continuous
variables following normal distribution; otherwise, a
nonparametric test would be performed. We would use the c2

test or Fisher’s exact test for categorical variables.
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DFS would be calculated using the Kaplan–Meier method and
compared using the log-rank test. Immortal time bias is common
in cohort studies of drug effects (23). A time-dependent Cox
proportional hazards model with adjustments would be used to
correct immortal time bias (23). The adjustments were for sex,
age, smoking, BMI, histologic type, AJCC stage, regional lymph
nodes, poor differentiation, KPS score, adjuvant therapy.
Prespecified subgroup analyses would be performed in patients
with different clinical characteristics and shown in a forest plot.
A test of interaction was performed to explore the differential
treatment effects between subgroups (24). AEs would be
presented as a number (percentage) and calculated using the
c2 test. The numbers of cases treated by Chinese herbal
decoction and (or) oral Chinese patent medicine would also be
recorded. Statistical analyses were performed using SPSS
Statistics 25 and R version 4.1.0. All tests were two-sided and a
P value <0.05 was considered statistically significant.
RESULTS

From November 10, 2014 to February 10, 2017, a total of 513
patients were recruited. After excluding 6 patients (small cell lung
cancer = 1, stage IV NSCLC = 3, without informed consent = 2,
Supplementary Figure 1), this cohort study enrolled 507 patients
(230 patients in the TCM group and 277 patients in the control
group). The median follow-up was 32.1 months (interquartile
range [IQR], 11.8 to 59.1). The mean duration of total treatment of
the TCM group was 23.5 months (range, 6.0 to 73.5).

Table 1 presents the baseline characteristics of patients
according to the TCM and control groups. The median age
was 58 years in the TCM group and was 59 years in the control
group. There were 61.7% and 68.2% males in the TCM and
control groups, respectively. The TCM and control groups were
similar in terms of smoking history, BMI, AJCC stage, KPS score,
poor differentiation. Compared with the control group, the TCM
group had more patients with stage IIA NSCLC (30.4% vs 21.3%)
and fewer patients receiving radiotherapy (14.8% vs 21.7%).

By the last follow-up, disease recurrence or death occurred in
287 patients. There were 101 and 186 events in the TCM and
control groups, respectively. The median DFS was not reached in
the TCM group and was 19.4 months (95% CI, 14.2 to 24.6) in
the control group (Figure 1). The 2-year DFS rate was 74.8%
(95% CI, 96.1% to 80.5%) in the TCM group and 45.6% (95% CI,
39.7% to 51.5%) in the control group. The 3-year DFS rate was
66.3% (95% CI, 60.2% to 72.4%) in the TCM group and 36.5%
(95% CI, 30.8% to 42.2%) in the control group. The 5-year DFS
rate was 55.1% (95% CI, 48.4% to 61.8%) in the TCM group and
31.8% (95% CI, 26.1% to 37.5%) in the control group (unadjusted
HR, 0.46; 95% CI, 0.36 to 0.58; P < 0.01). Considering immortal
time bias, a time-dependent Cox proportional hazards model
was performed and the adjusted HR was 0.61 (95% CI, 0.47 to
0.78; P < 0.01). This HR, which was equal to a 39% reduction in
the risk of disease recurrence or death, and the number needed to
treat to prevent one patient from relapsing was 4.29 (95% CI,
April 2022 | Volume 12 | Article 845613
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3.15 to 6.73) at 5 years, indicating that patients in the TCM group
had a significantly longer DFS than those in the control group.

The benefit favoring TCM with respect to DFS was observed
consistently in most of predefined subgroups (Table 2 and
Figure 2). There was a 49% (HR, 0.51; 95% CI, 0.37 to 0.69; P <
Frontiers in Oncology | www.frontiersin.org 4257
0.01) and 63% (HR, 0.37; 95% CI, 0.24 to 0.57; P < 0.01) reduction
in the risk of disease recurrence or death in patients who received
TCM for males and females, respectively. In the subgroup analysis
of histologic type, all patients with adenocarcinoma (HR, 0.42;
95% CI, 0.31 to 0.57; P < 0.01) and squamous cell carcinoma (HR,
0.45; 95% CI, 0.27 to 0.77; P < 0.01) in the TCM group had a
significantly longer DFS than those in the control group. TCM also
showed a significantly longer DFS compared with standard
chemotherapy alone in patients with stage IIA NSCLC (HR,
0.38; 95% CI, 0.22 to 0.65; P < 0.01, Supplementary Figure 2),
stage IIB NSCLC (HR, 0.35; 95% CI, 0.18 to 0.69; P < 0.01,
Supplementary Figure 3), and stage IIIA NSCLC (HR, 0.48; 95%
CI, 0.35 to 0.67; P < 0.01, Supplementary Figure 4), respectively.
Similar results were observed in the subgroup analyses of adjuvant
therapy. The HRs was 0.49 (95% CI, 0.28 to 0.85; P = 0.01) for
radiotherapy + chemotherapy, and 0.42 (95% CI, 0.32 to 0.59; P <
0.01) for chemotherapy. As for regional lymph nodes, the HRs was
0.05 (95% CI, 0.01 to 0.15; P < 0.01) for stage N0, 0.57 (95% CI,
0.38 to 0.87; P < 0.01) for stage N1, and 0.50 (95% CI, 0.36 to 0.71;
P < 0.01) for stage N2. A test of interaction between regional
lymph nodes and TCM treatments on DFS was statistically
significant (P < 0.05).

AEs during the chemotherapy period are shown in Table 3.
During the chemotherapy period, only patients with TCM
exposure in the TCM group and those without TCM exposure
TABLE 1 | Demographic and Clinical Characteristics of Patients at baseline.

Characteristic TCM (n=230) Control (n=277) P

Age, median (IQR), y 58 (52, 63) 59 (52, 64) 0.11a

Sex
Male 142 (61.7%) 189 (68.2%) 0.12
Female 88 (38.3%) 88 (31.8%)

Smoking History
Yes 121 (52.6%) 145 (52.3%) 0.95
No 109 (47.4%) 132 (47.7%)

BMI, median (IQR), kg/m2 23.7 (22.0, 25.3) 23.2 (21.6, 25.2) 0.32a

Histologic type
ADC 150 (65.2%) 174 (62.8%) 0.65
SCC 67 (29.1%) 85 (30.7%)
ADSC 6 (2.6%) 12 (4.3%)
Others 7 (3.0%) 6 (2.2%)

AJCC stage
IIa 70 (30.4%) 59 (21.3%) 0.04b

IIb 44 (19.1%) 61 (22.0%)
IIIa 116 (50.4) 157 (56.7%)

KPS score
100 14 (6.1%) 13 (4.7%) 0.30b

90 178 (77.4%) 233 (84.1%)
≤80 38 (16.5%) 31 (11.2%)

Regional lymph nodes
N0 45 (19.6%) 32 (11.6%) 0.18b

N1 84 (36.5%) 122 (44.0%)
N2 101 (43.9%) 123 (44.4%)

Poor differentiation
Yes 73 (31.7%) 106 (38.3%) 0.13
No 157 (68.3%) 171 (61.7%)

Radiotherapy
Yes 34 (14.8%) 60 (21.7%) <0.05
No 196 (85.2%) 217 (78.3%)
April 2022 | Volume 12 | Article 8
IQR, interquartile range; TCM, traditional Chinese medicine; BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); ADC, adenocarcinoma; SCC,
squamous cell carcinoma; ADSC, adenosquamous carcinoma; AJCC, American Joint Committee on Cancer. aNonparametric test. bc2 test for trend.
FIGURE 1 | Kaplan–Meier Estimates of Disease-free Survival.
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in the control group were included in the analyses of AEs. White
blood cell count decreased in fewer patients (53%) in the TCM
group than in the control group (68%) (P = 0.02). Similarly,
fewer patients experienced fatigue, pain, decreased appetite,
nausea, diarrhea in the TCM group than those in the control
group (P < 0.05).

The five most commonly used Chinese herbal decoctions
were Liujunzi decoction (199 cases, 87%), Shashen Maidong
decoction (181 cases, 79%), Qianjinweijing decoction (139 cases,
60%), Xuanfu Daizhe decoction (118 cases, 51%), and Erchen
decoction (115 cases, 50%) (Figure 3). As for oral Chinese patent
medicine, Fufang Banmao Jiaonang (28 cases, 12%), Shenyi
Jiaonang (26 cases, 11%), Yifei Qinghua Keli (21 cases, 9%),
and Shengxuebao Keli (11 cases, 5%) were used more commonly.
(Figure 3) The ingredients of Chinese herbal decoctions and oral
Chinese patent medicines are shown in Supplementary Table 1.

In the TCM group, all patients were treated with “Fuzheng”
medicine, which includes drugs that have the function of
strengthening “Zang and Fu”, tonifying Qi, replenishing blood,
nourishing Yin, and tonifying Yang (25). Cytotoxic TCM with
antitumor effect, according to pharmacological research, were
also widely used in our study. A post hoc analysis was performed
to explore the effectiveness in different TCM treatments in the
TCM group. Patients who received TCM treatments containing
Frontiers in Oncology | www.frontiersin.org 5258
cytotoxic components with antitumor effect, would be
considered as “cytotoxic + Fuzheng” group, and the rest were
considered as “Fuzheng” group. The adjusted HR was 0.81 (95%
CI, 0.53 to 1.25; P = 0.34) (Table 4).
DISCUSSION

In this nationwide, multicenter, prospective, cohort study, TCM
significantly improved DFS in patients with stage II-IIIA NSCLC
receiving standard chemotherapy after complete resection
compared with patients who received standard chemotherapy
alone. With respect to the primary endpoint, 44% of patients in
the TCM group and 67% of patients in the control group relapsed
or died (adjusted HR, 0.61; 95% CI, 0.47 to 0.78; P < 0.01),
equalling to a 39% reduction in the risk of disease recurrence or
death with TCM. With respect to the secondary endpoints, the
DFS benefit was observed consistently in most of predefined
subgroups, including subgroups defined by sex, age, smoking
history, histologic type, AJCC stage, regional lymph nodes, poor
differentiation, and adjuvant therapy. In our study, adjuvant
therapy included chemotherapy (for all patients) and
radiotherapy (only for parts of IIIA patients). To explore which
one getting best from TCM, we did the interaction test.
TABLE 2 | Subgroup Analysis of Disease-free Survival.

Subgroup No. of patients HR (95%CI) P Pinteraction

Sex 0.21
Male 331 0.51 (0.37, 0.69) <0.01
Female 176 0.37 (0.24, 0.57) <0.01

Age 0.46
<65 y 402 0.48 (0.36, 0.63) <0.01
≥65 y 105 0.45 (0.23, 0.84) 0.01

Smoking History 0.47
Yes 266 0.48 (0.34, 0.69) <0.01
No 241 0.40 (0.28, 0.58) <0.01

BMI 0.18
<25 kg/m2 361 0.42 (0.31, 0.57) <0.01
≥25, <30 kg/m2 134 0.62 (0.38, 1.03) 0.06

Histologic type 0.97
ADC 324 0.42 (0.31, 0.57) <0.01
SCC 152 0.45 (0.27, 0.77) <0.01

AJCC stage 0.59
IIA 129 0.38 (0.22, 0.65) <0.01
IIB 105 0.35 (0.18, 0.69) <0.01
IIIA 273 0.48 (0.35, 0.67) <0.01

Regional lymph nodes <0.05
N0 77 0.05 (0.01, 0.15) <0.01
N1 206 0.57 (0.38, 0.87) <0.01
N2 224 0.50 (0.36, 0.71) <0.01

Poor differentiation 0.17
Yes 179 0.33 (0.21, 0.52) <0.01
No 328 0.54 (0.39, 0.73) <0.01

Adjuvant therapy 0.39
Radiotherapy+chemotherapy 94 0.49 (0.28, 0.85) 0.01
Chemotherapy 413 0.42 (0.32, 0.57) <0.01
Ap
ril 2022 | Volume 12 | Arti
BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); ADC, adenocarcinoma; SCC, squamous cell carcinoma; AJCC, American Joint Committee
on Cancer. Adjusted by sex, age, smoking history, BMI, histologic type, AJCC stage, regional lymph nodes, poor differentiation, and adjuvant therapy. P value for interaction test: 2-way
interaction of clinical characteristics and treatment groups (traditional Chinese medicine and control group) on disease-free survival.
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Unfortunately, we could not conclude which one got best from
TCM (Pinteraction = 0.39). Interestingly, the benefit of TCM in
patients with stage N0 was significantly better than that in patients
with stage N1 and N2 (Pinteraction < 0.05). Considering that this was
an exploratory analysis and the sample size was small, we should
be cautious in interpreting this result. Fewer patients in the TCM
group experienced hematologic and non-hematologic adverse
events including white blood cell decrease, fatigue, pain,
Frontiers in Oncology | www.frontiersin.org 6259
decreased appetite, nausea, diarrhea than patients in the control
group during the chemotherapy period (P < 0.05).

Adjuvant chemotherapy is recommended for routine use in
patients with completely resected, stage II-IIIA NSCLC. In our
study, more patients in the control group relapsed than those in
the TCM group, and the DFS rate is consistent with historical
data in stage II-IIIA NSCLC patients receiving adjuvant
chemotherapy (26–29). The efficacy of adjuvant chemotherapy
FIGURE 2 | Forest Plot of the Treatment Effect on Disease-free Survival in Subgroup Analyses. BMI, body mass index (calculated as weight in kilograms divided by height in
meters squared); ADC, adenocarcinoma; SCC, squamous cell carcinoma; AJCC, American Joint Committee on Cancer; Radio, radiotherapy; Chemo, chemotherapy.
April 2022 | Volume 12 | Article 845613
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has stabilized during the past two decades, highlighting the need
for more effective adjuvant treatment options (30). TCM, a
potentially effective adjuvant therapy for NSCLC, has been
commonly used in China. Recently, a study has shown a
similar DFS benefit with TCM (unadjusted HR, 0.41; 95% CI,
0.20 to 0.84) in patients with completely resected stage II-IIIA
NSCLC after standard chemotherapy compared with patients
who received standard chemotherapy only (31). However, this
study was a preliminary retrospective study with a small sample
size, and a more rigorous study was needed to confirm
this result.
Frontiers in Oncology | www.frontiersin.org 7260
Our previous study, which included postoperative patients
with stage I-IIIA, found a significantly longer DFS (HR, 0.42;
95% CI, 0.31 to 0.57) in patients receiving continuous TCM
treatment compared with those receiving conventional
postoperative treatment (21). In the exploratory analysis, we
found that TCM might also be a protective factor for recurrence
in stage II-IIIA NSCLC patients (21). Considering that adjuvant
chemotherapy is not recommended in patients with stage IA
NSCLC and not recommended for routine use in patients with
stage IB NSCLC (3), our study did not include patients with stage
I NSCLC. Clinically, some patients with NSCLC do not take
TABLE 3 | Adverse Events.

Adverse event TCM (N=192) Control (N=227) Pa

Any Grade Grade 1 Grade 2 Grade 3 Grade 4 Any Grade Grade 1 Grade 2 Grade 3 Grade 4

Number of patients (percent)

White blood cell decreased 102 (53) 52 (27) 45 (23) 1 (<1) 4 (2) 154 (68) 63 (28) 64 (28) 19 (8) 8 (4) 0.02
Neutrophil count decreased 113 (59) 63 (33) 29 (15) 16 (8) 5 (3) 169 (74) 92 (41) 50 (22) 16 (7) 11 (5) 0.94
Anemia 99 (52) 71 (37) 21 (11) 3 (2) 3 (2) 147 (65) 98 (43) 39 (17) 3 (1) 7 (3) 0.39
Platelet count decreased 34 (18) 22 (12) 5 (3) 3 (2) 4 (2) 65 (29) 47 (21) 8 (4) 3 (1) 7 (3) 0.52
Alanine aminotransferase increased 40 (21) 28 (15) 6 (3) 0 6 (3) 67 (30) 43 (19) 10 (4) 3 (1) 11 (5) 0.56
Aspartate aminotransferase increased 26 (14) 18 (9) 2 (1) 0 6 (3) 48 (21) 32 (14) 5 (2) 0 11 (5) 0.94
Gamma-glutamyltransferase increased 29 (15) 19 (10) 3 (2) 0 7 (4) 76 (33) 48 (21) 11 (5) 3 (1) 14 (6) 0.85
Fatigue 170 (89) 130 (68) 34 (18) 6 (3) / 221 (97) 85 (37) 129 (57) 7 (3) / <0.01
Weight loss 61 (32) 56 (29) 4 (2) 1 (<1) / 107 (47) 101 (45) 6 (3) 0 / 0.35
Pain 60 (31) 58 (30) 2 (1) 0 / 122 (54) 106 (47) 16 (7) 0 / 0.04
Decreased appetite 160 (83) 129 (67) 29 (15) 2 (1) 0 215 (95) 125 (55) 86 (38) 4 (2) 0 <0.01
Constipation 51 (27) 45 (23) 4 (2) 2 (1) 0 66 (29) 57 (25) 9 (4) 0 0 0.78
Dry mouth 101 (53) 99 (52) 2 (1) 0 / 145 (64) 135 (60) 10 (4) 0 / 0.08
Nausea 151 (79) 123 (64) 28 (15) 0 / 207 (91) 136 (60) 66 (29) 5 (2) / <0.01
Vomiting 65 (34) 54 (28) 10 (5) 1 (<1) 0 130 (57) 106 (47) 22 (10) 2 (<1) 0 0.82
Diarrhea 29 (15) 24 (13) 4 (2) 1 (<1) 0 44 (19) 44 (19) 0 0 0 <0.01
Alopecia 91 (47) 67 (35) 24 (13) / / 126 (56) 82 (36) 44 (19) / / 0.18
Pruritus 32 (17) 30 (16) 2 (1) 0 / 101 (44) 93 (41) 7 (3) 1 (<1) / 0.67
Rash acneiform 39 (20) 39 (20) 0 0 0 81 (36) 78 (34) 2 (1) 1 (<1) 0 0.25
April 2022 | Volume 12 | Article 8
TCM, traditional Chinese medicine. ac2 test for trend.
FIGURE 3 | Use of Chinese Herbal Medicine and Oral Chinese Patent Medicine.
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Chinese medicine continuously but take it intermittently. To
better reflect the real situation, the exposure time was calculated
by the cumulative time of TCM rather than by the continuous
time in our study.

The profile and severity of AEs of adjuvant chemotherapy
recorded in our study are consistent with those recorded in
previous studies (26, 28, 29). The most common hematologic AE
was neutrophil count decrease (74%), followed by white blood
cell decrease (68%) and anemia (65%) in patients receiving
adjuvant chemotherapy alone. In the TCM group, significantly
fewer patients experienced white blood cell decrease (53%, P =
0.02), and fewer patients, without statistical significance,
experienced neutrophil count decrease (59%) and anemia
(52%). Grade 3 or worse AEs in the TCM group were also less
than those in the control group. In previous studies,
gastrointestinal side effects were the most common non-
hematologic AEs in patients receiving chemotherapy (26, 28).
In our study, besides gastrointestinal side effects, we found that
97% of patients in the control group felt fatigued. In a
randomized phase III study, fatigue was observed in
approximately 60% of patients with completely resected stage
II-IIIA nonsquamous NSCLC receiving vinorelbine plus
cisplatin and in approximately 50% of patients receiving
pemetrexed plus cisplatin (28). This difference might be due to
patient heterogeneity and different study designs. Similarly, our
study also suggested the benefit of TCM for non-hematologic
toxicity of chemotherapy, especially on nausea, decreased
appetite, diarrhea, pain, and fatigue (P < 0.05). These results
were consistent with a previous randomized, double-blinded
trial (19).

To our knowledge, our study is the first nationwide,
multicenter, prospective, cohort study to evaluate the benefit of
TCM on DFS in patients with completely resected, stage II-IIIA
NSCLC. Although favorable results were observed in all patients
and in most of predefined subgroups, several aspects should be
considered when interpreting our outcomes. First, unlike
randomized controlled trials, the baseline characteristics of the
exposure and non-exposure groups in cohort studies may be
different. In our study, the TCM group had more patients (30.4%
vs 21.3%) with stage IIA NSCLC, suggesting a better prognosis.
More patients (21.7% vs 14.8%) in the control group received
radiotherapy, suggesting that these patients might have more risk
factors (mediastinal lymph node metastasis, etc). The two factors
might result in overestimation of the effectiveness of TCM. Two
measures were employed to reduce the impact of baseline
imbalance. One of the measures was that the primary outcome
was adjusted by all baseline characteristics including stage and
radiotherapy. The other one was subgroup analysis. In the
subgroup analysis of AJCC stage, we found that all stages of
Frontiers in Oncology | www.frontiersin.org 8261
NSCLC patients receiving TCM had significantly longer DFS
than those receiving adjuvant chemotherapy (IIA: HR, 0,38; 95%
CI, 0.22 to 0.65; IIB: HR, 0.35; 95% CI, 0.18 to 0.69; IIIA: 0.48;
95% CI, 0.35 to 0.67). Similar results were observed in subgroup
analysis of radiotherapy. These analyses indicated the robustness
of our results.

Second, immortal time bias is common in cohort studies of
drug effects (23). Immortal time in cohort studies can bias the
results in favor of the treatment group because only patients who
survive for a long time can receive a treatment for a long time
(23, 32). To obtain more reliable results of TCM on DFS, a time-
dependent Cox proportional hazards model with adjustments
was performed to remove immortal time bias (23, 33). A
favorable benefit of TCM on DFS in postoperative patients
with stage II-IIIA NSCLC was observed (HR, 0.61; 95% CI,
0.47 to 0.78; P < 0.01). Moreover, in the post hoc analysis, the
power of our results was 99.9%. Additionally, self-selection bias
could not be avoided in observational studies. Health-conscious
patients in our study might be more likely to receive TCM
treatment, which might lead to an overestimation of the
protective effect of TCM.

Third, the goal of our study was to assess the efficacy of overall
TCM (including Chinese herbal decoction and oral Chinese
patent medicine) on DFS in postoperative patients with stage
II-IIIA NSCLC receiving chemotherapy. “Fuzheng” and
cytotoxic drugs were widely used in our study. A post hoc
analysis was performed to explore the effectiveness in different
TCM treatments in the TCM group. Based on current data, we
could not conclude whether the “cytotoxic + Fuzheng” group
benefits more or the “Fuzheng” group benefits more (adjusted
HR, 0.81; 95% CI, 0.53 to 1.25; P = 0.34). In clinical practice, the
TCM treatments vary according to patients’ stages of disease,
symptoms, and performance status. It is difficult to draw a
conclusion on which TCM ingredients play a major role in our
study. Astragalus may have contributed greatly to our results. A
pooled study reported that astragalus-based Chinese herbal
medicine might increase the effectiveness (increase survival,
tumor response, and performance status) of platinum-based
chemotherapy compared with chemotherapy alone in
advanced NSCLC patients (34). A previous study found that
Astragalus polysaccharides, the active ingredient in Astragalus,
could enhance the M1 polarization of macrophages, functional
maturation of dendritic cells, and T cell-mediated anticancer
immune responses in patients with lung cancer (35). Astragalus
polysaccharides might ameliorate cancer-related fatigue and
improve the quality of life of patients with metastatic disease
according to the modulation of the inflammatory cascade (36,
37). 20 (R)-Ginsenoside Rg3, an active monomer extracted from
ginseng, might sensitize hypoxic lung cancer cells to cisplatin by
TABLE 4 | Subgroup Analysis of Disease-free Survival in TCM Group.

Subgroup No. of patients HR (95% CI) P

Fuzheng 142 1 0.34
Fuzheng+cytotoxic 88 0.81 (0.53, 1.25)
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Adjusted by sex, age, smoking history, BMI, histologic type, AJCC stage, regional lymph nodes, poor differentiation, and radiotherapy.
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blocking of NF-kB mediated epithelial-mesenchymal transition
and stemness (38). Considering the important role of TCM in
strengthening the efficacy of adjuvant chemotherapy, we are
conducting further studies to explore the possible effective
ingredients of TCM in NSCLC.

Our study has several limitations. This study was conducted
in China. Therefore, it is not clear whether our results are
generalizable to other populations. Additionally, the median
DFS was not reached in the TCM group. This might result
from self-selection bias. The TCM group might include more
health-conscious patients, which led to a long median DFS.
Besides, insufficient follow-up time might be another reason
for this result. However, the follow-up time in our study was the
longest among similar studies (21, 31). The follow-up will
continue, and the median DFS and survival curves will be
updated in future analyses. A further limitation of our study is
that some patients in the control group began to receive TCM
treatment after disease recurrence, and these patients who met
the exposure time would be divided into the TCM group. Thus,
the grouping of overall survival data was different from that of
DFS data. Considering that our primary endpoint was DFS, this
study only reported the results of DFS, and the DFS is a valid
surrogate for overall survival in studies of adjuvant setting (26).
Finally, although a wide variety of covariates has been adjusted,
as an observational study, residual confounding by unidentified
confounders is still possible.
CONCLUSION

In conclusion, this nationwide, multicenter, prospective, cohort
study indicated that TCM may improves DFS and has a better
tolerability profile in patients with stage II-IIIA NSCLC receiving
standard chemotherapy after complete resection compared with
patients receiving standard chemotherapy alone. Further studies
are warranted to confirm our results and to elucidate the
underlying mechanisms.
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Osimertinib as Neoadjuvant Therapy
for Resectable Non-Small Cell Lung
Cancer: A Case Series
Yan Hu1,2, Siying Ren3,4,5, Lulu Yang3,4,5, Zhongyi Tong6, Ruoyao Wang1,2, Wei Han1,2,
Chao Zeng1,2, Jina Li 1,2, Peng Xiao7, Li Wang1,2, Fenglei Yu1,2 and Wenliang Liu1,2*

1Department of Thoracic Surgery, The Second Xiangya Hospital of Central South University, Changsha, China, 2Hunan Key
Laboratory of Early Diagnosis and Precision Treatment of Lung Cancer, The Second Xiangya Hospital of Central South University,
Changsha, China, 3Department of Respiratory and Critical Care Medicine, The Second Xiangya Hospital of Central South
University, Changsha, China, 4Research Unit of Respiratory Disease, Central South University, Changsha, China, 5Hunan
Diagnosis and Treatment Center of Respiratory Disease, Changsha, China, 6Department of Pathology, The Second Xiangya
Hospital of Central South University, Changsha, China, 7Department of Cardiothoracic Surgery, The Third Xiangya Hospital of
Central South University, Changsha, China

Background: Evidence of osimertinib as neoadjuvant therapy for resectable non-small
cell lung cancer (NSCLC) are currently lacking. This case series study aimed to assess the
safety and feasibility of neoadjuvant osimertinib therapy followed by surgery for resectable
NSCLC.

Materials and methods: Patients with resectable NSCLC with epidermal growth factor
receptor (EGFR) mutation who received osimertinib as neoadjuvant therapy followed by
surgery at our center were included. Demographic features, radiologic and pathological
assessment of response, surgery-related details and complications, toxicity profiles, and
prognostic outcomes were extracted.

Results: A total of 13 patients were included in this study. The median age at the time of
surgical resection was 57 years (interquartile range: 52–64 years), and eight (61.5%)
patients were female. The objective response rate (ORR) was 69.2% (9/13), and the
complete resection rate was 100%. The rates of pathologic downstaging and lymph node
downstaging were 100% (13/13) and 66.7% (6/9), respectively. There were no
perioperative deaths and only three (23.1%) patients had postoperative complications.
Seven (53.8%) and 13 (100%) patients experienced grade 1 treatment-related adverse
reactions and laboratory abnormalities, respectively. No patients experienced drug
withdrawal or surgical delays due to the adverse events. No patients showed grade 2
or worse toxicity profiles. One patient was lost to follow-up. The other 12 patients were
alive and free of disease recurrence with a median follow-up time of 9.5 months.

Conclusion: Neoadjuvant osimertinib therapy seemed to be safe and feasible for
resectable EGFR-mutated NSCLC. Future large prospective studies are warranted to
confirm whether osimertinib as neoadjuvant therapy outperforms standard tyrosine kinase
inhibitors (TKIs) or chemotherapy for resectable EGFR-mutated NSCLC.

Keywords: neoadjuvant osimertinib therapy, epidermal growth factor receptor, objective response rate, pathologic
downstaging, non-small cell lung cancer
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INTRODUCTION

Lung cancer is the secondmost commonly diagnosed cancer and the
leading cause of cancer death worldwide (Sung et al., 2021). Non-
small cell lung cancer (NSCLC) accounts for more than 85% of all
lung cancers, of which 30%–40% are resectable cancers (Goldstraw
et al., 2016). Radical surgical resection is the cornerstone of standard
treatment for resectable NSCLC. However, approximately 25%–70%
of patients with resectable NSCLC will eventually suffer relapse after
complete resection (Duma et al., 2019). Even with postoperative
adjuvant therapy for appropriate patients, the 5-year overall survival
(OS) rate for patients with stage II-IIIa resectable NSCLC was only
41%–65% (Goldstraw et al., 2016).

Neoadjuvant therapy of resectable NSCLC is an emerging area of
research. Neoadjuvant chemotherapy, aiming at increasing R0
resection rate and improving prognosis, showed an absolute 5%
survival benefit at 5 years for patients with resectable NSCLC when
compared with surgery alone (Group, 2014). However, there was no
difference in overall and disease-free survival between preoperative
and postoperative chemotherapy (Lim et al., 2009).

The advent of tyrosine kinase inhibitors (TKIs) has
revolutionized the treatment of NSCLC harboring the
mutation of epidermal growth factor receptor (EGFR). EGFR
mutation, one of the most common genetic events in NSCLC,
accounts for 17%–61% of lung adenocarcinoma cases reported in
a series of studies, with most frequently detected in Asian, female,
non-smoking patients (Kris et al., 2014; Kawaguchi et al., 2016).
In-frame deletions around the LREA amino acid motif positions
747–750 in exon 19 and the L858R point mutation in exon 21 are
the most common mutations, accounting for 85%–90% of all
EFGR mutations together (Aoki et al., 2018). A series of studies
have found that first- and second-generation TKIs have achieved
improved progression-free survival (PFS) than platinum-based
doublet chemotherapy in EGFR-mutated advanced lung cancer
(Sequist et al., 2013; Wu et al., 2015). Osimertinib, a third-
generation TKIs that originally invented to treat T790M-
regulated resistance to first-generation TKIs, showed longer
disease-free survival compared with placebo in patients with
completely resected stage Ib-IIIa EGFR-mutated NSCLC as
adjuvant therapy (Wu et al., 2020) and longer PFS and OS
and a reduced risk of CNS metastases compared with first-
generation TKIs for the treatment of EGFR-mutated advanced
NSCLC (Ramalingam et al., 2020). A few scholars have currently
explored the safety and efficacy of first/second generation TKIs as
neoadjuvant therapy in resectable NSCLC. However, evidence of
osimertinib as neoadjuvant therapy for resectable non-small cell
lung cancer are lacking.

This study aimed to investigate the safety and feasibility of
neoadjuvant osimertinib therapy followed by surgery for
resectable NSCLC.

MATERIALS AND METHODS

Patients
We retrospectively reviewed the clinical records of all patients
with clinical stage Ib-IIIb resectable NSCLC with EGFR mutation

who received osimertinib as neoadjuvant therapy followed by
radical surgical resection at our center from July 2019 to October
2021. Preoperative staging workup included pretreatment tumor
biopsy, contrasted-enhanced computed tomography (CT) scan of
the chest, positron emission tomography (PET)/CT scan, brain
magnetic resonance imaging (MRI), and invasive mediastinal
nodal staging with endobronchial ultrasound (EBUS), as
indicated. Tumors were staged based on the eighth edition of
the lung cancer TNM staging system. The Clinical Research
Ethics Committee of the Second Xiangya Hospital of Central
South University approved this study (LYF2021096).

Data Collection and Evaluation
The following clinical data were extracted, including demographic
features, radiologic and pathological assessment of response,
surgery-related details and complications, toxicity profiles, and
prognostic outcomes. Comorbidity evaluation was determined by
using Charlson Comorbidity Index (CCI) (Singh et al., 2016).
Radiologic response assessment was determined according to
Response Evaluation Criteria in Solid Tumors. The radiologic
responses were classified as complete response (CR, no residual
disease), partial response (PR, no less than 30% reduced in size),
progressive disease (PD, no less than 20% increased in size or the
occurrence of new lesions), and stable disease (SD, less than 20%
increased and less than 30% reduced in size). Pathologic complete
response (pCR) and major pathologic response (MPR) were
considered as 0% and ≤10% of viable tumor cells remaining in
residual tumor, respectively. Surgical information included extent of
resection, surgical approach, dissected nodal station and number,
operative time, estimated blood loss, postoperative hospital stay,
chest tube duration, and surgical complications. Surgical
complications were evaluated using the Society of Thoracic
Surgeons database criteria. Toxicity profiles, including treatment-
related adverse events (AEs) and abnormal laboratory findings, were
graded using the National Cancer Institute Common Terminology
Criteria for Adverse Events, version 5.0.

Follow-Up
Follow-up was performed through outpatient visits or telephone
calls. The final follow-up visit was set at March 2022.

Statistical Analysis
Descriptive analyses of patient demographics, radiologic and
pathologic evaluation of tumor response, surgical information, and
toxicity profiles, and follow-up results were performed. Continuous
variables were expressed as median and interquartile range (IQR).
Categorical variables were expressed as numbers and percentages. All
statistical analyses were conducted with STATA software.

RESULTS

Patient Characteristics
From July 2019 to October 2021, 13 NSCLC patients underwent
neoadjuvant osimertinib therapy followed by radical surgical
resection. The demographic characteristics of these 13 patients
are shown in Table 1. The median age at the time of surgical
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resection was 57 years (IQR: 52–64 years). There were eight (61.5%)
female patients and five male patients. Of these 13 patients, three
(23.1%) had a history of smoking. According to the CCI criteria for
assessing comorbidities, 11 (84.6%) patients had a CCI score of 0,
while one had a CCI score of 1 and 2, respectively. The preoperative
clinical staging was as follows: one (7.7%) patient had stage Ib
disease, six (46.2%) stage IIb, four (30.8%) stage IIIa and two (15.4%)
stage IIIb. Preoperative NGS testing of the biopsy specimens showed
the presence of 19del mutation in five (38.5%) patients, L858R
mutation in six (46.1%), and L861Q mutation in two (15.4%).

Treatment Regimens and Response
Assessment
The treatment regimens for all patients were determined jointly
by the treating surgeons and oncologists in a multidisciplinary

discussion mode. Osimertinib was given at a dosage of 80 mg QD
for all patients and the median dosing time was 75 days (IQR:
60–90 days, Table 2). Preoperative CT evaluation showed PR in
nine patients, PD in one and SD in three, with an objective
response rate (ORR) of 69.2%. Postoperative pathologic
evaluation showed pathologic downstaging in all of the 13
(100%) patients and lymph node downstaging in 6 (66.7%) of
9 pN1-3 patients. MPR or pCR was not observed in any patient.

Surgery-Related Information
All patients underwent lobectomy and systemic lymph node
dissection, with two (15.4%) patients undergoing open
thoracotomy and 11 patients undergoing video-assisted
thoracoscopic surgery (VATS, Table 3). None of the patients
who received VATS experienced intraoperative conversion to
open thoracotomy. All patients received complete resection. The
median numbers of dissected lymph node station and number
were 7 (IQR: 6–8) and 21 (IQR: 8–23), respectively. The median
operative time was 115 min (IQR: 95–160). The median bleeding

TABLE 1 | Patient characteristics.

Patient Age Sex BMI CCI PS %FEV1 %DLCO cTNM ypTNM RRa EGFR
mutation

Case 1 71 Male 13.67 0 1 89 59 IIIb,cT3N2M0 IIIa,ypT1bN2M0 PD L858R
Case 2 62 Female 21.72 0 1 89 116 IIb,cT3N0M0 Ia3,ypT1cN0M0 PR L858R
Case 3 64 Female 23.61 0 1 94 92 IIIa,cT2bN2M0 Ia3,ypT1cN0M0 PR L861Q
Case 4 55 Male 23.23 0 0 123 96 IIb,cT1cN1M0 Ia2,ypT1bN0M0 SD L858R
Case 5 68 Female 23.49 0 0 113 103 IIb,cT2aN1M0 Ib,ypT2aN0M0 PR L861Q
Case 6 56 Male 23.94 0 0 129 NA IIIa,cT1bN2M0 Ia1,ypT1aN0M0 SD 19del
Case 7 46 Male 26.03 0 1 116 NA IIb,cT3N0M0 Ia3,ypT1cN0M0 PR 19del
Case 8 52 Female 21.64 0 1 109 NA IIb,cT2bN1M0 Ia2,ypT1bN0M0 PR 19del
Case 9 45 Female 21.48 0 1 99 NA IIIa,cT4N0M0 IIa,ypT2bN0M0 PR L858R
Case 10 67 Female 17.09 0 1 107 129 Ib,cT2aN0M0 Ia3,ypT1cN0M0 PR L858R
Case 11 57 Female 24.62 2 1 76 89 IIIa,cT3N1M0 IIb,ypT1cN1M0 PR L858R
Case 12 58 Male 21.08 1 0 100 NA IIIa,cT2aN2M0 Ia3,ypT1cN0M0 SD 19del
Case 13 52 Female 24.84 0 1 95 81 IIIb,cT3N2M0 IIIa,ypT1bN2M0 PR 19del

aRR, radiologic response.

TABLE 2 | Treatment regimens and response assessment.

Duration of neoadjuvant
therapy, days, median
(IQR)

75 (60–90)

Radiologic response assessment
PR 9 (69.2)
PD 1 (7.7)
SD 3 (23.1)
ORR 69.20%

Pathologic stage
Ia1 1 (7.7)
Ia2 2 (15.4)
Ia3 5 (38.5)
Ib 1 (7.7)
IIb 1 (7.7)
IIIa 3 (23.1)
IIIb

Pathologic downstaging
Yes 13 (100)

Lymph node downstaginga

Yes 6 (66.7)
No 3 (33.3)

apatients with N1-3 at baseline(number = 9).

TABLE 3 | Surgery-related information.

Variables

Extent of resection
Lobectomy + ipsilateral lymphadenectomy 13 (100)

Surgical approach
Open 2 (15.4)
VATS 11 (84.6)
Dissected nodal station, median (IQR) 7 (6–8)
Dissected nodal number, median (IQR) 21 (8–23)
Operative time, min, median (IQR) 115 (95–160)
Estimated blood loss, ml, median (IQR) 110 (85–160)
Thirty-day mortality 0
Ninety-day mortality 0
Postoperative hospital stay, days, median (IQR) 4 (3.3–6.2)
Duration of chest placement, days, median (IQR) 3 (2.6–4.4)

Postoperative complications
Prolonged air leaks 1 (7.7)
Chylothorax 2 (15.4)

Surgical margin
R0 13 (100)
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volume was 110 ml (IQR: 85–160). There were no perioperative
deaths. The median postoperative hospital stay was 4 days (IQR:
3.3–6.2). The median chest placement time was 3 days (IQR:
2.6–4.4). Three (23.1%) patients had postoperative complications.
One patient who underwent left upper lobe lobectomy
experienced postoperative air leak for 5.5 days that improved
with conservative treatment. The other two patients developed
chylothorax on postoperative day 1 and day 2, respectively, and
were cured by fatty food avoidance and octreotide administration.

Toxicity Profile
Seven patients experienced grade 1 treatment-related adverse
reactions during neoadjuvant therapy (Table 4). No adverse
reactions of grade 2 or worse occurred. Pruritus (5/13, 38.5%)
was the most common adverse reaction. 13 patients developed
grade 1 treatment-related abnormal laboratory findings.
Lymphocytopenia (5/13, 38.5%), anemia (3/13, 23.1%), and
increased blood urea nitrogen (3/13, 23.1%) were the most
common laboratory abnormalities. No patients developed
grade 2 or worse laboratory abnormalities. No patients
experienced drug withdrawal or surgical delays due to the
adverse events.

Follow-Up
One patient was lost to follow-up. Regular postoperative follow-
up was performed in the other 12 patients. The median follow-up
was 9.5 months (range: 4.2–30.8 months). Up to March 2022, all
12 patients survived with no disease recurrence.

DISCUSSION

Targeted therapy has become the standard of care for EGFR-
mutated metastatic lung cancer on the basis of improved PFS by
comparison to chemotherapy (Rosell et al., 2012; Ramalingam
et al., 2020). In view of its promising therapeutic potential in
EGFR-mutated metastatic lung cancer, several scholars have
started to use targeted therapy for early resectable EGFR-
mutated lung cancer in the neoadjuvant setting Xiong et al.,
2019; Zhang et al., 2021). Zhang et al. (2021) revealed that

neoadjuvant gefitinib therapy achieved an ORR of 54.5% and
an MPR of 24.2% in 33 patients with stage II-IIIa EGFR-mutated
NSCLC, without severe toxicities observed (Zhang et al., 2021).
Xiong et al. reported median PFS and OS in 19 patients with stage
IIIA-N2 EGFR (+) NSCLC receiving neoadjuvant erlotinib were
11.2 and 51.6 months, respectively, with rates of ORR, R0
resection, and pathological downstaging being 42.1%, 68.4%,
and 21.1%, respectively (Xiong et al., 2019). In addition, the
incidence of AEs was 36.8%, with the most common being rash
(26.3%) and the incidence of grade 3–4 AEs being 15.8%. Bao
et al. (2021) retrospectively analyzed the clinical data of 42
patients with stage Ib-IIIc EGFR-mutated NSCLC treated with
neoadjuvant first or second generation TKI targeted thrapy. Their
results showed an ORR of 47.6% and an MPR of 23.8%, with
grade 1/2 AEs of 82.9% and no grade 3/4 AEs (Bao et al., 2021).

Neoadjuvant chemotherapy is considered an acceptable
therapy modality for resectable NSCLC (Brunelli et al., 2020).
However, it remains unclear whether neoadjvant targeted therapy
is superior to neoadjvant chemotherapy for resectable EGFR-
mutated NSCLC. EMERGING-CTONG 1103 study compared
the safety and efficacy of neoadjuvant erlotinib versus
neoadjuvant chemotherapy in stage IIIA-N2 EGFR-mutated
NSCLC (Zhong et al., 2019). Their results showed that the
neoadjuvant erlotinib group was significantly better than the
neoadjuvant chemotherapy group in terms of ORR rate (54.1%
vs. 34.3%, p = 0.092), MPR rate (9.7% vs. 0) and median PFS (21.5
vs. 11.4 months, p < 0.001). However, there was no significant
difference between the two groups regarding OS. The non-
inferiority of neoadjuvant erlotinib regarding OS was likely
associated with the small sample size and different adjuvant
treatments in their study. Sun et al. (2020) performed a review
of current prospective clinical trials of neoadjuvant first
generation targeted therapies for resectable EGFR-mutated
NSCLC (Sun et al., 2020). Although neoadjuvant TKI therapy
provided satisfactory surgical outcomes and low drug toxicity,
rates of pathologic downstaging and pCR were low. Whether
neoadjuvant TKI therapy is superior to neoadjuvant
chemotherapy and whether neoadjuvant TKI therapy, adjuvant
TKI therapy, or the combination is more effective in improving
the prognosis of patient with resectable EGFR-mutated NSCLC
needs to be further validated in future phase 3 clinical trials.

Osimertinib, a third-generation TKI, has been approved in
April 2018 as first-line treatment of EGFR-mutant advanced
NSCLC or for the treatment of T790M-mediated resistance
mutations following first-generation TKI therapy (Remon
et al., 2018). However, evidence of osimertinib as neoadjuvant
therapy for resectable non-small cell lung cancer are lacking.
Chen et al. (2021) has reported the clinical efficacy of a stage IIIa
NSCLC patient who received osimertinib as neoadjuvant therapy
in combination with radiotherapy followed by surgery (Chen
et al., 2021). A phase 3 NeoADAURA study has been initiated in
2020 to evaluate the safety and efficacy of neoadjuvant
osimertinib alone or in combination with chemotherapy
compared to chemotherapy alone for patients with stage II-
IIIb EGFR-mutated NSCLC (Tsuboi et al., 2021). Recently, a
phase II clinical trial evaluating the efficacy and safety of
neoadjuvant osimertinib (80 mg QD for 6 weeks) for resectable

TABLE 4 | Toxicity profile.

Grade 1

Any treatment-related adverse effects 7 (53.8)
Pruritus 5 (38.5)
Oral ulcers 2 (15.4)
Rash 1 (7.7)
Musculoskeletal pain 1 (7.7)
Acne 1 (7.7)

Any treatment-related abnormal laboratory findings 13 (100)
Anemia 3 (23.1)
Lymphocytopenia 5 (38.5)
Neutropenia 2 (15.4)
Thrombocytopenia 1 (7.7)
Hypoalbuminemia 2 (15.4)
Increased aminotransferases 2 (15.4)
Increased blood urea nitrogen 3 (23.1)
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EGFR-mutated lung adenocarcinoma (NEOS study) updated its
findings at the 2022 ELCC meeting. This study showed
neoadjuvant osimertinib therapy achieved an ORR of 71.1%
and an R0 resection rate of 94%. Of the 28 patients evaluated
pathologically, 11% achieved MPR, 4% achieved pCR, and 46%
had ≥50% pathological remission. Moreover, neoadjuvant
treatment did not significantly increase perioperative
complications and was safe and well tolerated.

This case-series study aimed to assess the efficacy and safety of
neoadjuvant osimertinib therapy for resectable EGFR-mutated
NSCLC and our results showed similar clinical outcomes. In
terms of radiologic response assessment, the ORR rate after
neoadjuvant osimertinib therapy was 69.2%, which was similar
to the results of NEOS study but significantly higher than the
results (42%–54.5%) of neoadjuvant first generation TKIs studies
(Rizvi et al., 2011; Zhang et al., 2021). This result was similar to
the results of FLAURA study assessing osimertinib versus
standard EGFR-TKIs in EGFR-mutated advanced NSCLC
(Reungwetwattana et al., 2018). It seems that preoperative use
of osimertinib is more likely to lead to radiologic remission
compared with first-generation TKIs. Whether the
improvement in ORR rate after neoadjuvant osimertinib
therapy translates into a benefit in survival should be
cautiously treated, considering RECIST criteria not being used
as a valid surrogate measure of survival (Eisenhauer et al., 2009).
In addition, our preliminary results showed that all patients
received radical surgical treatment. In terms of pathological
response assessment, neoadjuvant osimertinib therapy
showed favorable outcomes, with all of the patients showing
pathological downstaging and 66.7% of pN1-3 patients showing
lymph node downstaging. However, no patients in this study
achieved MPR or pCR. Similarly, only three (11%) patients
obtained MPR in the NEOS study, and only one (4%) of
them obtained pCR. Rate of MPR in thes two studies was
clearly lower than the results of the above-mentioned
neoadjuvant first-generation TKIs studies and the results of a
series of neoadjuvant immunotherapy studies, including our
previous study (Hu et al., 2021). We believe this phenomenon
may be related to the small sample size of these preliminary
studies. Furthermore, high degree of tumor heterogeneity and
inevitably developed drug resistance to osimertinib may play
a part (McCoach et al., 2016; Leonetti et al., 2019). Obviously, it
is an area worth exploring in depth in the future. Previous
studies have reported that neoadjuvant TKI therapy appears to
be well tolerated (Sun et al., 2020). Neoadjuvant osimertinib
therapy appeared not to increase the risk of surgery- and
drug-related toxicity, in that no patients experienced delayed
surgery or perioperative death, and the postoperative
complication rate was only 23.1%, with a grade 1 AEs of
only 53.8% observed. Although all patients had abnormal
laboratory findings, no patient experienced a delay in surgery
as a result.

There are several limitations needed to be acknowledged in the
present study. First, this is a single-center retrospective study by
design and therefore, there may be selection bias. Second, the
sample size of this study was small and follow-up period was
short. Third, heterogeneity regarding the duration of neoadjuvant

therapy existed. Different drug exposure durations may have an
impact on efficacy.

CONCLUSION

Neoadjuvant osimertinib therapy seemed to be safe and feasible
for resectable EGFR-mutated NSCLC. Future large prospective
studies are warranted to confirm whether osimertinib as
neoadjuvant therapy outperforms standard TKIs or
chemotherapy for resectable EGFR-mutated NSCLC.
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Epidermal growth factor receptor (EGFR)-activating mutations are major oncogenic

mechanisms in non-small cell lung cancer (NSCLC). Most patients with NSCLC with

EGFR mutations benefit from targeted therapy with EGFR- tyrosine kinase inhibitors

(TKIs). One of the main limitations of targeted therapy is that the tumor response

is not durable, with the inevitable development of drug resistance. Previous studies

demonstrated that the potential resistance mechanisms are diverse, including the

presence of EGFR T790M, MET amplification, mesenchymal transformation, and

anaplastic lymphoma kinase (ALK) rearrangement. The patient in our report was

diagnosed with stage IA lung adenocarcinoma harboring the EGFR L858R mutation and

underwent radical surgery. The patient received icotinib for 12 months after recurrence.

Subsequent molecular analysis of the left pleural effusion indicated that LCLAT1-ALK

fusion might be an underlying mechanism contributing to the acquired resistance to

icotinib. Ensartinib was prescribed, but the lesion in the right lung continued to progress.

Hence, a re-biopsy and molecular analysis of lesions in the right lung was performed to

solve this problem. In contrast to the left pleural effusion, EGFR exon 20 T790M might

have mediated the acquired resistance in lesions in the right lung of this patient. The

combination of osimertinib and ensartinib has achieved a rapid partial response until

now. The complexity and heterogeneity in our case may provide new insights into the

resistance mechanisms of targeted therapy.

Keywords: lung adenocarcinoma, resistance mechanisms, ALK rearrangement, EGFR exon 20 T790M,

combination therapy, case report

BACKGROUND

Lung cancer is one of the most frequently diagnosed cancers and the leading cause of cancer-related
death worldwide (1). Historically, systemic cytotoxic chemotherapy has been the predominant
treatment for advanced-stage lung cancer (2). However, lung cancer is a heterogeneous disease
requiring personalized treatment. The development of molecular detection technologies has
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allowed the identification of multiple and potentially targetable
oncogene drivers and personalized targeted therapies for lung
cancer (3). Some well-established targets include epidermal
growth factor receptor (EGFR), anaplastic lymphoma kinase
(ALK), and ROS proto-oncogene 1 (ROS1) (4, 5). Over
the past two decades, several EGFR inhibitors have been
developed. For example, the first-, second-, and third-generation
EGFR inhibitors, icotinib, afatinib, and osimertinib, have been
developed to treat mutated EGFR (mtEGFR) non-small cell
lung cancer (NSCLC) (6, 7). Despite excellent response rates to
these drugs, patients invariably experience disease progression
due to the emergence of drug-resistant tumors, usually within
9–14 months, which is a major hurdle in EGFR tyrosine kinase
inhibitor (TKI) therapy (8). However, the mechanism underlying
acquired drug resistance in patients treated with EGFR-TKIs
remains unclear. In this study, we report a case of a patient
with different drug resistance-associated mutations (EGFR exon
20 T790M and LCLAT1-ALK fusion), which demonstrated the
related resistance mechanisms after first-line icotinib treatment
to be highly heterogeneous.

FIGURE 1 | Treatment course with corresponding computed tomography (CT) scans. This figure shows the timeline of progression after 43 months under the

treatment with only icotinib; the patient achieved a satisfactory exceptional response by treatment with osimertinib plus ensartinib.

CASE PRESENTATION

A 64-year-old man with no smoking history and no history
of cancer presented to our hospital in September 2016
with a primary tumor (1.5 × 1.5 cm) in his upper left lung
(Figure 1). A positron emission tomography/computed
tomography (PET/CT) scan revealed a mass in the upper
left lung with intense uptake of (18F) fluorodeoxyglucose
and no distance metastasis. Postoperatively, the patient was
diagnosed with adenocarcinoma stage IA (pT1bN0M0).
The immunohistochemical staining is shown in Figure 2.
Amplification refractory mutation system polymerase chain
reaction (EGFR/ALK/ROS1) of the resected tissue identified
EGFR exon 21 L858R, and negativity for ALK fusion (Table 1).

After 12 months, intrapulmonary metastases were detected by

computed tomography (CT). Therefore, treatment with icotinib
hydrochloride tablets (125mg three times daily) was initiated
in September 2017. The patient experienced a rapid partial
response (PR) according to the Response Evaluation Criteria in
Solid Tumors (RECIST).
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FIGURE 2 | The pathological diagnosis of specimens was lung adenocarcinoma. H and E staining and immunohistochemistry staining of surgical, pleural effusion,

and biopsy specimens.

The timeline of the disease progression is shown in Figure 1.
After 15 months of icotinib treatment, a CT scan of the patient
revealed progressive disease (PD) (Figure 1). Due to the local
progression of the lesions in the right lung, icotinib treatment
was continued until April 2021. The patient experienced serious
pleural effusion on the left side and significantly enlarged
para-aortic lymph nodes (6, 30.3mm) (Figure 1). Pleural
drainage was performed to alleviate the clinical symptoms,
and next-generation sequencing (48-gene panel) of the pleural
effusion was conducted to explore the mechanism of icotinib
resistance. The results revealed an LCLAT1-ALK fusion and
TP53 C176G in addition to EGFR exon 21 L858R (Table 1).
Meanwhile, we verified the result via ARMS-PCR analysis
and found that ALK exon 20 fusion-positive. We also detect
the ALK protein level by IHC (ALK D5F3). Consequently,
the patient started ensartinib (225mg one time daily) as the
next treatment in May 2021, as ensatinib has fewer adverse
reactions than ceratinib. After 1 month, chest CT revealed

local progression of the lesions in the right lung, as well as
a decrease in pleural effusion and para-aortic lymph nodes
(6, 28.4mm). Given the possibility of different drug resistance
mechanisms in different lesions, a biopsy specimen was obtained
by CT-guided fine-needle aspiration (FNA). Next-generation
sequencing (48-gene panel) of the tissue samples obtained from
the lesions on the right lung in June 2021 revealed EGFR
exon 20 T790M mutation, TP53 C176G, and EGFR exon 21
L858R, with no ALK fusion (Table 1). Hence, combination
therapy with osimertinib (80mg one time daily) and ensartinib
(225mg one time daily) was administered. One month later, a
CT scan revealed considerable reductions in the lesion sizes in
the right lung, para-aortic lymph nodes, and pleural effusion.
Regular follow-up chest CT indicated that the lesion was stable
through March 2022 (Figure 1). During the treatment with
combination therapy, the patient developed a local rash and
transient elevation of his serum creatine kinase level, which
required no special treatment.

Frontiers in Medicine | www.frontiersin.org 3 July 2022 | Volume 9 | Article 906364273

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Liu et al. Heterogeneity of Resistance Mechanisms

TABLE 1 | Molecular detection during treatment of the patient in the study.

Time of sampling Samples Methods Mutation style Allele frequency (AF)

Sep 2016 Tumor tissue (left) ARMS-PCR EGFR exon 21 L858R –

Apr 2021 Pleural effusion (left) NGS (48-gene panel*) EGFR exon 21 L858R

LCLAT1 exon 6-ALK exon 20 fusion

TP53 C176G

27%

2%

16%

Pleural effusion (left) ARMS-PCR EGFR exon 21 L858R

ALK exon 20 fusion

–

–

Pleural effusion (left) IHC ALK (+)

Jun 2021 Tumor tissue (right) NGS (48-gene panel*) EGFR exon 21 L858R

EGFR exon 20 T790M mutation

TP53 C176G

6%

10%

6%

NGS, next-generation sequencing.

*48-gene panel including AKTI, ALK, APC, BRAF, BRCA1, BRCA2, CCN, CD274(PD-L1), CDK4, CDK6, C, DKN2A, CDKN28, EGFR, ER8B2(HER2), ERBB4, ESR1, FGFR1, FGFR2,

FGFR3, FGFR4, KIT, KRAS, MAP2KI(MEKD), MET, MLH1, MSH2, MSH6, MTOR, NF1, NFE2L2(NRF2), NRAS, NTRK1, NTRK2, NTRK3, PALB2, PDCD1(PD-1), PDGFRA, PDGFRB,

PIK3CA, PMS2, PTEN, RB1, RET, ROS1, STK11, TP53, TSC1, and TSC2.

The patient provided written informed consent for the
publication of this case.

DISCUSSION AND CONCLUSION

The mechanism of acquired drug resistance in patients
treated with EGFR-TKIs is currently under investigation. The
evolutionary pressure acting on cancer cells via spatial and
temporal clonal selection, combined with the random acquisition
of genetic mutations, contributes to drug resistance (9). The
most commonly observed acquired resistance mechanism is
the acquisition or outgrowth of the T790M mutation (exon 20
of EGFR), which accounts for approximately 60% of patients
receiving gefitinib, erlotinib, or icotinib (10). Osimertinib is an
irreversible third-generation EGFR TKI administered for the
first-line treatment of common sensitive EGFRmutations, or for
second-line treatment of acquired resistance, to first-generation
EGFR-TKIs by selectively targeting the T790M mutation (11).
The results of the AURA3 (NCT02151981) phase III trial
revealed that osimertinib significantly prolonged progression-
free survival (PFS) compared to platinum and pemetrexed
chemotherapy (10.1 months vs. 4.4 months, P <.001) in patients
with the T790M resistance mutation after the failure of prior
TKIs (12). In addition to EGFR exon 20 T790M, several gene
fusions involving driver oncogenes are rarely acquired resistance
mechanisms in patients treated with first-generation EGFR-
TKIs. A previous study reported that only 13% of patients
with NSCLC-harboring-EGFR mutations acquired EGFR TKI
resistance mediated by emerging ALK rearrangements (13).
Hu et al. (14) reported a patient with lung adenocarcinoma
who displayed alternate drug resistance changes between EGFR
and ALK after gefitinib resistance. Similarly, Hou et al.
(15) summarized previously reported cases, in which ALK
rearrangement or fusion was a rare but critical resistance
mechanism to osimertinib. The most common alteration
in the ALK gene is chromosomal rearrangements, such as

EML4 (chromosome 2)-ALK (chromosome 2) (16). Xia et al.
(17) revealed complex ALK gene fusion by targeted-capture
DNA-based NGS, RNA-based NGS, RT-PCR, IHC, and FISH.
In 343 samples of existing ALK fusions, they identified that
intron 1 of LCLAT1 joined between the intron 13 of EML4
and the intron 19 of ALK. In our case, we identified a novel
ALK gene fusion, LCLAT1 exon6-ALK exon 20 by DNA-based
NGS. LCLAT1 exon6 has not been previously reported as a
partner gene of ALK. Unfortunately, due to the limitation of
specimens, we could not perform RNA-based NGS to explore
the RNA transcript of LCLAT1 exon6-ALK exon 20, which
is a limitation of our case. According to the result of DNA-
based NGS, IHC, and the effect of ensatinib, we preliminarily
speculated that the RNA transcript might be LCLAT1-ALK
(exon6: exon20).

The increasing understanding of tumor heterogeneity
has revealed that specific resistance mechanisms may
occur in different clones. A deeper understanding of the
complexity of EGFR-TKI resistance will help to guide
clinical decisions. In our case, two different acquired
resistance mechanisms occurred in two lesions following
the development of icotinib resistance. This phenomenon
reflects the heterogeneity of the original tumor. Therefore,
when targeted treatment fails, re-biopsy and molecular
analysis are considered standard procedures to solve this
issue. In our report, the patient achieved a satisfactory
response after treatment with osimertinib plus ensartinib.
Patients with EGFR/ALK co-alterations may benefit from
combined treatment with both TKIs, including long-term
survival (18).
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