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Editorial on the Research Topic

Gastrointestinal Tumor Heterogeneity and Related Anti-Cancer Strategies

The significance of tumor microenvironment (TME) heterogeneity is increasingly becoming recognized

as playing an essential role in tumorigenesis and malignant biological behaviors. Dr. Hanahan D (1)
presents several prospective new cancer hallmarks and its enabling characteristics closely associated with
tumor heterogeneity: 1) unlocking phenotypic plasticity, 2) non-mutational epigenetic reprogramming,
3) polymorphic microbiomes, and 4) senescent cells. The new facets of the conceptualization of cancer
have a heuristic value in paving the way for the development of precision therapies and new targeted
therapies. A growing knowledge base has revealed that the heterogeneity of gastrointestinal tumors,
including inter-patient heterogeneity (IPH) and intra-tumor heterogeneity (ITH) of gastric cancer,
colorectal cancer, hepatocellular carcinoma (HCC), cholangiocarcinoma, pancreatic cancer, gallbladder
carcinoma, and esophageal adenocarcinoma, is a determining factor of tumor development (2, 3).
Therefore, based on molecular heterogeneity in TME, more novel and effective anti-cancer therapeutic
algorithms have been discussed to selected subsets of gastrointestinal tumors.

Of note, inter-patient molecular heterogeneity has hampered the clinical practice of an
expanding variety of targeted therapies and personalizing their prescriptions. An inter-patient
molecular heterogeneity investigation using genomic and transcriptomic data for 4890 tumors from
The Cancer Genome Atlas database showed that the repertoires of molecular targets of the clinical
recommendations for accepted drugs were not congruent with the gene mutation patterns of
different cancer types (4). Due to IPH, gastrointestinal tumors between individual patients
frequently exhibit distinct clinical behaviors and treatment response produced by high levels of
transcriptomic and (epi)genomic variation. A comprehensive single-cell profile of gastric cancer
across clinical stages and histological subtypes identified 34 distinct cell-lineage states, and
highlighted inter- and intra-lineage similarities and differences between patient-derived
organoids and primary tumors (5). Enhancer variation has been identified as a major cause of
IPH in cancer. Histone modification and functional assay data may be one of the options
contributing genetic (e.g. ING1, ARL4C) and regulatory trans-acting factor (e.g. HNF4a)
mechanisms to gastric cancer enhancer functional heterogeneity (6).
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Also, ITH poses an important clinical challenge in therapeutic
resistance. To better address the origin and drivers of ITH across
cancer types, a robust consensus strategy has been developed to
assess ITH and its origin, drivers, and recurrent changes inmutation
signature activity via copy number and cluster mutations (7). This
study underlined the importance of ITH and also provided detailed
insight into tumor evolutionary dynamics. In HCC, the
heterogeneous genomic landscape may facilitate effective anti-
cancer therapeutic algorithms of personalized management. For
instance, the molecular profile of the original tumor revealed that
patients with intra-hepatic metastases should receive targeted
therapy, whereas patients with multicentric tumors patients
sharing the same genetic and environmental backgrounds could
benefit from treating the underlying liver disease (8). An atlas of
inter- and intra-tumor heterogeneity of apoptosis competency in
colorectal cancer suggested that ITH may represent an intrinsic,
non-genomic property instead of increase with the process of
malignant transformation (9).

Therefore, further in-depth analyses of IPH and ITH in larger
patient cohorts with gastrointestinal tumors are required. This
Research Topic collection embodies 16 multidisciplinary articles
focused on “gastrointestinal tumor heterogeneity and related anti-
cancer strategies”. Overall, the 16 papers in this Research Topic
discussed gastrointestinal IPH and ITH deepening mechanistic
insights, involved with basic experimental research, and clinical
outcome predictive model and bioinformatics analysis for early
diagnosis and targeted therapies of tumors. Specifically in this
Research Topic, Kim et al. reported that dynamic changes in
serum KRASG12/13 mutation heterogeneous status in serum cell-
free DNA represented a potential source for monitoring recurrence
of colorectal adenocarcinoma. Moreover, Gao et al. found the
Frontiers in Oncology | www.frontiersin.org 26
HCC patients from distinct immune subclasses with various
heterogeneous statuses had different clinical prognoses and
responses to personalized treatment through tumor transcriptome
data analysis. In a review article, Li et al. summarized current
advances concerning the reciprocal crosstalk of malignant cells and
mesenchymal stem cells in the progression of gastric cancer, stressed
the complexity and heterogeneity of tumor-stroma connections,
and discussed their underlying therapeutic implications.

We sincerely thank all the authors, various reviewers/editors
of the respective manuscripts, and the editorial team at Frontiers
for their assistance and support in the process of reviewing and
publishing this Research Topic, “Gastrointestinal Tumor
Heterogeneity and Related Anti-Cancer Strategies”. The next
decade promises to illuminate more in-depth aspects of tumor
heterogeneity contributing to gastrointestinal cancer prevention
and treatments.
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Background: Cell-free DNA (cfDNA) has arisen as an alternative target for evaluating
somatic mutations in cancer. KRAS mutation status is critical for targeted therapy in
colorectal adenocarcinoma (CRAC). We evaluated KRASG12/G13 mutations in cfDNA
extracted from serum and compared the results with KRASG12/G13 mutations detected
in tissue samples. We assessed the clinical significance of KRASG12/G13 mutation in serum
in regard to recurrence and metastasis of CRAC.

Methods: A total of 146 CRAC patients were enrolled, and KRASG12/G13 mutations were
evaluated in 146 pairs of serum and tissue samples. In addition, 35 pairs of primary and
metastatic CRAC tissue samples were evaluated for KRASG12/G13 mutational status.

Results:
Detection of KRASG12/13 mutation from serum and tissue had a 55% concordance rate, and
serum detection had a sensitivity of 39.8%. Detection of the KRASG12/13 mutation yielded a
14% discordance rate between primary and metastatic tissue. CRAC patients with mutant
KRASG12/13mutation in serumbut wild-type KRASG12/13 in tissue had concurrent KRASG12/13-
mutant metastatic tumors, indicating spatial genetic heterogeneity. Changes in serum
KRASG12/G13 mutation status during postoperative follow-up were associated with
recurrence. Conclusion: Although serum detection of the KRASG12/13 mutation cannot
substitute for detection in tissue, serum testing can support the interpretation of a CRAC
patient’s status in regard to concurrent metastasis. Dynamic changes in serum KRASG12/13

mutation status during follow-up indicated that cfDNA from serum represents a potential
source for monitoring recurrence in CRAC patients.

Keywords: colorectal adenocarcinoma, cell free DNA, serum, KRAS, heterogeneity
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INTRODUCTION

Identification of genetic mutations in solid cancer is important for
targeted therapy. For genotyping, a certain amount of tumor tissue
acquired by biopsy or surgical resection is required. However, biopsy
or excision of tumors can be difficult in some patients due to an
unreachable tumor location, the risk of tumor spread, or potential
clinical complications. Consequently, a more effective and non-
invasive means of detecting genetic mutations is needed. To address
this issue, cell-free DNA (cfDNA) has arisen as an alternative target for
evaluating somatic mutations in cancer. Detection of mutations using
cfDNA extracted from liquid samples, such as blood, urine, and saliva,
is easily repeated and much less invasive than biopsy. In addition, the
mutational status of cfDNA can be used to assess a cancer patient’s
current status (1). Genetic mutation analysis using liquid samples has
advanced rapidly in accordance with recently developed sensitive
sequencing techniques (2). One such sequencing technique is
droplet digital PCR (ddPCR), which is capable of sensitive detection
of target DNA and quantification of mutations in small amounts of
target DNA (3). ddPCR can be used to evaluate somatic mutations in
liquid samples, including blood (4).

In colorectal cancer (CRC), KRAS mutational status is critical for
targeted therapy (5) because it can predict the therapeutic response
to anti-epidermal growth factor receptor (EGFR) treatment;
consequently, KRAS genotyping is routine in patients with
metastatic CRC. Tissue samples are commonly used for
genotyping in CRC patients, but several studies have tried to
establish the presence of KRAS mutations in cfDNA (6–8).
Evaluation of mutation status using cfDNA is used primarily for
genotyping; in addition, cfDNA has the advantage that it reflects
tumor dynamics more closely than tissue samples. On the other
hand, cfDNA also has drawbacks, including the fact that it is easily
degraded and cannot be detected at low levels in samples (4). Clinical
meaning of serum KRAS mutation has shown to have its own
clinical implication apart from tissue KRAS related to prognosis (7).

Detection of KRAS mutations in cfDNA from CRC patient
serum has been proposed, but the clinical implications and
limitations of serum detection of KRAS mutations have not yet
been clarified. This study sought to evaluate i) the concordance
of detection of KRAS mutation between serum and tissue: can
serum substitute for tissue in evaluation of KRAS mutation in
CRC patients? ii) clinical implications of KRAS mutation status
in serum: does the presence of KRAS mutation in serum, or the
KRAS mutation fraction, have clinical implications in CRC
patients? and iii) the change in KRAS status during follow-up:
does KRAS status predict patient metastasis or recurrence in
CRC? We evaluated KRAS mutation by ddPCR using serum and
tissue samples from CRC patients and assessed the clinical
significance of serum detection of the KRASG12/G13 mutation.
MATERIALS AND METHODS

KRASG12/G13 Mutation Detection
in Colorectal Adenocarcinoma Patients
This retrospective study included 146 colorectal adenocarcinoma
(CRAC) patients who underwent surgical resection of primary
Frontiers in Oncology | www.frontiersin.org 28
colorectal tumors. Patients were diagnosed at the Chungnam
National University Hospital (Daejeon, Korea) between January
2014 and December 2017; mean follow-up was 54 months. Pre-
operative blood samples (within 1 week prior to the operation)
from all patients were collected at the time of the first surgery,
and 146 pairs of primary tumor samples were obtained from
formalin-fixed, paraffin-embedded (FFPE) tissue blocks. Thirty-nine
of the 146 patients exhibited concurrent livermetastases at the time of
the first surgery; liver tissue samples were obtained by surgical
tumorectomy from seven of the 39. Forty-seven patients had
CRAC recurrence during follow-up, and follow-up blood samples
were collected from 12 of the 47 patients (within a week prior to the
second recurrent tumor operation) along with paired recurrent
tumor samples. Clinical data of CRAC patients were available from
the archives of the same institution. At the time of collection of pre-
operative serum samples, no patients had received pre-operative
chemo- or radiotherapy. Patients with stage III or higher CRAC who
underwent curative resections received adjuvant FOLFOX (5-
fluorouracil (FU) + oxaliplatin + leucovorin) with cetuximab (anti-
epidermal growth factor receptor monoclonal antibody for tissue
KRAS wild type) chemotherapy. An additional 35 CRAC patients
with distant metastasis were evaluated for KRASG12/G13 mutation.
Thirty-five primary and metastatic tumor FFPE tissue samples were
used to evaluate KRASG12/G13 mutational status.

Serum and tumor tissue samples of CRAC patients were provided
by the Biobank of Chungnam National University Hospital, a
member of the Korea Biobank Network. This study was approved
by the institutional review board of Chungnam National University
Hospital (IRB file no. 2018-10-012-001). Because the study was
retrospective, a waiver of consent was approved by the IRB.

Serum KRASG12/G13 Mutation Detection
Using Droplet Digital Polymerase
Chain Reaction
A total of 146 peripheral blood samples were collected,
centrifuged to isolate serum, and stored in liquid nitrogen.
cfDNA was extracted from 200 µl of stored serum using the
QIAamp Circulating Nucleic Acid kit (Qiagen). Extracted
cfDNA was eluted in 100 µl of Tris-EDTA buffer and diluted
to 10 ng/µl. Sixteen serum samples from healthy people were
used as negative controls. DNA extracted from CRAC serum was
tested by ddPCR (QX200; Bio-Rad, Hercules, CA, USA) using
the ddPCR Bio-Rad KRAS G12/G13 multiplex kit (#1863506).
Reaction mixtures (final volume, 20 µl) consisted of extracted
DNA (1 ml), 2× SuperMix for probe (10 ml), KRAS screening
probe (1 ml), and distilled water (8 µl). The mixture was loaded
into a disposable droplet generator cartridge (Bio-Rad), and 70 µl
of droplet generation oil for primers (Bio-Rad) was loaded into
each of the eight oil wells (Figure 1). The cartridge was then
placed inside the QX200 droplet generator (Bio-Rad), which
partitioned each tissue sample into ~22,000 droplets per tissue
sample. When droplet generation was complete, the droplets
were transferred to a 96-well PCR plate. The plate was heat-
sealed with foil and placed in a conventional thermal cycler
(T100, Bio-Rad) using the following reaction conditions: 95°C
for 10 min (1 cycle); 94°C for 30 s and 55°C for 1 min (40 cycles);
98°C for 10 min (1 cycle); and 4°C (hold). Cycled droplets were read
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individually on a QX200 droplet-reader (Bio-Rad). Samples were
transferred to the QX200 for fluorescence measurement of a mutant
probe labeled with 6-fluorescein amidite (FAM) and wild-type probe
labeled with hexachlorofluorescein (HEX) (Figure 1). DNA from
SW480 cells, which harbor the KRAS G12V mutation, served as a
positive control; DNA from the leukocytes of heathy persons, DNA
from HEK cells, and distilled water were used as negative controls.

The ddPCR platform used the QuantaSoft software (version
1.7; Bio-Rad) to calculate the number of positive and negative
fluorescence signals in droplets. Mutant allele frequency (MAF)
was measured as the percentage of mutant droplets relative to the
total (mutant + wild type). Samples from healthy volunteers
contained no KRASG12/G13 mutant droplets.

Detection of KRASG12/G13 in Tissue
by Sanger Sequencing
A total of 146 primary tumor tissue slides were reviewed by two
pathologists (M-KY and GEB), and representative tissue FFPE
blocks were selected. FFPE tissue samples with minimum 1.0 x
1.0 x 0.3 cm tumor size at least 70% of tumor cell content were
macro-dissected and sectioned. Four sections (5-mm thickness) of
each qualifying tumor tissue sample were used for DNA extraction.
Tumor tissue DNAwas isolated from FFPE slides using he QIAamp
DNA FFPE Tissue Kit (QIAGEN Korea, Seoul, Korea). Extracted
DNA (20 ng) from CRAC tissue samples were subjected to Sanger
sequencing (performed by Macrogen, Seoul, Korea). For detection
of mutations in codons 12 and 13 of the KRAS gene, primer
sequences were as follows: exon 2, 50-GTAAAACGACGGC
CAGTGTGTGACATGTTCTAATATAGTCA-30 (forward) and
50-GCGGATAA CAATTTCACACAGGGAATGGTCCTG
CACCAGTAA-30 (reverse); exon 3, 50-TAATACGACTCAC
TATAGGGGTGCTTAGTGGCCATTTGTC-30 (forward) and
50-GCTAGTTATTGC TCAGCGGTATGCATGGCATT
AGCAAAG-30 (reverse). PCR amplification conditions were as
follows: 95°C for 5 min (1 cycle); 95°C for 30 s, 60°C for 30 s, and
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72°C for 1 min (35 cycles); and 72°C for 7 min. PCR products were
purified using MultiScreen-PCR96 filter plates (Millipore SAS,
Molsheim, France). The purified PCR products were then Sanger
sequenced on a 3730xl automated sequencer (Applied Biosystems,
Foster City, CA, USA) using the BigDye terminator v3.1 sequencing
kit. Nucleotide sequence data were analyzed using the Variant
reporter software version 1.1 (Applied Biosystems).

An additional 35 CRAC patients with distant metastasis were
evaluated for the KRASG12/G13 mutation by Sanger sequencing.
Thirty-five pairs of primary and metastatic tumor FFPE tissue
samples were used to evaluate KRASG12/G13 mutation status.
Concordance and discordance in KRASG12/G13 mutation status
between primary and metastatic tumors were evaluated.

Statistical Analysis
Detection of the KRASG12/G13 mutation was compared between
serum and tissue, and correlation was assessed by k statistics
(0.00–0.19, slight; 0.21–0.39, fair; 0.40–0.59; moderate agreement).
Diagnostic value of the serum KRASG12/G13 mutation (sensitivity,
specificity, positive predictive value, and negative predictive value)
were calculated for the detection of tissue KRASG12/G13mutation. The
associations of serumKRASG12/G13 detection with clinicopathological
variables were examined using Spearman’s rank correlation, Mann-
Whitney U-test, and Fisher’s exact test. All statistical analyses were
performed using SPSS version 26.0 forWindows (SPSS Inc., Chicago,
IL, USA) and MedCalc version 19.2.0 for Windows (MedCalc
Software Ltd, Belgium).
RESULTS

Comparison of KRASG12/G13 Mutation
Detection in Serum and Tissue
Paired pre-operative serum and tissue samples from a total of
146 CRAC patients were evaluated for detection of KRASG12/G13
FIGURE 1 | ddPCR workflow and results of ddPCR for detection of KRASG12/13. Channel 1: fluorescence measurement of mutant probe labeled with 6‐fluorescein
amidite (FAM) (lower left). Channel 2; wild-type probe labeled with hexachlorofluorescein (HEX) (lower right).
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mutation (Table 1). We detected KRASG12/G13 mutations in 46
of 146 (32%) serum samples and 98 of 146 (67%) tissue samples.
Serum KRASG12/G13 mutation were matched with tissue
KRASG12/G13 mutation in 39/98 (40%) of CRAC patients. Sixty
six patients yielded discrepant KRASG12/G13 status, with mutant
KRASG12/G13 in serum and wild-type KRASG12/G13 in tissue; 59
patients had wild-type KRASG12/G13 in serum and mutant
KRAS12/G13 in tissue; and 7 patients (* in Table 1) had serum
KRASG12/G13 mutation without KRASG12/G13 mutation in tissue.
The k agreement of serum and tissue KRASG12/G13 detection was
0.198 (p = 0.002) and the concordance rate was 55%.

Next, we calculated the diagnostic value of serum
KRASG12/G13 mutation (detected by ddPCR) for prediction of
tissue KRASG12/13 mutation in the same patient (Supplementary
Table 1). The sensitivity and specificity of the serum
KRASG12/G13 mutation were 39.8 and 85.44% for the detection
of tissue KRASG12/G13 mutation. The positive and negative
predictive values of serum KRASG12/13 mutation detection using
ddPCR were 84.8 and 41.0%, respectively (Supplementary
Table 1).
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Clinical Significance of Serum
KRASG12/G13 Mutation Detection
The clinical significance of serum KRASG12/G13 detection was
evaluated separately in CRAC patients with wild-type and
mutant KRASG12/G13 in tissue. The clinical significance of serum
KRASG12/G13 detection was then evaluated in CRAC patients with
wild-type KRASG12/13 in tissue (n = 48); clinico-pathological
parameters are shown in Table 2. Detection of serum KRASG12/13

was significantly related to concurrent metastasis (M1) (p = 0.004);
seven patients with mutant KRASG12/13 in serum but wild-type
KRASG12/13 in tissue had a distant metastasis at the time of
primary colon cancer surgery. Serum KRASG12/G13 detection was
not correlated with tumor size, stage (T, N), or differentiation
(p = 0.963, p = 0.329, p = 0.813, and p = 538, respectively).

The clinical significance of serum KRASG12/G13 detection was
evaluated in patients with mutant KRASG12/13 in tissue (n = 98);
clinico-pathological parameters are shown in Supplementary Table
2. SerumKRASG12/G13 detection was not correlated with tumor size,
stage (T, N, M), or differentiation (p = 0.334, p = 0.451, p = 1.000,
p = 0.07, and p = 1.000, respectively). SerumKRASG12/G13 MAF was
not related to clinico-pathological parameters.

Cases With Discordant KRASG12/13
Results: Mutant in Preoperative Serum
and Wild Type in Primary Tissue
Seven CRAC patients had mutant KRASG12/13 in serum but wild-
type KRASG12/13 in primary tissue. All seven had simultaneous
liver metastases (Table 3). Five of the seven had KRASG12/13

mutation in the metastatic tumor (liver) without mutation in
primary tissue. The MAF of serum KRAS ranged from 0.53%
to 10%.
TABLE 1 | Comparison of pre-operative serum and tissue KRASG12/13 detection
in CRAC patients (n = 146).

Tissue KRASG12/13 Pre-operative serum KRASG12/13 ddPCR

Sanger sequencing Mutant Wild-type

Mutant 39 (85%) 59 (59%)
Wild *7 (15%) 41 (41%)
Total 46 (32%) 100 (69%)
*Cases yielded discrepant KRASG12/G13 status: mutant KRAS in serum and wild-type
KRAS in tissue.
TABLE 2 | Clinical significance of preoperative Serum KRASG12/13 status detected by ddPCR in CRAC patients with wild-type KRASG12/13 in tissue (n = 48).

Characteristics inpatients with wild-type KRAS in tissue Patients Serum KRASG12/13 status of patients with wild-type KRASG12/13 in tissue

No. (%) Mutant Wild-type P

Age (mean) 62 (100) 62 (15) 62 (85) 0.263
Sex 0.295
Male 33 (69) 6 (86) 27 (66)
Female 15 (31) 1 (14) 14 (34)
Size (cm) 5.0 (100) 5.3 (15) 5.0 (85) 0.963
T stage 0.329
T1+T2 5 (10) 0 (0) 5 (12)
T3+T4 43 (90) 7 (100) 36 (88)
N stage 0.813
N0 12 (25) 2 (29) 10 (24)
N1+N2 36 (75) 5 (71) 31 (76)
M stage 0.004
M0 24 (50) 0 (0) 24 (59)
M1 24 (50) *7 (100) 17 (42)
Differentiation 0.538
WD+MD 44 (92) 6 (86) 38 (93)
PD 4 (8) 1 (14) 3 (7)
Postop Recurrence 0.597
Absent 23 (48) 4 (57) 19 (46)
Present 25 (52) 3 (43) 22 (54)
January 2021 | Volume 10 | Artic
Postop, Post-operative; WD, well differentiated; MD, moderately differentiated; PD, poorly differentiated.
*7 cases described in Table 3.
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Dynamics of KRASG12/13 Detection in
Serum and in Matched Primary and
Recurrent Tissue
Pre- and post-operative serum samples from 12 patients were
evaluated for KRASG12/13 by ddPCR. Detection of tissue
KRASG12/13 status in matched primary (colon and rectum) and
recurrent (as distant metastasis) tissue was assessed as shown in
Figure 2. All patients received postoperative adjuvant
chemotherapy, and patients with wild-type KRASG12/13 (B3–B12)
received additional cetuximab treatment. Patients B1 and B2 had a
preoperative serum KRASG12/13 MAF of 0 but were positive for
tissue KRASG12/13 mutation. In the follow-up period, all 12 patients
had recurrence and underwent radical or palliative resection of
recurrent tumors with distant metastasis. Post-operative serum
KRASG12/13 status was altered in several patients: three (B1, B3, and
B4) became positive for serum KRASG12/13 mutation, and two of
those three (B1 and B3) were positive for tissue KRASG12/13

mutation. The MAF of serum KRAS exhibited a recurrent tumor
tissue KRASG12/13 mutation (B1, B3) showed 3.12 and 2.06%MAF.
The MAF of serum KRAS showed recurrent tumor tissue
KRASG12/13 wild type (B4) showed 0.32% MAF.

Discordance in Detection of KRASG12/13

Mutation Between Primary and Metastatic
Colorectal Adenocarcinoma Tissue Samples
An additional 35 CRAC patients with distant metastasis were
evaluated for KRASG12/G13 mutation by Sanger sequencing. Pairs
Frontiers in Oncology | www.frontiersin.org 511
of 35 FFPE tissue samples from primary and metastatic tumors
were used to evaluate KRASG12/G13 mutation status
(Supplementary Table 1). Twelve of 35 (34%) were KRASG12/13

mutant, and 18 of 35 (51%) were KRASG12/G13 wild type in both
primary and metastatic tumor tissue. Five (T13–T17, * in
Supplementary Table 3) out of 35 (14%) patients exhibited
discordant KRASG12/13 mutation status between primary and
metastatic tissue. Of the five discordant cases, four (T14–T17)
acquired KRASG12/G13 mutation in distant tumor tissue samples
(liver, lung bone, and ovary), whereas the primary tissue was wild
type. The other patient (T13) was KRASG12/G13 mutant in primary
colon tissue but lost the mutation in distant tumor tissue (liver).
DISCUSSION

DNA fragments released by tumor cells can be detected in blood.
Blood can be obtained easily and repeatably in the clinic. Hence,
mutational analysis of cfDNA from blood represents an excellent
alternative to tumor tissue samples. In this study, we evaluated
the possibility of detecting KRASG12/G13 mutation in serum
samples from CRAC patients. KRASG12/G13 mutation could be
detected in 40% of serum samples from CRAC patients with
KRASG12/G13 mutation in tissue. Concordance between serum
and tissue was limited (55%). Serum KRASG12/13 mutation could
detect tissue KRASG12/13 mutation with a sensitivity of 39.8%,
which is quite low. Previous studies reported concordance rates
of 24.3% (7) and 50% when using DNA from circulating tumor
cell samples (9). The serum samples could be used for genotyping
but due to the low concordance rate were not an adequate
substitute for tissue samples.

Mutational assessment of cfDNA in blood has prognostic
significance (10, 11). The KRASG12/G13 mutational status of
CRAC patients had a different clinical impact depending on
whether the mutation was detected in tissue or serum.
Simultaneous KRAS mutation in both tumor and serum is
associated with worse prognosis than when the mutation is
only detected in tissue (8, 11). In this study, neither the
presence of KRASG12/G13 mutation in serum nor the MAF of
KRASG12/G13 had prognostic implications. Notably, serum
KRASG12/13 mutation was detected in 15% in patients who had
TABLE 3 | Seven discordant KRASG12/13 (*Table 1) cases: pre-operative serum,
matched primary and concurrent metastatic tissue.

Patient Pre-operative
serum KRAS

MAF

Primary tumor (colon)
KRAS Sanger
sequencing

Concurrent tumor (liver)
KRAS Sanger
sequencing

D1 10 Wild-type Codon 12
D2 4.88 Wild-type Codon 12
D3 3.85 Wild-type Codon 12
D4 2.53 Wild-type Wild-type
D5 1.23 Wild-type Codon 12/13
D6 1.19 Wild-type Wild-type
D7 0.53 Wild-type Wild-type
*MAF, mutant allele frequency.
FIGURE 2 | Pre- and post-operative serum KRASG12/13 detected by ddPCR and primary and recurrent (as distant metastasis) tissue.
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wild-type KRASG12/13 in tissue, and these patients was
significantly related to M1 stage (concurrent metastasis).

We observed that KRASG12/G13 mutation status was
heterogeneous in serum and tissue, and considered to be
related to concurrent metastasis. Tumor heterogeneity can be
detected between different tumor regions, e.g., between primary
and metastatic tumors (spatial heterogeneity) and within the
primary tumor (intratumoral heterogeneity) (12, 13). Genetic
discordance existed between primary and metastatic tumor that
previous studies reported discordance of KRAS mutation status
between primary colon and liver were approximately 5% (14,
15). We observed 86% concordance in KRASG12/13 mutation
status between primary and metastatic (liver, lung, bone, etc.)
Two possibility of genetic discordancy in serum and tissue in
our study has to be considered that intra-tumoral heterogeneity
came from the primary tumor (we evaluated the representative
section of tumor tissue) or spatial genetic heterogeneity
between primary and metastatic tumor existed. All patients
with mutant KRASG12/13 in serum and wild-type KRASG12/13 in
tissue exhibited concurrent metastasis; accordingly, the
metastatic tumor could be considered to be the source of
the KRASG12/G13 mutation. Patients with discordance
between serum and tissue should be carefully monitored that
patients need to be evaluated unidentified or hidden
concurrent metastasis.

Mutational assessment of cfDNA in blood has the potential to
predict recurrence or patient metastasis. KRAS mutations is
acquired after chemotherapy as a resistance mechanism (16,
17). In the pre- and postoperative serum monitoring performed
in this study, three patients exhibited conversion of post-
operative serum KRASG12/13 mutation status from preoperative
wild type to postoperative mutant. Two of the three also had
tissue KRASG12/13 mutations. Changes in serum KRASG12/G13

mutation status during postoperative follow-ups were related to
recurrence. Dynamic changes in serum KRASG12/13 mutation
status during follow-up indicated that cfDNA from serum
represents a potential source for monitoring recurrence in
CRAC patients.

The present study had several limitations. Due to the small
number of patients, the results provide less definitive
conclusions regarding the effectiveness of ddPCR-based
detection of serum KRASG12/G13 status in CRAC patients. In
our retrospective study, frozen stored serum samples could
affect mutational output due to archiving status and time
interval. Moreover, because changes in KRASG12/G13 mutation
occurred in only 3 of 12 patients, the ability to predict
recurrence was limited. Serum KRASG12/G13 status can give
additional supportive information for the interpretation of
CRAC patient status but must be considered along with other
clinical and radiologic findings.

We compared the performance of KRASG12/G13 somatic
alterations in cfDNA with that of tissue samples. The use of
ddPCR enables tracking of the appearance and disappearance of
somatic alterations in serum-derived cfDNA. cfDNA mutational
analysis captures tumor molecular heterogeneity, providing
different view of a patient’s disease status. Because of the lack
Frontiers in Oncology | www.frontiersin.org 612
of follow-up samples, we cannot say whether KRASG12/G13

mutations in cfDNA can be detected before radiological
relapse. Hence, further studies involving larger numbers of
patients and a prospective design are required.
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2 Department of Bioinformatics, Chongqing Medical University, Chongqing, China, 3 Department of Pathology, Chongqing
Medical University, Chongqing, China

Leucine zipper/EF hand-containing transmembrane-1 (LETM1) is an inner mitochondrial
membrane protein that has been reported to be involved in many primary tumors and may
regulate many biological processes. However, the biological role and molecular
mechanism of LETM1 in the progression of hepatocellular carcinoma (HCC) remain
largely unknown. In this study, we found that LETM1 was highly expressed in HCC
tissues and cell lines and that higher LETM1 expression was associated with a lower
overall survival rate in HCC patients. In addition, knockdown of LETM1 inhibited
proliferation and enhanced apoptosis and autophagy in the Huh 7 and QGY-7701 liver
cancer cell lines. Mechanistically, knockdown of LETM1 dissociated the Beclin-1/Bcl-2
complex through phosphorylation of AMPK and Bcl-2. These results demonstrated that
LETM1 is involved in the development of HCC and could be a novel therapeutic target
in HCC.

Keywords: hepatocellular carcinoma, LETM1, apoptosis, autophagy, AMP-activated protein kinase (AMPK), beclin-
1/Bcl-2 complex
INTRODUCTION

Hepatocellular carcinoma (HCC) is the sixth most common malignant tumor worldwide and is
particularly prevalent in China, where approximately half of new cases and deaths occur (1, 2). Due
to the high invasiveness and high mortality rate of HCC, the survival time of most patients with
advanced HCC is only approximately 2–3 months (3). Given the advances in some novel
therapeutic strategies against HCC such as resection, chemotherapy, and transplantation, the
survival of HCC patients has improved. Unfortunately, because there are no obvious clinical
symptoms at an early stage, most patients are diagnosed at an advanced stage, and the 5-year
recurrence rate after surgery is greater than 70%; moreover, recurrence often results in death (4, 5).
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Therefore, further studies on diagnostic and prognostic markers
for HCC are key to developing more effective treatments.

Autophagy is an important lysosomal process for removing
damaged organelles/proteins and limiting genomic instability (6).
Autophagy can regulate cellular processes such as proliferation
and apoptosis in liver cells (7). Autophagy plays a variety of roles
in maintaining the stability of the internal environment of the
liver, maintains the genomic stability of liver cells and prevents
malignant transformation (8, 9). Researchers have found that
autophagy plays a key role in the adaptation of HCC cells and that
dysregulation of autophagy is connected with the occurrence of
liver cancer (10). Low expression of Beclin1 in human HCC
tissues is associated with tumor recurrence (11). Beclin1 is an
important autophagy protein that has been shown to be related to
HCC tumors. Recently, a study suggested that disruption of the
Beclin1/Bcl-2 complex is an effective mechanism for increasing
mammalian autophagy, thus preventing premature aging (12).
Both Bcl-2 and Bcl-2L1 directly bind to Beclin-1 through their
BH3 domains (13). Dissociation of Bcl-2 or Bcl-2 L1 from Beclin-
1 may be a necessary condition for upregulating autophagy both
in vitro and in vivo (14). In addition, posttranslational
modification of Beclin-1 can promote its dissociation from the
Bcl-2 or Bcl-2 L1 complex (15). AMP-activated protein kinase
(AMPK) has been implicated in cell growth and proliferation
(16). It has been demonstrated that AMPK promotes autophagy
and apoptosis, and AMPK may be upstream of Beclin1 and Bcl-2
(17). Therefore, we speculated that AMPK may regulate
autophagy and apoptosis through the Beclin-1/Bcl-2 complex.

Leucine zipper/EF hand-containing transmembrane-1
(LETM1), which is a transporter protein localized to the inner
mitochondrial membrane, is reported to be conserved between
yeast and humans (18). Studies have shown that LETM1 has
important roles in mitochondrial morphology and mitochondrial
K+ and Ca2+ homeostasis (19, 20). Accumulating evidence
indicates that LETM1 expression is markedly increased in
various tumors and may be a potential marker for tumorigenesis
(21–24). In addition, it has been demonstrated that knockdown of
LETM1 can cause a significant decrease in ATP levels, after which
the ADP or AMP/ATP ratio can be changed, and activated
AMPK, which is a bioenergy sensor that leads to the formation
of autophagosomes, is then activated (25). These findings provide
a theoretical basis for the hypothesis that LETM1 may regulate
AMPK-mediated autophagy. However, there are only a few studies
about LETM1 in autophagy and apoptosis in HCC, and greater
insight into the mechanisms linking LETM1 with HCC is needed.

Based on the findings to date, we hypothesized that LETM1
regulates autophagy and apoptosis through activation of AMPK-
mediated Beclin-1/Bcl-2 complex dissociation in hepatocellular
carcinoma. In this research, LETM1 was found to be highly
expressed in HCC tissues, and the overall survival time of
patients with high LETM1 expression was found to be
significantly shorter than that of patients with low LETM1
expression. We also found that the level of LETM1 was higher
in HCC cell lines than in the normal hepatocyte line LO2.
Furthermore, silencing LETM1 inhibited HCC growth and
promoted autophagy and apoptosis in vitro and in vivo. More
Frontiers in Oncology | www.frontiersin.org 215
importantly, we discovered for the first time that LETM1 may
regulate the dissociation of the Beclin-1/Bcl-2 complex through
activation of AMPK to influence autophagy and apoptosis
in HCC.
MATERIALS AND METHODS

Oncomine Data Extraction
Oncomine data were processed to assess the expression of
LETM1 in tumor tissues and normal liver tissues. Then, we
plotted survival curves to assess the diagnostic significance
of LETM1.

Clinical Specimen Collection
Tumor tissues and adjacent tissues from 90 HCC patients who
underwent hepatic resection were obtained from the First Affiliated
Hospital of Chongqing Medical University from 2012 to 2018. All
patients agreed to provide informed consent, and the experimental
protocols were approved by the local ethics committee. The
relationships between the level of LETM1 and clinical features
such as age, sex, tumor size, tumor, node, and metastasis (TNM)
stage, death, or time of last follow-up were evaluated, as shown in
Table 1. Next, we performed Pearson correlation analysis to
evaluate the correlations between the LETM1 expression level and
the clinical variables of HCC patients. In addition, we performed
univariate and multivariate Cox regression analyses to evaluate the
relative risk associated with LETM1 for the prognosis of HCC.
Kaplan-Meier analysis was used to evaluate the overall survival of
HCC patients with high LETM1 expression.

Cell Line Culture
HCC cell lines, including SMMC-7721, HCC-LM3, Huh7, HepG2,
QGY-7701, and Hep3B, and the normal human liver cell line LO-2
were obtained from the Department of Hepatobiliary Surgery of
the First Affiliated Hospital of Chongqing Medical University. All
cells were maintained in RPMI-1640 medium (Gibco, USA)
supplemented with 10% fetal bovine serum (Gibco, USA), 1%
penicillin, and 1% streptomycin at 37°C in 5% CO2.

Real-Time Quantitative PCR
Total RNA was extracted from tissues or cells with TRIzol reagent
(Takara, Japan) according to the instructions and was then reverse
transcribed into complementary DNA (cDNA), which was used as
the template for PCR amplification. The 20 ml reaction system
contained 1 ml of cDNA template, 0.5 ml of each primer, 10 ml of
2 × PCRmix, and 8 ml of diethylpyrocarbonate (DEPC) water. The
PCR conditions were as follows: predenaturation at 95°C for
5 min, followed by 35 cycles of denaturation at 95°C for 30 s,
annealing at 55°C for 30 s, and extension at 72°C for 60 s. The
method was used to analyze the data.

Western Blotting
Radioimmunoprecipitation assay buffer (RIPA) buffer purchased
from Beyotime Biotechnology (China) was used to extract total
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protein from tissues and cultured cells, and the supernatant was
collected after centrifugation (12,000×g, 10 min, 4°C). After
blocking with 5% skim milk, the membrane was incubated with
primary antibodies against LETM1 (1:500, Santa Cruz, USA),
AMPK (1:500, ABclonal, China), p-AMPK (1:500, ABclonal,
China), Bcl-2 (1:500, ABclonal, China), p-Bcl-2 (1:500,
Proteintech, USA), Bax (1:500, ABclonal, China), caspase-3
(1:500, Proteintech, USA), Beclin-1 (1:500, Proteintech, USA),
p62 (1:500, Proteintech, China), LC3 (1:500, Proteintech, USA),
and b-actin (1:2000, ABclonal, China) overnight. The membrane
was then incubated with secondary antibodies (1:2,000,
Proteintech, China) for 2 h the next day. The protein bands on
the blot were analyzed.

Immunohistochemistry and Determination
of Staining Results
All specimenswere fixedwith 4%neutral formaldehyde, embedded
in paraffin, and sectioned at 4 mm. Sections were baked at 60°C for
1 h and were then dewaxed, rehydrated through a gradient alcohol
series and washed. Sections were boiled in antigen repair solution
for 10 min for antigen repair, and the remaining steps were carried
out in accordance with the instructions. After DAB staining, the
sections were counterstained with hematoxylin and sealed. The
percentage of positive tumor cells was scored as follows: 1–25%, 1;
26–50%, 2; 51–75%, 3; and 76–100%, 4. The intensity of LETM1
Frontiers in Oncology | www.frontiersin.org 316
staining was scored as follows: no staining, 0; weak staining, 1; and
strong staining, 2. These two scores were multiplied to obtain the
final score, and the expression of LETM1 was determined as low
expression (score <4) or high expression (score ≥ 4).

Immunofluorescence Analysis
Sterile coverslips were placed in a 24-well plate, and HCC cells
were seeded on the coverslips. When the HCC cells had grown to
approximately 40% confluence, they were washed with cold PBS,
fixed with 4% paraformaldehyde, permeabilized with 0.3% Triton
X-100 for 20 min, sealed at room temperature with 3% BSA for
1 h, and incubated with a primary antibody against LC3 (1:500,
Proteintech, USA) at 4°C overnight. The next day, the plate was
reheated for half an hour, washed with PBS, and incubated with
secondary antibodies. Nuclei were stained with DAPI (ABclonal,
China). Finally, the fluorescence staining in the cells was observed
under an Olympus confocal fluorescence microscope.

Establishment of Stable LETM1-Knockdown
Cell Lines
LETM1 short hairpin RNA (shRNA) and control shRNA
constructs were designed and synthesized by GenePharma
Corporation (Shanghai, China). Huh7 and QGY-7701 HCC cells
were transfected with LETM1-lentivirus shRNA (sh-LETM1) and
control-lentivirus shRNA (sh-NC) using siLentFect™ Lipid
Reagent (Bio-Rad, USA) according to the manufacturer’s
protocol. Stable cell lines were established and selected with
2 mg/ml puromycin (Vicmed, China) for 8–12 days. The
expression levels in the stably transfected and control HCC cells
were determined by RT-qPCR and Western blotting.

Cell Proliferation Assay
A Cell Counting Kit (CCK)-8 (Beyotime Biotechnology, China)
was used to assess the effect of LETM1 on cell proliferation. Cells
in different groups were seeded into 96-well plates. According to
the protocol, CCK-8 solution in serum-free medium (10 ml/100
ml) was added to each well and incubated at 37°C for 2 h. The
absorbance at 450 nm was measured to assess cell proliferation.

Flow Cytometric Analysis of Apoptosis
An Annexin V-FITC/PI Apoptosis Detection Kit (Beyotime,
China) was used to assess apoptosis. Cells were washed with
cold PBS and resuspended in buffer. Annexin V-FITC solution
was added to the cells and incubated for approximately 15 min at
room temperature. Next, 5 ml of propidium iodide (PI) solution
was mixed with the cells for 5 min in the dark, and the ratio of
apoptotic cells was determined by flow cytometry.

Coimmunoprecipitation
Total protein was harvested from cultured HCC cells. According
to the manufacturer’s instructions, coimmunoprecipitation (Co-
IP) was conducted, and an anti-Bcl-2 antibody (1:500, ABclonal,
China), an anti-Beclin-1 antibody (1:500, Proteintech, USA), and
protein A/G agarose (MedChemExpress, USA) were used.
Immunoprecipitated proteins were collected and then used for
Western blot analysis to evaluate the interaction between Beclin-
1 and Bcl-2.
TABLE 1 | Relationship between LETM1 expression and clinicopathologic
features in patients with hepatocellular carcinoma.

Variable LETM1 expression p-value

High-LETM1 Low-LETM1

In general
Adjacent tissue 30 60 0.000
Tumor tissue 53 37
Gender
Male 28 17 0.520
Female 25 20
Age, years
≤60 39 30 0.408
≤60 14 7
Tumor size, cm
≤5 18 27 0.000
≤5 35 10
AFP, ng/ml
≤400 18 19 0.099
≤400 35 18
HBsAg
Positive 24 16 0.848
Negative 29 21
Liver cirrhosis
Yes 21 12 0.486
No 32 25
Portal vein emboli and metastasis
Yes 32 12 0.009
No 21 25
TNM stage (AJCC)
I–II 19 23 0.014
III–IV 34 14
Tumor differentiation
I–II 34 25 0.737
III–IV 19 12
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Tumorigenicity Assay In Vivo
All animal experimental procedures were approved by the
Laboratory Animal Ethics Committee of Chongqing Medical
University. Cells transfected with shRNAs (2 × 107 cells/ml)
were injected subcutaneously into the left dorsal region of each
immunodeficient mouse. The nude mice (18~22 g, 4~6 weeks old)
were randomized into four groups: the sh-LETM1- Huh7 group,
sh-NC- Huh7 group, sh-LETM1- QGY-7701 group, and sh-NC-
QGY-7701 group (n=6 mice per group). The tumor volume (V)
was calculated using the following formula: V (cm3) = 0.5×width2

(cm2)×length (cm). The volumes of tumors in the nude mice were
recorded, and tissues were collected after 4 weeks.

Statistical Analysis
All quantitative experimental data are shown as the means ±
SEMs and were analyzed with SPSS 22 (IBM, USA) and
GraphPad Prism 7.0 (CA, USA). The chi-square test and
Pearson correlation analysis were used to evaluate the
correlations between LETM1 expression and clinical variables
of HCC patients. A Cox regression model was used for statistical
analysis of survival-related factors in univariate analysis and
multivariate analysis. The Kaplan-Meier method was used to
generate survival curves, and the log-rank test was used to
calculate differences in overall survival times. Comparisons
between two groups were analyzed by t tests, and comparisons
among multiple groups were analyzed by one-way ANOVA.
Differences with p < 0.05 were considered significant.
RESULTS

LETM1 Was Significantly Upregulated
in Hepatocellular Carcinoma Tissues
The messenger RNA (mRNA) levels of LETM1 in HCC tissues
and normal liver tissues from the Oncomine database are shown
in Figure 1A, and Kaplan-Meier survival analysis indicated that
upregulated LETM1 expression predicted poor prognosis
(Figure 1B) (p < 0.05). Then, the mRNA and protein levels of
LETM1 in six HCC patient tissues and paired adjacent tumor
tissues from the First Affiliated Hospital of Chongqing Medical
University were determined by RT-qPCR and Western blotting.
The results revealed that both the relative mRNA level (p < 0.01,
Figure 1C) and the protein expression level (p < 0.01, Figures
1D, E) of LETM1 in HCC tissues were significantly higher than
those in adjacent tumor tissues. Our results demonstrated that
LETM1 overexpression may be related to HCC development.

High LETM1 Expression Was Associated
With Poor Prognosis in Hepatocellular
Carcinoma Patients
Then, to illustrate the relationships between LETM1 expression
and clinicopathological features as well as overall survival time in
HCC patients, immunohistochemistry was conducted to detect
the expression of LETM1 in 82 HCC patients (eight patients’
clinical data and follow-up data were unavailable). The data
revealed that the expression of LETM1 in HCC tissues was
Frontiers in Oncology | www.frontiersin.org 417
higher than that in the corresponding adjacent tissues and that
LETM1 was mainly localized in the cytoplasm, as shown in
Figures 1F, G. Moreover, the chi-square test and Pearson
correlation analysis showed that LETM1 overexpression was
significantly correlated with tumor size (p<0.001), portal vein
emboli, metastasis (both p<0.01), and TNM stage of HCC
(p<0.05) (Tables 1 and 2). In addition, we performed
univariate and multivariate Cox regression analyses to identify
whether LETM1 is a risk factor in HCC patients. As shown in
Table 3, univariate Cox regression analysis illustrated that high
LETM1 expression was associated with a significantly increased
risk of death in HCC patients (p<0.001) compared to that of
patients with low LETM1 expression, and multivariate Cox
regression analysis demonstrated that LETM1 expression could
be a factor related to poor survival. Kaplan-Meier analysis also
indicated that HCC patients with high levels of LETM1 were
more likely to have a poor prognosis (p < 0.05, Figure 1H).
Collectively, these results indicated a significant correlation of
LETM1 expression with prognosis.

Knockdown of LETM1 Inhibits the
Proliferation and Promotes the Apoptosis
of Huh7 and QGY-7701 Cells
The level of LETM1 in LO2 normal liver cells and HCC cell lines,
including SMMC-7721, HCC-LM3, Huh7, HepG2, QGY-7701,
and Hep3B, was further explored by RT-qPCR and Western
blotting. Compared with that in LO2 cells, the relative mRNA
level of LETM1 (Figure 2A) was increased in SMMC-7721
(p<0.01), HCCLM3 (p<0.05), Huh7 (p<0.001), HepG2
(p<0.01), and QGY-7701 (p<0.001) cells, but the difference was
not obvious in Hep3B cells. The Western blot results also
indicated a consistent conclusion (Figures 2B, C). As a result,
the Huh7 and QGY-7701 HCC cell lines were selected for the
following experiments. Here, we used shRNA lentivirus to
establish stable Huh7 and QGY-7701 LETM1-knockdown cell
lines, and RT-qPCR andWestern blotting were used to detect the
transfection efficiency (Figures 2D–F). Next, the effects of
LETM1 knockdown on the proliferation and apoptosis of HCC
cells were explored. The CCK-8 assay revealed that proliferation
was significantly decreased in the sh-LETM1 group compared
with the NC group in both Huh7 and QGY-7701 cells (Figures
2G, H). In addition, the flow cytometry results showed that the
apoptosis rate of Huh7 and QGY-7701 cells was significantly
increased in the sh-LETM1 groups compared with the sh-NC
groups (Figure 2I). The Western blot results revealed that the p-
Bcl-2/Bcl-2 ratio and the expression levels of Bax and Caspase-3
were increased in the sh-LETM1 group compared with the NC
group in both Huh7 and QGY-7701 cells (Figures 2E, F). These
results indicated that knockdown of LETM1 inhibits the
proliferation and promotes the apoptosis of Huh7 and QGY-
7701 cells.

Knockdown of LETM1 Triggers Autophagy
in Huh7 and QGY-7701 Cells
Then, Western blotting and immunofluorescence were used to
test whether LETM1 is involved in autophagy in vitro. Beclin1,
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p62, and LC3II/I ratio are effective markers of autophagy, and the
Western blot results shown in Figures 3A, B revealed that the
level of Beclin1 and LC3II/I were increased in the sh-LETM1
group compared with the NC group (Figures 3A, B), while the
level of p62 was decreased in the sh-LETM1 group compared
with the NC group. The immunofluorescence assay
demonstrated that the fluorescence intensity of LC3 was
significantly higher in the sh-LETM1 group than in the NC
group in both Huh7 and QGY-7701 cells (Figure 3C).
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Knockdown of LETM1 Regulates Autophagy
and Apoptosis by Activating AMPK
It has been reported that LETM1 can inhibit the activation of
AMPK, and AMPK has been reported to be associated with
autophagy and apoptosis. Therefore, we attempted to determine
whether LETM1 can regulate autophagy and apoptosis by
activating AMPK in HCC cell lines. Here, an AMPK inhibitor,
dorsomorphin, together with LETM1 shRNA, was used in
Huh7 and QGY-7701 cells to investigate the possible
A B

D

E F

G

H

C

FIGURE 1 | LETM1 was significantly upregulated in hepatocellular carcinoma (HCC) tissues. (A) Expression of LETM1 was significantly upregulated in HCC tumor tissues
compared with normal liver tissue samples in the Oncomine database (p < 0.001, n=445). (B) Kaplan-Meier overall survival curves for patients with HCC stratified by high and
low expression of LETM1 from the Oncomine database (p < 0.05, n=72). (C) Relative mRNA level of LETM1 in HCC tissues and adjacent tumor tissues collected from First
Affiliated Hospital of Chongqing Medical University. (D, E)Western blot of LETM1 expression in HCC tissues and adjacent tumor tissues from First Affiliated Hospital of
Chongqing Medical University. (F) LETM1 expression was markedly increased in 20 paired HCC tissues and their adjacent tumor tissues. (G) Representative images of LETM1
expression in HCC tissues and their adjacent normal tissues. (H) Kaplan-Meier overall survival curves for patients with HCC stratified by high and low expression of LETM1 from
clinical specimens (p < 0.05, n=82). Data are presented as means ± SEM, **p < 0.01 versus HCC group. HCC, hepatocellular carcinoma tissue; AT, adjacent tumor tissue.
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mechanism. As shown in Figure 4, the expression of LETM1 did
not differ significantly between the sh-LETM1 group and the sh-
LETM1+dorsomorphin group, while the expression of p-AMPK
was increased in the sh-LETM1 group compared with the NC
group, and the effect of sh-LETM1 on p-AMPK was reversed by
dorsomorphin. These results indicated that LETM1 may be
upstream of AMPK and that knockdown of LETM1 can
promote the phosphorylation of AMPK. In addition,
dorsomorphin reversed the effect of LETM1 shRNA on the
expression of Beclin1, p62, and LC3II/I (LETM1 shRNA group
vs. LETM1 shRNA+dorsomorphin group). These results
demonstrated that LETM1 may regulate autophagy through
AMPK phosphorylation in HCC cells.

LETM1 Knockdown Promotes Autophagy
and Apoptosis Through AMPK-Mediated
Beclin-1/Bcl-2 Complex Dissociation in
Hepatocellular Carcinoma Cells
AMPKhasbeenreported tobe locatedupstreamofBeclin-1andBcl-
2, and Beclin-1 and Bcl-2 may exist as a complex. In addition,
LETM1 can regulate the phosphorylation of AMPK. Therefore,
we proposed that LETM1 regulates the dissociation of the Beclin-1/
Bcl-2 complex through phosphorylation of AMPK, thus
affecting autophagy and apoptosis. To verify this hypothesis,
coimmunoprecipitation experiments were conducted. As shown in
Figure 5, the interaction of Beclin-1 and Bcl-2 was decreased in the
sh-LETM1 group but increased in the dorsomorphin group,
indicating that LETM1 knockdown promoted the dissociation of
theBeclin-1/Bcl-2 complex and that inhibitionofAMPKsuppressed
this dissociation. Moreover, inhibition of AMPK reversed the effect
of LETM1 shRNA on Beclin-1/Bcl-2 complex dissociation (LETM1
shRNA group vs. LETM1 shRNA+dorsomorphin group).
Frontiers in Oncology | www.frontiersin.org 619
LETM1 Knockdown Suppressed
the Tumorigenicity of Transfected
Hepatocellular Carcinoma Cell Lines
In Vivo
Eventually, we further explored the effect of LETM1 knockdown
on HCC growth in nude mice. Stable Huh7 and QGY-7701
LETM1-knockdown cells were injected subcutaneously into
nude mice. The volume and weight of tumors were recorded;
as shown in Figure 6, tumor growth in the sh-LETM1 group was
slower than that in the NC group (p < 0.01) (Figure 6A), and the
tumor weights and volumes were significantly lower in the sh-
LETM1 group than in the NC group (Figures 6B, C). Tumor
tissues were assessed by Western blotting, which revealed that
the levels of Beclin1, LC3II/I, p-Bcl-2/Bcl-2, Bax, and caspase-3
were increased in sh-LETM1 tumor tissues compared with NC
tumor tissues (Figures 6D–F). In contrast, the level of p62 was
decreased in sh-LETM1 tumor tissues (Figures 6D, E). Taken
together, these results in this tumor formation experiment
indicated that LETM1 may play an important role in the
tumorigenicity of HCC cells.
DISCUSSION

In this study, high LETM1 expression in HCC was associated
with poor patient outcome. The findings of this study indicated
that LETM1 is involved in HCC tumor cell aggressiveness by
promoting cell proliferation and inhibiting autophagy and
apoptosis. Mechanistically, this study suggested that LETM1
regulates the dissociation of the Beclin-1/Bcl-2 complex
through AMPK in HCC.

The LETM1 protein has been identified as a mitochondrial
membrane protein that may regulate mitochondrial morphology
and cell proliferation (19, 20). There is accumulating evidence that
LETM1 expression is significantly increased in several kinds of
cancers and is associated with poor prognosis (22–24). Doonan
et al. (20). found that downregulation of LETM1 caused the
accumulation of S-phase cells and that re-expression of LETM1
reversed the accumulation of S-phase cells, suggesting that
inhibiting LETM1 may suppress cell proliferation by disrupting
cell cycle progression (23). Piao et al. (21). found that
overexpression of LETM1 could cause the necrosis and death of
HeLa cells by reducing ATP production and mitochondrial
biogenesis (21). This finding was consistent with our results,
which revealed that the expression of LETM1 was increased in
HCC tissues and cell lines and that high expression of LETM1 was
associated with tumor size, portal vein emboli, metastasis, and
TABLE 2 | Spearman analysis of correlation between LETM1 and
clinicopathological.

Variables LETM1 expression level

Spearman correlation p-Value

Gender -0.068 0.526
Age, years 0.087 0.414
Tumor size, cm 0.384 0.000
AFP, ng/ml 0.174 0.101
HBsAg 0.020 0.850
Liver cirrhosis 0.073 0.492
Portal vein emboli and metastasis 0.275 0.009
TMN stage (AJCC) 0.260 0.014
Tumor differentiation 0.035 0.741
TABLE 3 | Univariate and multivariate analyses of various prognostic parameters in patients with hepatocellular carcinoma (HCC) Cox-regression analysis.

LETM1 Univariate analysis Multivariate analysis

p Hazard ratio 95% confidence p Hazard ratio 95% confidence

Tumor size 0.000 5.110 2.570–10.160 0.008 2.742 1.303–5.768
Portal vein emboli and metastasis 0.000 6.656 3.321–13.341 0.001 3.676 1.711–7.898
TNM stage (AJCC) 0.000 4.092 2.124–7.883 0.009 2.523 1.258–5.059
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FIGURE 2 | Knockdown of LETM1 inhibits cell proliferation and promotes apoptosis in hepatocellular carcinoma (HCC) cell lines. (A) RT-qPCR analysis of LETM1
expression in LO2 and HCC cell lines. (B, C) Western blotting of LETM1 expression in LO2 and HCC cell lines. (D) RT-qPCR analysis to estimate the transfection
effect of LETM1 shRNA lentivirus. (E, F) Western blotting of LETM1 and apoptotic-related proteins (p-Bcl-2, Bcl-2, Bax, caspase-3) in Huh7 and QGY-7701 cell
lines. (G, H) CCK8 assays to detect the growth rate of LEMT1 knockdown in Huh7 and QGY-7701 cell lines. (I) Flow cytometry to test the apoptotic index in
LETM1-knockdown Huh7 and QGY-7701 cells. *p < 0.05, **p < 0.01, ***p < 0.001 versus sh-NC group. ns, no significance.
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TNM stage in HCC patients. Therefore, these results provide
evidence that LETM1 may act as a biomarker in HCC.

Autophagy has been reported to play important roles in the
occurrence and development of HCC, but this possibility
remains controversial (26). The conventional view is that in
the early stage of liver cancer, when liver cells are stressed and
DNA is damaged, autophagy can function as a tumor-
suppressive mechanism by removing damaged mitochondria or
liver cells with genetic mutations to maintain the genomic
stability of liver cells (27, 28). After the formation of liver
cancer, the system regulating autophagy is also disrupted (29).
Therefore, autophagy plays a more important role in promoting
the survival of liver cancer cells during tumor development than
prior to tumor formation. Apoptosis resistance is considered to
be another major factor affecting the occurrence of cancer (30).
During hepatocarcinogenesis, the balance between cell growth
and apoptosis is disrupted (31). It has been reported that LETM1
could be related to autophagy (20). In this study, we found that
the levels of autophagy and apoptosis were both increased in
Frontiers in Oncology | www.frontiersin.org 821
Huh7 and QGY-7701 cells with LETM1 silencing, indicating that
LETM1 knockdown promoted autophagy and apoptosis.
However, further studies on the underlying mechanisms of
LETM1 need to be conducted.

It has been proven that knockdown of LETM1 can lead to a
significant decrease in the ATP level, resulting in changes in the
ADP/ATP and AMP/ATP ratios. An abnormal AMP/ATP ratio
may affect the activation of AMPK, leading to abnormal
autophagosome formation (25). AMPK has been shown to be
involved in mitochondrial biogenesis (32) and lysosome
biogenesis (33). Studies have shown that AMPK acts as either
a tumor suppressor gene or an oncogene in different cancer cells
(34). Other studies have shown that AMPK-mediated signal
transduction induces cancer cell death through autophagy and/
or apoptosis (35). Research has confirmed that AMPK plays
an important role in the activation of autophagy in HCC cells
(36). In addition, it has been demonstrated that AMPK is
upstream of Beclin1 and Bcl-2 and regulates autophagy and
apoptosis (17), and the Beclin1/Bcl-2 complex is a key player in
A B

C

FIGURE 3 | Knockdown of LETM1 triggers autophagy in Huh7 and QGY-7701 cell lines. (A, B) Western blotting of LETM1 and auto-related proteins in LETM1-
knockdown Huh7 and QGY-7701 cell lines. (C) Immunofluorescence assay of LC3 to reflect autophagy level (× 400). **p < 0.01, ***p < 0.001.
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mammalian autophagy and apoptosis (12). Beclin-1 and Bcl-2
interact via their common BH3 domains (13). Conditions such
as phosphorylation of Bcl-2 can cause Beclin1 and Bcl-2 to
dissociate from Beclin1/Bcl-2 complex, thus regulating
autophagy and apoptosis (37). The results of our study
suggested that LETM1 knockdown led to dissociation of
Beclin1 and Bcl-2 from the complex through phosphorylation
of AMPK as well as phosphorylation of Bcl-2 and then promoted
autophagy and apoptosis, respectively.

In conclusion, this is the first study to find that high
expression of LETM1 is significantly associated with tumor
Frontiers in Oncology | www.frontiersin.org 922
size, portal vein emboli, metastasis, TNM stage, and overall
survival time in HCC patients. In vitro experiments
demonstrated that high expression of LETM1 promoted the
proliferation of HCC cells. More importantly, this is the first
study to discover that high LETM1 expression inhibits
autophagy and apoptosis in HCC cells. Mechanistically,
LETM1 regulates autophagy and apoptosis via AMPK
activation-mediated Beclin-1/Bcl-2 complex dissociation in
HCC cells (Figure 7). These findings suggest that LETM1
could be a potentially valuable biomarker for the diagnosis and
prognosis of HCC.
A

B

FIGURE 4 | Knockdown of LETM1 regulates autophagy and apoptosis through activating AMPK. (A, B) Western blot analysis of the expressions of autophagic
associated proteins (Beclin1, p62, and LC3), apoptotic-related proteins (p-Bcl-2, Bcl-2, Bax, caspase-3), LETM1, and AMPK in LETM1-knockdown along with
AMPK inhibitor Huh7 and QGY-7701 cell lines. #p < 0.05, ##p < 0.01, ###p < 0.001 means dorsomorphin versus LETM1 shRNA+dorsomorphin group; &p < 0.05,
&&p < 0.01, means LETM1 shRNA group versus LETM1 shRNA+dorsomorphin group.
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A B

FIGURE 5 | LETM1 knockdown promotes autophagy and apoptosis through AMPK mediated Beclin-1/Bcl-2 complex dissociating in hepatocellular carcinoma cell.
(A) Co-immunoprecipitation experiment of the interation of Beclin-1 and Bcl-2 in in LETM1-knockdown along with AMPK inhibitor Huh7 cell line.
(B) Co-immunoprecipitation experiment of the combination of Beclin-1 and Bcl-2 in in LETM1-knockdown along with AMPK inhibitor QGY-7701 cell line.
A B
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FIGURE 6 | LETM1 knockdown suppressed tumorigenicity of Huh7 and QGY-7701 cells in vivo. (A) The growth curve of the in vivo tumorigenicity assa in LETM1
knockdown Huh7 and QGY-7701 cells transfected nude mice (N=6/per group). (B) The weight of tumors in LETM1 knockdown Huh7 and QGY-7701 cells
transfected nude mice (N=6/per group). (C) The volume of tumors in LETM1 knockdown Huh7 and QGY-7701 cells transfected nude mice (N=6/per group).
(D–F) The protein level of autophagic associated proteins (Beclin1, p62, and LC3), apoptotic-related proteins (p-Bcl-2, Bcl-2, Bax, caspase-3) and LETM1 in tumor
tissues of mice. **p < 0.01, ***p < 0.001 versus sh-NC group.
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Background: Immunotherapy has become the most promising therapy in digestive
system tumors besides conventional chemotherapy and radiotherapy. But only a few
patients can benefit from different types of immunotherapies, such as immune checkpoint
blockade (ICB). To identify these ICB-susceptible patients, methods are urgently needed
to screen and profile subgroups of patients with different responsiveness to ICB.

Methods: This study carried out analysis on patients with digestive system tumors that
were obtained from Cancer Genome Atlas (TCGA) cohorts. The analyses were mainly
performed using GraphPad Prism 7 and R language.

Results: We have quantified the microenvironmental components of eight digestive
system tumor patients in TCGA cohorts and evaluated their clinical value. We re-clustered
patients based on their microenvironment composition and divided these patients into six
clusters. The differences between these six clusters were profiled, including survival
conditions, enriched biological processes, genomic mutations, and microenvironment
traits. Cluster 3 was the most immune-related cluster, exhibiting a high infiltration of non-
tumor components and poor survival status, along with an inhibitory immune status, and
we found that patients with high stromal score indicated a poor response in ICB cohort.

Conclusions: Our research provides a new strategy based on the microenvironment
components for the reclassification of digestive system tumors, which could provide
guidance for prognosis judgment and treatment response prediction like ICB.

Keywords: The Cancer Genome Atlas (TCGA), digestive system tumors, immune, stromal, microenvironment
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INTRODUCTION

Digestive system tumors are the most common tumor type and
are associated with rapid malignant progression (1). Even after
patients receive standard radiotherapy and chemotherapy
treatment, the prognosis remains poor (2, 3). This
unsatisfactory prognosis is in part due to the hidden nature of
digestive system tumors, making them difficult to detect early.
These tumors are often found at advanced and malignant stages,
where symptoms are obvious. But the metastatic and recurrent
traits of digestive system tumors make them difficult for
conventional treatment programs to handle (4–8).

In recent years, more and more research has focused on the
importance of the tumor microenvironment in driving
malignancy, including in digestive system tumors (9–12). Most
of the previous studies have only focused on tumor cells
themselves and their internal mechanisms, but mutual
communication and regulation exist between tumor cells and
other components of their microenvironment (13–15). Through
paracrine mechanisms, tumor cells could reprogram their
surrounding immune and stromal microenvironments into a
“pro-tumor” microenvironment. The reprogrammed
microenvironment could facilitate the malignant phenotype of
tumor cells, such as proliferation, invasion, migration, and pro-
vasculogenic effects (16). Meanwhile, increasing evidence
suggested that the disorganized microenvironment may
contribute to tumor cells’ abilities to escape the effects of
conventional treatments, such as chemotherapy, radiotherapy,
and anti-vasculogenic therapy, as well as some classical
molecular targeting therapies (17–19).

In recent years, studies have begun to focus on
immunotherapy, which is considered as a promising and
upcoming therapy that has been extensively used in basic and
preclinical research. Among the different forms of
immunotherapy, immune checkpoint blockade (ICB) has
achieved significant effects in inhibiting the malignant
progression of tumors, including digestive system tumors. But,
results from clinical trials show that only a selection of tumor
patients respond well to ICB (20). The difference and complexity
of microenvironmental components may partially explain the
heterogeneity of the ICB response among tumor patients (18).
It is urgent to re-cluster digestive system tumors according
to individual trait of microenvironment composition,
and profile relevant clinical transformation significance in
corresponding cluster.

In this study, we quantified ten major non-tumor cells
and evaluated the clinical value of corresponding cell components
in individual cancers, where we found that some cell
components are often accompanied with poor prognosis, such as
neutrophils, fibroblasts, and endothelial cells. Subsequently, we re-
clustered patients with digestive system tumors based on
Abbreviations: ICB, Immune checkpoint blockade; TCGA, The Cancer Genome
Atlas; SCNA, Somatic copy number variation; GSVA, Gene set variation analysis;
ROC, Receiver operating characteristic; STAD, Stomach adenocarcinoma; LIHC,
Liver hepatocellular carcinoma; PAAD, Pancreatic adenocarcinoma; READ,
Rectum adenocarcinoma; COAD, Colon adenocarcinoma; ESCA, Esophageal
adenocarcinoma; SNP, Single Nucleotide Polymorphisms.
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microenvironmental components and conducted in-depth
analysis including clinical prognostic difference, genomic’s level,
enriched biological processes and microenvironmental component
characteristics. In addition, we found that the stromal score
robustly enhanced in cluster 3 subgroup, which was consistently
correlated with multiple negative immune cell components.
We proposed that the inhibitory immune status may be
characterized by high stromal scores. In the IMvigor210 database,
the response rate of ICB immunotherapy for patients with high
stromal scores was significantly limited, which confirmed the
relationship between stromal components and the inhibitory
immune microenvironment.
MATERIALS AND METHODS

Data Acquisition
The normalized RNA sequencing and clinical information of
1,526 patients were downloaded from the UCSC website (https://
genome.ucsc.edu/). For genomic level analyses, we downloaded
these six types of tumors’mutation data (MAF file) from https://
portal.gdc.cancer.gov/ and Firehose (http://gdac.broadinstitute.
org/). Two immunotherapy cohorts were the IMvigor210 cohort
and GSE78220 respectively; the former was downloaded from
http://research-pub.Gene.com/IMvigor210CoreBiologies, and
the latter was obtained from https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE78220 (21, 22).

The Quantification of Microenvironment
Components and K-Means Clustering
Analysis
The ESTIMATE R package was used to calculate stromal and
immune scores, and tumor purity was calculated according to the
formula from Yoshihara and colleagues (23). The relative
immune cell proportions were calculated based on the
CIBERSORT algorithm (24). MCP counter was conducted to
calculate the enrichment of several critical immune and stromal
cell components (25). The cluster analyses based on the MCP
counter results were performed by consensus unsupervised
analysis according to the ClusterProfiler R package, which was
used to identify the most proper category from the scale of
microenvironment components (26).

Differential Enriched Biological Process
and Driver Mutations
Limma R package was used to calculate the differentially
expressed genes among different groups. We quantified tumor
related biological process by using Gene set variation analysis
(GSVA), which was further conducted to explore differential
signaling pathways among different groups (27). Maftools R
package and Pheatmap package were performed to illustrate
significant differential driver mutations between different groups.

Statistical Analysis
R 3.6.1 (https://www.r-project.org/) and GraphPad Prism 7 were
used for statistical analysis. Kaplan–Meier survival analysis was
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used to evaluate the prognostic value. The receiver operating
characteristic (ROC) curve was made using GraphPad Prism 7
software. A Student’s t-test was performed to analyze differential
expressed expression. Chi-square test is used to evaluate the
difference in treatment response between two groups. Survival
curves were exported by GraphPad Prism 7. Two-tail p-value
<0.05 was termed as significant.
RESULTS

Overall Profiling of the Digestive System
Tumor Microenvironment Components
and Their Clinical Value
We first calculated the microenvironmental components of each
digestive system of tumor patient through the MCP counter
package and performed a visual exhibition (Figure 1A); we
found that the content of fibroblasts is the most enriched, and
the content of NK cells is less enriched. Similarly, by drawing a
heatmap, we can clearly see that in the microenvironment of
digestive system tumors, stromal components like fibroblast and
endothelial cells were more enriched in environment, where
monocytes are the main immune component (Figure 1B).
Next, we calculated the impact of each microenvironment
component on the survival prognosis of tumor patients
through univariate Cox regression analysis in each type of
tumor. There were several survival-related microenvironment
component of stomach adenocarcinoma (STAD) (Figure 1C).
We used the log-rank test method to draw survival curves of the
microenvironment components, aiming to identify survival-
related components in different tumors. We found that the
survival-related microenvironment components in liver
hepatocellular carcinoma (LIHC), pancreatic adenocarcinoma
(PAAD), and rectum adenocarcinoma (READ) are not well
predicted under the log-rank test (Figures 1D–F). While in
STAD, Cox results suggested that neutrophils, fibroblasts, and
endothelial cells are associated with poor prognosis, which were
also significantly related to the prognosis under the log-rank test
(Figures 1G–I).

Re-Clustering Patients With Digestive
System Tumors Based on
Microenvironmental Components
We performed K means unsupervised clustering of patients with
digestive system tumors based on the characteristics of the
microenvironmental components calculated by MCP (Figures
2A, B), and the results showed that the six types of
discrimination were the best. We analyzed the proportions of
the six categories in each type of digestive system tumor. The
results showed that the COAD and READ had a relative average
distribution among these six clusters, while cluster 4 in ESCA
was relatively enriched and cluster 6 in LIHC was the main
component. Cluster 1 was dominant in PAAD, and cluster 3 had
the highest proportion in STAD (Figure 2C). We further
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performed a Sankey diagram to depict the correspondence
between cancer species and clusters (Figure 2D). Moreover, we
described the main non-tumor cell components in different
clusters and found that cluster 3 contains the highest content
of immune and stromal cells, while cluster 6 has relatively low
numbers of immune and stromal cells (Figure 2E). Survival
analysis suggests that cluster 1 and cluster 3 have a relatively poor
prognosis , where both have a high proport ion of
microenvironmental components, while cluster 6 has a
relatively good prognosis, displaying a low proportion of non-
tumor cells (Figures 2F–H).

Profiling of Cluster-Related Mutations at
the Genome Level
In order to compare the differences between different clusters at
the genome level, we obtained the Single Nucleotide
Polymorphisms (SNP) mutation data of these six digestive
system tumors. Since the cluster 3 subgroup is accompanied by
a high level of non-tumor microenvironment components and
tends to be distributed in STAD, we have analyzed the classic
tumor driver gene mutations in the cluster 3 and non-cluster 3
subgroups of STAD to exclude the influence of the tumor type.
The results showed that the cluster 3 subgroup of STAD patients
was accompanied by a low TP53 mutation rate and a high LRP1B
mutation rate, suggesting a potential upstream mechanism for
the poor prognosis and increased infiltration of non-tumor
components of cluster 3 (Figures 3A, B). Similarly, due to the
relatively large proportion of cluster 6 in LIHC, we analyzed the
classic driver gene mutations of cluster 6 and non-cluster 6
subgroups of LIHC patients. We found that the cluster 6
subgroups of LIHC patients were accompanied by higher
CTNNB1 and TTN mutations (Figures 3C, D). As PAAD
occupied a large proportion of cluster 1, we compared the
genomic differences between the cluster 1 subgroup and the
non-cluster 1 subgroup, we found that the C1 subgroup of PAAD
was accompanied by a higher mutation rate of KRAS and
SMAD4, suggesting a potential mechanism for the poor
prognosis of cluster 1 patients (Figures 3E, F).

Differential Function Enrichment Analysis
Among Clusters
In order to explore the underlying mechanism of differences in
clinical and survival characteristics of patients in different
clusters, we selected more than 70 classical tumor-related
pathways or critical biological processes and calculated the
corresponding ssGSEA score for each tumor patient. Then, we
displayed the results using a heatmap and found that some
pathways that regulate the malignant behavior of tumor cells and
immune-related pathways are significantly enriched in cluster 3,
which is characterized by a high infiltration of non-tumor cells
(Figure 4A). Subsequently, we conducted a series of comparisons
of cancer hallmarks. In terms of several classical metabolic
pathways like glucose and lipid metabolism, etc. The
enrichment of cluster 6 was significantly higher than that of
other clusters. This may be because cluster 6 is mainly composed
February 2021 | Volume 10 | Article 607742
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FIGURE 1 | Overall description of the digestive system tumor microenvironment components and clinical value. (A) The landscape of microenvironmental
components in digestive system cancers. (B) A heatmap of the MCP-counter results in these six cancers. (C) Univariate Cox results of each cell component in the
STAD cohort. (D–I) The log-rank survival curve of some type of cells in specific cancer with prognostic value.
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of tumor cells (Figures 4B–F). The level of DNA replication and
mismatch repair of cluster 2 was significantly higher than that of
the other clusters (Figures 4G, H). Cluster 3 focused on the
interaction of cytokines and receptors, chemokines, TGFb
pathway, VEGF pathway, and focal adhesion pathway, which
further suggested that microenvironmental factors may lead to
the unique clinical characteristics of cluster 3 patients (Figures
4I–M).
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Cluster 3 Is Closely Related to the
Characteristics of an Immunosuppressive
Microenvironment
In order to further evaluate the microenvironment
characteristics of patients in cluster 3, we performed X-cell
analysis and displayed the results of each cluster subgroup
using a heatmap. The results showed that the immune cell and
stromal cell components in cluster 3 were robustly enriched,
A B

D E

F G H

C

FIGURE 2 | Re-clustering digestive system tumor patients based on microenvironmental components. (A, B) K means unsupervised clustering of patients with
digestive system tumors based on the characteristics of their microenvironmental components. (C) The proportions of the six kinds of clusters in each type of
digestive system tumor. (D) Sankey diagram was performed to depict the correspondence between cancer species and clusters. (E) The heatmap of the
microenvironmental components in these six clusters. (F–H) Survival analyses between these six clusters in OS, DSS, and PFI.
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FIGURE 3 | Profiling of cluster-related mutations at the genome level. (A) The landscape of classical driver gene mutations in the C3 and non-C3 clusters of the
STAD cohort. (B) The most different driver mutations between C3 and non-C3 clusters of STAD cohort. (C) The landscape of classical driver gene mutations in the
C6 and non-C6 clusters of the LIHC cohort. (D) The most different driver mutations between C6 and non-C6 clusters of the LIHC cohort. (E) The landscape of
classical driver gene mutations in the C1 and non-C1 clusters of the PAAD cohort. (F) The most different driver mutations between C1 and non-C1 clusters of the
PAAD cohort.
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FIGURE 4 | Differential function enrichment analysis among clusters. (A) More than 70 classical tumor-related pathways were quantified by ssGSE
pathways enhanced in cluster 6. (G, H) The level of DNA replication and mismatch repair of cluster 2 is significantly higher than that of other subgr
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including both activated and suppressed immune cell
components (Figure 5A). Moreover, the microenvironmental,
immune and stromal scores in cluster 3 were significantly higher
than other clusters (Figures 5B–D). As for the classical
inhibitory immune checkpoints, we found that PD1, PDL1,
and CTLA4 molecules in cluster 3 and cluster 5 were
significantly increased compared to other clusters (Figures
5E–G).
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Stromal Score Could Be Used to Predict
the Response of Anti-PD1/PDL1
Treatment
Based on the robustly enhanced microenvironmental
components and suppressive immune status of cluster 3, we
proposed that tumor patients with cluster 3 traits may be
insensit ive to immunotherapy. We represented the
characteristics of cluster 3 by microenvironment, immune and
A
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C

FIGURE 5 | Cluster 3 is closely related to the characteristics of the immunosuppressive microenvironment. (A) The microenvironmental components of the six
clusters conducted by X cell method. (B–D) The microenvironment score, immune score and stromal score in cluster 3 are significantly higher than other subgroups.
(E–G) Classical immune checkpoints such as PD1, PDL1, and CTLA4 in cluster 3 and cluster 5 subgroups were significantly increased. (** means P < 0.01,
**** means P < 0.0001).
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stromal scores, and then evaluated the effective response rate of
different groups in the ICB immunotherapy cohorts. In the
Imvigor210 anti-PDL1 immunotherapy cohort, we found that
there is no significant difference in the immunotherapy response
rate between the high and low score groups when the
microenvironment score and immune score were used as the
Frontiers in Oncology | www.frontiersin.org 934
stratified criteria (Figures 6A, B). When the stromal score was
used as the distinction criteria, we found that the
immunotherapy response rate in the high score group was
significantly lower than that in the low scoring group (Figure
6C). Moreover, the ROC curve showed that the stromal score
had a predictive effect on the positive response rate (Figure 6D).
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FIGURE 6 | Stromal score can be used to predict the effect of anti-PD1/PDL1 treatment. (A, B) Patients were stratified by the microenvironment score and immune
score, while there is no significant difference in the immunotherapy response rate between the high and low score groups. (C) The immunotherapy response rate in
the high stromal score group was significantly lower than that in the low stromal score group. (D) The ROC curve showed that the stromal score had a well
predictive effect on the positive response rate. (E) The stromal score in the positive response group was significantly lower than non-response group. (F–H) Among
microenvironmental score, immune score and stromal score, only stromal score has the value in distinguishing patients with positive treatment response in
GSE78220 cohort. (I) The ROC curve showed that the stromal score had a well predictive effect on the positive response rate in GSE78220 cohort. (J) The stromal
score in the positive response group was significantly lower than non-response group in GSE78220 cohort. (NS means Chi-Square test no significance, * means P <
0.05, ** means P < 0.01, *** means P < 0.001, **** means P < 0.0001).
February 2021 | Volume 10 | Article 607742

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


Wang et al. Re-Clustering of Digestive System Tumors
In addition, the stromal score in the response group was also
significantly lower than in the no response group (Figure 6E).
Similarly, we observed a similar conclusion in the GSE78220
anti-PD1 immunotherapy cohort, where the stromal score is
more effective in distinguishing patients with positive treatment
response than the microenvironment and immune scores
(Figures 6F–H). In addition, the stromal score has a good
predictive effect on the positive response to ICB treatment. The
stromal score of the response group was significantly lower than
that of unresponsive group (Figures 6I, J).
DISCUSSION

Increasing studies have shown that the microenvironmental
components of malignant tumors are important factors
affecting the poor prognosis and low response to treatment
(28, 29). The non-tumor cell components and tumor cell
components in the microenvironment can mutually regulate
and transform each other to accelerate the malignant progress
of tumors (16). There were a few studies that tried to enhance the
immunotherapy efficiency by remodeling the microenvironment
(30–32). Analyzing the microenvironment composition mode of
different tumor patients can provide a certain guidance value for
the selection of the next treatment strategy such as
immunotherapy. Thus it is urgent to identify the subgroups of
patients with different responsiveness to ICB treatment from the
scale of microenvironment factors. This study first quantified
eight key microenvironment components of patients with
digestive system tumors and found that the two main stromal
components of fibroblasts and vascular endothelial cells were
prefer enriched, and the most enriched immune components
were monocytes. We further evaluated the clinical value of these
key microenvironmental components and found that fibroblasts,
vascular endothelial cells, and neutrophils are closely related to
poor prognosis.

While classification of digestive system tumors is mainly
based on clinical parameters, such as tissue source, TNM stage,
and grade, this study clustered patients based on characteristics
of their microenvironment composition. We believe that tumors
that share similar microenvironment compositions may have
similar clinical characteristics. Based on the characteristics of the
microenvironmental components calculated by MCP-Counter,
we performed K means unsupervised clustering on patients with
digestive system tumors and divided these patients into six
clusters. We quantified the main non-tumor cell components
in different clusters and found that cluster 3 has the highest
content of immune and stromal cells, and cluster 6 has a
relatively low content of immune and stromal cells. Survival
analysis suggested that the prognosis of cluster 1 and cluster 3
was relatively poor, which have a high proportion of
microenvironmental components, while cluster 6 has a lower
proportion of non-tumor cells but exhibits a relatively
good prognosis.

In addition, in order to explore the underlying mechanism of
the differences between patients in different clusters, we
Frontiers in Oncology | www.frontiersin.org 1035
quantified classical tumor driven biological processes. We
found that in cluster 3, some pathways that regulate the
malignant behavior of tumor cells and immune-related
pathways were significantly enriched. In addition, cluster 3
was significantly enriched in microenvironment-related
functions, such as cytokine–receptor interactions, chemokines,
TGFB pathway, VEGF pathway, and focal adhesion pathway;
those were all involved with microenvironment remodeling and
could be termed as targeted signaling in the immunotherapy
(33–37), which further suggested that microenvironmental
factors may contribute to the unique clinical features of cluster
3. Based on the significantly enriched microenvironmental
components and suppressive immune status of cluster 3, we
speculate that tumor patients with cluster 3 characteristics
may be insensitive to immunotherapy. We replaced the
characteristics of cluster 3 with microenvironmental score,
immune score and stromal score respectively, and then tested
the treatment response rate of different groups in the ICB
immunotherapy cohorts. First of all, in the Imvigor210
anti-PDL1 immunotherapy cohort, we found that when the
stromal score was used as the distinguishing standard, the
immunotherapy response rate in the high score group was
significantly lower than that in the low score group (22). The
ROC curve showed that the stromal score had a good predictive
effect on the positive response rate. The stromal score in the
positive response group was also significantly lower than that in
the non-response group. We also reached a similar conclusion
in the GSE78220 anti-PD1 immunotherapy cohort (21), where
stromal score was more effective in distinguishing patients with
positive response to ICB treatment.

In summary, the composition of the microenvironmental
components of various tumors in the digestive system is
heterogeneous. There is a subgroup of patients characterized
with high stromal and immune components that are
accompanied with a poor prognosis and insensitivity to ICB
therapy. Our research provides a new approach for precise
diagnosis and treatment of digestive system tumor patients.
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Extracellular and/or intracellular manipulation of pH in tumor may have noticeable potential
in cancer treatment. Although the assembly factor genes of V0 domain of the V-ATPase
complex are required for intracellular pH homeostasis, their significance in colorectal
cancer (CRC) remains largely unknown. Here, we used bioinformatics to identify the
candidates from known assembly factor genes of the V0 domain, which were further
evaluated by immunohistochemistry (IHC) in CRC and adjacent normal specimens from
661 patients. Univariate and multivariate Cox analyses were used to evaluate factors
contributing to prognosis. The effects of variations in the expression of VMA21 on tumor
growth were assessed in vitro and in vivo. Of five known assembly factors, only VMA21
showed differential expression between CRC and adjacent normal tissues at both mRNA
and protein levels. Patients with high VMA21 expression had higher differentiation grade
and longer disease-specific survival (DSS) at stages I–III disease. High VMA21 expression
in tumors was also an independent predictor of DSS (hazard ratio, 0.345; 95% confidence
interval, 0.123–0.976), with covariates included TNM stage and differentiation grade.
VMA21 overexpression decreased CRC growth, whereas VMA21 knockdown increased
CRC growth in vitro and in vivo. VMA21 expression suppresses CRC growth and predicts
a favorable DSS in patients with stage I-III disease.

Keywords: vacuolar membrane ATPase activity 21 (VMA21), vacuolar ATPases, prognosis, tumor suppressor,
colorectal carcinoma
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INTRODUCTION

Colorectal cancer (CRC) is one of the most common
malignances worldwide, and surgical resection supplemented
with chemotherapy remains the most effective treatment in
patients without distant metastasis (1, 2). However, 30–50% of
patients experience relapse or metachronous metastases after
surgery (1, 2). Post-surgical chemotherapy and extensive
surveillance are beneficial for patients who are more likely to
show disease exacerbation. However, identifying patients who
would benefit from these treatments is challenging because
tumors are heterogenous, even among patients with the same
tumor-node-metastasis (TNM) stage (1–3). The only validated
marker for prognosis stratification and for selecting the
appropriate chemotherapy in CRC is microsatellite instability
(MSI) (3, 4), although many biomarkers have been investigated.
Therefore, additional effective biomarkers are urgently
required (5).

The vacuolar H+-ATPase complexes (V-ATPases) are large
multisubunit protein complexes that are required to maintain the
pH homeostasis of intracellular compartments (6). The complex
consists of two domains, a membrane-integral V0 domain for
proton translocation and a cytosolic V1 domain for ATP
hydrolysis, which are assembled separately in the endoplasmic
reticulum and cytosol, respectively (7, 8). The assembly of the V0

domain depends on a set of endoplasmic reticulum (ER)-resident
chaperones, including TMEM199, VMA21, CCDC115,
ATP6AP1, and ATP6AP2 (8). Loss-of-function mutations of
the assembly factor genes are associated with a spectrum of
disease symptoms (8–13), and the normal function of CCDC115,
ATP6AP1, and ATP6AP2 is associated with favorable
phenotypes in several cancer types (14, 15). However, the
clinical significance and biological role of assembly factor genes
in CRC is largely unknown.

To address these challenges, in the study we aimed to evaluate
whether the five assembly factor genes of V0 domain associated
with the development and progression of CRC and further to
investigate the biological function of the candidate. We showed
that among five V0 domain assembly factors genes, VMA21 was
the only differentially expressed gene between CRC and
neighboring normal tissues. Tumors with high VMA21
expression had higher differentiation grade and were associated
with longer disease-specific survival (DSS) than VMA21-low
tumors. Ectopic expression of VMA21 reduced the growth of
CRC cells in vitro and in vivo. The present data suggest that
VMA21 acts as a tumor suppressor and predicts a favorable
prognosis, although VMA21 expression is elevated in
CRC tissues.
MATERIALS AND METHODS

Bioinformatics Analysis
The expression of five genes (TMEM199, VMA21, CCDC115,
ATP6AP1, and ATP6AP2) in CRC and corresponding normal
tissue specimens was firstly analyzed on the Expression Profiling
Frontiers in Oncology | www.frontiersin.org 239
Interactive Analysis (GEPIA) website based on the dataset of The
Cancer Genome Atlas (TCGA) (16). Co-expression of the genes
was analyzed using the Pearson Correlation Coefficient (PCC).
Candidate genes showing a 1.5-fold difference between CRC and
adjacent normal tissues were further investigated in other cancer
types using TCGA data and in our CRC cohort by
immunochemistry (IHC).

Patients and Tissues
Formalin-fixed, paraffin-embedded (FFPE) specimens from 661
cancerous tissues, 26 adenoma, and 65 para-carcinoma tissues
were obtained from 661 patients treated at Changhai Hospital,
SecondMilitary Medical University, Shanghai, between 2001 and
2011. None of the patients received chemotherapy or radiation
therapy before surgery. All tissue samples were tested
histologically by the pathologists to verify the diagnosis. Outdo
Biotech Co., Ltd (Shanghai, China) constructed the tissue
microarrays (TMAs) containing the FFPE specimens as
previously described (17). The baseline information of each
specimen donors, including age, tumor location, differentiation
grade, number of examined lymph nodes, TNM stage
(determined according to the American Joint Committee on
Cancer Staging Manual , seventh edition), adjuvant
chemotherapy, serum carcinoembryonic antigen (CEA), and
carbohydrate antigen 199 (CA199) levels, were documented.
The follow-up of patients was performed regularly as
previously described (17). The disease-specific survival (DSS)
and disease-free survival (DFS) were defined as the time from
surgery to death caused by CRC and the time from surgery to
relapse, respectively. Written informed consent was obtained
from all patients and approved by the Ethics Committees of
Changhai Hospital.

Immunohistochemistry
The slides of TMAs (4-mm thick) were prepared for IHC
examination of the detection of VMA21 immunstaining. Each
slide was deparaffinized using xylene and rehydrated in graded
alcohol, and endogenous peroxidase activity was blocked using
3% H2O2. After antigen retrieval of VMA21 for 30 minutes in 10
mmol/L sodium citrate buffer (pH 6.0), slides were blocked with
5% normal goat serum for 10 min at room temperature. Then,
the slides were incubated with anti-human VMA21 polyclonal
antibody (PA5-42630, 1:150 dilution; Invitrogen, Carlsbad,
California, USA) overnight at 4°C, followed by incubation with
a secondary antibody from the ElivisionTMsuper HRP (Mouse/
Rabbit) for 30 min. Then, the sections were reacted with 3-3-
aminobenzidine (DAB) solution for 45 seconds and
counterstained with hematoxylin for 25 seconds.

Immunohistochemistry Scoring
Two authors (F.Z. and H.S.) who were blinded to the
clinicopathological information, evaluated the VMA21
immunostaining data independently. The intensity level of
each specimen dot was evaluated using the H-score method as
described previously (18, 19). H-score was evaluated by
multiplying the average percentage of positive cells (0–100%)
by the staining intensity (0, negative; 1, weakly positive; 2,
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moderately positive; and 3, strongly positive staining). The IHC
scores of each specimen provided by the two observers were
averaged for further studies.

Cell Culture, qRT-PCR, and
Western Blotting
Four human CRC cell lines (RKO, SW620, LoVo, and CACO2)
were maintained in RPMI-1640 or DEME medium with 10%
heat-inactivated fetal bovine serum (FBS) (GIBCO, Grand
Island, NY, USA) and 2% penicillin/streptomycin (GIBCO).
All cells were obtained commercially from the Cell Bank
affiliated to the Chinese Academy of Sciences (Shanghai,
China). The LightCycler 480 II system (Roche, Basel,
Switzerland) with SYBR Green reagent (Takara, Bio, Dalian,
China) was used to detect the relative expression of VMA21
mRNA using the following primers: 5′-TGG AGC GCC CGG
ATA AGG-3′ (forward) and 5′-CTG TTT GCC TTC ACG CCA
C-3′ (reverse). Human GAPDH served as an internal control
with the primers 5′-GGA GCG AGA TCC CTC CAA AAT-3′
(forward) and 5′-GGC TGT TGT CAT ACT TCT CAT GG-3’
(reverse). Western blot analysis of CRC cells and specimens was
performed using routine protocols with antibodies against
human VMA21 (1:150, PA5-42630, Invitrogen) or human
GAPDH (1:1000, AP0063, Bioworld Technology, St. Louis
Park, MN, USA)

cDNA Expression Constructs
Invitrogen Co., Ltd (Shanghai, China) synthesized and validated the
cDNA sequence of the VMA21 transcript (NM_001017980).
The products were subcloned into the pENTRTM3C vector, and
the recombinant VMA21 was Gateway-recombined into the
pInducer 20 vector (Addgene) (20). A Lenti-XTM HTX
Packaging System (Clontech Laboratories, Inc., CA, USA) was
used to produce lentiviral particles in HEK293T cells, which were
titrated onto SW620 or LoVo cells cultured in media containing
1 µg/mL puromycin to reach the optimal expression of the target
protein using the minimum viral load. G418 (2 mg/ml) was
added to induce VMA21 gene expression, which was confirmed
by qRT-PCR and western blotting.

Construction of Stable Cells With Inducible
Vacuolar Membrane ATPase Activity
21 Knockdown
A microRNA (miR)-30 loop and appropriate flanking sequences
were added to the different miR-30-mediated shRNAs to
specifically target VMA21 as described previously (21). The
sequence was as followed: 5′-CAU CUA CAC UGA AGA
CGC UTT AGC GUC UUC AGU GUA GAU GTT-3′. After
the synthesis of single-stranded DNA templates for shRNAs, the
templates were amplified with primers including Xho1 or
BamH1 restriction enzymes sites. The target DNA was purified
and subcloned into the Pinducer10 vector (20). Lentiviral
particles were produced as described above and titrated onto
RKO cells. Expression of VMA21 was induced using 1 mg/mL
doxycycline (dox) and confirmed by qRT-PCR and
western blotting.
Frontiers in Oncology | www.frontiersin.org 340
Colony Formation Assay
CRC cells (LoVo and SW480) were seeded into 6-well plates
(Corning, NY, USA) at a density of 1.5 × 103 cells/well. The cell
medium was replaced every 72 h during growth. After 7–14 days
of incubation, the supernatant was removed, cells were fixed with
methanol, and then dyed with crystal violet. Images were
captured, and colonies were counted when they contained
more than 50 cells.

In Vivo Tumor Growth
Male nude mice (BALB/c, 5–6 weeks old) were purchased from
SLAC Laboratory Animal Co. (Shanghai, China) and were
accustomed to a pathogen-free environment for 1 week. For
setting up the xenograft implant tumor models, the stable
inducible CRC cells (VMA21-LoVo, VMA21-SW620, and
shRNA-VMA21 RKO) were subcutaneously injected into test
(treated with G418 or Dox) and control groups. Tumor
formation was continuously monitored using calipers every 3–
4 days. The tumor volume was calculated using the formula
(length × width2)/2. The mice were euthanized after 19–30 days
depending on tumor size, and the tumor xenografts were
removed and tested. All procedures were performed according
to the National Research Council’s Guide for the Care and Use of
Laboratory Animals.

Statistical Analysis
Differences in VMA21 expression between CRC and adjacent
non-tumorous tissues were analyzed using the Student’s t test
and we used independent-sample t-tests for the differences of
mRNA expression in different CRC cells. The c2 test and
Student’s t test were used to compare categorical data and
continuous data separately. The R package of maxstat (22) was
used to determine the optimal value for the classification of
patients into subgroups according to the expression of VMA21
determined by immunostaining. The subgroups were further
compared using the Kaplan-Meier method and Cox proportional
hazards models. All statistical tests were performed with R 3.6.1
and SPSS (Version 23.0 forWindows), and two-tailed tests with a
P <0.05 were considered significant.
RESULTS

Vacuolar Membrane ATPase Activity 21 is
Upregulated in Colorectal Cancer
Epithelial Cells
To identify V-ATPase assembly factor gene candidates
associated with the progression of CRC, the expression of five
genes required for the V0 domain of V-ATPase (TMEM199,
VMA21, CCDC115, ATP6AP1, and ATP6AP2) (8) were
analyzed using TCGA-CRC cohort. Three (CCDC115,
ATP6AP1 and ATP6AP2) of the five assembly factor genes are
associated with several cancers (14, 15). We found that VMA21
was the only gene showing significantly higher mRNA
expression in colon and rectal cancerous tissues than in
adjacent normal tissues (all P < 0.05), as shown in Figure 1A.
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The associations between VMA21 and ATP6AP1 (r = 0.56, P <
0.001) and ATP6AP2 (r = 0.52, P < 0.001) were significant, as
indicated by Pearson correlation coefficients (Supplementary
Figure 1). Therefore, VMA21 was identified as a new candidate
gene involved in the development of CRC.

VMA21 expression in CRC epithelial cells may be affected by
the expression profiles of whole tissues because of the potential
mixture of transcripts from different cell populations (23, 24).
We therefore investigated the expression pattern of VMA21 in
our specimens using IHC. VMA21 protein expression was
primarily detected in the cytoplasm of colorectal epithelial cells
(Figure 1B). The immunostaining marks of VMA21 increased
gradually in adjacent normal tissues, adenoma, and primary
Frontiers in Oncology | www.frontiersin.org 441
CRC (P trend < 0.001), as shown in Figure 1C. There was no
difference in VMA21 protein expression between colon and
rectal cancerous tissues (Figure 1D, P > 0.05). Taken together,
these results indicate that VMA21 is upregulated in CRC at the
mRNA and protein levels, suggesting that it plays a role in CRC.

Associations Between Vacuolar
Membrane ATPase Activity 21 Expression
and Clinical Variables of Colorectal
Cancer Patients
Based on the 97.5% quantile (175) of VMA21 in the IHC scores
from noncancerous specimens, the 661 patients were classified
into two groups, the VMA21-high group (score >175) and the
A

B C

D

FIGURE 1 | VMA21 is elevated in colorectal cancer. (A) Expression patterns of five assembly factor genes of the V0 domain of V-ATPase based on TCGA-CRC
mRNA data. (B) Immunostaining of VMA21 in CRC and noncancerous tissues. (C) VMA21 protein expression in normal, adenoma, and CRC tissue specimens.
(D) Expression pattern of the VMA21 protein in colon cancer and rectal cancer. CORD, colon cancer; READ, rectum cancer.
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VMA21-low group (score ≤ 175). The associations between
VMA21 expression and the clinical features of CRC patients
are shown in Table 1. There were no significant associations
between VMA21 protein expression and several clinical factors
(all P >0.05), including age, gender, TNM stage, tumor location,
and serum CEA and CA199 levels. However, VMA21-
high expression was significantly associated with higher
differentiation grade (P = 0.011) compared with VMA21-low
expression, indicating that the expression of VMA21 may be
negatively related to the progression of CRC.

High Vacuolar Membrane ATPase Activity
21 Expression Tends to Indicate a
Favorable Outcome
The associations between the expression of VMA21 and clinical
outcomes were further investigated in 639 patients with stage I-
III CRC. According to the optimal IHC-score cut-off value (215)
determined by maxstat software, which could most efficiently
distinguish differences in clinical outcomes (Supplementary
Figure 2), patients were classified into two subgroups: patients
with VMA21-high (>215) and those with VMA21-low (≤215)
tumors. As shown in Figure 2A, VMA21-high tumors were
strongly correlated with a favorable DSS (P = 0.035) but not DFS
(P = 0.390). Next, the associations between VMA21 expression
and DFS and DSS in patients with stage I and II disease were
estimated. The results showed a significant association between
Frontiers in Oncology | www.frontiersin.org 542
VMA21 expression and DSS (P = 0.034), but not DFS, in stage I-
II CRC patients (Figure 2B). VMA21 expression was not
significantly associated with DFS or DSS in patients with stage
III disease (P > 0.05) (Figure 2C). Multivariate Cox analysis
(Table 2) showed that VMA21 expression was associated with
DSS [hazard ratio (HR), 0.345; 95% confidence interval (CI),
0.123–0.976] in patients with stage I–III disease, with the
covariates including stage, lymph nodes, grade, and serum
CEA levels. In patients receiving chemotherapy, the expression
of VMA21 in CRC was marginally (P = 0.062) associated with
DSS in stage II disease, whereas the association was not
significant in patients who did not receive chemotherapy (P =
0.52) (Supplementary Figure 3).

Vacuolar Membrane ATPase Activity 21
Inhibits the Growth of Colorectal
Cancer Cells
The effect of VMA21 expression on the growth of CRC cells was
tested to explore. As shown in Figure 3A, VMA21 expression is
relatively low in LoVo and SW620 cells, and VMA21 was
overexpressed in these cell lines for further evaluation (Figure
3B). In the colony formation assays, VMA21 overexpression
decreased the number of CRC cell colonies compared with those
in the control groups in both SW620 and LoVo cell models
(Figure 3C). The data suggest that VMA21 is involved in the
negative regulation of CRC cell proliferation.
TABLE 1 | Characteristics of patient with CRC dichotomized by VMA21 expression.

Characteristics Expression of VMA21 protein P Value*

Low(n = 289) High(n = 372)

Age (years) 61.47 ± 12.77 60.19 ± 13.02 0.208**
Differentiation grade, n (%) 0.011
Well+ Moderately 214 (74.0) 308 (82.8)
Poor 65 (22.5) 56 (15.1)
Missing 10 (3.5) 8 (2.1)

Lymph nodes, n (%) 0.677
≤ 12 89 (30.8) 109 (29.3)
>12 200 (69.2) 263 (70.7)

TNM stage, n (%) 0.211
I+II 187 (64.7) 223 (59.9)
III+ IV 102 (35.3) 149 (40.1)

Chemotherapy, n (%) 0.369
Yes 226 (78.2) 281 (75.6)
No 49 (17.0) 50 (13.4)
Missing 14 (4.8) 41 (11.0)

Serum CEA, n (%) 0.684
< 5ng/ml 177 (61.2) 224 (60.2)
≥ 5ng/ml 108 (37.4) 145 (39.0)
Missing 4 (1.4) 3 (0.8)

Serum CA199, n (%) 0.960
< 37U/ml 242 (83.7) 313 (84.1)
≥ 37U/ml 43 (14.9) 55 (14.8)
Missing 4 (1.4) 4 (1.1)
February 2021 | Volume 10 | Artic
*Pearson’s chi-squared test.
**Student’s t test.
Missing values are excluded for all statistic tests.
CRC, colorectal cancer; CEA, carcinoembryonic antigen; CA199, carbohydrate antigen 199.
Bold number represents statistically p value < 0.05.
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Vacuolar Membrane ATPase Activity 21
Suppresses Colorectal Cancer Growth in
Animal Models
VMA21-SW620 or VMA21-LoVo cells were subcutaneously
injected into BALB/c nude mice (supplemented with or without
G418 in drinking water) to determine whether VMA21
overexpression reduces CRC growth in animal models. In the
first 10 days for VMA21-SW620 and the first 25 days for VMA21-
LoVo models, tumor size did not differ significantly between the
test (G418+) and control (G418-) groups in both cell models
Frontiers in Oncology | www.frontiersin.org 643
(Figure 4A). However, xenograft tumors were significantly
smaller in the test groups than in the control groups after the
indicated days (Figure 4A). By the end of the observation period,
both the size (Figure 4B) and weight (Figure 4C) of isolated
tumors were significantly lower in the test animals than in the
control animals for both cell models. In xenograft tumors from
RKO cells, knockdown of VMA21 promoted the development of
CRC, as shown in Figure 5. Therefore, high VMA21 expression
suppresses tumor growth in vivo, indicating that VMA21 is a
negative regulator of CRC tumorigenicity.
TABLE 2 | Cox regression analysis of prognostic factors for DSS in 639 CRC patients.

Variables Univariate analysis Multivariate analysis*

HR (95% CI) P value HR (95% CI) P value

VMA21 scores
High vs. Low 0.340 (0.122–0.950) 0.039 0.345 (0.123–0.976) 0.043

Gender
Male vs. Female 1.202 (0.662–2.184) 0.545

Tumor location
Colon vs. Rectum 1.058 (0.589–1.903) 0.850

Differential grade
Per increase in grade 1.904 (1.007–3.597) 0.047 1.649 (0.847–3.210) 0.142

Lymph nodes
>12 vs. ≤12 1.916 (0.969–3.785) 0.061 2.075 (1.046–4.117) 0.037

TNM stage
Per increase in stage 1.511 (0.939–2.431) 0.089 1.385 (0.848–2.262) 0.193

Chemotherapy
Yes vs. No 1.766 (0.627–4.977) 0.282

Serum CEA (ng/mL)
< 5 vs. ≥ 5 0.542 (0.302–0.973) 0.040 0.603 (0.333–1.090) 0.094

Serum CA199 (U/mL)
< 37 vs. ≥37 0.692 (0.322–1.486) 0.345
February 2021 | Volume 10 | Article
*Variates with a p value of <0.1 in univariate analysis were included in the multivariate analysis.
CRC, colorectal cancer; DSS, disease specific survival; CA199, carbohydrate antigen 199; CEA, carcinoembryonic antigen; TNM, tumor to node to metastasis.
Bold number represents statistically p value < 0.05.
A B C

FIGURE 2 | Relationship between VMA21 expression and patient survival. (A–C) DFS and DSS analysis in patient subgroups with high or low VMA21 protein
expression in stage I-III, stage I-II, and stage III disease. DFS, disease free survival; DSS, disease specific survival.
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A B C

FIGURE 4 | Effects of VMA21 overexpression on xenograft tumor growth. (A) Dynamic effect of VMA21 overexpression on the volume of xenograft CRC models.
(B) Isolated tumors after surgical excision. (C) Comparison of the weights of isolated tumors between the subgroups of VMA21 overexpression and the control.
(*P < 0.05; **P < 0.01; ***P < 0.001).
A B

C

FIGURE 3 | VMA21 overexpression suppresses colony formation of CRC cells. (A) Baseline mRNA and protein expression of VMA21 (lower panel) in four CRC cell
lines. (B) The efficiency of VMA21 overexpression in the indicated CRC cells at the mRNA and protein levels (lower panel). (C) The colony formation abilities are
affected by overexpressed VMA21 in CRC cells.
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DISCUSSION

The lysosome mediates the degradation and recycling of
macromolecules and signals to the cytosol and nucleus by
releasing metabolites and ions; it is implicated in several
malignancies (25). These lysosomal behaviors depend on a low
intraluminal pH. Although the V0 domain of V-ATPases is
required for proton translocation and lysosome acidification
(6–8), the role of the assembly factor genes of the domain in
cancer remains largely unknown. In this study, we identified
VMA21 as the only candidate gene showing differential
expression between cancer and noncancerous colorectal tissues
among five known assembly factor genes (TMEM199, VMA21,
CCDC115, ATP6AP1, and ATP6AP2) of the V0 domain. IHC
data confirmed that VMA21 expression is higher in CRC than in
adjacent normal tissues. The data consistently suggested that
VMA21 plays a critical role in the development of CRC.

The genes encoding CCDC115, ATP6AP1, and ATP6AP2 may
play a tumor suppressor role in different cancer types (14, 15). In
this study, the expression of VMA21 was correlated with the
expression of ATP6AP1 and ATP6AP2, although which were not
differentially expressed between cancer and noncancer tissues.
These data suggest that VMA21 plays a negative role in CRC
development. Similar findings were reported for the gene encoding
GUCY2C, which is elevated in CRC but serves as a tumor
suppressor (26). Further, we observed that high expression of
VMA21 was associated with the well differentiation of CRC.
Survival analysis showed that high expression of VMA21 was
associated with longer DSS in stage I–III disease and served as an
independent risk factor, and this observation was similar in
patients with early CRC and in those receiving chemotherapy
for stage II disease. Although we observed no associations between
Frontiers in Oncology | www.frontiersin.org 845
DFS and the expression of VMA21 in the subgroups with different
disease stages or chemotherapy regimens, the evidence indicated
that elevated VMA21 may be a important factor involved in
controlling the progression of CRC.

To further elucidate the biological role of VMA21 in CRC, we
modulated the expression of VMA21 in different CRC cells and
evaluated its function. Overexpression of VMA21 in human colon
cancer LoVo and SW620 cells significantly suppressed colony
formation ability. Consistently, ectopic expression or knockdown
of VMA21 significantly inhibited or increased CRC development
in animal models, confirming the clinical data and in vitro results,
as well as the suppressive effect of VMA21 on CRC growth.
Previous investigation of the underlying molecular mechanism
showed that VMA21 deficiency decreases lysosomal-mediated
degradation and blocks autophagy (27), and increased
autophagy inhibits tumor progression (28, 29). However, the
recent evidence also shows that VMA21 may have a positive
role to promote the growth of ovarian cancer and lung cancer cells
(30, 31). Therefore, tumorigenesis is an extremely complex
process involving several factors and many biological
phenomena, and it reflects a competition between carcinogens
and tumor suppressors (32). Defining the exact role of VMA21 in
CRC requires further investigation.

The present study had several limitations. First, the
inconsistencies in the prognostic role of VMA21 in DFS and
DSS cannot be explained. Second, other critical prognostic
factors, such as MSI (4) were not included in our studies
because the information was difficult to obtain. Finally, the
potential mechanism about the role VMA21 as a tumor
suppressor was not explored in the present study. In summary,
we showed that VMA21 is upregulated in CRC and associated
with a high differentiation grade and favorable DFS. Ectopic
A B

C D

FIGURE 5 | Effects of VMA21 knockdown on xenograft tumor growth. (A) The efficiency of VMA21 knockdown in RKO cells at the mRNA and protein levels.
(B) Dynamic effect of VMA21 knockdown on the volume of CRC xenograft models. (C) Isolated tumors after surgical excision. (C) Comparison of the isolated tumor
weights from the subgroups with VMA21 knockdown or not. (*P < 0.05; **P < 0.01; ***P < 0.001).
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expression of VMA21 in CRC significantly inhibited the growth
of CRC in cell culture models and animal models. Although the
mechanisms involved in VMA21-mediated tumor suppression
remain unclear, the current study provides the first evidence of
the clinical and biological significance of VMA21 in CRC, as well
as their application in the targeted drugs and chemotherapy will
be further explored based on mechanism research. The
expression of VMA21 may represent a potential diagnostic and
prognostic marker for CRC, especially for patients with early-
stage CRC.
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Purpose: The tumor microenvironment (TME) plays a critical role in the pathogenesis of
hepatocellular carcinoma (HCC). However, underlying compositions and functions that drive
the establishment and maintenance of the TME classifications are less-well understood.

Methods: A total of 766 HCC patients from three public cohorts were clustered into four
immune-related subclasses based on 13 TME signatures (11 immune-related cells and 2
immune-related pathways) calculated by MCP-counter. After analyzing the landscapes of
functional annotation, methylation, somatic mutation, and clinical characteristics, we built
a TME-based Support Vector Machine of 365 patients (discovery phase) and 401 patients
(validation phase). We applied this SVM model on another two independent cohorts of
patients who received sorafenib/pembrolizumab treatment.

Results: About 33% of patients displayed an immune desert pattern. The other
subclasses were different in abundance of tumor infiltrating cells. The Immunogenic
subclass (17%) associated with the best prognosis presented a massive T cell
infiltration and an activation of immune checkpoint pathway. The 13 TME signatures
showed a good potential to predict the TME classification (average AUC = 88%).
Molecular characteristics of immunohistochemistry from Zhejiang cohort supported our
SVM classification. The optimum response to pembrolizumab (78%) and sorafenib (81%)
was observed in patients belonging to the Immunogenic subclass.

Conclusions: The HCC patients from distinct immune subclass showed significant
differences in clinical prognosis and response to personalized treatment. Based on
tumor transcriptome data, our workflow can help to predict the clinical outcomes and
to find appropriate treatment strategies for HCC patients.

Keywords: tumor microenvironment, carcinoma, hepatocellular, cancer immunology, classification, machine learning
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INTRODUCTION

Hepatocellular carcinoma (HCC), the predominant type of primary
liver cancer, is the fourth leading cause of cancer mortality
worldwide with about 782,000 deaths annually (1). HCC is
strongly influenced by the tumor microenvironment (TME), as
well as reported to benefit from the immune-checkpoint blockade
treatment. As an inflammation-related tumor, the specific TME of
HCC can influence the immune tolerance and evasion by mixed
mechanisms. Numerous studies have been reported that the TME
plays a critical role in tumor initiation, progression, and outcome (2,
3). The TME is an intricate system, which coexists and interacts
with cancer cells, immune cell subsets, extracellular matrix, various
cytokine, and other unknown components to maintain the
tumorigenesis of HCC (4). The complexity of the TME relies on
the immune infiltration, as tumors could be classified into the tumor
immunity continuum (5). Hegde et al. suggested that human
tumors could be categorized as inflamed, immune desert, or
immune-excluded phenotypes correspond to different
mechanisms of immune response and escape (6). Thorsson et al.
proposed a classification of six immune subclasses (wound healing,
lymphocyte depleted, TGF-b dominant, inflammatory,
immunologically quiet, IFN-g dominant), based on extensive
immunogenomic analysis of 33 cancer types compiled by
TCGA (7).

Meanwhile, estimating the cellular composition of the TME
requires accurate and robust methods. Fluorescence-activated
cell sorting (FACS) operates only a small number of cell type-
specific markers and requires large amounts of fresh tumor
tissues, which limit the applications on tumor biopsies (8).
Single-cell sequencing has a high precision, but currently it is
too expensive for large-scale clinical application (9). In order to
overcome the above shortcomings, we turn to the methods for
high-throughput technologies applied in clinical settings, which
TME are inferred using computational algorithms. High
throughput technologies, such as RNA-Seq and microarray,
provide large-scaled transcriptome data and offer opportunity
for estimation of the abundance of tumor infiltrated immune
cells. Several methods like Microenvironment Cell Population-
counter (MCP-counter), CIBERSORT and TIMER have been
developed to robustly and precisely quantify immune cells using
transcriptome data obtained from bulk tissue specimens (10–12).

After exploring the distinct compositions and functions of the
TME by MCP-counter, a total of 766 HCC patients from three
public cohorts were clustered into four subclasses (namely Immune
desert, Immunogenic, Innate immune and Mesenchymal) based on
13 TME signatures. Furthermore, a Support VectorMachine (SVM)
was constructed to predict the HCC classification (average AUC =
88%). Finally, by applying our SVM model on another two
independent cohorts of patients who received sorafenib/
pembrolizumab treatment, we found that patients classified into
Immunogenic subclass showed the highest response rate to
sorafenib (81%) and pembrolizumab (78%). Thus, we suggested
that HCC patients may benefit from identifying the immune
subclass which infer clinical outcomes and guide personalized
treatment strategies (Supplementary Figure 1).
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MATERIALS AND METHODS

Ethics Statement and Consent
for Publication
The studies involving human participants were reviewed and
approved by Clinical Research Ethics Committee of the First
Affiliated Hospital College of Medicine, Zhejiang University
(2014-334). Operation informed consents and Informed
consent form for scientific research were obtained from all
participants for the publication of any potentially identifiable
images or data included in this article.

Clinical Cohorts and Preprocessing
Three public transcriptome data sets were enrolled in our study,
including the TCGA-LIHC cohort of the Cancer Genome Atlas
(n = 365), the CHCC-HBV cohort of Gao et al. (n = 159) and the
GSE14520 cohort of Roessler et al. (n = 242) (13, 14). Among
above data sets, any case with null value of survival information
had been excluded. As to TCGA-LIHC and CHCC-HBV cohort,
the fragments per kilobase per million (FPKM) data and clinic
information were downloaded from the UCSC Xena
(xenabrowser.net) and The National Omics Data Encycolpedia
(www.biosino.org/node), respectively. The “CEL” files of
GSE14520 were downloaded and normalized by the “frma”
function using frma (R package). Besides, GSE78220 (28
melanoma patients received pembrolizumab) and GSE109211
(67 HCC patients received sorafenib) were also included in our
study (15, 16). All FPKM values were transformed into
transcripts per kilobase million (TPM) values. Raw data files of
GSE109211 were normalized by lumi (R package). cBioPortal
(www.cbioportal.org) was used to download the beta value of
DNA methylation status of checkpoint genes from TCGA-LIHC
cohort. Gene mutation data (MAF files) of TCGA-LIHC cohort
was achieved from TCGA database.

In our previous study, liver tumor tissues from 32 patients
in First Affiliated Hospital, School of Medicine, Zhejiang
University were collected from November 2013 to July 2014
(GSE138485/PRJNA576155) (17). Only a few of the 32 patients
have the available Formalin Fixed Paraffin Embedded (FFPE)
specimens. Detailed information of patients is described in
Supplementary Tables S7, S8.

Quantification of TME Infiltration
The abundances of immune and stromal cells in TME were
quantified by MCP-counter based on cell-type specific
transcriptome signatures (10). According to Sylvie’s study (18),
a total of 13 TME signatures, which contained 11 stromal and
immune cell populations (Lymphoid, B_derived, T_adaptive,
Cytotoxic, Monocyte_derived, Myeloid, NK_or_T, Fibroblast,
HSCactivated, HSCquiescent, and Myofibroblast) and two
functional signatures representing the immune checkpoints
(named Checkpoint) and the immunosuppression pathways
(named Immunosuppression), were included (Supplementary
Table S1). In addition, we used the CIBERSORT to validate the
immune characterization (11).
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Evaluation of the Immune Score and
Stromal Score
The immune score and stromal score of each patient were
calculated by ESTIMATE algorithm based on transcriptomic data
(19). The R code of ESTIMATE was downloaded from the public
source website (https://sourceforge.net/projects/estimateproject).

Unsupervised Clustering Based on 13
TME Signatures
Based on above 13 signatures, consensus clustering method was
used to classify HCC patients into distinct immune subclasses by
ConsensusClusterPlus (R package) (20). Detailed settings were as
followed: repetitions = 500 times; pItem = 0.8; pFeature = 0.8.
The number of the clusters was determined by consensus
cumulative distribution function (CDF) curve and the delta
area (relative change in CDF area). Because the CDF curve and
delta area plot showed that the delta area increased slightly for
k = 5 compared to k = 4, we finally selected k = 4 (four immune
subclasses) as the best solution (Supplementary Figure 2).

Functional Characterization of
Immune Subclass
For pathway analysis of transcriptomic data among immune
subclasses, we performed Gene Set Variation Analysis (GSVA)
analysis with the “GSVA” R package (21). The gene sets of
“c2 .cp .kegg .v7 .1 . symbols” , “c2 .cp .bp.v7 .1 . symbols” ,
“c2.cp.biocarta.v7.1.symbols”, and “c2.cp.pid.v7.1.symbols”
were downloaded from Molecular Signatures Database
(MSigDB). Adjusted ANOVA model q value <0.05 was
considered as statistically significance.

Classifier Model Construction
and Validation
Based on the 13 TME signatures, we developed a classifier model
using Support Vector Machine, as implemented in python
package “scikit-learn” (version 0.21.3). The TCGA-LIHC
cohort was used as discovery phase, as well as the CHCC-HBV
and GSE14520 cohort were validation phases. Detailed
information for model construction is described in
Supplementary Methods. The efficiency of the classifier model
was evaluated by receiver operating characteristic (ROC) curve
and the area under the curve (AUC).

Statistical Analysis
Continuous variables conforming to normal distribution were
compared with Student t test, otherwise the Wilcoxon rank sum
test was used. One-way ANOVA models and Kruskal-Wallis
tests were used for multigroup comparison. The association
between immune subclasses and the clinical parameters were
evaluated by chi-squared test or Fisher-exact test. Overall
survival (OS) curves were calculated according to the Kaplan-
Meier method (R package survival) and differences between
curves were assessed using the log-rank test. Statistical analyses
were performed on R 3.6.2 software and SPSS V26.0
for Windows.
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RESULTS

Identified Four Immune Subclasses Based
on TME of HCC
Three public HCC data sets with clinical information (TCGA,
CHCC-HBV, GSE14520) were enrolled in this study. According
to Sylvie’s study (18), a total of 13 TME signatures represented
the major infiltrated cell composition and several components of
tumor-stroma interaction were included (Supplementary Table
S1). First, we performed spearman correlation analysis on the 11
cell-type signatures to find the interdependent relationship.
Figure 1A and Supplementary Figure 3A showed that these
11 cell-type signatures were clustered into three distinct clusters
(named ACTIVATED_FIBROBLASTS, INNATE_IMMUNITY,
and ADAPTIVE_IMMUNITY). In addition, two functional
pathways were added, namely, a signature of immune
checkpoint related to immune therapy and a signature of genes
involved in immunosuppression. Then consensus clustering was
performed on the three data sets based on above 13 signatures,
and four distinct immune patterns were finally identified, named
C1 to C4 (Figure 1B, Supplementary Figure 3B). Subclass C1
showed an immune desert pattern distinguished by low
abundances of all the TME signatures. Subclass C2 displayed
an immunogenic pattern distinguished by high abundances of
both INNATE_IMMUNITY and ADAPTIVE_IMMUNITY,
activation of immune checkpoint pathway and low abundances
of ACTIVATED_FIBROBLASTS. Subclass C3 showed an innate
immune pattern distinguished by moderate to high abundances
of INNATE_IMMUNITY and immunosuppression pathway,
rather low abundances of ADAPTIVE_IMMUNITY. Subclass
C4 displayed a mesenchymal pattern which was characterized by
high abundances of ACTIVATED_FIBROBLASTS and
immunosuppression pathway. Principal component analysis
(PCA) also showed a significant spatial separation among these
four subclasses in TCGA cohort (Figure 1C).

Next, we investigated the association between clinical outcomes
and immune subclass. In all cohorts, significant differences of
prognosis were existed among four immune subclasses, indicating
that they could be clinically relevant subclasses (TCGA cohort: log-
rank test P = 0.0005; CHCC-HBV cohort: log-rank test P = 0.0052;
GSE14520 cohort: log-rank test P = 0.0073) (Figures 1D, E,
Supplementary Figure 3C). In TCGA cohort, C2 Immunogenic
subclass showed the longest median survival time (MST) (MST =
82.8 months), followed by C1 Immune desert subclass (MST = 71.0
months), thirdly C4 Mesenchymal subclass (MST = 52.0 months),
lastly C3 Innate immune subclass (MST = 21.3 months). Similar
results were found in other two data sets. In summary, subclass C2
showed a survival advantage with respect to the other subclasses.

Immune Functional Characteristics of the
Immune Subclasses
To refine the immune characterization, we performed both
ESTIMATE and CIBERSORT to calculate the Immune/Stromal
scores and the proportion of 22 tumor infiltrating immune cells.
C1 Immune desert subclass showed the lower Immune score and
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Stromal score, while C2 Immunogenic subclass and C4
Mesenchymal subclass showed the highest Immune score and
Stromal score, respectively (Supplementary Figure 4).
CIBERSORT analysis revealed significant difference in 16 out
of 22 tumor-infiltrating immune cells, especially an enrichment
of CD4+ and CD8+ T cells in C2, as well as an enrichment of M2
macrophages in C3 (Supplementary Table S2). The results of
ESTIMATE and CIBERSORT further confirmed the
characteristics of the four subclasses defined by MCP-counter.

To explore the functional differences among these four
subclasses, we performed GSVA enrichment analysis on TCGA
cohort (Figure 2A, Supplementary Table S3). C1 Immune desert
subclass showed a highly attenuation of stromal and immune
pathways. C2 Immunogenic subclass showed an enrichment of
immune response, such as major histocompatibility complex
(MHC) class I and class II biosynthesis, B cell mediated
immunity and chemotaxis, T cell cytotoxicity, CD8+ T cell
Frontiers in Oncology | www.frontiersin.org 451
activation and differentiation, T cell survival, and immune
checkpoint pathway (CTLA4 and PD-1). C3 Innate immune
subclass was enriched in macrophage activation, M2 macrophage
polarization, TLR3 and LPS signaling. C3 subclass also showed an
enrichment of T cell activation and cytotoxicity pathway, but not of
T cell survival (different with C2 subclass). These results may
account for the lack of adaptive immunity in C3 subclass. C4
subclass was remarkably enriched in activated HSC and stromal
pathways such as ECM assembly, EMT, angiogenesis, TGF beta,
integrin signaling pathway. The expressions of genes belonging to
several immune pathways confirmed the differences among the four
subclasses (Figure 2B). Markers of macrophage chemotaxis were
increased in both C2 and C3, while C3 showed higher expression of
macrophage activation. Moreover, the increases in markers of T cell
survival, T cell chemotaxis and activation were observed in C2.
Markers of all the pathways were low expressed in C1. Specially,
compared to the other subclass, C2 subclass showed the both higher
A

B

D

E

C

FIGURE 1 | Classification based on tumor microenvironment stratifies HCCs into four subclasses. (A) Correlation heatmap of 11 TME cell signatures in two data
sets. Color scale: Spearman correlation coefficient from 0 (blue) to 1 (orange). (B) Consensus clustering analysis of two data sets revealed four HCC subclasses
based on 13 TME signatures. Color scale: Z score from -2 (blue) to +2 (orange). (C) Principal-component analysis based on 13 TME signatures separated different
subclasses in TCGA cohort. Kaplan-Meier curves of overall survival for TCGA cohort (D) and CHCC-HBV cohort (E) based on immune subclasses (log-rank test).
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expressions and methylation levels of checkpoint-related genes
obtained from bulk tumor tissues, which indicated that the
overexpression of checkpoints in C2 subclass was potentially
triggered by hypomethylation of these genes (Figures 2C, D) (22).

Mutational Landscape of the Immune
Subclasses
Somatic alterations have been proven to be correlated with TME
(23). We analyzed somatic mutation data from the whole tumor
of several genes with high frequency of mutation and in specific
pathways, such as P53-pathway, Wnt-pathway, Chromatin
modifiers pathway, and hepatic differentiation from TCGA-
LIHC cohort (Figure 3A, Supplementary Table S4) (24). C1
subclass showed the highest mutation frequency of CTNNB1
(P < 0.0001), while the highest mutation frequency of ARID2
(P = 0.049) was observed in C2 subclass (Figure 3B,
Supplementary Table S4). The highest mutation frequency of
TP53 was observed in C3 subclass (P = 0.015). Then, we
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compared the tumor mutation burden and predicted
neoantigens among these four subclasses (Figures 3C, D). The
lowest tumor mutation burden and numbers of predicted
neoantigens were detected in C4 subclass. Moreover, in
CHCC-HBV cohort, Gao et al. found that signature for
aristolochic acids (AA signature) was correlated to tumor
mutation burden and response to immunotheropy. In CHCC-
HBV cohort, C4 subclass also showed a lower proportion of AA
signature than other three subclasses, which indicated a lower
benefit from checkpoint blockade therapy (Figure 3E).

Associations Between Immune Subclass
and Clinical Characteristic in TCGA and
CHCC-HBV Cohort
Next, we discovered the associations between clinical
characteristics and immune subclass in TCGA and CHCC-
HBV cohort (Figure 4, Supplementary Table S5, S6). The
patients from C2 subclass had a higher proportion of
A

B

DC

FIGURE 2 | Functional characteristics of four immune subclasses. (A) Heatmap of GSVA scores for indicated functional signatures. Color scale: GSVA score
from −1 (blue) to +1(red). (B) Boxplot plot of the expression levels for selected immune-related pathways. (One-way ANOVA test). Boxplot of the expression (C) and
methylation (D) levels of immune checkpoint-related genes between C2 and non-C2 subclass. (Student’s t test). All P values labels: ns P > 0.05, *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001). Error bars are presented as the standard deviation (SD).
February 2021 | Volume 10 | Article 610513

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


Gao et al. Immune Classification for HCC
pathologic stage I/II (TCGA: P = 0.002, CHCC-HBV: P = 0.011).
Patients from C3 subclass showed a higher proportion of HBV
infection (P = 0.048). Most of the clinicopathological
characteristics did not show significant differences, which
suggested that the main factors distinguishing distinct immune
subclass were the TME signatures, rather than the above-
mentioned clinical features.

Furthermore, we compared our classification with several
previous reported classifications based on transcriptomic,
including Lee’s classification (High/Low survival), Boyault’s
classification (G1 to G6), Chiang’s classification (five classes),
Hoshida’s classification (S1 to S3), and Lachenmayer’s
classification (CTNNB1 class/Wnt-TGF-beta class) (25–29). In
TCGA and CHCC-HBV cohort, C1 subclass was co-clustered with
the better-prognosis subclasses (Lee’s High survival, Boyault’s
G5&6, Chiang’s CTNNB1 class, Hoshida’s S3, Lachenmayer’s
CTNNB1-class). C3 subclass was largely co-clustered with poor-
prognosis subclasses (Lee’s Low survival, Boyault’s G3, Chiang’s
Proliferation class, Hoshida’s S1, Lachenmayer’s Wnt-TGF-beta
class). C2 subclass was linked to both better-prognosis subclass
(Lee’s High survival, Hoshida’s S3) and poor-prognosis subclasses
(Boyault’s G1&G2, Chiang’s Proliferation, Wnt-TGF beta class).
C4 subclass was co-clustered with Lee’s Low survival, Boyault’s
G1&G2, Chiang’s Proliferation and Interferon class, Hoshida’s S3,
Lachenmayer’s Wnt-TGF-beta class.
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Construction and Validation of a Classifier
Based on TME
Characteristics of the clinical traits and biological behaviors among
four immune subclasses supported our classification. To apply this
classification on clinical use, we developed a Support Vector
Machine model to classify HCC patients into above four immune
subclasses. The input was the 13 TME signatures of each case from
the above data sets, and the output was the immune subclass of each
case calculated by this model. The ROC curve represents the
accuracy between the subclass clustered in Figure 1B and
Supplementary Figure 3B and the subclass predicted by this
SVM model. As Figures 5A–C showed, these 13 TME signatures
revealed a great classification performance in both discovery phase
(TCGA cohort: AUC = 0.98) and validation phases (CHCC-HBV
cohort: AUC = 0.91; GSE14520 cohort: AUC = 0.85). Furthermore,
we applied this classifier model on 32 HBV-related HCC patients
(Zhejiang cohort) to divide these patients into four subclasses. We
selected a random sample from each subclass to perform
immunohistochemical staining for verifying the accuracy of our
classifier model (Figure 5D, Supplementary Figure 5). Several
markers of immune and stromal cells were selected, specifically,
CD4 and CD8 for T-lymphocytes, CD20 for B-lymphocytes,
CD68 for macrophages, aSMA for fibroblastic cells and Vimentin
for mesenchymal cells. These markers varied markedly among
four subclasses. The expression of Vimentin and aSMA was low
A

B

D

E

C

FIGURE 3 | Differences in the mutational landscape among distinct immune subclasses. (A) Oncoplot of tumor somatic mutation of genes in P53 pathway, Wnt/
beta-catenin pathway, Chromatin modifiers pathway and hepatic differentiation based on TCGA cohort. (B) Comparisons of the frequently mutated genes among
four immune subclasses based on TCGA cohort. (Fisher’s exact test). Comparison of tumor mutation burden (C) and predicted neoantigens (D) among four immune
subclasses. (Wilcoxon rank sum test). (E) The proportion of patients with AA signature among distinct subclasses in CHCC-HBV cohort. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.
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in the patient classified into subclass C1, moderate in subclass C2
and C3, high in subclass C4. The patient classified into subclass C2
was characterized by the massive infiltration CD4+, CD8+ and
CD20+ lymphocytes. Innate immune cells (macrophages) were
also observed in subclass C2. Subclass C3 displayed a high
infiltration of macrophages. Subclass C4 contained a low density
of macrophages and CD4+ T cells. Thus, based on immuno-
histochemistry, the phenotypic features of HCC tumors were
consistent with the classification of our SVM model. The results
of immunohistochemistry not only partially proved the accuracy of
our model, but also supported the rationality of the classification of
four immune-related subclasses.

Different Sensitivity to Personalized
Treatment Among Four Immune
Subclasses
In HCC patients with Child-Pugh Class A or B, the multi-kinase
inhibitor sorafenib has become the first-line systemic therapy
(30). However, there were still no effective clinical characteristics
Frontiers in Oncology | www.frontiersin.org 754
to predict the response to sorafenib so far. Several recent studies
suggested that sorafenib may exert the anti-tumor effect by
regulating the TME of HCC (31, 32). By our SVM classifier, 67
patients from GSE109211 were divided into four subclasses to
explore the associations between the immune subclass and the
response to sorafenib. We found that 81% cases of C2 subclass
showed a significant response to sorafenib, indicating that
patients from Immunogenic subclass were more likely to
benefit from sorafenib treatment (Figure 6A). As Pinyol and
colleagues divided these 67 patients into Good/Poor Prognosis
subgroups, C2 subclass was also coclustered with the Good
Prognosis subgroup (95%) (Figure 6B).

In recent years, some immunotherapies like PD-1 blockade
have achieved success in HCC (33). Different immune cell
infiltrations and expressions of checkpoint-related genes
suggested that four immune subclasses could have the distinct
response to immunotherapy (34). We tried to apply our model
on another pembrolizumab-treated cohort (GSE78220). The
highest response rate (77.8%) to pembrolizumab was observed
A

B

FIGURE 4 | Clinical characteristics of four immune subclasses. Correlation of the immune subclass with clinical characteristics and previously reported HCC
classification in TCGA cohort (A) and CHCC-HBV cohort (B).
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in patients belonging to C2 subclass with the best outcome
(Figures 6C, D). The results indicated that HCC patients
belonging to immunogenic subclass may benefit from anti-PD-
1 therapy inferentially.
DISCUSSION

Although there is a strong heterogeneity in the tumor immune
microenvironment of each HCC patient, a clinical benefit could
be made from classifying a patient into a specific immune
subclass. After analyzing the landscapes of transcriptome,
methylation, somatic mutation, and clinical characteristics, we
found that these four subclasses may correspond to different
mechanisms of immune escape (Figure 6E). Immune desert
subclass (C1) is characterized by immune ignorance and a lack of
priming T cell, corresponding to immune-desert phenotype. The
activation of the b-catenin caused by CTNNB1 mutation might
account for the low immune infiltration represented in C1 (35).
Frontiers in Oncology | www.frontiersin.org 855
Immunogenic subclass (C2) is characterized by a massive
immune cell (CD4+ T cell, CD8+ T cell, B cell, and
macrophage) infiltration in tumor corresponding to immune-
inflamed phenotype. Negative regulators of the immune
response (PD-L1, CTLA4, etc.) might be involved in
counteraction of anti-tumor immune response (36). A mount
of patients belonging to C2 subclass showed a low pathological
stage (TNM stage). In line with our study, several studies
demonstrated that the tumors in low pathologic stage usually
infiltrated with numerous immune cells. The patients belonging
to C2 subclass showed the highest mutation frequency of ARID2
which was related to the efficacy of checkpoint blockade
immunotherapy in clear cell renal cell carcinoma (37). Innate
immune subclass (C3) is characterized by the activation of M2
macrophages (related to innate immunity). M2 macrophage,
which exerts the anti-inflammatory and immunosuppressive
effects, might promote the immune escape represented in C3
subclass through inhibiting the infiltration of adaptive immune
cells (38). Mesenchymal subclass (C4) shows a large number of
A B

D

C

FIGURE 5 | Construction of support vector machine model and performance validation. ROC curves for classifiers designed to predict the immune subclass for TCGA
(A), CHCC-HBV (B), and GSE14520 (C). (D) Representative immunohistochemical pictures of HCC samples belonging to each subclass (100X) (Zhejiang cohort).
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activated fibroblasts (including HSC and myofibroblast) which
influence EMT and the sensitivity of drug treatment through
synthesizing growth factors, chemokines and adhesion
molecules (39).

Kaplan-Meier analysis based on 766 participants showed that
significant differences in overall survival were discovered to exist
among our four immune subclasses. Immunogenic subclass (C2)
represented the best clinical outcome, while innate immune
subclass (C3) have the worst. This suggested that the different
TME continuously and chronically affects the progression of HCC,
which is ultimately reflected in the different clinical outcome. Based
on the RNA-seq data from bulk tumor tissues, our convenient
classification dividing the patients into four subclasses may infer
the prognosis. What is more, the conversions of the immune
subclasses by external interventions may benefit the long-term
clinical results and outcomes of HCC patients.

Additionally, we established an SVM model based on the 13
TME signatures (11 immune-related cells and 2 immune-related
pathways) and confirmed its predictive value (CHCC-HBV cohort:
AUC = 0.91; GSE14520 cohort: AUC = 0.85). The input (13 TME
Frontiers in Oncology | www.frontiersin.org 956
signatures) of the SVM model were calculated by MCP-counter
based on transcriptomic data, while giving a specific output (which
immune subclass). Thanks to the wide applications of RNA-seq, our
workflow only required frozen/fresh tissue samples (< 100 mg), as
well the model constructed on python was convenient and efficient.
The immunohistochemistry from each subclass proved not only the
rationality of the TME classification but also the accuracy of the
SVM model (Figure 5D). Accordingly, this suggested that for any
HCC patient undergoing liver biopsy or liver resection, our SVM
model can be used to infer the prognosis and guide the follow-
up treatment.

HCC patients may benefit from identifying immune subclass
which may guide personalized treatment strategies (Figure 6F).
In our study, we found that the patients belonging to C2 subclass
might be more suitable for sorafenib and anti-PD-1 therapy.
According to the reported study, the patients belonging to C3
subclass could be treated with colony-stimulating factor-1
inhibitor which improved the efficacy of immunotherapy
through inhibiting the intertumoral accumulation of M2
macrophages (40, 41). For the abundant fibrous stroma
A B D
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FIGURE 6 | The role of immune subclass in personalized treatment and schematic summary of each immune subclass. (A) The number of patients with response to
sorafenib. (B) The number of patients belonged to good or poor prognosis subgroup. (C) The number of patients with response to anti-PD-1 therapy. (D) Kaplan-
Meier curves of overall survival for GSE78220 cohort (log-rank test, P = 0.046). (E) The mechanisms of immune escape for each immune subclass. (F) Potential
therapeutic strategies for each immune subclass.
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observed in C4 subclass, anti-fibrosis drugs (like NOX4
inhibitor) suppressed the activation of cancer-associated
fibroblasts and promoted the infiltration of CD8+ T cells,
ultimately improving the efficacy of immunotherapy (42). As
for C1 subclass, the application of cytotoxic and modulating
agents which can convert cold tumors to inflamed tumors was a
potential strategy (43).

Our workflow is limited by the HCC patients obtained
specimens for the first time, as well as the influences of
confounding variables such as HBV/HCV infection, alcoholic
fatty liver, non-alcoholic fatty liver, and cirrhosis were not
considered. We will improve them in the future work.

In conclusion, our study dementated a new landscape for the
composition of HCC tumor microenvironment. We identified
four immune subclasses with distinct mechanisms of immune
escape. The patients from distinct subclasses showed a significant
difference in clinical prognosis and response to personalized
treatment. Based on transcriptome data, our workflow might
help to predict the clinical outcome and to find appropriate
treatment strategies for HCC patients.
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Evaluation of the Therapeutic Effect
of Adjuvant Transcatheter Arterial
Chemoembolization Based on Ki67
After Hepatocellular Carcinoma
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Yu-Fei Zhao†, Xiu Xiong†, Kai Chen†, Wei Tang†, Xu Yang† and Zheng-Rong Shi*†

Department of Hepatobiliary Surgery, The First Affiliated Hospital of Chongqing Medical University, Chongqing, China

Background and aims: This study aimed to determine the relationship between Ki67
expression and the efficacy of postoperative adjuvant transcatheter arterial
chemoembolization (PA-TACE) in patients with hepatocellular carcinoma.

Methods: The Kaplan-Meier method was used to analyze the recurrence-free survival
(RFS) and overall survival (OS) rates between the sub-groups in the ki67 low expression
group and the ki67 high expression group and analyze the relationship between the
expression of Ki67 and the efficacy of TACE.

Results: After PSM, there was no significant difference in the RFS and OS between the
surgery + TACE and surgery subgroups after 1, 2, or 3 years (RFS: 63.9%, 55.6%, and
42.9% vs. 83.3%, 63.9%, and 55.6%, respectively, P = 0.279; OS: 91.7%, 83.3%, and
74.3% vs. 91.7%, 88.9%, and 71.4%, respectively, P = 0.890) in the Ki67 low-expression
group. The RFS and OS were higher in the surgery + TACE subgroup than the surgery
subgroup after 1, 2, and 3 years (RFS: 80.0%, 77.5%, and 69.2% vs. 53.5%, 39.5%, and
32.6%, respectively, P<0.001; OS: 97.5%, 85.0%, and 79.5% vs. 79.1%, 48.8%, and
42.9%, respectively, P = 0.001) in the Ki67 high expression group. The RFS was higher in
the Ki67 high-expression subgroup than the low-expression subgroup after 1, 2, and 3
years, and OS had no significant difference (RFS: 80.0%, 79.5%, and 69.2% vs. 67.4%,
56.5%, and 46.7%, respectively, P = 0.035; OS: 97.5%, 85.0%, and 79.5% vs. 93.5%,
82.6%, and 75.6%, respectively, P = 0.665) in the surgery + TACE group.

Conclusions: For patients with hepatocellular carcinoma and high expression of Ki67
(Ki67≥20%), adjuvant hepatic artery chemoembolization after radical liver tumor resection
effectively reduced the probability of tumor recurrence after surgery and prolonged the OS
of patients. High Ki67 expression during the post-operative follow-up evaluation of
hepatocellular carcinoma patients is an indicator for adjuvant TACE therapy.

Keywords: hepatocellular carcinoma (HCC), ki67, postoperative adjuvant transcatheter arterial chemoembolization
(PA-TACE), propensity score matching (PSM), prognosis
Abbreviations: PA-TACE, post-operative adjuvant transcatheter arterial chemoembolization; PSM, propensity score
matching; RFS, recurrence-free survival; OS, overall survival; TACE, transcatheter arterial chemoembolization; DFS,
disease-free survival; HCC, hepatocellular carcinoma.

February 2021 | Volume 11 | Article 605234159

https://www.frontiersin.org/articles/10.3389/fonc.2021.605234/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.605234/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.605234/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.605234/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.605234/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:shizhengrongcqmu@163.com
https://orcid.org/0000-0001-7451-2138
https://orcid.org/0000-0003-4086-7664
https://orcid.org/0000-0003-1083-073X
https://orcid.org/0000-0001-7411-3268
https://orcid.org/0000-0001-9650-1878
https://orcid.org/0000-0003-4252-768X
https://doi.org/10.3389/fonc.2021.605234
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.605234
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.605234&domain=pdf&date_stamp=2021-02-25


Zhao et al. The Therapeutic Effect of PA-TACE Based on Ki67
INTRODUCTION

A radical liver resection is currently the most effective way to treat
patients with hepatocellular carcinoma (HCC) (1), and studies
have shown that the recurrence rate of patients undergoing radical
liver resection alone is approximately 70% 5 years after surgery,
while the 5-year survival rate is decreased by 24% in patients with
a HCC recurrence compared to patients without a recurrence (2).
Indeed, the median survival time is decreased by 54 months in
patients with a HCC recurrent (2). Postoperative adjuvant
treatment can effectively delay tumor recurrence and prolong
the survival of patients. Specifically, transcatheter arterial
chemoembolization (TACE) is currently the most widely used
adjuvant treatment program for patients with HCC (3). A large
number of studies in China and abroad have confirmed that for
patients with tumors >5 cm in diameter, multinodular tumors, or
MVI-positive HCC, post-operative adjuvant transcatheter arterial
chemoembolization (PA-TACE) can effectively improve the
overall survival (OS) and disease-free survival (DFS) (4);
however, a clear standard for patients who will benefit from PA-
TACE has not been established. Therefore, further research is
needed to determine the selection criteria for patients who are
candidates for TACE after radical liver resection. The development
of a precise standard will facilitate clinical decision-making and treat
patients in a timely fashion, thus improving the postoperative tumor
recurrence and survival rates.

Ki67 is an antigen that reflects the active status of cell
proliferation and is closely related to the prognosis of malignant
tumors (5). Studies have shown that Ki67 is an independent risk
factor for disease-free survival (DFS) and overall survival (OS) in
HCC patients (6). Studies have shown that the expression of Ki67
in HCC patients is of considerable value in predicting the
postoperative recurrence of HCC (7). The liver cancer blood
supply is mainly provided by the hepatic artery, and TACE
embolizes the main blood vessel supplying the tumor, resulting
in ischemia and necrosis of the tumor tissue in the embolized area.
TACE commonly uses chemotherapy drugs, such as oxaliplatin
(8) and irinotecan (9), and epirubicin (10), which all have the main
effect of inhibiting tumor cell proliferation and inhibiting DNA
replication. We speculate that HCC patients with high expression
of Ki67 have more active cell proliferation, and the therapeutic
effect of postoperative adjuvant TACE will be better. If so, this
approach can serve as a guide to determine if PA-TACE should be
performed. At present, there are few studies involving Ki67 and
PA-TACE in China and abroad (11). The current study will
determine the relationship between the expression of Ki67 and
the prognosis of patients undergoing radical liver resection and
PA-TACE and to guide the use of adjuvant therapy.
MATERIALS AND METHODS

General Information
This study was performed under a human investigational protocol
that was approved and monitored by the Institutional Review
Board of The First Affiliated Hospital of Chongqing Medical
University (the ethical approval number:2019-021). The Ethics
Frontiers in Oncology | www.frontiersin.org 260
Committee also approved the retrospective analysis of existing
patient data without informed consent because of the low risk for
breaching confidentiality. A retrospective analysis was conducted
using the clinical data of patients with liver cancer who underwent
radical liver resection in the Department of Hepatobiliary Surgery
at the First Affiliated Hospital of Chongqing Medical University
from January 2013 to June 2017. The inclusion criteria were as
follows: 1) preoperative liver function Child-Pugh score A/B, and
liver reserve function indicating sufficient residual liver volume; 2)
radical liver tumor resection, and postoperative medical
examination confirming that no cancer cells are involved in the
resection margin; 3) hepatocellular carcinoma confirmed by
postoperative medical examination and immunohistochemical
analysis; 4) no portal vein or other large blood vessel invasion or
distant metastasis; and 5) patients in the interventional group who
received 1–2 TACE treatments after surgery. The exclusion criteria
were as follows: 1) tumor recurrence demonstrated within 2
month after surgery or during TACE therapy; 2) co-existing
tumors; 3) adjuvant treatments other than TACE performed
during the interval between the first diagnosis of recurrence or
metastasis after surgery; and 4) loss to follow-up in <1 year. A total
of 180 patients with HCC after liver resection were enrolled; 94
patients underwent radical liver resection and 86 patients received
adjuvant TACE treatment after liver resection. The clinical data
(gender, age, hepatitis B history, co-existing liver cirrhosis,
preoperative liver function, and preoperative AFP level) and
related data (maximum diameter of lesions, MVI, the degree of
tumor differentiation and expression of Ki67) were collected. The
preoperative liver function was determined by the Child-Pugh
score. The number and maximum diameter of the lesions in the
surgically-resected specimens were measured. MVI, Liver
cirrhosis, the degree of tumor differentiation and the Ki67 level
was determined by a pathologist in the Pathology Department.

Tissue samples from non-necrotic areas were selected from
HCC specimens obtained by surgery and fixed in 10%
paraformaldehyde for 24 hours. They were then treated with
tissue processor, dehydrated and embedded in paraffin. After
sections, they were washed with phosphate buffer saline (PBS)
for 5 min and added with 3% H2O2 at room temperature for
10 min. A primary antibodies raised against Ki67 was then added
for immunohistochemical detection. Results were interpreted
from active cancer tissues and phosphate buffer was used as
negative control. Several high-magnification microscopic fields
were observed randomly, the percentage of positive cells was
calculated and the average value was calculated. All tissue
specimens were examined and reported by a qualified
pathologist in the Department of Pathology of our hospital.
(Interpretation criteria: Ki67 positive cells with thick brown
yellow particles in the nucleus were randomly selected from 5
different high-power fields to calculate the percentage of the
number of Ki67 positive cells in the total number of
observed cells).

Therapeutic Conditions
Preoperative liver function for all patients was rated as grade A/B
and the imaging examinations showed no large vessel invasion or
distant metastasis. Liver reserve function suggested that the
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residual liver volume was sufficient postoperatively. When the
tumor was confined locally or occupied one-half of the liver, an
anatomic liver resection was performed. When multiple tumors
occupied the two half-livers, tumor enucleations were performed
separately. All postoperative adjuvant TACE patients were
included in a multidisciplinary discussion (including
hepatobiliary and pancreatic surgery, oncology, pathology, and
radiology), and the patients at high risk of recurrences, such as
maximum diameter of lesions >5 cm, MVI>M1 and less
differentiated tumor after curative hepatectomy, TACE was
indicated. Within 1 month after liver resection, the Seldinger
technique was used to puncture the catheter through the femoral
artery, and chemotherapy embolization was performed with
injection of oxaliplatin, irinotecan, pirarubicin, or epirubicin
and lipiodol in the proper hepatic artery. The dosage was
determined based on body surface area and liver function. A
total of 1–2 TACE treatments were given, with an interval of at
least 3 weeks, and liver function was assessed before surgery to
confirm the ability to withstand interventional therapy. None of
the patients with HCC enrolled in the group received other types
of adjuvant therapy, such as targeted therapy, immunotherapy,
or absolute alcohol injection, from the time of surgery to the first
diagnosis of a recurrence or metastasis.

Follow-Up
All patients were followed regularly in the outpatient clinics
(every 3 months for 1 year after surgery, then every 6 months for
1 year). The outpatient follow-up evaluations included liver and
kidney function tests, HBV-DNA quantification, tumor marker
profile, abdominal color Doppler ultrasound or abdominal
enhanced CT, and a chest CT scan. The endpoint of follow-up
was June 20, 2020. The median duration of follow-up was 47
months (95% CI: 43.2–50.7 months). The diagnostic criteria for
tumor recurrence were consistent with the initial diagnostic
criteria for HCC. The follow-up endpoint of this study was
tumor recurrence or metastasis, as indicated by imaging.

Statistics
SPSS 22.0 software was used for statistical analysis. The endpoint
of the study was overall survival (OS). The OS was the time from
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the first operation to the death from any causes. Propensity score
matching (PSM) was used to reduce the bias in clinical and
medical examination data between the groups. The two groups
were matched according to the 1:1 nearest neighbor matching
method, and the standard deviation was <0.2. A c2 test was used
for comparisons between groups. The Kaplan-Meier method was
used for survival analysis, and a log-rank test was used for
comparisons between groups. The Cox risk ratio model was
used to analyze independent risk factors affecting prognosis. A
P < 0.05 was considered statistically significant.
RESULTS

Basic Information of Patients
From January 2013 to June 2017, a total of 180 patients with
HCC underwent surgical treatment; 94 patients underwent
radical liver resection alone (operating group) and 86 patients
received adjuvant TACE treatment after liver resection
(operation + TACE group). There was no statistical difference
between the two groups with respect to clinical data (age, sex,
hepatitis B history, preoperative liver function, and pre-operative
AFP level) and disease examination-related data (number of
lesions, maximum diameter of lesions, and expression of Ki67).
The proportion of patients with liver cirrhosis in the pre-PSM
surgery group was higher. After propensity matching eliminated
the difference variables, 83 pairs of HCC patients were assigned.
There was no statistical difference between the two covariates (P
value >0.05, Table 1). The patients were divided into the Ki67
low- and high-expression subgroups. There was no statistical
difference between the two groups with respect to clinical data
and disease examination-related data (P value >0.05, Table 2).

We divided the 180 patients with HCC into 97 patients with
low expression of Ki67 and 83 patients with high expression of
Ki67 [a Ki67 < 20% was considered low expression and a Ki67 ≥
20% was considered high expression (12)]. The two groups of
patients were further divided into surgery and surgery + TACE
sub-groups. In the Ki67 low expression group, the proportion of
patients >55 years of age in the pre-PSM subgroup was higher
than the surgery + TACE subgroup. After propensity score
TABLE 1 | Basic information of all patients in terms of treatment options[cases(%)].

Clinical data Pre-PSM After PSM

Operating group
(n=94)

operation + TACE group
(n=86)

P Operating group
(n=83)

operation + TACE group
(n=83)

P

Age(>55) 51(54.3) 35(40.7) 0.069 43(51.8) 33(39.8) 0.119
Gender(male) 83(88.3) 74(86.0) 0.651 72(86.7) 71(85.5) 0.822
Hepatitis B history 81(86.2) 78(90.7) 0.345 73(88.0) 75(90.4) 0.618
Liver cirrhosis 66(70.2) 48(55.8) 0.045 55(66.3) 48(57.8) 0.263
Pre-operative liver function(A) 93(98.9) 83(96.5) 0.270 82(98.8) 80(96.4) 0.311
AFP(>200 mg/liter) 28(29.8) 26(30.2) 0.948 24(28.9) 24(28.9) 1.000
Number of lesions(single) 82(87.2) 66(76.7) 0.066 71(85.5) 65(78.3) 0.226
Maximum diameter of lesions(>5
cm)

50(53.2) 44(51.2) 0.785 40(48.2) 43(51.8) 0.641

Ki67
(high expression)

43(45.7) 40(46.5) 0.918 37(44.6) 38(45.8) 0.876
Febru
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The proportion of patients with liver cirrhosis in the pre-PSM surgery group was higher.
05234

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


Zhao et al. The Therapeutic Effect of PA-TACE Based on Ki67
matching eliminated the different variables, 36 pairs of liver
cancer patients were created. There was no statistical difference
between the two covariates (P value >0.05, Table 3). In the Ki67
high expression group, there was no statistical difference in the
covariates between the surgery and surgery + TACE subgroups
(P value >0.05, Table 4). In all surgery + TACE patients, there
was no statistical difference in the covariates between the Ki67
high- and low-expression subgroups (P value >0.05, Table 5).

Effect of PA-TACE on Tumor Recurrence
and OS in HCC Patients
After PSM, there was no statistical difference in the 1-, 2-, or 3-
year RFS between the surgery + TACE and surgery subgroups,
while the OS in the surgery + TACE subgroup was significantly
higher than the surgery subgroup (RFS: 72.3%, 64.6%, and 56.8%
vs. 69.9%, 53.0%, and 43.4%, respectively, P = 0.086; OS: 95.2%,
82.9%, and 76.5% vs. 88.0%, 71.1%, and 58.0%, respectively, P =
0.017; Figure 1).

Effect of PA-TACE on Tumor Recurrence
and OS in the Ki67 Low Expression Group
After PSM, there was no statistically significant difference in the 1-,
2-, or 3-year RFS and OS between the surgery + TACE and surgery
subgroups (RFS: 63.9%, 55.6%, and 42.9% vs. 83.3%, 63.9%, and
Frontiers in Oncology | www.frontiersin.org 462
55.6%, respectively, P = 0.279; OS: 91.7%, 83.3%, and 74.3% vs.
91.7%, 88.9%, and 71.4%, respectively, P = 0.890; Figure 2).

Effect of PA-TACE on Tumor Recurrence
and OS in the Ki67 High Expression Group
The 1-, 2-, and 3-year RFS and OS in the surgery + TACE
subgroup were higher than the surgery subgroup (RFS: 80.0%,
77.5%, and 69.2% vs. 53.5%, 39.5%, and 32.6%, respectively,
P<0.001; OS: 97.5%, 85.0%, and 79.5% vs. 79.1%, 48.8%, and
TABLE 3 | Basic information of the Ki67 low-expression group[cases(%)].

Clinical data Pre-PSM After PSM

Operating group
(n=51)

operation + TACEgroup
(n=46)

P Operating group
(n=36)

operation + TACEgroup
(n=36)

P

Age(>55) 29(56.9) 16(34.8) 0.029 15(41.7) 13(36.1) 0.629
Gender(male) 42(82.4) 38(82.6) 0.974 30(83.3) 30(83.3) 1.000
Hepatitis B history 41(80.4) 42(91.3) 0.127 32(88.9) 33(91.2) 0.691
liver cirrhosis 34(66.7) 22(47.8) 0.061 20(55.6) 17(47.2) 0.479
Preoperative liver function
(A)

51(100.0) 43(93.5) 0.064 36(100.0) 36(100.0) 1.000

AFP(>200 mg/liter) 13(25.5) 12(26.1) 0.947 9(25.0) 10(27.8) 0.789
Number of lesions(single) 44(86.3) 35(76.1) 0.197 29(80.1) 28(77.8) 0.772
Feb
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The proportion of patients >55 years of age in the pre-PSM subgroup was higher than the surgery + TACE subgroup.
TABLE 4 | Basic information of the Ki67 high expression subgroup[cases(%)].

Clinical data Pre-PSM

Operating group
(n=43)

operation + TACEGroup
(n=40)

P

Age(>55) 22(51.2) 16(40.0) 0.739
Gender (male) 41(95.3) 36(90.0) 0.347
Hepatitis B history 40(93.0) 36(90.0) 0.620
Liver cirrhosis 32(74.4) 26(65.0) 0.350
Preoperative liver
function(A)

42(97.7) 40(100.0) 0.332

AFP(>200 mg/liter) 15(34.9) 14(35.0) 0.991
Number of lesions
(single)

38(88.4) 31(77.5) 0.186
There was no statistical difference in the covariates.
TABLE 2 | Basic information of all patients in the expression of Ki67[cases(%)].

Clinical data Pre-PSM

Ki67 high
expression(n=83)

Ki67 low
expression(n=97)

P

Age(>55) 41(49.4) 45(46.4) 0.687
Hepatitis B history 76(91.6) 83(85.6) 0.211
Liver cirrhosis 58(69.9) 56(64.4) 0.092
Pre-operative liver
function(A)

82(98.8) 94(96.9) 0.392

AFP(>200 mg/liter) 29(34.9) 25(25.8) 0.181
Diameter of tumor
(Poorly differentiated,
undifferentiated)

28(33.7) 25(25.8) 0.243

MVI(>M1) 29(34.9) 35(36.1) 0.873
Number of lesions(single) 69(83.1) 79(81.4) 0.768
Maximum diameter of
lesions (>5 cm)

45(54.2) 49(50.5) 0.620
There was no statistical difference in the covariates.
TABLE 5 | Basic information of the operation + TACE group[cases(%)].

Clinical data Pre-PSM
Ki67 high

expression(n=40)
Ki67 low

expression(n=46)
P

Age(>55) 19(47.5) 16(34.8) 0.231
Hepatitis B history 36(90.0) 42(91.3) 0.835
Liver cirrhosis 26(65.0) 22(47.8) 0.110
Preoperative liver
function(A)

40(100.0) 43(93.5) 0.100

AFP(>200 mg/liter) 14(35.0) 12(26.1) 0.369
Diameter of tumor
(Poorly differentiated,
undifferentiated)

15(37.5) 10(21.7) 0.108

MVI(>M1) 29(72.5) 35(76.1) 0.704
Number of lesions(single) 31(77.5) 35(76.1) 0.877
Maximum diameter of
lesions (>5 cm)

22(55.0) 22(47.8) 0.507
There was no statistical difference in the covariates.
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42.9%, respectively, P = 0.001). The differences in RFS and OS
between the two groups were statistically significant (Figure 3).

Effect of PA-TACE on Tumor Recurrence
and OS in the Surgery + TACE Group
After PSM, there was no statistical difference in the 1-, 2-, or 3-
year OS between low- and high-expression subgroups, while the
RFS in the high-expression subgroup was significantly higher
than the low-expression subgroup (RFS: 80.0%, 79.5%, and
69.2% vs. 67.4%, 56.5%, and 46.7%, respectively, P = 0.035; OS:
97.5%, 85.0%, and 79.5% vs. 93.5%, 82.6%, and 75.6%,
respectively, P = 0.665; Figure 4).

Multivariate Analysis on Recurrence and
Survival of Patients With HCC After Surgery
After PSM, multivariate analysis in the Ki67 low expression
group showed that a preoperative AFP level >200mg/liter (13)
and a tumor maximum diameter ≥5 cm (14) were independent
Frontiers in Oncology | www.frontiersin.org 563
risk factors for RFS and OS rates in patients post-operatively, and
liver cirrhosis was an independent risk factor for RFS (HR = 3.50
and 2.58, P = 0.001 and 0.015, respectively; and HR = 4.10 and
2.79, P = 0.006 and 0.041, respectively; and HR = 2.39, P = 0.02).
Multivariate analysis in the Ki67 high expression group showed
that postoperative adjuvant TACE treatment was an independent
protective factor for RFS and OS after surgery (HR = 0.27, P <
0.001 and HR = 0.21, P < 0.001, respectively; Table 6).
DISCUSSION

HCC is the third most common cause of cancer-related deaths
worldwide (15). If a radical liver resection is performed on patients
with HCC, the 5-year recurrence rate is approximately 70%. The
5-year survival rate of patients with recurrent HCC decreases by
24% compared to patients without relapse, and the median
survival time decreases by 54 months, which has a significant
FIGURE 1 | After PSM, there was no statistical difference between the 1-, 2-, or 3-year RFS between the surgery + TACE and surgery subgroups, while the OS in
the surgery + TACE subgroup was significantly higher than the surgery subgroup.
FIGURE 2 | After PSM, there was no statistically significant difference in the 1-, 2-, or 3-year RFS and OS between the surgery + TACE and surgery subgroups in
the Ki67 low-expression group.
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effect on prognosis (2). Postoperative adjuvant treatments, such as
TACE, targeted therapy, and immunotherapy, can effectively delay
tumor recurrence and prolong patient survival. Among the
postoperative adjuvant treatments, PA-TACE is currently the
most widely used (3).
Frontiers in Oncology | www.frontiersin.org 664
The curative effects of PA-TACE are as follows: 1) TACE can
increase the local drug concentration, which inhibits tumor
proliferation and reduces the probability of recurrence (15);
and 2) residual liver postoperatively can trigger the rapid
regeneration phase, and proliferation of the residual tumor
FIGURE 4 | In the surgery + TACE group, there was no statistical difference between the 1-, 2-, or 3-year OS between the Ki67 low- and high-expression
subgroups, while the RFS in the high-expression subgroup was significantly higher than the low-expression subgroup.
TABLE 6 | Multivariate analysis on recurrence and survival of patients with HCC after surgery.

Factors the Ki67 low-expression subgroup the Ki67 high-expression subgroup

RFS OS RFS OS

HR(95%CI) P HR(95%CI) P HR(95%CI) P HR(95%CI) P

Hepatitis B history − − − − − − − −

Liver cirrhosis 2.39(1.15–4.95) 0.02 − − − − − −

AFP(>200 mg/liter) 3.50(1.62–7.56) 0.001 4.10(1.49–11.3) 0.06 − − − −

Number of lesions(multiple) − − − − − − − −

Maximum diameter of
lesions (>5 cm)

2.58(1.20–5.54) 0.015 2.79(1.04–7.43) 0.041 − − − −

PA-TACE − − − − 0.27(0.13–0.55) <0.001 0.21(0.89–0.49) <0.001
February 2021
 | Volume 11 | Article
FIGURE 3 | The 1-, 2-, and 3-year RFS and OS in the surgery + TACE subgroup were higher than the surgery subgroup in the Ki67 high-expression group. The
differences in RFS and OS between the two groups were statistically significant.
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cells is apparent, which is more susceptible to chemotherapy
drugs. Ki67 is an antigen related to cell proliferation, thus
reflecting the activity of cell proliferation (5). Therefore, we
speculated that HCC patients with high expression of Ki67
have more active cell proliferation, and the effect of adjuvant
TACE after surgery will be superior. There are very few studies,
however, involving the relationship between Ki67 and PA-
TACE (11).

This study conducted a retrospective analysis involving 180
patients with HCC who underwent radical liver resections. There
was no significant difference in the 1-, 2-, and 3-year RFS
between the surgery + TACE and surgery subgroups, while the
OS of the surgery + TACE subgroup were significantly greater
compared with the surgery subgroup, which is in agreement with
previous studies (16–18). A further stratified subgroup analysis
showed that in the Ki67 low expression group, there was no
significant difference in the 1-, 2-, and 3-year RFS and OS
between the surgery + TACE and surgery subgroup. In the
Ki67 high expression group, the 1-, 2-, and 3-year RFS and OS
of the surgery + TACE subgroups were greater than the surgery
group. The RFS was higher in the Ki67 high-than low-expression
subgroup after 1, 2, and 3 years, and OS was no significant
difference in all surgery + TACE patients. Multivariate analysis in
the Ki67 high expression group showed that postoperative
adjuvant TACE treatment was an independent protective
factor for postoperative RFS and OS postoperatively.

Although TACE is currently widely used in the treatment of
HCC, the indications for postoperative adjuvant TACE
treatment are still controversial. Multi-center studies have
shown that postoperative adjuvant TACE therapy can
significantly improve the RFS but does not significantly
improve the OS. Further stratification studies have shown that
for patients at high risk for a post-operative recurrence with
tumors >5 cm in diameter, MVI-positive tumors, and poorly
differentiated HCC, PA-TACE can significantly improve the
prognosis of patients (4). Studies have also shown that
postoperative adjuvant TACE have shown a survival rate
advantage in the case of vascular invasion or large HCC
(diameter >5 cm) (19). In addition, studies have suggested that
postoperative adjuvant TACE has a positive effect on patients
with HCC that are prone to early recurrence and can be used as
an empirical active intervention measure to prevent tumor
recurrence (20). Studies have shown that PA-TACE can
prolong the OS and DFS of MVI-positive patients, but is
unrelated to the OS and DFS of MVI-negative patients (21).
The current study showed that the RFS and OS in the surgery +
TACE subgroup in the Ki67 high expression group were greater
than the surgery subgroup, while there was no statistical
difference between the two subgroups in the Ki67 low
expression group, suggesting that the tumor Ki67 level can be
used as a criterion for performing PA-TACE after radical liver
tumor resection and screen suitable patients for effective anti-
relapse treatment. There was no statistical difference between the
Ki67 low- and high-expression subgroups at high risk for
recurrence (number of lesions, maximum diameter of lesions,
Frontiers in Oncology | www.frontiersin.org 765
MVI,and the degree of tumor differentiation). This finding
suggests that the tumor Ki67 level is an independent
influencing factor unrelated to these factors. In addition, there
was no statistical difference in the OS between the Ki67 low- and
high-expression subgroups in all surgery + TACE patients, while
the RFS in the high- was significantly greater than the low-
expression subgroup. There was a greater balance between the
two subgroups in terms of risk factors for recurrence. Ki67 is
internationally recognized as the tumor proliferation index, and
the higher the value, the worse the prognosis, which is in contrast
to our results. This discrepancy may be related to the line of PA-
TACE, which also demonstrates our conclusion that patients
with high Ki67 expression have survival benefit from PA-TACE.

Studies have shown that After TACE treatment, the tumor
Ki67 level and percentage of necrotic cells in tumor tissues were
significantly higher than before treatment, and the level of Ki67
was positively correlated with the percentage of necrosis (22, 23),
which is in agreement with our conclusions; however, we showed
that some patients exist with high expression of Ki67 and non-
poorly differentiated tumors who have a better prognosis after
adjuvant TACE treatment. This finding suggests that post-
operative TACE treatment based on the Ki67 level may be more
accurate, and further stratified analysis needs to be carried out.
The nuclear Ki-67 protein is related to cell proliferation activity
and highly expressed in the G2/M phase, while physical factors,
such as hypoxia and lack of a blood supply, have a greater impact
on cells with vigorous replication in the G2/M phase (22), which
may explain why TACE is more effective in patients with high
Ki67 expression. In addition, the pharmacologic effects of
chemotherapeutic drugs, such as doxorubicin, enter the nucleus
to interfere with the transcription process, prevent mRNA
synthesis, block the cell cycle, and inhibit tumor growth in the
G2 phase of cell division (24), which is more effective in the Ki67
high expression group.

The current study showed that the 1-, 2-, and 3-year RFS and
OS of the surgery + TACE subgroup in the Ki67 low expression
group were less than the surgery subgroup. This may be related to
the activation of related signaling pathways after embolization and
the induction of neoangiogenesis, forming a microenvironment
conducive to tumor proliferation (25). In addition, the serum
concentrations of vascular endothelial and fibroblast growth
factors increase after TACE, and the serum levels are positively
correlated with tumor progression (26). Tumor cells with low Ki67
expression are less sensitive to chemotherapeutic drugs, and the
therapeutic effect of the drugs is less than the proliferation induced
by hypoxia. As a result, patients with low Ki67 expression will have
a worse prognosis after TACE treatment; however, there is no
statistical difference between the two sub-groups, which may be
related to the small sample size. Thus, a corollary with a larger
sample size is warranted. Studies have shown that the tumor Ki67
is not static. After TACE treatment, the expression of Ki67 in HCC
tissues is higher than untreated HCC tissues, which may be related
to the cell cycle of tumor induced by local treatment (27). This
finding also indicates that TACE treatment in patients with low
expression of Ki67 may lead to a poor prognosis.
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This study had several limitations. First, our clinical data only
represented a single research center, the sample size was small,
and the conclusion was based on a retrospective analysis. Thus, a
prospective, multi-center, large-sample random clinical trial
should be conducted to further verify the relationship between
Ki67 expression and PA-TACE with survival benefits. Second,
the results of this study were from East Asia, and most of the
patients had HCC caused by hepatitis B, which may not be
applicable to hepatitis C or alcohol-related HCC. Third, the
medications used in all TACE treatments in the current study
were basically the same, and whether different medications led to
different survival benefits remains to be further studied. Fourth,
the current study was stratified according to a Ki67 ≥20% and
<20%, but other studies have shown different stratification
parameters (28); the precise cut-off value needs to be
established. In addition, the prognosis of patients with early
post-operative recurrence was extremely poor, which may
represent the true recurrence of the primary cancer spread via
the portal vein before HCC resection (2). The extensive clinical
application of immunotherapy and targeted therapy in recent
years has prolonged the survival time of patients with distant
metastases of HCC after a recurrence; however, the time span of
data collection in our center was relatively long. These factors
may have an impact on the conclusions in the current study.

This study analyzed the relationship between the expression
of Ki67 and the efficacy of postoperative adjuvant TACE in
patients with HCC, and confirmed that when Ki67 was highly
expressed, adjuvant TACE after liver resection could effectively
reduce postoperative tumor recurrence and significantly improve
the long-term survival rate, while when the expression of Ki67
was low, PA-TACE may result in a poor prognosis. Therefore,
for HCC patients with high expression of Ki67, TACE treatment
is recommended to improve the prognosis after liver resection.
Frontiers in Oncology | www.frontiersin.org 866
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Gallbladder carcinoma (GBC), which has high invasion and metastasis risks, remains the
most common biliary tract malignancy. Surgical resection for GBC is the only effective
treatment, but most patients miss the opportunity for curative surgery because of a lack of
timely diagnosis. The aim of this study was to identify and verify early candidate diagnostic
and prognostic RNA methylation related genes for GBC via integrated transcriptome
bioinformatics analysis. Lists of GBC-related genes and methylation-related genes were
collected from public databases to screen differentially expressed genes (DEGs) by using
the limma package and the RobustRankAggreg (RRA) package. The core genes were
collected with batch effects corrected by the RRA algorithm through protein interaction
network analysis, signaling pathway enrichment analysis and gene ranking. Four modules
obtained from four public microarray datasets were found to be related to GBC, and FGA,
F2, HAO1, CFH, PIPOX, ITIH4, GNMT,MAT1A,MTHFD1, HPX, CTH, EPHX2, HSD17B6,
AKR1C4, CFHR3, ENNP1, and NAT2 were revealed to be potential hub genes involved in
methylation-related pathways and bile metabolism-related pathways. Among these, FGA,
CFH, F2,HPX, and PIPOXwere predicted to be methylated genes in GBC, but POPIX had
no modification sites for RNA methylation. Furthermore, survival analysis of TCGA (the
Cancer Genome Atlas) database showed that six genes among the hub genes, FGA,
CFH, ENPP1, CFHR3, ITIH4, and NAT2, were highly expressed and significantly
correlated with worse prognosis. Gene correlation analysis revealed that the FGA was
positively correlated with the ENPP1, NAT2, and CFHR3, while CFH was positively
correlated with the NAT2, CFHR3, and FGA. In addit ion, the results of
immunohistochemistry (IHC) showed that the expressions of FGA, F2, CFH, PIPOX,
ITIH4, GNMT, MAT1A, MTHFD1, HPX, CFHR3, NAT2, and ENPP1 were higher in GBC
tissues than that in control tissues. In conclusion, two genes, FGA and CFH, were
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identified as RNA methylation-related genes also involved in bile metabolism in GBC,
which may be novel biomarkers to early diagnose and evaluate prognosis for GBC.
Keywords: gallbladder carcinoma, bioinformatics, biomarkers, differentially expressed genes, RNA methylation,
bile metabolism
INTRODUCTION

Gallbladder carcinoma (GBC), which originates from the epithelia
of bile ducts and the gallbladder, is the most commonmalignancy of
the biliary tract and has a high possibility of metastasis (1). At
present, the 5-year survival rate of patients with unresectable GBC is
less than 5%, and complete surgical resection is still an effective
curative therapy (2). However, due to a lack of specific signs and
symptoms, it is very difficult to diagnose GBC at the early stage;
thus, many patients miss the opportunity for surgery (3). Amore in-
depth understanding of the molecular mechanisms underlying the
progression of gallbladder carcinoma will be advantageous for the
development of treatment options. Thus, further exploration of
GBC pathological development and identification of effective early
prognostic biomarkers are important for GBC treatment.

RNA methylation is the most common modification of mRNAs
(4) and is dynamic and reversible in mammalian cells (5). The
dynamic regulation of RNA methylation has been indicated to be
closely associated with gene expression (6, 7). Growing evidence has
demonstrated that RNA methylation is involved in regulating RNA
transcription (8), processing events (9), RNA stability (10), and
translation (11). In addition, the clinical value of RNA methylation
in cancers has become increasingly obvious. RNA methylation
modification is reported to be associated with proliferation (12),
tumorigenesis (13), invasion (13), and metastasis (14) in various
cancers. In addition, RNAmethylation not only affects the cleavage,
transport, stability, and degradation of non-coding RNAs such as
miRNAs, lncRNAs, and circRNAs but also regulates the biological
functions of cells by regulating the levels of these non-coding RNAs
(15). More importantly, non-coding RNAs can influence RNA-
RNA or RNA-protein interactions to regulate particular biological
functions (16). As a promising biomarker, RNA methylation has
been increasingly utilized to detect and predict the occurrence of
; DEGs, differentially expressed genes;
te in-protein interact ion; IHC,
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cancer, and its prognostic significance has been determined (17).
Increasing numbers of studies have illustrated that RNA
methylation may have potential clinical value as a therapeutic
target for cancer patients (18). However, research on RNA
methylation in GBC is still very scarce.

Previous studies on GBC have seemed to be limited and have
focused mostly on either a single gene or a single omics data type
(19, 20). However, the occurrence and development of GBC is a
multifactorial and multistep process involving molecular changes at
the transcriptional, posttranscriptional, and translational levels.
Thus, there is an urgent need to comprehensively illustrate the
gene interactions and molecular modulation network of GBC.With
the rapid development of high-throughput technologies,
bioinformatics has been widely applied to analyze massive
amounts of biological data. Transcriptomics techniques include
mainly microarrays and RNA sequencing, and microarrays
include expression profile chips, lncRNA chips, miRNA chips,
and methylation chips. Ma et al. (19) identified differentially
expressed lncRNAs and mRNAs between GBC tissues and
control tissues with chips and found that the lncRNA GCASPC
could bind to miRNA-17-3 to negatively regulate the proliferation
of GBC cells. Liang et al. (20) used a microRNA chip with high-
throughput screening to discover that miRNA-143-3p inhibited the
proliferation of GBC cells by binding to its target gene MYBL2.
Currently, the most-studied pathways involved in GBC are the
hedgehog pathway (21) and the PI3K/Akt pathway (22). Studies on
RNAmethylation in gallbladder carcinoma have not been reported,
and integrated bioinformatics analysis using multiple public
databases in gallbladder cancer is quite scarce.

In this study, we employed integrated transcriptome
bioinformatics analysis based on four RNA microarray datasets
(GSE45001, GSE31370, GSE26566, and GSE76633) to identify
differentially expressed genes and RNA methylation-related genes
in GBC. In addition, the core genes were collected through protein-
protein interaction network analysis, signaling pathway enrichment
analysis, and gene ranking. Moreover, the core genes were verified
with the TCGA database, and posttranscriptional modifications,
survival, a coexpression network, and the tumor microenvironment
were predicted. Then, immunohistochemistry was used to detect the
differences in the expression of the hub genes between the clinical
GBC samples and control samples. The final screened genes could be
novel biomarkers to early diagnose and evaluate prognosis for GBC.
METHODS

GBC-related gene lists and related genetic data were collected from
public databases. Methylation-related genes were also obtained to
screen the differentially expressed genes. The core genes were
collected through protein interaction network analysis, signaling
February 2021 | Volume 11 | Article 621806
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pathway enrichment analysis, and gene ranking. They were verified
with the TCGA database, and posttranscriptional modifications,
survival, and a coexpression network were predicted. Then,
immunohistochemistry was used to detect the expression of the
core genes between the clinical GBC samples and control samples.
The flow chart is shown in Figure 1.

Data Sources
GBC-related genes were collected with the search terms
“((gallbladder cancer) OR (gallbladder carcinoma) OR
(gallbladder neoplasms) OR (cholecystic carcinoma) OR (biliary
tract cancer)) AND (Homo sapiens[Organism])” from the NCBI
Gene database, the GeneCards database, the KEGG DISEASE
database, cBioPortal database and the National Gene Bank. In
addition, GBC-related genes were obtained from the literature
with the keywords “(gallbladder cancer[Title/Abstract]) OR
(gallbladder carcinoma[Title/Abstract])) OR (gallbladder
neoplasms[Title/Abstract]) OR (cholecystic carcinoma[Title/
Abstract])) OR (biliary tract cancer[Title/Abstract])) AND
(biomarker[Title/Abstract])” from NCBI PubMed. Next, GBC-
related microarray data were collected with the search terms
“((gallbladder cancer) OR (gallbladder carcinoma) OR
(gallbladder neoplasms) OR (cholecystic carcinoma) OR (biliary
tract cancer)) AND (Homo sapiens[Organism])” from the GEO
(Gene Expression Omnibus) database, PubMed, ArrayExpress of
the EBI, the National Gene Bank, the National Genomics Science
Data Center, OmicsDI, and Integrated Proteome Resources. Finally,
all differentially methylated genes in GBC were obtained from the
RMBase v2.0 database and the m6AVar database.

Methods for Identification of Differentially
Expressed Genes
The LinearModels forMicroarray Data (limma) package, which is a
Bioconductor package of the R statistical language, was used to
Frontiers in Oncology | www.frontiersin.org 370
identify differentially expressed genes in six main steps. First, the
expression matrix, grouping matrix and differential expression
matrix were constructed. Second, the data were fitted to a linear
model with the lmFit function. Third, the differences were calculated
according to the contrast model with the contrasts.fit function.
Fourth, the Bayesian test was conducted with the eBayes function.
Fifth, test results were generated for all genes with the topTable
function, and Benjamini and Hochberg test method was used to
correct the P value. Finally, the results of differential analysis were
screened according to a threshold of a corrected P value <0.050.
RobustRankAggreg, another R package, is a tool that integrates
differential expression analysis results from different platforms
mainly with the RobustRank Aggregation (RRA) algorithm to
obtain a comprehensive ranking list (23). To identify differentially
expressed genes in this study, data were first downloaded from
the GEO database. Limma software was then used to analyze the
differentially expressed genes in each microarray dataset. The
differentially expressed genes according to the fold change value
were sorted. Finally, RobustRankAggreg software was used to
integrate and analyze these results with the RRA algorithm.

Protein-Protein Interaction Network
and Module Analysis
To better mine the core regulatory genes, protein-protein
interaction analysis was used in this study. First, STRING
(version 11, https://string-db.org/) software was used to
analyze the protein interactions of the differentially expressed
genes. Next, the CytoHubba plugin of Cytoscape software
(version 3.7.2, https://cytoscape.org/) was used to rank the
genes in the network with the Degree algorithm, and the top
25 ranked genes were considered the hub gene set.
Simultaneously, the MCODE plugin was used to extract the
core module from the protein interaction results with the
following parameters: degree cutoff >=2, K -score >=2.
FIGURE 1 | Workflow chart of mining of RNA methylation-related genes in gallbladder carcinoma.
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Functional Enrichment Analysis
ShinyGO V0.60 software was used to analyze the signaling
pathways of the core module obtained from protein interaction
analysis (24). ShinyGO software, a gene set enrichment analysis
software program, is based on 55 kinds of databases, such as the
Gene Ontology (GO), KEGG, Reactome, Panther, Biocarta,
GeneSetDB EHMN, HumanCyc, NetPath, and MSigDB
databases. ShinyGO software was used to functionally annotate
genes or proteins with pathway databases, and the FDR (false
discovery rate) values of the corresponding enriched pathways
were obtained. The ggplot2 package was used to visualize the
enrichment analysis results.

Annotation of Core Genes
The core genes in the hub module of the protein-protein
interaction network that overlapped with genes involved in
significant biological processes were annotated. An RNA
sequencing dataset for CHOL including data on 36 patients
with GBC and 9 controls were downloaded from the TCGA (25),
and the limma package of the R language was used to analyze
differentially expressed genes in order to verify the hub genes. In
addition, the RMBase v2.0 database (26), which is a database of
epigenetic modifications at the RNA level, and the m6AVar
database (27), which predicts the impact of SNPs on RNA
methylation modification, were used to predict the sites of
RNA methylation modification of the core genes.

Survival Analysis of Hub Genes
Different endpoints that were stratified by mean and median,
such as overall survival (OS), were used to analyze the prognosis
of survival. Survival curves were assessed by the Kaplan-Meier
method and Cox proportional hazards model. The hazard ratios
(HRs) with 95% confidence intervals were determined.

Coexpression Network and
Microenvironment Prediction
The GeneMANIA plug-in of Cytoscape software (version 3.7.2)
was applied to analyze the gene coexpression network.
The strength of regulation among genes was represented in the
coexpression network through a weight value ranging from 0 to
1. The Tumor Immune Single-cell Hub (TISCH) database
(http://tisch.comp-genomics.org/home/) (28) was used to
analyze the tumor microenvironment.

Clinical Specimen Collection
Six samples of tumor tissues frompatients withGBCand six samples of
gallbladder tissues from patients with gallstones were obtained from the
First AffiliatedHospital of ChongqingMedical University from 2019 to
2020, and all tissues were fixed with 4% paraformaldehyde. All patients
agreed to provide informed consent, and the experimental protocols
were approved by the local ethics committee.

Immunohistochemistry and Staining Result
Determination
All specimens were paraffin-embedded and sectioned at 4 mm. The
sections were baked at 60°C for 1 h, dewaxed, rehydrated in a
Frontiers in Oncology | www.frontiersin.org 471
graded alcohol series, and washed. The sections were boiled for
10 min antigen repair solution for antigen repair, and the remaining
steps were carried out in accordance with the instructions. Primary
antibodies against the following proteins were purchased: FGA
(1:50, Boster, China), F2 (1:50, Boster, China), CFH (1:50, Boster,
China), PIPOX (1:50, Absin, China), ITIH4 (1:50, Proteintech,
USA), GNMT (1:50, Proteintech, USA), MAT1A (1:50, Fine
Biotech, China), MTHFD1 (1:50, Proteintech, USA), HPX (1:50,
Boster, China), CTH (1:50, Boster, China), CFHR3 (1:50, Fine
Biotech, China), ENNP1 (1:50, Abcam, USA), and NAT2 (1:50,
Abclonal, China). After DAB staining, the tablets were redyed with
hematoxylin and sealed. The proportion of positive tumor cells was
scored as follows: 1, 1–25%; 2, 26–50%; 3, 51–75%; and 4, 76–100%.
The intensity of methylated protein staining in GBC was scored as
follows: 0, no staining; 1, weak staining; and 2, strong staining.
These two kinks of scores were multiplied to obtain a final score,
and the expression of protein was determined to be low for scores
<4 or high for scores ≥4.

Statistical Analysis
All statistical analyses were performed with R software (version
3.6.3). The threshold for screening of differentially expressed
genes was an adjusted P value <0.05, an absolute fold change >1,
and an RRA score <0.05. The methods of statistical analysis in
this study included the hypergeometric test and Fisher’s exact
test, and the false discovery rate method was used with Benjamini
and Hochberg correction. Correlations were assessed using
Pearson’s correlation coefficient.
RESULTS

Construction of Lists of Related Genes
GBC-related genes were collected from the following sources:
415 from the Gene database of NCBI, 415 from the GeneCards
database, 4 from the KEGG DISEASE database, 1,637 from the
cBioPortal gene database, 100 from the National Gene Bank, and
151 from related literature in the PubMed database. After
merging these gene sets and removing the redundancies, we
obtained 6,026 genes related to GBC. Next, 9,569 RNA
methylation-related genes were collected from the RMBase
v2.0 database, while 3,472 RNA methylation-related genes were
collected from the m6AVar database. Together, 11,581 RNA
methylation-related genes were collected. The overlap of the
above GBC-related genes and the RNA methylation-related
genes was examined, and 3,072 GBC-related genes involved in
RNA methylation were ultimately obtained, as shown in Figure
2. RNA microarray datasets (GSE45001, GSE31370, GSE26566,
and GSE76633) were downloaded from GEO database (29), as
shown in Table 1. There were 159 samples with transcriptomic
data, including 129 GBC samples and 30 control samples.

Collection of Differentially Expressed
Genes (DEGs) in GBC
Four microarray datasets with group correction and
normalization were used to analyze the differentially expressed
February 2021 | Volume 11 | Article 621806
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genes. The specific numbers of upregulated and downregulated
genes for each set are shown in Supplementary Table 1. The four
datasets were intersected, and the genes were ranked according
to the fold change value and integrated with the RRA algorithm
of the RobustRankAggreg package to obtain 81 DEGs (score
<0.050), including 13 upregulated genes and 68 downregulated
genes (control vs GBC) (shown in Figure 2B).
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Establishment of the PPI Network
Based on the STRING database, a PPI network of the above 81
DEGs was constructed and ranked with topological analysis on
nodes. The top 25 genes were clustered with MCODE to finally
obtain four modules, as shown in Table 2.

GO, KEGG, and Reactome Enrichment
Analysis
Almost 2.30~48.28% of the gene products were found to be
associated with 33 biological process terms, such as the
extracellular, cell surface, and mitochondria terms (enrichment
FDR: 2.683E-10 ~ 3.348E-02). Approximately 2.30~35.63% of
the genes were found to be associated with 87 molecular biology
terms, including the REDOX enzyme activity, drug binding, and
signal receptor binding terms (enrichment FDR: 6.936E-06 ~
4.886E-02). Nearly 2.30~42.53% of the genes were associated
with 400 biological process terms, such as the cholic acid
biosynthesis, cholic acid metabolism, JAK-stat cascade,
vascular development, inflammatory response, and cell
adhesion terms (enrichment FDR: 1.022E-16 ~ 4.950E-02), as
shown in Figures 3A, B. Overall, we obtained 23 genes involved
in biological processes related to RNA methylation, and 12 of
A

B

FIGURE 2 | Collection of differentially expressed genes (DEGs) in GBC.
(A) Venn diagram of four RNA microarray datasets (GSE45001, GSE31370,
GSE26566, and GSE76633). (B) heat map of differentially expressed genes.
Each column represents one dataset and each row represents one gene.
Green represents a lower expression level, red represents higher expression
levels, and white represents that there is no different expression amongst the
genes. The number in each rectangle represents the normalized gene
expression level.
TABLE 1 | Information of the four microarray datasets from GEO.

GEO ID Sample_Case Sample_Control Sample Total

GSE26566 104 6 110
GSE31370 6 5 11
GSE45001 10 10 20
GSE76633 9 9 18
Febru
ary 2021 | Volume 11 |
GEO, Gene Expression Omnibus.
TABLE 2 | Top 25 hub genes identified in PPI network for DEGs.

Rank Name Score MCODE_Cluster MCODE_Score

1 FGA 15 Cluster 1 6.000
2 F2 14 Cluster 1 6.000
3 C8A 13 Cluster 1 6.000
4 C8B 11 Cluster 1 6.000
5 C9 10 Cluster 3 4.464
6 C6 9 Cluster 1 6.000
6 HAO1 9 Cluster 1 5.000
6 UGT2B10 9 Cluster 1 5.000
9 SERPINA10 8 Cluster 1 6.000
9 HAO2 8 Cluster 2 4.000
12 ANG 7 Cluster 1 5.000
12 CFH 7 Cluster 1 5.000
12 F11 7 Cluster 1 6.000
12 PIPOX 7 Cluster 2 4.000
12 ITIH4 7 Cluster 3 4.000
17 SLC17A2 5 Cluster 1 5.000
17 GNMT 5 Cluster 2 4.000
17 MAT1A 5 Cluster 2 4.000
17 MTHFD1 5 Cluster 2 4.000
17 HPX 5 Cluster 3 4.000
22 CTH 4 Cluster 2 4.000
22 EPHX2 4 Cluster 2 4.000
22 UGT2B11 4 Cluster 4 3.000
25 AKR1C4 3 Cluster 4 3.000
25 HSD17B6 3 Cluster 4 3.000
PPI, protein-protein interaction; DEG, differentially expressed genes.
Article 621806

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


Yang et al. RNA Methylation-Related Genes in GBC
those genes were involved in biological processes related to
bile metabolism.

Annotation of Core Genes
Seventeen core genes were obtained via intersection of the PPI
network, methylation-related signaling pathways, and bile-
related biological processes, including FGA, F2, HAO1, CFH,
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PIPOX, ITIH4, GNMT, MAT1A, MTHFD1, HPX, CTH, EPHX2,
HSD17B6, AKR1C4, CFHR3, ENNP1, and NAT2. The 17 core
genes were verified in TCGA’s CHOL RNA-seq dataset, and all
were significantly expressed. The fold change range of these 17
genes in the TCGA dataset was −184.580~−43.240, and the
corrected P value range was 1.40E-04~1.24E-03, illustrating
that the 17 core genes were all downregulated genes in control
A

B

FIGURE 3 | Functional enrichment analysis. (A) co-expression of the DEGs. (B) the DEGs enriched pathway analysis.
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vs GBC samples, as shown in Figure 4A. Then, Spearman
correlation coefficients and Spearman P value were used to
analyze the correlations of the levels of methylation of hub
genes between the control and GBC cases. The results showed
that the genes CFH, F2, FGA, HPX, and PIPOX were highly
methylated in GBC cases compared with control cases (Figure
4B). Next, the RMBase database was used to analyze the RNA
methylation sites of core genes (as shown in Table 3). The results
showed that the genes FGA, F2, HAO1, CFH, ITIH4, GNMT,
MTHFD1, HPX, CTH, HSD17B6, and AKR1C4 had RNA
methylation modification sites, but EPHX2, MAT1A, and
PIPOX had no RNA methylation modification sites.
Combining the above results, we came to the conclusion that
the genes CFH, F2, FGA, and HPX are methylated genes in GBC.

Survival Analysis
To illustrate whether any core genes affect the overall survival of
GBC patients, survival analysis was used to assess prognostic
markers in the TCGA database. The results demonstrated that
highly expressed FGA, CFH, ENPP1, CFHR3, ITIH4, and NAT2
were associated with poor prognosis. Specifically, FGA was highly
expressed in 14 samples but expressed at low levels in 22 samples.
The 5-year overall survival HR was 2.680, and the log-rank P value
was 0.037 (Figure 5A). CFHwas highly expressed in 14 samples but
expressed at low levels in 22 samples, and the 5-year overall survival
HR was 3.490, with a log-rank P value of 0.007 (Figure 5B). ENPP1
was highly expressed in 18 samples but expressed at low levels in 18
samples, and the 5-year overall survival HR was 3.250, with a log-
rank P value of 0.020 (Figure 5C). CFHR3 was highly expressed in
18 samples but expressed at low levels in 18 samples, and the 5-year
overall survival HR was 4.660, with a log-rank P value of 0.003
(Figure 5D). ITIH4 was highly expressed in 18 samples but
expressed at low levels in 18 samples; the 5-year overall survival
HR was 3.520, and the log-rank P value was 0.004 (Figure 5E).
NAT2 was highly expressed in 18 samples but expressed at low
levels in 18 samples; the 5-year overall survival HR was 3.250, and
the log-rank P value was 0.020 (Figure 5F). Moreover, survival
analysis of the other 12 hub genes showed no significant differences
(shown in Supplementary Figure 1). In addition, Pearson statistical
analysis was performed to calculate the correlation coefficients
among 17 core genes from the TCGA CHOL dataset, and the
range of correlation coefficients between hub genes was
−0.067~0.950, with a P value range of 4.8E-11~0.900 (details
shown in Supplementary Table 2 and Figure 6A). The results
showed that the FGA gene was positively correlated with ENPP1,
NAT2, and CFHR3, while the CFH gene was positively correlated
with FGA, NAT2, and CFHR3 (as shown in Figure 6B). Our results
provide evidence for further research on RNAmethylation in GBC.

Coexpression Network and Tumor
Microenvironment Prediction
Coexpression network analysis of six genes (FGA, CFH, CFHR3,
NAT2, ENPP1, and ITIH4) was carried out through GeneMANIA,
and the results are shown in Supplementary Figure 2A. A weighted
network was constructed with the following weight values: FGA,
0.003~0.108; CFH, 0.005~0.012; CFHR3, 0.003~0.027; NAT2,
0.006~0.020; ENPP1, 0.004~0.021; and ITIH4, 0.003~0.008. These
Frontiers in Oncology | www.frontiersin.org 774
results indicated that FGA, CFH, CFHR3,NAT2, ENPP1, and ITIH4
had coexpression patterns. The TISCH database was used to predict
the tumor microenvironment of these six genes, and the results
revealed that the five genes other than NAT2 were specifically
expressed in cells, as shown in Supplementary Figure 2A. FGA,
CFH, and ITIH4 were expressed mainly in immune cells, malignant
cells, and stromal cells, while CFHR3 and ENPP1 were expressed
mainly in malignant cells and stromal cells. Our results further
illustrated that these genes are closely associated and should be
further studied.

Clinical Specimen Verification
by Immunohistochemistry
To further verify the expression of hub genes in clinical samples,
immunohistochemistry was used. According to the above findings,
we screened 13 of the 17 hub genes for immunohistochemistry,
including FGA, F2, CFH, PIPOX, ITIH4, GNMT, MAT1A,
MTHFD1, HPX, CTH, CFHR3, ENNP1, and NAT2. As shown
in Figure 7, the results showed that the expressions of FGA, CFH,
PIPOX, GNMT, MAT1A, CFHR3, NAT2, and ENPP1 were higher
in GBC tissues than in control tissues, and these proteins were
mainly located in the cytoplasm of tumor cells. It is interesting to
find that F2, ITIH4, and HPX proteins were mainly expressed in
tumor cells of GBC tissues, but these proteins were locatedmainly in
inflammatory cells of control tissues not normal gallbladder
epithelium. Besides, MTHFD1 was expressed in both GBC tissues
and control tissues, and there was no significant difference between
tissue types. In addition, our results showed that CTH was not
expressed in either GBC tissues or control tissues.
DISCUSSION

Although some advances in GBC research have been made,
effective methods for the early diagnosis of GBC are still very
scarce. In this study, 81 differentially expressed genes were
identified from four array datasets from the GEO database
through bioinformatics analysis and protein-protein interaction
analysis. Among the ranked genes, 17 hub genes (FGA, F2,
HAO1, CFH, PIPOX, ITIH4, GNMT, MAT1A, MTHFD1, HPX,
CTH, EPHX2, HSD17B6, AKR1C4, CFHR3, ENNP1, and NAT2)
involved in methylation signaling pathways and bile-related
biological processes were confirmed. We performed pathway
annotation, TCGA verification, posttranslational modification
analysis, survival analysis, and IHC of these hub genes to finally
obtain six candidates, including FGA, CFH, ENPP1, ITIH4,
CFHR3, and NAT2, associated with GBC prognosis. Among
these, FGA and CFH were identified as RNA methylation-
related biomarkers in GBC, which may be novel biomarkers to
early diagnose and evaluate prognosis for GBC.

The occurrence and progression of GBC is influenced by
heredity and the environment, and epigenetic mechanisms,
including histone modification (acetylation, methylation, and
phosphorylation), have been reported to play important roles in
the pathology of GBC (30). RNAmethylation, which is one of the
most common posttranscriptional modifications of RNAs, has
recently been found to participate in tumorigenesis, invasion,
February 2021 | Volume 11 | Article 621806
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metastasis, and drug resistance and could be a new diagnostic
biomarker and therapeutic target (5). One study recently
illustrated that NOP2/Sun domain family member 2 (NSUN2),
a nuclear RNA methyltransferase catalyzing 5‐methylcytosine
formation, closely interacts with RPL6 to participate in GBC
(31). However, research on the role of RNA methylation in
Frontiers in Oncology | www.frontiersin.org 875
gallbladder cancer is still very rare. In our present study, we
finally identified 17 hub genes, among which FGA, CFH, F2,
HPX, and PIPOX were highly methylated in GBC tissues.
Surprisingly, our bioinformatics results showed that PIPOX has
no methylation modification site. Next, we used clinical samples
for verification and discovered that FGA, CFH, F2, HPX, and
A

B

FIGURE 4 | Annotation of core genes. (A) volcano plots for DECs in GBC based on the four microarray datasets from GEO. (B) the levels of methylation of hub
genes between the control and GBC cases from TCGA database.
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PIPOX were more highly expressed in GBC tissues than in
control tissues but that expression was not significantly
different. FGA encodes the alpha subunit of the coagulation
factor fibrinogen, and downregulation of FGA seems to be
associated with poor prognosis in human lung cancer (32).
However, in our study, we found that FGA was highly
expressed in GBC tissues from patients with a poor prognosis.
Thus, it will be interesting to further explore the effect and
underlying mechanism of FGA in GBC and whether FGA could
be an indicator of the specific diagnosis of GBC. Complement
factor H (CFH) was recently found to regulate complement
activation in the liver, which is associated with hepatocellular
Frontiers in Oncology | www.frontiersin.org 976
injury (33), but our results demonstrated that there was no
significant difference in CFH expression between GBC and
control tissues. F2, known as coagulation factor II, encoding
the prothrombin protein, was recently reported to be
aberrantly methylated in old Chinese rhesus macaques, which
is similar to our findings (34). HPX (hemagglutinin) is a plasma
acute-phase glycoprotein produced by the liver that binds with
high affinity to equimolar heme, and it can counteract cardiac
heme toxicity such as that caused by oxidative stress, disruption
of cardiac Ca2+ homeostasis and contractile dysfunction (35).
PIPOX, which is a sarcosine-metabolizing enzyme, is highly
expressed in HER-2 type cancer (36) but expressed at low
levels in prostate cancer (33). We found that PIPOX was more
highly expressed in GBC tissues than in control gallbladder
tissues but that it has no methylation site. Differences in
PIPOX expression in different tumors may be related to
sarcosine metabolism, which also needs further study.

Aside from the above five methylation-related genes, other
genes involved in bile-related biological processes, including
CTH, GNMT, HAO1, TIH4, MAT1A, and MTHFD1, were
identified. Abnormalities in bile metabolism, including
increased biliary secretion (37) and hyposecretion of biliary
bile acids (38), are closely related to gallstones, which are
known risk factors for GBC (39). Therefore, we believe that
these hub genes may have important clinical significance in the
pathogenesis, diagnosis, and treatment of GBC. Increased CTH
(Cystathionine Gamma-Lyase) expression in patients with
TABLE 3 | RNA methylation sites of hub genes form RMBase database.

Gene_Symbol RNA
methylation_
Site_Number

Motif_Score Location

AKR1C4 2 226.96~301.91 cds,5’-UTR
CFH 38 226.96~ 419.59 cds,5’-UTR,3’-UTR, intron
CTH 9 224.83~371.87 cds,5’-UTR,3’-UTR
F2 6 274.68~419.59 cds,5’-UTR,3’-UTR, intron
FGA 60 224.83~419.59 cds,5’-UTR,3’-UTR, intron
GNMT 2 344.64~369.74 3’-UTR
HAO1 3 226.96~349.63 cds,5’-UTR
HPX 4 274.68~371.87 cds,3’-UTR
HSD17B6 8 301.91~ 419.59 cds,5’-UTR, intron
ITIH4 45 224.83~ 419.59 cds,5’-UTR,3’-UTR, intron
MTHFD1 53 224.83~ 419.59 cds,5’-UTR,3’-UTR, intron
A B

D E F

C

FIGURE 5 | Survival analysis of the core genes in GBC patients through TCGA database. (A) survival analysis of FGA. (B) survival analysis of CFH. (C) survival
analysis of ENPP1. (D) survival analysis of CFHR3. (E) survival analysis of ITIH4. (F) survival analysis of NAT2.
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advanced prostate cancer is associated with poor survival, and
H2S produced by CTH promotes the progression and metastasis
of prostate cancer through the IL-1b/NF-kB signaling pathway
(40). GNMT (Glycine N-Methyltransferase) catalyzes the
methylation of glycine to form sarcosine, but in this study, we
found that it mainly participates in bile metabolism and has little
to do with the methylation of hub genes in the development of
gallbladder cancer (41). HAO1, encoding the enzyme
hydroxyacid oxidase 1, is expressed primarily in the liver and
is related to primary hyperoxaluria type 1 (42). ITIH4, inter-
alpha-trypsin inhibitor heavy chain 4, is an acute response
Frontiers in Oncology | www.frontiersin.org 1077
protein that is secreted primarily by the liver and associated
with hepatocellular carcinoma (43). It has been found that
crosstalk between FOXM1/NF‐kB and MAT1A (methionine
adenosyl transferase 1A) may affect tumorigenesis in liver
cancer, but little is known about MAT1A in GBC (44).
MTHFD1 , methylenetetrahydrofolate dehydrogenase,
cyclohydrolase, and formyltetrahydrofolate synthetase 1, has
also been reported to be overexpressed in hepatocellular
carcinoma and to predict poor survival and recurrence (45).

On account of the results above, FGA, CFH, ENPP1, ITIH4,
CFHR3, and NAT2 were highly expressed in GBC tissues than
A

B

FIGURE 6 | The correlation coefficients among 17 core genes from the TCGA CHOL dataset. (A) the details of correlation coefficients by Pearson statistical analysis
among 17 core genes. (B) the genes positively correlated with FGA and CFH.
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control tissues, and associated with GBC prognosis. In addition,
FGA and CFH were identified as RNA methylation-related
biomarkers in GBC, which may be novel biomarkers to early
diagnose and evaluate prognosis for GBC.
CONCLUSION

In conclusion, by utilizing a comprehensive strategy of big data
mining and computational biology, we constructed a protein-
protein interaction network and ranked genes, ultimately finding
that the core genes FGA, F2,HAO1, CFH, PIPOX, ITIH4, GNMT,
MAT1A, MTHFD1, HPX, CTH, EPHX2, HSD17B6, AKR1C4,
CFHR3, ENNP1, and NAT2 are involved in methylation
signaling pathways and bile-related biological processes in
GBC. We performed pathway annotation, TCGA verification,
posttranslational modification analysis, survival analysis, and
IHC on these core genes to finally obtain six candidates,
Frontiers in Oncology | www.frontiersin.org 1178
including FGA, CFH, ENPP1, ITIH4, CFHR3 and NAT2,
associated with prognosis in GBC, and FGA and CFH were
identified as RNA methylation-related biomarkers in GBC.
Focusing on development and epigenetic changes such as RNA
methylation may be helpful for early diagnosis of GBC, and we
have reason to believe that detection of the RNA methylation
levels of FGA and CFH could be used as a potential diagnostic
and prognostic evaluation strategy. Moreover, whether the
detection of circulating cell-free RNA of FGA and CFH is
effective to diagnose the early stage of GBC will be further
studied in our subsequent experiments.
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Background: To compare clinicopathologic feature of rectal neuroendocrine tumor (NET)
grade G1 with G2 NET.

Methods: Six hundred-one cases of rectal G1 and G2 NETs diagnosed in our center
were analyzed.

Results: Of 601 cases of rectal NET, 515 cases were with grade G1 and 86 cases were
with grade G2. Median tumor size was 0.7 cm. Compared with G1 NET, G2 tumors were
with significantly larger tumor size (0.8 vs 2.2 cm, p < 0.001), less percentages of patients
with tumors confined to submucosa (92.6 vs 42.8%, p < 0.001), more frequent presence
of microvascular invasion (MVI) (3.6 vs 16.9%, p < 0.001) or peri-neural invasion (PNI) (2.0
vs 24.1%, p < 0.001). Incidence of lymph node and distant metastasis was 5.2 and 2.1%
in G1 NET compared with 44.2 and 31.4% in G2 tumor, respectively (p < 0.001). For
tumors sized 1–2 cm and confined to submucosa, incidence of lymph node metastasis
was 6.1% for G1 NET compared with 21.1% for G2 NET. Status of MVI/PNI was
predictive of lymph node metastasis for G2 tumor rather than G1 NET in this subgroup.

Conclusions: Rectal G2 NET was much more invasive with significantly elevated
prevalence of lymph node metastasis compared with G1 tumor.

Keywords: neuroendocrine tumor (NET), neuroendocrine neoplasm (NEN), carcinoid, metastasis, treatment
INTRODUCTION

Neuroendocrine tumor (NET) of the rectum includes three subgroups of tumors with great
heterogeneity. According to mitotic count or Ki-67 index, NET is divided into three subgroups:
well-differentiated G1 NET with indolent nature and favorable prognosis, moderately-differentiated
G2 NET with intermediate risk of metastasis, and poorly-differentiated G3 NET (also termed as
neuroendocrine carcinoma, NEC) with frequent metastasis and dismal outcome (1, 2). Evidence
from the Surveillance, Epidemiology, and End Results (SEER) registries has indicated that the
median survival for localized, regional, and distant disease is 223/111/33 months in well- and
moderately-differentiated NET compared with 34/14/5 months in poorly-differentiated NET,
respectively (3, 4). Grade is a dominant predictor for metastasis of rectal NET (5). Therefore,
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precise classification of tumor grade is important for
management of rectal NET. However, due to low prevalence of
rectal NET, diagnosis and evaluation of tumor grade is
sometimes difficult in some hospitals without large sample size
of patients. Information about tumor grade is frequently missing
in most reported literature from nationwide or multi-center
database (6, 7). Data from National Cancer Database of the
America included 16,531 cases of rectal NET from 2004 to 2015,
of which tumor grade was unknown in 59.9% of patients (4).
Besides, most reports have included G1 NET and G2 NET
together, termed as carcinoid. Since G1 tumor accounts for
approximately 80–90% of recta l NET. This would
underestimate the metastatic risk of this disease. Up to now,
few studies have focused on detailed information about
clinicopathologic feature, treatment modality and prognosis of
rectal NETs based on different grades (G1/G2/G3). Direct
comparison of rectal NET G1 with G2 tumor is necessary
regarding more precise therapy.

Prediction of lymph node metastasis plays crucial role for
management of rectal carcinoid according to consensus
guidelines (1, 2). For rectal carcinoid sized smaller than 10 mm
and confined to submucosa, local excision is suggested to be
enough due to rare incidence of lymph node metastasis. A report
enrolling 788 cases with T1 rectal carcinoid tumors from The
Surveillance Epidemiology and End Results (SEER) database
indicated that prevalence of metastasis was 1.1% for tumors
≤ 10 mm compared with 6.6% in lesions 11 to 19 mm (8).
Another national cohort study from National Cancer Database
(NCDB) enrolled 17,448 cases of rectal NET, of which 4.2% of
cases were moderate-differentiated tumors (G2). The results
indicated that prevalence of lymph node metastasis was 2.5%
for tumors ≤ 10 mm compared with 12.8% for tumors sized 11–
20 mm (4). By contrast, evidence frommulti-institutional studies
of European and North American centers (9) or Japan (7)
indicated much higher prevalence of lymph node metastasis:
7–8% for tumors sized ≤10 mm and 31–40% for tumors sized
11–20 mm, respectively. For rectal carcinoid larger than 20 mm,
prevalence of lymph node metastasis increased as high as
24.1–58% (4, 7). Therefore, radical resection with regional
lymphadenectomy was recommended.

Treatment of rectal carcinoid tumors sized 10 to 20 mm is still
controversial. For patients with high risk of lymph node metastasis
including presence of lymphovascular invasion (LVI) or peri-neural
invasion (PNI), radical resection with regional lymphadenectomy is
recommended. Data from NCDB of the America indicated that
about three quarters (755/1,013, 263/342) of rectal carcinoid sized
11–20mm or 10–20mm received local excision (4, 10). By contrast,
a nationwide cohort in Japan from 1984 to 1998 enrolled 345 cases
of colorectal carcinoids (rectum: 92%), of which only 19% of cases
received endoscopic resection and 80% of cases received surgery (7).
Several reasons might contribute to the difference between western
and eastern countries. First, percentage of cases with tumors smaller
than 10 mm was 79.8% in the cohort from NCDB of the America
compared with 63% in the cohort from Japan. Second, the cohort
from Japan was in the earlier era when endoscopic resection was
not widely used. More importantly, moderately differentiated G2
Frontiers in Oncology | www.frontiersin.org 282
NET consisted only 4.2% of the cohort from NCDB, which was
much lower than that reported from other countries (11).
Information about tumor differentiation grade was unknown in
59.9% of cases from NCDB cohort and not mentioned in the Japan
cohort. Due to frequent loss of information about tumor grade (12),
comparison of results from different institutions seemed difficult.
Comparison of G1 with G2 rectal NET is therefore necessary for
better understanding of the disease and optimal choice of treatment.

In the present study, we analyzed 601 cases of rectal G1 and
G2 NETs diagnosed in our center. Our results demonstrated that,
compared with G1 NET, G2 tumors were with significantly
larger tumor size, deeper invading depth, more frequent
presence of microvascular invasion or peri-neural invasion,
which were associated with elevated incidence of lymph node
metastasis and distant metastasis. For tumors sized 1–2 cm and
confined to submucosa, local excision might be appropriate, for
which evaluation of MVI/PNI was useless. By contrast, for G2
tumors, radical resection was recommended especially for those
with presence of MVI/PNI. Our results would help discriminate
the metastatic potential as well as treatment modalities for
indolent G1 NET compared with moderately-invasive G2 tumor.
MATERIALS AND METHODS

From 1981 to 2018, 656 cases of rectal neuroendocrine tumors
(NET) were diagnosed and treated in Shanghai Cancer Center
Fudan University (FUSCC). 55 cases were excluded from analysis,
of which 40 cases were with accompanied malignancy of other
origin, 5 cases were with indeterminate tumor size, 6 cases were with
unknown tumor invading depth and 4 cases were with uncertain
pathology (Figure 1). All the cases were pathologically confirmed.
Tumor grade was determined by cell mitoses or Ki-67 index (2) as
well as histology: <2 mitoses/HPF or <3% Ki-67 index for G1, 2-20
mitoses/HPF or 3–20% Ki-67 index for G2, respectively (13).
Tumor staging was conducted according to European
Neuroendocrine Tumor Society (ENETS) TNM classification for
NET of the colon and rectum (2), in which T stage was combination
of tumor invading depth and tumor size. Tumors invaded mucosa
or submucosa and sized ≤ 2 cm were defined as stage T1, tumors
invaded muscularis propria or sized >2 cm were defined as stage
T2. Clinicopathologic data was recorded from hospital database.
This study was approved by the Research Ethics Committee of
FUSCC. Informed consent was obtained from all participants. The
last follow-up time was June 2019. Data analysis was performed
using IBM SPSS statistics version 23. Chi-square analysis was used
to test differences among subgroups. A two-sided p < 0.05 was
considered as statistically significant.
RESULTS

Clinicopathologic Feature of the Cohort
Of 601 cases of rectal neuroendocrine tumors (Table 1), 346
(57.6%) cases were male. Median values for patient age, distance
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from anal verge and tumor diameter were 50 years old (range 18–
83), 5 cm (range 1–15) and 0.7 cm (range 0.2–13.0), respectively.
515 (85.7%) cases were with grade G1 and 86 (14.3%) cases were
with grade G2. 513 (85.4%) cases were with tumors confined to
submucosa and 86 (14.3%) cases were with tumors invading
deeper than muscularis propria. Sixty-five (10.8%) cases were
with regional lymph node metastasis and 38 (6.3%) cases were
with distant metastasis. Percentages of patients with ENETS
TNM stage I, II, III, and IV were 83.2, 3.5, 7.0, and 6.3%,
respectively. For evaluation of microvascular invasion (MVI),
information was unknown for 289 (48.1%) cases. 19 patients
were with presence of MVI and 293 cases were with absence of
MVI. For evaluation of perineural invasion (PNI), information
was indeterminate for 294 (48.9%) cases. Nineteen cases were
with positive PNI and 288 cases were with negative PNI.
Thirteen (2.1%) patients gave up for any treatment, 511
(85.0%) cases received local excision and 77 (12.8%) cases
received radical resection.

Comparison of Rectal G1 NET With
G2 Tumor
Using chi-square analysis, we tested the difference between rectal
G1 NET with G2 tumor (Table 2). Distribution of patient gender
(p = 0.290) as well as distance from anal verge (p = 0.768) was
not significantly different between G1 and G2 NETs. Patients
diagnosed with G1 NET were younger than patients with G2
disease (49 vs 52 years old, p = 0.043). Compared with G1 NET,
patients with G2 tumor were with significantly larger tumor size
(0.8 vs 2.2 cm, p = 3.3E-10), less percentages of cases with tumor
confined to submucosa (92.6 vs 42.8%, p = 4.5E-47), elevated
incidence of lymph node metastasis (5.2 vs 44.2%, p = 5.0E-27) as
well as distant metastasis (2.1 vs 31.4%, p = 5.6E-25). Percentages
of patients with ENETS TNM stage I disease were much fewer
for patients with G2 NET compared with G1 tumor (36.0 vs
91.1%, p = 3.2E-39). Presence of microvascular invasion (16.9 vs
3.6%, p = 1.0E-4) or perineural invasion (24.1 vs 2.0%, p = 2.9E-
10) was much more common for G2 NET compared with G1
disease. The 92.9% of cases received local excision for G1 NET,
compared with 48.1% for G2 tumors (p = 1.6E-27).

Risk Factors Predicting Lymph Node
Metastasis for Rectal NET
Management of rectal NET was decided by predicted risk of
regional lymph node metastasis, which was mainly influenced by
tumor size, invading depth and MVI/PNI positivity. For tumors
sized <1cm, 1–2 cm and >2 cm subgroups, incidence of lymph
node metastasis was 0.5, 11.6, and 57.1% for G1 NET (p = 3.7E-
31) compared with 0, 43.2, and 68.8% for G2 NET (P = 2.4E-5),
respectively. For tumors with invading depth of T0-1, T2, T3,
and T4 subgroups, risk of lymph node metastasis was 1.4, 36.4,
66.7, and 80.0% for G1 NET (p = 2.9E-46) compared with 11.1,
58.3, 76.0, and 63.6% for G2 NET (p = 2.0E-6). Compared with
patients without microvascular invasion (MVI), patients with
presence of MVI were with higher incidence of lymph node
metastasis for G1 NET (7.4 vs 33.3%, p = 0.030) as well as for G2
NET (42.9 vs 80.0%, p = 0.042). For G1 NET, presence of
TABLE 1 | Clinicopathologic Features of 601 cases of G1/G2 rectal NET.

Gender Male 346 (57.6%)
Female 255 (42.4%)

Age (year) Median 50 (18–83)
Distance from anal verge (cm) Median 5 (1–15)
Tumor size (cm) Median 0.7 (0.2-13.0)
Tumor grade G1 515 (85.7%)

G2 86 (14.3%)
Invading depth T0 399 (66.4%)

T1 114 (19.0%)
T2 34 (5.7%)
T3 31 (5.2%)
T4 21 (3.5%)

N stage N0 536 (89.2%)
N1 65 (10.8%)

M stage M0 563 (93.7%)
M1 38 (6.3%)

ENETS TNM stage Ia 392 (65.2%)
Ib 108 (18.0%)
II 21 (3.5%)
III 42 (7.0%)
IV 38 (6.3%)

Microvascular invasion no 293 (48.8%)
yes 19 (3.2%)
unknown 289 (48.1%)

Perineural invasion no 288 (47.9%)
yes 19 (3.2%)
unknown 294 (48.9%)

Surgical modality none 13 (2.1%)
EMR 49 (8.2%)
ESD 196 (32.6%)
TEM 266 (44.3%)
AR/APR/hartman 77 (12.8%)
EMR, Endoscopic Mucosal Resection; ESD, Endoscopic Submucosal Dissection; TEM,
Transanal Endoscopic Microsurgery; AR, Anterior Resection; APR, Abdomen Perineal
Resection.
FIGURE 1 | Flowchart of the study population. FUSCC, Fudan University
Shanghai Cancer Center.
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perineural invasion (PNI) was not associated with elevated risk
of lymph node metastasis (p = 0.359). Incidence of lymph node
metastasis was significantly increased for G2 NET with presence
of PNI compared with G2 tumor without presence of PNI (92.9
vs 34.1%, p = 1.3E-4).

Taking tumor size and invading depth together as
recommended by consensus guideline for management of
rectal NET, we further divided the cohort into three
subgroups: tumors smaller than 1 cm and confined to
submucosa, tumors sized 1–2 cm and confined to submucosa,
tumor larger than 2 cm or invading deeper than muscularis
propria. Incidence of lymph node metastasis in three subgroups
was 0.3, 6.1, and 51.3% for G1 NET compared with 0, 21.1, and
68.8% for G2 NET, respectively. Of 149 cases with tumors sized
1–2 cm, 83 cases were with complete information of MVI and
PNI for analysis. Presence of MVI/PNI was not significantly
Frontiers in Oncology | www.frontiersin.org 484
associated with increased risk of lymph node metastasis for G1
tumor (p = 0.546). For G2 tumor, presence of MVI/PNI was
significantly associated with elevated incidence of lymph node
metastasis (25.0 vs 100%, p = 0.014).
Treatment Modalities for Subgroups
According to Consensus Guideline
We analyzed treatment modalities for subgroups according to
consensus guideline for management of rectal NET (Table 4).
Thirteen cases receiving no surgery were excluded from analysis.
For patients with rectal G1 NET (n = 509), incidence of lymph
node metastasis was 0.3% for tumors sized <1 cm and confined
to submucosa, 98.1% of patients received local excision. For
tumors sized >2 cm or invading through muscularis propria,
incidence of lymph node metastasis was 55.9 and 61.8% of
patients received radical resection. For tumors sized 1–2 cm
and confined to submucosa, lymph node metastasis occurred in
8.2% of patients with negative microvascular invasion (MVI) or
perineural invasion (PNI), of which 85.7% of patients received
local excision. By contrast, no patient suffered from lymph node
metastasis for patients with positive MVI or PNI, of which none
received radical resection. Of 49 patients with unknown MVI/
PNI status, lymph node metastasis rate was 4.1 and 98.0% (48/
49) of patients received local excision.

For patients with G2 NET, 16 patients were with tumors
sized <1 cm and confined to submucosa, of which incidence of
lymph node metastasis was 0% and all the patients received
local excision. 43 patients were with tumors larger than 2 cm or
invading deeper than muscularis propria, of which lymph node
metastasis rate was 72.1 and 86.0% of patients received radical
resection. Of 19 patients with tumors sized 1–2 cm and
confined to submucosa, 11 patients were with negative MVI/
PNI. In 18.2% of patients, lymph node metastasis occurred and
90.9% of patients received local excision. One patient was with
positive MVI/PNI, which suffered from lymph node metastasis
and thus received radical resection. Information about MVI/
PNI was unknown for seven patients, of which one patient
suffered from lymph node metastasis and thus received
radical resection.

Taking G1 and G2 NETs together into consideration, 392
patients were with tumors smaller than 1 cm and confined to
submucosa, of which one patient suffered from lymph node
metastasis and seven patients received radical resection. Seventy-
seven patients were with tumors larger than 2 cm or invading
deeper than muscularis propria, of which 50 patients suffered
from lymph node metastasis and 58 patients received radical
resection. One hundred-eighteen patients were with tumors sized
1–2 cm and confined to submucosa, of which 60 patients were
with negative MVI/PNI. Six patients suffered from lymph node
metastasis and eight patients received radical resection. Two
patients were with positive MVI or PNI, of which one patient
suffered from lymph node metastasis and received radical
resection. Of 56 patients with unknown MVI/PNI status, three
patients suffered from lymph node metastasis and two patients
received radical resection.
TABLE 2 | Comparison of rectal G1 NET with G2 tumor (n = 601).

G1 G2 p

Gender male 292 54 0.290
female 223 32

Age mean 49 52 0.043
Distance from anal verge (cm) mean 5.9 5.8 0.768
Tumor size (cm) mean 0.8 2.2 3.3E-10
Invading depth* T0 394 5 4.5E-47

T1 83 31
T2 22 12
T3 6 25
T4 10 11
T0-1/total, % 92.6 42.8

N stage N0 488 48 5.0E-27
N1 27 38
N1/total, % 5.2 44.2

M stage M0 504 59 5.6E-25
M1 11 27
M1/total, % 2.1 31.4

TNM stage** Ia 376 16 3.2E-39
Ib 93 15
II 15 6
III 20 22
IV 11 27
I/total, % 91.1 36.0

Microvascular invasion*** no 244 49 1.0E-4
yes 9 10
yes/total 3.6 16.9

Perineural invasion*** no 244 44 2.9E-10
yes 5 14
yes/total, % 2.0 24.1

Surgical modality**** EMR 48 1 1.6E-27
ESD 179 17
TEM 246 20
AR/APR/hartman 36 41
local excision/total, % 92.9 48.1
EMR, Endoscopic Mucosal Resection; ESD, Endoscopic Submucosal Dissection; TEM,
Transanal Endoscopic Microsurgery; AR, Anterior Resection; APR, Abdomen Perineal
Resection.
*T stage only indicates tumor invading depth without consideration of tumor diameter.
**TNM stage is according to ENETS TNM staging system, in which T stage is determined
by combination of invading depth and tumor size.
***Information about microvascular invasion and perineural invasion is lost for 48.1% and
48.9% of cases.
****Local excision includes the sum of EMR, ESD, and TEM.
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DISCUSSION

Annual incidence of neuroendocrine tumor (NET) is steadily
increasing from 1.09/100,000 (1973) to 5.25/100,000 (2004) in
the United States, of which the rectum was the most common
primary site in Asian/pacific Islander (3). A nation-wide
retrospective epidemiological survey from 23 hospitals in
China has also demonstrated a significantly increased
incidence of gastroenteropancreatic NET from 2001 to 2010
and pancreas (31.5%) and the rectum (29.6%) are the most
common primary sites (14). Most reported literature has
enrolled rectal NET with G1 grade and G2 grade together as
carcinoid, probably due to rare incidence of G2 tumor. Current
consensus guideline for management of rectal carcinoid also
takes indolent G1 tumor with moderately-invasive G2 tumor
together into consideration. However, rectal G2 NET is with
higher metastatic potential and poorer prognosis compared with
G1 NET (11). Comparison of rectal G1 NET with G2 NET is
necessary for more précising therapy of this disease.

Rectal NET grade G1 and grade G2 are with different
metastatic potential and prognosis, of which the 5-year survival
is 97.7 and 60.0%, respectively (11). However, G1 and G2 tumors
are frequently included together for analysis in most reported
literature. Information about tumor differentiation grade is
commonly lost in majorities of reports. A report from National
Cancer Database of the America including 17,448 cases of rectal
NET indicated that tumor grade was unknown for 59.9% of
Frontiers in Oncology | www.frontiersin.org 585
patients (4). Therefore, comparison of results from different
institutions will be difficult due to varied percentages that G1/
G2 tumors accounted for. In our study, G2 tumors exhibited
larger tumor size and deeper invading depth at diagnosis. The
92.6% of tumors were confined to submucora for G1 tumor
compared with 42.8% for G2 tumor. The 44.2% of patients with
G2 NET were with lymph node metastasis (Table 2), which
means about half of G2 tumors can’t be locally resected. By
contrast, local excision is appropriate for approximately 80–90%
of rectal G1 NET, as demonstrated by evidence from nation-wide
database indicating that percentages of rectal NET receiving local
excision is 79.4, 80, and 92.4% in America, Japan (7), and Korea
(6), respectively.

Risk of lymph node metastasis is the most important
determinant for deciding whether to receive local excision or
radical resection, which was reported to be varied a lot from
different countries. Evidence from national database indicated
that prevalence of lymph node metastasis for rectal NET is 5.0%
in Korea (6), 12.8% in America (6), and 15.1–31.0% in Japan (7,
15), respectively. In our study, prevalence of lymph node
metastasis at initial presentation was 44.2% for G2 tumor
compared with 5.2% for G1 tumor. Metastatic risk for G2
tumor was much higher than that in above-mentioned
literature enrolling mixed population of G1 and G2 tumors
together. Indeed, Juha Jernman reported that metastatic risk
for G1, G2, and G3 rectal NETs were 0, 81.8, and 100%,
respectively (16). In a cohort of 98 patients with rectal NET,
TABLE 3 | Risk factors associated with lymph node metastasis for rectal NET.

G1 n = 515 G2 n = 86 G1+G2 n = 601

metastasis no yes %* no yes % no yes %
Tumor size (cm) p = 3.7E-31 p = 2.4E-5 p = 9.8E-47
<1 380 2 0.5 17 0 0 397 2 0.5
1-2 99 13 11.6 21 16 43.2 120 29 19.5
>2 9 12 57.1 10 22 68.8 19 34 64.1
Invading depth** p = 2.9E-46 p = 2.0E-6 p = 7.8E-63
T0-1 470 7 1.4 32 4 11.1 502 11 2.1
T2 14 8 36.4 5 7 58.3 19 15 44.1
T3 2 4 66.7 6 19 76.0 8 23 74.2
T4 2 8 80.0 4 7 63.6 6 15 71.4
MVI p = 0.030 p = 0.042 p = 1.8E-5
no 226 18 7.4 28 21 42.9 254 39 13.3
yes 6 3 33.3 2 8 80.0 8 11 57.9
PNI p = 0.359 p = 1.3E-4 p = 7.7E-9
no 224 20 8.2 29 15 34.1 253 35 12.1
yes 4 1 20.0 1 13 92.9 5 14 73.7
Size and depth p = 5.7E-41 p = 4.2E-7 p = 1.4E-60
<1cm and T1 376 1 0.3 17 0 0 393 1 0.3
1-2cm and T1 93 6 6.1 15 4 21.1 108 10 8.5
>2cm or T2 19 20 51.3 15 33 68.8 34 53 60.9
1-2cm and T1 subgroup*** p = 0.546 p = 0.014 p = 0.014
MVI/PNI - 49 10 16.9 12 4 25.0 61 14 18.7
MVI/PNI + 3 1 25.0 0 4 100 3 5 62.5
March
 2021 | Volume
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MVI, Micro-Vascular Invasion; PNI, Peri-Neural Invasion.
Chi-square analysis was used.
*% = yes/(yes + no).
**T stage only indicates tumor invading depth, without consideration of tumor size.
***One hundred-eighteen cases were with tumors sized 1-2 cm in diameter and confined to submucosa, of which 83 cases were with complete information of MVI and PNI for analysis.
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diminutive tumor (< 1 cm) that metastasized were all G2 (5).
Local excision should be done only in carefully selected patients
with G2 rectal NET.

Management of rectal NET sized 1–2 cm is complicated.
Patients with presence of microvascular invasion (MVI) or peri-
neural invasion (PNI) are suggested to receive radical resection
(1, 17). In our study, incidence of lymph node metastasis was
11.6% for G1 tumors sized 1–2 cm and 6.1% for G1 tumors sized
1–2 cm and confined to submucosa. Status of MVI/PNI was not
predicted for lymph node metastasis risk for G1 tumors sized 1–2
cm and confined to submucosa (p = 0.546, Table 3). The 91.9%
(91/99) of patients received local excision in our study (Table 4).
Therefore, local excision might be enough for G1 tumors sized 1–
2 cm and confined to submucosa. For G2 tumors, incidence of
lymph node metastasis was 43.2% for tumors sized 1–2 cm and
21.1% for tumors sized 1–2 cm and confined to submucosa
(Table 3). Presence of MVI or PNI was significantly associated
with increased risk of lymph node metastasis. Therefore, local
excision could only be done for carefully selected patients in this
subgroup. Radical resection should be performed for patients
with presence of MVI/PNI. What should be mentioned,
information about MVI/PNI was frequently lost in reported
literature. A multicenter study from Korea indicated that
information about lymphovascular invasion was indeterminate
for 43.2% of rectal NETs (18). In our study, information about
MVI or PNI was unknown for 48.1 and 48.9% of patients (Table
1). Evaluation of MVI/PNI should be routinely done in clinical
practice, which is especially important for rectal NETs sized 1–
2 cm.
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Background: Preoperative chemotherapy (PCT) has been considered an important
treatment for advanced gastric cancer (AGC). The tumor regression grade (TRG)
system is an effective tool for the assessment of patient responses to PCT.
Pathological complete response (TRG = 0) of the primary tumor is an excellent
predictor of better prognosis. However, which patients could achieve pathological
complete response (TRG = 0) after chemotherapy is still unknown. The study aimed to
find predictors of TRG = 0 in AGC.

Methods: A total of 304 patients with advanced gastric cancer from July 2009 to
November 2018 were enrolled retrospectively. All patients were randomly assigned (2:1)
to training and internal validation groups. In addition, 124 AGC patients receiving PCT
from December 2018 to June 2020 were included prospectively in the external validation
cohort. A prediction model for TRG = 0 was established based on four predictors in the
training group and was validated in the internal and external validation groups.

Results: Through univariate and multivariate analyses, we found that CA199, CA724,
tumor differentiation and short axis of the largest regional lymph node (LNmax) were
independent predictors of TRG = 0. Based on the four predictors, we established a
prediction model for TRG = 0. The AUC values of the prediction model in the training,
internal and external validation groups were 0.84, 0.73 and 0.82, respectively.

Conclusions: We found that CA199, CA724, tumor differentiation and LNmax were
associated with pathological response in advanced gastric cancer. The prediction model
could provide guidance for clinical work.

Keywords: advanced gastric cancer, preoperative chemotherapy, tumor regression grade, prediction
model, survival
April 2021 | Volume 11 | Article 607640188

https://www.frontiersin.org/articles/10.3389/fonc.2021.607640/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.607640/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.607640/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.607640/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:owenliu@sjtu.edu.cn
mailto:ym10299@163.com
mailto:zzg1954@hotmail.com
https://doi.org/10.3389/fonc.2021.607640
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.607640
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.607640&domain=pdf&date_stamp=2021-04-15


Xu et al. Prediction Model of TRG
INTRODUCTION

Gastric cancer (GC) causes enormous health and economic burdens
worldwide. GC is the fifth most common cancer and the third
leading cause of cancer-related deaths worldwide (1, 2). In China,
GC is the second most common cancer and the second leading
cause of cancer death (3). Despite the declining incidence of GC,
patients still have poor prognosis. Gastric cancer is often either
asymptomatic or may cause only nonspecific symptoms in its early
stage. When patients experience symptoms, the cancer has often
already reached an advanced stage with regional lymph node
metastasis or distant metastasis. Surgery and chemotherapy are
the main methods for the treatment of advanced gastric cancer
(AGC). However, the prognosis of patients with AGC is still poor
(4–6). Currently, preoperative chemotherapy (PCT) is considered a
standard therapy for AGC (7–10). PCT has potential benefits, such
as downstaging the tumor to increase the chance of curative
resection while eliminating potential micrometastases to prevent
or reduce tumor recurrence and metastasis and improving tumor-
associated symptoms (11, 12). However, not all patients benefit
from PCT. Patients respond to PCT differently. During preoperative
chemotherapy, some patients do not respond, some have adverse
events, and some progress and even lose the opportunity for radical
surgery. The tumor regression grade (TRG) system is an effective
histopathological evaluation method for assessing patient response
to PCT. Based on the TRG system, some studies found that patients
with a major pathologic response will have better overall survival
than those with no response or minor pathologic changes after PCT
in AGC (13–15). There are several TRG systems for the assessment
of the tumor pathological response to PCT, including the Mandard,
Ninomiya, Becker and Ryan classification systems (16–19).
Different people have different TRG grades, and patients with
pathological complete response postchemotherapy have a longer
survival and better prognosis.

However, in East Asia, an area with a high incidence of gastric
cancer, PCT has not become a routine treatment for AGC.
Therefore, it is vital to select patients who would most likely
benefit from PCT and find the most suitable patients to receive
PCT. Thus, the purpose of this study is to explore predictors for
pathological complete response and establish a prediction model
for pathological complete response in AGC. Based on the
prediction model, patients who would most likely benefit
from PCT can be identified, and physicians can be more
confident in recommending PCT to these patients. For this
purpose, we conducted this retrospective-prospective study
to explore potential predictors for pathological complete
response in AGC and developed a prediction model to guide
clinical application.
MATERIALS AND METHODS

Patient Selection and Study Design
This study was divided into two parts. In the first part, we used
retrospective data to construct the prediction model and carried
out internal validation. In the second part, after the prediction
Frontiers in Oncology | www.frontiersin.org 289
model was established, we collected data prospectively and then
conducted an external validation of the prediction model.

Gastric cancer patient data from Shanghai Ruijin Hospital
were retrospectively collected from July 2009 to November 2018.
All gastric cancer patients were confirmed by endoscopic biopsy.
The inclusion criteria were as follows: 1. patients were
pathologically confirmed as having gastric adenocarcinoma;
2. patients had successfully undergone PCT before surgery;
3. gastrectomy was performed after PCT; 4. TRG can be
assessed; and 5. pretreatment clinicopathological data can be
collected. Samples were excluded if the patient did not meet
the inclusion criteria. Patients in the retrospective cohort were
randomly assigned (2:1) to a training group and an internal
validation group. We developed a prediction model for TRG = 0
in the training group and then verified it in the internal
validation group.

After the prediction model was established, we prospectively
collected and recorded data from AGC patients from December
2018 to June 2020. The inclusion and exclusion criteria were the
same as the criteria in the retrospective cohort mentioned above.
The prediction model was verified in this prospective external
validation group.

Assessment System for Tumor
Regression Grade
This study applied the Ryan classification system, which is the
most widely used and applied by the College of American
Pathologists (CAP) and the Chinese Society of Clinical
Oncology (CSCO), to assess the pathological response of
tumors to PCT (10, 20). In the Ryan classification system,
TRG is a semiquantitative parameter describing a relative
proportion of residual tumor and stromal fibrosis. TRG of the
primary tumor is divided into four categories: grade 0 (complete
response: no viable cancer cells), grade 1 (moderate response:
single cells or small groups of cancer cells), grade 2 (minimal
response: residual cancer outgrown by fibrosis) and grade 3
(poor response: minimal or no tumor cells killed; extensive
residual cancer). All histological slides were reexamined by the
same pathologist to confirm the TRG grade.

Data Collection and Statistical Analysis
Pretreatment clinicopathological factors with potential prediction
value were collected, including sex, age, body mass index (BMI),
hemoglobin, leukocyte, neutrophil, lymphocyte, thrombocyte,
prealbumin, total protein, albumin, CA125, CA199, CA724,
CEA, AFP, tumor location, tumor differentiation, signet ring
cell carcinoma component, Bormann type, chemotherapy
regimen and short axis diameter of the largest regional lymph
node (LNmax). Tumor location was classified into proximal,
middle, distal 1/3 and whole stomach. LNmax was measured
using multi-detector-row computed tomography (MDCT).
The survival time after gastrectomy for every patient was
also recorded by follow-up. The last follow-up time was 30,
November 2019.

Univariate analysis was used to investigate whether any
clinicopathological factors were correlated with TRG = 0. A
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nonparametric Mann-Whitney rank test or t test was used for the
analysis of quantitative data. The chi-square test was used to
compare categorical data. For the potential predictors, which
were originally continuous variables, we performed receiver
operating characteristic (ROC) curve analysis using the
observed outcomes (TRG = 0 vs TRG≠0) and identified an
optimal cut-off value that maximized the area under the curve
(AUC) of the ROC curve. Through multivariate stepwise logistic
regression analysis, we further investigated independent
predictors for TRG = 0. Based on the odds ratio (OR) of
independent predictors, a prediction model for TRG = 0 was
established. Thereafter, the prediction model was verified in the
internal and external validation groups.

All statistical tests were two-tailed, and the differences were
considered statistically significant at p values <0.05. Data analysis
was conducted using SPSS software version 25 (IBM Statistical
Product and Service Solutions, Armonk, USA). The ROC and K-
M survival curves were constructed by GraphPad Prism Version
5 (GraphPad Software, USA).
RESULTS

Survival Analysis of Different TRG Groups
Previous studies showed that complete response (TRG = 0) after
PCT was a predictor of good prognosis (13–15). To confirm the
Frontiers in Oncology | www.frontiersin.org 390
prognostic value of TRG, we conducted survival analysis of
different TRG groups in the retrospective cohort. The last
follow-up date for patients in the retrospective cohort was 30,
November 2019, and the median follow-up time was
36.73 months (range 0.50 - 110 months). Of the 304 patients
in the retrospective cohort, 90 patients (29.61%) had died of GC
by the last follow-up day. A total of 26 (8.55%) patients were lost
during the follow-up period.

Through the Kaplan-Meier (K-M) survival curve, we found
that patients with TRG = 0 had significantly better survival than
the others (P = 0.0011, Figure 1A). The estimated median
survival of patients with TRG = 0, 1, 2, and 3 were undefined,
54.60, 24.40 and 14.64 months, respectively. The estimated 3-
year survival rate of patients with TRG = 0 was significantly
higher than that of patients with TRG≠0 (85.51% vs 54.13%,
P=0.0077, Figure 1B).

For 156 patients who were followed up for more than 3 years
in the retrospective cohort, we also the plotted the K-M survival
curve. The patients with TRG = 0 also had better survival than
the others (P = 0.0431, Figure 2A). The median survival of
patients with TRG = 0, 1, 2, and 3 were undefined, 54.30, 35.70
and 14.65 months, respectively. The 3-year survival rate of
patients with TRG = 0 was also significantly higher than that
of patients with TRG≠0 (80% vs 56.70%, P=0.0329, Figure 2B).
Therefore, TRG = 0 was the focus of our attention, and we
developed a prediction model for it.
A B

C

FIGURE 1 | Survival analysis of patients in different TRG group in the retrospective cohort. (A) Survival analysis of patients between 0, 1, 2 and 3 grade TRG group.
(B) Survival analysis of patients between TRG = 0 and TRG ≠0 group. (C) Survival analysis of patients between low-risk and high-risk TRG group.
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Characteristics of the Study Population
A total of 304 gastric cancer patients were enrolled
retrospectively, and 124 patients were enrolled prospectively.
All patients’ clinical stages at diagnosis were cT4N+Mx, which
indicated that these tumors have invaded the serosal layer of the
stomach and have regional lymph node metastasis, with or
without distant metastasis. In the retrospective cohort, the
study population comprised 224 male and 80 female patients.
The median age was 61 years (range: 21-80 years). There were
281 patients without distant metastasis, 4 patients with single
liver metastasis and 19 patients with retroperitoneal lymph node
metastasis. All patients had received an average of three cycles of
PCT before gastrectomy. The main regimens of PCT were EOX
(Epirubicin plus Oxaliplatin and Capecitabine) and taxane-
containing chemotherapy. There were 30 patients assessed with
TRG = 0, including 6 patients with positive lymph nodes, which
means that the primary tumor completely disappeared, but
positive lymph nodes remained. Clinicopathological factors
were compared between the different TRG groups (Table 1).
We found that CA199, CA724, tumor differentiation,
pathological type of signet ring cell carcinoma and LNmax
were significantly different (P<0.05) between the different TRG
groups. To develop a prediction model for TRG = 0, the study
population was randomly assigned into the training set (202
patients) and the internal validation set (102 patients).

In the prospective cohort, there were 85 male and 39 female
patients. The median age was 63 years (range: 27-79 years).
There were 113 patients without distant metastasis, 4 patients
with single liver metastasis, 5 patients with retroperitoneal lymph
node metastasis, 1 patient with single pulmonary metastasis and
1 patient with ovarian metastasis. The main regimens of PCT
were SOX (S-1 plus Oxaliplatin) and FLOT (Fluorouracil plus
Leucovorin, Oxaliplatin, and Docetaxel). Nine patients were
assessed with TRG = 0, including 1 patient with positive
lymph nodes.

Derivation of a Prediction Model for
TRG = 0
In the training group, the five factors (CA199, CA724, tumor
differentiation, pathological type of signet ring cell carcinoma
Frontiers in Oncology | www.frontiersin.org 491
and LNmax) were also significantly different (P<0.05) between
the different TRG groups (Table 2). To perform multivariate
logistic regression analysis with the five factors, we performed
ROC analysis for originally continuous variables, including
CA199, CA724 and LNmax. The optimal cut-off values for
CA199, CA724 and LNmax were 10.90 U/ml, 3.19 U/ml and
1.535 cm, respectively. The sensitivity, specificity and AUC
values of CA199 were 51.74%, 85% and 0.67 ± 0.05,
respectively (95% CI: 0.57–0.77; P = 0.002). For CA724, the
sensitivity, specificity and AUC values were 56.14%, 80% and
0.65 ± 0.05, respectively (95% CI: 0.55–0.76; P = 0.002). For
LNmax, the sensitivity, specificity and AUC values were 62.28%,
78.95% and 0.66 ± 0.07, respectively (95% CI: 0.52–0.81;
P = 0.001).

In multivariate logistic regression analysis, we found that four
factors were significantly different (Table 3). CA199 ≤10.90 U/ml,
CA724 ≤3.19 U/ml, well differentiation and LNmax ≥1.535 cm
were independent predictors for TRG=0 (P<0.05). A risk score was
assigned to each predictor on the basis of the OR resulting from
the logistic regression analysis. CA199 ≤10.90 U/mL, CA724 ≤3.19
U/mL, well differentiation and LNmax ≥1.535 cm were assigned 5,
4, 7, and 7 points, respectively (Table 4). The final scores ranged
from 0 to 23 points. Based on the risk score, we established a
prediction model for TRG = 0. According to the prediction model,
we calculated the sum scores of the patients in the training group.
The AUC of the prediction model was 0.84 (SD = 0.03; 95%
CI: 0.77-0.91; P<0.0001) (Figure 3A). The optimal cut-off point
for TRG in the prediction model was 13 points resulting from
ROC curve analysis. The patients were divided into a low-risk (≤13
points) and a high-risk (>13 points) TRG group. TRG = 0 was
discovered in 0% and 22.35% of the patients in the low-risk and
high-risk TRG groups, respectively. The higher the score is, the
more likely it indicates TRG = 0.

Validation of the Prediction Model for
TRG = 0
To validate the prediction model for TRG = 0, we also performed
ROC analysis in the internal and external validation groups. The
AUC of the prediction model in the internal validation group
was 0.73 (SD=0.09; 95% CI: 0.55-0.91; P=0.017) (Figure 3B).
A B

FIGURE 2 | Survival analysis of patients followed up for 3 years in different TRG group in the retrospective cohort. (A) Survival analysis of patients between 0, 1, 2
and 3 grade TRG group. (B) Survival analysis of patients between TRG = 0 and TRG ≠0 group.
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The sensitivity, specificity, negative predictive value (NPV),
positive predictive value (PPV), and accuracy in the internal
validation group were 60%, 77.11%, 94.12%, 24% and 75.27%,
respectively. In the external validation group, the AUC of the
Frontiers in Oncology | www.frontiersin.org 592
prediction model was 0.82 (SD=0.05; 95% CI: 0.71-0.92;
P=0.0016) (Figure 3C). The sensitivity, specificity, NPV, PPV,
and accuracy in the external validation group were 55.56%,
82.61%, 95.96%, 20% and 80.65%, respectively.
TABLE 1 | Univariate analysis: Characteristics of the Whole Study Population.

Characteristics Total (N = 304) TRG = 0 (n = 30) TRG ≠ 0 (n = 274) P

Sex (n[%]) 0.41 *
Male 224 (73.69) 24 (80.00) 200 (72.99)
female 80 (26.31) 6 (20.00) 74 (27.01)

Age (y) 0.51§
Median (range) 61(21-80) 61(31-75) 61(21-80)

BMI (kg/m2) 0.58§
Median (range) 22.65(14-36.33) 22.72(19.53-31.74) 22.54(14-36.33)

Hemoglobin(g/L) 0.45§
Median (range) 121(44-166) 115.50(52-162) 121(44-166)

Leukocyte(10^9/L) 0.42§
Median(range) 5.80(2.40-19.70) 6.30(3.10-11.20) 5.80(2.40-19.73)

Neutrophil(10^9/L) 0.53§
Median (range) 3.57(1.14-17.22) 3.97(1.59-8.27) 3.55(1.14-17.22)

Lymphocyte(10^9/L) 0.28§
Median (range) 1.47(0.59-7.51) 1.51(0.63-2.77) 1.44(0.59-7.51)

Thrombocyte
(10^9/L)

0.30§

Median (range) 233(82-924) 248(93-924) 231(82-875)
Prealbumin (g/L) 0.92*
Median (range) 203(79-354) 207(145-280) 203(79-354)

Total Protein(g/L) 0.57§
Median (range) 64(46-80) 63.5(51-72) 64(46-80)

Albumin (g/L) 0.46§
Median (range) 36(20-46) 37.50(27-44) 36(20-46)

CA125(U/mL) 0.80§
Median (range) 12.85(3.80-361.30) 11.70(3.90-160.7) 13(3.80-361.30)

CA199(U/mL) 0.02§
Median (range) 9.7(0.80-7424.00) 6.5(1.40-109.70) 10.25(0.80-7424.00)

CA724(U/mL) 0.002§
Median (range) 3.67(0.06-300.00) 1.68(0.06-61.23) 4.18(0.20-300.00)

CEA(ng/mL) 0.66§
Median (range) 2.73(0.50-4996.88) 2.92(0.79-82.15) 2.71(0.50-4996.88)

AFP(ng/mL) 0.92§
Median (range) 2.69(0.65-16965.09) 2.63(1.08-3103.14) 2.70(0.65-16965.09)

Location (n[%]) 0.73*
Cardia 87(28.62) 10(33.33) 77(28.10)
Body 96(31.58) 10(33.33) 86(31.39)
Antrum 113(37.17) 10(33.33) 103(37.59)
Whole stomach 8(2.63) 0(0) 8(2.92)

Differentiation (n[%]) 0.000*
Well 87(28.62) 19(63.33) 68(24.82)
poor 217(71.38) 11(36.67) 206(75.18)

Signet ring cell (n[%]) 0.02*
Yes 57(18.75) 1(3.33) 56(20.44)
No 247(81.25) 29(96.67) 218(79.56)

Borrmann (n[%]) 0.17*
I 9(2.96) 2(6.67) 7(2.55)
II 12(3.95) 3(10.00) 9(3.28)
III 257(84.54) 23(76.67) 234(85.40)
IV 26(8.55) 2(6.67) 24(8.76)

Regimens (n[%])
EOX 237(77.96) 25(83.33) 212(77.37) 0.46*
Non EOX 67(22.04) 5(16.67) 62(22.63)
Taxane 34(11.18) 2(6.67) 32(11.68) 0.41*
Non Taxane 270(88.82) 28(93.33) 242(88.32)

LNmax (cm) 0.002§
Median (range) 1.27(0.49-5.05) 1.84(0.49-5.00) 1.18(0.50-5.05)
April 2021 | Volume 11 | Article
*c2 test (compares the counts of categorical responses between 2 or more independent groups).
§Mann-Whitney rank test (a nonparametric alternative to the 2 sample t test compares the means of 2 independent groups).
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Prognostic Value of the Prediction Model
To evaluate whether the prediction model is useful for predicting
prognosis, we plotted Kaplan-Meier (K-M) survival curves for
Frontiers in Oncology | www.frontiersin.org 693
the low-risk and high-risk TRG groups in the retrospective
cohort. We found that patients in the high-risk TRG group
had better survival than patients in the low-risk TRG group
TABLE 2 | Univariate analysis: Characteristics in the Training Set.

Characteristics Total (N = 202) TRG = 0 (n = 20) TRG ≠ 0 (n =182) P

Sex (n[%]) 0.77 *
Male 147 (72.77) 14 (70.00) 133 (73.08)
female 55 (27.23) 6 (30.00) 49 (26.92)

Age (y) 0.81§
Median (range) 61(21-80) 61(40-75) 61(21-80)

BMI (kg/m2) 0.24§
Median (range) 22.23(15.70-31.74) 22.77(19.53-31.74) 22.09(15.70-31.30)

Hemoglobin(g/L) 0.45§
Median (range) 119(44-166) 113.50(65-154) 120.50(44-166)

Leukocyte(10^9/L) 0.63§
Median(range) 5.83(2.40-16.48) 6.20(3.10-11.20) 5.80(2.40-16.48)

Neutrophil(10^9/L) 0.68§
Median (range) 3.60(1.14-8.31) 3.96(1.59-8.27) 3.57(1.14-8.31)

Lymphocyte(10^9/L) 0.54§
Median (range) 1.43(0.63-2.77) 1.47(0.63-2.77) 1.43(0.69-2.65)

Thrombocyte
(10^9/L)

0.29§

Median (range) 233(86-875) 247(93-531) 231(86-875)
Prealbumin (g/L) 0.92*
Median (range) 197.5(79-354) 207(151-249) 194.5(79-354)

Total Protein(g/L) 0.57§
Median (range) 64(48-79) 63(51-72) 64(48-79)

Albumin (g/L) 0.65§
Median (range) 36(20-46) 37(27-43) 36(20-46)

CA125(U/mL) 0.64§
Median (range) 13.30(3.80-185.70) 13.85(3.90-160.7) 13.20(3.80-185.70)

CA199(U/mL) 0.01§
Median (range) 10.15(0.80-7424.00) 5.80(1.40-109.70) 12.05(0.80-7424.00)

CA724(U/mL) 0.02§
Median (range) 3.41(0.06-239.40) 1.90(0.06-61.23) 3.78(0.20-239.40)

CEA(ng/mL) 0.71§
Median (range) 2.84(0.50-4996.88) 2.90(0.79-72.67) 2.78(0.50-4996.88)

AFP(ng/mL) 0.51§
Median (range) 2.69(0.90-10783.52) 2.22(1.08-3103.14) 2.79(0.90-10783.52)

Location (n[%]) 0.43*
Cardia 62(30.69) 9(45.00) 53(29.12)
Body 64(31.68) 6(30.00) 58(31.87)
Antrum 70(34.65) 5(25.00) 65(35.71)
Whole stomach 6(2.97) 0(0) 6(3.30)

Differentiation (n[%]) 0.000*
Well 54(26.73) 13(65.00) 41(22.53)
poor 148(73.27) 7(35.00) 141(77.47)

Signet ring cell (n[%]) 0.03*
Yes 35(17.33) 0(0) 35(19.23)
No 167(82.67) 20(100) 147(80.77)

Borrmann (n[%]) 0.12*
I 6(2.97) 2(10.00) 4(2.20)
II 3(1.49) 1(5.00) 2(1.10)
III 174(86.14) 15(75.00) 159(87.36)
IV 19(9.40) 2(10.00) 17(9.34)

Regimens (n[%])
EOX 158(78.22) 16(80.00) 142(78.02) 0.84*
Non EOX 44(21.78) 4(20.00) 40(21.98)
Taxane 23(11.39) 2(10.00) 21(11.54) 0.84*
Non Taxane 179(88.61) 18(90.00) 161(88.46)

LNmax (cm) 0.02§
Median (range) 1.34(0.49-5.05) 2.07(0.49-5.00) 1.20(0.50-5.05)
April 2021 | Volume 11 | Article 6
*c2 test (compares the counts of categorical responses between 2 or more independent groups).
§Mann-Whitney rank test (a nonparametric alternative to the 2 sample t test compares the means of 2 independent groups).
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(P<0.05, Figure 1C). The estimated median survival times of
patients in the high- and low-risk TRG groups were undefined
and 37.50 months; the estimated 3-year survival rates were
76.75% and 53.45%, respectively. Therefore, this prediction
model was also effective for prognosis.
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DISCUSSION

Currently, PCT is considered a standard therapy for AGC.
However, the risk of tumor progression is still worrisome.
Despite enduring the side effects of PCT, patients may still
experience tumor progression and lose the chance of radical
surgery (21). The TRG system is an effective assessment method
for pathological response and has been widely applied in clinical
work. In the current study, we applied the Ryan classification
system to assess tumor response after PCT. AGC patients have
different responses to PCT. Complete response (TRG = 0) was
considered the best response and a predictor of better prognosis.
To explore which patients will benefit most from PCT, we
conducted this current study. We found that four pretreatment
factors were independent predictors for TRG=0 in AGC and
established a prediction model for it. The four predictors were
CA199 ≤10.90 U/mL, CA724 ≤3.19 U/mL, LNmax ≥1.535 cm,
and well differentiation of the tumor. The four indicators used in
this model are easy to obtain, which extends the model’s range
of applications.

Tumor markers (CA125, CA199, CA724, CEA and AFP) are
widely used for the early diagnosis and prognostic evaluation of
gastric cancer (22–24). However, the clinical value of tumor
markers for predicting the response to PCT is still unclear (25,
26). A previous study showed that high preoperative CA724 and
CA199 levels were associated with a higher risk of death, and a
TABLE 3 | Multivariate analysis: variables correlated with TRG in the training set.

Variables B P** OR 95% CI

CA199, ≤/>10.90 U/mL 1.725 0.023 5.615 1.272-24.782
CA724, ≤/>3.19 U/mL 1.511 0.029 4.531 1.167-17.589
Differentiation, well/poor 2.005 0.002 7.426 2.143-25.725
Signet Ring cell Carcinoma,
yes/no

17.341 0.998 33985914 0.000-0.000

LNmax, ≥/<1.535cm 2.073 0.002 7.945 2.085-30.279
B, beta coefficient; OR, odds ratio; 95% CI, 95% confidence interval.
**multivariable logistic regression analysis.
TABLE 4 | Risk Score of Prediction Model for TRG.

Predictors Score

0 4 5 7

CA199 (U/mL) >10.90 ≤10.90
CA724 (U/mL) >3.19 ≤3.19
Differentiation poor well
LNmax (cm) <1.535 ≥1.535
A B

C

FIGURE 3 | ROC curve for prediction model in the training (A), internal (B) and external (C) validation group.
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decrease (>70%) in CA724 may predict the pathological response
to PCT (26). In our study, we found that CA199 ≤10.90 U/mL
and CA724 ≤3.19 U/mL were associated with TRG = 0 in GC
patients after PCT. In other words, lower CA199 and CA724
levels are associated with a better response to PCT.

Patients with well-differentiated GC are regarded to have
better survival than those with poorly differentiated GC (27, 28).
In addition, a previous study showed that well differentiation is a
vital predictor of pathologic response (29). In this study, we also
found that well differentiation is an independent predictor of
TRG = 0. This is consistent with previous studies.

In the current study, LNmax was significantly associated with
TRG = 0. To our knowledge, this is the first report showing the
value of LNmax for predicting TRG = 0 after PCT in gastric
cancer. We speculate that patients with large regional lymph
nodes have strong immunity against infection and tumor cell
invasion. Patients with large regional lymph nodes have the
chance to respond sooner to the tumor, with a stronger response.
With stronger immunity, the effect of PCT is increasingly
obvious. These patients will have a better pathological response
and prognosis. However, further investigations are needed to
identify the underlying physiological mechanism.

We established a prediction model for TRG = 0 after PCT in
advanced gastric cancer with four independent predictors. The
prediction model showed that patients with higher scores were
more likely to obtain a better pathological response and
prognosis. We found that the optimal cut-off value of the
prediction model was 13 points. If patients received more than
13 points, we recommend that these patients receive PCT instead
of direct surgery. On the other hand, if patients received very low
points, we should be careful in choosing PCT for these patients.

This study had some limitations. This was a single-center
clinical study, and the sample size was not very large. Patients in
this study were enrolled over a large time span (2009-2018) and
had different chemotherapy regimens. Besides, the model was
based on common clinicopathological factors. Currently, the
Cancer Genome Atlas (TCGA) Research Network conducted a
comprehensive molecular characterization of GC, which
proposed a molecular classification dividing GC into four
subtypes: tumors positive for Epstein-Barr virus (EBV),
microsatellite instability (MSI) tumors, genomically stable (GS)
tumors and tumors with chromosomal instability (CIN) (30).
Many studies had been carried out on the basis of TCGA
classification. Several studies showed that patients with MSI-
low GC could benefit from chemotherapy plus surgery, however
those with MSI-high GC did not (31–33). Besides, several studies
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showed EBV positivity in GC patients was associated with better
prognosis (34, 35).To improve this prediction model, we could
integrate genetic factors according to the TCGA classification in
future studies. Further investigation is needed to identify other
predictors and optimize the prediction model for TRG = 0.

Despite the limitation of this study, we found that CA199,
CA724, tumor differentiation and LNmax were associated with
pathological response in AGC patients. We established a
prediction model for TRG = 0 in AGC patients that could
provide guidance for clinical work.
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Department of Hepatobiliary Surgery, The Second Affiliated Hospital of Chongqing Medical University, Chongqing, China

Hepatocellular carcinoma (HCC), the most common malignant tumor, has high fatality and
recurrence rates. Accumulating evidence shows that heterogeneous nuclear
ribonucleoprotein C (HNRNPC), which is mainly involved in RNA splicing, export, and
translation, promotes progression and metastasis of multiple tumor types; however, the
effects of HNRNPC in HCC are unknown. In the present study, high levels of HNRNPC
were detected in tumor t issues compared with para-tumor t issues by
immunohistochemical and western blot assays. Furthermore, Cox proportional hazards
regression models, the Kaplan–Meier method, and clinicopathologic features analysis
showed that HNRNPC was not only an independent prognostic factor for both overall and
disease-free survival in HCC but also a predictor of large tumor size and advanced tumor
stage. Functional experiments revealed that silencing of HNRNPC not only led to arrest of
more HCC cells at G0/G1 phase to inhibit their proliferation, but also suppressed EMT
process to block their invasion, and migration in vitro; this was related to the Ras/MAPK
signaling pathway. In addition, blocking of HCC cell proliferation regulated by HNRNPC
silencing was observed in vivo. Finally, rescue tests showed that after recovery of Ras/
MAPK signaling pathway activity by treatment with Ras agonists, the proliferation,
migration, and invasion suppression of Huh-7 and Hep 3B cell lines caused by
HNRNPC knockdown was partially reversed. Taken together, these results indicate that
HNRNPC knockdown inhibits HCC cell proliferation, migration and invasion, in part via the
Ras/MAPK signaling pathway. Thus, HNRNPC may have an important role in the
progression of HCC and represents a promising biomarker for evaluation of prognosis
and a potential therapeutic target in HCC patients.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most common
cancer and the fourth leading cause of cancer-associated deaths
worldwide, with a gradually increasing global burden (1, 2). For
patients with early-stage tumors, liver resection and
transplantation are the main treatment modes (3–5), whereas
for patients with advanced-stage tumors, multimodal treatment
is increasingly popular; this includes immunological therapy,
molecular targeted treatments, microwave ablation, and
transarterial chemoembolization (6–11). Although an
increasing number of therapies are used to treat HCC, the
prognosis of HCC patients remains poor (12–14), with a 5-
year overall survival rate of less than 20% (15–17), primarily
owing to the difficulty of early-stage diagnosis (18). For these
reasons, there is a need to explore novel biomarkers that could be
used as targets for HCC therapy and for predicting the prognosis
of HCC patients.

Alternative splicing enables the generation of vast protein
diversity by cutting out the introns and connecting the exons of
heterogeneous nuclear RNAs (19). Increasing numbers of reports
indicate that alternative splicing is intimately related to tumor
occurrence, progression, and therapeutic resistance (20–23). A
known RNA-binding protein, heterogeneous nuclear
ribonucleoprotein C (HNRNPC) plays an important part in
RNA splicing (24, 25), stability (26, 27), and expression (28).
HNRNPC has been identified as an oncogene, enhancing
deterioration in multiple tumor types, including gastric cancer
(29), breast cancer (27), esophageal squamous cell carcinoma
(26), and oral squamous cell carcinoma (30). According to
previous reports, HNRNPC primarily regulates the biological
activity of the IFNb signaling pathway (27), p53 gene (31), and
AKT signaling pathway (32), which are associated with tumor
proliferation, invasion, and metastasis. Bioinformatic analysis
has shown that HNRNPC, as a gene correlated with N6-
methyladenosine RNA methylation, predicts poor prognosis
of patients with glioblastoma multiforme (33), lung
adenocarcinoma (34), and head and neck squamous cell
carcinoma (35). Thus, HNRNPC is considered to be a tumor-
related gene. Nevertheless, its impact on patient prognosis and
the mechanism by which it regulates the biological characteristics
of tumor cells in HCC remain unknown.

The mitogen-activated protein kinase (MAPK) cascade
consists of serine/threonine kinases, which mainly participate
in the transduction of cellular signals (36, 37). There are four
important protein kinases, Ras, Raf, MEK, and Erk, in the
MAPK signaling pathway (38). In response to signals from
epidermal growth factor receptor, insulin like growth factor-1
receptor (IGF-1R), and calmodulin, the GDP combined with Ras
Abbreviations: HCC, hepatocellular carcinoma; HNRNPC, heterogeneous
nuclear ribonucleoprotein C; IHC, immunohistochemical; MAPK, mitogen-
activated protein kinase; AFP, alpha fetoprotein; EMT, epithelial-mesenchymal
transition; HBV, hepatitis B virus; Lv-NC, hepatocellular carcinoma cell lines
infected with negative control lentiviruses; Lv-HNRNPC, hepatocellular
carcinoma cell lines infected with targeted HNRNPC lentiviruses; EMT,
epithelial-mesenchymal transition.
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is replaced by GTP. Then, the activated Ras cascade
phosphorylates its downstream targets Raf, MEK, and Erk to
regulate cell proliferation, differentiation, and cycling (39–41).
Additionally, Ras/MAPK signaling pathway promoting
epithelial-mesenchymal transition (EMT) to facilitate tumor
migration and invasion have been reported in recent years
(42–44). Abnormal activation of the MAPK pathway is
involved in the progression of many malignancies, including
gastric cancer (45), cervical carcinoma (46), and HCC (47).
Hence, targeting Ras/Raf/MEk/Erk is regarded as a potential
approach to treating HCC (36), esophageal carcinoma (48), acute
lymphoblastic leukemia (49), and melanoma (50).

In the present study, we used western blott ing,
immunohistochemistry (IHC), and bioinformatics analysis to
demonstrate that HNRNPC had significantly elevated expression
in HCC tumor tissues compared with para-tumor tissues. In
addition, high levels of HNRNPC protein were related to larger
tumor size, advanced TNM stage, and poor prognosis.
Subsequently, functional experiments revealed that silencing of
HNRNPC expression could inhibit HCC cells’ growth by G0/G1
arrest, in part via the Ras/MAPK signaling pathway. Meanwhile,
in vitro tests, we also demonstrated that the inhibition of Ras/
MAPK signaling pathway caused by HNRNPC suppression
could negatively regulate EMT progress to hinder migration
and invasion of HCC cells. In vivo, xenograft assays showed that
HNRNPC knockdown could block the proliferation of HCC
cells, with a statistically significant effect. Therefore, HNRNPC
may be a promising biomarker for evaluating prognosis of HCC
patients, as well as a potential therapeutic target.
MATERIALS AND METHODS

Sample Collection
In order to detect differences in HNRNPC protein levels between
tumor tissues and para-tumor tissues, we collected 12 pairs of
fresh tissues (tumor and matched para-tumor tissue) from
patients diagnosed with HCC by a pathologist after undergoing
hepatectomy between Dec 2018 and Jan 2019 in the Department
of Hepatobiliary Surgery of the Second Affiliated Hospital of
Chongqing Medical University. For analysis of prognosis and
clinical information, our study enrolled 147 available cases from
Jul 2014 to Nov 2016 from the same department who had not
received chemotherapy, radiofrequency ablation, or molecular
targeted therapy before liver resection. These 147 cases included
128 male and 19 female patients, with an average age of 53.67
years. Specific patient information is given in Table 1. The
selection criteria were as follows. Inclusion criteria: HCC
confirmed by biopsy after surgery; exclusion criteria: patients
with other cancers, distant metastasis, or grade C Child–Pugh
liver function. A total of 147 tumor tissues and 82 available
corresponding para-tumor tissues were used to construct tissue
microarrays (TMAs). This research was approved by the Ethics
Committee at the Second Affiliated Hospital of Chongqing
Medical University ((2017)36), and informed consent was
obtained from all patients.
April 2021 | Volume 11 | Article 659676
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Follow-Up
Follow-up was carried out by phone, and alpha fetoprotein
(AFP), liver function, and chest radiography were obtained at
least every 2 months in the first 6 months after surgery, every 3
months for 6 months to 3 years following surgery, and every 6
months for 3–5 years after surgery. If necessary, magnetic
resonance imaging or computed tomography was also used.
Overall survival was defined as the time from liver resection to
death or last follow-up; disease-free survival was defined as the
time from liver resection to first recurrence or last follow-up.

IHC
Fresh tissues were immobilized with 4% formalin for 48 h at 37°C
and subsequently washed with cool phosphate-buffered saline (PBS)
three times for 5 min each time. Tissue samples were dehydrated
using ethanol, embedded in paraffin, and then cut them into 4-mm-
thick sections of 2 mm diameter to produce TMAs. The paraffin
sections were dewaxed in an incubator at 65°C overnight, before
being deparaffinized in xylene and rehydrated using a decreasing
ethanol gradient. Sections were placed in ethylene diamine
tetraacetic acid (cat.no. 0085; Beyotime) and heated in a
microwave for 10 min for antigen repair. A 3% hydrogen
peroxide was used to eliminate endogenous peroxidase at 37°C
Frontiers in Oncology | www.frontiersin.org 399
for 30 min. Sections were incubated with anti-HNRNPC (dilution
1:50, cat. no. ET1611-2; HUABIO), anti-ki67 (dilution 1:10000, cat.
no. 27309; Proteintech), anti-CD34 (dilution 1:50, cat. no. ET1606-
11; HUABIO), anti-Vimentin (dilution 1:100, cat. no. ET1610-39;
HUABIO), and anti-E-Cadherin (dilution 1:50, cat. no. ET1607-75;
HUABIO) antibodies at room temperature overnight, and then with
secondary antibody (dilution: 1:1, cat.no. K5007; Dako) for 1 h at
room temperature. Finally, sections were stained with an IHC kit
(cat. no. K5007; Dako) according to the manufacturer’s protocol.

IHC Scoring
The proportion of positive cells and staining strength were used
to evaluate the expression of HNRNPC. Color intensity was
ranked using four grades: no staining (score = 0), weak staining
(score = 1), moderate staining (score = 2), and intense staining
(score = 3); and the proportions of positive cells were divided
into five classifications: < 5% (score = 0), 5–25% (score =1), 26–
50% (score = 2), 51–75% (score = 3), and 76–100% (score = 4).
These two values were multiplied to acquire the final score. All
patients were divided into high and low HNRNPC expression
groups according to the median score of 7. The IHC results were
analyzed by two pathologists; uncertain results were judged by a
third pathologist.

Western Blot Analysis
We collected total protein from cells or tissues using RIPA buffer
with protease and phosphatase inhibitors. After separation by
sodium dodecyl polyacrylamide gel electrophoresis, proteins
were transferred onto polyvinylidene fluoride membranes.
Subsequently, the membranes were blocked with 5% skim milk
at room temperature for 1 h, then incubated with primary
antibody at 4°C overnight. On the second day, the membranes
were incubated with secondary antibody for 1 h at 37°C. The
antibodies used were as follows: HNRNPC (dilution 1: 2000, cat.
no. ET1611-2; HUABIO), Ras (dilution 1:1000, cat. no. 3339T;
CST), c-Raf (1:1000, cat. no. 9422T; CST), P-c-Raf (dilution
1:1000, cat. no. 9427T; CST), MEK1/2 (dilution 1:1000, cat. no.
8727T; CST), P-MEK1/2 (Ser217/221) (dilution 1:1000, cat. no.
9154T; CST), Erk1/2 (dilution 1:1000, cat. no. 4695T; CST), P-
Erk1/2 (Thr202/Tyr204) (dilution 1:1000, cat. no. 4377T; CST),
c-Myc (dilution 1:1000, cat. no. 5605T; CST), CDK4 (dilution
1:2000, cat. no. ET1612-1; HUABIO), cyclin E1 (dilution 1:1000,
cat. no. ET1612-16; HUABIO), Vimentin (dilution 1:2000, cat.
no. ET1610-39; HUABIO), E-Cadherin (dilution 1:1000, cat. no.
ET1607-75; HUABIO), b-actin, (dilution 1:2000, cat.
no. BM0627; Boster), goat anti-mouse (dilution 1:5000, cat. no.
ZB-2305; ZSGB-BIO), and goat-anti-rabbit (dilution 1:5000, cat.
no. ZB-2301; ZSGB-BIO). Finally, the membranes were imaged
using a chemiluminescent horseradish peroxidase substrate (cat.
no. WBKL S0100; Millipore). b-actin was used as the internal
reference, and the western blot analysis was performed using
Image Lab 6.0. The tests mentioned above were operated three
times respectively.

Quantitative Real-Time PCR (q-RT-PCR)
Total RNA was extracted from cells using an Animal Total RNA
Isolation Kit (cat. no. RE-03011; Foregene) according to the
TABLE 1 | Relationships of HNRNPC protein levels with clinicopathologic
features in 147 HCC patients.

Clinicopathologic
features

All patients
(n=147)

High HNRNPC
(n=80)

Low HNRNPC
(n=67)

P-
value

Gender
Male 128 70 (54.7%) 58 (45.3%) 1.000
Female 19 10 (52.6%) 9 (47.4%)
Age (M ± SD) 53.67 ± 10.21 53.94 ± 9.95 53.48 ± 10.49 0.784
<55 y 82 46 (56.1%) 36 (43.9%) 0.739
≥55 y 65 34 (52.3%) 31 (47.7%)

HBV infection
negative 25 16 (64.0%) 9 (36.0%) 0.379
positive 122 64 (52.5%) 58 (47.5%)
Liver cirrhosis
absent 55 33 (60.0%) 22 (40.0%) 0.310
present 92 47 (51.1%) 45 (48.9%)
AFP
<400 ng/ml 89 45 (50.6%) 44 (49.4%) 0.310
≥400 ng/ml 58 35 (60.3%) 23 (39.7%)

Child–Pugh
A 120 63 (52.5%) 57 (47.5%) 0.395
B 27 17 (63.0%) 10 (37.0%)
Tumor number
1 126 65 (51.6%) 61 (48.4%) 0.103
2–3 21 15 (71.4%) 6 (28.6%)
Tumor size (M ±
SD)

5.36 ± 3.09 5.99 ± 3.41 4.61 ± 2.48 0.007

< 5 cm 72 32 (44.4%) 40 (55.6%) 0.021
≥5 cm 75 48 (64.0%) 27 (36.0%)

TNM stage
I 88 41 (46.6%) 47 (53.4%) 0.028
II–III 59 39 (66.1%) 20 (33.9%)
Tumor differentiation
I–II 42 25 (59.5%) 17 (40.5%) 0.468
III–IV 105 55 (52.4%) 50 (47.6%)
HNRNPC, heterogeneous nuclear ribonucleoprotein C; HBV, hepatitis B virus; AFP, alpha
fetoprotein.
The bold values present statistical significance.
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manufacturer’s instructions. Total RNA was reverse transcribed
to cDNA with an iScript cDNA synthesis kit (cat. no. 1708891;
Bio-Rad), following the manufacturer’s reaction protocol: 5 min
at 25°C 20 min at 46°C, 1 min at 95°C, and holding at 4°C.
Quantitation of cDNA was performed using a SYBR Green PCR
kit (cat. no. 208054; QIAGEN). Relative HNRNPC expression
was calculated by the 2-△△Cq method, with GAPDH as an
internal reference. The primers were designed as follows:
GAPDH forward, 5′-GGAGTCCACTGGCGTCTTCA-3′,
reverse, 5′-GTCATGAGTCCTTC CACGATACC-3′; HNRNPC
forward, 5′-GCAGAGCCAAAAGTGAACCG-3′, reverse, 5′-
ACGTTTCGAGGGCACTACAG-3′. The reaction protocol was
given by the manufacturer as follows: 2 min at 95°C, 5 sec at 95°C,
and 10 sec at 60°C, repeated for 35 cycles. Each test was repeated
dividedly in triplicate.

Cell Lines and Culture
Huh-7 and Hep 3B HCC cell lines were purchased from the
Chinese Academy of Sciences Stem Cell Bank (Shanghai, China)
and identified with STR Profile. Both cell lines were cultured in
DMEM (cat.no. SH30022.01; HyClone) or MEM (cat.no.
SH30024.01; Hyclone) supplied with 10% fetal bovine serum
(cat.no. 04-001-1ACS; BI) in an incubator containing 5% CO2

at 37°C.

Cell Infection
Huh-7 and Hep 3B cells were cultured in six-well plates. When
they reached 20–30% density, they were stably infected with
HNRNPC lentivirus (Lv-HNRNPC) or a negative control
lentivirus (Lv-NC) for 14 h (viral volume=MOI × cell number/
viral titer; GeneChem, Shanghai, China). The lentiviral
interference system was produced using a GV248 carrier
loaded consecutively with the hU6 promoter, a multiple
cloning site, the ubiquitin promoter, the EGFP gene, an IRES
site, and the puromycin gene. A short hairpin RNA was designed
to target the HNRNPC sequence (sh-HNRNPC): 5′-
CTTCGTTCAGTATGTTAAT-3′; the negative sequence (sh-
NC) was 5′-TTCTCCGAACGTGTCACGT-3′. After culture
for 48 h, cells were filtrated with 2 µg/ml puromycin (cat. no.
REVG1001; GeneChem, Shanghai, China) for 48 h; this was
repeated twice. Infection and knockdown efficiency were
detected by inverted fluorescence microscopy, and by western
blotting and q-RT-PCR, respectively.

Colony Formation Assay
Approximately 500 cells were seeded in each well of the six-well
plates and cultured in an incubator with 5% CO2 at 37°C for 2
weeks. After washing with PBS, the cells were immobilized with
4% paraformaldehyde for 15 min at room temperature and then
stained with 0.1% crystal violet solution (cat. no. G1062;
Solarbio) for 30 min. Finally, the colony numbers were
counted under a microscope. All experiments were operated
independently three times.

Cell Viability Analysis
Approximately 3000 (Huh-7) or 8000 (Hep 3B) cells were seeded
in each well of a 96-well plate and cultured for 72 h. After being
Frontiers in Oncology | www.frontiersin.org 4100
seeded in a 96-well plate, cell viability was measured using a
CCK-8 kit (cat. no. ZP328-3; ZOMANBIO) according to the
manufacturer’s instructions at 6, 24, 48 and 72h. Briefly, CCK-8
(10 µl) was added to each well, and the cells were incubated at 5%
CO2 and 37°C. The absorbance (optical density) was detected by
enzyme-linked immunosorbent array at a wavelength of 450 nm.
Each test was performed dividedly in triplicate.

Scratch Wound for Cell Migration Assay
When the cells had grown to a density of 90% in the six-well
plates, we used a sterile 200-µl pipette tip to scratch a wound at
the middle line of each well bottom. Subsequently, the suspended
cells were removed by PBS, and the culture medium was replaced
with serum-free medium. Cells were sequentially cultured for
48 h in an incubator containing 5% CO2 at 37°C. The wound
width was recorded under a light microscope at 0, 24 and 48h.
The experiments mentioned above were operated three
times respectively.

Cell Invasion Assay
To analyze the invasion ability of cells, a Corning BioCoat
Matrigel Invasion Chamber (cat. no. 354480; Corning) was
used according to the manufacturer’s instructions. Specifically,
cells (5×104/well) were cultured with serum-free medium in the
upper chambers, while the lower chambers were loaded with
DMEM or MEM supplied with 10% fetal bovine serum. After
culture for 48 h, the cells were washed with PBS and fixed with
4% paraformaldehyde for 15 min at room temperature. Invading
cells were captured with 0.1% crystal violet solution under a light
microscope, and non-invading cells were eliminated with cotton
swabs. Specifically, five fields in each chamber were randomly
recorded, and average values were calculated. Each test was
repeated independently in triplicate.

Cell Cycle Analysis
Approximately 25×104/well cells were seeded in six-well plates.
Subsequently, the cells were collected in 1.5-ml EP tubes and
then fixed with 70% ethanol at 4°C overnight. The next day, the
cells were stained with propidium iodide with RNase A at 37°C
for 30 min in the dark. Finally, the results were analyzed by flow
cytometry. A total of 2×104 cells were recorded for each sample.
All experiments were performed three times respectively.

Groups and Treatments
To verify the upstream and downstream relationships between
HNRNPC and the MAPK signaling pathway, we used an agonist
for Ras (ML-098) (cat. no. HY-19800; MCE). The specific
treatments were as follows. To measure the efficiency of the
activation of the MAPK signaling pathway by ML-098, the Lv-
NC group was treated with dimethyl sulfoxide (DMSO) for 48 h,
and the Lv-HNRNPC group was treated with ML-098 (20 nmol/l)
and DMSO, for 48 h. CCK-8 tests, cell cycle analysis, scratch wound
assay, and cell invasion tests were performed using the method
described above. To detect the rescue efficiency of ML-098 for
colony formation, we used ML-098 (20 nmol/l) to treat the Lv-
HNRNPC group twice sequentially for 5 days each time. The Lv-
NC group was treated with the same amount of DMSO as a control.
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In Vivo Assay for Tumor Growth
A total of 12 5-week-old male BALB/c nude mice were purchased
from Beijing Huafukang Biotechnology and randomly divided
into two groups (six per group). Lv-HNRNPC- and Lv-NC-
group Huh-7 cells were suspended in cool PBS and subsequently
injected into the backs of mice subcutaneously (2.5×106/mice).
The mice were fed at 23–25°C and 60% humidity with a 12-h
light/dark cycle. Tumor size was measured with a caliper every
3 days; the formula for the size calculation was as follows:
volume = (length × width2)/2 cm3. Twenty-seven days after
implantation, the mice were killed by cervical dislocation and the
tumors were removed. Finally, the tumor samples were fixed
with 4% formalin for IHC analysis. All animal experiments
were approved by the Ethics Committee of Chongqing
Medical University.

Bioinformatic Analysis
The expression of HNRNPC in HCC tissues was analyzed by
UALCAN (ualcan.path.uab.edu), using RNA sequencing data
downloaded from The Cancer Genome Atlas for 50 normal liver
tissues and 371 primary HCC tissues. HNRNPC-correlated genes
were also acquired from UALCAN; we selected 3517 significantly
correlated genes (Pearson correlation coefficient ≥ 0.5) for Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis by
WebGestalt 2013 (www.webgestalt.org/2013).

Statistical Analysis
IBM SPSS Statistics 23 was used for statistical analysis.
Categorical data were analyzed by chi-square test, while
continuous data between two groups were analyzed by t-test.
Comparisons between multiple groups were performed by one-
way analysis of variance (ANOVA), and the results were
analyzed by LSD test and presented as mean ± standard
deviation (SD). Univariate and multivariate Cox proportional
hazards regression models were used to assess the risk factors
associated with HCC. In addition, overall and disease-free
survivals were computed by the Kaplan–Meier method and
examined by log-rank test. Finally, a P-value less than 0.05 was
considered to indicate a statistically significant difference.
RESULTS

HNRNPC Is Upregulated in Tumor Tissues
and Predicts Large Tumor Size, Advanced
TNM Stage, and Poor Prognosis in HCC
Using the UALCAN database, we found that HNRNPC mRNA
levels were higher in 371 primary HCC tissues than in 50 normal
liver tissues (P < 0.001, Figure 1A); in addition, the expression of
HNRNPC mRNA was elevated in stage 2 (P = 0.033, Figure 1B)
and stage 3 (P < 0.001, Figure 1B) HCC patients compared with
stage 1 HCC patients. To compare HNRNPC protein expression in
tumor and para-tumor tissues, western blotting and IHC were
performed. HNRNPC protein levels were obviously higher in
tumor tissues than in para-tumor tissues, based on western blot
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analysis of 12 HCC tumor tissues and their matched para-tumor
tissues (P< 0.001, Figures 1C, D). The IHC results showed high
expression of HNRNPC protein, mainly located in nuclei, in 80 of
147 tumor tissues (54.40%) and in 13 (15.90%) of 82 paired para-
tumor tissues (P<0.001, Figures 1E, F). Correlations of HNRNPC
protein levels with clinicopathological features in HCC were
analyzed by chi-square test; this demonstrated that HNRNPC
protein levels were significantly associated with tumor size (P =
0.007) and tumor TNM stage (P=0.028) (Table 1). To explore the
effects of HNRNPC protein levels on survival of HCC patients,
Kaplan–Meier survival curves were constructed, showing that
patients with high HNRNPC protein expression had poorer
overall survival (P = 0.001, Figure 1G) and disease-free survival
(P < 0.001, Figure 1H) than those with low HNRNPC protein
expression. Univariate and multivariate analysis were used to
evaluate the risk factors associated with HCC patients’ survival.
According to our results, tumor size (P = 0.005, HR = 1.957), tumor
TNM stage (P = 0.014, HR = 1.786), and highHNRNPC expression
(P = 0.039, HR = 1.637) could be regarded as independent risk
factors for overall survival of HCC patients (Table 2). Moreover,
tumor TNM stage (P < 0.001, HR = 2.188) and high HNRNPC
level (P = 0.002, HR = 1.883) could independently predict disease-
free survival in HCC patients (Table 2).

Knockdown of HNRNPC Suppresses HCC
Proliferation, Invasion, and Migration
In Vitro
To observe the impact of HNRNPC on HCC proliferation,
invasion, and migration, Lv-NC and Lv-HNRNPC lentiviruses
were used to infect the Huh-7 andHep 3B cell lines. After selection
by puromycin, the infection efficiency of Huh-7 and Hep 3B cells
was >90% (Supplementary Figure 1A), and lower HNRNPC
expression was detected in Lv-HNRNPC Huh-7 and Hep 3B cells
via western blotting and q-RT-PCR (Supplementary Figures 1B,
C). CCK-8 and colony formation assays were used to analyze cell
proliferation in vitro. The colony formation assay revealed that
HNRNPC knockdown significantly inhibited proliferation of
Huh-7 and Hep 3B cells (Figure 2A). In the CCK-8 test, the
viability of Huh-7 and Hep 3B cells was also significantly
suppressed by silencing of HNRNPC (Figure 2B). A transwell
assay was performed to observe invasion; the results showed that
inhibition of HNRNPC impaired the invasion activity of Huh-7
and Hep 3B cells (Figure 2C). The scratch wound assay showed
decreased migration ability of Huh-7 and Hep 3B cells in the Lv-
HNRNPC-group (Figure 2D).

Inhibition of HNRNPC Downregulates the
Activity of the MAPK Signaling Pathway,
Blocks Tumors at G0/G1 Phase, and
Suppresses EMT Process In Vitro
To study the potential molecular mechanisms by which
HNRNPC suppressed tumor growth, migration and invasion,
we selected 3517 genes that were significantly correlated with
HNRNPC (Pearson correlation coefficient ≥ 0.5) from the
UALCAN database; these genes were subjected to KEGG
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analysis using WebGestalt (2013). Among the enriched KEGG
pathways, “Cell cycle” and “Pathways in cancer” were highly
related to tumor growth (Supplementary Figure 1D), and
“Pathways in cancer” mainly involved the MAPK and AKT
signaling pathways (Supplementary Figure 1E). Subsequently,
the activity of the MAPK signaling pathway was detected by
western blotting. The results showed that HNRNPC knockdown
statistically decreased the expression of Ras and the relative levels
Frontiers in Oncology | www.frontiersin.org 6102
of p-Raf, p-MEK1/2, and p-Erk1/2 in Huh-7 and Hep 3B cells
(Figures 3A, B). As the MAPK pathway activates a series of
downstream genes to regulate the cell cycle, thereby regulating
cell proliferation, we used flow cytometry for cell cycle analysis.
The results showed that HNRNPC downregulation blocked
more cells at G0/G1 phase and reduced the proportion of S-
phase cells among both Huh-7 and Hep 3B cells (Figures 3C, D).
CDK4, cyclin E1, and c-myc are well known as important
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FIGURE 1 | High HNRNPC expression was detected in HCC tumor tissues, and predicts a poor survival in HCC patients. (A) HNRNPC mRNA expression in
HCC tissues and normal liver tissues acquired from UALCAN analysis. (B) UALCAN analysis showing HNRNPC mRNA expression at different cancer stages.
(C, D) Western blot showing protein expression of HNRNPC in HCC tumor tissues and matched para-tumor tissues. (E) Classical cases showing HNRNPC
protein expression in HCC tumor tissues and paired para-tumor tissues. (F) The c2 test was used to assess HNRNPC protein expression in HCC tissues
and adjacent tissues. (G) Kaplan–Meier analysis showing the correlation of HNRNPC level with overall survival of HCC patients. (H) Kaplan–Meier analysis
showing the association between HNRNPC level and disease-free survival. The final results were presented as mean ± standard deviation (SD). *P < 0.05,
***P < 0.001.
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molecules that positively regulate G1-S transition. In the present
study, silencing of HNRNPC markedly downregulated CDK4,
cyclin E1, and c-myc protein levels, as confirmed by western
blotting (Figures 3E, F). Ras/MAPK signaling pathway not only
positively regulate G1-S transition to promote tumor
proliferation, but also accelerate EMT process to facilitate
tumor migration and invasion. We also detected the marker of
EMT by western blotting, our results indicated that HNRNPC
silencing decreased Vimentin level, and upregulated E-cadherin
expression statistically (Figures 3G, H).

HNRNPC Silencing Inhibits Tumor Growth
In Vivo
To explore the impact of HNRNPC on tumor growth in vivo, Lv-
NC and Lv-HNRNPC Huh-7 cells were implanted in nude mice
subcutaneously. The tumors of the Lv-HNRNPC group showed
obvious reductions in both size and weight compared with those
of the Lv-NC group (Figures 4A–C). Subsequently, hematoxylin
eosin (H&E) and IHC staining were performed to confirm the
tumor tissues and HNRNPC knockdown efficiency, respectively
(Figure 4D). In addition, Ki-67 was used to observe the
proliferation of tumor cells via IHC; the Ki-67 staining
intensity was stronger in the Lv-NC group than in the Lv-
HNRNPC group (Figure 4D). Tumor migration and invasion
are highly correlated with angiogenesis and EMT process, so
Vimentin, E-cadherin, and CD34 were used to evaluate the
ability of tumor invasion and migration by IHC. The results
showed that Vimentin and CD34 staining intensity were weaker,
Frontiers in Oncology | www.frontiersin.org 7103
and E-cadherin staining intensity was stronger in the Lv-
HNRNPC group than in Lv-NC group (Figure 4E).

Ras Agonist Partly Recovers Growth,
Migration, and Invasion Ability in
Lv-HNRNPC Group
CDK4, cyclin E1, and c-myc are classical downstream genes of
the MAPK signaling pathway. To confirm the upstream and
downstream relationships between the MAPK signaling pathway
and these cell cycle-related molecules, a Ras agonist (ML-098)
was used to treat cells in the Lv-HNRNPC group. Details of this
process are given in the Materials and Methods section. First, we
performed western blotting to detect the recovery of MAPK
pathway activity. After treatment with ML-098 for 48 h, the
activity of the MAPK pathway was reversed completely in the Lv-
HNRNPC group (Figures 5A, B). Moreover, colony formation
and CCK-8 assays revealed that the proliferation ability of cells in
the Lv-HNRNPC group was partly rescued by ML-098 (Figures
5C–E). Furthermore, the cell cycle assay showed that ML-098
treatment could partially reverse the G0/G1 arrest caused by
HNRNPC knockdown in both Huh-7 and Hep 3B cells (Figures
6A, B). Finally, using western blotting, we showed that the effects
of HNRNPC inhibition on CDK4, cyclin E1, and c-myc levels in
HCC cells were reversed by ML-098 to some extent (Figures 6C,
D). On the other hand, Ras/MAPK signaling pathway take part
in EMT process. In present study, cell invasion and scratch
wound assays showed that the invasion (Figures 7A, B) and
migration (Figures 7C, D) abilities of the Lv-HNRNPC group
TABLE 2 | Univariate and multivariate analysis for survival of 147 HCC patients.

Clinical features Univariate Multivariate

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

Overall survival:
Gender (female vs male) 0.938 (0.498–1.767) 0.843
Age (≥55 y vs <55 y) 1.068 (0.698–1.636) 0.761
HBV infection (negative vs positive) 0.717 (0.389–1.321) 0.286
Liver cirrhosis (absent vs present) 0.675 (0.425–1.072) 0.095
Child–Pugh (B vs A) 1.295 (0.761–2.205) 0.341
Tumor number (2–3 vs 1) 1.392 (0.784–2.470) 0.259
Tumor size (≥5 cm vs <5 cm) 2.501 (1.598–3.915) <0.001 1.957 (1.224–3.135) 0.005
TNM stage (II–III vs I) 2.515 (1.634–3.871) <0.001 1.786 (1.124–2.841) 0.014
Tumor differentiation (III–IV vs I–II) 1.017 (0.629–1.643) 0.946
AFP (≥400 vs <400) 0.763 (0.496–1.173) 0.218
HNRNPC (high vs low) 2.117 (1.349–3.322) 0.001 1.637 (1.025–2.611) 0.039
Disease-free survival:

Gender (female vs male) 0.876 (0.501–1.536) 0.645
Age (≥55 y vs <55 y) 1.090 (0.753–1.577) 0.649
HBV infection (negative vs positive) 0.736 (0.439–1.233) 0.244
Liver cirrhosis (absent vs present) 0.693 (0.466–1.028) 0.068
Child–Pugh (B vs A) 1.170 (0.728–1.881) 0.516
Tumor number (2–3 vs 1) 1.959 (1.184–3.241) 0.009 1.093 (0.620–1.927) 0.760
Tumor size (≥5 cm vs <5 cm) 1.830 (1.257–2.662) 0.002 1.348 (0.905–2.004) 0.142
TNM stage (II–III vs I) 2.572 (1.750–3.779) <0.001 2.188 (1.471–3.257) <0.001
Tumor differentiation (III–IV vs I–II) 1.099 (0.729–1.658) 0.652
AFP (≥400 vs <400) 1.387 (0.954–2.012) 0.086
HNRNPC (high vs low) 2.249 (1.525–3.317) <0.001 1.883 (1.261–2.817) 0.002
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HNRNPC, heterogeneous nuclear ribonucleoprotein C; HBV, hepatitis B virus; AFP, alpha fetoprotein.
The bold values present statistical significance.
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cells were recovered by ML-098 partly. Furthermore, the western
blotting results demonstrated that after treatment with ML-098,
the EMT process inhibition of cells in the Lv-HNRNPC group
was reversed in part too (Figures 7E, F). Taken together, these
results indicate that HNRNPC inhibition not only arrests HCC
cells in G0/G1 phase to inhibit tumor proliferation, but also
suppresses EMT process to block invasion and migration of HCC
cells in part via the Ras/Raf/MEk/Erk signaling pathway.
Frontiers in Oncology | www.frontiersin.org 8104
DISCUSSION

With progress in medical treatment, molecular therapies are
increasingly available for advanced HCC patients (51–53);
however, the prognosis of these patients remains poor (1). This
prompted us to explore novel pathogenetic mechanisms and
therapeutic targets for HCC. According to present evidence, as a
process fundamental to cancer (54), aberrant alternative splicing
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FIGURE 2 | Knockdown of HNRNPC suppressed proliferation, invasion, and migration of HCC cells in vitro. (A) Colony formation assay showing the impact of
HNRNPC knockdown on HCC cell proliferation. (B) CCK-8 test showing the effects of HNRNPC downregulation on HCC cell viability. (C) Transwell assay showing
the influence of HNRNPC inhibition on HCC cell invasion. (D) Scratch wound test showing the influence of HNRNPC suppression on HCC cell migration. All
experiments were independently repeated three times, and the results were showed as mean ± standard deviation (SD). *P < 0.05, **P < 0.01, ***P < 0.001.
April 2021 | Volume 11 | Article 659676

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


Hu et al. HNRNPC Gene Promotes Hepatocellular Carcinoma
occurs more frequently in various malignant tumors, including
renal cancer (55), lung cancer, and HCC (56); this makes it
possible for cells with phenotypic variability to adapt to
unfamiliar microenvironments, treatments, and immune
responses (57). HNRNPs, which include HNRNP A2/B1,
Frontiers in Oncology | www.frontiersin.org 9105
HNRNP L, HNRNP H, and HNRNPC, are primary factors for
alternative splicing. HNRNPC is believed to be the founder of the
HNRNP family (58), that is, it seems to be at the core of
regulating alternative splicing. The relationships of HNRNP L
(59), HNRNP A2/B1 (60), and HNRNP H (61) with HCC have
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FIGURE 3 | HNRNPC suppression inhibited the Ras/MAPK signaling pathway, leading to arrest of more cells at S phase and blocking of EMT in vitro.
(A, B) Western blot to detect activation of the Ras/MAPK signaling pathway in Lv-NC Huh-7, Lv-HNRNPC Huh-7, Lv-NC Hep 3B, and Lv-HNRNPC Hep 3B cells.
(C, D) Cell cycle analysis for the various cell groups mentioned above. (E, F) Western blot to detect c-Myc, CDK4, and cyclin E1 levels in the various cell groups.
(G, H) Western blot to analyze Vimentin and E-Cadherin expression in various cell groups. Each test was performed independently in triplicate, and the results were
presented as mean ± standard deviation (SD). *P < 0.05, **P < 0.01, ***P < 0.001.
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been reported; however, any association of HNRNPC with HCC
remained unknown.

Using two-dimensional difference electrophoresis, Sun et al.
found that HNRNPC protein expression was higher in HCC
tumor tissues than normal liver tissues (62). However, they did
not further investigate any correlation of HNRNPC protein
expression with prognosis or clinicopathologic characteristics
in HCC. In the present study, we showed that HNRNPC protein
levels were statistically higher in HCC tumor tissues than in
Frontiers in Oncology | www.frontiersin.org 10106
para-tumor tissues by western blotting and IHC. Moreover,
Kaplan–Meier analysis and Cox proportional hazards
regression models were used to perform survival analysis; this
demonstrated that a high HNRNPC protein level was an
independent risk factor that could serve as a biomarker
predicting poor overall survival and disease-free survival in
HCC patients. By functional experiments, we showed that
HNRNPC knockdown significantly inhibited proliferation,
migration, and invasion of HCC cells in vitro. Finally, the
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FIGURE 4 | HNRNPC knockdown blocked HCC cell proliferation in vivo. (A) Huh-7-cell xenograft tumors in Lv-HNRNPC and Lv-NC groups. (B, C) t-test analysis
showing tumor weights and sizes in Lv-HNRNPC and Lv-NC Huh-7 cell groups. (D) H&E staining to confirm xenograft tumors (upper panel); IHC to detect HNRNPC
levels in xenograft tumors (middle panel); proliferation of xenograft tumors as determined by Ki-67 staining (nether panel). (E) IHC staining to analyze CD34 (upper
panel), Vimentin (middle panel), and E-Cadherin (nether panel) expression in xenograft tumors. The tumor size and weight were demonstrated as mean ± standard
deviation (SD). ***P < 0.001.
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xenograft assay showed that suppressing HNRNPC significantly
restrained tumor growth in vivo.

HNRNPC has an important role in RNA combination and
alternative splicing. Fischl et al. reported that HNRNPC regulates
alternative cleavage and polyadenylation (APA) profiles in colon
cancer, and by coding region APA, HNRNPC mainly affected
MTHFD1L protein levels, which are strongly linked to tumor
progression (24). In addition, Wu et al. extended the function of
HNRNPC to alternative splicing in breast cancer: by controlling
endogenous double-stranded RNA, HNRNPC regulated the
activation of the IFNb signaling pathway to affect the
progression of breast cancer (27). In the present study, we
Frontiers in Oncology | www.frontiersin.org 11107
performed bioinformatic analysis of HNRNPC-correlated
genes, which brought the Ras/Raf/MEK/Erk and AKT
signaling pathways to our attention. HNRNPC has previously
been reported to cause AKT phosphorylation in ovarian cancer
(32). We used western blotting to detect the activation of the Ras/
Raf/MEK/Erk signaling pathway; the results indicated that
HNRNPC knockdown significantly inhibited the activation of
the MAPK signaling pathway. Ras mutation has a very important
role in many cancers (63–65), and HCC is no exception (66, 67).
Both H-ras and K-ras have respective splice variants (68, 69),
which could be regarded as Ras mutations at the mRNA level.
Barbier et al. reported that H-ras splice variants including
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FIGURE 5 | After treatment with ML-098 (20 nmol/l), MAPK signaling pathway activation was recovered completely in Lv-HNRNPC-group cells, and proliferation
ability was partially reversed. (A, B) Western blot to detect recovery of activation of the MAPK signaling pathway in Lv-HNRNPC groups after treatment with ML-098.
(C, D) Colony formation assay showing the reversed efficiency of ML-098 in Lv-HNRNPC group cell proliferation. (E) CCK-8 test showing the rescue by ML-098 of
cell viability in the Lv-HNRNPC group. The tests mentioned above were operated three times respectively, and the results were reported as mean ± standard
deviation (SD). *P < 0.05, **P < 0.01, ***P < 0.001, for Lv-NC+DMSO group compared with Lv-HNRNPC+ML-098 group; #P < 0.05, ##P < 0.01, ###P < 0.001, for
Lv-HNRNPC+DMSO group compared with Lv-HNRNPC+ML-098 group.
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premature translation termination codons were selectively
degraded by the nonsense-mediated mRNA decay pathway to
regulate Ras expression (69). However, the mechanism by which
Ras downregulation was caused by HNRNPC inhibition was not
investigated in our study; this will be explored in the future. This
novel means of Ras mutation may provide a new approach to
HCC therapy.

The MAPK signaling pathway regulates the majority of cell
functions, in particular, cell proliferation, apoptosis, and
metabolism (70–72). After being activated, the Ras cascade
phosphorylates Raf, Mek, and Erk to regulate cell proliferation
and apoptosis by controlling G1-S transition (73, 74). In the
present study, we prove that inhibition of the MAPK signaling
pathway by HNRNPC suppression causes the arrest of more
HCC cells at G0/G1 phase. CDK4 (75), cyclin E1 (76), and c-myc
(77) play important parts in regulating G1-S transition. As G1-S
transition overactivation occurs in the majority of malignant
tumors, inhibitors of CDK4 and cyclin E1 have emerged as
candidate drugs for tumor treatment (78, 79). In our study, we
showed that HNRNPC knockdown statistically inhibited CDK4,
cyclin E1, and c-myc expression. Subsequently, rescue
experiments revealed that activation of the MAPK signaling
pathway could partly recover CDK4, cyclin E1, and c-myc
expression, demonstrating that knockdown of HNRNPC
Frontiers in Oncology | www.frontiersin.org 12108
induced G0/G1 arrest in part via the MAPK signaling
pathway. Epithelial-mesenchymal transition is an essential
factor to initiate tumor migration and invasion (80). In recent
years, more and more research indicated that Ras/MAPK
signaling pathway play an important role in EMT process (43,
81, 82). In the present study, we proved that HNRNPC inhibition
suppressed the EMT process of HCC cells. Additionally, after
treatment with ML-098, the EMT process of HCC cells in Lv-
HNRNPC group was recovered in part, which support the above
point again. Ras is the second mutated gene driver in many
malignant tumors (83), and Ras/MAPK have been shown to be
activated in 50–100% of HCC patients (84). MAPK-associated
inhibitors have been used to treat HCC (85), but very few HCC
patients benefited from this treatment (86), largely owing to the
compensatory activation of other Ras-related pathways such as
the AKT (87) and IGF/FGF (88) signaling pathways. Thus,
exploration of the mechanisms of Ras mutation may provide a
novel approach for HCC therapy. In our study, we reported that
HNRNPC knockdown inhibited Ras/MAPK activation to block
proliferation of HCC cells, which may represent a new mutation
mechanism for Ras. However, the present study did not consider
how HNRNPC regulates Ras; this will be explored in our future
studies to determine the mechanisms of novel Ras mutations and
offer a new approach for HCC therapy.
A B

DC

FIGURE 6 | ML-098 partly reversed the reduction in numbers of S phase cells in the Lv-HNRNPC group. (A, B) Cell cycle analysis to detect the recovery of
numbers of S phase cells in the Lv-HNRNPC groups after treatment with ML-098. (C, D) Western blot to detect the recovery of c-Myc, CDK4, and cyclin E1 in Lv-
HNRNPC cell groups after treatment with ML-098. All tests were repeated independently in triplicate, and the results were showed as mean ± standard deviation
(SD). *P < 0.05, **P < 0.01, ***P < 0.001, for Lv-NC+DMSO group compared with Lv-HNRNPC+ML-098 group; #P < 0.05, ##P < 0.01, ###P < 0.001, for Lv-
HNRNPC+DMSO group compared with Lv-HNRNPC+ML-098 group.
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A B
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FIGURE 7 | ML-098 recovered the invasion and migration abilities of Lv-HNRNPC group cells in part. (A, B) Transwell assay demonstrating the recovered efficiency
of ML-098 in Lv-HNRNPC group cell invasion. (C, D) Scratch wound test showing the rescue by ML-098 of cell migration in the Lv-HNRNPC group. (E, F) Western
blot to detect the recovery of EMT process in Lv-HNRNPC cell groups after treatment with ML-098. Each test was repeated independently in triplicate, and the
results were demonstrated as mean ± standard deviation (SD). *P < 0.05, **P < 0.01, ***P < 0.001, for Lv-NC+DMSO group compared with Lv-HNRNPC+ML-098
group; #P < 0.05, ##P < 0.01, for Lv-HNRNPC+DMSO group compared with Lv-HNRNPC+ML-098 group.
Frontiers in Oncology | www.frontiersin.org April 2021 | Volume 11 | Article 65967613109

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


Hu et al. HNRNPC Gene Promotes Hepatocellular Carcinoma
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.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee at the Second Affiliated Hospital
of Chongqing Medical University. The patients/participants
provided their written informed consent to participate in this
study. The animal study was reviewed and approved by
Chongqing Municipal Committee of Science Technology.
AUTHOR CONTRIBUTIONS

The study was conceived and designed by JG. G-CZ, JH, and DC
wrote the manuscript and performed the experiments. The
Frontiers in Oncology | www.frontiersin.org 14110
statistical analysis was carried out by ZZ. All authors
contributed to the article and approved the submitted version.
ACKNOWLEDGMENTS

We thank the Laboratory of Pathology, West China Medical
College, and Sichuan University for supplying the experimental
platform, and Charlesworth Author Services (https://www.
cwauthors.com/) for editing a draft of this manuscript.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
659676/full#supplementary-material

Supplementary Figure 1 | Knockdown efficiency of HNRNPC in Huh-7 and Hep
3B cells, and KEGG analysis. (A) EGFP expression showing the infective efficiency
of the lentivirus. (B) Western blot to detect knockdown efficiency of HNRNPC in
Huh-7 and Hep 3B cells. (C) q-RT-PCR to detect knockdown efficiency of
HNRNPC in Huh-7 and Hep 3B cells. (D, E) KEGG analysis of 3517 HNRNPC-
correlated genes by WebGestalt 2013. ***P<0.001.
REFERENCES
1. Akinyemiju T, Abera S, Ahmed M, Alam N, Alemayohu MA, Allen C, et al.

The Burden of Primary Liver Cancer and Underlying Etiologies From 1990 to
2015 at the Global, Regional, and National Level: Results From the Global
Burden of Disease Study 2015. JAMA Oncol (2017) 3(12):1683–91.
doi: 10.1001/jamaoncol.2017.3055

2. Villanueva A. Hepatocellular Carcinoma. Reply. N Engl J Med (2019) 381(1):
e2. doi: 10.1056/NEJMc1906565

3. Krenzien F, Schmelzle M, Struecker B, Raschzok N, Benzing C, Jara M, et al.
Liver Transplantation and Liver Resection for Cirrhotic Patients with
Hepatocellular Carcinoma: Comparison of Long-Term Survivals.
J Gastrointest Surg (2018) 22(5):840–8. doi: 10.1007/s11605-018-3690-4

4. Lurje I, Czigany Z, Bednarsch J, Roderburg C, Isfort P, Neumann UP, et al.
Treatment Strategies for Hepatocellular Carcinoma ⁻ a Multidisciplinary
Approach. Int J Mol Sci (2019) 20(6):1465. doi: 10.3390/ijms20061465

5. Sapisochin G, Bruix J. Liver transplantation for hepatocellular carcinoma:
outcomes and novel surgical approaches. Nat Rev Gastroenterol Hepatol
(2017) 14(4):203–17. doi: 10.1038/nrgastro.2016.193

6. Boland P, Wu J. Systemic therapy for hepatocellular carcinoma: beyond
sorafenib. Chin Clin Oncol (2018) 7(5):50. doi: 10.21037/cco.2018.10.10

7. Facciorusso A, Di Maso M, Muscatiello N. Microwave ablation versus
radiofrequency ablation for the treatment of hepatocellular carcinoma: A
systematic review and meta-analysis. Int J Hyperthermia (2016) 32(3):339–44.
doi: 10.3109/02656736.2015.1127434

8. Galle PR, Tovoli F, Foerster F, Wörns MA, Cucchetti A, Bolondi L. The
treatment of intermediate stage tumours beyond TACE: From surgery to
systemic therapy. J Hepatol (2017) 67(1):173–83. doi: 10.1016/j.jhep.
2017.03.007

9. Johnston MP, Khakoo SI. Immunotherapy for hepatocellular carcinoma:
Current and future. World J Gastroenterol (2019) 25(24):2977–89.
doi: 10.3748/wjg.v25.i24.2977

10. Kirstein MM,Wirth TC. [Multimodal treatment of hepatocellular carcinoma].
Internist (Berl) (2020) 61(2):164–9. doi: 10.1007/s00108-019-00722-x

11. Liu Z, Lin Y, Zhang J, Zhang Y, Li Y, Liu Z, et al. Molecular targeted and
immune checkpoint therapy for advanced hepatocellular carcinoma. J Exp
Clin Cancer Res (2019) 38(1):447. doi: 10.1186/s13046-019-1412-8

12. Lee KF, Chong CCN, Fong AKW, Fung AKY, Lok HT, Cheung YS, et al.
Pattern of disease recurrence and its implications for postoperative
surveillance after curative hepatectomy for hepatocellular carcinoma:
experience from a single center. Hepatobiliary Surg Nutr (2018) 7(5):320–
30. doi: 10.21037/hbsn.2018.03.17

13. Llovet JM, Montal R, Villanueva A. Randomized trials and endpoints in
advanced HCC: Role of PFS as a surrogate of survival. J Hepatol (2019) 70
(6):1262–77. doi: 10.1016/j.jhep.2019.01.028

14. Welling TH, Eddinger K, Carrier K, Zhu D, Kleaveland T, Moore DE, et al.
Multicenter Study of Staging and Therapeutic Predictors of Hepatocellular
Carcinoma Recurrence Following Transplantation. Liver Transpl (2018) 24
(9):1233–42. doi: 10.1002/lt.25194

15. Javadian P, Nezhat F. Endometrial Carcinoma and its Precursors. Adv Exp
Med Biol (2020) 1242:59–72. doi: 10.1007/978-3-030-38474-6_4

16. Sarveazad A, Agah S, Babahajian A, Amini N, Bahardoust M. Predictors of 5
year survival rate in hepatocellular carcinoma patients. J Res Med Sci (2019)
24:86. doi: 10.4103/jrms.JRMS_1017_18

17. Wu G, Wu J, Wang B, Zhu X, Shi X, Ding Y. Importance of tumor size at
diagnosis as a prognostic factor for hepatocellular carcinoma survival: a
population-based study. Cancer Manag Res (2018) 10:4401–10.
doi: 10.2147/cmar.S177663

18. Dimitroulis D, Damaskos C, Valsami S, Davakis S, Garmpis N, Spartalis E,
et al. From diagnosis to treatment of hepatocellular carcinoma: An epidemic
problem for both developed and developing world. World J Gastroenterol
(2017) 23(29):5282–94. doi: 10.3748/wjg.v23.i29.5282

19. Baralle FE, Giudice J. Alternative splicing as a regulator of development and
tissue identity. Nat Rev Mol Cell Biol (2017) 18(7):437–51. doi: 10.1038/
nrm.2017.27

20. Du JX, Zhu GQ, Cai JL, Wang B, Luo YH, Chen C, et al. Splicing factors:
Insights into their regulatory network in alternative splicing in cancer. Cancer
Lett (2020) 501:83–104. doi: 10.1016/j.canlet.2020.11.043

21. Wan L, Yu W, Shen E, Sun W, Liu Y, Kong J, et al. SRSF6-regulated
alternative splicing that promotes tumour progression offers a therapy
target for colorectal cancer. Gut (2019) 68(1):118–29. doi: 10.1136/gutjnl-
2017-314983

22. Zhan YT, Li L, Zeng TT, Zhou NN, Guan XY, Li Y. SNRPB-mediated RNA
splicing drives tumor cell proliferation and stemness in hepatocellular
carcinoma. Aging (Albany NY) (2020) 12:537–54. doi: 10.18632/aging.202164

23. ZhangF,DengCK,WangM,DengB, Barber R,HuangG. Identification of novel
alternative splicing biomarkers for breast cancerwith LC/MS/MS andRNA-Seq.
BMC Bioinf (2020) 21(Suppl 9):541. doi: 10.1186/s12859-020-03824-8
April 2021 | Volume 11 | Article 659676

https://www.cwauthors.com/
https://www.cwauthors.com/
https://www.frontiersin.org/articles/10.3389/fonc.2021.659676/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.659676/full#supplementary-material
https://doi.org/10.1001/jamaoncol.2017.3055
https://doi.org/10.1056/NEJMc1906565
https://doi.org/10.1007/s11605-018-3690-4
https://doi.org/10.3390/ijms20061465
https://doi.org/10.1038/nrgastro.2016.193
https://doi.org/10.21037/cco.2018.10.10
https://doi.org/10.3109/02656736.2015.1127434
https://doi.org/10.1016/j.jhep.2017.03.007
https://doi.org/10.1016/j.jhep.2017.03.007
https://doi.org/10.3748/wjg.v25.i24.2977
https://doi.org/10.1007/s00108-019-00722-x
https://doi.org/10.1186/s13046-019-1412-8
https://doi.org/10.21037/hbsn.2018.03.17
https://doi.org/10.1016/j.jhep.2019.01.028
https://doi.org/10.1002/lt.25194
https://doi.org/10.1007/978-3-030-38474-6_4
https://doi.org/10.4103/jrms.JRMS_1017_18
https://doi.org/10.2147/cmar.S177663
https://doi.org/10.3748/wjg.v23.i29.5282
https://doi.org/10.1038/nrm.2017.27
https://doi.org/10.1038/nrm.2017.27
https://doi.org/10.1016/j.canlet.2020.11.043
https://doi.org/10.1136/gutjnl-2017-314983
https://doi.org/10.1136/gutjnl-2017-314983
https://doi.org/10.18632/aging.202164
https://doi.org/10.1186/s12859-020-03824-8
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Hu et al. HNRNPC Gene Promotes Hepatocellular Carcinoma
24. Fischl H, Neve J, Wang Z, Patel R, Louey A, Tian B, et al. hnRNPC regulates
cancer-specific alternative cleavage and polyadenylation profiles. Nucleic
Acids Res (2019) 47(14):7580–91. doi: 10.1093/nar/gkz461

25. Zarnack K, König J, Tajnik M, Martincorena I, Eustermann S, Stévant I, et al.
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Gastric cancer has one of the highest mortality rate in the world, but the treatment is still
limited. Building on previous studies, mechanistic studies on propranolol in gastric cancer
mice models and gastric cancer patients were performed. Propranolol inhibited the in vitro
proliferation of gastric cancer cells in a time- and concentration-dependent manner.
Consistent findings were observed in MFC tumors engrafted 615 mice, which were
treated with propranolol at 10 mg/kg daily for 14 days. Propranolol inhibited the
phosphorylation of AKT, MEK, and ERK proteins than control in mice tumor tissues
respectively (p-AKT 26.16 vs. 56.82, P = 0.0196, p-MEK 28.27 vs. 59.28, P = 0.1102, p-
ERK 48.2 vs. 107.4, P = 0.0062). Propranolol had antiproliferative activity in gastric cancer
patients receiving 60 mg daily for 7 days prior to surgery(ki67 44.8 vs 125.3 for placebo; P
= 0.02). Phosphorylated AKT, MEK, and ERK did not differ between propranolol and
placebo treatment in gastric cancer patients. The expression of molecules on CD8+ T cells
was not changed both in mice model and patients nor was there a statistically significant
difference in CD8+ T cell subsets in patients, although suggestion of an effect was evident.
These results prove that propranolol may inhibit the growth of gastric cancer in mice
model and patients and the possible mechanism was via inhibiting the AKT and MAPK
pathways, but the frequency of tumor infiltration CD8+ T cells did not increase significantly.

Keywords: gastric, propranolol, anti-proliferation, CD8+ T cell, immunity, AKT/MAPK
INTRODUCTION

Propranolol is a non-selective b-adrenergic receptor (b-AR) blocker, which is mainly used for
hypertension and is the first-line therapy for infantile hemangioma (1). In the past decade, many
studies have proved that propranolol can induce apoptosis, inhibit proliferation, angiogenesis, and
metastasis across solid tumors (2–6). Recent data suggested that propranolol suppressed colorectal
cancer cell growth through simultaneously activating autologous CD8+ T cells and decreasing the
phosphorylation level of mitogen-activated protein kinase (MAPK)/(ATP-dependent tyrosine
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kinases) AKT pathway (7). Several studies also observed that
propranolol may exert an anti-tumor effect in melanoma and
breast cancer by suppressing AKT and MAPK signaling
pathways (8).

Propranolol-associated suppression of tumor growth has also
been associated with enhanced intratumoral antitumor immune
response in breast cancer (6) and colorectal cancer (7). However,
if propranolol can suppress gastric tumor growth by elevating
tumor infiltration of CD8+ T cells is unclear. In this study, we
hypothesized that propranolol may suppress the growth of
gastric cancer by inhibiting the proliferation signaling in vitro
and in vivo. The changes of T lymphocytes in tumor
microenvironment were measured simultaneously.
MATERIALS AND METHODS

Cell Lines and Reagents
The AGS and MFC cell lines were purchased from the Cell Bank
of the Chinese Academy of Sciences (Kunming, China). The
HGC-27 cell line was purchased from Cell Bank of Typical
Culture Preservation Committee, Chinese Academy of Sciences
(Shanghai). AGS and HGC-27 were cultured in DMEM medium
(Gibco, Life Technologies, China), MFC was cultured in 1640
medium (Gibco, Life Technologies, China) supplemented with
10% FBS (Gibco, Life Technologies Australia), 100 U/ml
penicillin, and 100 mg/ml streptomycin at 37°C and 5% CO2 in
tissue culture incubator.

Cell Viability Assays
The half-maximal inhibitory concentration (IC50) value was
determined by CellTiter 96® AQueous One Solution Cell
Proliferation Assay (MTS, Promega). Cells were plated in 96-
well plates at a density of 2 to 4 × 103 and treated with 20 to 140
mM propranolol (propranolol hydrochloride, P0884, Sigma-
Aldrich, USA) for 24, 48, and 72 h. Then, MTS assays were do
according to the manufacturer’s protocols. Each test was carried
out in triplicate.

Animals and Treatments
Six weeks old 615 male mice (Institute of Transfusion and
Hematology, Chinese Academy of Medical Sciences) were
injected subcutaneously into the right flank with 106 living
MFC cells in 100 µl PBS. Tumor volume was measured two
times/week and tumor volume calculated = W2 × L/2 mm3. After
tumor volume reached 50 mm3, the mice were randomly divided
into control and propranolol groups. The propranolol group
received 10 mg/kg propranolol in 100 µl of PBS and control
group received 100 µl PBS by intraperitoneal injection every day.
Treatment continued for the duration of the experiment. The
mice were sacrificed at the end of treatment (around 2 weeks)
and tumors were removed for further analysis.

Immunohistochemistry Assay
The paraffin-free tissue sections were treated with citrate antigen
repair buffer (pH 6.0), and then the tissue sections were incubated
Frontiers in Oncology | www.frontiersin.org 2114
with peroxidase blocking solution (S2023, Dako) for 15 min and
blocked with protein (X0909, Dako) for 30 min. The
corresponding specific primary antibodies were used: phosphor-
ser221-MEK (rabbit, ab96379, Abcam), phospho-ERK1/2-
Thr202/Tyr204 (rabbit, 4370, CST) and phospho-ser473-AKT
(rabbit, 4060, CST). After treatment, the slides were incubated
overnight at 4°C. Rabbit HRP conjugated secondary antibody
(K4003, Dako) and hematoxylin (MHS32, Sigma) counterstain
were used for treatment. The samples were observed with a digital
microscope (Panoramic Viewer, 3D HISTECH), and protein
expression was measured with a histochemical score (H-Score).
Immunohistochemical results were scored with H-SCORE. The
number of positive cells in each section H-SCORE = ∑ (PI × I) =
(percentage of weak-strength cells × 1) + (percentage of medium-

strength cells × 2) + percentage of cells. In this formula, PI
represents the percentage of positive cells in the section, and I

represents the staining intensity (9–11).

Flow Cytometry
The mouse tumor was cut into 2- to 3-mm pieces to make a
single cell suspension. The tumor and spleen were mechanically
macerated and passed directly through a 70-mm nylon cell filter
(Corning). The cells were washed with flowing buffer (0.1% BSA
in PBS) and incubated with Zombie NIRTM (Biolegend, 1:100)
for 20 min at room temperature, and then cells were stained with
extracellular antibodies: anti-mouse CD3 FITC, anti-mouse
CD8a APC, anti-mouse CD4 PerCP/Cy5.5, anti-mouse Ly-6G/
Ly-6C (Gr-1) PE/Cy7, anti-mouse CD11b PE, anti-mouse CD
279 (PD-1) Brilliant Violet 421TM or anti-mouse CD45 Brilliant
Violet 510TM (Biolegend). For intracellular staining, cells were
stained using the FoxP3/T-bet/IFN-g/granzymeB (GrzmB)
s t a in ing bu ff e r s e t (B io l e g end ) fo r fixa t ion and
permeabilization after completion of extracellular staining
according to the manufacturer’s protocol. Cells were then
stained with Biolegend’s anti-mouse FoxP3 PE, anti-mouse T-
bet PE/Cy7, anti-mouse GrzmB FITC or anti-mouse IFNr bright
purple 510TM. All data were collected on a flow cytometer (BD
Biosciences, Canto II) and analyzed using FlowJo v10 software
(Tree Star, Inc.)

Immunofluorescence
Immunofluorescence uses color fluorescence channels to image
specific target proteins through a fluorescence microscope.
Deparaffinized tissue sections were treated with antigen
recovery solution (made of citrate buffer, pH 6.0, T0050
Diapath). The tissue sections were then incubated with
peroxidase blocking solution (S2023, Dako) for 15 min and
with protein blocking (X0909, Dako) for 20 min. All sections
were incubated with CD8 (ab4055, Abcam) antibody. The
sections were incubated with GrzmB (NBP1-97525, Novus),
IFN-g (MAB285-sp, Novus) and T-bet (MAB5385, Novus)
antibodies, respectively. The signal was counterstained using
Cy3 conjugated goat anti-rabbit IgG (GB21303, Servicebio)
and AlexaFluor® 488 conjugated AffiniPure goat anti-mouse
IgG (GB25301, Servicebio). The slides were scanned with a
fluorescence microscope (NIKON ECLIPSE TI-SR) at a
magnification of 90 times.
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Participants
Patients aged 18 to 70 years who were diagnosed with stage I–III
gastric cancer were recruited and randomly divided into placebo
group and propranolol group. In this trial, nine patients were
assigned to propranolol and 20 to placebo. Patients were given
propranolol or a placebo 1 week before surgery for gastric cancer,
and tumor tissue was collected after surgery. Tumor proliferation,
phosphorylation of the AKT/MAPK signaling pathway, and
immunity levels were assessed using immunohistochemistry and
immunofluorescence. The clinical trial was approved by the Ethics
committee of Xiangya Hospital of Central South University (no.
201702049) and registered in the ClinicalTrial.gov (NCT03245554).
All patients in this study signed informed consent, and strictly
followed the clinical trial protocol.

Statistical Analysis
Student t test was used to compare data between two groups and
tumor growth statistics were calculated using two-way ANOVA
with Tukey analysis using Graphpad Prism software. One-way
all data are depicted as mean ± SEM.
RESULTS

Propranolol Inhibits Tumor Growth in Mice
Propranolol significantly reduced in vitro cells viability of AGS
and HGC in a concentration- and time-dependent manner
(Figures 1A, B). In MFC cell, propranolol inhibited cell
proliferation in a concentration- but not time-dependent
manner (Figure 1C). The data showed that the IC50 of
propranolol on AGS and HGC cell lines were lower than MFC
cell line (Figure 1D and Table 1). And propranolol did not
inhibited the cell viability of normal intestinal epithelial cell line
NCM460 (Figure S1). The therapeutic effect of propranolol on
gastric cancer was then assessed in MFC tumor engrafted 615
mice. The mean tumor size of propranolol-treated group was
smaller than the PBS group on day 12 inMFC tumor model (937.9
± 55.95 mm3 vs. 1945 ± 70.38 mm3, unpaired t test, P < 0.0001,
Figures 1E, F). And there was no significant change in the body
weight of the MFC mice before and after propranolol treatment
(Figure 1G). Overall, these results indicated that propranolol can
suppress the growth of gastric cancer.

Propranolol Inhibited Proliferation In Vivo
Compared with PBS treatment, the number of nuclei with
karyorhexis and karyolysis was greatly increased in propranolol
treated group, suggesting that propranolol could promote cell
necrosis in tumor (Figure 2A). We detected the expression of Ki-
67 as a cell proliferation marker in tumor sections. The Ki-67
index was significantly decreased in MFC tumor treated with
propranolol (136.9 ± 3.56 vs. 103.2 ± 8.59, P = 0.0067, Figure 2B).

Propranolol Inhibited the AKT/MAPK
Pathway In Vivo
As shown in Figure 3, the phosphorylation level of AKT (p-
AKT) was reduced in the propranolol treated group compared
Frontiers in Oncology | www.frontiersin.org 3115
with the PBS group in MFC tumor (56.82 ± 5.32 vs. 26.16 ± 9.1,
P = 0.0196, Figure 3B). p-ERK was significantly reduced in the
propranolol treated mice (107.4 ± 8.3 vs. 48.2 ± 13.77, P = 0.0062,
Figure 3C). Furthermore, p-MEK was slightly reduced by
propranolol (59.28 ± 14.48 vs. 28.27 ± 9.42, P = 0.11, Figure
3D), although this was not statistically different. We also detected
the expression of AKT/MAPK pathway following treatment of
propranolol (corresponding IC50 concentration) for 24 h in AGS
and HGC cell lines, the expression were slight reduced (Figure
S2). These data revealed that propranolol could inhibit the
growth of gastric cancer in vivo by inhibiting the
phosphorylation of the AKT and MAPK pathways.

Propranolol Did Not Change Tumor
Infiltration of CD8+/CD4+ T Cells in
MFC Mice
The frequency of CD8+ and CD4+ T cells in tumor microenvironment
(TME) and spleen was assessed via flow cytometry. As shown in
Figures 4A–C, the frequency of CD8+ and CD4+ T cells were not
changed with propranolol treatment from tumor tissue and spleen in
mice. We also found that the expression of the effector molecules on
CD8+ T cells in tumor tissue, including IFN-g, GrzmB, T-bet, were all
not significantly changed (Figures 4D–F). Similar result was reported
for the ratio of CD4+FoxP3+ cells (Figure 4G). Data were shown in
Table 2.

Propranolol Effects on the AKT/MAPK
Pathway and CD8+ T Cell in Gastric
Cancer Patients
The basic characteristics for 29 gastric cancer patients are shown
in Table 3. Patients received propranolol or placebo for 1 week
before surgical resection. The expression of Ki-67 was reduced in
patients receiving propranolol treatment than placebo (44.84 ±
15.60 vs 125.27 ± 14.76 in placebo; Figure 5A). However, the
phosphorylated AKT, MEK, ERK were not significant different
between two group (Figures 5B, C). Furthermore, the expression
of IFN-g, GrzmB, T-bet on CD8+ T cell were numerically lower
in the propranolol treated patients, although this did not reach
statistical significance (Figures 5D–G). Specific data were shown
in Tables 4, 5.
DISCUSSION

This study elucidated that propranolol had antiproliferative
activity in both mice model and gastric cancer patients
although it could not increase tumor infiltration of CD8+ T
cells. Several lines of evidences have proved that b2-ARs are
abundantly expressed on the gastric cancer cells (12–15).
Inhibition of b2-ARs can reduce the concentration of cAMP
and inhibit the activation of protein kinase A (PKA), thereby
affecting the expression of downstream transcription factors,
such as CREB and NF-KB, leading to inhibition of tumor cell
proliferation. Zhou and colleagues found that propranolol can
induce melanoma cell apoptosis and inhibit the proliferation in
vitro and in vivo by inhibiting the phosphorylation of AKT,
April 2021 | Volume 11 | Article 628613
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TABLE 1 | IC50 of different gastric cell lines.

Cell Gastric cancer cell lines

Time IC-50 value

ASG 24h 75.43
48h 39.43
72h 32.29

HGC 24h 60.86
48h 44.51
72h 32.29

MFC 24h 110.87
48h 98.24
72h 95.35
Frontiers in Oncology | www.f
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FIGURE 1 | Propranolol inhibits tumor growth in mice. (A-C)Cell viability was determined in following propranolol concentrations: 0, 20, 40, 60, 80, 100, 120, 140 mM for 24, 48,
and 72 h byMTS assay. (D) IC50 of propranolol on gastric cancer cell lines. (E) Tumors excised fromMFC tumor mice, untreatedmice (PBS group) and mice treated with
propranolol (propranolol group). (F) The tumor volume were measured, and the results are shown. (G) The body weight of mice before or after propranolol treatment. Cell viability
experiments were repeated for at least three times independently. ****P < 0.0001, N = 5 per group.
4116
TABLE 2 | Frequency of CD8+, CD4+ T cells and other cytokines in MFC spleen
and tumor tissue.

Marker MFC

Frequency% P-value

CD8+ (spleen) 23.52 ± 0.99 vs. 22.00 ± 1.32 0.384
CD4+ (spleen) 63.40 ± 1.38 vs. 63.54 ± 1.88 0.954
CD8+ (tumor) 39.52 ± 2.28 vs. 34.86 ± 6.22 0.502
CD4+(tumor) 18.1 ± 1.08 vs. 22.80 ± 4.55 0.35
GrzmB 41.94 ± 4.19 vs. 50.06 ± 7.56 0.375
IFN-g 3.95 ± 2.72 vs. 3.77 ± 1.20 0.911
T-bet 14.24 ± 1.73 vs. 16.58 ±3.79 0.59
FoxP3 48.46 ± 5.08 vs. 40.08 ± 6.90 0.357
April 2021 | Volume 11 | Article
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BRAF, MEK1/2, and ERK1/2 (8). Liao et al. also found that
propranolol inhibited colorectal cancer proliferation by
regulating the AKT and MAPK pathways (7). Previous studies
demonstrated that propranolol can down-regulate the expression
of CyclinD1, leading to G1/S arrest (16, 17). Our results showed
that propranolol decreased the expression of Ki-67 and the
phosphorylation of AKT, MEK, and ERK which means that
propranolol can inhibit the growth of gastric cancer. And our
Frontiers in Oncology | www.frontiersin.org 5117
colleague found that propranolol can affect intracellular pH in
bladder cancer cell lines, maybe this is a reason why propranolol
can affect the AKT/MAPK signaling pathway.

Consistent with mouse tumor models, the expression of Ki-67
was significantly reduced in propranolol treated gastric
cancer patients’ samples; however, the phosphorylation of AKT
and ERK was not. The length of propranolol treatment,
which was only 1 week prior to surgery in patients, could be
A

B DC

FIGURE 3 | Propranolol inhibited the AKT/MAPK pathway in vivo. (A) p-Akt, p-MEK, and p-ERK were assessed by immunohistochemistry assay in tumor tissue
both in propranolol and PBS groups. (B–D) Quantification of p-Akt, p-MEK, and p-ERK staining. Results are presented as mean ± SEM. All experiments were
repeated for at least three times independently. ns, no significance; *P < 0.05, **P < 0.01, N = 5 per group.
A B

FIGURE 2 | Propranolol inhibited proliferation in vivo. (A) HE staining for cell morphology in propranolol and PBS group. Ki-67 was assessed by
immunohistochemistry assay. The picture was enlarged 40 times. (B) Quantification of Ki-67 staining. Results are presented as mean ± SEM. All experiments were
repeated for three times independently. **P < 0.01, N = 5 per group.
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the major explanation for the lack of change for AKT/ERK
phosphorylation. Longer treatment of propranolol could lead to
more apparent differences in p-AKT and p-ERK in gastric
cancer samples.
Frontiers in Oncology | www.frontiersin.org 6118
T cells expresses b-adrenergic receptors (AR) which could be
activated by norepinephrine (NE) released from sympathetic
nerve endings. Stimulation of b-ARs on T cells increases cAMP
and PKA and inhibits T cell proliferation (18). Our group
A

B

D

E

F

G

C

FIGURE 4 | Propranolol effect on the immune cells in MFC mice. (A) the flow plots picture of CD8+, CD4+ T cells of CD3+ T cells in spleen of mice.
(B, C) Quantification of CD8+ and CD4+ T cells in spleen and tumor tissue. (D–G) the contour plot and quantification of IFN-g, GrzmB, T-bet of CD8+ T cells and
CD4+FoxP3+ cells. Results are presented as mean ± SEM. NS, no significance; N = 5 per group.
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previously demonstrated that propranolol activated autologous
CD8+ T cells in both colorectal cancer mouse models and
patients by blocking the activation of b-ARs. Inconsistent with
this finding, the expression of GrzmB/IFN-g/T-bet in the CD8+
T-cell population were not significantly altered in gastric cancer.
It is known that T cells also express muscarinic and nicotinic
acetylcholine (ACh) receptors which can be activated by Ach
released from efferent cholinergic nerves (19), while stomach is
mainly innervated by the vagus nerve (VN), which is comprised
of both sensory and preganglionic parasympathetic fibers that
release Ach in gastric tumors. Ach acting on a7 nicotinic
receptors (nAChRs) inhibits cytokine production by T
lymphocytes (20). Blocking b-ARs could relieve the inhibition
on T lymphocytes by NE, however, Ach released by vagus nerve
could still modulate T lymphocytes which indicated a more
complex immune environment in gastric cancer.

In summary, these results revealed that propranolol could
inhibit gastric cancer growth but failed to activate the CD8+ T
cell in mice and patients. In short, propranolol plays an
important role in the treatment of tumors, opening a new
chapter for this old drug. More clinical trials are needed to
prove the anti-tumor effect of propranolol. Two clinical trials
including one for recruiting gastric cancer patients in a single-
Frontiers in Oncology | www.frontiersin.org April 2021 | Volume 11 | Article 6286137119
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FIGURE 5 | Propranolol effects on the AKT/MAPK pathway and CD8+

T cell in gastric cancer patients. (A, B) Ki-67, p-Akt, p-MEK, and p-ERK
were assessed by immunohistochemistry assay in tumor tissue both in
propranolol and PBS groups. (C) Quantification of Ki-67, p-Akt, p-MEK,
and p-ERK staining. (D–F) Example pictures in tumor tissues using in
the immunofluorescence panel, including GrzmB, IFN-g, and T-bet in
CD8+ T cells. The first column shows the cell nucleus in blue by 4′,6-
diamidino-2-phenylindole (DAPI); the next column shows the presence
of CD8+ T cells in red. The third column shows the factor of interest in
green, and the final column shows the merged image of the three
channels. (G) Quantification of the expression of GrzmB, IFN-g, and
T-bet in CD8+ T cells populations. N = 17 in control group and N = 4 in
propranolol group. Results are presented as mean ± SEM. ns, no
significance; *P < 0.05.
TABLE 3 | The characteristics of gastric cancer patients.

Gastric cancer (n)

Control Propranolol

Age
<60 9 4
≥60 11 5
Gender
Female 8 2
Male 12 7
Tumor stage
I 1 1
II 6 5
III 13 3
TABLE 4 | p-AKT, p-ERK, and p-MEK values in gastric cancer patient.

Gastric cancer patient

Protein H-Score P-value

Ki-67 125.27±14.76 VS. 44.84±15.60 0.02
p-AKT 84.82 ± 10.42 VS. 89.45 ± 14.06 0.841
p-ERK 190.21 ± 4.47 vs. 176.26 ± 4.19 0.161
p-MEK 3.54 ± 1.36 vs. 4.70 ± 2.42 0.704
TABLE 5 | Expression of GrzmB, IFN-g, PD-1, and T-bet on CD8+ T cell.

Gastric cancer patient

Marker % of CD8+ T cells P-value

GrzmB 5.90 ± 2.26 vs. 1.15 ± 0.38 0.331
IFN-g 5.40 ± 2.72 vs. 0.70 ± 0.31 0.421
T-bet 4.98 ± 1.71 vs. 1.48 ± 0.63 0.344
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arm design (NCT04005365) and a randomized controlled
clinical trial in bladder cancer patients (NCT04493489) were
designed to further explore the anti-tumor effect of propranolol.
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Tumor progression depends on the collaborative interactions between tumor cells and the
surrounding stroma. First-line therapies direct against cancer cells may not reach a
satisfactory outcome, such as gastric cancer (GC), with high risk of recurrence and
metastasis. Therefore, novel treatments and drugs target the effects of stroma
components are to be promising alternatives. Mesenchymal stem cells (MSC) represent
the decisive components of tumor stroma that are found to strongly affect GC
development and progression. MSC from bone marrow or adjacent normal tissues
express homing profiles in timely response to GC-related inflammation signals and
anchor into tumor bulks. Then the newly recruited “naïve” MSC would achieve
phenotype and functional alternations and adopt the greater tumor-supporting potential
under the reprogramming of GC cells. Conversely, both new-comers and tumor-resident
MSC are able to modulate the tumor biology via aberrant activation of oncogenic signals,
metabolic reprogramming and epithelial-to-mesenchymal transition. And they also
engage in remodeling the stroma better suited for tumor progression through
immunosuppression, pro-angiogenesis, as well as extracellular matrix reshaping. On
the account of tumor tropism, MSC could be engineered to assist earlier diagnosis of GC
and deliver tumor-killing agents precisely to the tumor microenvironment. Meanwhile,
intercepting and abrogating vicious signals derived from MSC are of certain significance
for the combat of GC. In this review, we mainly summarize current advances concerning
the reciprocal metabolic interactions between MSC and GC and their underlying
therapeutic implications in the future.

Keywords: gastric cancer, mesenchymal stem cells, tumor tropism, reprogramming, tumor stroma, drug delivery,
targeted therapy
INTRODUCTION

Gastric cancer (GC) is one of the most refractory malignancies with high morbidity and mortality.
Updated statistics indicates that GC is the fifth frequently diagnosed cancer with over 1,000,000 new
cases and the third leading cause of cancer-associated morbidity, an estimated 783,000 deaths
worldwide (1). Helicobacter pylori (Hp) eradication, gastroscopy, and endoscopic treatment have
reduced the risk of developing GC, as well as provided better long-term health-related quality of life
for patients with early GC (2, 3). Regrettably, a larger population of people is already in the
advanced stage at the first diagnosis for rarely present symptoms. Although a combination of
surgical resection with adjuvant chemotherapy is the preferential option for advanced GC, the
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survival outcome stays disappointing, dropping a median overall
survival of 10-12 months (4, 5). Hence, searching for new
strategies, such as immunotherapy, targeted therapy, and
making clinical transformation remain urgently needed.

Of note, the occurrence and development of tumor cannot be
isolated from the tumor microenvironment (TME). The
surrounding microenvironment “soil” is to facilitate the
survival and thriving of tumor cell “seed” via substantial
reciprocal crosstalk between cell-cell or cell-non-cell
components (6). TME is generally a complex network and
largely composed of the stroma of tumor, covering
mesenchymal stem cells (MSC), cancer-associated fibroblasts
(CAF), endothelial cells (EC), pericytes, immune cells,
vasculature together with the extracellular matrix (ECM)
surrounding the cancerous tissue (7–9). Contrast to stroma
under normal physiological conditions, which encompasses
structural and supportive framework to maintain the stability
of tissues and suppresses cancer proliferation, the tumor stroma
is in an active state and has been documented to be firmly
correlated with the aggressiveness and unfavorable clinical
outcomes of a spread of malignancies including GC (10–12). A
cohort study with 583 gastric adenocarcinomas demonstrated
that stroma-rich patients tend to acquire a worse 5-year
prognosis than stroma-poor ones, no matter in intestinal or
diffuse histological phenotype (13). Other studies suggest tumor-
stroma ratio a reliable prognostic indicator to optimize risk
stratification in GC for the ability to quantify the effect of
tumor-stroma interactions on tumor biology (14, 15). Such
evidence sheds light on the important role of stroma for tumor
development, which would arise novel anti-cancer strategies
focusing not restrictive on cancer cells.

Among the stromal cells, MSC, a population of non-
hematopoietic cells with self-renewal capacity, multi-
differential potential, and immune-modulatory property, have
received recent attention as a key contributor in directing tumor
behavior and TME remodeling. MSC are spindle-shaped cells
and capable of forming colonies when originally isolated from
the hematopoietic microenvironment of bone marrow (BM),
also named colony-forming unit-fibroblast (CFU-F) (16). Then
the International Society for Cellular Therapy (ISCT) enacted the
minimal criteria for better isolation of these cells: firstly, be
plastic-adherent; secondly, highly express (>95%) surface
molecules of CD73, CD90, CD105 and lack expression of
(<2%) CD45, CD34, CD14, CD11b, CD79a, CD19 and HLA-
DR; thirdly, hold the ability to differentiate into osteoblasts,
adipocytes, and chondroblasts ex vivo (17). Over time, other
surface antigens, like CD271, STRO-1, CD106 and CD146 come
to be accepted and recognized for MSC identification (18, 19).
MSC used to arouse excitement for regenerative medicine owing
to they can quickly engraft to inflammatory cytokines or
chemoattractant gradients produced by injured tissue and
organs to exhibit their tissue healing functions, alone or in
combination with other methods (20, 21). With the hypothesis
“tumor equates wound that never heals” arises, the function of
MSC in tumors has been realized to parallel the role of MSC in
wound healing that actively promotes MSC from bone marrow
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or adjacent tissues to mobilize into the TME (22, 23). In a mouse
model of hepatocellular carcinoma (HCC), MSC possess distinct
homing profiles and contribute to a significant rapid depletion
from circulation in cancerous condition (24). The result is
consistent with findings in the patients with GC showing that
an intensified peripheral trafficking of MSC in comparison to
healthy individuals; and the egressed MSC are commonly
aggregated in tumor bulks over adjacent normal tissues (25,
26). That throws the great interest to explore the possible roles of
MSC in tumor progression and aggressiveness which previously
may be neglected in GC-stroma interactions. In the following, we
mainly cover recent advances in the interactions between MSC
and GC, the role of MSC in rewiring the nearing cancer stroma,
and potential underlying mechanisms. Furthermore, fresh
boundaries regarding the potential application of MSC in GC
are also within our discussion to inspire more preventive and
therapeutic strategies.
THE RECRUITMENT AND
REPROGRAMMING COURSE OF
NAÏVE MSC INTO GC-MSC

The Tropism and Remodeling of
Naïve MSC
GC as well as its progression niche is a reservoir of cytokines,
chemokines, growth factors that specifically drive the tropism
and motility of BM-derived cells including MSC. Under the co-
culture system, the migratory ability of BM-MSC could be raised
up to two- to threefold because of the high expression of CXC
receptor 2 (CXCR2) in response to CXC ligand 1 (CXCL1), a
chemokine stimulating factor released from cancer cells (26).
Except for this, chemotactic signals derived from GC such as C-C
chemokine ligand 19 (CCL19) and CXCL12 would also augment
the migration potential of MSC to cancer in a dose-dependent
manner, while the concrete mechanisms still to be further
investigated (27). On the other hand, it is important to note
that Hp infection would accelerate the trafficking of MSC into
the stomach at the early stage of carcinogenesis. Hp-mediated
chronic inflammation of gastric epithelial cells would
significantly increase the secretion of tumor necrosis factor-
alpha (TNF-a), an appreciable molecule in stimulating MSC
migration in Nuclear Factor-kappa B (NF-kB)-dependent
manner (28). Subsequently to being recruited, the naïve MSC
[mainly refers to BM-MSC or MSC isolated from adjacent non-
cancerous tissue (GCN-MSC)] were relentless to be educated by
GC cells to become specialized ones equipped with the tumor-
supporting capacity (29). Moreover, the immunomodulatory
function of MSC could also be modified via the activation of
the NF-kB signaling pathway, to strengthen their activation
ability to immune cells (30). Intriguingly, a recent finding
suggested that BM-MSC incorporated into metastatic lymph
node microenvironment could be reprogrammed by cancer
cells. Yes-associated protein (YAP) activation elicited
by exosomal Wnt5a from lymph node-derived GC cells,
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was verified pivotal for their reprogramming into cancer-
associated MSC (31).
Characterization of GC-MSC
Evidence incline to depict that GC-MSC and naïve MSC share
equivalent spindle-shaped morphology, similar surface antigens
and stem cell-related gene expression. GC-MSC are positive for
CD13, CD29, CD44, CD73, CD90 and CD105, but negative for
CD14, CD31, CD34, CD38, CD45, CD71, CD133 and HLA-DR,
among which the expression of CD105 was strongly associated
with the poor prognosis of GC patients (12, 32–34). Another
study denoted that the higher co-expression of CD29 and CD90
are more commonly seen in GC-MSC than GCN-MSC, and was
correlated with more advanced pathological stage, worse disease-
free survival and overall survival (35). In comparison with naïve
MSC, GC-MSC seem to be on a less quiescent stage,
ultrastructurally, phenotypically and functionally. GC-MSC
typically feature greater number of cell organelles, such as
mitochondria and endocytoplasmic reticulum, and higher
expression of proliferation-related genes, all of which are
coincide with their greater proliferative potential (32). Besides,
GC-MSC display a stronger intensity of reactive stroma cell
markers including fibroblast activation protein (FAP) and a-
smooth muscle actin (a-SMA) (36). In virtue of the
reprogramming by cancer cells, GC-MSC exhibit a higher
secretion of inflammatory cytokines than naïve MSC, e.g.,
interleukin-6 (IL-6), IL-8, transforming growth factor b1
(TGF-b1), ect, which in turn display superior efficiency in
facilitating cancer cell growth, invasion, migration and
tumorigenesis in vitro and in vivo (36, 37).
Frontiers in Oncology | www.frontiersin.org 3124
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Aberrantly Activate Oncogenic
Cell Signaling
MSC are capable of reprogramming GC cells to orchestrate the
proliferation, invasion, migration and chemoresistance, via
stimulation of oncogenic signaling pathways associated with
aberrantly growth or transforming (Figure 1). The enhanced
secretion of IL-8 from GC-MSC has been linked to cancer
progression by inducing the activation of protein kinase B
(AKT) and extracellular signal-regulated protein kinase (ERK)
1/2 signaling pathway (37). Moreover, GC-MSC could robustly
express hepatocyte growth factor (HGF) as ligand of c‐MET to
trigger phosphorylation of its downstream signaling cascade in
cancer cells, and aberrant HGF/c-MET axis has been well-
established to be critical for GC progression (38). Recently,
researches highlighted the crucial mediator of CXCR6 and
signal transducer and activator of transcription 3 (STAT3)
pathway, which suggest a prominent production of CXCL16 in
MSC via the activation of Wnt5a/Ror2 signaling axis, in turn,
activates its corresponding receptor CXCR6 to increase the
expression of Ror1 via the activation of STAT3, eventually
resulting in the promotion of proliferation and migration of
GC cells (39, 40). In addition to these, emerging studies have
uncovered the oncogenic potential of platelet-derived growth
factor (PDGF)-DD/PDGFR-b axis (41) and YAP/b-catenin
signaling (42) in the MSC-induced cancer initiation and
progression, and blocking or interference of these signals has
designated a certain positive significance for the treatment of GC.

Exosomes prove a kind of small lipid bilayer membrane vesicles
delivering intercellular communication bioactive molecules, like
FIGURE 1 | The reprogramming of GC by MSC. MSC could reprogram the biological activities of gastric cancer cells, mainly through aberrantly activate oncogenic
signals, metabolic reprogramming and epithelial-to-mesenchymal transition, contributing to cancer cells proliferation, invasion, migration and resistance
to chemotherapy.
May 2021 | Volume 11 | Article 617677

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


Li et al. MSC in GC
miRNAs, long non-coding RNAs (lncRNAs), and proteins to
reshape the biological behavior of adjacent cells or remote targets
of the body (43, 44). As research conducted by Ji et al. (45), the
exosomes from MSC can trigger the calcium-dependent protein
kinases (CaM-Ks) and its downstream RAF/MEK/ERK signaling
cascade, elevating the expression ofmulti-drug resistant proteins in
cancer cells to counteract 5-fluorouracil (5-FU) induced cell
apoptosis, however, the exact molecules in exosomes that mediate
this effect have yet been identified. Ubiquitin-protein ligase E3
component n-recognin 2 (UBR2) is a kind of protein that accounts
for ubiquitination and degradation, was found to highly aggregate
in exosomes of especially p53 deficient BM-MSC, could be
internalized into GC cells and induce the activation of Wnt/b-
catenin pathway to promote cell proliferation, migration and
stemness maintenance (46). In addition, evidence has clarified
that miRNAs are deregulated in exosomes of GC-MSC, to be
transferred to transcriptionally modulate cancer aggressiveness, of
which miR-221 deregulation has been linked with various
tumorigenic pathways (47, 48).

Dysregulate Metabolic Plasticity
Metabolic reprogramming has been proposed as a new hallmark for
cancer progression. Emerging discoveries highlight that MSC could
dysregulate cellmetabolismtoconferGCcells stemness andtolerance
to drug stress (Figure 1). He et al. (35) proposed that TGF-b1
secretion byMSC co-opt TGF-b receptors inGC cells could raise the
expression level of lncRNA MACC1-AS1, which have sponge
interaction with miR-145-5p to boost the expression of CPT1, the
fatty acid oxidation (FAO) speed-limiting enzyme, subsequently
decreasing reactive oxygen species (ROS) production and cell
apoptosis under 5-FU and oxaliplatin. Mechanistically, MACC1-
AS1also is found toaugment the expressionofMACC1, anoncogene
and a poor prognosis marker in GC, to elevate glutathione and
nicotinamide adenine dinucleotide phosphate (NADPH) levels and
sustain a lower ROS load under metabolic stress (49). In another
study, MSC-induced lncRNA histocompatibility leukocyte antigen
complex P5 (HCP5) inGC cells was demonstrated to serve as amiR-
3619-5p sponge to facilitate FAO via the transactivation of CPT1,
thereby alleviating the cell cycle arrest effect of cancer cells caused by
chemotherapeutics (50). Besides, the antagonist of CPT-1 could
remarkably reverse the MSC-induced tumor growth under
FOLFOX regiment treatment in vivo (35), indicating that
deregulated FAO could be a key regulator of MSC-mediated
chemoresistance in GC and a potential target for anti-
resistance interventions.

Elicit Epithelial-to-Mesenchymal
Transition (EMT)
Phenotypic transition occurs in GC cells when close physical
contact with MSC as well (Figure 1), they adopt mesenchymal
phenotype including longitude ridging, ruffled membranes and
finger-like extensions, concomitantly with increased level of a-
SMA, N-cadherin, vimentin and Snail and repressed expression of
cellular adhesionmolecules especiallyE-cadherin (51–53).EMT is a
dynamic process and the mesenchymal traits endow the malignant
cells migratory and invasive capacities, and the susceptibility to
Frontiers in Oncology | www.frontiersin.org 4125
cancer intravasation and metastasis. The paracrine signals of MSC
also induce EMT to promote transendothelial migration,
mechanistically, dependent on high expression of snail, twist, b-
catenin and matrix metalloproteinase-16 (MMP-16) (52).
Moreover, the activation of PI3K/AKT signaling pathway was
shown to be linked with the process (51). Intriguingly, researchers
found cell fusion maybe one of the underlying mechanisms in the
MSC-primed EMT. Hybrids acquire the mesenchymal and
stemness proteins, enhanced proliferation and migration
potential during a physical fusion event with MSC (54). Notably,
hybrids generated by MSC and immortalized non-tumorigenic
human gastric epithelial cells also undergo EMT and are
vulnerable to be malignant transformation, which makes a
difference in cancer initiation (55).
MSC REMODELING THE GC STROMA

Immunosuppression Potential of MSC
Not only function directly back upon tumor cells to boost the
growth and progression, but MSC are also involved in the
continuous updating and transformation of stroma components,
for the aim of enhancing their tumor-supporting roles and
accommodating the rapid metabolic process of tumors (Figure
2). The immunomodulatory property of MSCs has been well
exploited to prevent and treat severe graft-verse-host diseases
(56). With the reprogramming of GC, MSC incorporation
engraftment the TME could modulate the differentiation,
polarization or anergy of immune cells thus offering local
immune-suppressive milieu. GC-MSC, mainly by extracellular
cytokines secretion, such as IL-15 contained in the conditioned
medium (CM) could predispose peripheral blood mononuclear
cells (PBMC) to skew their differentiation into regulatory T (Treg)
population (57). The balance ofTreg andTh17 subsets defines a key
regulator for immune homeostasis for they exert the opposite
immune-modulatory functions (58). Consistently, a study
conducted by Wang et al. (59) revealed that by the joint
activation of GC-MSC, the enhanced differentiation of Treg
subsets and the suppressed Th17 cells proliferation can reverse
the tumor-inhibitory effect of PBMC to significantly improve GC
growth potential and facilitate liver metastases formation in vivo.
Li and colleagues (60) have shown that GC-MSC also perform an
intricate crosstalk with macrophages to drive the conversion of
macrophages toward alternatively activated, immunosuppressive
M2 phenotype, which exhibit a higher potential in promoting GC
invasion andmetastasis than that ofGC-MSC. Importantly, theM2
phenotype has been manifested to play extensive roles in immune
tolerance, neo-angiogenesis, pre-metastatic niche formation for
GC advancement (61). Mirroring macrophages, the IL-6 enriched
in the GC-MSC-CM can stimulate the phosphorylation of STAT3
and ERK1/2 in neutrophils, promoting their recruitment and
activation into a pro-tumor phenotype that would finely
cooperate with GC-MSC to synergistically prompt cancer
migration and angiogenesis (34). Intriguingly, GC-MSC could
induce the anergy and silence of immune potency through the
secretion of IL-8 to upregulate the expression level of PD-LI in GC
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cells that drive the exhaustion of CD8 T cells, resulting in immune
resistance and contributing to GC progression (62). Emerging
research spots that the immunophenotype of GC-MSC are also
influencedby theCD4Tcells via the p-STAT3 signalingpathway to
boost cancergrowth rate-promoting role ofGC-MSCs, highlighting
that TME is a huge complicated signaling network in which tumor
cells, immunecells,MSCandother components are in amulti-angle
communication to facilitate cancer progression (63).

Vascularization and ECM Remodeling
Neovascularization provides favorable conditions for tumor
invasion and metastasis and is therefore considered a marker of
poor prognosis. Under the pretreatment of GC-CM in vitro, MSC
Frontiers in Oncology | www.frontiersin.org 5126
would elevate the expression of vascular endothelial growth factor
(VEGF), macrophage inflammatory protein-2 (MIP-2), TGF-b1,
IL-6, and IL-8, among them VEGF being highly angiogenic works
prominently in vascular development (37). Consistent with the
prior finding, Feng et al. (64) proposed that VEGF production, in
collaboration with NF-kB signaling in GC-MSC, could induce
angiogenesis through driving the human umbilical vein
endothelial cells (HUVEC) tube formation, suggesting the active
involvement of GC-MSC in tumor neovascularization, while the
inherent regulation mechanisms in VEGF/NF-kB signaling
remains unquestioned. MSC are observed to trans-differentiation
into ECwith the induction of basic fibroblast growth factor (bFGF)
or VEGF, and RNA chip result indicates the intrinsic epigenetic
FIGURE 2 | Schematic diagram for the role of MSC in the remodeling of GC stroma. MSC could be recruited into cancer stroma and are involved in the continuous
updating and transformation of stroma components. Via secretion of various cytokines, e.g., IL-6, IL-8, IL-15, MSC modulate the Treg differentiation, macrophage
polarization, neutrophil recruitment and activation, exhaustion of CD8 T cells, thus offering local immune-suppressive milieu. MSC could also secret VEGF and MMPs
to induce neovascularization and ECM degrading, or directly differentiate into CAF to exhibit synergistic effect in remodeling cancer cells and stroma.
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modifications of MSC affect their differentiation into multiple cell
lineages including EC that reshape the surrounding pathological
GC stroma, hence MSC probably directly give rise to EC to
contribute to GC vascular network (65–67). Additionally,
experimental evidence shows that MSC are able to give rise to
CAFwith the activation ofTGF-b derived fromGC-exosomes (68).
CAF are well-demonstrated stromal cells and are often coordinated
and overlapping withGC-MSC in reprogramming tumor itself and
the stroma vicinity to contribute to cancer invasion andmigration,
acquired chemoresistance and EMT (69–71). Hp infection in GC
cells would therefore enhance the expression of hepatoma-derived
growth factor (HDGF)which also accelerates the transition ofMSC
into CAF and amplify their synergistic effects (72). Former studies
stressed the role of CAF in ECM remodeling that control the
aggressiveness and metastasis of cancer cells (73, 74). However,
newly data indicate that secretion ofMMP-2,MMP-7,MMP-9 and
MMP-14, matrix metalloproteinases needed for ECM degradation
are also increased in MSC to destruct external barriers to facilitate
GC invasion and migration (75).
THE PROSPECTS OF MSC IN
TARGETED THERAPY

MSC Act as Drug Delivery Vehicles
With their inherent advantages, like tumor andmetastases tropism,
easy isolation, low immunogenicity, MSC are ideal vehicles for
tumor-directed therapy to raise efficacy (Table 1). Recently, a novel
polymer AHP-OA-FA has been employed to infuse withMSC that
enhance the tropism into GC with increased drug concentration
and aggregation in local tumor lesions than pure MSC, and the
polymer exerts no impact on the surface marker, proliferative
capacity and motility of MSC, thus could be serving as more
potent carriers for targeted therapy (84). Prerequisites for
Frontiers in Oncology | www.frontiersin.org 6127
application of MSC are that the therapeutic agents they
transported can be released after reaching the tumor site and
exhibit strong toxicity only to tumor tissues. Cai and coworkers
(76) established immuneapoptotin-armored MSC which
continually secrete immuneapoptotin e23sFv-Fdt-tBid and
exhibit significantly killing effect to GC cells expressing HER2 in
vitro study. Importantly, after being intravenously administered in
HER2 reconstituted syngeneic mouse models, these primed MSC
exhibit persistent localization at tumor areas, display markedly
stronger immunoapoptotin staining and better anti-tumor effect in
comparison with direct delivery of the purified immunoapoptotin
or delivery by Jurkat cells, indicating thatMSCmobility can be well
extended for the specific killing of HER-2 overexpressed GC.
Besides, MSC expressing a transgene encoding NK4, the
antagonist of HGF receptors, were observed to migrate and
accumulate in tumor tissue, and effectively inhibit GC growth via
suppressing tumor angiogenesis as well as triggering tumor cell
apoptosis (77). Inmuch the sameway, umbilical cord blood (UCB)-
MSC being infected with lentivirus vectors carrying LIGHT (TNF
receptor superfamily) genes are also reported to induce severer
apoptosis ofGCcells (78). These trails illustrate thatMSCas vectors
possess a large scope of complexity, including apoptosis-inducing
genes, oncolytic viruses, cytotoxic agents and anti-angiogenic
agents. To our interest, a recent study demonstrated that MSC
could also be modified to carry hemoglobin genes and supply
oxygen to GC cells to reverse the hypoxic microenvironment and
reduce the resistance to cisplatin and 5-FU (79). However, there are
still lacking in evidence to ensure that the engineered MSC do not
cause tumor progression or recurrence after long periods of
infiltrating in cancer stroma. The first prospective, uncontrolled,
single-arm phase I/II study on MSC-based therapy using
autologous genet ical ly modified MSCs in advanced
gastrointestinal adenocarcinoma (TREAT-ME1) has been
finished and suggested that MSC_apceth_101 cells (a total dose of
TABLE 1 | Summary of applications of MSC in targeted therapy of GC.

Mechanism of action Source of MSC Anti-tumor compound Effects References

MSC as anti-tumor drug vectors BM-MSC Immunoapoptotin e23sFv-Fdt-tBid Tumor growth↓ (76)
BM-MSC NK4: antagonist of hepatocyte growth factor receptors (Met) Tumor necrosis↑;

microvessel formation↓
(77)

UCB-MSC LIGHT(TNFSF14):TNF receptor Tumor apoptosis↑ (78)
BM-MSC Hemoglobin genes (HBA2 and HBB) Chemotherapeutic effect↑ (79)

Target the MSC recruitment BM-MSC AMD3100: inhibitor of CXCL12/CXCR4 signaling axis Tumor growth↓;
gastric dysplasia↓

(80)

BM-MSC SB225002: CXCR2 inhibitor Tumor necrosis↑;
growth↓;
lymph node metastasis↓

(26)

Target the MSC-GC interactions GC-MSC Resveratrol EMT↓; metastasis↓ (81)
BM-MSC Anti-IL-6 antibody

Anti-IL-8 antibody
Anti-CCL-5 antibody
17b- estradiol

Tumor invasiveness↓ (82–84)

BM-MSC Etomoxir (ETX): inhibitor of FAO Cancer stemness↓;
chemo-resistance↓

(35)

GC-MSC YAP shRNA Tumor migration↓; invasion↓;
pro-angiogenic ability↓

(41)

GC-MSC PDGF-DD siRNA or su16f Tumor proliferation↓;migration↓ (42)
GC-MSC Curcumin Tumor angiogenesis↓ (64)
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3.0×106 cells/kg) expressing herpes simplex virus tyrosine kinase
(HSV-TK) combined with ganciclovir was safe and could be well
tolerated (85, 86). While it is a small study with 10 patients and no
GC cases included, thus future multicenter investigations with
larger samples are warranted to realize the safe and effective
transformation of MSC-based therapy into GC settings.

Target the Recruitment Course of MSC
and the Downstream Vicious Signals
In most circumstances, the active recruitment of MSC commonly
occurs ahead of GC initiation, especially in Hp-related
carcinogenesis. Hp induced inflammation milieu is abundant in
functional molecules such as TNF-a, TGF-b, CXCL12 and
interferon g that conducive to MSC recruitment for their tissue
healing functions (28,87–89).Corresponding to thispoint,Ruanetal.
(27) labeled MSC with amino-modified FMNP that keep stable
fluorescent signal and magnetic properties with 14 days to display
out the early gastric cancer (EGC) area, not only being with the
potential of imaging EGC, these MSC also could inhibit tumor
growth markedly under alternating magnetic field irradiation. MSC
aggregating at inflamed stomach further prompts gastric
carcinogenesis mainly through EMT once they fail to repair (55,
90). Hence earlier Hp eradication or intercepting MSC recruitment
would make a difference to suspend carcinogenesis and progression
(Table 1). Prior study has manifested that the AMD3100, an
inhibitor of the CXCL12/CXCR4 signaling axis, could block
the transformation of MSC into a-SMA+ myofibroblasts and the
recruitment of MSC, inhibiting tumor growth and the development
of gastric dysplasia (80). Similarly, the administration of antagonists
of the CXCL1/CXCR2 axis was found to block theMSC recruitment
in the GC mice model, decreasing the size of tumors as well as the
number of lymph node metastases (26). On the other hand, directly
disrupt inter-communication betweenMSC and GC also offer novel
insights forGC treatment (Table 1). Such as resveratrol, which could
suppress and revert the pro-metastatic effect of GC-MSC via
counteracting GC-MSC-mediated Wnt/b-catenin signaling of GC
cells (81). Curcumin is a bioactive compound and found to abrogate
the NF-kB signaling and VEGF production to attenuate the GC-
MSC-triggered tumor angiogenesis (64). In addition to these, several
researchers have successfully adopted specific neutralizing antibodies
of IL-8, IL-6, and CCL-5 to inhibit MSC-mediated GC invasive
motility, and 17b- estradiol also impair the functions of IL-8, IL-6,
andCCL-5 under the same context via ceasing the activation of their
downstream Src/Cas/Paxillin signaling pathway, thus hormonal
therapy might be anticipated based on MSC activity (82, 83, 91).
CONCLUSIONS

MSC,with theirmulti-lineage differentiation and immune privilege
nature, have shared great popularity in regenerative medicine and
allogeneic transplantation.As the stromalprogenitorcells, their role
in tumor progression and TME is being put under the spotlight of
tumor researches. Most studies have confirmed the tumor-
contributing role of MSC, while the anti-tumor effect of MSC
gradually unveils in several cancer types such as melanoma;
glioma; HCC (92–94). Also, there are opposite results clarifying
Frontiers in Oncology | www.frontiersin.org 7128
that MSC from human adipose tissue and the umbilical cord could
inhibitGCprogressionand induce apoptosis of cancer cells (95, 96).
One convincing explanation of the discrepancy attaches
importance on the process of reprogramming of tumor cells that
convert naïve MSC, which often exert a divergent effect on tumor
progression, into pro-tumorigenic educated tumor-associated
MSC. However, other factors, like the differences among tumor
models, the heterogeneity ofMSC, the timing and dose of theMSC
injected are also accepted to influence the process of MSC-
cancer interactions and lead to inconsistent results [reviewed
in (97, 98)].

This review stresses the reciprocal crosstalk of malignant cells
andMSC in the progression ofGC,which canpartly account for the
complexity and heterogeneity of tumor-stroma connections. GC
and the secret mediators in the niche would induce MSC
recruitment and educate them into cancer-associated MSC with
stronger tumor-promoting potential. In response, through cell
physical contact or secretomes, MSC could aberrantly motivate
oncogenic signals, deregulatemetabolic plasticity and elicit EMT in
GC cells to promote proliferation, invasion, migration and
chemoresistance. Indirectly, reprogrammed MSC can deliver
their signals horizontally to non-tumor cells in the TME to boost
their pro-tumor functions with the repression of local immune
response, stimulation of tumor angiogenesis and ECM remodeling.
Given thatMSChomingoccurs early in theprecancerous stage, they
canbeused for the detectionofEGC.And theyare also ideal carriers
to deliver anti-cancer agents to tumor lesions with their low
immunogenicity and well-accommodation, an increased
concentration and lethality of drugs in target tissues would be
expected. While further researches are warranted to identify
whether the tumor-promoting role of MSC would override the
inhibiting effect from drugs they delivered. In addition, the
reciprocal reprogramming of MSC and GC as well as their
domino effect spread to the TME prove beneficial for tumor
growth and progression, strategies intercepting these vicious
signaling connections represent a hopeful prospect in GC
treatment. Taken together, the reciprocal reprogramming of GC
andMSCtriggersmore active tumor-supporting signals that sustain
tumor progression and remodel the surrounding pathological
stroma. The tumor tropism nature of MSC and their extensive
roles in GC deserve more in-depth investigation as they earn
promising targets for cutting-edge cancer treatments.
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Background: Cholangiocarcinoma is an aggressive carcinoma with increasing incidence
and poor outcomes worldwide. Genomic instability and alternative splicing (AS) events are
hallmarks of carcinoma development and progression. The relationship between genomic
instability, AS events, and tumor immune microenvironment remain unclear.

Methods: The splicing profiles of patients with cholangiocarcinoma were obtained from
The Cancer Genome Atlas (TCGA) spliceSeq database. The transcriptomics, simple
nucleotide variation (SNP) and clinical data of patients with cholangiocarcinoma were
obtained from TCGA database. Patients were divided into genomic unstable (GU-like) and
genomic stable (GS-like) groups according to their somatic mutations. Survival-related
differential AS events were identified through integrated analysis of splicing profiling and
clinical data. Kyoto Encyclopedia of Genes and Genomes enrichment analysis was used
to identify AS events occurring in genes enriched in cancer pathways. Pearson correlation
was applied to analyze the splicing factors regulating AS events. CIBERSORT was used
identify differentially infiltrating immune cells.

Results: A prognostic signature was constructed with six AS events. Using this signature,
the hazard ratio of risk score for overall survival is 2.362. For TCGA patients with
cholangiocarcinoma, the area under the receiver operating characteristic curve is
0.981. CDK11A is a negative regulator of survival associated AS events. Additionally,
the CD8+ T cell proportion and PD-L1 expression are upregulated in patients with
cholangiocarcinoma and high splicing signatures.
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Conclusion: We provide a prognostic signature for cholangiocarcinoma overall survival.
The CDK11A splicing factor and SLC46A1-39899-ES and IARS-86836-ES AS events
may be potential targets for cholangiocarcinoma therapy. Patients with high AS risk score
may be more sensitive to anti-PD-L1/PD1 immunotherapy.
Keywords: cholangiocarcinoma, genomic instability, alternative splicing, immunotherapy, overall survival
INTRODUCTION

Cholangiocarcinoma describes a group of carcinomas that occur in
the biliary tree. Cholangiocarcinoma accounts for approximately
15% of all primary liver tumors and 3% of gastrointestinal cancers
and the incidence of cholangiocarcinoma is increasing globally (1).
In early stages cholangiocarcinoma is asymptomatic, leading to
diagnosis in advanced stages and poor patient prognosis (2). The 5-
year survival rate for patients with cholangiocarcinoma is 7–20%
and tumor recurrence rates after resection remain disappointing (3).
Therefore, there is an urgent need to find new biomarkers for
cholangiocarcinoma diagnosis and prognosis.

Genomic instability is a driving factor of caner (4), and is
associated with poor outcome in patients with cholangiocarcinoma
(5, 6). To date, the molecular mechanisms of genomic instability in
cholangiocarcinoma remain unclear. Recently, some microRNA
(miRNA) 48 and long non-coding RNA (lncRNA) signatures
associated with genomic instability have been identified. These
signatures have efficiently predicted the outcome of ovarian cancer
and breast carcinoma (7). However, whether alternative splicing (AS)
events are associated with genomic instability remains unclear.
However, whether genomic instability-related alternative splicing
events predicted the outcome of cholangiocarcinoma
remains unclear.

AS is a process through which exons within the same gene are
expressed in different combinations, allowing a single gene to
produce different proteins at different times and in different
environments (8). The unbalanced expression of different
isoforms of a single gene is recognized as contributing to the
tumorigenesis and progression of numerous carcinomas (9).
CD44v8-10 isoforms are upregulated in cholangiocarcinoma,
and promote the proliferation of cholangiocarcinoma cells
(10). Similarly, AS alternative events in WISP1v, Nek2B,
DEX2TFF2, Foxp3D3, D133p53, PKM2, EP3−4, and AGR2vH
are associated with the proliferation, migration, and invasion of
cholangiocarcinoma cells (11).

In addition to affecting tumor cells, AS affects immune cells in the
tumor microenvironment. Unbalanced ESRI1 isoforms are linked
with infiltrating lymphocyte activity and patient survival (12).
Similarly, AS events have been evaluated as predictive biomarkers
for tumor immunotherapy in gastric cancer and squamous cell
carcinoma (13, 14). Therefore, dysregulated AS events may serve as
prognosis indicators and as potential therapy targets.

In this study, we describe a new prognostic signature model
based on genomic instability derived AS events. Additionally, we
explore the splicing factors that regulate the alternative splicing
events recruited in our model. Furthermore, we analyzed the
infiltrating immune cells correlated with this prognostic signature.
2133
METHODS

Data Collection
Transcriptomics, simple nucleotide variation, and clinical
phenotype data of patients with cholangiocarcinoma (n = 36)
were downloaded from The Cancer Genome Atlas (TCGA)
database (https://tcga-data.nci.nih.gov/). AS data of patients
with cholangiocarcinoma (n = 36) were downloaded from the
TCGAspliceSeq database (http://bioinformatics.mdanderson.
org). Percent splicing index values for AS events were applied
to reflect the likelihood of each AS event.

Identification of Genomic Instability
Associated AS Events
To identify genomic instability associated AS events, a mutator
hypothesis-derived tumor genome computational framework
combining Percent Spliced In (PSI) values of AS events and
somatic mutation profiles was developed (Figure 1). This
framework involved calculating the cumulative quantity of
somatic mutations for each patient, and ranking patients in
descending order of somatic mutation quantity. Then, the top
25% (n = 9) and the last 25% (n = 9) of patients were defined as
genomic unstable (GU-like) and genomic stable (GS-like) group
respectively. PSI values of AS events were compared between GU-
like and GS-like groups with significance analysis of microarrays
method. Differential AS events were defined as p < 0.05.

Identification of Survival Associated AS
Events and Construction AS Related
Prognostic Signature
The AS events were visualized by Upset plot using UpSetR
package (R version 4.0.3). Survival associated AS events were
identified by univariate Cox regression using R software. AS
events with P < 0.05 were used in further research. Lasso
regression was performed to remove AS events having high
correlation with each other. Multivariate Cox regression was
performed to determine the prognostic value of each AS event.
Finally, the prognostic signature model was constructed: Risksc
ore = Sn

i PSIi ∗ bi (b represents the regression coefficient of
each event).

Prognostic Signature Validation
Based on risk score, patients with cholangiocarcinoma were
divided into two groups (high/low risk). K-M survival curve
and Log-Rank tests were applied to compare overall survival
(OS) between high and low risk groups. The ROC curve was
applied to validate the predictive effect of the prognostic
signature by calculating 5-year survival in R 4.0.3. Univariate
May 2021 | Volume 11 | Article 666847
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Cox regression and Multivariate Cox regression were applied to
calculate the hazard ratio (HR) of the high-risk score in OS.

Correlation Between Splicing Factors and
Survival Associated AS Events
Information about 404 splicing factors was obtained from a
previous study (15). The expression of splicing factors was
obtained from TCGA database. Pearson correlation analysis
was performed to assess the relationship between splicing
Frontiers in Oncology | www.frontiersin.org 3134
factor expression and the PSI value of AS events. Splicing
factors and AS events with P < 0.05 and correlation coefficient
> 0.7 were selected for building correlation plots with
Cytoscape 3.7.2.

Immune Cell Infiltration Analysis
CIBERSORT algorithm (http://cibersort.stanford.edu/), a
computational framework providing immune cell type
information from RNA profiles (16), was used to analyze the
FIGURE 1 | Flow diagram of the approach used in this study.
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infiltering immune cells in cholangiocarcinoma tissue. Twelve
cases with CIBERSORT P values were selected for the further
analysis. These cases were divided into high-risk (n = 4) and low-
risk (n = 8) groups based on their risk scores. The differential
immune cell types between high- and low-risk groups were
identified using the vioplot package of R 4.0.3.
RESULTS

Clinical Characteristics and Integrated
AS Events in Patients
With Cholangiocarcinoma
The workflow of this study is shown in Figure 1. In total, 36
patients with cholangiocarcinoma were enrolled in this study
from TCGA. The baseline characteristics of enrolled patients are
listed in Table 1. We identified 2146 alternate acceptor (AA)
events in 1639 genes, 1846 alternate donor (AD) events in 1406
genes, 4877 alternate promoter (AP) events in 2700 genes, 5204
alternate termination (AT) events in 2965 genes, 9480 exon
skipping (ES) events in 4768 genes, 105 mutually exclusive exon
(ME) events in 103 genes, and 1856 retained intron (RI) in 1303
genes (Figure 2A).
Identification of Genomic Instability
Related AS Events in Patients
With Cholangiocarcinoma
To identify genomic instability related AS events, the cumulative
quantities of somatic mutations in each patient were calculated
and sorted in descending order. The top 25% (n = 9) and bottom
25% (n = 9) of patients were assigned to GU-like and GS-like
Frontiers in Oncology | www.frontiersin.org 4135
groups, respectively. Then the AS events in patients in GU-like
and GS-like groups were compared to identify differential AS
events. In total, 644 differential AS events, with P values < 0.05,
were identified. A heat map of the top 40 differential AS events
was constructed (Figure 2B). Genes involved in the differential
AS events were enriched 10 Gene Ontology (GO) and 25 KEGG
pathways (Figures 2C, D).
Construction of Survival-Associated AS
Prognostic Model
Univariate cox regression analysis with P < 0.05 identified 26 AS
events associated with cholangiocarcinoma progression (Figures
3A, B). Lasso regression analysis was performed on the 26 OS-
related AS events to identify the events highly associated with
cholangiocarcinoma (Figures 3C, D). Multivariate cox
regression was applied to identify independent prognostic AS
events. Finally, six AS events, SLC38A10-44114-AT, IL18BP-
17488-RI, NBPF10-5531-ES, THNSL2-54469-ME, FAM3A-
90629-ES, and KIAA1432-85794-AT, were identified as
independent risk factors for OS in cholangiocarcinoma (Figure
3E). The risk score of each AS event was calculated (Table 2).
Validation of the Prognostic Signature in
Patients With Cholangiocarcinoma
We validated the predictive capability and efficiency of the
prognostic signature. The risk score distribution curve showed
that patients with cholangiocarcinoma and higher risk score have
shorter survival time (Figures 4A, B). K-M survival curve
analysis verified that patients with higher risk scores had
poorer OS, P < 0.05 (Figure 4C). ROC curve (AUC = 0.981)
analysis was performed to validate the efficiency of the risk score
in OS prediction (Figure 4D) and the univariate and multivariate
Cox regression HR values for OS were 2.026 and 2.362,
respectively (Figures 5A, B). Collectively, these data
demonstrate that the risk score of cancer related AS can be
used to predict OS in patients with cholangiocarcinoma. In
addition, we constructed a nomograph model predicting 1-, 3-,
and 5-year survival of patients with cholangiocarcinoma
(Figure 6).

The Splicing Factors Regulating the
Prognostic AS Events
Four AS events and 18 splicing factors were identified using a
Pearson’s correlation R value of > 0.7 and univariate cox
regression P value of < 0.05 (Figure 7). Among these,
SLC46A1-39899-ES, IARS-86836-ES, and ALDH1A3-32741-
AT are upregulated AS events. The remained CDK10-38118-
ES is a downregulated event.

HNRNPC is a core splicing factor that is positively correlated
with down-regulated AS events. CCDC12, CLASRP, CLK4,
RBM5, SEC31B, SRSF5, CIRBP, SNRNP70, ZRSR2, PPWD1,
CLK1, CDK11A, NOSIP, U2AF1L4, RBM26, HNRNPC,
HSPA1B, and CELF2 are core splicing factors that are
negatively correlated with up regulated AS. We examined the
TABLE 1 | Characteristics of patients with cholangiocarcinoma from TCGA database.

Characteristics No. of patients %

Age 100.00
≥70 15 41.67
<70 21 58.33

Sex 100.00
Female 20 57.14
Male 26 74.29

Stage 100.00
I 19 54.29
II 9 25.71
III 1 2.86
IV 7 20.00

T category 100.00
T1 19 54.29
T2 12 34.29
T3 5 14.29

N category 100.00
N0 26 74.29
N1 5 14.29
unknown 5 14.29

M category 100.00
M0 28 80.00
M1 5 14.29
unknown 3 8.57
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relationship between these splicing factors and prognosis in
patients with cholangiocarcinoma. Patients with higher
CDK11A expression levels had higher disease-free survival
rates (P = 0.023) than did patients with lower CDK11A
expression levels. Patients with higher CIRBP expression levels
had higher OS, but the associated P value is approaching
insignificance (P=0.095, Figure 8).

Revealing the Relationship Between
Prognostic Signature and Tumor-
Infiltrating Immune Cells in
Tumor Microenvironment
The tumor-infiltrating immune cells were identified with
CIBERSORT. 12 patients were enrolled in this study with the P
value of CIBERSORT < 0.05. The infiltrated immunes cells in
cholangiocarcinoma are shown in Figure 9A. Among 22 kinds
Frontiers in Oncology | www.frontiersin.org 5136
of immune cells, M2 macrophage are the main cell types that
infiltrate in the cholangiocarcinoma tissue. Compared with low
prognostic signature patients, high prognostic signature patients
exhibited higher proportion of CD8+ T cells (Figures 9B, C).
Additionally, the expression of PD-L1 is upregulated in patients
with high AS risk score (Figure 9D).
DISCUSSION

The increas ing inc idence and poor outcomes for
cholangiocarcinoma mean that biomarkers for diagnosis and
therapy are urgently required. To the best of our knowledge,
the biomarkers widely used in the clinic, including
carcinoembryonic antigens (CEAs), CA-199, CA-242, and CA-
A B

C D

FIGURE 2 | Differential alternative splicing (AS) events between genomic stable (GS-like) and unstable (GU-like) patients. (A) AS events and related genes in
cholangiocarcinoma patients. (B) Differential AS events between GU-like and GS-like groups. (C) Bubble graph showing GO analysis of differential AS events.
(D) Bubble graph showing KEGG analysis of AS events.
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A B

C

E

D

FIGURE 3 | Prognostic signature construction based on differential alternative splicing (AS) events between genomic stable (GS-like) and unstable (GU-like) groups.
(A) Overall survival related AS events in patients with cholangiocarcinoma distinguished by alternate acceptor (AA), alternate donor (AD), alternate promoter (AP),
alternate termination (AT), exon skipping (ES), mutually exclusive exon (ME), and retained intron (RI) splicing mode. (B) Bubble graph of overall survival related AS
events in cholangiocarcinoma with P values and z-scores. (C, D) cvFit and lambda graph of the lasso regression model. (E) Heat map showed the expression of AS
events enrolled in our prognosis model.
TABLE 2 | Multivariate cox model.

id coef HR HR.95L HR.95H pvalue

SLC38A10-44114-AT -15.32 2.23E-07 1.61E-12 0.031 0.011
IL18BP-17488-RI -6.09 0.002 1.23E-05 0.422 0.022
NBPF10-5531-ES -17.24 3.24E-08 2.23E-12 0 <0.001
THNSL2-54469-ME -15.04 2.95E-07 3.19E-11 0.003 0.001
FAM3A-90629-ES -33.3 3.47E-15 3.14E-24 0 0.002
KIAA1432-85794-AT -29.78 1.16E-13 2.78E-23 0 0.008
Frontiers in Oncology | www.frontiersin.or
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50, have limited cholangiocarcinoma diagnostic and prognostic
sensitivity and specify. The technical developments in sequencing
techniques, have led to the wide clinical application of genetic
diagnosis. Recently, transcriptome signatures have been applied
to predict the outcome of cholangiocarcinoma. Wada Y and
colleagues constructed a model based on 8 gene expression
(BIRC5, CDC20, CDH2, CENPW, JPH1, MAD2L1, NEIL3, and
Frontiers in Oncology | www.frontiersin.org 7138
POC1A), which predicts the recurrence of cholangiocarcinoma
with AUC of ROC=0.92 (17). Xiaozai Xie and colleagues
constructed a model predicting the overall survival of
cholangiocarcinoma (AUC of ROC= 0.938) based on 5 lncRNA
expression (18). In this study, we additionally provide an effective
model based on genomic instability-related AS events for
predicting OS with AUC of ROC curve of 0.981.
A

B

C D

FIGURE 4 | Prognostic model validation. (A, B) Survival time and survival status of patients with different risk scores. (C) Survival curve of patients with high and low
risk scores. (D) Receiver operating characteristic curve of the prognostic model.
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Genomic instability has been recognized a hallmark of
carcinoma genesis. Recent studies have paid attentions to the
role of genomic instability in the progression and recurrence
indicating that the degree of genomic instability has prognostic
implication. Although the molecular mechanisms of genomic
instability remain unclear, previous studies have revealed that
alternative splicing (AS) are associated with genomic instability
(19). Some formula based on alternative splicing signature
have been applied to quantify genomic instability degree (20).
Recent studies have focused on the AS network, leading to
Frontiers in Oncology | www.frontiersin.org 8139
the construction of prognostic signature models based on
comprehensive AS events which suitable levels of predictivity
and efficiency for carcinoma prognosis (21–23). Whether
genomic instability-related AS events could effectively predict
prognosis of cholangiocarcinoma remains unclear.

In the present study, we obtained single nucleotide
polymorphism data of patients with cholangiocarcinoma from
TCGA data sets. We identified differential AS events by
comparing patients with genomic stability and those with
genomic instability. Then, Univariate Cox regression analysis
A B

FIGURE 5 | Risk score is an independent risk factor for overall survival in patients with cholangiocarcinoma. (A) Forest plot of univariate cox regression. (B) Forest
plot of multivariate cox regression.
FIGURE 6 | The nomograph model predicting 1-, 3-, and 5-year survival in patients with cholangiocarcinoma based on age, sex, TMN stage, mutation counts, and
risk score.
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revealed 26 differential AS events that were associated with the
OS in cholangiocarcinoma. K-M survival and ROC analyses
showed that this model has robust sensitivity and specify for
predicting OS in patients with cholangiocarcinoma. However, a
study using a larger cohort is needed to verify the efficiency of
our model.

In our prognostic model, we identified the key roles of
SLC46A1 and IARS AS in predicting the OS in patients with
cholangiocarcinoma. SLC46A1 belongs to solute carrier family
and participates in the import of heme folate. Previous studies
show that SLC46A1 is abundant in the liver and is responsible for
iron metabolism (24). Consistent with our results, Hlavac
and colleagues found that SLC46A1 variants are associated
with ERBB2/HER2 status and disease-free survival in
hormonally treated patients with breast carcinoma (25). The
underlying mechanism by which SLC46A1 variants affect
cholangiocarcinoma prognosis requires further research.

Isoleucine-tRNA synthetase (IARS) is responsible for
aminoacyl tRNA biosynthesis, which plays an essential role in
protein translation. Recently, the IARS deficiency has been
associated with human disease (26, 27). Hsu and colleagues
found that IARS expression is upregulated in oral cavity
squamous cell carcinoma (28). Additionally, our results show
that IARS-86836-ES variants are associated with poor OS in
patients with cholangiocarcinoma. The mechanism underlying
this may be associated with insufficient aminoacylation activity
to meet translational demand in tumor cells (29).

We then tried to explore the upstream regulators of prognosis
associated AS events. Differential expression and hotspot
Frontiers in Oncology | www.frontiersin.org 9140
mutations of splicing factor genes have recently been reported
in numerous malignancies, suggesting the importance of splicing
factors in cancer development and progression. Pearson
correlation analysis revealed that CCDC12, CLASRP, CLK4,
RBM5, SEC31B, SRSF5, CIRBP, SNRNP70, ZRSR2, PPWD1,
CLK1, CDK11A, NOSIP, U2AF1L4, RBM26, HNRNPC,
HSPA1B, and CELF2 negatively regulate prognosis associated
AS events. Additionally, patients with cholangiocarcinoma were
divided into high- and low-expression groups based on splicing
factor expression. K-M survival curve analysis revealed that
patients with high CDK11A expression levels had higher
disease-free survival rates. Consistently, previously studies have
reported the tumor-promoting anti-cancer effects of CDK11A
(30, 31). Liu and colleagues also found that CDK11A
upregulation suppresses cellular proliferation by inducing cell
cycle arrest (32).

Recently, immune therapy has emerged as a promising
treatment strategy for solid tumors. We summarized previous
reported transcriptome signatures related to the change of
immune microenvironment in cholangiocarcinoma (Supplement
Table 1). Michele Ghidini and colleagues have revealed the
characterization of the immune-related transcriptome in
cholangiocarcinoma (33). They found that high CTLA4
expression, representing the enrichment of Treg cells, in adjacent
tissue is associated with the poor recurrence free survival of
cholangiocarcinoma. In addition to their study, we analyzed
difference of infiltrated immune cells in patients with different
alternative splicing signature. We found that the proportion
of CD8+ T cells is upregulated in carcinoma tissue of
FIGURE 7 | The regulation relationship between alternative splicing (AS) events and splicing factors. The ovals represent splicing factors. The red triangles represent AS
events associated with poor outcome in cholangiocarcinoma. Green triangles represent AS events negatively associated with poor outcome in cholangiocarcinoma. The
lines between AS events and splicing factors represent the relationship between them. Red lines represent upregulation. Green lines represent downregulation.
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patients with higher splicing signature scores. Ying Zhu and
colleagues found that INF-g secretion by CD8+ T cells may
increase cancer cell PD-L1 expression (34). Upregulated PD-L1
on cancer cells has been recognized as a marker of immune
escape and poor outcome in patients with cholangiocarcinoma
(35). Consistent with this, we found higher levels of PD-L1
expression in the high-risk group. Therefore, the high-risk
Frontiers in Oncology | www.frontiersin.org 10141
group may more effectively respond to anti-PD-L1/PD-1
therapy. Finally, we also produced a nomograph model for
predicting 1-, 3-, and 5-year survival in patients with
cholangiocarcinoma based on age, sex, TMN stage, mutation
counts, and risk score.

In conclusion, we have developed a prognostic signature
for OS in patients with cholangiocarcinoma based on cancer
FIGURE 8 | The receiver operating characteristic curve of alternative splicing (AS) signature related splicing factors in overall survival and disease-free survival in
patients with cholangiocarcinoma.
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pathway-related AS events. Additionally, AS events SLC46A1-
39899-ES, IARS-86836-ES, and the CDK11A splicing factor
may be therapeutic targets for cholangiocarcinoma. Anti-PD-
L1/PD-1 immunotherapy may be a promising therapeutic
strategy for patients with cholangiocarcinoma and high-risk
scores. However, the small sample size used in this study means
that our results require further external examination.
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Background: Esophageal adenocarcinoma (EAC) is the most common kind of
esophageal cancer. Age at diagnosis of advanced EAC is greater. Studies about
practice patterns for elderly EAC patients with distant metastasis (DM) in stage IVB are
limited. This retrospective, population-based study was conducted using data from the
Surveillance, Epidemiology, and End Results (SEER) to evaluate 855 elderly EAC patients
with DM in stage IVB from 2010 to 2015.

Methods: 855 elderly EAC patients with DM in stage IVB between 2010 and 2015 were
included in this study. Univariate and multivariate Cox-regression and Kaplan-Meier
analyses were used to assess prognosis. These patients were classified to bone-only,
brain-only, lung-only, liver-only, and multiple (patients with two or more organs in
metastasis)-site group according to the site of metastasis. Overall survival (OS), cancer-
specific survival (CSS), median survival time (MST), and survival rate (SR) were evaluated
to analyze the survival outcomes.

Results: The most common metastasis site was the liver among the single-organ
metastasis population, followed by lung, bone, and brain. Compared with the bone-only
group, the multiple-site group was associated with worst OS (HR: 1.037, 95% CI: 0.811–
1.327, p = 0.770) and CSS (HR: 1.052, 95% CI: 0.816–1.357, p = 0.695). The multiple-site
group also had the lowest MST in the population (MST: 2 months in OS and 3 months in
CSS) and SR (6-month SR: 27.1% in OS, 29.9% in CSS, 1-year SR: 10.7% in OS, 12.0% in
CSS, 3-year SR: 2.5% in OS, 2.8% in CSS). Compared to untreated patients (N) in the total
population, other patients who were treated with surgery (S), radiotherapy (R), and
chemotherapy (C) are beneficial for the prognosis (OS and CSS: p < 0.001).

Conclusion: This population-based study was conducted to ascertain metastasis
patterns and survival outcomes of EAC patients with DM in stage IVB. Elderly patients
with multiple-site metastasis exhibited the worst OS and CSS among all the populations,
and patients with bone-only metastasis had the worst OS and CSS among single-organ
metastasis populations. Active treatment is beneficial for elderly EAC patients with DM in
stage IVB, especially chemotherapy. This study also shows that more than one third of the
patients had not received any therapy.

Keywords: esophageal adenocarcinoma, elderly patients, treatment, metastasis, prognosis, chemotherapy,
radiotherapy, surgery
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INTRODUCTION

Esophageal cancer (EC) is the seventh leading cause of cancer-
related mortality in America, the sixth leading cause of cancer-
related mortality worldwide, and its incidence continues to
increase (1, 2). According to the incidence data of EC extracted
from 12 countries, the number of EAC cases is expected to
increase rapidly from 2005 to 2030, while the incidence of
esophageal squamous cell carcinoma (ESCC) will continue to
decline (3). The GBD 2017 Esophageal Cancer Collaborators
estimated that there were approximately 473,000 new cases of
EC all over the world in 2017 (age-standardized incidence of EC
was 5.9 per 100,000 population) and 436,000 deaths (age-
standardized mortality of EC was 5.5 per 100,000 population) (4).

With the extension of human life expectancy, the number of
elderly EC patients will increase significantly in the future.
According to the website of Cancer Research UK, more than
57% of EC patients were over 70 years old (5). Yuan Zeng et al.
showed that, among people suffering from EC, compared with
patients under 70 years of age, patients over 70 had distinctive
clinical characteristics and inferior survival rate (6). There were
also many studies of EC patients over 70, which proved that age
alone was not a contraindication for surgery and neo-adjuvant
chemo-radiotherapy made sense in treating EC patients over 70
(7, 8); however, there are no relevant studies on elderly EC
patients with distant metastasis (DM) in stage IVB. Many causes
can lead to death in patients with EC, including nutritional
disorders, cachexia, local invasion of large blood vessels, etc., but
clinical studies indicated that DM was the most common cause
of death (9): because the prognosis of patients with EC is poor
and more than 50% of patients have lymph node or distant organ
metastasis at first diagnosis, it is important to understand the
metastasis pattern and prognosis of elderly EC patients with DM
(9, 10).

To analyze DM patterns and prognosis of different metastasis
groups in a large cohort of the elderly EAC population, we
undertook this study by using the SEER database. As many
studies on elderly patients use 70 years as the age threshold to
define the elderly cohort (11–16), based on site of metastasis,
patients were divided into bone-only group, brain-only group,
lung-only group, liver-only group, and a multiple-site group. We
compared both OS and CSS of these groups with metastasis to
different single organs or a combination of multiple organs.
Other clinicopathological parameters such as gender, race, grade,
T stage, N stage, site of EAC, and treatment were included.
MATERIALS AND METHODS

Data Collection
The SEER 18-Registry custom data (with additional treatment
fields, 1975 to 2016, data set submitted in November 2018) of the
NCI were analyzed. The eligibility criteria included the following:
(1) age ≥ 70 years; (2) Histology codes 8140-8211, 8255-8490, and
Frontiers in Oncology | www.frontiersin.org 2146
8574 were used to define EAC; (3) The primary site codes C15.0
(cervical esophagus) and C15.3 (upper third of the esophagus),
C15.4 (middle third of the esophagus), C15.2 (abdominal
esophagus), and C15.5 (lower third of the esophagus) were
defined as the upper esophagus, middle esophagus, and lower
esophagus, respectively. (4) Patients in stage IVB (since the SEER
program included data pertaining to four site-specific distant
metastases. Exclusion criteria included the following: (1) the
values “histologically confirmed positive” were selected to
exclude those without histological diagnosis; (2) the values
“complete dates are available and there are 0 days of survival”
and “complete dates are available and there are more than 0 days
of survival” were selected to exclude those without survival data;
(3) the values “active follow-up” were selected to exclude those
without follow-up data. The flowchart demonstrates the patient
selection from SEER database (Figure 1).

Statistical Analysis
Based on site of metastasis, patients were divided into bone-only,
brain-only, lung-only, liver-only, and a multiple-site group.
Clinical and demographic characteristics were compared for
patients of different metastasis groups using Pearson’s chi-
squared test statistics for categorical variables. We did the
Kaplan-Meier survival curves by the log-rank test, which was
used to analyze the differences between the curves. Univariate and
multivariate Cox regression analyses were applied to evaluate the
prognostic effects of the overall survival (OS) and esophageal
cancer-specific survival (CSS). SPSS 25 (IBM Corp., Armonk, NY,
USA) and GraphPad Prism 8.0 (GraphPad Software, San Diego,
CA, USA) were used in later statistical analysis. Two-tailed P
values less than 0.05 were deemed statistically significant.
RESULTS

Demographics
According to the eligibility criteria, 855 elderly EAC patients with
DM in stage IVB diagnosed between 2010 and 2015 were included,
as the SEER database did not record the information about site-
specific metastasis before 2010. The baseline characteristics are
displayed in Table 1. Table 1 summarizes the demographic and
characteristics of the 855 patients, among which, 733 (85.7%)
patients were male; 808 (94.5%) patients were Caucasian. The
scales of patients with different patterns of metastasis are
summarized in Table 1. The most common metastasis site was
the liver (40.9%), followed by lung (12.7%), bone (12.0%), and
brain (2.8%). The group with multiple metastatic sites had 269
(31.5%) patients. 793 (92.7%) patients had the original tumor
located in the lower third of the esophagus. 246 (28.8%) patients
had chemotherapy alone, followed by surgery (S) and/or
radiotherapy (R) + chemotherapy (C) 189 (22.1%) and surgery
and/or radiotherapy 113 (13.2%). Surprisingly, 307 (35.9%)
patients (the “N” group in Tables 1–3) had not received
any treatment.
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Risks Examined for Association With
Different Metastasis Sites and Treatments
Multivariate analysis of EAC patients with different DM
indicated that the treatment can be the only independent
prognostic factor affecting OS and CSS (Tables 2, 3).

As shown in Table 2, treatment was associated with OS and
CSS. Compared to the S and/or R+C group, the S and/or R group
had the poorer OS (HR: 2.232, 95% CI: 1.730–2.880, p < 0.001)
and the N group showed the worst OS (HR: 4.308, 95% CI:
3.500–5.301, p < 0.001). The results of C group and S and/or R+C
group were not statistically significant in OS (HR: 1.014, 95% CI:
0.810–1.268, p = 0.907). Compared to the bone-only group, liver-
only group (HR: 0.746, 95% CI: 0.583–0.954, p < 0.05), and lung-
only group (HR: 0.730, 95% CI: 0.543–0.981, p < 0.05) had better
OS. Multiple-site group (HR: 1.037, 95% CI: 0811–1.327, p =
0.770) had the worst OS. The similar results were found for CSS.
The data in Table 2 also show that the bone-only group had the
worst OS and CSS among the single-organ metastasis
population. The multiple-site group had the worst OS and CSS
across the population.

As shown in Table 3, due to the lack of patients in the brain-
only group (only 24 patients), we were unable to draw
statistically significant results, so we did not consider this
group; however, we found similar results in the other four
groups (across the population). The results showed that
compared to S and/or R+C group, the S and/or R group had
the worse OS and CSS, and the N group showed the worst OS
Frontiers in Oncology | www.frontiersin.org 3147
and CSS. The results of C group and S and/or R+C group were
not statistically significant in OS and CSS.

In Table 4, data show that the MST in OS were 3, 5, 4, 3, and 2
months and the MST values in CSS were 4, 6, 4, 4, and 3 months in
the bone-only, brain-only, lung-only, liver-only, and multiple-site
groups, respectively. The 6-month survival rate (SR), 1-year SR, and
3-year SR were lowest in the multiple-site group than the other
groups (6-month SR: 27.1% in OS, 29.9% in CSS, 1-year SR: 10.7%
in OS, 12.0% in CSS, 3-year SR: 2.5% in OS, 2.8% in CSS). These
results show that patients with multiple-site metastases had the
lowest 6-month SR and 1-year SR among all populations, and
patients with bone-only metastasis had the worst 6-month SR and
1-year SR among those with single-organ metastasis.

To elucidate the relationship about these treatment modalities
for prognosis, a Kaplan-Meier survival analysis was undertaken
(Figure 2). In Figures 2A, B, in the elderly patient population,
the prognosis of different treatment modalities for elderly
patients varied greatly. Regardless of whether the patient was
treated with surgery or radiotherapy, the prognosis of elderly
patients treated with chemotherapy was better than that of
treatment without chemotherapy (p < 0.001). The prognosis of
surgery and/or radiotherapy was better than that of untreated
patients (OS and CSS: p < 0.001). However, the prognosis of
surgery and/or radiotherapy + chemotherapy was not statistically
different from chemotherapy alone (OS: p = 0.812, CSS: p =
0.900). The similar results were also found in bone-only, liver-
only, and multiple-site groups (Figures 2C–F, I, J). In
Figures 2G, H, the prognosis results of surgery and/or
SEER 18 Registries Database

Diagnosed with esophageal cancer from 2010 to 2015 (N = 63,380)

Excluded:
Without metastasis (n = 58,359)
Age at diagnosis < 70 y (n = 3,226)
Not EAC (n = 568)
Not one tumor only (n = 372)

N = 855

FIGURE 1 | Flowchart of patient selection from SEER database (2010–2015). SEER, surveillance, epidemiology and end results; EAC, esophageal adenocarcinoma.
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radiotherapy + chemotherapy, surgery and/or radiotherapy, and
chemotherapy alone were not statistically significant in the lung-
only group.
DISCUSSION

In our present study, the metastasis patterns and prognosis of
EAC elderly patients with DM in stage IVB were investigated.
Our results indicated that the most common site of metastasis
was liver, followed by lung, bone, and brain among the single-
organ metastasis population. In addition, treatment was an
independent prognostic factor affecting OS and CSS; because
the treatment of multiple-site metastasis was limited, the
prognosis of patients with multiple-site metastasis was even
worse. Chemotherapy played an essential role in EAC elderly
Frontiers in Oncology | www.frontiersin.org 4148
patients with DM in stage IVB. Regardless of whether the patient
was treated with surgery or radiotherapy, the prognosis of elderly
patients who were treated with chemotherapy was better than
that without.

According to autopsy results, the lung and liver were the most
common metastatic organs in patients with EC, with 31% and
23% of patients therein, respectively (17). Some studies have
shown that the liver and lung were the most common metastatic
organs in patients with EC (18). Bone was also a common organ
for DM (19, 20). Bone metastasis was the third most common
site of metastasis in patients with EC (18, 21). Other studies have
reported that the most common site for metastasis was the liver,
followed by lung, bone, and brain (22–25). Moreover, there are
limited studies on the effect of the DM on survival in metastatic
EC. San-Gang Wu et al. found that the site of metastasis showed
an effect on survival in metastatic EC and bone metastasis had
the poorest OS, which was greatest for distant lymph node
metastases (26). The study by Jin Zhang et al. included EC
patients with bone metastasis and showed the prognostic factors
for bone metastases patient survival in EC (27). However,
Tanaka et al. found that there was no significant difference in
median survival among different sites of DM, which included
bone, liver, and lung (28). The mechanisms of bone metastasis
leading to lower survival rate of metastatic EC than other sites
remain unclear. Overproduced parathyroid hormone-
related peptide (PTHrP) is usually caused by osteolytic bone
metastasis (29). Hypercalcemia and leukocytosis are associated
with bone metastasis in EC, which may induce rapid disease
progression (30–32).

EC is often manifest as transmural invasion with far advanced
and early metastatic spread at diagnosis. EC patients with distant
organ metastasis are classified as stage IVB in the TNM
classification and have not been treated with curative intent (in
general). These patients often have been considered as candidates
for palliative therapy, such as photodynamic therapy, stent
placement, and palliative chemotherapy or radiotherapy (33–
37). Thus, the prognosis of these patients relies on the degree of
spread and is, in general, extremely poor, usually with an MST of
less than 6 months.

In a sense, radiotherapy and chemotherapy and surgery are in
fact palliative treatments for EAC patients with DM, but our results
have shown the prognosis of no treatment < surgery and/or
radiotherapy < surgery and/or radiotherapy + chemotherapy
(Figure 2). Furthermore, chemotherapy had shown obvious
benefits to the prognosis: according to our results, whether elderly
patients received chemotherapy, radiotherapy, or surgery had an
important effect on the prognosis. Since there were only 27 patients
who had undergone surgery, thus, the results were mainly about the
effects of radiotherapy and chemotherapy on the prognosis of EAC
elderly patients with DM. Our results suggested that active
treatment can significantly improve the prognosis of patients, and
chemotherapy had played a more important role. This study proved
that radiotherapy (such as stereotactic body radiotherapy and radio-
frequency ablation) and chemotherapy (very necessary to treat DM
patients) can help extend the survival time. The results in the lung-
TABLE 1 | Characteristics of elderly EAC patients with DM.

Characteristics ≥70

Sex
Male 733 (85.7%)
Female 122 (14.3%)
Ethnicity
White 808 (94.5%)
Black 17 (2.0%)
Other 30 (3.5%)
Grade
I 26 (3.0%)
II 253 (29.6%)
III 423 (49.5%)
IV 10 (1.2%)
Unknown 143 (16.7%)
T stage
T1 168 (19.6%)
T2 40 (4.7%)
T3 128 (15.0%)
T4 89 (10.4%)
Unknown 430 (50.3%)
N stage
N0 208 (24.3%)
N1 331 (38.7%)
N2 49 (5.7%)
N3 36 (4.2%)
Unknown 231 (27.0%)
Site of EAC
Upper 8 (0.9%)
Middle 54 (6.3%)
Lower 793 (92.7%)
Metastasis
Bone only 103 (12.0%)
Brain only 24 (2.8%)
Liver only 350 (40.9%)
Lung only 109 (12.7%)
Multiple 269 (31.5%)
Treatment
S or/and R+C 189 (22.1%)
C 246 (28.8%)
S or/and R 113 (13.2%)
N 307 (35.9%)
N, no treatment; S, surgery; R, radiotherapy; C, chemotherapy.
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only group were not statistically significant in terms of difference
between surgery and/or radiotherapy + chemotherapy,
chemotherapy alone and surgery and/or radiotherapy. However,
the prognosis of no treatment < surgery and/or radiotherapy <
surgery or/and radiotherapy + chemotherapy was similar in
other groups.

Although multimodal therapy has been considered as an
effective treatment in locally advanced primary EC patients, its
role in treating patients with DM remains poorly defined (9, 33).
There is little research into the application of multimodal therapy
in patients with DM (38–41). In our study, there was no
difference in survival between patients treated with surgery or/
and radiotherapy + chemotherapy and those treated with
chemotherapy alone. Surgery and radiotherapy are not
considered beneficial as the treatment modality for these
Frontiers in Oncology | www.frontiersin.org 5149
patients with chemotherapy: chemotherapy can be deemed to
be the primary mode of treatment.

Although all treatment modalities are considered as palliative
treatment for patients with DM, chemotherapy is a systemic
approach, which can treat other metastatic organs of EC patients,
compared to radiotherapy, the local therapy modality and the
results reflected this finding.

Our results showed that 307 (35.9%) patients did not have any
treatment. The low percentage of active treatment limited the OS
and CSS of elderly patients. The study by Basile Njei et al. showed
that no surgery and no radiotherapy were independent negative
prognostic factors that affect the prognosis of patients with
EC (42).

We think the reasons for the poor prognosis of EAC elderly
patients with DM in stage IVB were also mainly determined by
TABLE 2 | Results of Univariate and Multivariate analysis using the COX proportional hazards model of the study population.

Univariate analysis (OS) Multivariate analysis (OS) Univariate analysis (CSS) Multivariate analysis (CSS)

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Sex
Male 1 1 1 1 1 1 1 1
Female 1.023 (0.833–1.357) 0.828 0.984 (0.797–1.215) 0.881 1.059 (0.859–1.307) 0.590 1.015 (0.818–1.260) 0.893
Ethnicity
White 1 1 1 1 1 1 1 1
Black 1.009 (0.594–1.713) 0.973 1.058 (0.619–1.808) 0.837 0.997 (0.576–1.727) 0.992 1.044 (0.599–1.820) 0.879
Other 1.010 (0.678–1.505) 0.962 1.032 (0.689–1.546) 0.879 0.950 (0.621–1.453) 0.812 0.963 (0.627–1.481) 0.865
Grade
I 1 1 1 1 1 1 1 1
II 1.223 (0.774–1.933) 0.388 1.155 (0.726–1.839) 0.543 1.145 (0.724–1.812) 0.562 1.071 (0.672–1.708) 0.773
III 1.546 (0.985–2.426) 0.058 1.454 (0.917–2.306) 0.112 1.410 (0.898–2.215) 0.136 1.307 (0.822–2.077) 0.258
IV 1.501 (0.702–3.207) 0.295 1.771 (0.805–3.898) 0.155 1.499 (0.702–3.204) 0.296 1.739 (0.789–3.834) 0.170
Unknown 1.215 (0.756–1.954) 0.420 1.068 (0.658–1.734) 0.789 1.180 (0.733–1.899) 0.496 1.020 (0.628–1.658) 0.936
T stage
T1 1 1 1 1 1 1 1 1
T2 0.570 (0.393–0.826) 0.003 0.557 (0.379–0.820) 0.003 0.574 (0.391–0.841) 0.004 0.549 (0.368–0.818) 0.003
T3 0.663 (0.522–0.843) 0.001 0.831 (0.642–1.077) 0.162 0.652 (0.509–0.836) 0.001 0.798 (0.611–1.043) 0.099
T4 0.870 (0.669–1.133) 0.301 0.989 (0.752–1.301) 0.939 0.898 (0.686–1.176) 0.436 1.004 (0.758–1.328) 0.980
Unknown 0.965 (0.800–1.164) 0.708 0.967 (0.791–1.181) 0.740 0.954 (0.786–1.157) 0.631 0.948 (0.771–1.166) 0.615
N stage
N0 1 1 1 1 1 1 1 1
N1 0.922 (0.771–1.101) 0.368 1.123 (0.928–1.359) 0.235 0.946 (0.786–1.139) 0.560 1.166 (0.956–1.423) 0.129
N2 0.630 (0.452–0.880) 0.007 0.798 (0.560–1.138) 0.213 0.662 (0.470–0.933) 0.018 0.845 (0.587–1.218) 0.368
N3 0.977 (0.676–1.413) 0.902 1.181 (0.803–1.738) 0.398 1.076 (0.742–1.560) 0.700 1.313 (0.889–1.939) 0.172
Unknown 0.926 (0.750–1.143) 0.472 1.053 (0.842–1.318) 0.650 0.963 (0.774–1.198) 0.736 1.105 (0.876–1.393) 0.399
Site of EAC
Upper 1 1 1 1 1 1 1 1
Middle 1.312 (0.562–3.064) 0.530 1.375 (0.581–3.250) 0.469 1.235 (0.527–2.892) 0.627 1.334 (0.562–3.167) 0.513
Lower 1.165 (0.521–2.602) 0.710 1.594 (0.705–3.606) 0.263 1.091 (0.488–2.437) 0.833 1.510 (0.667–3.420) 0.323
Site-of metastasis
Bone only 1 1 1 1 1 1 1 1
Brain only 0.813 (0.501–1.318) 0.400 0.928 (0.565–1.526) 0.770 0.739 (0.439–1.244) 0.255 0.853 (0.501–1.455) 0.561
Liver only 0.920 (0.728–1.162) 0.483 0.746 (0.583–0.954) 0.020 0.932 (0.732–1.187) 0.567 0.769 (0.597–0.992) 0.043
Lung only 0.820 (0.614–1.096) 0.180 0.730 (0.543–0.981) 0.037 0.794 (0.587–1.074) 0.135 0.719 (0.528–0.979) 0.036
Multiple 1.190 (0.936–1.512) 0.156 1.037 (0.811–1.327) 0.770 1.194 (0.932–1.530) 0.160 1.052 (0.816–1.357) 0.695
Treatment
S or/and R+C 1 1 1 1 1 1 1 1
C 0.990 (0.799–1.228) 0.930 1.014 (0.810–1.268) 0.907 1.032 (0.825–1.290) 0.784 1.036 (0.821–1.306) 0.768
S or/and R 2.123 (1.653–2.728) 0.000 2.232 (1.730–2.880) 0.000 2.235 (1.726–2.894) 0.000 2.345 (1.803–3.050) 0.000
N 4.308 (3.500–5.301) 0.000 4.782 (3.821–5.984) 0.000 4.358 (3.509–5.411) 0.000 4.750 (3.762–5.998) 0.000
May 20
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low percentage of active treatment. The reasons for that include
the doctors’ opinions and patient-related factors.

1. Doctor’s point of view. Due to the presence of more
complications in elderly patients, strict surgical indications
limit surgical opportunities for elderly patients. Considering
age-related health conditions, operative adverse events, and
Frontiers in Oncology | www.frontiersin.org 6150
mortality, doctors tend to treat conservatively. Safe
implementation of beneficial treatments at standard doses to
improvesurvival andwhether treatment-related side effectsmay
influence the quality of life of patients become two conflicting
aspects that clinicians need to consider.

2. Factors related to patients. Elderly patients are more likely to
consider not taking active treatment. There are also many
TABLE 3 | Results of Multivariate analysis using the COX proportional hazards model of the different populations.

Site-of metastasis n (%) Treatment OS CSS

HR (95% CI) P value HR (95% CI) P value

Bone 103 (12.0%) S or/and R+C 1 1 1 1
C 1.503 (0.774–3.036) 0.256 1.557 (0.757–3.205) 0.229
S or/and R 3.322 (1.601–6.894) 0.001 3.328 (1.579–7.016) 0.002
N 24.587 (10.183–59.361) 0.000 23.970 (9.760–58.873) 0.000

Brain 24 (2.8%) S or/and R+C 1 1 1 1
C
S or/and R 123.423 (5.256–2898.474) 0.003 1.000 (0.104–9.586) 1.000
N 97.716 (0.983–9716.474) 0.051 1.000 (0.007–144.826) 1.000

Liver 350 (40.9%) S or/and R+C 1 1 1 1
C 1.099 (0.737–1.639) 0.643 1.074 (0.714–1.614) 0.733
S or/and R 2.787 (1.700–4.567) 0.000 2.891 (1.755–4.763) 0.000
N 4.040 (2.734–5.971) 0.000 3.916 (2.629–5.833) 0.000

Lung 109 (12.7%) S or/and R+C 1 1 1 1
C 1.111 (0.571–2.160) 0.758 1.116 (0.541–2.300) 0.766
S or/and R 3.318 (1.342–8.204) 0.009 4.065 (1.582–10.447) 0.004
N 6.378 (3.138–12.963) 0.000 7.215 (3.365–15.472) 0.000

Multiple 269 (31.5%) S or/and R+C 1 1 1 1
C 0.764 (0.514–1.137) 0.185 0.816 (0.543–1.228) 0.330
S or/and R 2.082 (1.320–3.284) 0.002 2.122 (1.324–3.401) 0.002
N 5.354 (3.556–8.060) 0.000 5.376 (3.512–8.227) 0.000
May 2021 | Volume 11 | Article
OS, overall survival; CSS, cancer-specific survival; N, no treatment; S, surgery; R, radiotherapy; C, chemotherapy.
TABLE 4 | Prognostic analysis in different population.

Site of Metastasis OS CSS

Bone MST (month) 3 4
6-month SR (%) 35.6 38.2
1-year SR (%) 20.0 21.5
3-year SR (%) 1.9 2.7

Brain MST (month) 5 6
6-month SR (%) 36.4 40.6
1-year SR (%) 27.3 30.4
3-year SR (%) 0 0

Liver MST (month) 4 4
6-month SR (%) 36.5 38.6
1-year SR (%) 21.1 23.6
3-year SR (%) 2.1 2.5

Lung MST (month) 3 4
6-month SR (%) 43.5 45.6
1-year SR (%) 23.9 28.2
3-year SR (%) 4.9 8.4

Multiple MST (month) 2 3
6-month SR (%) 27.1 29.9
1-year SR (%) 10.7 12.0
3-year SR (%) 2.5 2.8

Total MST (month) 3 4
6-month SR (%) 34.3 36.8
1-year SR (%) 18.1 20.5
3-year SR (%) 2.4 3.2
62
OS, overall survival; CSS, cancer-specific survival; MST, median survival time; yrs, years; SR, survival rate.
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studies on malignant tumors that the reasons for patients’
refusal to be treated may be associated with increased delivery
of suboptimal therapy, decreased referral to specialists and
increased patient refusal of therapy (43–46). The reasons that
lead elderly patients to be treated conservatively also include
the existence of comorbidities that affect the patients’ drug
absorption and/or metabolism (46, 47).

In addition, senescent cells can also secretemany growth factors to
promote the growth of tumor cells. Age, the number of complications,
thepresenceof tumors,anddeepvein thrombosisassociatedwithaging
can significantly increase the risk of death (48, 49).

About 65% of cancer patients are over 65 years of age, with
the increase in life expectancy, this may rise to 70% in the future
(50), however, among those patients who participated in cancer-
related clinical trials, only 40% were over 65 years of age, and no
more than 10% were over 75 (51), therefore, clinical trials of
cancer treatments need to focus on elderly patients.

The study has certain limitations: this is a retrospective study
and many factors contributing to the possible poor prognosis for
this patient group are missing. The study is generalized to the
American population, but lacked inclusion of cases among ethnic
minorities, thus the results can not represent the global
Frontiers in Oncology | www.frontiersin.org 7151
population. Compared with the most common sites, such as
liver, lung, and bone, brain metastasis is rare, which makes the
survival results of patients with brain metastasis subject to
statistical bias. Different patterns of multiple metastatic sites
were not differentiated, such as bone + brain, bone + liver, bone +
lung, bone + brain + liver, etc. Immunotherapy and targeted
therapy were not taken into consideration. Due to the flaws in
the database, we cannot know the detailed information of the
treatment modalities such as surgery, radiotherapy, and
chemotherapy, which may affect the results of the study. On
the other hand, there are no relevant reports on elderly EC
patients with DM, thus, the study on metastasis and prognosis of
such patients shows an important significance.

In conclusion, metastasis patterns and survival outcomes of
EAC patients with DM in stage IVB were studied in elderly
patients. Elderly patients with multiple-site metastasis had the
worst OS and CSS. Patients with bone-only metastasis had the
worst OS and CSS among single-organ metastasis populations.
Patients with active treatments had better CSS and OS.
Chemotherapy was beneficial to these patients, however, over
35.9% patients more than 70 years of age did not take any anti-
cancer treatment. These elderly patients had highest rate of
cancer-specific deaths among the study population.
A B D

E F G

I

H

J

C

FIGURE 2 | Kaplan-Meier curve of OS (A) and CSS (B) by different treatments in the total study population, OS (C) and CSS (D) in bone-only group, OS (E)
and CSS (F) in liver-only group, OS (G) and CSS (H) in lung-only group, OS (I) and CSS (J) in the multiple-site group. OS, overall survival; CSS, cancer-specific
survival.
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The majority of gastrointestinal stromal tumors (GIST) harbor an activating mutation in
either the KIT or PDGFRA receptor tyrosine kinases. Approval of imatinib, a KIT/PDGFRA
tyrosine kinase inhibitor (TKI), meaningfully improved the treatment of advanced GIST.
Other TKIs subsequently gained approval: sunitinib as a second-line therapy and
regorafenib as a third-line therapy. However, resistance to each agent occurs in almost
all patients over time, typically due to secondary kinase mutations. A major limitation of
these 3 approved therapies is that they target the inactive conformation of KIT/PDGFRA;
thus, their efficacy is blunted against secondary mutations in the kinase activation loop.
Neither sunitinib nor regorafenib inhibit the full spectrum of KIT resistance mutations, and
resistance is further complicated by extensive clonal heterogeneity, even within single
patients. To combat these limitations, next-generation TKIs were developed and clinically
tested, leading to 2 new USA FDA drug approvals in 2020. Ripretinib, a broad-spectrum
KIT/PDGFRA inhibitor, was recently approved for the treatment of adult patients with
advanced GIST who have received prior treatment with 3 or more kinase inhibitors,
including imatinib. Avapritinib, a type I kinase inhibitor that targets active conformation,
was approved for the treatment of adults with unresectable or metastatic GIST harboring
a PDGFRA exon 18 mutation, including PDGFRA D842V mutations. In this review, we will
discuss how resistance mutations have driven the need for newer treatment options for
GIST and compare the original GIST TKIs with the next-generation KIT/PDGFRA kinase
inhibitors, ripretinib and avapritinib, with a focus on their mechanisms of action.

Keywords: gastrointestinal stromal tumor (GIST), KIT, PDGFRA, ripretinib, avapritinib
Abbreviations: GIST, gastrointestinal stromal tumor; PDGFRA, platelet-derived growth factor receptor a; RTK, receptor
tyrosine kinase; VEGFR, vascular endothelial growth factor receptor.
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INTRODUCTION

Gastrointestinal stromal tumors (GISTs) arise from the
interstitial cells of Cajal (1, 2); they occur primarily within the
stomach (~56%) and small intestine (~32%) but can arise
anywhere in the gastrointestinal (GI) tract (3). Although rare,
GISTs are the most common sarcoma of the GI tract (3), with
reported incidences between 10 and 15 cases per million
annually (3). GISTs are best categorized by molecular subtype,
which have differing clinical characteristics and treatment
response (4). The majority of GISTs harbor activating
mutations in 1 of 2 receptor tyrosine kinases (RTKs): KIT
(approximately 69%–83%) (4),or platelet-derived growth factor
receptor a (PDGFRA; approximately 5%–10%) (5, 6). The 10%–
15% of GISTs without KIT/PDGFRA mutations are a
heterogeneous group, historically referred to as “wild-type”,
(4, 7) before disease-defining genomic events were identified.
“Wild-type” or preferably non-KIT/PDGFRA-mutant GISTs
may have a succinate dehydrogenase complex deficiency (8), or
harbor other mutations, such as activating mutations of BRAF or
loss-of-function of NF1, that lead to activation of the PI3K/
mTOR and/or the RAS/RAF/MAPK pathways (7, 9, 10).

The identification of RTK mutations in GIST led to the use of
the tyrosine kinase inhibitors (TKI) for the treatment of
advanced GIST (11). While the use of TKIs significantly
improves progression-free survival (PFS) and overall survival
(OS) in patients with advanced GIST (10), the inevitable
development of TKI resistance remains an ongoing challenge
(12). Recently, next-generation TKIs with novel mechanisms of
action (MOA) have been developed to specifically address these
challenges (13, 14). In this review, we will discuss how specific
classes of mutations have driven the need for newer treatments
for GIST and compare historical and next-generation KIT/
PDGFRA kinase inhibitors with a focus on their MOA.
GIST IS COMMONLY A KIT- OR PDGFRA-
ONCOGENE DRIVEN DISEASE

Most GISTs are driven by oncogenic KIT- or PDGFRA-activating
mutations (10). Both KIT and PDGFRA are members of the class
III tyrosine kinase family (15). Gain of function mutations in
either the KIT or PDGFRA receptor leads to constitutive, ligand-
independent activation, which alters cell proliferation,
differentiation, apoptosis, and survival by regulating
downstream signaling pathways (4).

KIT Mutations
Expression of KIT is important for cellular survival and
proliferation, particularly in hematopoietic cells, melanocytes,
mast cells, and interstitial cells of Cajal (11, 16). The KIT proto-
oncogene maps to 4q12-13 and encodes a 145-kDA
transmembrane RTK, KIT (aka CD117) (11, 17). KIT is
activated through binding of its cognate ligand, stem cell
factor, to its extracellular domain, inducing receptor homo-
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dimerization and activation of the intracellular kinase domain
(18). Kinase activation initializes downstream signaling
pathways, such as the JAK–STAT3, PI3K–Akt–mTOR, and
RAS–MAPK pathways, which are important in regulating
cellular functions such as cell proliferation, differentiation, and
apoptosis (4). Gain of function mutations in KIT are a key
oncogenic driver in approximately 80% of GISTs (4), and
result in ligand-independent kinase activation (4). Primary
mutations in KIT affect exons encoding the functional domains
of the RTK (exons 8, 9, 11, 13, 17) (11). The majority of
mutations occur in exon 11 (70%–80%), which encodes the
juxtamembrane domain, leading to disruption in auto-
inhibitory function and resulting in increased auto-activation
of the kinase (17, 19). Approximately 10% of mutations occur in
exon 9, which encodes a portion of the extracellular domain, and
mostly consist of a typical duplication mutation of codons 502
and 503 (20). Primary mutations are also found in exon 13
(which encodes the ATP-binding region) and exon 17 (which
encodes the activation loop), with an occurrence of about 1%
each and less frequently in exon 8, encoding part of the
extracellular domain (4, 17, 19).

PDGFRA Mutations
PDGFRA is the second most commonly mutated oncogene in
GIST. PDGFRA and KIT are highly homologous, activating
similar downstream signal transduction pathways (21).
Primary PDGFRA mutations occur mainly in exons 18 and 12
and more rarely in exon 14 (6). Exon 18 encodes the activation
loop and is the most frequent site for PDGFRA mutation (~6%)
(5, 6, 22). A single mutation, D842V, is the most common exon
18 mutation and detected in 62.6% of PDGFRA-mutated tumors
(5, 6). Mutations affecting exon 12 (encoding the juxtamembrane
domain) and exon 14 (encoding the ATP-binding domain) are
rare, identified in approximately 1%–2% and <0.1% of GISTs,
respectively (5, 6, 22).
EARLY TARGETED TREATMENTS TO
INACTIVATE MUTATED KIT/PDGFRA

KIT/PDGFRA are logical therapeutic targets as the key
oncogenic drivers expressed in the majority (85%–90%) of
GIST, especially given the minimal activity of conventional
treatments such as chemotherapy or radiation for the
treatment of advanced GIST. The first early targeted therapies
for advanced GIST include the type II kinase inhibitors (which
bind the inactive confirmation) (23) imatinib, sunitinib, and
regorafenib, which are approved for first-, second-, and third-
line treatment, respectively (24–26).

Imatinib
Imatinib (formerly STI571) is an oral, small-molecule TKI that
was originally developed for the treatment of Philadelphia-
chromosome-positive chronic myeloid leukemia (27, 28).
Imatinib is a competitive inhibitor of the ATP-binding site of
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certain RTKs including KIT, PDGFRA, ABL kinase, and the
chimeric BCR-ABL fusion oncoprotein of chronic myeloid
leukemia (29). When KIT is in the inactive conformation,
imatinib can occupy the ATP-binding site and prevent
substrate phosphorylation and inhibit downstream signal
transduction (29).

Multiple clinical trials demonstrated the efficacy of imatinib in
treating advanced GIST, leading to its approval for first-line
treatment in 2001 (27). The first report of imatinib efficacy was a
case report of imatinib (400 mg daily) resulting in a complete
metabolic response in a patient with metastatic GIST who had failed
to respond to conventional sarcoma therapies (30). After
establishing safety and initial efficacy of imatinib in phase 1
testing in advanced GIST (31), an open-label randomized phase 2
trial randomized patients to receive either imatinib 400 or 600 mg
once daily. Overall, 53.7% of patients had a partial response and
27.9% had stable disease (32). Imatinib was generally well tolerated,
though most patients experienced mild to moderate adverse events
(AEs) (32). Common AEs included edema (74.1%), nausea (52.4%),
diarrhea (44.9%), myalgia or musculoskeletal pain (39.5%), fatigue
(34.7%), dermatitis or rash (30.6%), headache (25.9%), and
abdominal pain (25.9%) (32). Two large phase 3 trials compared
treatment with imatinib 400 mg once daily to 400 mg twice daily in
patients with unresectable or metastatic GIST. In the imatinib 400
mg daily group of the first trial, 5% had a complete response, 45%
had a partial response, and 32% had stable disease. In the higher
dose group (400 mg twice daily), 6% had a complete response, 48%
had a partial response, and 32% had stable disease (33). A second
large phase 3 trial, S0033, showed similar antitumor results in
advanced GIST, with a median PFS (mPFS) of 18 months and 20
months and an OS of 55 months and 51 months on imatinib 400
mg once daily and twice daily, respectively (34). These results were
dramatically improved compared to cytotoxic chemotherapy for
advanced/metastatic GIST, which had minimal responses rates (0%
−5%) and very short PFS, indicating the futility of standard sarcoma
regimens for the treatment of GIST (32).

Despite the high response rates with front-line imatinib, disease
progression still occurs in the majority of patients (35). Disease
progression as the initial response to imatinib (i.e., during the first 6
months of treatment) is considered primary resistance, while disease
progression that occurs after an initial response or stable disease is
considered secondary resistance (11). Imatinib primary resistance
was first reported by Demetri et al., who noted that 5% of patients
had primary resistance to imatinib within 2 months (32). Overall,
approximately 10% of GISTs have primary resistance to imatinib
(35), which is correlated with the KIT/PDGFRA mutational status.
A few other primary mutations are associated with resistance, such
as PDGFRA exon 18 RD841-842KI or the primary KIT exon 17
N822K mutation (5, 36). Tumors that harbor PDGFRA D842V
mutations confer unequivocal resistance regardless of imatinib dose
(35). Relative primary resistance has also been observed in patients
with exon 9mutations (37); however, a higher dose of imatinib (400
mg twice daily) improves the response rate and PFS of this GIST
genotype (38).

In most cases, KIT-mutant GISTs develop secondary
resistance to imatinib as a result of the emergence of sub-
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clones harboring secondary KIT mutations (39). Secondary
mutations most commonly occur in KIT exons 13 and 14
(encoding the ATP/drug-binding site) or exons 17 and 18
(encoding the activation loop) (11). Secondary mutations
within the ATP-binding domain and activation loop cause
resistance by different mechanisms (36). Mutations in the
ATP-binding domain are thought to directly inhibit imatinib
binding, whereas activation loop mutations are thought to
stabilize the kinase in the active formation to which imatinib
cannot bind (35). In 31 patients treated with imatinib and
undergoing surgical resection, 15 tumors showed secondary
resistance (40). Secondary mutations were identified in tumors
from 7 (46%) of these patients; the majority had KIT exon 17
mutations, but KIT exons 13 and 14 mutations were also
identified (40). In a separate study, 79 samples from 43
patients with advanced GIST were examined pre- and post-
imatinib treatment. Of 33 patients with secondary resistance, 22
(67%) had 1 or more secondary mutations that included KIT
exon 17 (15 patients), KIT exon 13 (7 patients), and exon 14
(1 patient) (41). Many of these samples were from tumor biopsy
specimens and likely underestimate the true frequency
of secondary mutations in patients with clinical imatinib
resistance. In addition, substantial intra- and inter tumor
mutational heterogeneity has been noted using sensitive
sequencing technologies (12).
Sunitinib
Sunitinib (formerly SU11248), a small-molecule, multitarget
TKI, was approved in 2006 as second-line treatment for
advanced GIST after imatinib failure. Originally developed as a
treatment for acute myeloid leukemia and advanced renal cell
carcinoma, sunitinib is a potent competitive inhibitor of the
ATP-binding sites of vascular endothelial growth factor receptor
(VEGFR)-1, VEGFR-2, FMS-like tyrosine kinase-3, KIT, and
PDGFRs (42–45).

In preclinical in vivo models, sunitinib exhibited dose-
dependent antitumor activity (42, 44). In patients with
advanced GIST who had progressed on imatinib, the safety
and efficacy of sunitinib therapy was tested in an open-label,
dosing-ranging phase 1/2 trial that enrolled 97 patients (46). The
maximum tolerated dose was determined to be 50 mg daily,
administered on a 4 weeks on/2 weeks off schedule, after 2 of 4
patients at 75 mg daily experienced dose-limiting toxicities (46).
A clear clinical benefit was shown with sunitinib use at follow-up,
with 7 (7%) of patients having a partial response and 45 (46%)
stable disease (46). Overall, the mPFS was 7.8 months and the
median OS was 19 months (46). Sunitinib had an acceptable
safety profile with mostly mild to moderate treatment-emergent
AEs (TEAEs). In a pivotal double-blind, placebo-controlled
randomized phase 3 trial, the safety and efficacy of sunitinib as
a second-line treatment in GIST was confirmed (47). Overall, the
mPFS for patients on sunitinib was 5.6 months compared with
1.4 months for patients on placebo [hazard ratio (HR) 0.33; 95%
confidence interval (CI) 0.24−240.47, p <0.0001] (47). A total of
14 (7%) patients had a partial response, and 120 (58%) had stable
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disease with sunitinib therapy. In the placebo arm, none had a
partial response and 50 (48%) had stable disease (47). Sunitinib
showed an acceptable safety profile with most AEs being mild to
moderate according to Common Terminology Criteria for
Adverse Events. However, low-grade toxicities such as
stomatitis and enteral mucositis impact quality of life to a
greater degree than the grading would imply as present on a
daily basis. In addition, serious treatment-related AEs were
reported in 20% of sunitinib-treated patients (47) including
hand-foot syndrome, hypertension, and diarrhea as well as
hematological AEs (47).

Like imatinib, the efficacy of sunitinib correlates with both
primary and secondary mutational status. In a retrospective
study of 1124 patients with GIST who progressed on imatinib,
those who received sunitinib and had tumors that carried exon 9
KITmutations had significantly longer mPFS (12.3 months) than
those with exon 11 mutations (7 months) (48). In the above
referenced phase 1/2 trial of sunitinib, primary KIT mutations
were identified in 83% of tumors (49). Clinical benefit and mPFS
were better in patients with GIST exon 9 KIT mutations
compared with exon 11 mutations (clinical benefit: 58% vs
34%; PFS: 19.4 vs 5.1 months, p = 0.0005) (49). Most
secondary mutations occurred in KIT exons 13, 14, and 17
(49). Preclinical studies strongly suggest that sunitinib is highly
potent against secondary mutations in exons 13 and 14, while
mostly inactive against secondary mutations in exon 17 and 18
(50). Clinical evidence supports these findings in retrospective
analyses. Patients with a detectable KIT exon 13/14 mutation had
significantly longer mPFS compared with patients with a
detectable exon 17/18 mutation (49).

Regorafenib
Regorafenib (formerly BAY 73-4506) is an oral, multitarget TKI
that was originally developed for renal cancer with a focus on
VEGFR inhibitory function (51). It is a competitive inhibitor of
the ATP-binding site for KIT and several other targets, including
VEGFR-2, TIE2, PDGFRb, FGFR, RET, cRAF/RAF1, and BRAF
(52). Regorafenib is approved for third-line treatment of
advanced GIST after progression on imatinib and sunitinib (25).

In preclinical studies, regorafenib showed potent antitumor
activity in multiple in vivo cancer models (52). In a phase 2
clinical trial as a third-line or higher in patients with advanced
GIST (N = 34), of 33 eligible patients, regorafenib provided a
mPFS of 10 months. Overall, 4 (12%) patients had a partial
response and 22 (66.7%) had stable disease (53). Regorafenib has
a safety profile similar to other TKIs with a comparable target
spectrum; the most commonly observed AEs were mostly Grade
1 or 2 and consisted of hand-foot syndrome (85%), fatigue
(79%), hypertension (67%), and diarrhea (61%) (53). A
placebo-controlled, randomized, phase 3 trial (GRID),
confirmed the efficacy of regorafenib as third-line or later
treatment in patients with advanced GIST. Regorafenib
treatment resulted in a mPFS of 4.8 months compared to 0.9
months on placebo (HR 0.27, 95% CI 0.19–0.39; p <0.0001) (54).
In patients on regorafenib, a partial response was observed in 6
(4.5%) and 95 (71.4%) had stable disease vs 1 (1.5%) with a
partial response and 22 (33.3%) with stable disease in the
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placebo arm (54). Drug-related AEs of any grade were
reported in 98.5% of patients on regorafenib and in 68.2% of
patients in the placebo arm (54). Grade 3 or higher AEs were
reported in 61.4% of regorafenib-treated patients. Some of these
AEs included hypertension (23.5%), hand-foot syndrome
(19.7%), and diarrhea (5.3%) (54). Grade 3 events in the
placebo arm were less frequent (13.6%): hand-foot syndrome
(0), hypertension (3.0%), diarrhea (0) (54).

As with imatinib and sunitinib, tumor mutational status also
affects regorafenib efficacy. In a phase 2 trial of patients with KIT
exon 17 secondary mutations, treatment with third-line regorafenib
provided significant clinical benefit, with a mPFS of 22.1 months
(55). Using tumor samples obtained from the phase 2 trial and
additional cell culture and GIST xenograft studies, the impact of
different mutations on tumor response to drug was assessed (56).
The results showed regorafenib has a complementary activity profile
to sunitinib against secondary KIT mutations (56). While
regorafenib is effective against many mutations, it has poor
efficacy against the KIT exon 13 V654A mutation, a common
secondary imatinib-resistant mutation. Regorafenib is effective for
several exon 17 amino acid substitutions involving residue 816, but
is resistant to D816V (56).

While these 3 early TKIs have improved the treatment of
advanced GIST, treatment resistance remains a challenge as
these drugs are not effective against all relevant GIST-
associated mutations (Figure 1). Two issues are evident. First,
all 3 TKIs are type II multikinase inhibitors, which bind to the
ATP-pocket of KIT/PDGFRA only in the inactive formation.
Secondary mutations in the activation loop induce a shift
towards the active confirmation, reducing the ability of these
drugs to bind to the kinase (13). Second, complex intra- and
intertumor heterogeneity contribute to drug resistance, making
global tumor control difficult. Early GIST TKIs inhibit certain
mutations in KIT and PDGFRA, but they do not inhibit all
mutations, and in particular, have limited activity against
activation loop mutations. Two recently approved next-
generation TKIs, avapritinib and ripretinib, were specifically
developed to address these issues.
NEXT-GENERATION NOVEL TKIs
RIPRETINIB AND AVAPRITINIB HAVE
UNIQUE MOAs

Ripretinib (DCC-2618)
Ripretinib received FDA approval on May 15, 2020, for the
treatment of adult patients with advanced GIST who have
received prior treatment with 3 or more kinase inhibitors,
including imatinib (57). Ripretinib is a novel type II switch
control kinase inhibitor with a dual MOA, regulating both the
kinase switch-pocket and activation loop (Figure 2) (14).
Ripretinib functions by binding to the switch pocket,
preventing access by the activation loop and thus blocking the
kinase from adopting an active state. This results in the
inhibition of downstream signal transduction (14). Ripretinib
was designed as a broad-spectrum KIT and PDGFRA kinase
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FIGURE 1 | Drug sensitivities for primary and secondary mutations in GIST. Colors denote drug sensitivity: green indicates sensitive, orange indicates sensitivity
depends on experimental conditions, red indicates resistant, and red/green hatching indicates that the sensitivity is dependent on the amino acid change.
aApproved TKIs are sensitive to non D842V, but only avapritinib and, to some degree, ripretinib are potent against the PDGFRA exon 18 D842V mutation. AV,
avapritinib; GIST, gastrointestinal stromal tumors; IM, imatinib; PDGFRA, platelet-derived growth factorreceptor a; RE, regorafenib; RI, ripretinib; SU, sunitinib; TK1,
tyrosine kinase domain 1; TK2, tyrosine kinase domain 2.
FIGURE 2 | Switch control inhibition by ripretinib. (A) Activated tyrosine kinase, (B) inactivated tryosine kinase, with ripretinib. Ripretinib uses a dual mechanism of
action that secures the kinase into an inactive confirmation and prevents downstream signaling by binding both the switch-pocket region and the activation switch.
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inhibitor that inhibits the full spectrum of primary and
secondary drug resistance mutations, including activation loop
mutations previously thought to be targeted only by type I
inhibitors (14).

Preclinical studies of ripretinib showed significant antitumor
activity in GIST and mastocytosis models, including inhibition of
proliferation and induction of apoptosis (14, 58). In a preclinical
study, ripretinib displayed a broader spectrum of inhibition and,
compared with early TKIs, was a potent inhibitor of both wild-
type and mutant KIT and PDGFRA kinases, including PDGFRA
exon 18 D842V mutation (14).

The first human trial, a two-part (dose escalation and dose
expansion) phase 1 study, assessed safety and tolerability of
ripretinib in advanced GIST with KIT or PDGFRA mutations
that had at least one prior line of therapy (59). No maximum
tolerated dose was reached during the study, with less than 33%
of patients at each dose level experiencing a dose-limiting
toxicity (59). The recommended phase 2 dose was established
at 150 mg once daily, based on preclinical pharmacology studies
predicting 150 mg once daily to be an effective dose, as well as the
initial pharmacokinetics analysis. Peak plasma concentration
[mean Cmax (coefficient of variation %)] following a single dose
of 150 mg ripretinib on cycle 1 day 1 was determined to be 502
ng/mL (56.8%) and exposure (AUC0-24h) was 6634 ng x h/mL
(59.8%) (59). Overall, in the phase 1 trial, ripretinib had a
favorable safety profile and was generally well tolerated; the
most common TEAE was alopecia (62%) (59). In patients on
second-line treatment, the mPFS was 10.7 months; as a third-line
treatment, the mPFS was 8.3 months; for fourth-line, the mPFS
was 5.5 months (59). Among patients receiving 150 mg once
daily, upon disease progression, they had the option to dose
escalate to 150 mg twice daily. Dose escalation demonstrated an
additional PFS clinical benefit across all treatment lines with a
safety profile similar to that observed at the once-daily dose (60).

The efficacy of ripretinib was further evaluated in the
INVICTUS study (NCT03353753), a double-blind, randomized,
placebo-controlled phase 3 trial assessing ripretinib in patients
with advanced GIST who had progressed on at least imatinib,
sunitinib, and regorafenib (61). As a fourth-line or later
treatment, ripretinib significantly increased mPFS over placebo
(6.3 months vs 1 month, respectively; HR 0.15, 95% CI 0.09–0.25;
p <0.0001) (61). The median OS was 15.1 months in the ripretinib
group compared to 6.6 months in the placebo group. For
patients in the ripretinib arm, 8 (9%) had a partial response, 56
(66%) had stable disease at 6 weeks, and 40 (47%) had stable
disease at 12 weeks, compared with patients in the placebo arm,
which showed 0 patients with a partial response, 9 (20%) with
stable disease at 6 weeks, and 2 (5%) with stable disease at 12
weeks (61). Patients in the INVICTUS study also had the option
to dose escalate to 150 mg twice daily. Of the 43 patients in the
ripretinib arm that dose escalated, mPFS before dose escalation
was 4.6 months and after escalation mPFS was 3.7 months,
providing further support for the potential of dose escalation
with ripretinib following disease progression (62). A third clinical
trial—the randomized, open-label, phase 3 INTRIGUE
(NCT03673501) trial—completed accrual in December 2020,
comparing the safety and efficacy of ripretinib to sunitinib in
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patients with advanced GIST who have progressed on imatinib
(61, 63). This trial is poised to provide some important
information on the efficacy of ripretinib on secondary
mutations. In addition, effective salvage therapies may shift
based upon the differential activity of ripretinib as compared
with sunitinib, with the spectrum and distribution of resistance
mutations likely differing between the 2 cohorts after treatment
with ripretinib or sunitinib.

While ripretinib shows improved survival in GIST patients,
even following treatment with all approved agents, and has a
proposed broad-spectrum inhibition for primary and secondary
mutations, patients continue to show disease progression. This
disease progression may be due to yet unidentified resistance
mechanisms; it has been speculated that potential resistance
mechanisms in ripretinib could involve ATP-binding pocket
resistance mutations (10). In addition, when strong KIT/
PDGFRA inhibition is achieved, emergence of KIT-
independent resistance mechanisms is likely to occur,
potentially involving mutations of PI3K, RAS/RAF, TSC1 and
2, and NF1 (36). Alternatively, not all mutations may be
maximally inhibited. A recent study has suggested that
ripretinib may only have modest activity against exon 13 and
14 KIT mutations in an assay performed in the presence of
physiological amounts of human serum albumin and alpha1-
acid glycoprotein (64), which may explain why the PFS in the
INVICTUS study was not longer. This is in contrast to what was
reported in Smith et al. (14), which showed strong inhibition of
these mutations. However, there were methodological differences
between these two studies, including the amount and type of
serum protein in the assay system.

Avapritinib (BLU285)
Avapritinib, a selective, small-molecule inhibitor of KIT and
PDGFRA activation loop mutants, was approved in January 2020
by the FDA for treatment of GISTs that harbor a PDGFRA exon
18 mutation, including D842V mutations (65). Notably, it was
the first TKI approved with efficacy for GIST with the PDGFRA
D842V mutation and is more potent (~10 fold) against this
mutation than ripretinib (14). Avapritinib is a competitive ATP-
binding site inhibitor; however, it was designed to specifically
interact with the active conformation (type I kinase inhibitor),
unlike the early type II kinase inhibitors that only bind to the
inactive conformation (13).

In both in vitro and in vivo preclinical testing, avapritinib
demonstrated potency across a spectrum of primary and
secondary mutations, including the difficult-to-treat PDGFRA
D842V mutation (13, 66). In preclinical murine models with
patient-derived GIST xenografts (UZLX-GIST9KIT11+17; UZLX-
GIST3KIT11GIST3KIT11; UZLX-GIST2BKIT9GIST2BKIT9),
avapritinib reduced tumor volume and inhibited proliferation (66).

The safety and efficacy of avapritinib was evaluated in 2 clinical
trials, NAVIGATOR and VOYAGER. The NAVIGATOR trial was
an open-label, 2-part, dose escalation and dose expansion phase 1
trial of patients with advanced GIST (67). Part 1 of the study, dose
escalation, included patients with advanced GIST who were
refractive to imatinib and at least one other TKI. Part 2, dose
expansion, had several cohorts, including one restricted to patients
July 2021 | Volume 11 | Article 672500

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


Bauer et al. Next-Generation KIT/PDGFRA Kinase Inhibitors
with advanced GIST with the PDGFRAD842Vmutation, regardless
of prior therapy status (67). Part 1 enrolled 46 patients, of whom 20
had PDGFRAD842Vmutant GIST; part 2 enrolled 36 patients with
PDGFRA D842V mutant GIST (67). Overall, in the PDGFRA
D842V mutant GIST population (56 patients), 5 (9%) had a
complete response, 44 (79%) had a partial response, and 7 (13%)
had stable disease; PFS was 81% at 12 months (67). Updated results
of the PDGFRA D842V mutant GIST population report an overall
response rate of 91% (51/56 patients), a median PFS of 34 months,
and the median OS not yet reached (68). In this study, avapritinib
had an acceptable safety profile, with AEs typically Grade 1 or 2.
Two AEs of special interest were identified: cognitive effects (40%,
including memory impairment, cognitive disorder, confusional
state, and encephalopathy) and intracranial bleeding (2%) (67).
The majority of cognitive effects were Grade 1 and led to
discontinuation of treatment in 2 patients (67). For effective
management of neurocognitive side effects greater than Grade 1,
patients need immediate dose reductions or interruptions, which
requires close monitoring, in order to allow long-term treatment in
a GIST genotype for which no other treatment is available (65).

Very recently, mechanisms of secondary resistance to
avapritinib in PDGFRA-mutant GIST have been described
(69). They involve compound mutations of exons 13, 14, and
15 of PDGFRA that show cross-resistance to all other drugs that
inhibit PDGFRA (69).

The VOYAGER trial (NCT03465722) was an open-label,
randomized, phase 3 trial comparing avapritinib and
regorafenib in patients with metastatic GIST previously treated
with imatinib and 1 or 2 other TKIs (70). A press release from the
study sponsor indicated that the VOYAGER trial did not meet its
primary endpoint of increased PFS in patients treated with
avapritinib compared to regorafenib. The reported PFS with
avapritinib was 4.2 months, which was not significantly different
from regorafenib at 5.6 months (70).
INTRA- AND INTERTUMORAL
HETEROGENEITY AND CLONAL
EVOLUTION COMPLICATES TREATMENT

Tumor heterogeneity is a major issue in cancer treatment because
it contributes to the variable response between patients. As
discussed above, exposure to imatinib exerts pressure on a
tumor that can trigger the selection and expansion of clones
with secondary mutations (71). In patients with GIST primary
mutations, tumors harboringmultiple secondary kinase mutations
are reported in approximately 19% – 44% of patients; up to 70% of
patients have GIST with ≥2 different mutations in separate
metastases (12, 41, 72, 73). As TKIs have selective efficacy for
different mutations, intra- and intertumoral heterogeneity result in
mixed responses to treatment. This may explain why PFS is
shorter with subsequent TKIs post-imatinib. Resistance to
second-line and greater TKIs may result from pre-existing small
clones or new mutations driven by selective pressure. Whole
genome sequencing in TKI-resistant GIST has revealed a subset
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of patients who harbor mutations in intermediates of KIT-
downstream signaling that are potentially involved with
resistance (36).

Heterogeneity can be difficult to detect and is likely
underestimated, as samples cannot be taken from every tumor.
Currently, tissue biopsy is the gold standard for molecular
characterization (74); however, it provides a static picture of
one part of the tumor at a single point in time and repeated
sampling is not feasible for these patients (74). Liquid biopsy
combined with sequencing techniques, such as next-generation
sequencing, is an emerging technology that has the potential to
address these issues. Circulating tumor-associated molecules
within the blood such as circulating tumor DNA (ctDNA) and
circulating tumor cells can be captured and sequenced to
monitor the evolution of GIST mutations and identify those
associated with drug resistance (74). The majority of liquid
biopsy studies in GIST have assessed ctDNA (for a detailed
review, see Gómez-Peregrina et al.) (75). Patients with localized
disease were less likely to have detectable ctDNA, whereas those
with high-burden metastatic disease that was progressing
showed the highest rate of ctDNA detection (76). Overall, it is
difficult to make direct comparisons between studies, as they
have different methodologies. The data suggests, however, that
there is potential for the utility of liquid biopsy in GIST, and
there is ongoing research to optimize this utility in this patient
population (74, 75). In a recent study, next-generation
sequencing of liquid biopsies of GIST from treated patients
with high tumor burden confirmed that multiple resistance
mutations can be simultaneously present and detected in
ctDNA shed from tumors (77). Secondary mutations were
diverse and determined to be spatially distributed in the
tumors via detailed analysis of tissue from surgical resection
(77). For one patient in the study, comprehensive analysis of
repeated plasma samples over 53 weeks identified intratumor
heterogeneity and polyclonal evolution that would not have been
captured with tissue biopsy (77). In the INVICTUS trial,
combining tumor and liquid biopsy increased the rate of
detection for resistance mutations, allowing detection in 73%
of patients (78). Plasma sequencing from these liquid biopsies
revealed secondary resistance mutations in at least 1 exon in 70%
of KIT/PDGFRA primary mutant GIST, and 24% of patients had
2 or more exons affected, with up to 4 exon mutations detected in
1 patient (78). These results highlight the heterogeneity of GIST
tumors. Liquid biopsy has also been correlated with treatment
response. The NAVIGATOR trial, which assessed avapritinib in
patients with GIST, showed lower baseline ctDNA levels were
associated with prolonged PFS (79). However, despite its
potential, liquid biopsy is in the early stages of development
for GIST and is not yet validated as a tool for clinical decision-
making. Given the role of mutations in GIST, it is likely that the
combined results from primary tumor genotyping, ctDNA, and
tumor biopsies will be used in the future to guide treatment
decisions for patients with TKI-resistant disease. Therefore,
patients would benefit from treatment with a multidisciplinary
team that routinely evaluates and uses such data in their clinical
decision making.
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SUMMARY OF ADVANCED GIST
TREATMENTS AND FUTURE STEPS

KIT/PDGFRA inhibition remains the backbone of therapy for
metastatic GIST due to the underlying oncogenic drivers of this
disease. Despite providing significant clinical benefit, resistance and
disease progression limit patient survival, with secondary KIT
mutations as the major driver of resistance. In 2020, two new
TKIs, avapritinib and ripretinib, were approved for advanced GIST
(57, 65). Both have unique MOAs and were designed to address
known mechanisms of resistance to early TKIs. Ripretinib, as a
switch-pocket inhibitor may inhibit a broader range of mutations,
while avapritinib, a type 1 kinase inhibitor, clearly provides benefit
for the previously treatment-resistant PDGFRA D842V mutation.
Table 1 presents a summary of the key differences between the
available treatments.

Future of Advanced GIST Treatment
A major challenge in GIST treatment is polyclonal resistance,
whereby a single drug is insufficient to target all resistant KIT
mutations, thus resulting in tumor progression.While ripretinib has
a broad spectrum of inhibition compared to early TKIs, disease
progression still occurs. In an attempt to address the need for
multiple TKIs to cover the heterogeneity of the tumors, clinical trials
have investigated TKI treatments with rapid alternation for tumors
with polyclonal secondary mutations. In the SURE study
(NCT02164240), a phase 1/2, open-label trial, rapid alternation of
sunitinib and regorafenib was used to treat advanced GIST that was
refractory to imatinib (80). Sunitinib and regorafenib were chosen
because of their complementary inhibition profiles for KIT
mutations (80). Patients experienced 3 days of sunitinib followed
by 4 days of regorafenib (80). Of 13 enrolled patients, 4 had stable
disease, and the mPFS for all patients was 1.9 months, which is
similar to rechallenge with imatinib (80). All 13 patients experienced
treatment-related AEs, the majority of which were Grade 1 or 2. The
most common AEs were fatigue (92%), weight loss (62%), hand-
foot syndrome (54%), anorexia (38%), hypertension (38%), and
hoarseness (38%) (80). Rapid alteration with other TKIs may
represent a viable strategy in the future for the treatment of
advanced GIST. The possibility of using the new generation TKIs
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with more favorable safety profiles, like ripretinib, in such a scenario
is an appealing possibility. Another combination of 2 drugs with
complementary activity that showed promise is PLX9486
(a selective TKI now known as CGT9486) with sunitinib, yielding
a mPFS of 12 months in the initial study report (81). Other future
strategies to overcome polyclonal resistance using currently
approved drugs may include combination treatment. For
example, preliminary results of the combination of imatinib and
binimetinib for first-line treatment of advanced GIST has shown
promise; of 38 patients, 26 had a partial response (82). Additional
future strategies may include more complex scheduling or brief
periods of using a triple combination of anti-cancer therapies.

Additionally, other targets are in development, including heat-
shock protein 90 (HSP90) inhibitors. HSP90 inhibitors can induce
KIT degradation and thus represent a potential therapy for GIST
(83). Early HSP90 inhibitors had issues with hepatotoxicity and
neurological toxicities (83). However, newer HSP90 inhibitors such
as TAS-116 are showing promise in both preclinical and clinical
trials for antitumor activity and more manageable AEs with
intermittent dosing (83–85). Finally, reports showing adaptive and
innate immune cells in the GIST tumor microenvironment also
suggest immunotherapy may be a potential future treatment for
GIST (86). Anti-human CD117 chimeric antigen receptor T-cells
were recently shown to eliminate healthy and malignant CD117-
expressing hematopoietic cells (87); these cells may have potential
for malignant CD117-expressing cells in GIST as well, but more
research is needed.

In conclusion, KIT and PDGFRA, as the oncogenic drivers of
GIST, are still viable targets for therapy as demonstrated by the
approval of ripretinib and avapritinib. Their unique MOAs have
helped address some of the limitations of early TKI treatments.
Despite improved outcomes, polyclonal resistance and tumor
heterogeneity still lead to disease progression, and continued
research to overcome these challenges is necessary.
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TABLE 1 | Summary of approved treatments for advanced GIST.

Imatinib Sunitinib Regorafenib Ripretinib Avapritinib

Indication for advanced GIST 1st line 2nd line 3rd line 4th line PDGFRA Exon 18
mutant (including
D842V)

MOA Type IIa Type IIa Type IIa Type IIa Type Ib

Competitive ATP-
binding site inhibitor

Competitive ATP-
binding site inhibitor

Competitive ATP-
binding site inhibitor

Switch-pocket
inhibitor

Competitive ATP-
binding site inhibitor

Efficacy
mPFS (mo) 18 5.6 4.8 6.3 34 c

ORR (%) 50 7 4.5 9.4 91c
July 2021 | Volume
aBinds the inactive confirmation.
bBinds the active confirmation.
cD842V patients only.
GIST, gastrointestinal stromal tumor; mo, months; MOA, mechanism of action; mPFS, median progression-free survival; ORR, overall response rate; PDGFRA, platelet-derived growth
factor receptor a.
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Objectives: Although several epidemiological studies have attempted to evaluate the
relationship between cholecystectomy and gastric cancer risk, the findings have been
controversial. This study aimed to carry out a systematic review and meta-analysis
following the reporting guidelines to comprehensively analyze and quantify the evidence
of the aforementioned association.

Methods: Studies were identified by searching the Medline (PubMed), Embase, and Web
of Science from inception to November 30, 2020, with only studies published in English
being considered. Summary relative risks (RRs) and 95% confidence intervals (CIs) were
calculated by random-effects models.

Results: Eight studies (five cohort studies and three case–control studies) with a total of
26,063 gastric cancer patients and 848,081 participants were included. The summarized
RR of the relationship between cholecystectomy and gastric cancer risk was 1.11 (95%CI:
1.03–1.20), with low heterogeneity (P = 0.117, I2 = 37.8%). These positive findings were
consistent in most subgroup analyses like region in Asia, number of cases ≥200, cohort
study design, sex in male, low risk of bias, exposure collection by database, and
adjustments made for age, gender, calendar year. Of note, we also observed positive
association between cholecystectomy and non-cardia of gastric cancer risk (RR = 1.17,
95%CI: 1.04–1.33). No publication bias was present.

Conclusions: The aforementioned evidence suggested that a history of cholecystectomy
was associated with a slightly elevated risk of gastric cancer. Results of most subgroup
analyses also supported the main findings. More prospective studies are warranted to
further validate these findings.
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INTRODUCTION

Gastric cancer (GC) is one of the most common cancers in the
world. Although the incidence of GC is decreasing, it is still the
sixth most common malignancy and the third leading cause of
cancer-related deaths. The incidence of GC is significantly
elevated in East Asia, while that in North America, northern
Europe, and the entire African region is generally lower (1, 2).
GC is a multifactorial disease with several risk factors, such as
Helicobacter pylori infection, consumption of foods preserved by
salting, low intake of fruits, alcohol consumption, and active
tobacco smoking (3–5).

Cholelithiasis (i.e., the presence of gallstones) is the most
common gastrointestinal disease. An estimated 10% of
Europeans and Americans and 5–10% of Asians are carriers of
gallbladder stones (6, 7). The incidence of cholelithiasis is still on
the rise, with the improvement in living standards and the
extension of life expectancy. Cholecystectomy, especially
laparoscopic cholecystectomy, is the standard therapy for
uncomplicated gallstone disease (8). Although cholecystectomy
can improve inflammation, it may also increase duodenal gastric
reflux (9), which has been proposed to increase the risk of several
types of cancers in digestive system organs, such as liver cancer,
colorectal cancer, and pancreatic cancer (10–12). Recent
epidemiological evidence investigating the relationship between
cholecystectomy and GC risk has been reported. In 2012, Ge and
colleagues (13) carried out a systematic review and meta-analysis
that suggested that cholecystectomy did not increase the overall
risk of GC. However, some later published studies with a larger
sample size generated different findings, which were different
from the previous meta-analysis. For example, Chen et al.
conducted a cohort study with 202 GC patients and 77,725
participants and observed that cholecystectomy was significantly
associated with the risk of GC throughout the follow-up periods
(14). Of note, the results of these published cohort studies have
been conflicting, which might be attributed to the differences in
the number of participants and the years of follow-up (14–17).

Considering that the previous meta-analysis is out of date and
does not include research from the past decade, and given the
conflicting conclusions of current research, this study aimed to
carry out an updated systematic review and meta-analysis of
observational studies to evaluate the association between
cholecystectomy and the risk of GC.
MATERIALS AND METHODS

The reporting standards of the Meta-Analysis of Observational
Studies in Epidemiology group (18) and Preferred Reporting
Items for Systemic Reviews and Meta-Analyses (PRISMA)
(Supplementary Table Sl) guidelines (19) for systematic
reviews and meta-analyses of non-randomized controlled trials
were followed in the present study.

Search Strategy
Two independent individuals (YY and M-HL) comprehensively
searched the Medline (PubMed), Embase, and Web of Science
Frontiers in Oncology | www.frontiersin.org 2166
from inception to November 30, 2020, with only studies
published in English being considered. Details of the full
search strategy are provided in the Supplementary Table S2.
Furthermore, the reference lists of all included studies and
pertinent reviews and meta-analyses were manually examined
to identify additional eligible studies.

Study Selection
A study was eligible for inclusion if it (1) utilized an
observational study design; (2) evaluated the relationship
between cholecystectomy and GC risk; and (3) demonstrated
estimates of odds ratios (ORs), relative risks (RRs), or hazard
ratios (HRs) with 95% confidence intervals (CIs) or extractable
data necessary to calculate these parameters. However,
publications meeting any of the following criteria were
excluded: (1) clinical trials, letters, editorials, case reports,
reviews, meta-analyses, and meeting abstracts; (2) lack of
sufficient risk estimates or related data to calculate risk
estimates; and (3) not published in English. The selection and
exclusion of studies were reviewed by two investigators (YY and
M-HL). Disagreements were resolved by consensus with a third
author (YL).

Data Abstraction and Quality Assessment
Data were extracted in duplicate using standardized forms.
Disagreements were resolved by consensus. The following
information was collected: last name of the first author,
publication year, geographical location, study design, number
of cases, number of controls/cohorts, and characteristics of
exposure and covariates matched in the study design or
adjusted in the statistical analysis.

Quality assessment was performed using the Newcastle–
Ottawa Scale (NOS), which consisted of eight items grouped
into three domains (selection, comparability, and exposure/
outcome) to assess the methodological quality of case–control
or cohort studies (20). Studies that achieved a full rating in at
least two categories of the three assessments were considered to
have a low risk of bias (21).

Statistical Analysis
The risk estimates were extracted from the original studies,
namely, standardized incidence ratio, HR, OR, and RR. As the
absolute risk of GC was low, the other risk estimates were
considered similar estimates to RR (22). The random-effects
model, which considers both within- and between-study
variations, was used to summarize RR with their 95%CI of
each study (23). Heterogeneity among studies was assessed
with I2 statistics. I2; estimates the proportion of variability in
the meta-analysis caused by differences between studies instead
of sampling error (24). The larger I2 indicated the greater
heterogeneity of the studies included in the meta-analysis.
Meanwhile, P-values are generated according to the degree of
heterogeneity in Forest plot (24). Cutoff points ≤25%, ≤50%,
≤75%, and >75% indicated no, low, moderate, and significant
heterogeneities, respectively (24). Subgroup analyses were
conducted to probe into heterogeneous sources by using pre-
January 2022 | Volume 12 | Article 667736
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specified variables like region, anatomic subsite of GC, number
of cases, study design, sex, risk of bias, exposure collection, and
adjustments made for potential confounders, namely, age, sex,
and calendar year. Associations that resulted from studies with
small study biases (e.g., publication bias) were evaluated by visual
inspection of funnel plot and formal testing using Egger’s test
and Begg’s test (25, 26). Sensitivity analysis was conducted in
which the summarized risk estimates were recalculated by
omitting one study at a time so as to assess the effect of
individual studies on the estimated RR (27). All statistical
analyses were performed using Stata 12.0 software (Stata LLC,
TX, USA).
Frontiers in Oncology | www.frontiersin.org 3167
RESULTS

Summary of the Selection Process
The search yielded 4,763 studies from three electronic biographic
databasesusing a predefined search strategy. Twomore studies (28,
29) were identified for full review by checking references. After
removing 1,542 duplicates, 3,221 studies were screened based on
title and abstract for further reading and 15 studieswere eligible for
further assessment by studying the full text. Eight studies met the
inclusion and exclusion criteria and were selected for this
systematic review and meta-analysis (Figure 1). The list of
excluded studies was appended (Supplementary Table S3).
FIGURE 1 | Flowchart of the study selection. The flowchart shows the process used to select studies for our meta-analyses focusing on the association between
cholecystectomy and gastric cancer risk.
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Study Characteristics
The characteristics of the eight included studies are summarized in
Table 1. These studies were published between 1984 and 2020 and
included 26,063 GC patients with a range of 14–22,860 patients in
individual studies. Of these eight studies, three (30, 32, 33) were
case–control studies and five (14–17, 31) were cohort studies. Five
(16, 17, 31–33) of these studies were conducted in Europe, two (14,
15) in Asia, and one (30) in the United States. Most studies
collected the exposure through medical records or government
databases. Furthermore, all studies required an objective GC
diagnosis. All studies, except for one, were adjusted for age and
sex (n = 6). Fewer studies were adjusted for the calendar year (n =
3). Specifically, one study was adjusted formore than five potential
confounders in the primary analysis.

Risk of Bias Within Studies
Supplementary Tables S4 and S5 provide details of the study
quality assessment as reflected by NOS scoring. Two studies were
graded as high risk (15, 17). For the cohort study, three (15–17)
studies that did not illustrate the source of cohort were not given
a star for the selection of the unexposed cohort; two (15, 17)
study failing to adjust any confounder was not given a star for
comparability; two studies (14, 15) were not assigned a star for
insufficient duration of follow-up. For the case–control study,
one (33) study that included hospital-based controls was not
given a star for the selection of control subjects; two (30, 33)
case–control studies were not given a star for the definition of
cases by the International Classification of Diseases code.

RR of Cholecystectomy-Associated GC
Figure 2 shows the study-specific and summarized RRs and 95%
CIs of GC for ever having cholecystectomy versus no history of
Frontiers in Oncology | www.frontiersin.org 4168
cholecystectomy. Based on the eight studies, the summarized RR
was 1.11 (95%CI: 1.03–1.20), with low heterogeneity among
studies (I2 = 37.8%). No publication bias was present (P for
Begg’s test = 0.754, P for Egger’s test = 0.683) (Supplementary
Figure S1).

The estimates by subgroups together with the results of the
heterogeneity tests are given in Table 2. In subgroup analysis by
study design, a significant result was observed after summarizing
five cohort studies (14–17, 31) (RR = 1.12, 95%CI: 1.01–1.24),
which was similar to the main finding, but not in case–control
studies (30, 32, 33). In addition, similar situation was observed
after summarizing six studies (14, 16, 30–33) with low risk (RR =
1.12, 95%CI: 1.02–1.23) instead of high risk (15, 17), two studies
(14, 15) conducted in Asia (RR = 1.55, 95%CI: 1.06–2.26) instead
of conducted in Europe (16, 17, 31–33), five studies (14, 16, 17,
30, 31) collecting exposure information on the basis of
government database (RR = 1.12, 95%CI: 1.04–1.21) instead of
other collecting exposure information methods (15, 32, 33), five
studies (14, 16, 30–32) with more than 200 GC patients (RR =
1.12, 95%CI: 1.02–1.23) instead of less than 200 GC patients (15,
17, 33), six studies (14, 16, 30–33) adjusted for age or sex (RR =
1.12, 95%CI: 1.02–1.23), and three studies (16, 30, 31) adjusted
for calendar year (RR = 1.13, 95%CI: 1.06–1.20). Of note, after
summarizing these results of subgroup analyses by sex and
anatomic subsite of GC in their primary analyses, significant
results were only observed in male and non-cardia GC (Table 2).

Additionally, no influential study was found in the sensitivity
analyses, in which one study was omitted at a time and a
summarized RR was calculated for the remainder of the
studies. The estimated RR in this sensitivity analysis ranged
from 1.09 (95%CI: 0.98–1.22, I2 = 43.5%) to 1.13 (95%CI: 1.05–
1.22, I2 = 32.9%) (Supplementary Figure S2).
TABLE 1 | Characteristics of studies included in the meta-analysis of the association between cholecystectomy and gastric cancer risk.

First author,
ref, year

Location Study
design

No. of
cases

No. of
controls/
cohorts

Exposure
source

Risk
estimate

Adjustments

Kim et al. (15),
2020

Korea Cohort
study

14 3,588 Medical
record

SIR N/A

Chen et al. (14),
2014

Taiwan Cohort
study

202 77,725 Database HR Age, sex, and comorbidities

Nogueira et al.
(30), 2014

USA Case-
control
study

22,860 100,000 Database OR Age, sex, and calendar year of selection, duration of Medicare benefits
coverage

Fall et al. (16),
2007

Sweden Cohort
study

948 251,672 Database SIR Age, sex, and calendar year

Goldacre et al.
(31), 2005

UK Cohort
study

15,31 374,067 Database RR Age, sex, calendar year, and district of residence

Freedman et al.
(32), 2000

Sweden Case-
control
study

2,62 820 Questionnaire OR Age, sex, tobacco use, alcohol use, body mass index, educational level,
intake of fruit and vegetables, meal size, and physical activity

Sarli et al. (33),
1986

Italy Case-
control
study

1,57 157 Medical
record

OR Age, sex, and geographic area of origin and dietary habits

Gustavsson
et al. (17), 1984

Sweden Cohort
study

89 16,773 Database RR None
HR, hazard ratio; N/A, not available; OR, odds ratio; RR, relative risk; SIR, standardized incidence ratio.
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DISCUSSION

The current systematic review and meta-analyses included three
case–control and five cohort studies involving 26,063 patients and
848,081 participants. The studies focused on cholecystectomy and
GC risk. The findings revealed that cholecystectomywas associated
with 11% increased risk of GC, with low heterogeneity among
studies. This association was also significantly observed in cohort
studies and studies with a low risk of bias. In subgroup analysis by
anatomic subsite of GC, this effect was more pronounced in non-
cardia GC compared with cardia GC. However, no evidence of the
relationship between the duration of the follow-up period after
cholecystectomy and GC risk was found.

One previous meta-analysis of observational studies was
reported, but with inconsistent findings. In 2012, based on a
meta-analysis of two case–control and three cohort studies, with
2,073 GC patients, Ge et al. (13) observed a non-significant
excess risk of GC related to prior cholecystectomy (RR = 1.03,
95%CI: 0.93–1.13). Moreover, they also found a null association
between cholecystectomy and risk of gastric cardia cancer (RR =
0.87, 95%CI: 0.65–1.17). However, the study had some
limitations. First, the methodological quality of the included
studies was not evaluated, and only a few subgroup analyses were
made. Second, generalization of the results of previous meta-
analysis in other countries was difficult because the included
studies were conducted only in Western countries.
Frontiers in Oncology | www.frontiersin.org 5169
In the subgroup analysis layered by anatomic subsite of GC,
we found that the positive association between cholecystectomy
and non-cardia of GC risk. However, due to limited studies
included in this subgroup analysis (n = 2), the probability of
chance findings could not be ruled out. Additionally, although
the two included studies both supported the aforementioned
positive correlation results, Fall et al. (16) conducted the cohort
study which had the limitations of small sample size and fewer
confounding factors adjustment. Therefore, further studies are
needed to explore the relationship between cholecystectomy and
non-cardia of GC risk.

The underlying exact mechanisms of these contradictory links
between cholecystectomy and GC risk have been unclear;
however, some potential plausible mechanisms have been
proposed to explain these findings. After cholecystectomy, bile
flow changes, increasing the bile exposure of the stomach,
changing bile salts, and subsequently changing the levels of
metabolic hormone (34). Increased bile flow can cause bile to
return to the stomach and esophagus, increasing the risk of GC
(17). In addition, the presence of bile could cause another type of
inflammation known as reactive gastritis (35). Moreover, clinical
and epidemiological evidence have supported the functional
relationship between chronic inflammation and cancer (36, 37).
Furthermore, evidence suggests that one of these bile acids might
be a weak mutagen, causing DNA damage, inducing frequent
apoptosis, and ultimately increasing cancer incidence (38, 39).
FIGURE 2 | Forest plot (random-effects model) of the association between cholecystectomy and gastric cancer risk. Squares indicate study-specific relative risk
(RR), where the size of the square reflects the study-specific statistical weight; horizontal lines indicate the 95% confidence interval (CI); diamonds denote the
summary RR with 95% CI.
January 2022 | Volume 12 | Article 667736

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


Yang et al. Cholecystectomy and Gastric Cancer Risk
To our knowledge, the present study is the most
comprehensive meta-analysis of cholecystectomy and GC risk
so far. The strengths of this study include the following: First, this
meta-analysis involved a large sample size (26,063 patients and
848,081 participants) to evaluate the effect of cholecystectomy
and GC risk, which increased the statistical power to detect the
association. Second, numerous subgroup analyses were
performed to analyze the study characteristics that might affect
results, and sensitivity analyses were further performed to
explore the heterogeneity in this study. Third, this present
meta-analysis had no publication bias and low heterogeneity,
and most of the included studies had a low risk of bias. All these
strengths make the results of this study more convincing.

However, the study also had several limitations. First, a
significant excess risk of GC related to cholecystectomy was
observed in cohort studies, but not in case–control studies.
Furthermore, the subgroup analysis of case–control studies
represented moderate heterogeneity, which was higher than the
subgroup of cohort studies. The case–control studies were prone
to generate selection and recall bias, and the quality of the cohort
studies was inconsistent, which might explain the observed
heterogeneity in the study. Second, the different exposure rates
of cholecystectomy varied among the included studies, which
might be an important issue. Most included studies were
Frontiers in Oncology | www.frontiersin.org 6170
conducted in European countries, and only a few were
conducted in other countries. The exposure rate of
cholecystectomy was observed to be 20% of the total
participants in Taiwan but 10% of that in the United Kingdom
(14, 31). Third, potential confounders that were not adjusted in
individual studies could not be controlled. Although eight studies
were included, the number of studies in each subgroup analysis
was relatively small, leading to the need for further verification of
some subgroup analysis results. In addition, only subgroup
analyses for region, age, sex, exposure collection, and calendar
year were conducted. The positive association between
cholecystectomy and risk of GC persisted when the analysis of
studies that adjusted for these confounders was restricted.
Further studies should also consider whether the important
risk factors of GC, such as H. pylori infection (4) and diet
intake, affected the association of cholecystectomy and GC risk
(3, 5). Fourth, only three included studies evaluated the
association between cholecystectomy and different anatomic
sites of stomach; therefore, inconsistent results were obtained
for different anatomic sites with high heterogeneity. As cardia
GC and non-cardia GC could have differences in the possibility
of exposure to reflux bile, and data for further analysis were
lacking, more studies are warranted to better elucidate this issue
in the future. Fifthly, the cohort studies included in our meta-
TABLE 2 | Risk estimates for cholecystectomy associated with gastric cancer in subgroup analysis.

No. of studies RR (95%CI) I2 (%) P*

Region
Asia 2 1.55 (1.06–2.26) 0 0.370
Europe 5 1.07 (0.97–1.19) 41.2 0.131
USA 1 1.15 (1.05–1.26) N/A N/A

Anatomic subsite of gastric cancer
Cardia 3 0.89 (0.78–1.02) 0 0.479
Non-cardia 2 1.17 (1.04–1.33) 74.1 0.050

Number of cases
<200 3 1.03 (0.85–1.25) 0 0.666
≥200 5 1.12 (1.02–1.23) 55.6 0.047

Study design
Cohort study 5 1.12 (1.01–1.24) 41.1 0.131
Case-control study 3 0.95 (0.66–1.38) 53.7 0.115

Gender
Male 3 1.15 (1.00–1.32) 17.4 0.304
Female 3 0.99 (0.90–1.09) 0 0.827

Risk of bias
Low risk 6 1.12 (1.02–1.23) 48.8 0.069
High risk 2 1.04 (0.85–1.27) 0 0.439

Exposure collection
Database 5 1.12 (1.04–1.21) 41.8 0.126
Questionnaire 1 0.67 (0.39–1.14) N/A N/A
Medical record 2 1.04 (0.85–1.27) 0 0.439

Adjustment for potential confounders
Age
Yes 6 1.12 (1.02–1.23) 48.8 0.069
No 2 1.04 (0.85–1.27) 0 0.439

Gender
Yes 6 1.12 (1.02–1.23) 48.8 0.069
No 2 1.04 (0.85-1.27) 0 0.439

Calendar year
Yes 3 1.13 (1.06–1.20) 29.6 0.234
No 5 1.07 (0.79–1.45) 49.9 0.092
Janua
ry 2022 | Volume 12 | Article 6
CI, confidence interval; N/A, not available; RR, relative risk.
*P-value for heterogeneity within each subgroup.
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analysis differed in the evaluation of follow-up time, so it is
difficult to summarize the RR and 95%CI of comparing longest
vs shortest duration of the follow-up period. Future large cohort
studies with longer follow-up time need to further explore the
effect of cholecystectomy on gastric cancer risk. Additionally, the
reasons for cholecystectomy in these included original studies
were different or unknown. For example, Fall et al. identified
participants through the Swedish National Inpatient Register,
who had undergone cholecystectomy without illustrating the
reason for the cholecystectomy (16). The patients who
underwent cholecystectomy for symptomatic cholelithiasis or
its complications, gallbladder polyp, or acalculous cholecystitis
were included in the Kim et al. study (15). Therefore, further
studies are needed to consider this in the future. Finally, only
published studies were searched and included, while the gray
literature and unpublished studies were ignored.
CONCLUSIONS

The present systematic review and meta-analysis indicated that
cholecystectomy had an increased risk of developing GC.
Meanwhile, most subgroup analyses also supported the main
Frontiers in Oncology | www.frontiersin.org 7171
findings. More large-scale prospective cohort studies are needed
to validate these findings worldwide to gain further insights.
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