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Editorial on the Research Topic

Targeting the Wnt/b-catenin signaling pathway in cancer
Wnt/b-catenin signaling, also referred as canonical Wnt signaling, is a highly

conserved cellular pathway that regulates multiple biological processes involved in

normal physiological and disease processes, including cell proliferation and

differentiation, tissue regeneration, migration, autophagy, and apoptosis. The main

human disorder associated with dysfunctional Wnt/b-catenin signaling is cancer (1).

Indeed, aberrant activation of Wnt/b-catenin signaling resulting from either Wnt

overexpression or mutations in pathway components (e.g., APC) that stabilize b-
catenin have been extensively reported in gastrointestinal, lung, liver, breast, and

prostate cancers, as well as in leukemia and melanoma. Wnt/b-catenin signaling is

known to drive Tcf/Lef transcription of proteins essential for cancer cell proliferation and

survival, such as cyclin D, Myc, and survivin (2, 3). Wnt/b-catenin signaling also appears

to be essential for cancer cell migration and invasion in the case of breast cancer and

melanoma (4, 5) and the control of tumor dormancy in colorectal cancers (6). Another

important aspect relating to cancer in which Wnt/b-catenin is involved is tumor

immunology. Here, Wnt/b-catenin signaling appears to act as a major regulatory

mechanism that causes primary resistance to T cell-based immune-oncology therapies

(7). Finally, Wnt/b-catenin is involved in the maintenance and propagation of stem cells

essential for normal cell turnover as well as tissue regeneration (8, 9). Consequently,

Wnt/b-catenin signaling can cause resistance to certain cancer treatments (10), while

inhibition can result in toxicity to normal tissues. Considering these aspects, it is not

surprising that researchers have proposed multiple molecular strategies to target various

nodes within this signaling pathway for cancer treatment. Indeed, the Wnt/b-catenin
pathway is complex and embodies a wide number of components, which represent

potential targets for cancer treatment or prevention. Furthermore, Wnt/b-catenin may

have different roles among cancers of different histologic origins. Therefore, it is
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necessary to consider all molecular relationships between Wnt/

b-catenin signaling and other regulatory pathways in normal

tissues and cancer in the development of novel anticancer drugs

that target Wnt/b-catenin signaling.

This Research Topic entitled “Targeting the Wnt/b-catenin
Signaling Pathway in Cancer” represents a review of the current

knowledge of the intrinsic link between Wnt/b-catenin signaling

and cancer. The published original research and review articles

are briefly described below:

Zhou et al. investigated the molecular mechanisms by which

uterine leiomyoma (UL) cells proliferate and unveiled that the

specific long noncoding RNA Alu-mediated p21 transcriptional

regulator (APTR) was overexpressed in UL human tissues and

promoted cell proliferation by increasing the expression of the

proteins of the Wnt/b-catenin signaling pathway and by directly

interacting with the estrogen receptor alpha (ERa).
Raoul et al. reported the clinical outcome and molecular

profile of two cases of metastatic pancreatoblastomas, a rare

pancreatic tumor typically found in young children. In this

report, they demonstrated that both patients benefited from

systemic chemotherapy (FOLFIRINOX regimen). Furthermore,

by performing high-throughput sequencing of the tumors

analyzed, they found specific mutations of members of the

Wnt/b-catenin pathway.

Behrooz and Syahir provides an overview of the state-of-the-

art of the interplay between CD133, Wnt/b-catenin and TERT

signaling pathways in glioblastoma multiforme (GBM) to

demonstrate that this axis may represent a possible therapeutic

target against this aggressive cancer type.

She et al. demonstrated that the Fas apoptotic inhibitory

molecule 2 (FAIM2) is highly expressed in non-small cell lung

cancer (NSCLC) tissues and NSCLC tissues with bone

metastasis, and promotes cell proliferation, migration, and

invasion, and inhibits cell apoptosis. Interestingly, the authors

unveiled that FAIM2 exerts these effects by regulating the Wnt/

b-catenin signaling pathway.

Ding et al. identified high expression levels of tumor

endothelial marker 8 (TEM8) in samples and cells of lung

adenocarcinoma. Such increased levels were associated with

tumor size of primary tumor. Mechanistic investigations

performed both in vitro and in vivo showed that TEM8

promoted lung cancer cell proliferation and invasion by

activating Wnt/b-catenin signaling.

Ke et al. found that exposure to polycyclic aromatic

hydrocarbons (which are widespread environmental pollutants

associated with carcinogenicity) suppressed the microRNA

(miR), 377-3p, and downregulated the expression of early growth

response 1 (EGR1) to facilitate malignant transformation and

tumor growth of lung cells by regulating the Wnt/b-
catenin pathway.

Zheng et al. demonstrated that the protein A-kinase

interacting protein 1 (AKIP1) was elevated in diverse thyroid

carcinoma cells and regulated different aspects of tumorigenesis
Frontiers in Oncology
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(including apoptosis, cell viability and invasion, and response to

chemotherapy) by controlling the activity of PI3K/AKT and b-
catenin pathways.

Shah et al. explored the current knowledge of the

phosphorylation-dependent regulations of b-catenin and Wnt

signaling in cancer providing a detailed overview of the main

kinases which regulate the Wnt/b-catenin pathway.

Wang et al. performed a study aimed to investigate the

significance of Wnt in the prognosis and tumor immunity in

NSCLC and found that WNT2B and WNT7A might have

prognostic value in lung adenocarcinoma and in squamous

cell lung cancer. Authors performed this investigation by using

a publicly available tumor database and validated their findings

in NSCLC pathological tissues and cell lines.
Perspectives

The Wnt/b-catenin signaling pathway was discovered over

30 years ago and has been extensively studied as a key cellular

pathway involved in both physiological and pathological

processes. While it has been widely reported that Wnt/b-
catenin signaling plays a critical role in multiple aspects of

tumorigenesis from early stages of malignant transformation

to invasion and metastasis, there are no approved anticancer

drugs that target this pathway for either the treatment or

prevention of cancer. Nonetheless, multiple lines of evidence

suggests that targeting the Wnt/b-catenin pathway with small

molecule inhibitors can selectively inhibit proliferation and

induce apoptosis of cancer cells to inhibit tumor growth.

Despite all these aspects, the exact function of Wnt/b-catenin
signaling, all of its molecular components, and other

intracellular signaling pathways (e.g., RAS/MAPK) that may

intersect with Wnt/b-catenin signaling, within the context of

normal physiology and cancer biology remain only partially

understood. A more complete understanding of these questions

holds promise for providing insight to novel molecular

targets and the development of efficacious anticancer drugs

for a wide range of malignancies that are driven by Wnt/b-
catenin signaling.
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LncRNA APTR Promotes Uterine
Leiomyoma Cell Proliferation by
Targeting ERa to Activate the
Wnt/b-Catenin Pathway
Weiqiang Zhou, Guocheng Wang, Bilan Li , Junjie Qu and Yongli Zhang*

Department of Obstetrics and Gynecology, Shanghai First Maternity and Infant Hospital, Tongji University School of
Medicine, Shanghai, China

The molecular mechanisms by which uterine leiomyoma (UL) cells proliferate are unclear.
Long noncoding RNA (lncRNA) is reported to participate in the occurrence and
development of gynecological cancers. We investigated the molecular mechanisms that
lncRNA uses in UL. We found that lncRNA Alu-mediated p21 transcriptional regulator
(APTR) showed higher expression in UL tumor tissues compared with that in normal
uterine tissues. APTR induced cell proliferation and colony formation both in vitro and in
vivo. The JASPAR database showed that APTR was likely interacted with ERa, and these
molecules were identified via laser scanning confocal microscopy and RNA
immunoprecipitation analysis. To verify the correlation between APTR and ERa, we
overexpressed and underexpressed APTR and simultaneously expressed ERa. The
results showed that APTR function was suppressed. APTR increased the expressions
of the proteins in the Wnt pathway, and inhibiting ERa eliminated these responses. In
conclusion, our data suggest that APTR promoted leiomyoma cell proliferation through
the Wnt pathway by targeting ERa, suggesting a new role of APTR in the Wnt signaling
pathway in UL.

Keywords: long noncoding RNA (lncRNA) Alu-mediated p21 transcriptional regulator (APTR), uterine leiomyoma,
proliferation, ERa, Wnt pathway
HIGHLIGHTS

►APTR induced uterine leiomyoma cell proliferation and colony formation

► APTR directly interacted with ERa and they were co-localized in the nucleus

►APTR promoted leiomyoma cell proliferation through the Wnt pathway by targeting ERa
March 2021 | Volume 11 | Article 53634617

https://www.frontiersin.org/articles/10.3389/fonc.2021.536346/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.536346/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.536346/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.536346/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:doctorzhang2@163.com
https://doi.org/10.3389/fonc.2021.536346
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.536346
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.536346&domain=pdf&date_stamp=2021-03-10


Zhou et al. LncRNA APTR Promotes Leiomyoma Proliferation
INTRODUCTION

Uterine leiomyoma (UL) is the most common benign
gynecological tumor, with an incidence rate of 30–40% in
fertile women (1). UL may lead to asymptomatic complications
such as uterine bleeding, severe dysmenorrhea, pelvic pain and
infertility and is the leading indication for a hysterectomy (2).
However, because the typical marriage age has increased, and
many women have not completed childbearing, hysterectomies
are often contraindicated (3). Therefore, nonsurgical treatments
are urgently needed, and understanding the specific molecular
mechanism of UL cell proliferation may improve patients’
quality of life.

In vitro and in vivo experiments have shown that UL is an
estrogen-dependent tumor, and estrogen affects UL promotion
and progression (4). Estrogen binds to its receptors and initiates
transcription, then promotes UL cell proliferation (5). Estrogen
receptors include estrogen receptors (ERs) a and b, and
estrogenic action can be influenced by selective estrogen
receptors (6). However, whether ERa or ERb mediate estrogen
function and how estrogen affects UL cell proliferation
remain unclear.

Aberrant activation of Wnt/b-catenin has been detected in
ER-positive breast cancer cells (7). b-Catenin is involved in the
canonical Wnt signaling pathway, regulating diverse sets of
cellular activities including cell proliferation (8). Enhanced
nuclear b-catenin can accelerate interphase by shortening the
cell cycle phase and can activate cyclin-D1 and c-Myc (9).

Long noncoding RNA (lncRNA) is reported to participate in
gynecological cancers and is associated with the epithelial-
mesenchymal transition (EMT) (10). H19 generates miR-675,
an EMT-associated gene in prostate cancer (11). LncRNA is also
reported to participate in endometrial carcinoma occurrence
and development (12).

LncRNA Alu-mediated p21 transcriptional regulator (APTR)
is the inhibitor that represses the p21 promoter in human
glioblastomas (13). APTR is reported to play a crucial role in
osteosarcoma (14), be a potential biomarker for liver cirrhosis
(15) and have potential diagnostic value for papillary thyroid
cancer (16). In this study, we examined whether APTR
plays a pivotal role in UL progression and elucidated the
possible mechanism.
MATERIALS AND METHODS

Cells, Patients, and Samples
Three patients were included in the study, and UL tumor tissue
and adjacent normal uterine tissue specimens were acquired at
the follicular phase. Inclusion criteria for this study were patients
who (a) were nonmenopausal, (b) had undergone a hysterectomy
because of UL between 12/2016 and 08/2017, (c) were without
medical complications, and (d) had no history of hormone
therapy. Paraffin-embedded tissues of 34 UL patients were
included in the study, and all histopathologic evaluations were
Frontiers in Oncology | www.frontiersin.org 28
performed by experienced pathologists from the Shanghai First
Maternity and Infant Hospital.

Ht-UtLM primary cells were collected from 30 patients who
had undergone total hysterectomies at the follicular phase and
were selected according to the above criteria. All were diagnosed
by a pathologist. The detailed steps were previously described
(17). Ht-UtLM-1 and the Ht-UtLM-2 came from the same
patient’s primary cells. Because the primary cells cannot be
subcultured, primary cells from different patients were used for
different experiments and there were total 30 patients selected. It
was investigated the cells culture was mycoplasma-free.

The Hospital’s Protection of Human Subjects Committee
approved the study protocols. Samples were acquired with
written informed consent from the Shanghai First Maternity
and Infant Hospital affiliated with Tongji University School
of Medicine.

Immunohistochemistry
Immunohistochemical staining was performed using the two-
step plus Poly-HRP Anti-IgG Detection System (ZSGB-Bio,
Beijing, China) per the manufacturer’s recommendations.
Primary antibodies targeting ERa (C-311; cat. no. sc-787,
Santa Cruz, CA, USA), ERb (B-3; cat. no. 373853, Santa Cruz),
Ki-67 (cat. no. 373853, Santa Cruz) and b-catenin (12F7; cat. no.
sc-59737, Santa Cruz) were used.

RNA Extraction and Analysis
Total RNA extraction and reverse transcription were performed
per the manufacturer’s protocol. Semi-quantitative RT-PCR was
performed using the standard protocol from the SYBR Green
PCR kit (Toyobo, Osaka, Japan). GAPDH was used as the
reference mRNA. DCt values were normalized to GAPDH
levels. The 2–△△Ct method was used to measure the gene
expression levels. The primer pairs used were as follows:
human lncRNA APTR forward: 5′-AGTAGCAGGAGACAG
CAT-3′, reverse: 5′-TGACAGCCTTCCACAATC-3′; a-SMA
forward: 5′-CTTTCAAGCTGTTCCTGTC-3′, reverse: 5′-TGT
GTTTCTCCTCTGTCC-3′; vimentin forward: 5′-GATGGTGTT
TGGTCGCATA-3′, reverse: 5′- CGAATGCGCAGCACCAG-3′;
KRT-19 forward: 5′-GGCGCCACCATTGAGAA CT-3′, reverse:
5′-GCCAGGCGGGCATTG-3′; and GAPDH forward: 5′-GGC
TCCCTTGGGTATATGGT-3′, reverse: 5′-TTGATTTTGGA
GGGATCTCG-3′.

Western Blot Analysis
Western blot analysis was performed to assess protein expression
as previously described (18). Primary antibodies included anti-
GAPDH (cat. no. G9545) purchased from Sigma, all others were
purchased from Santa Cruz, including anti-ERa (sc-8002), anti-
KRT-19 (sc-376126), anti-a-SMA (sc-53142), anti-vimentin
(sc-6260), anti-actin (sc-8432), anti-c-Myc (sc-373712), anti-b-
catenin (sc-7963) and anti-cyclin-D1 (sc-8396).

Lentiviral Production and Infection
The full-length nucleotide sequence for APTR was obtained from
the FLJ cDNA library. It was then inserted at the 3´ end of the
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APTR in the lentivirus vector (Invitrogen, V49810). The shRNA
was constructed as previously described (19).

Cell Cultures and Colony Formation
Cells were cultured in 10% Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum (Wisent, Canada) at 37°C
with 5% CO2. For the colony-forming assay, cells (6 × 102) were
transfected and incubated for 14 days. Colonies (>50 cells) were
counted manually and plotted as previously described (18).

Cell Viability Assay
Cells were plated and grown for 96 h. The number of cells was
determined using the 3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyltetrazolium bromide (MTT) assay as previously
described (20).

RNA Immunoprecipitation
RIP analysis to assess RNA-binding protein expression was
performed as previously described (21). Primary antibodies
included mouse monoclonal antibody against ERa (cat. no. sc-
787, Santa Cruz) and mouse monoclonal antibody against actin
(C-2; cat. no. sc-8432, Santa Cruz).

Luciferase Assays
Cells were seeded at 1 × 105 cells/well in a 24-well cell plate one day
prior to transfection with Superfect according to the manufacturer’s
protocol (Tiangen Biotech co LTD, Beijing, China). Luciferase
activity was normalized for transfection efficiency using the
mutant promoter reporter plasmid, FOPflash (vs. TOPflash, the
un-mutated plasmid), as an internal control (22).

Illumina HiSeq
Total RNA was extracted from cells using TRIzol™ Reagent
(#15596026, Invitrogen, Carlsbad, CA, USA) per the
manufacturer’s protocol, and ribosomal RNA was removed
using the Ribo-Zero rRNA Removal Kit (Epicentre, Madison,
WI, USA). Fragmented RNA (average length of ~200 bp) were
subjected to first-strand and second-strand cDNA synthesis
followed by adaptor ligation and enrichment with a low cycle
per the instructions of the NEBNext® Ultra™ RNA Library Prep
Kit for Illumina (NEB, USA). The purified library products were
evaluated using the Agilent 2200 TapeStation and Qubit® 2.0
(Life Technologies, USA). The libraries were paired-end
sequenced (PE150, sequencing reads were 150 bp) using the
Illumina HiSeq Xten platform.

Fastp software (v0.17.0) was used to trim adaptor and remove
low quality reads to get high quality clean reads. mRNA/LncRNA:
hisat2 software (v2.04) was used to align the high quality clean reads
to the human reference genome (UCSC hg19). Then, guided by the
Ensembl GTF gene annotation file (v75), cuffdiff software (part of
cufflinks, v2.2.1) was used to get the gene level FPKM as the
expression profiles of mRNA, transcript level FPKM as the
expression profiles of LncRNA, and fold change and p-value were
calculated based on FPKM, differentially expressed mRNAs/
LncRNAs were identified by cuffdiff software. Gene Ontology
and KEGG pathway enrichment analysis were performed based
on the differentially expressed mRNAs and LncRNA nearby genes.
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This part of the experiment was performed by Shanghai Yinxi
Biomedical Technology Co., Ltd.

Nude Mouse Study
Ht-UtLM cells (5 × 106) with stably upregulated APTR were
subcutaneously implanted into 4- to 6-week-old BALB/c nude
mice purchased from Shanghai SLAC Laboratory Animal
Company. Tumor growth was measured using a digital caliper
every 5 days for 30 days. The mice were sacrificed on day 30 after
cell implantation, and the tumor weights were measured.

Plasmids
The ERacDNA and ERaRNAi plasmid were purchased from
Origene (Maryland, USA) (23).

Fluorescence In Situ Hybridization
The cDNA encoding APTR was subcloned into the NheI and
XhoI sites of pSL-MS2-12x vector (Addgene), named pSL-
MS2-APTR, the sequence is as follow: ACTR-F-NheI 5’-
TAGCTAGCAGTCCCGCTGACACCTT-3’, ACTR-R-XhoI
5’-ACCTCGAGAACCGTGAGTCCATTAAACCTC -3’. A
digoxin (Roche, Mannheim, Germany)-labeled lncRNA-APTR
complementary DNA probe was synthesized in vitro used for
RNA fluorescence in situ hybridization (FISH). The following
procedures were performed as previously described (24) without
slight modification.

Statistical Analysis
All experiments were repeated in triplicate. Data are expressed as
the mean ± SD. Statistical significance between two groups was
determined using Student’s t-test. P<0.05 was considered
statistically significant.
RESULTS

Alu-Mediated p21 Transcriptional
Regulator Was Overexpressed in
Uterine Leiomyoma
UL tissues and adjacent normal uterine tissues from three
patients were used to confirm the APTR expression levels.
Illumina HiSeq was used to further verify the higher
expression of APTR. APTR expressions in the tissues from the
three patients were significantly increased compared with those
of the normal tissues (Figures 1A, B).

Increased levels of a-SMA and decreased levels of vimentin
and KRT-19 identified the leiomyoma tumor cells (Figure 1C).
Next, real-time PCR analysis confirmed the higher APTR levels
in the UL tissues (Figure 1D). Figures 1C, D showed one
representative sample.

Alu-Mediated p21 Transcriptional
Regulator Overexpression Promoted
Leiomyoma Cell Proliferation
APTR was overexpressed in UL tumor cells. Thus, we
investigated the role of APTR in regulating cell proliferation.
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We constructed APTR-overexpression and APTR-knockdown
lentiviral vectors, infected Ht-UtLM cells, and selected stably
infected cell clones for further study. The vectors were compared
to a control (Figure 2A). MTT analysis showed that APTR-
infected cells grew much faster than did the controls (Figures 2B,
C). Colony-formation assays revealed that APTR-infected cells
formed larger and more numerous colonies than did the controls
(Figures 2D, E). Conversely, shRNA-infected cells had slower
proliferation rates and formed smaller and fewer colonies than
did the controls.

The stably infected cells were subcutaneously transplanted
into BALB/c nude mice. We suspended the cells at 5 × 106 cells/
ml, and 100 ml were injected into the flanks of nude mice (n=5).
We measured tumor sizes starting 5 days postinjection
using the formula, W2 × L, every 5 days for 30 days. Mice
were then euthanized, and the tumors were excised (Figure 2F).
Tumor sizes (Figure 2G) and weights (Figure 2H) from
APTR-overexpressing cells were increased compared with
the controls.
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Alu-Mediated p21 Transcriptional
Regulator Directly Interacted With ERa
According to the JASPAR database, lncRNA is likely interacted
with ERa (Figure 3A). ENST00000447009 is lncRNA APTR,
with an interaction strength of 10%. We next explored whether
APTR interacts with ERa. The location of APTR was confirmed
using FISH assay; APTR and ERa were co-localized in the
nucleus (Figure 3B). We used RIP to verify the correlation
between ERa and APTR, and the results showed that APTR is
likely interacted with ERa (Figure 3C).
Alu-Mediated p21 Transcriptional +
Regulator Induced Leiomyoma Tumor
Cells Proliferation by Targeting ERa
In leiomyoma tumor cells, ERa promoted proliferation, as did
APTR. Therefore, the correlation between ERa and APTR were
measured. Western blot analysis was used to verify the
overexpression and underexpression of ERa (Figure 3D). MTT
A B

C

D

FIGURE 1 | LncRNA expression was high in leiomyoma tumors. (A, B) Differences in RNA transcription were detected between normal uterine tissues and
leiomyoma tumors. High-level pathway sequencing showed that a-SMA expression was higher in leiomyoma tumors. (C) Gel electrophoresis, real-time PCR, and
Western blot analyses confirmed higher a-SMA expression and lower vimentin and KRT-19 expression in leiomyoma tumors. (D) Gel electrophoresis and real-time
PCR analyses confirmed higher APTR expression in leiomyoma tumors. (*P < 0.05, **P < 0.01).
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analysis showed that ERa overexpression cells grew much faster
than controls (Figure 3E). Colony formation assays also revealed
that ERa overexpression cells formed larger and more colonies
than controls (Figure 3F). Conversely, ERa a cells had slower
proliferation rates and formed smaller and fewer colonies
than controls.

APTR levels were overexpressed and underexpressed (Figure
3G). The effect of APTR on growth was abolished when
simultaneously infected with ERaRNAi (Figures 3H, I). Colony-
formation assays revealed the same results. Colonies formed by the
APTR- and ERaRNAi-infected cells did not significantly differ
from those formed by the control cells (Figures 3J, K).

APTR Promoted Leiomyoma Cell
Proliferation Through the Wnt Pathway by
Targeting ERa
By bioinformatic analysis, b-catenin promoter has four ERa
binding sites (Figure 4A). b-catenin promoter luciferase reporter
(TOPflash) was used to investigate the regulation of b-catenin by
APTR. The Ht-UtLM cells were coinfected with APTR or shRNA
and TOPflash, and the activity was examined. The results showed
Frontiers in Oncology | www.frontiersin.org 511
that TOPflash activity was increased by cotransfection with APTR
and decreased by shRNA (Figures 4B, C). When the cells were
cotransfected with both APTR and ERaRNAi or shRNA and
ERaRNAi, both cell groups lost their responses (Figure 4D).

Western blotting was used to further validate the effect of APTR.
APTR upregulated b-catenin expression and simultaneously
indirectly upregulated c-Myc and cyclin-D1, downstream
proteins of the Wnt signaling pathway. Conversely, the b-catenin
and downstream cyclin-D1 and c-Myc expression levels did not
differ from those of the control groups. When the cells were
coinfected with both APTR and ERaRNAi or shRNA and
ERaRNAi, the changes in protein expressions between the two
groups did not significantly differ (Figures 4E, F). These results
indicated that APTR activated the Wnt pathway by targeting ERa.
DISCUSSION

In this study, we identified a new effect of lncRNA APTR, which
targets the p21 promoter. We found high APTR expression
levels in the leiomyoma tumor tissues using Illumina HiSeq and
A B C

D E

G H

F

FIGURE 2 | LncRNA APTR induced leiomyoma tumor cell proliferation. Ht-UtLM primary cells derived from leiomyoma tumors were used. (A) Stably infected Ht-
UtLM cells were generated and identified. Real-time PCR analyses confirmed the efficiency. (B, C) Cell proliferation testing was conducted using MTT assays. APTR
overexpression increased cell proliferation. Conversely, knocking down APTR decreased cell proliferation. (D, E) Colony-formation assays were performed on stably
overexpressed or underexpressed APTR for 2 weeks. (F) Tumors from xenograft-transplanted nude mice 30 days after subcutaneously injecting APTR-
overexpressing or control Ht-UtLM cells. (G) Xenograft volumes 30 days after cell injection. (H) Xenograft weights 30 days after cell injection.
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real-time PCR experiments to examine leiomyoma tumor tissues
and adjacent normal cells. Bioinformatics analyses showed that
APTR is likely interacted with ERa. Knocking down the ERa level
abolished the effect of APTR on UL cell proliferation. This effect
on APTR reveals a new role for ERa in the Wnt pathway and
represents the first identification of the lncRNA and ERa pathway.

APTR represses the CDKN1A/P21 promoter, which has been
correlated with cell proliferation in several cancers (13, 15).
Downregulation of APTR has been correlated with tumorigenesis
Frontiers in Oncology | www.frontiersin.org 612
in papillary thyroid cancer and anaplastic thyroid cancer (16). In
cirrhotic patients with portal hypertension, APTR was considered a
prognostic marker, and higher APTR expression was associated
with a poor prognosis (25).

Given the recently identified role of APTR, we first detected
APTR expression in leiomyoma tissues and adjacent normal
tissues. As expected, APTR had a higher expression in
leiomyoma tissues. Further investigation of APTR’s function
would be of interest since APTR overexpression promoted
B C D

E F H

I J K

G

A

FIGURE 3 | LncRNA APTR induced tumor growth by targeting ERa. LncRNA APTR was likely interacted with ERa. (A) LncRNA ENST00000447009 was lncRNA
APTR. According to the JASPAR database, APTR was likely interacted with ERa. (B) Ht-UtLM cells with elevated APTR expression were seeded in 96-well plates.
FISH analysis showed that ERa (red) co-localized with APTR (green) in the nuclei of Ht-UtLM cells. (C) RIP showed that APTR was in contact with ERa. (D) Ht-UtLM
cells were transfected with either ERa cDNA or shRNA plasmids. ERa expression was analyzed by western blot. (E) Cell viability was assessed by MTT assay daily
for 4 days. (F) Colony formation assays were performed on Ht-UtLM cells for 2 weeks. (G) Ht-UtLM cells that stably overexpressed or underexpressed APTR were
screened via real-time PCR. (H, I) After overexpressing or underexpressing APTR or ERaRNAi, the cell viability was assessed using MTT assays daily for 4 days.
(J, K) Colony-formation assays were performed on cells stably overexpressed or underexpressed for 2 weeks. (*P < 0.05).
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proliferation of the UL cell line, but underexpression of APTR
had the opposite effect. Until now, the mechanism of APTR
regulation as it relates to UL cell proliferation was unclear.

Long noncoding RNA (lncRNA) with more than 200
nucleotides is considered a transcript and is not translated into
proteins (26). With little primary sequence conservation, many
lncRNAs are localized to the nucleus (27), while some can
encode small proteins (28). Bioinformatics analysis revealed
that APTR was likely interacted with ERa, and we verified this
using RIP. To further assess the function, we overexpressed
APTR and underexpressed ERa simultaneously, which
Frontiers in Oncology | www.frontiersin.org 713
inhibited the effect of APTR. Underexpressing APTR and ERa
simultaneously also inhibited the effect.

UL is reported to be estrogen-dependent (29), and estrogen
that was uptaken or exposed bound to the estrogen receptor by
acting with an estrogen-like effect (4). Estrogen can overexpress
ERa and upregulate IGF-1 expression (30) and the VEGF
pathways (31). The ERa signaling pathway can crosstalk with
the TGF-b signaling pathway and mediate estrogen to promote
UL cell proliferation (32).

Variant estrogen receptors have also been reported, such as
ERa36, which is located in the mitochondria in Ht-UtLM cells.
B

C

D

F

A E

FIGURE 4 | APTR activated the canonical Wnt pathway in Ht-UtLM cells by targeting ERa. (A) b-Catenin promoter has four ERa binding sites. (B) Cells were
infected with or without APTR together with the TCF-luciferase reporter (TOPflash) or mutant TCF-luciferase reporter (FOPflash) for 24 h. Upregulated APTR
increased TOPflash activation in Ht-UtLM cells. (C) Downregulated APTR repressed TOPflash activation in Ht-UtLM cells. (D) Infection with APTR and ERaRNAi did
not affect the basal TOPflash activity. (E, F) Ht-UtLM cells were infected with APTR or shRNA alone or together with the ERaRNAi. Western blot analysis was
performed with GAPDH as the loading control. (*P < 0.05, **P < 0.01).
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These receptors are associated with mitochondrial proteins and
considered to be nongenomic signals with pivotal functions.
Bisphenol A induced UL cell proliferation through ERa36 as a
nongenomic signaling pathway (33).

ERb was also found in UL. ERa expression was shown to be
higher than that of ERb (34). In our study, specimens were taken
at the follicular phase, and ERb had low expression in leiomyoma
tumor tissues (Supplemental Figure 1). Furthermore, the effect
on the UL cell proliferation was related to ERa.

Interestingly, in this study, the effect of APTR on UL cell
proliferation was offset by ERa. Studies have reported that
different APTR levels affect the cellular biological activity; for
example, knocking down APTR inhibited TGF-b1-induced
upregulation of a-SMA in hepatic stellate cells (15).

Aberrant activated Wnt/b-catenin was detected in this study.
We also detected b-catenin activity in ER-positive UL patients,
which verified the effect of APTR in the Wnt/b-catenin pathway.
Knocking down ERa depleted this effect. We also found a new
checkpoint for ERa. LncRNA APTR promotes UL cell
proliferation by activating the Wnt/b-catenin pathway, and
ERa was the target of the effect of APTR.

Current studies are done in primary cells from only one patient
for one and the same experiment, to avoid patient-specific issues,
results will be confirmed in more patients in the near future.
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Pancreatoblastomas are unfrequent tumors usually found in children. We report two

cases of metastatic pancreatoblastomas observed in young women. A systemic

chemotherapy (FOLFIRINOX regimen) was associated with a disease control in one case

and a partial response in the second with an improvement of general status for both.

A high-throughput sequencing of the tumor described in both cases alteration in the

Wnt/β-catenin pathway: a mutation in CTNNB1 (exon 3, c.110C>G, p.S37C, reported

as a hotspot in COSMIC) in one case and a homozygous loss associated with breakage

targeting APC (5q22.2) in the second.

Keywords: pancreatoblastoma, adult, genomics, chemotherapy—oncology, Wnt/β-catenin

INTRODUCTION

Pancreatoblastoma is a very rare malignant tumor of the pancreas, usually found in children <10
year-old (1). Less than 50 cases in adults have been reported in the literature (2–4), and their main
clinical features are unspecific. Most adult patients are young or very young. They can have pain,
weight loss, abdominalmass, or jaundice. Livermetastases are reported in<30% of the cases despite
a primary size at diagnosis usually over 10 cm. The diagnosis is based on histopathology. Surgery,
including removal of metastases, is the best therapeutic option allowing cures. Efficacy of systemic
chemotherapy, particularly platinum salts and doxorubicin, can be impressive in children (5). These
tumors seem to be more aggressive in adults than in children, but less aggressive than classical
pancreatic ductal adenocarcinoma. Here, we report on two cases of young women diagnosed with a
metastatic pancreatoblastoma, successfully treated by a FOLFIRINOX regimen and with alteration
of the Wnt/β-catenin pathway identified by high-throughput sequencing of the tumor.
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CASE REPORT n◦1

This 33-year-old woman, with no prior familial or personal
medical history, presented in 2009 epigastric pain and a
palpable left upper abdomen quadrant mass. The diagnosis
of large pancreatic tumor invading the gastric wall leads to
perform a radical R0 distal pancreatectomy. On histopathological
examination, the diagnosis of pancreatoblastoma was done in
front of an encapsulated mass, with epithelial components with
acini, some tubular structures and squamoid corpuscles. No
adjuvant treatment was delivered. The follow-up was uneventful
until 2012, when three liver metastases were found. Resection
and external beam irradiation (Cyberknife R©) of metastases were
then performed. Liver metastases recurred a few months later
(two in the left lobe and a large one in the remnant right lobe)
but progressed at a very slow pace and were only submitted
to radiological monitoring until October 2019. Then, a clear
progression was observed on the large metastasis (Figure 1A) of
the right lobe and associated with weight loss and pain, and an
increase of serum Alkaline Phosphatases (1.6 ULN); CEA was
normal and CA19-9 slightly increased (56 U/mL, normal <39
U/mL), as well as AFP (20.8 ng/mL; N < 7 ng/mL). A systemic
chemotherapy based on the classical FOLFIRINOX regimen
(6) was proposed. Six cycles were delivered from October to
December 2019. Tolerance was mild (grade 2 asthenia, and grade
2 nausea despite symptomatic treatments) and no clinical benefit
was immediately noticed. Biologically, Alkaline Phosphatase and
CA19-9 went back to normal values. On contrast-enhanced CT-
scan, we observed a minor response for the main metastasis
(from 120 to 95mm; Figure 1B), and stabilization for the two
other ones, thus defining a RECIST 1.1 stable disease. A follow-
up was initiated. After 6 months of therapeutic holidays, her
general status improved and was by far better than before
chemotherapy; the CT-scan remained stable until in mid-
December 2020.

In 2014, in order to find out possibilities for targeted therapy,
immunohistochemistry (IHC) of the primary tumor searching
for ALK, CMET, and ROS-1 was negative as well as the search
for gene mutations in ALK exons 23, 24, and 25, MET exons
14, 16, 17, and 18, and BRAF exon 15. On pathological exam,
tumor cells displayed a strong cytoplasmic and nuclear staining
for β-catenin by IHC. In 2019, after obtaining written informed
consent from the patient, a NGS analysis (FOUNDATION
ONE R© CDx) from DNA extracted from one of the resected
liver metastases was performed before initiating chemotherapy.
The tumor was classified as MicroSatellite Stable (MSS), the
TumorMutational Burden (TMB) was low (1mutation/Mb), and
only two somatic gene mutations were retained: CTNNB1 (exon
3 c.110C>G, p.S37C; Figure 1C) and NSD3 /WHSC1L1 (NM
017778.2 exon 1c.121G>A, pA41T); these two mutations are
hotspot mutations reported in COSMIC database (respectively
COSM5679 and COSM750462). Some variants of unknown
significance were also noted: DIS3 (P666L), DOT1L (G724S
and R544K), FGF19 (S147T), KDR (R541G), MYCL1 (S26R),
PTEN (S294R), and SPEN (D1701E). No other base substitution,
insertion/deletion, gene fusion, and copy number alteration
was observed.

CASE REPORT n◦2

A 33-year-old woman, with no familial medical history,
presented on summer 2019, polyarthralgia and epigastric
discomfort with no deterioration of clinical status. A
cholecystectomy had been performed in April 2019 for
gallbladder stones without any hepatic ultrasound abnormality.
A CT-scan, performed as part of the assessment of a possible
rheumatismal disease, showed a pancreatic tail tumor associated
with multiple liver metastases confirmed by an abdominal
MRI (Figure 2A). No thoracic lesion was found. Pathological
examination of pancreatic and liver EUS-guided biopsies
revealed a very heterogeneous tumor cell population with small
cells associated with epithelioid cells; tumor cells displayed a
strong cytoplasmic and nuclear staining for β-catenin by IHC.
The retained diagnosis was pancreatoblastoma. Pancreatic lesion
and liver metastases were hypermetabolic on 18FDG-PET. The
serum levels of CEA, CA19-9, Chromogranin A, AFP, and
lipasemia were normal. Only NSE was slightly increased (36.2
µg/l, normal <16.3 µg/l) as well as γ-GT (6xN). Four cycles of
FOLFIRINOX regimen were delivered from February to April
2020. As side effects the patient presented an asthenia (grade 2)
and a thrombopenia (grade 3 then 2), requiring dose reduction
and delays. CT-scan and hepatic MRI performed after the fourth
cycle showed a RECIST 1.1 partial response with a decrease of
the maximal diameter of the pancreatic lesion from 44 to 23mm
and a decrease in number and size of all hepatic lesions that
became infracentimetric (Figure 2B). Four additionally cycles
of FOLFIRINOX were proposed, followed by capecitabine only.
After three cycles of capecitabine a progression was seen on
the CT-scan and FOLFIRINOX was resumed, beginning mid
December 2020. No genetic counceling was proposed.

The signed informed consent from the patient was obtained
for genomic profiling. DNA extracted from the biopsied primary
tumor (and normal blood) was submitted to NGS analysis
(institutional Impact V1 panel including 754 genes) and array-
CGH (Agilent 4x180k) as previously described (7). The lesion was
classified as MSS, and the TMB was low (<1 mutation/Mb). No
gene fusion was identified. A deletion associated with a breakage
targeting APC (5q22.2: Figure 3) was observed. We also found
a heterozygous loss of the 9p21 region including CDKN2A and
the 13q14.2 region including RB1, and a focal amplification in
the 6p22 region including many histones genes. No pathogenic
somatic mutation was identified.

DISCUSSION

Pancreatoblastoma is a very rare tumor, typically found in
young children and originating from fetal pancreatic stem cells.
Some cases are associated with genetic syndromes (8), such as
the Beckwith-Wiedermann syndrome (mainly caused by genetic
or epigenetic defects within the chromosome 11p15.5 region,
containing genes like IGF2 and CDKN1C) (9), and Familial
Adenomatous Polyposis (APC gene) (10). At diagnosis, the
median patients’ age is 5 years and <20% had metastases, most
often hepatic. In adults, the clinical presentation is usually in
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FIGURE 1 | CT scan images of the large liver metastasis of a pancreatoblastoma (patient # 1) in a 33 year-old woman: before (A) and after six cycles (B) of

FOLFIRINOX regimen: minor response; (C): Lolliplot of CTNNB1 gene showing the S37C mutation in exon 3.

FIGURE 2 | MRI images of liver metastases of our second case of pancreatoblastoma (patient # 2) before (A) and after four cycles (B) of FOLFIRINOX regimen: partial

response.

line with a large pancreatic malignant mass in a young adult
with abdominal pain, jaundice, weight loss, and liver nodules. On
imaging, these tumors are large, located in the pancreas head in
50% of cases, and have a mixed solid and cystic pattern; imaging
can also show some aggressive patterns like invasion of adjacent

structure or metastases at diagnosis. Pathologically, these tumors
are considered as part of the “pancreatic carcinomas with acinar
differentiation,” with acinar cell carcinomas and carcinomas
of mixed differentiation (11). Squamoid nests are the key
morphologic feature of pancreatoblastoma; a neuroendocrine
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FIGURE 3 | Genomic profile of the 5q22.2 chromosomal region showing the breakage in APC gene.

component is frequently found (12). On IHC, a very distinctive
feature is the abnormal nuclear and cytoplasmic localization of
β-catenin, usually restricted to the squamoid nests (12).

Surgery of the primary tumor but also of the liver metastases
is the first therapeutic option, but recurrences are frequent,
and second surgery can be performed. When surgery is not
possible, some chemotherapy regimens have been proposed. In
our two patients, the FOLFIRINOX regimen, gold standard
in pancreatic adenocarcinomas, allowed some improvement
after respectively 6 and 4 cycles, with significant decrease in
tumor size and improvement in the patients’ performance status.
As cases are scarce only a few reports with new systemic
chemotherapy regimen has been published, but similar response
has been reported in one case in the literature (4). The prognosis
of pancreatoblastoma is better than that of other pancreatic
malignancies with a median overall survival of 48 months. The
main prognostic factors are metastases, surgical resectability and
age (1). The development of effective systemic therapies is crucial,
but the molecular pathogenesis of this rare disease remains
poorly known.

During the last years, several studies aimed at defining
the molecular landscape of pancreatoblastoma were performed,
allowing to improve our knowledge. Clearly, pancreatoblastoma,
like other pancreatic carcinomas with acinar differentiation and
other rare malignant pancreatic tumors, has a molecular profile
different of pancreatic ductal adenocarcinoma, and display
frequent alterations of genes involved in the Wnt/β-catenin

pathway, notably CTNNB1 exon 3 mutations. Such mutations
are rare in cancers other than liver, uterine, and adrenocortical
carcinomas (13). Among a series of 328 pancreatic tumors, only
12 (3.7%) had CTNNB1 exon 3 mutation, including eight solid
pseudopapillary neoplasms, two pancreatic adenocarcinomas,
and two pancreatoblastomas (cBioPortal database). In the
pancreatic ductal adenocarcinoma, gene alterations are quite
different: the most frequent ones concern KRAS (95% of the
cases), CDKN2A (>90%), TP53 (75%), and SMAD4 (55%) (14),
while CTNNB1 mutations are very rare (1%) and only found in
KRAS wild-type tumors (15).

The rare data reported in pancreatoblastoma, suggest similar
and important role of the Wnt signaling pathway. On 2001,
Abraham et al. (10) reported a series of nine cases, including
seven pediatric cases and two adult cases: a nuclear accumulation
of β-catenin was observed in 7/9 cases and a molecular
alteration of APC/β-catenin pathway was observed in 6/9
cases (five activating CTNNB1 exon 3 mutations and one
biallelic APC inactivation). On 2003, Tanaka et al. reported
a series of seven pediatric cases (16): a nuclear accumulation
of β-catenin was observed in all cases and an activating
CTNNB1 mutation (exon 3) was found in 2/5 cases tested. On
2012, one case of congenital pancreatoblastoma in a 3-day-
old child was reported with nuclear/cytoplasmic accumulation
of β-catenin and an activating CTNNB1 mutation in exon 3
(17). An integrated molecular analysis of 10 pediatric patients
(median age of 3 years) revealed a very high frequency of
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FIGURE 4 | Model of the Wnt pathway in normal tissue (A) and in our two pancreoblastoma cases (B). (A) In normal tissue— (left part) ln the absence of Wnt ligand,

the β-catenin destruction complex maintains low cytoplasmic levels of β-catenin. In the destruction complex, β-catenin is phosphorylated at sites S33/S37 and

T41/S45 by casein kinase 1 (CK1) and glycogen synthase kinase 3 (GSK3), respectively. Phosphorylated β-catenin is recognized by the β-Transducin Repeat

(Continued)
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FIGURE 4 | Containing E3 Ubiquitin Protein Ligase (β-TRCP), which catalyzes its polyubiquitylation. Polyubiquitylated β-catenin, in turn, is degraded by the

proteasome. (right part) In the presence of Wnt ligand, the signalosome is assembled and the β-catenin degradation is disrupted, leading to cytoplasmic

accumulation. Entry of β-catenin into the nucleus promotes the formation of the enhanceosome to drive the transcription of Wnt target genes [Illustration adapted from

Anthony et al. (19)]. (B) In our two pancreoblastoma cases. (left part) The CTNNB1 S37C mutation present in case 1 does not allow the β-catenin phosphorylation by

CK1this site. (right part) The APC deletion in case 2 does not allow the building of β-catenin destruction complex. Both alterations, CTNNB1 S37C mutation and APC

deletion, prevent the β-catenin interaction with E3 ubiquitine ligase and its degradation by the proteasome. The β-catenin accumulation in the cytoplasm leads to its

constitutive translocation into the nucleus promoting the formation of the enhanceosome where its binding with TCF results in the constitutive activation of the Wnt

signaling pathway.

activation of the Wnt signaling pathway, either via somatic
mutations ofCTNNB1 (90%) or copy-neutral loss of heterozygoty
of APC (10%), with concurrent imprinting dysregulation of
IGF2 (8). Here too, all CTNNB1 mutations were observed in
exon 3.

On 2018, a somatic heterozygous missense mutation in
APC, associated with the same heterozygous germline mutation,
was reported in a 37-year-old woman with pancreatoblastoma
(18). Functional analysis suggested this mutant APC attenuated
repression of Wnt/β-catenin signaling activity, and was likely
involved in the onset of disease. More recently, in a German
series of four adult patients with metastatic disease (4), two
(out of the three who had whole exome sequencing) had
CTNNB1 exon 3 mutations. Thus, out of the 23 pediatric
samples sequenced through six studies, 16 displayed an activating
CTNNB1 mutation in exon 3 and one an inactivating APC
alteration. Out of the eight adult samples sequenced through
these six studies and our two present new cases, four
displayed an activating CTNNB1 mutation in exon 3 and
three an inactivating APC alteration. Of note, in all cases,
APC and CTNNB1 alterations were mutually exclusive, and
were associated, when analyzed, with nuclear accumulation
of β-catenin.

Activation of the Wnt/β-catenin pathway participates to the

tumorigenesis of many organs by regulating the expression of
genes involved, for example, in proliferation, cell survival or

adhesion. The proteins coded by CTNNB1 and APC are crucial

effectors of Wnt signaling. Several alterations in the pathway

can cause ligand-independent β-catenin stabilization, which thus
contributes to oncogenic β-catenin-regulated transcriptional
activity. Many regulators have been identified which control
the β-catenin subcellular location, nuclear abundance or
transcriptional activity. Figure 4 displays the Wnt/β-catenin
pathway in normal tissues (Figure 4A) and in our two cases
(Figure 4B). CTNNB1 exon 3 mutations lead to alterations in
the spatial characteristics of the β-catenin protein, decreasing
its degradation, and resulting in accumulation in the nucleus
(20). Such aberrant nuclear accumulation of β-catenin, hallmark
of Wnt/β-catenin activation, is detectable by IHC (16), as
observed in our case 1 and the literature. APC regulates
the turnover of cytosolic β-catenin and is the key effector
of the canonical Wnt pathway. Its loss-of-function, either by
mutation or by deletion as in our case, reduces the ability to
bind to β-catenin, decreasing its degradation, and resulting in
accumulation in the nucleus, as observed in our case 2 and the
literature. We did not analyse the transcriptional consequences
of Wnt pathway activation in our two patients. But, Japanese

authors [8] have shown in their pediatric cases that such
CTNNB1 or APCmutations resulted inWnt/β-catenin activation
and transcriptional consequences with an expression profile
characteristic of early pancreas progenitor-like cells along with
upregulation of the R-spondin/LGR5/RNF43 module, as well as
overexpression of negative-feedback regulators of Wnt pathway
(such as NOTUM and NKD1) and Wnt pathway effectors (such
as LEF1 and TCF7). Of note, the authors identified a concurrent
imprinting dysregulation of IGF2, as already reported, although
at lower frequency in other pediatric tumors like hepatoblasoma
(21) and Wilm’s tumor (22); such Wnt/IGF2 coactivation defines
a consensus molecular subtype of colorectal cancer, characterized
by intestinal stem cell–like phenotype and enriched LGR5
signature (23).

Today no targeted therapy has been clearly demonstrated
as efficient for tumors with CTNNB1 mutation, although
everolimus plus letrozole (24) and cabozantinib (25) showed
some efficacy in patients with endometrial carcinoma. The
German series also reported molecular alterations in FGFR
signaling in three out of four patients, leading to the
delivery of nindetanib, a tyrosine kinase inhibitor targeting
FGFRs 1-3. However, the treatment therapy was stopped
after 4 weeks because of clinical deterioration (4). No FGFR
alteration was observed in our cases. Clearly, the frequent
alteration of the Wnt/β-catenin pathway in the reported cases
suggests a role and thus a potential therapeutic interest of
targeting this pathway. Clearly functional analyses on pre-
clinical models are warranted to confirm such role and
the interest for targeting the Wnt/β-catenin pathway. Over
the past decades, a number of Wnt inhibitors have been
identified, but none of them resulted in inhibition of Wnt
signaling via direct β-catenin targeting. These disappointing
observations, associated with the fact that β-catenin is a
transcription factor, raised questions regarding its druggability
(26). However, several strategies are ongoing to facilitate the
development of new therapeutic agents against β -catenin
(26, 27).

In conclusion, we report the clinical outcome and molecular
profile of two additional cases of sporadic metastatic
pancreatoblastoma in young adults. Both patients benefited
from systemic FOLFIRINOX regimen that provided a long-
lasting minor response in one case and an ongoing partial
response in the second one. Exome sequencing showed a
CTNNB1 mutation (exon 3) in the first case and a deletion
involving APC in the second case, likely responsible for
activation of Wnt/β-catenin signaling pathway. These alterations
are frequent in pediatric and adult cases, and can help to
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differentiate acinar cell carcinomas, solid-pseudopapillary
neoplasms and pancreatoblastoma from pancreatic ductal
adenocarcinoma. Unfortunately, until now, no therapy targeting
such alterations is available. Molecular analysis of larger series
is warranted.
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Glioblastoma multiforme (GBM) is one of the most lethal forms of primary brain tumors.
Glioblastoma stem cells (GSCs) play an undeniable role in tumor development by
activating multiple signaling pathways such as Wnt/b-catenin and PI3K/AKT/mTOR that
facilitate brain tumor formation. CD133, a transmembrane glycoprotein, has been used to
classify cancer stem cells (CSCs) in GBM. The therapeutic value of CD133 is a biomarker
of the CSC in multiple cancers. It also leads to growth and recurrence of the tumor. More
recent findings have confirmed the association of telomerase/TERT with Wnt/b-catenin
and the PI3K/AKT/mTOR signaling pathways. Advance studies have shown that crosstalk
between CD133, Wnt/b-catenin, and telomerase/TERT can facilitate GBM stemness and
lead to therapeutic resistance. Mechanistic insight into signaling mechanisms
downstream of surface biomarkers has been revolutionized by facilitating targeting of
tumor-specific molecular deregulation. This review also addresses the importance of
interplay between CD133, Wnt/b-catenin and TERT signaling pathways in GSCs and
outlines the future therapeutic goals for glioblastoma treatment.

Keywords: glioblastoma stem cells, CD133, Wnt/b-catenin, PI3K/AKT/mTOR, telomerase
BACKGROUND

Glioblastoma multiform (GBM) is one of the calamitous kinds of aggressive primary glial brain
tumor in adults, with a median overall survival between 10 to 20 months. Intriguingly, the recent
study has demonstrated that outer radial glia-like cancer stem cells could impart to heterogenicity of
GBM (1). The striking cellular-heterogeneity is one of the prominent hallmarks of GBM, and
glioblastoma stem cells (GSCs) are placed at the apex of it (2). GSCs have been indicated to be
involved in imperative processes of tumor growth, disseminated-metastases, chemo- and radio-
therapy resistance and GBM relapse (3).

GSCs have been identified by many biomarkers of CSCs. CD133, also known as prominin-1, has
been used as an essential marker for the detection of GSCs. Additionally, CD133 has been shown to
be associated with GBM development, recurrence, and poor overall survival (4). Emerging
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observations have suggested that CD133 could act as a novel
receptor for PI3K/AKT/mTOR pathway (5). Further, CD133-
Wnt/b-catenin axis was gained attention in GBM as a stemness
regulatory pathway and lead to resistance to chemo- and radio-
therapies (6). Accumulating data have indicated that AKT might
activate Wnt/b-catenin pathway (7, 8). Furthermore, the results
of studies have confirmed the interaction of telomerase/TERT
with PI3K/AKT/mTOR and Wnt/b-catenin in various cancers
which predominately participating in tumor invasion and
metastasis and epithelial to mesenchymal transition (EMT) (9).

Each component of the CD133, Wnt/b-catenin, and TERT
signaling pathways play a crucial role in the normal brain.
CD133 is present in epithelial cells throughout the body,
including the mammary gland, testis, digestive tract, trachea,
and placenta, and is expressed in stem cells. CD133 is also
present in non-epithelial cells, such as rod photoreceptor cells,
and in many cancers (10). The Wnt/b-catenin signaling has a
pivotal role in neural development. The underlying neural
scaffolding that makes the diverse cognitive functions of the
cerebral cortex is generated by a set of basic developmental
processes. Production and differentiation of the immense
diversity of nervous system cells entail a range of main
activities, ranging from regional progenitor specification,
separation and expansion of neural precursor populations,
neuron generation, movement of young neurons to suitable
locations, the evolution of neuronal processes, and the forming
of complex synaptic connections (11). For both physiological
processes and the transformation of human cells by stabilizing
telomere length, TERT activation is necessary. TERT’s telomere
lengthening-independent roles contribute significantly to both
physiological processes and cancer initiation or progression,
including its effects on mitochondrial, ubiquitin-proteasomal
Frontiers in Oncology | www.frontiersin.org 225
(UPS) structures, gene transcription, expression of microRNA
(miRNA), repair of DNA damage, and operation of RNA-
dependent RNA polymerase (RdRP) (12).

The current review focuses on the significance of interplaying
between CD133, Wnt/b-catenin and TERT signaling pathways
in normal brain and GSCs. From a therapeutic perspective,
targeting the interaction between CD133, Wnt/b-catenin and
TERT will lead to the development of novel anti-cancer strategies
and it would be important to examine if all these three signaling
cascades can be inhibited concurrently by targeting CD133, thus
killing many birds with one stone (Figure 1).
GENERAL OUTLINE OF CD133 ROLES IN
GSCS AND NORMAL CELLS

A great deal of work has been made to classify CSCs in
glioblastoma using the expression of unique surface biomarkers.
Human CD133 (prominin-1), a 5-transmembrance glycoprotein,
is one of these biomarkers and also commonly used in
identification and isolation of GSCs (13, 14). Highly expressed
CD133 indicates poor outcomes among cancer patients with
colorectal cancer, rectal cancer, breast cancer, lung cancer,
prostate cancer, and glioblastoma (15, 16). Whilst the primary
role remains uncertain, it has been presumed that CD133 could be
involved in signal transduction (10). CD133 is a CSCs surface
marker and has been believed to have a prognostic (17, 18) and
therapeutic qualities in GSCs (15). Evidence reveals that, CD133-
targeted therapy of gastric, hepatocellular carcinoma (19), and
glioblastoma (20) has greatly diminished cell proliferation and
tumor growth within both in vitro and in vivo CD133POS-
marker cells. Furthermore, a study showed that CD133
FIGURE 1 | Signaling crosstalk between CD133, Wnt/b-catenin, and TERT: Rescue and Rancor in brain that is a question. (Created with BioRender.com).
April 2021 | Volume 11 | Article 642719
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knockdown could inhibit cell proliferation of glioma (21). In light
of the literature review, it is evident that CD133 is imperative for
the harmful oncogenic potential of GSCs as its silencing prevents
both the self-renewal and tumorigenic capacities of the GBM stem
cells. Notwithstanding, a shred of slightly contradictory evidence
shows that some CD133Neg cells can likewise develop aggressive
malignancies (22). It was reported that CD133Neg glioma cells give
rise to tumors in vivo as well as CD133Pos tumor cells and it was
suggested that CD133 expression is needed for brain tumor
initiation, however that it could be included during brain tumor
progression (23). In support of this view, it was uncovered that
there are CSCs in both CD133Pos and CD133Neg cell population
originated from GBM patient, and both of CD133Pos and
CD133Neg cells empowered the formation of tumor masses (24).

The formation of the central nervous system (CNS) of
mammals, neurons, astrocytes and oligodendrocytes occurs
from a reservoir of murine neuroepithelial (NE) cells, which
are neural progenitor cells. Proliferative cell division changes to
differentiating cell division as neurogenesis starts and it was
shown that membrane particles containing CD133 have been
shown to help cell differentiation. In addition to being restricted
to NE progenitors, the presence of CD133 is also present in both
epithelial and non-epithelial cell forms (10). Given the
importance of its function it is unsurprising that it existed in
most cells, however, the number of its expression is significantly
different from one cell type to another. CD133 expression in
normal cell is significantly lower compared to that of cancerous
cells. Furthermore, this is also true when comparing normal
cancer cells to their CSCs, with appear to have the highest
number. CD133-mRNAs have been identified in several
human tissues, like testis, digestive tract, and the pancreas,
with the most notable expression in the kidney, placenta,
salivary gland, and mammary gland. Non-epithelial cells, such
as rod photoreceptor cells and bone marrow cells, also have
CD133. CD133 appears to play a role in the formation of
photoreceptor discs in this regard (10). The physiological role
of CD133 in normal cell biology poorly understood. In spite of
the lack of knowledge regarding the role of CD133 in normal
cells, the vast majority of studies indicates that CD133 has a
pivotal function in membrane organization. Moreover, the
subcellular position of CD133 enables it to attach directly to
the cholesterol-containing lipid rafts where it could be
participated in different signaling cascade. It has been found
that CD133 might be act as a scaffolding protein. Evidence
indicates that, a lack of CD133 caused retinal degeneration and
blindness. Additionally, it has suggested that CD133 might be
has a function in maintaining of stemness properties (25).
However, the exact molecular processes are still unknown. The
adult mammalian brain harbors new neurons during life in two
distinct locations: hippocampus and subventricular zone (SVZ).
Immature neurons produced in the SVZ migrate along the
rostral migratory stream (RMS) and become postmitotic
interneurons in the olfactory bulb. The identity of the stem
cells of the adult SVZ has been explored extensively. It was
indicated that new neurons were generated by CD133Pos

ependymal stem cells in the adult SVZ/RMS in vivo and it was
Frontiers in Oncology | www.frontiersin.org 326
reported that CD133 is specifically localized for ependyma, albeit
not all ependymal cells are CD133Pos (26). In support of this
view, the findings of another study have shown that CD133 is
present neural stem cells in the embryonic brain, in the
intermediate radial glial/ependymal cell type in the early
postnatal stage, and in the adult brain. Based on these surveys,
two competing scenarios for the origin of stem cell tumors in the
brain were proposed: a derivation from CD133-expressing cells
that are not usually found in the adult brain, or from CD133Pos

ependymal cells in the adult brain. Additionally, stem cells of
brain tumors may be produced from proliferative yet CD133Neg

neurogenic astrocytes in adults brain (27).
ROLE OF WNT SIGNALING PATHWAY
IN DEVELOPMENT OF GSCS
AND NORMAL BRAIN

Wnt signaling pathway is mediated by Wnts proteins that are
secreted by glycoproteins. This Wnts proteins are critical for cell
proliferation, and differentiation of both normal and cancer stem
cells (28, 29). Two kind of Wnt pathways could determine fate of
the cell which are canonical Wnt pathway (Wnt/b-catenin) and
non-canonical Wnt pathway. Embryonic development, cell
movement, and tissue polarity are regulated by canonical and
non-canonical Wnt pathways, respectively (30–32). The Wnt/b-
catenin pathway is a strategically valuable molecular mechanism
that provides proliferation of all types of stem cells. Increasing data
show that hyperactivated-Wnt/b-catenin signaling exist in many
cancers and it could adjust the self-renewal of CSCs and GSCS. It
has also enhanced growth of tumor and tumor recurrence (33). As
a part of the canonical Wnt pathway, b-catenin may control cell
proliferation in different types of cells. Stabilized- b-catenin has
been shown to translocate to the nucleus and tomake T cell factor/
lymphocyte enhancer factor 1 (Tcf/LEF1) complex. As a result of
this complex, the target genes of Wnt, Cellular Myc (c-Myc) and
Cyclin-D1, which are involved in the proliferation of glioma cells
are activated (34). Intriguingly, it was speculated that the
interaction of microglia-GBMs could be mediated by activated-
Wnt/b-catenin pathway. Activated-Wnt/b-catenin in GBM cells
might boost the recruitment of microglia by the release of Wnt3a,
Wnt5a, Cyclooxygenase-2 (COX2), and metalloproteinases. As a
consequence of this activation, microglia release factors such as
Matrix metalloproteinases (MMPs), Nitric oxide (NOS), Stress
inducible protein-1 (STI-1), Arginase-1 (ARG-1), Interleukins
(ILS) and COX2 that can be influence the progression of GBM
(35) (Figure 2).

It has been accepted that Wnt/b-catenin plays an inevitable
role in neurogenesis and gliogenesis in the neocortex.
Neurogenesis in neocortex occurs in the ventricular zone (VZ)
of the dorsal telencephalon from radial glia (RG) and in the
subventricular zone (SVZ) from neural intermediate progenitors
(Ips) (37). During embryogenesis, the Wnt/b-catenin pathway is
active in VZ zone (38–40). The b-catenin/TCF complex seems to
specifically control the neurogenin 1 promoter, a gene involved
April 2021 | Volume 11 | Article 642719
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FIGURE 2 | Overview of crosstalk between CD133, Wnt/b-catenin, and telomerase/TERT in GSCs, old actors and new players. By contributing to tumor growth via
secretion of anti-inflammatory and pro-tumor factors, particularly in GBMs, Microglia benefits glioma. Several microglia-released molecules, such as STI1, epidermal
growth factor (EGF), type 1 membrane matrix metalloproteinase (MT1-MMP), NOS, ARG-1, ILs, and COX2 facilitate the proliferation and migration of GBM.
Meanwhile, multiple factors that recruit microglial cells and modulate their polarization are secreted by gliomas, such as Wnt3a, Wnt5a, COX2, and MMPs. GBM cells
release Wnt3a in response to Wnt/b-catenin activation, which could interfere with the low-density lipoprotein receptor-related protein 5/6 (LRP5/6) and the Frizzled
receptor. b-catenin stabilized and translocated to the nucleus as a result of this association, and enhanced the transcription of target genes essential for stem and
cell migration (35). The Wnt/b-catenin signaling functions in GBM are defined as follows: GSCs maintenance. Wnt/b-catenin signaling regulators such as PLAGL2,
FoxM1, Evi/Gpr177, and ASCL1 activate Wnt/b-catenin signaling and increase the stemness of GBM. Invasiveness of GBM cells. Wnt/b-catenin signaling activation
contributes to upregulation of EMT-related genes such as ZEB1, SNAIL, TWIST, SLUG, MMPs, and N-cadherin, leading to increased migration and invasion of GBM
cells (36). Several lines of evidence suggest the positive feedback loop between b-catenin and TERT. b-catenin stimulates TERT transcription directly, while TERT
serves as a co-factor to facilitate the transcription of the target genes of b-catenin via the recruitment of BRG1, resulting in the creation of a positive feedback loop.
Furthermore, BRG1 and P54 (nrb) cooperate to control TERT splicing and facilitate full-length TERT mRNA generation. It has been shown that b-catenin binds
directly to the TCF site in the TERT promoter and recruit’s lysine methyltransferase Setd1a to the promoter region, while Setd1a catalyzes histone H3K4
trimethylation at the promoter site. TCF1, TCF4, and KLF4 can also be involved in b-catenin mediated TERT transcription. In the light of these findings, along with the
influence of TERT on target genes for b-catenin, a positive feedback loop between TERT and b-catenin can be readily present in stem and cancer cells. However, it
is not clear if BRG1 participates in the activation of TERT transcription by b-catenin, or whether TERT participates independently (12). PI3K, Phosphoinositide 3-
kinases; AKT, Protein kinase B; mTOR, The mechanistic target of rapamycin; TERT, Telomerase Reverse Transcriptase; TWIST, Twist-related protein; COX2,
Cyclooxygenase-2; MMPs, Matrix metalloproteinases; NOS, Nitric oxide; STI-1, Stress inducible protein-1; ILS, Interleukins; BRG1, brahma-related gene-1; setd1a,
SET Domain Containing 1A; Histone Lysine Methyltransferase; KLF4, Kruppel-like factor 4; PLAGL2, Pleiomorphic adenoma gene-like 2; FoxM1, Forkhead box
protein M1; Evi/GPr177, G protein-coupled receptor 177; ASCL1, Achaete-scute homolog 1; DVL, Dishevelled; APC, Adenomatous polyposis coli; CK1, The casein
kinase 1; GSK3b, glycogen synthase kinase 3b. (Created with BioRender.com).
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in cortical neuronal differentiation (41). The beta-catenin
expression is highest in the brain during the developmental
period and the cytoplasmic level increases in the neurons at
day 5 in the mice (42). The amount of beta-catenin mRNA
declines in the post-developmental period, which continues in
adulthood. However, beta-catenin proteins show higher levels
with progressive aging (43). Regulation of beta-catenin levels
during brain development is significant, as overexpression of the
gene may contribute to an increase in neural growth and a
decrease in differentiation, whereas premature inhibition of beta-
catenin expression before its natural decline can cause the
progenitor neurons to exit the cell cycle early with increased
neuronal differentiation (44). Beta-catenin will act as an adhesion
protein where it acts as an anchor for cadherin, which is then
bound to the actin cytoskeleton of the cell by means of alpha-
catenin and thereby ties the cells together (45). As an adhesion
protein, beta-catenin can influence synaptic stability during the
estrous period between hippocampal neurons, hypothalamic
neurons, and even within the amygdala neurons, where its
activation correlates with the development and consolidation
of brain memory (46–48). Beta-catenin-related dysfunctions
have been involved in pathological disorders such as
depression, neurodegenerative diseases, and cancer (49). In
addition, experimental findings have shown that the activated-
Wnt/b-catenin pathway increases the formation of tight junction
proteins in the developing brain capillaries (50–52). However,
the precise function of Wnt/b-catenin in GSCs and normal brain
cells remains poorly elucidated.
FUNCTIONS OF TELOMERASE/TERT IN
GSCS AND NORMAL BRAIN

It subsists ambiguous what self-defense mechanism are applied
by GSCs against chemotherapeutic drugs. As of lately, it is
believed that the DNA damage response (DDR) and DNA
repair pathway have undeniable role in self-defense mechanism
of cancer stem cells (CSCs) (53). Growing evidence
demonstrated that direct correlation exists between elevated
DDR and chemoresistance of the CSCs. In light of new
observations indicating that maintaining genome stability
CSCs might be on account of activation of DDR pathways.
Activation of telomerase is one of the critical DDR pathways
in GSCs (54). Guanine-rich repeated sequences are attached to
the chromosomal terminals using the RNA template by
telomerase which recompense the loss of DNA replication.
Slight or no activity were reported for telomerase in normal
human somatic cells (55). The enhanced activated-telomerase
enzyme is one of the most significant molecular properties of
cancer. Reactivated telomerase was shown in approximately 90%
of tumors (56). It composed of catalytic protein telomerase
reverse transcriptase (TERT) and RNA template (TERC).
Irrespective of telomerase function, the TERC subunit is
expressed in most cell types and the TERT subunit is heavily
regulated through cell differentiation. The expression of TERT
and TERC in normal cells is small, but the expression of TERT
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and TERC in tumor cells is indeed very substantial (54, 57).
Telomerase is a reverse transcriptase enzyme that has a canonical
and non-canonical function in cancer cells. The best-known
canonical function of telomerase is maintaining telomere, and
the non-canonical functions include DNA repair, anti-apoptotic
activity, protection of mitochondrial DNA against oxidative
stress, and pro-proliferative effects (58, 59).

In the majority of human primary cancers (~90%), TERT
expression/telomerase activity is perceptible. Additionally,
induced-TERT or activated-telomerase bestows immortality
properties to cancer cells by stabilizing their telomere length
(TL). However, current surveys have indicated that its oncogenic
features independently of TL, which include DNA damage repair,
gene transcription and microRNA expression (60). Moreover,
mutated-TERT promoter have been observed in more than 50%
of primary adult GBMs. Reports have pointed out that TERT was
able to enhance stemness of glioma cells by modulation of
epidermal growth factor receptor (EGFR) expression. Inversely,
down-regulated TERT expression was coincided with declined
expression of EGFR, basic fibroblast growth factor (bFGF) and
glioma stem cell properties (61). How the molecular mechanistic
details of TERT be able to modulate stemness of glioma remains
unclear. Some suggested that GSCs have common properties with
astrocyte-like neural stem cells (NSCs) of the SVZ and GBMmight
spring from the somatic mutations in NSCs of the SVZ. Thus,
mutated-TERT promoter in NSCs could license them to expand a
self-renewal capacity (62, 63).

Does activated-telomerase and expressed-TERT guard the
neurons in our brain? Activated-telomerase is conjoined with
cell proliferation during mammalian embryonic development,
cell transformation, and in cancers. In adult animals the
expression of telomerase is limited to the subventricular zone
(SVZ) and olfactory bulb (62). It was shown that the proliferative
capacity of somatic cells could be boosted by the up-regulation of
TERT. Moreover, as somatic stem cells differentiate, the activity of
telomerase and the expression of TERT decline (64, 65). The
neurogenesis investigations have indicated that the activity of
telomerase and expression of TERT are incremented in neuronal
precursor cells in rats and mice brains during embryonic
development. Furthermore, the declined-telomerase activity has
coincided with a reduction of proliferation of neuroblasts, but the
expression of TERT maintains boosted for an extended time
period as neurons differentiate and migrate (66). Intriguingly, it
was demonstrated that the activity of telomerase is increased in
responses to brain injury and it seems that telomerase activity is
enhanced in microglia and stem cells because brain tissue injury
can induce proliferation of these cells (67).
THE SIGNALING CROSSTALK BETWEEN
CD133, WNT/b-CATENIN, AND TERT IN
NORMAL BRAIN

Meanwhile, CD133, also known as prominin-1, is one of the
most used biomarkers for the isolation of cancer stem cells
(CSCs). The rigorous function of CD133 maintains
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unidentified, but it has been proposed that it would perform as a
cell membrane topology organizer. Furthermore, by activating
the Wnt/b-catenin pathway, CD133 could enhance growth,
differentiation of nerve cells, and neurogenesis in the brain
(10). The activated-Wnt/b-catenin pathway modulates brain
development and adult function such as regulation of dendrite
formation and synaptic function. By considering the findings
stated above, the activated CD133-Wnt/b-catenin has a critical
role in the function and integrity of adult brain (68). Importantly,
it was reported that TERT has an ability to interact with brahma-
related gene-1 (BRG1), chromatin-remodeling factor, and
facilitates recruiting BRG1 to b-catenin genes for their
transcriptional activation. Thus, the activated-TERT-Wnt/b-
catenin axis might increase the proliferation of normal mouse
stem cells (60, 69).
THE SIGNALING CROSSTALK BETWEEN
CD133, WNT/b-CATENIN, AND TERT
MIGHT DRIVE GSCS

Up-regulated CD133 in GBM, has been linked to the self-renewal
ability of CSCs and chemotherapy resistance. As well as, it has
demonstrated that overexpressed-CD133 is associated with GBM
progression and tumorigenesis (70). The findings of study
showed that the Wnt/b-catenin pathway could control the
activity of GSCs. In this study, the expression levels of Wnt/b-
catenin pathway proteins in CD133PosCSC and CD133Neg

differentiated glioblastoma cells (DGCs) were compared (P ≤
0.05). The expression of eight Wnt proteins (APC, CSNK1E,
CSNK1A, CSNK2A2, CSNK2B, CTNNB1, DVL1, RUVBL) was
substantially increased. Interestingly, the expression of CTNNB1
(b-catenin) was enhanced 13.98-fold in CD133PosCSC relative to
CD133Neg DGCs (71). Data suggest that CD133 is one of the
main regulators for b-catenin signaling. Recently, CD133 has
been shown to improve the proliferation of clones and the repair
of kidneys by regulating the Wnt pathway via the modulation of
b-catenin levels (72). Another research in liver cancers found
that the risen clonogenic ability of CSCs is associated with
modulation in Wnt/b-catenin signaling, which is positively
linked to CD133 expression. It has been indicated that the
CD133-Wnt/b-catenin axis has a critical role in regulating
CSCs (73).

Interestingly, the Wnt/b-catenin pathway can do upregulate
the stemness of brain cancer by modulating the CD44 CSC
marker. It is important to note that Wnt/b-catenin highly
activated sub-population of GSCs showed enhanced levels of
expression of genes CD133, SRY-box 2 (SOX2), Nanog,
Octamer-binding transcription factor-4 (Oct-4), and Nestin,
which proposes the role of biomarkers-Wnt/b-catenin axis in
remaining stemness traits of GBM (74). Additionally, the results
of the study have indicated that CD133 may conceivably activate
Wnt/b-catenin signaling pathway through AKT and leads to
promote brain tumor-initiating cells in GBM. In other words, the
outcome has shown that the CD133-AKT- Wnt/b-catenin axis
drives glioblastoma-initiating cell tumor (4). The level of
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phosphorylate-Akt in CD133Pos cancer cells is greater than in
CD133Neg cancer cells, notably in GSCs (5). Consequently, based
on this, we may assume CD133 to be an activator of the PI3K-
Akt pathway. The 5’ regulatory area of TERT contains multiple
binding sites for transcription factors, such as Wnt/b-catenin, c-
Myc, estrogen receptor, Activator protein-1 (AP1), Signal
transducer and activator of transcription proteins (STAT),
Mas1 and Pax (Paired Box Proteins) (75–77). The PI3K/Akt/
mTOR pathway enhances the expression of TERT thru many
pathways (78). Activated-AKT through preventing interactions
between mouse double minute 2 homolog (MDM2) and p14
(p19), induces a cell cycle that could impede ubiquitin-mediated
p53 proteolysis and the mTOR-mediated degradation of the c-
Myc competitor mitotic arrest deficiency-1 (MAD1) (79). Some
investigations have shown that overexpressed-c-Myc oncogene
plays a key role in the induction of telomerase enzyme activity by
increasing TERT expression (80, 81).

Growing data has shown that TERT has mechanistically
occupied Wnt/b-catenin promoters, including cyclin D1 and c-
Myc. Of note, c-Myc (TERT stimulator) may be regulated by
Wnt/b-catenin. On one hand, TERT may be regarded as one of
the key targets of the Wnt/b-catenin signaling pathway. It has
been shown that b-catenin can interact directly with the mouse
and human cancer cells or cancer stem cells TERT promoter. In
plain terms, these findings indicate that b-catenin controls the
length of telomere by activating the transcription of TERT.
Another research stated that TERT could stimulate EMT using
Wnt/b-catenin. In addition, in vitro research findings showed
that TERT expression levels were associated with Snail1 and
vimentin expression levels (82–86). TERT activation is an
essential step in GBM tumorigenesis and it was shown that
TERT permits GBMs to attain CSC characteristics by inducing
EGFR expression (61, 87). Of note, the investigations have
revealed that TERT has direct interaction with b-catenin and
presumably enhance transcriptional outputs of it. Besides,
activated-TERT- b-catenin axis mayhap stimulate epithelial-
mesenchymal transformation (EMT) in CSCs (54, 86, 88).
CSCs and TERT could be linked together by Wnt/b-catenin
pathway (85, 89). In summary, the crosstalk between each
component of the CD133-Wnt/b-catenin-TERT axis may be
considered a pivotal regulatory signaling pathway in the CSCs
and GSCs.
CONCLUSION

In a nutshell, in the normal brain, each element of signaling
pathways of CD133, Wnt/b-catenin, and TERT has a critical role
in the integrity of the brain It is generally accepted that the
expression of CD133 in normal cell is significantly lower
compared to cancerous cells. This is also true and when
comparing normal cancer cells to GSCs (i.e., expression in
normal cancer cells is significantly less), especially in GSCs
which has the highest expression. Upon minimizing toxicity
effect towards normal cells targeting therapy is important. One
can target CD133 surface receptor to specifically bring drugs to
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CSCs leveraging on its significantly high expression in CSCs. The
overexpressed-TERT would increase cell proliferation during
embryonic development, whilst CD133 biomarker by activating
Wnt/b-catenin pathway leads to neurogenesis. Thus, might be
the cross-talk between each component of the mentioned axis
has a neuroprotective effect on the normal brain. On the one
hand, CD133pos/high sub-population of GSCs correlates to
invasiveness and progression of tumor and besides, CD133-
Wnt/b-catenin axis has an inevitable role in stemness of GBM.
Recent evidence also demonstrated that interplay between Wnt/
b-catenin pathway and TERT can be modulating the stemness of
CSCs. Hence, activation of the above axis in the brain might be
considered as a gate between “tranquility and turmoil”
and targeting this pathway might shed a light on GBM therapy
and prompt further investigations in this area. However, the bulk
of these targeting techniques are of an experimental nature
and their medical use is minimal. The biggest challenge
is the heterogeneity of GSC’s surface biomarkers, which
render it challenging to detect and therefore aim therapy.
Frontiers in Oncology | www.frontiersin.org 730
In addition, answering the challenge of similarities between
normal neural stem cells and GSCs makes treatment-associated
toxicity possible.
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Glycogen synthase kinase-3b/b-catenin signaling in the rat hypothalamus during
the estrous cycle. J Neurosci Res (2012) 90:1078–84. doi: 10.1002/jnr.22816

49. Teo CH, Soga T, Parhar IS. Brain Beta-Catenin Signalling during Stress and
Depression. NeuroSignals (2019) 26:31–42. doi: 10.1159/000487764
Frontiers in Oncology | www.frontiersin.org 831
50. Daneman R, Agalliu D, Zhou L, Kuhnert F, Kuo CJ, Barres BA.Wnt/b-catenin
signaling is required for CNS, but not non-CNS, angiogenesis. Proc Natl Acad
Sci USA (2009) 106:641. doi: 10.1073/pnas.0805165106

51. Harati R, Benech H, Villégier AS, Mabondzo A. P-glycoprotein, breast cancer
resistance protein, organic anion transporter 3, and transporting peptide 1a4
during blood-brain barrier maturation: Involvement of Wnt/b-catenin and
endothelin-1 signaling. Mol Pharm (2013) 10:1566–80. doi: 10.1021/mp300334r

52. Laksitorini MD, Yathindranath V, Xiong W, Hombach-Klonisch S, Miller
DW. Modulation of Wnt/b-catenin signaling promotes blood-brain barrier
phenotype in cultured brain endothelial cells. Sci Rep (2019) 9:19718. doi:
10.1038/s41598-019-56075-w

53. Abad E, Graifer D, Lyakhovich A. DNA damage response and resistance of cancer
stem cells. Cancer Lett (2020) 1:106–17. doi: 10.1016/j.canlet.2020.01.008

54. Liu N, Guo XH, Liu JP, Cong YS. Role of telomerase in the tumour
microenvironment. Clin Exp Pharmacol Physiol (2020) 47:357–64. doi:
10.1111/1440-1681.13223

55. Parkinson EK. Telomerase as a novel and potentially selective target for
cancer chemotherapy. Ann Med (2003) 35:466–75. doi: 10.1080/07853890
310006361

56. Podlevsky JD, Bley CJ, Omana RV, Qi X, Chen JL. The Telomerase Database.
Nucleic Acids Res (2008) 36:D339–43. doi: 10.1093/nar/gkm700

57. Jiang J, Chan H, Cash DD, Miracco EJ, Ogorzalek Loo RR, Upton HE, et al.
Structure of Tetrahymena telomerase reveals previously unknown subunits,
functions, and interactions. Science (2015) 350:aab4070. doi: 10.1126/
science.aab4070

58. Saretzki G. Does telomerase protein protect our neurons? J Neurol Neuromed
(2016) 1:23–8. doi: 10.29245/2572.942X/2016/2.1025

59. Lu C, Fu W, Mattson MP. Telomerase protects developing neurons against
DNA damage-induced cell death. Dev Brain Res (2001) 131:167–71. doi:
10.1016/S0165-3806(01)00237-1

60. Yuan X, Larsson C, Xu D. Mechanisms underlying the activation of TERT
transcription and telomerase activity in human cancer: old actors and new
players. Oncogene (2019) 38:6172–83. doi: 10.1038/s41388-019-0872-9

61. Beck S, Jin X, Sohn YW, Kim JK, Kim SH, Yin J, et al. Telomerase activity-
independent function of TERT allows glioma cells to attain cancer stem cell
characteristics by inducing EGFR expression. Mol Cells (2011) 31:9–15. doi:
10.1007/s10059-011-0008-8

62. Matarredona ER, Pastor AM. Neural stem cells of the subventricular zone as
the origin of human glioblastoma stem cells. Therapeutic implications. Front
Oncol (2019) 9:799. doi: 10.3389/fonc.2019.00779

63. Sanai N, Alvarez-Buylla A, Berger MS. Neural Stem Cells and the Origin of
Gliomas. N Engl J Med (2005) 353:811–22. doi: 10.1056/NEJMra043666

64. Greenberg RA, Allsopp RC, Chin L, Morin GB, DePinho RA. Expression of mouse
telomerase reverse transcriptase during development, differentiation and
proliferation. Oncogene (1998) 16:1723–30. doi: 10.1038/sj.onc.1201933

65. Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu CP, Morin GB, et al.
Extension of life-span by introduction of telomerase into normal human cells.
Science (1998) 279:349–52. doi: 10.1126/science.279.5349.349

66. Klapper W, Shin T, Mattson MP. Differential regulation of telomerase activity
and TERT expression during brain development in mice. J Neurosci Res
(2001) 64:252–60. doi: 10.1002/jnr.1073

67. Liu J, Solway K, Messing RO, Sharp FR. Increased neurogenesis in the dentate
gyrus after transient global ischemia in gerbils. J Neurosci (1998) 18:7768–78.
doi: 10.1523/JNEUROSCI.18-19-07768.1998

68. Zuccarini M, Giuliani P, Ziberi S, Carluccio M, Di Iorio P, Caciagli F, et al. The
role of wnt signal in glioblastoma development and progression: A possible
new pharmacological target for the therapy of this tumor. Genes (2018) 9:105.
doi: 10.3390/genes9020105

69. Il Park J, Venteicher AS, Hong JY, Choi J, Jun S, Shkreli M, et al. Telomerase
modulates Wnt signalling by association with target gene chromatin. Nature
(2009) 460:66–72. doi: 10.1038/nature08137

70. Hassn Mesrati M, Behrooz AB, Abuhamad AY, Syahir A. Understanding
Glioblastoma Biomarkers: Knocking a Mountain with a Hammer. Cells (2020)
9:1236. doi: 10.3390/cells9051236

71. Shevchenko V, Arnotskaya N, Zaitsev S, Sharma A, Sharma HS,
Bryukhovetskiy A, et al. Proteins of Wnt signaling pathway in cancer stem
cells of human glioblastoma. In: International Review of Neurobiology, vol.
151. (2020). p. 185–200. doi: 10.1016/bs.irn.2020.03.006
April 2021 | Volume 11 | Article 642719

https://doi.org/10.1158/0008-5472.CAN-07-0183
https://doi.org/10.1158/0008-5472.CAN-07-0183
https://doi.org/10.1038/nrc3419
https://doi.org/10.1038/nature03319
https://doi.org/10.1111/j.1460-9568.2010.7483.x
https://doi.org/10.1111/j.1460-9568.2010.7483.x
https://doi.org/10.1074/jbc.M508324200
https://doi.org/10.1186/s41016-020-00207-z
https://doi.org/10.1038/cddis.2013.515
https://doi.org/10.1155/2012/192362
https://doi.org/10.1016/j.bbcan.2017.05.007
https://doi.org/10.1016/j.bbcan.2017.05.007
https://doi.org/10.1038/labinvest.2015.140
https://doi.org/10.1038/labinvest.2015.140
https://doi.org/10.1002/1873-3468.13502
https://doi.org/10.1002/1873-3468.13502
https://doi.org/10.1186/s13064-018-0107-8
https://doi.org/10.1016/S0306-4522(03)00519-0
https://doi.org/10.1242/dev.01165
https://doi.org/10.4161/cbt.313
https://doi.org/10.1038/nature13163
https://doi.org/10.1038/nature13163
https://doi.org/10.1126/science.1074192
https://doi.org/10.1126/science.1074192
https://doi.org/10.1016/j.cell.2005.09.021
https://doi.org/10.1038/nn.2198
https://doi.org/10.1073/pnas.1404670111
https://doi.org/10.1002/jnr.22816
https://doi.org/10.1159/000487764
https://doi.org/10.1073/pnas.0805165106
https://doi.org/10.1021/mp300334r
https://doi.org/10.1038/s41598-019-56075-w
https://doi.org/10.1016/j.canlet.2020.01.008
https://doi.org/10.1111/1440-1681.13223
https://doi.org/10.1080/07853890310006361
https://doi.org/10.1080/07853890310006361
https://doi.org/10.1093/nar/gkm700
https://doi.org/10.1126/science.aab4070
https://doi.org/10.1126/science.aab4070
https://doi.org/10.29245/2572.942X/2016/2.1025
https://doi.org/10.1016/S0165-3806(01)00237-1
https://doi.org/10.1038/s41388-019-0872-9
https://doi.org/10.1007/s10059-011-0008-8
https://doi.org/10.3389/fonc.2019.00779
https://doi.org/10.1056/NEJMra043666
https://doi.org/10.1038/sj.onc.1201933
https://doi.org/10.1126/science.279.5349.349
https://doi.org/10.1002/jnr.1073
https://doi.org/10.1523/JNEUROSCI.18-19-07768.1998
https://doi.org/10.3390/genes9020105
https://doi.org/10.1038/nature08137
https://doi.org/10.3390/cells9051236
https://doi.org/10.1016/bs.irn.2020.03.006
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Behrooz and Syahir Glioblastoma Stem Cells, CD133-Wnt/b-Catenin-TERT Axis
72. Brossa A, Papadimitriou E, Collino F, Incarnato D, Oliviero S, Camussi G,
et al. Role of CD133 Molecule in Wnt Response and Renal Repair. Stem Cells
Transl Med (2018) 7:283–94. doi: 10.1002/sctm.17-0158

73. Aghajani M, Mansoori B, Mohammadi A, Asadzadeh Z, Baradaran B. New
emerging roles of CD133 in cancer stem cell: Signaling pathway and miRNA
regulation. J Cell Physiol (2019) 234:21642–661. doi: 10.1002/jcp.28824

74. Prasad S, Ramachandran S, Gupta N, Kaushik I, Srivastava SK. Cancer cells
stemness: A doorstep to targeted therapy. Biochim Biophys Acta Mol Basis Dis
(2020) 18866:165424. doi: 10.1016/j.bbadis.2019.02.019

75. Artandi SE, Alson S, Tietze MK, Sharpless NE, Ye S, Greenberg RA, et al.
Constitutive telomerase expression promotes mammary carcinomas in aging
mice. Proc Natl Acad Sci U S A (2002) 99:8191–96. doi: 10.1073/pnas.112515399
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Polycyclic aromatic hydrocarbons (PAHs), particularly benzo[a]pyrene (B[a]P), found in
cigarette smoke and air pollution, is an important carcinogen. Nevertheless, early
molecular events and related regulatory effects of B[a]P-mediated cell transformation
and tumor initiation remain unclear. This study found that EGR1 was significantly
downregulated during human bronchial epithelial cell transformation and mice lung
carcinogenesis upon exposure to B[a]P and its active form BPDE, respectively. In
contrast, overexpression of EGR1 inhibited the BPDE-induced cell malignant
transformation. Moreover, miR-377-3p was strongly enhanced by BPDE/B[a]P
exposure and crucial for the inhibition of EGR1 expression by targeting the 3’UTR of
EGR1. MiR-377-3p antagomir reversed the effect of EGR1 downregulation in cell
malignant transformation and tumor initiation models. Furthermore, the B[a]P-induced
molecular changes were evaluated by IHC in clinical lung cancer tissues and examined
with a clinic database. Mechanistically, EGR1 inhibition was also involved in the regulation
of Wnt/b-catenin transduction, promoting lung tumorigenesis following B[a]P/BPDE
exposure. Taken together, the results demonstrated that bBenzo[a]pyrene exposure
might induce lung tumorigenesis through miR-377-3p-mediated reduction of EGR1
expression, suggesting an important role of EGR1 in PAHs-induced lung carcinogenesis.

Keywords: early growth response protein 1, miR-377-3p, malignant transformation, lung tumorigenesis, Wnt/b-
catenin pathway
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INTRODUCTION

Lung cancer has the highest morbidity and mortality worldwide.
Late diagnosis and poor prognosis are the main causes of cancer-
related death (1, 2), and smoking is a common risk factor. Yet,
over the years, the increased non-smoking-related risk associated
with ambient air pollution has been frequently reported (3).
Polycyclic aromatic hydrocarbons (PAHs) are widespread
environmental pollutants that have been associated with
carcinogenicity (in gas or particle phase) (4). The most widely
studied PAH is Benzo[a]pyrene (B[a]P), which is frequently chosen
as a substitute for evaluating the carcinogenic PAHs (5).

B[a]P is a human group 1 carcinogen capable of initiating and
promoting lung tumorigenesis (6). BPDE is the main biologically
active metabolite of B[a]P that can form DNA adducts of guanine
N2, thus exerting its carcinogenic effect (7). In cell-basedmodels, B
[a]P or its metabolite BPDE induce cell malignant transformation,
while inmicemodels, it can reduce lung tumors.Recent studieshave
shown that B[a]P-induced tumorigenesis involves DNA
methylation, oxidative stress, cell cycle, inflammation, apoptosis,
and other biological processes (7–9). Yet, the exact molecular
mechanism behind this remains unclear.

Transient activation and regulation of immediate-early genes
are considered primary cellular responses to an external signal in
cancer development (10). Early growth response 1 (EGR1) is an
immediate-early gene that can be directly activated by growth
factors, hypoxia, ischemia, tissue injury, and apoptotic signals in
different cells (11). Different roles of EGR1 have been observed in
different tumors. EGFR1 can have double-edged effects in tumor
development. For example, EGR1 has an oncogenic function in
prostate cancer by promoting cell proliferation and survival, but
it can also act as a tumor suppressor in various cancers such as
glioma, lung, and bladder cancer by directly upregulating PTEN,
P53, and fibronectin (12–16).

MicroRNAs (miRNAs), an endogenous short non-coding
RNA, have important functions in many developmental
systems (17). miRNAs regulate gene expression in multicellular
organisms by affecting both the stability and translation of
mRNAs. They can target the 3’-UTR of mRNA transcripts via
complementary sequences and repress the gene expression by
post-transcriptional level (18). Their deregulation has been
closely related to cancer initiation and progression (19).

miR-377-3p is a novel tumor regulatorymiRNAwhose biological
functions are wildly unknown. MiR-377-3p has been shown to
possess tumor-inhibiting effects in clear cell renal cell carcinoma
and hepatocellular carcinoma (20, 21). Contrary, previous studies
have shown that miR-377 promotes the proliferation and EMT
process in colon cancer, while the low level of miR-377 was
associated with a good prognosis of periampullary adenocarcinoma
(22, 23). Moreover, recent studies demonstrated that miRNAs are
also involved inB[a]P-inducedcarcinogenicity (24, 25).However, the
potential contribution of miRNAs in environmental carcinogens-
induced lung tumorigenesis is still not clear.

In the present study, we found that EGR1 expression was
strongly reduced in the malignant transformation of human lung
bronchial epithelial cells and lung tumorigenicity following B[a]P
and its active metabolite BPDE exposure. Moreover, miR-377-3p
Frontiers in Oncology | www.frontiersin.org 234
mediated EGR1 downregulation facilitates cell malignant
transformation and tumor formation by regulating the Wnt/b-
catenin pathway, suggesting an important role of the miR-377-3p/
EGR1 axis in the malignant transformation of lung tumorigenesis
induced by environmental carcinogen.
MATERIALS AND METHODS

Patient Samples
A total of 114 non-small-cell lung cancer (NSCLC) clinical
samples of the Second Affiliated Hospital of Zhejiang University
were used in this study. The study was approved by the ethics
committee of the hospital. The clinical characteristics of these
samples are shown in Table 1. The cancer tissues were formalin-
fixed and paraffin-embedded for immunohistochemistry (IHC).

Cells and Reagents
Human bronchial normal epithelium cell BEAS-2B (Cell Bank of
the Chinese Academy of Science, Xiangya, China) and 293T cells
(ATCC, Manassas, VA, USA) were cultured in DMEM (Gibco,
Grand Island, NY, USA.) supplemented with 10% FBS (Gibco),
streptomycin (100 g/mL), and penicillin (100 U/mL) in a
humidified atmosphere containing 5%CO2/95% air at 37°C.
The authenticity of the cell lines used in this study has been
verified by STR profiling.

BPDE was purchased from the National Cancer Institute
Chemical Carcinogen Reference Standard Repository (Kansas
City, MO, USA), dissolved in DMSO, and stocked in -80°C.

Cell Transformation Assays
Cells were exposed to 0.2 µM or 0.5 µM BPDE for 2 hours in a
serum-free medium. Then, the treated medium was removed,
and cells were recovered in a fresh medium at 37°C. BPDE
exposure was repeated once a week for 12 weeks. After 12 weeks
of treatment, the malignant phenotype was analyzed and DMSO
was used as solvent control.

QRT-PCR
Total RNA was extracted from cell lines or tumor and normal
tissue samples with TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). For gene expression, RNA was reverse transcribed using a
Prime-Script RT reagent Kit (TaKaRa). QRT-PCR was carried
out with an SYBR Premix Ex Taq (TaKaRa). For miRNA
expression, RNA was reverse transcribed using an SYBR®

Premix Ex Taq II (TliRnaseH Plus) (TaKaRa, Dalian, China).
QRT-PCR was performed using a Mir-X miRNAFirst-Strand
Synthesis kit (Clontech, Madison, WI, USA). Experiments were
performed in triplicate, and the values were normalized to
GAPDH or RNU6B using the 2(−DDCt) method for gene and
miRNA expression analysis, respectively.

Immunoblot Analysis
Cell lysates (50 mg) were separated on a 10% SDS-PAGE gel and
then transferred onto a nitrocellulose membrane (Whatman,
Maidstone, UK). The membrane was blocked with 5% skim milk
solution for 2 hours and incubated overnight at 4°C with the
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following diluted primary antibody: rabbit monoclonal anti-
human EGR1 (ab194357, Abcam, Hanghzou, China), and the
mouse monoclonal anti-human GADPH (sc-47724) and anti-
human b-catenin (sc-7963) both purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Then, the membrane was
incubated in IRDye® 800CW- or IRDye 680-conjugated
secondary antibody (LI-COR Biosciences, Lincoln, NE, USA)
and detected by an Odyssey® infrared imaging system.

Animal Models
A/J mice (4 weeks) and Balb/c nude mice (4 weeks) were
obtained from Model Animal Research Center, Nanjing, China
and SLAC Laboratory Animal, Shanghai, China. All the animals
were housed in an environment with a temperature of 22 ± 1°C,
relative humidity of 50 ± 1%, and a light/dark cycle of 12/12 h.
All animal studies (including the mice euthanasia procedure)
were done in compliance with Zhejiang University institutional
animal care regulations and guidelines, and conducted according
to the AAALAC and the IACUC guidelines.

A/J mice (4 weeks) were randomly divided into two groups (12
mice/group). B[a]P group was intraperitoneally injected with B[a]P
(25 mg/kg, in tricaprylin solvent) (Sigma), and the control group
was intraperitoneally injected with the tricaprylin solvent. B[a]P
treatment was given on a weekly basis for 8 weeks. The control
group was treated as the same. After 4 months of restoration
following the treatment period, mice were sacrificed, and the lung
tissues were obtained and histologically examined. The tricaprylin
solvent-treated group was used as a control group.

Balb/c nude mice (4 weeks) were subcutaneously injected
with 5 × 106 transformed cells in 100 µl volume mixed with
Matrigel (1:1). Three days after injection, miR-377-3p antagomir
(5 nmol/mouse) or scramble control was performed by
intratumor injection twice a week. The long diameter (a) and
short diameter (b) of the tumors were measured; after which, the
volume (V) was calculated using the formula V = 1/2 × a × b2.
Mice were sacrificed, and the tumor tissues were obtained
and weighed.

Soft Agar Assay
The cells (1,000 cells/well) were suspended in a culture medium
containing 0.4% agarose (Sigma, St Louis, MO, USA) and seeded
onto a base layer of 0.7% agar bed in 12-well plates. After 2
weeks, colonies were stained with crystal violet and
photographed. Colonies ≥ 0.05 mm in diameter were counted.

Scratch Test
Cells (1 x 105 cells/ml) were plated in 6-well plates. The
monolayer was scratched by a 10 ml sterile pipette tip. The
cells were gently rinsed twice with PBS to remove floating cells
and incubated in 2 ml of serum free medium in 37°C, 5% CO2 air
environment. Images of the scratches were taken by using an
inverted microscope at 0, 24, and 48 hours of incubation. ImageJ
software was used to analyze the percentage of wound closure.

Transwell Assay
We performed a cell migration assay with an 8 µm-pore in 24-
well transwell plates (Costar, Cambridge, MA, USA). Briefly,
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400 ml of complete DMEM medium was added under the
chambers, whereas cells (2 × 104) were added above the
chambers in a serum-free medium. After 48 hours of incubation
at 37°C, the migrated cells were fixed with 4% paraformaldehyde
and stained with 0.5% crystal violet. Then, the filter membrane
was examined and photographed under a microscope.

Immunohistochemistry
The IHC was performed using an Envision Detection System
(DAKO, Carpinteria, CA) according to the instructions of the
manufacturer. Rabbit monoclonal anti-mouse Ki67 (ab194357)
was purchased from Abcam; rabbit polyclonal anti-mouse EGR1
(sc-110) was purchased from Santa Cruz Biotechnology. The
IHC staining results were assessed and confirmed by two
independent investigators blinded to the clinical data.

Cell Transfection
For lentiviral-mediated transfection, 293T cells were co-
transfected with the lentiviral and packaging vectors. After 72 h,
the supernatant was collected. Supernatants were then collected
and centrifuged at 1,000 × g for 15 min at 4°C to pellet debris.
Before performing the infection, the lentiviruses were recovered
and re-suspended in a fresh medium with 6 g/ml of polybrene.
Stable cells with EGR1 knockdown or EGR1 overexpression were
selected following transduction with 0.5 mg/ml of puromycin for 2
weeks. Transfection efficiency of EGR1 knockdown or EGR1
overexpression was examined by Western blot.

For miR-377-3p mimic, inhibitor, antagomir, miRNA control
(GenePharma, Shanghai, China) transfection, cells were
transfected using Lipofectamine® RNAiMAX (Invitrogen)
following the instructions of the manufacturer. After 72 h of
transfection, the cells were collected for further experiments.

Dual-Luciferase Reporter Assay
The full-length and mutated miR-377-3p recognition elements of
3’UTR-EGR1 were synthesized and constructed into a pGL3-
Basic vector (Promega, Madison, WI, USA). After seeding the
cells for 24 h, the mimic or inhibitor of miR-377-3p
(GenePharma) was co-transfected with either pGL3-EGR1-
3’UTR wild-type or mutant into BEAS-2B and 293T cells.
Dual-Luciferase Reporter Assay System was used for testing
the relative luciferase activity (Promega).

Immunofluorescence
The BPDE-transformed cells were plated in culture. After
overexpression of EGR1, the cells were fixed for 15 min in 4%
formaldehyde solution. Then, the cells were washed with PBS
and treated with 0.1% Triton X-100 in PBS for 10 min. After
permeabilizing the cells, we blocked the cells for 1 h in an
antibody blocking buffer (10% normal goat serum, 1% BSA in
PBS). Then, the cells were washed with PBS and incubated with
anti-human b-catenin primary antibody. The presented IF
staining pictures are the overlaid images of b-catenin staining
in green fluorescence with nuclear 4 ’6-diamidino-2-
phenylindole (DAPI) staining in blue fluorescence. The IF
staining images were taken and overlaid using the Nikon NIS-
Elements software.
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Statistical Analysis
The two-tailed Student’s t-test and one-way analysis of variance
were used for statistical data analysis. The data was expressed of
three separate experiments, as mean ± standard deviation (SD).
P ≤ 0.05 was considered to be statistically significant.
RESULTS

BPDE/B[a]P Downregulates the
Expression of EGR1 In Vitro and In Vivo
B[a]P and its ultimate carcinogenic metabolite, BPDE, are the
strong lung carcinogens found in tobacco smoke and air pollution
(26). However, the molecular mechanisms underlying PAH-
induced lung tumorigenesis, particularly in the early stage, remain
unclear. To indicate the critical genes involved in this process,
human lung epithelial cells and A/J mice were exposed to BPDE/B
[a]P, respectively. Malignant transformation of BEAS-2B cells was
identified upon 12 weeks of BPDE exposure (Figures 1 and S1).
Figure 1A shows a schematic map of the strategy used to generate
the BPDE-induced malignant transformation of BEAS-2B cells. Cell
Frontiers in Oncology | www.frontiersin.org 436
proliferation assay and soft agar assay revealed that BPDE treatment
enhanced the reproductive capacity of cells and the anchorage-
independent growth capability, respectively (Figures 1B, C). We
also observed that the cell migration was enhanced upon BPDE
treatment (Figures S1A, B). Xenograft assay further confirmed the
malignant phenotype of BPDE-induced BEAS-2B cells (Figure 1D).
In addition, we also confirmed the above tumorigenic effects with
the BPDE-induced HBE malignant transformation cell model by
malignant phenotype analysis (data not shown).

To investigate the genes implicated in the BPDE-induced
malignant transformation process, we performed RNA-
sequencing analysis. Our results showed that EGR1 was the
most obviously downregulated gene in the transformed cells
(Figure S1C). The downregulation of EGR1 expression was
confirmed in both BEAS-2B and HBE BPDE-induced cell
transformed models (Figures 1E, F). Moreover, the EGR1
protein content was also reduced in different lung cancer cells
contrasted with normal cells (Figure 1G).

To further evaluate the effect of B[a]P on EGR1 expression
in vivo, we established a B[a]P-treated A/J mice model (Figure
S2A). Most mice treated with B[a]P developed primary lung
tumors within 6 months; this was observed by PET-CT detection
and histopathological analysis (Figures 2A and S2B, C). Our
results also showed that EGR1 mRNA expression and protein
level were decreased in the lung tumor tissues compared to the
adjacent normal tissues (Figures 2B, C). Ki67 was extensively
assessed and reported as a predictive proliferative marker of
cancer cells. Moreover, the downregulation of EGR1 was not
only observed in adenocarcinoma but also B[a]P-treated mice
adenoma (Figure 2D), indicating that EGR1 reduction could be
the early event in B[a]P-induced tumorigenesis.

To further determine whether EGR1 downregulation was
involved in human lung carcinoma development, we expanded
our study by investigating the expression of EGR1 in clinical
cancer tissues. In eight pairs of fresh cancer and adjacent normal
tissues from clinical NSCLC patients, we found the reduction of
EGR1 expression in cancer tissues (Figure S3A). TCGA (The
Cancer Genome Atlas) database and the other two datasets
supported in Lung Cancer Explorer confirmed that EGR1 was
downregulated in NSCLC patient tissues compared to normal
tissues (Figures 2E and S3B, C). Collectively, the results indicated
that the inhibition of EGR1 was involved in cell malignant
transformation and mice lung tumorigenesis induced by BPDE/
B[a]P exposure. The EGR1 reduction was also observed in clinical
cancer tissues. The above data suggested that EGR1 could have a
tumor-suppressive role in the lung cancer process.

EGR1 Reduction Mediates BPDE-Induced
Malignant Transformation
To investigate the potential role of EGR1 downregulation in lung
tumorigenic effects upon BPDE exposure, we established stable
EGR1 overexpression models in BPDE-induced transformed cells
with lenti-EGR1 lentivirus (Figure S4A). The ectopic expression
of EGR1 led to a reduced malignancy in BPDE-induced
transformed cells (Figure 3). Moreover, EGR1 overexpression
reduced the cell migration ability (Figures 3A–C) and xenograft
tumor growth (Figures 3D, E). The suppressive effect of EGR1 on
TABLE 1 | Association of immunohistochemical staining for EGR1 with the
tumor clinic pathological characteristic.

Clinicopathological features Case N. (%) Egr1 expression p-value

High Low

Gender
Male 63 (55) 27 36
Female 51 (45) 20 31 0.296

Age
Mean (Range) 62 (37-85)
<60 65 (57) 26 39
>60 49 (43) 21 28 0.476

Tumor sizea

<2.5cm 46 (51) 21 25
>2.5cm 45 (49) 19 26 0.565

Depth of invasion
T1 46 (40) 38 16
T2 53 (46) 28 25
T3 11 (10) 1 10
T4 4 (4) 2 2 0.013*

Lymph node metastasis
N0 50 (44) 31 19
N1 29 (25) 7 22
N2 35 (31) 9 26 0.000**

Distant metastasis
M0 107 (94) 44 63
M1 7 (6) 3 4 0.750

TNM stage
I 44 (39) 29 15
II 29 (25) 8 21
2III 36 (32) 8 28
IV 5 (4) 2 3 0.000**

Histological gradeb

High 31 (28) 19 12
Moderate 63 (58) 25 38
Poor 15 (14) 3 12 0.003*
a23 cases without tumor size.
b5 cases without tumor histological grade.
*P < 0.05 and **P < 0.01.
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FIGURE 1 | EGR1 was downregulated in BPDE-induced malignant transformation of normal human lung epithelial cells. (A) Schematic map of BPDE-induced
malignant transformation model. (B) Cell proliferation ability of BPDE-treated and control cells. (C) Cell anchorage-independent growth in soft agar. Top,
representative images; bottom, quantitative results of cell colony per field. (D) Top, Tumor growth curve of the transformed cells induced by BPDE and control cells
injected subcutaneously in nude mice (n = 12 tumors per group); bottom, representative photos of the HE staining and Ki67 immunohistochemical staining of the
tumor mass. (E, F) EGR1 expression analyzed by qRT-PCR and Western Blot in transformed BEAS-2B and HBE cells. (G) Egr-1 expression in different lung
epithelial and lung cancer cells. Normal bronchial epithelial cell: NL-20, BEAS-2B; lung cancer cell: H446, H520, H1299, A549. The analyses were repeated three
times, and the results were expressed as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001.
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FIGURE 2 | B[a]P downregulated EGR1 expression in vivo. (A) B[a]P-induced A/J mice lung tumorigenesis. Left, representative images of primary lung tumor in
mice with or without B[a]P treatment (25mg/kg); right, representative images of HE staining. (B) EGR1 mRNA expression in B[a]P-induced murine lung tumor and
adjacent normal tissues, vehicle lung tissues. (C, D) Representative images of EGR1, Ki67 immuno-histochemical staining of B[a]P-treated murine lung tumor tissues
and adjacent tissues, vehicle lung tissues. (E) Analysis of the TCGA database of EGR1 mRNA expression in paired lung cancer and normal tissues. The analyses
were repeated three times, and the results were expressed as mean ± SD. #P < 0.05, **P < 0.01, and ***P < 0.001.
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cell malignant phenotypes was further confirmed by EGR1
knockdown. EGR1 shRNAs introduction through lentiviral
vectors resulted in an increased malignancy of BEAS-2B cells
(Figures S4C–E). Moreover, the rescue of EGR1 also reversed the
effect of EGR1-knockdown in promoting cell transformation
(Figures S4F, G). The knockdown efficiency of EGR1 was
supported in Figure S4B. Our results suggested that EGR1
Frontiers in Oncology | www.frontiersin.org 739
downregulation was critical for promoting BPDE-induced cell
malignant transformation.

mir-377-3p Targets EGR1 and Induces its
Inhibition Following BPDE Exposure
Notably, we found that the expression of EGR1 was inhibited
during the BPDE-induced cell malignant transformation (data
A
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C

FIGURE 3 | EGR1 downregulation is crucial for BPDE-induced cell malignant transformation. (A) Soft-agar colony formation assays of BPDE-induced transformed
cells infected with EGR1 overexpression lentivirus. Left, representative images; right, quantitative results of cell colony per field. (B, C) Left, representative images of
transwell migration and wound healing assays; right, relative numbers of migration cell and percentage wound closure after treatment. (D) Representative images of
xenograft tumors in nude mice at 4 weeks after inoculation (Left) and the tumor weight of BPDE-induced transformed cells infected with EGR1 overexpression.
(E) Tumor growth curve of xenograft assays (n = 10 tumors per group). The analyses were repeated three times, and the results were expressed as mean ± SD.
#,*P < 0.05 and **P < 0.01.
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not shown). To investigate the molecular mechanism underlying
EGR1 reduction upon BPDE treatment, we first evaluated EGR1
promoter DNA methylation level by bisulfite sequencing PCR.
TheDNAmethylation level of theEGR1promoter sequencedidnot
change after BPDE exposure (Figure S3D). Over the past decade, it
has been widely reported that miRNAs regulate gene expression by
recognizing the 3’UTR sequence. Using the microRNA database
and target prediction tools (miRanda, PicTar, and TargetScan), we
predicted the potential microRNAs that could target EGR1 and
regulate its mRNA transcription. qRT-PCR revealed that miR-
377-3p levels were markedly increased in BPDE-treated cells
(Figure 4A). Transient transfection with mimics and inhibitor of
miR-377-3p showed that miR-377-3p regulates EGR1 expression
(Figures 4B, C).

To further identify the effect of miR-377-3p on EGR1
expression regulation, we constructed the luciferase reporter
containing wild-type regulatory sequence with or without
EGR1 binding site mutation (Figure 4D). The result showed
that miR-377-3p mimic reduced the reporter activity of the full-
length EGR1 3’UTR-containing luciferase construct, and the
inhibitor of miR-377-3p augmented the reporter activity in
BEAS-2B and 293T cells. The effect of miR-377-3p on the
reporter activity was abrogated with the mutant-type EGR1
3’UTR-containing luciferase construct (Figures 4E, F). These
results indicated that miR-377-3p mediated the downregulation
of EGR1 in BPDE-induced malignant transformed cells by
directly targeting its 3’UTR sequence.

mir-377-3p Antagomir Rescued the Effect
of EGR1 Downregulation in Cell Malignant
Transformation and Lung Carcinogenesis
To detect whether the inhibition of miR-377-3p allows for the re-
expression of EGR1 and reduces the malignancy of BPDE-
induced transformed cells, we transfected the cells with miR-
377-3p antagomir. Our results revealed that the antagomir of
miR377-3p reduced the malignancy phenotypes of the
transformed cells induced by BPDE exposure (Figures 5A–D).
Moreover, miR-377-3p upregulation was identified in mice lung
tumor tissues induced by B[a]P, concomitantly with EGR1
downregulation (Figure 5E). Furthermore, we observed a
negative relevance between EGR1 and miR-377-3p in mice
lung tumor tissues by the correlation analysis (Figure 5F).
Consistent with our findings, the TCGA database analysis
revealed the increase of miR-377-3p and the decrease of EGR1
in human lung adenocarcinoma tissues (Figures 5G, H). Besides,
the expression of EGR1 and miR-377-3p in fresh lung cancer
tissues also showed a negative relevance (Figure S5A).

To confirm the tumor repressive effect of EGR1 in NSCLC, we
performed IHC staining to evaluate the clinical relevance of EGR1
expression. Our results showed a high EGR1 immunoreactivity in
the nuclei of adjacent normal cells compared with cancer cells. In
114 paired cases, EGR1was significantly inhibited in tumor tissues
(Figures 5I, J and S5B). EGR1 expression was negatively
associated with tumor invasion, lymph node status, histological
grade, and TNM stage (Table 1). Our results suggested that EGR1
functions as an onco-suppressor, and the inhibition of EGR1 was
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associated with tumor aggressiveness in lung cancer. Taken
together, our results suggest that the upregulation of miR-377-
3p inhibits EGR1 transcription, which is implicated in BPDE/B[a]
P-induced cell malignant transformation and lung tumorigenesis.
EGR1 Inhibition is Involved in the
Regulation of Wnt/b-Catenin Transduction
in PAHs-Induced Tumorigenesis
EGR1 is an important transcription factor for regulating the cell
cycle, differentiation, apoptosis, and stress. To identify the potential
EGR1-downstream genes involved in the BPDE/B[a]P-induced
tumorigenesis, we performed the RNA-sequencing by knocking
down EGR1 expression. As expected, Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis indicated that the Wnt/b-catenin
pathway is one of the most significantly altered gene set concepts in
EGR1 knockdown cells, and gene set enrichment analysis (GSEA)
revealed a large fraction of Wnt/b-catenin downstream genes that
displayed significant alterations (Figures 6A, B). Moreover, we also
observed the upregulation of b-catenin in BPDE-induced
malignant transformed cells and mice primary lung cancer tissue
(Figures 6C–E). By transient transfection, EGR1 overexpressing
led to a reduction of CTNNB1 gene expression. Moreover, EGR1
knockdown upregulated the CTNNB1 gene expression
(Figure 6F). Also, the rescue of EGR1 expression abrogated the
upregulation and nuclear localization of b-catenin induced by
BPDE exposure (Figures 6G, H). These data suggested that the
Wnt/b-catenin pathway is the potential downstream signal in
EGR1-mediated cell malignant transformation.

Furthermore, we detected the most altered genes of RNA-
sequencing by knocking down EGR1 in the transformed cells. Our
result revealed that ATF3 and ANKRD1 were downregulated in
malignant cells and mice primary lung cancer tissues induced by
PAHs (Figures S5C, D). Ectopic expression of EGR1 resulted in the
upregulation of ATF3 and ANKRD1. Moreover, siRNA of EGR1
reduced the expression of ATF3 andANKRD1 (Figure S5E). Besides,
the rescue of EGR1 expression in BPDE-induced transformed cells
abrogated the inhibition of ATF3 and ANKRD1 expression induced
by BPDE (Figure S5F). To sum up, our data indicated that the
downregulation of EGR1 could alter the downstream cell signals and
the expression of its target genes to contribute to the cell malignant
transformation and lung carcinogenesis.
DISCUSSION

B[a]P can directly induce lung carcinogenesis by inducing DNA
damage and activating the signaling pathways (26–28). This
study further investigated early events and the molecular
mechanisms of gene dysregulation that lead to cell malignant
transformation and lung tumorigenesis following B[a]P/BPDE
exposure. We discovered that B[a]P/BPDE treatment led to miR-
377-3p induction, which targeted EGR1-3’UTR and inhibited its
expression, subsequently resulting in the activation of Wnt/b-
catenin signal and promotion of cell malignant transformation,
thus further contributing to lung tumorigenesis. Consequently,
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EGR1 could be considered a potential target for B[a]P initiation
of lung carcinogenic actions.

As a transcription factor, EGR1 has a crucial role in human
cancers. EGR1 has been increasingly attracting research attention
Frontiers in Oncology | www.frontiersin.org 941
due to its tumor-suppressing role in the occurrence and
development of tumors. The expression of EGR1 decreases or
even disappears in a variety of human malignancies, and its
expression level is associated with tumor sensitivity to
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FIGURE 4 | MiR-377-3p activation mediated EGR1 inhibition following BPDE exposure. (A) Expression profile of predicted miRNAs in BPDE-treated BEAS-2B cells
by qRT-PCR. (B, C) EGR1 expression after transfection of miR-377-3p mimic and inhibitor in BEAS-2B cells was analyzed by QRT-PCR and Western blot.
(D) The putative target site of miR-377-3p in the 3’UTR of EGR1 (upper panel); red letters indicate the mutant luciferase reporter gene sequence (lower panel).
(E, F) EGR1 3’UTR luciferase reporter assays in BEAS-2B cells and 293T cells. The analyses were repeated three times, and the results were expressed as
mean ± SD. *P < 0.05 and **P < 0.01.
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chemotherapy (29). EGR1 depletion has been associated with
tumor anti-apoptotic and invasion events, whereas its
overexpression may depress the tumorigenicity and metastasis
in different cancer cells, including lung cancer (30).
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Mechanistically, EGR1 can directly transactivate P53 and PTEN,
implicated in the proliferation inhibition of lung tumor cells (31,
32). It can also suppress the EMT transition and cell migration in
lung cancer by regulating TGFb activity (33). Recent studies have
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FIGURE 5 | MiR-377-3p antagomir rescued the effect of EGR1 downregulation in cell malignant transformation and lung carcinogenesis. (A) Soft-agar colony
formation assays. Left, representative images; right, quantitative results of cell colony per field. (B) Transwell migration assays. Left, representative images; right,
quantitative results of migratory cells per field. (C) Representative xenograft tumor images at 4 weeks after inoculation (top) and tumor weight (bottom) of BPDE-
induced transformed cells treated with miRNA-377-3p antagomir or control. (D) The tumor growth curve of xenograft. (E) MiR-377-3p expression and EGR1 mRNA
expression in B[a]P-induced murine lung cancer tissues by qRT-PCR. The analyses were repeated three times, and the results were expressed as mean ± SD.
(F) The correlation analysis of EGR1 and miR-377-3p mRNA expression in mice carcinogenesis model. Y-axis showed EGR1 mRNA expression; X-axis showed miR-
377-3p mRNA expression. (G, H) TCGA database analysis of miR-377-3p expression and EGR1 mRNA expression in human lung adenocarcinoma tissues.
(I) Representative image of IHC staining of EGR1 in human lung cancer tissues. (J) Quantification of EGR1 staining in the adjacent normal lung epithelial cells and
lung cancer cells in 114 paired patient tissues. #,*P < 0.05, **P < 0.01, and ***P < 0.001.
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shown that EGR1 can directly and negatively regulate cell growth
in different epithelial tumor cell lines (34). It can also regulate
KRT18 expression to inhibit the malignancy of human NSCLC
cells (35). Our data showed that EGR1 was strongly decreased in
Frontiers in Oncology | www.frontiersin.org 1143
the early stage of malignant cell transformation upon BPDE
exposure. The inhibition of EGR1 promoted the progression of
BPDE-induced tumorigenicity. Moreover, the downregulation of
EGR1 was also confirmed in B[a]P-induced lung tumors in vivo.
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FIGURE 6 | EGR1 inhibition was involved in the regulation of Wnt/b-catenin transduction in PAH-induced tumorigenesis. (A, B) KEGG analysis of differentially
expressed genes and Gene set enrichment plots of differentially expressed genes belonging to the Wnt pathway in EGR1 knockdown cells. (C, D) b-catenin protein
content and mRNA gene expression of CTNNB1 in BPDE-induced transformed cells. (E) mRNA level of CTNNB1 gene in mice primary lung cancer tissues.
(F, G) CTNNB1 gene expression in BEAS-2B cells upon EGR1 overexpression and knockdown and in BPDE-induced transformed cells upon EGR1 overexpression.
(H) Immunostaining of b-catenin in malignant transformed cells with or without EGR1 overexpression. (I) Schematic diagram of the regulatory mechanism of miRNA-
377-3p/EGR1 axis in tumorigenesis. The analyses were repeated three times, and the results were expressed as mean ± SD. #,*P < 0.05.
August 2021 | Volume 11 | Article 699004

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


Ke et al. EGR1-Downregulation Promotes Lung Tumorigenesis
The results indicated that EGR1 has a tumor repressive effect in
cell malignant transformation and lung tumorigenesis upon B[a]
P/BPDE treatment.

DNA methylation and miRNA dysregulation are important
molecular mechanisms of gene expression, which are critical for
epigenetic regulation in tumor formation and development by
negatively regulating targeting downstream genes (36, 37).
Recent studies reported that miR-301b, miR-191, and miR-
146a could target EGR1 mRNA and inhibit its expression, thus
contributing to oncogenesis (16, 38, 39). In this study, EGR1 was
persistently decreased after BPDE exposure but without variation
of its promoter DNA methylation level. miRNA screening
analysis demonstrated that miR-377-3p is a new regulator of
EGR1 by directly binding to its 3’UTR. miR-377-3p was
significantly increased in BPDE-induced malignant transformed
cells, as well as in the lung tumor tissues of B[a]P-treated A/J mice.
Antagonized miR-377-3p reversed the effect of EGR1 in cell
malignant transformation, thus supporting the critical role of
miR-377-3p in regulating EGR1 expression to promote cell
transformation and tumor formation. Recent studies reported
that miR-377 displays an ambiguous role in different cancers.
miR-377-3p can drive malignancy characteristics by upregulating
GSK-3b expression and activating theNF-kB pathway in CRC cells
(22). It can also target the pro-oncogenic genes, like E2F3, VEGF,
and CDK6, or negatively regulate the Wnt/b-catenin signaling to
suppress theproliferationof cancer cells (40–43).However, the dual
effect of miR-377 in tumor inhibition and promotion needs to be
further explored.

Clinical studies reported that the depletion of EGR1 sensitizes
the chemotherapy of cisplatin in ovarian tumors (44). The low
levels of EGR1, associated with the expression of PTEN, can
predict poor outcomes after surgical resection of NSCLC (45). In
this study, clinic tissue analysis showed a downregulation of
EGR1 expression in cancer tissues compared with the normal
tissue. The repression of EGR1 was associated with the local
invasion depth, lymph nodes, and TNM stages. It was also
negatively associated with histological grade (Table 1). Our
result confirmed that the deactivation of EGR1 was associated
with cancer aggressiveness.

Furthermore, it is reported that EGR1 can be increased by
chemotherapy, and negatively regulate the Wnt/b−catenin
signaling pathway in CML cells (46). In this study, we observed
an enrichment of Wnt/b−catenin downstream genes after EGR1
knockdown. Besides, b−catenin, the key effector of canonical Wnt
signaling, was activated in malignant transformed cells and lung
cancer tissues following EGR1 inhibition. The rescue of EGR1
expression reversed the upregulation and nuclear staining of
b−catenin after BPDE exposure. The Wnt/b−catenin pathway is a
cell signaling that promotes cancer initiation and development. It
has an important role in crucial cellular processes, including cell fate
determination, embryonic development, homeostasis, motility,
polarity, and stem cell renewal (47). It has also been reported that
the activation of canonicalWnt/b-catenin signaling is critical for the
initiation and progression of NSCLC (48). In patient-derived
xenograft models of lung cancer, the activation of WNT/b-
catenin signaling and nuclear b-catenin staining was associated
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with a poor prognosis in patients with lung cancer (49). Previous
studies also reported that theWnt/b-catenin pathway contributes to
the induction of EMT by transactivating several EMT-related
transcriptional factors, such as Snail, Slug, Twist, ZEB1, and ZEB2
in lung adenocarcinoma (50). Moreover, we also observed that
ANKRD1 and ATF3, as the target genes of EGR1, were significantly
downregulated inmalignant transformed cells and mice lung cancer
tissues. ATF3, a highly conserved transcription factor, was described
as a principal target of EGR1 and discussed as a tumor suppressor
and promoter (51–53). A recent study also reported that ATF3 and
EGR1 are involved at the beginning of the inflammatory processes
related to cancer (54). ANKRD1 is a tumor-suppressive
downstream gene of the Hippo pathway, downregulated in
different human cancers (55, 56). A previous study demonstrated
that ANKRD1 could be inhibited by lncRNA, resulting in the
promotion of pancreatic cancer proliferation and metastasis (57).
Therefore, EGR1 could regulate its downstream signals and target
genes, thus having a tumor-suppressive role in human lung cancer.

In summary, our current study demonstrated the regulation
mechanism of EGR1 inhibition induced by miR-377-3p
activation following exposure to environmental carcinogen B
[a]P/BPDE. We also discovered that EGR1 has a repressive effect
on lung tumorigenesis by regulating the Wnt/b-catenin signaling
pathway (Figure 6I). Our findings provided a novel molecular
regulatory mechanism through which the miR-377-3p/EGR1
axis was implicated in cell malignant transformation and
tumorigenesis induced by PAH.
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Aim: Bone metastasis is the major reason for the poor prognosis and high mortality rate of
non-small cell lung cancer (NSCLC) patients. This study explored the function and
underlying mechanism of Fas apoptotic inhibitory molecule 2 (FAIM2) in the bone
metastasis of NSCLC.

Methods: Samples of normal lung tissue and NSCLC tissue (with or without bone
metastasis) were collected and analyzed for FAIM2 expression. HARA cells with FAIM2
overexpression and HARA-B4 cells with FAIM2 knockdown were tested for proliferation,
migration, invasion, anoikis, and their ability to adhere to osteoblasts. Next, whether
FAIM2 facilitates bone metastasis by regulating the epithelial mesenchymal transformation
(EMT) process and Wnt/b-catenin signaling pathway were investigated. Finally, an in vivo
model of NSCLC bone metastasis was established and used to further examine the
influence of FAIM2 on bone metastasis.

Results: FAIM2 was highly expressed in NSCLC tissues and NSCLC tissues with bone
metastasis. FAIM2 expression was positively associated with the tumor stage, lymph node
metastasis, bonemetastasis, and poor prognosis of NSCLC. FAIM2 upregulation promoted
HARA cell proliferation, migration, and invasion, but inhibited cell apoptosis. FAIM2
knockdown in HARA-B4 cells produced the opposite effects. HARA-B4 cells showed a
stronger adhesive ability to osteocytes than did HARA cells. FAIM2 was found to be related
to the adhesive ability of HARA and HARA-B4 cells to osteocytes. FAIM2 facilitated bone
metastasis by regulating the EMT process and Wnt/b-catenin signaling pathway. Finally,
FAIM2 was found to participate in regulating NSCLC bone metastasis in vivo.

Conclusions: FAIM2 promoted NSCLC cell growth and bone metastasis by regulating
the EMT process and Wnt/b-catenin signaling pathway. FAIM2 might be useful for
diagnosing and treating NSCLC bone metastases.

Keywords: NSCLC, FAIM2, bone metastasis, Wnt pathway, EMT
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INTRODUCTION

Lung cancer is one of the most malignant cancers and accounts
for nearly 12% of all human cancers worldwide, making it the
leading cause of cancer-related death in both men and women
(1). In general, lung cancer can be divided into categories of non-
small cell lung cancer (NSCLC) and small cell lung cancer
(SCLC), which account for 85% and 15% of all cases,
respectively (2). Although targeted therapy and immune
therapy have progressed in recent years due to the discovery of
the epidermal growth factor receptor gene (EGFR), K-RAS,
MET, and PD-l, the overall prognosis for lung cancer patients
remains unsatisfactory (3, 4). Further studies of the underlying
mechanism of lung cancer carcinogenesis and progression
should provide novel options for treating lung cancer.

Distant metastasis is a major reason for the death of lung
cancer patients. In NSCLC patients, bone tissue is a frequent site
of metastasis and accounts for 13.2% of all metastasis sites (5).
Although bone metastasis is a negative prognostic factor for
NSCLC, the molecular mechanism of bone metastasis remains
largely unknown (6, 7). Several studies have identified the
molecules involved in modulating the bone metastasis of
NSCLC. For instance, an upregulation of LIGHT/tumor
necrosis factor superfamily member 14 (TNFSF14) signaling
was found to result in the destruction of bone homeostasis in
NSCLC patients and subsequent bone metastasis (8). Moreover,
Wu et al. (9) reported that an ERBB2 mutation existed in 2% of
NSCLC patients, and was responsible for bone metastasis. More
investigations are needed to further explore the molecular
mechanism of bone metastasis in NSCLC patients.

Tumor metastasis is a complicated process involving multiple
steps, including epithelial mesenchymal transformation (10),
effusion from blood vessels (11), formation of a pre-metastasis
niche (12), and the colonization and proliferation of seeded cells
(13). During the process of tumor metastasis, tumor cells fail to
undergo apoptosis. Fas apoptotic inhibitory molecule 2 (FAIM2)
is a member of the Fas apoptosis inhibitory molecule family,
which can protect against the effects of Fas by direct interaction
with the Fas receptor or regulate calcium release via interaction
with Bcl-xL (14). Recent studies reported that FAIM2
participates in regulating tumor initiation and progression. For
example, Wang et al. (15) discovered that microRNA-612 can
modulate the tumorigenesis of neurofibromatosis type 1 by
targeting FAIM2. Ziaee et al. (16) reported that FAIM2
expression was upregulated in colorectal adenocarcinoma
tissues. With regard to lung cancer, Kang et al. (17) found that
FAIM2 was highly expressed in SCLC tissue, and could serve as a
novel diagnostic marker and potential therapeutic target for
SCLC. Our previous studies revealed that FAIM2 was highly
expressed in NSCLC tissues and played a role in modulating
NSCLC cell proliferation, migration, invasion, and apoptosis (18,
19). However, until now, it has remained unclear whether
FAIM2 participates in regulating NSCLC bone metastasis.

In this study, we investigated the expression profile of FAIM2
in NSCLC and examined its prognostic value, role in bone
metastasis, and molecular mechanism. Our results suggest that
Frontiers in Oncology | www.frontiersin.org 248
FAIM2 could possibly serve as a biomarker and molecular target
for treating NSCLC.
MATERIALS AND METHODS

Clinical Specimens
Samples of NSCLC tissue and corresponding adjacent normal
tissue (distance > 3 cm from the tumor tissue) were collected
during the time period of September 2017 to October 2018. For
patients without bone metastasis, the tissues were acquired
during surgical resection. For patients with bone metastasis,
the tissues were acquired during the pathological examination
process (puncture biopsy). All diagnoses were independently
confirmed by two pathologists. All tissue samples were obtained
from patients who had not received any prior chemotherapy,
radiotherapy, or other therapy, and had no other type of tumor.
All patients provided their written informed consent for their
participation in the study. Clinical information regarding the
patients is shown in Supplementary Material. The protocols for
all studies involving human participants were reviewed and
approved by the Ethics Committee of the Affiliated Cancer
Hospital of Xiangya School of Medicine.

Cell Lines and Culture Procedure
Human NSCLC cell lines, including the lung squamous cell
carcinoma HARA cell line and its bone seeking subclone HARA-
B4, lung adenocarcinoma NCI-H1395 and A549 cells, embryonic
fibroblast NIH3T3 cells, and primary osteoblasts (Primary OB)
and osteoblasts (MC3T3E1) were all purchased from the
National Infrastructure of Cell Line Resource (Beijing, China).
All cells were subjected to the STR assay before being sent to the
purchaser and were cultured in Dulbecco’s Modified Eagle Media
(DMEM) medium containing penicillin (100 units/mL),
streptomycin (100 mg/mL), and fetal bovine serum [FBS, 10%
(v/v)] at 37°C in a humidified incubator containing 5% CO2. To
inactivate the Wnt signaling pathway, 30 mmol/L of IWP-2
(Sigma-Aldrich, St. Louis, MO, USA) was added to the culture
medium for 72 h.

Quantitative Real-Time PCR
The tissues and cell were washed with PBS (pH 7.4), and the total
RNA in tissues and cells was extracted using the Trizol reagent
(Takara, Japan). cDNA was synthesized using a PrimeScript RT-
PCR kit (Takara, Japan). Gene expression was detected by real-
time PCR performed on a 7500 real-time PCR system (Applied
Biosystems, Waltham, MA, USA). The 2-△△CT method was
used to calculate relative levels of gene expression, and GAPDH
served as a housekeeping gene. The primers used for qRT-PCR
are shown in Table 1.

Western Blotting
The total proteins in tissues and cells were extracted using the IP
lysis buffer (Thermo Fisher) containing a proteinase and
phosphatase inhibitor cocktail (Roche, Basel, Switzerland). The
protein concentration in each extract was measured using a BCA
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protein assay kit (Thermo Fisher). Next, an aliquot of protein
from each sample was diluted with a loading buffer and separated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). The protein bands were transferred onto a NC
membrane (Merck, Kenilworth, NJ, USA), which was
subsequently blocked with 5% fat-free milk at room
temperature for 1 h. Next, the membrane was incubated with
the primary antibody overnight at 4°C. The following antibodies
against the proteins were used: FAIM2 (1:1,000, Abcam, Cat#:
ab194435), ALP (1:1,000, Abcam, Cat#: ab154100), RUNX2
(1:1,000, Abcam, Cat#: ab23981), E-cadherin (1:1,000, Cell
Signaling Technology, Cat#: #24E10), N-cadherin (1:1,000,
Abcam, Cat#: ab18203), Vimentin (1:1,000, Abcam, Cat#:
ab137321), and GAPDH (1:10,000, Abcam, Cat#: ab181602).
The next day, the membrane was washed three times with TBST
(pH 7.4) and then incubated with a secondary antibody (Thermo
Fisher) at room temperature for 1 h. Finally, the protein bands
were visualized and measured for staining intensity with an
Odyssey imaging system (LI-COR Biosciences, Lincoln,
NE, USA).

Hematoxylin-Eosin Staining
Samples of normal lung tissue and lung cancer tissue were fixed
in 10% paraformaldehyde solution. Following gradient
dehydration and paraffin embedding, the tissues were cut into
6-mm thick sections, de-paraffinized in xylene solution, and then
re-hydrated using a decreasing concentration gradient of ethanol
solution. Next, the sections were stained with hematoxylin
solution and eosin solution, respectively. After dehydration
with ethanol solution and xylene solution, the staining results
were observed under a microscope (Nikon, Japan).

Immunohistochemistry Assay
IHC assays were carried out to test FAIM2 expression. Briefly,
following the deparaffinization and hydration steps that were
similar to those used in H&E staining, the sections were
incubated with citrate antigen retrieval solution for 15 min and
then with 0.2% Triton X-100 solution for 20 min. Internal
peroxidase activity was quenched with 3% H2O2 solution. After
being incubated with 5% normal goat serum to block non-
specific binding, the sections were incubated overnight with
the primary antibody against FAIM2 (1:2,000, Thermo Fisher
Scientific, Cat#: PA520311). On the next day, the sections were
incubated with the secondary antibody (1:4,000, Abcam, Cat#:
ab205718) for 1 h. Finally, the sections were stained with
hematoxylin solution and observed under a microscope.
Frontiers in Oncology | www.frontiersin.org 349
FAIM2 Overexpression, Knockdown,
and Plasmid Transfection
To construct the FAIM2 overexpression plasmid, the full-length
sequence of FAIM2 was inserted into the pcDNA3.0 plasmid,
which was subsequently designated as pcD-FAIM2. Three
shRNAs targeting FAIM2 (shFAIM2) were specifically
designed to knock down FAIM2 expression in cells. Because
HARA cells exhibited lower levels of FAIM2 expression, pcD-
FAIM2 was transfected into HARA cells. shFAIM2 was
transfected into HARA-B4 cells due to their higher levels of
FAIM2 expression. Briefly, cells were cultured in 6-well plates
until reaching 60% to 70% confluence; after which, they were
transfected with pcD-FAIM2 or shFAIM2 by using
Lipofectamine 2000 (Thermo Fisher, 11668027). pcDNA3.0
and shCTRL served as the negative controls. The transfection
efficacies were evaluated via qRT-PCR and Western blotting.

Cell Counting Kit-8 Assay
The viability of HARA and HARA-B4 cells was determined using
the cell counting kit-8 (CCK-8) assay (Dojindo, Japan).
Following stimulation, the cells were cultured in a 96-well plate
(1 × 104 cells per well) at 37°C in a 5% CO2 atmosphere for 0, 24,
48, or 72 h. Next, 10 mL of CCK-8 solution was added to each
well and the cells were incubated for an additional 4 h at 37°C.
Finally, the absorbance of each well at 450 nm was measured
with a Microplate Reader (Bio-Tek Inc., Winooski, VT, USA).

Colony Formation Assay
Following stimulation, cells were cultivated in a 6-well plate
(1,000 cells per well) with the culture medium being replaced by
fresh medium every 3 days for a period of 2 weeks. Next, the plate
was washed with PBS and the cells were fixed with 1%
paraformaldehyde solution for 20 min. A 0.1% crystal violet/
40% methanol solution was used to stain the clones overnight.
After removing the crystal violet and washing the culture plate
with PBS, results of the colony formation assay were obtained
using a scanner and subsequently analyzed using the Image
J software.

Edu Labeling and Immunofluorescence
Following stimulation, the cells were cultured on coverslips
(Fisher, Pittsburgh, PA, USA) overnight at a density of 500
cells/mL; after which, they were incubated with Edu buffer for 1 h
and then stained with anti-Edu antibody (Upstate, Temecula,
CA, USA) according to the instructions provided by the
manufacturer. DAPI (Merck, Germany) was used to stain the
cell nucleus. Finally, images of the stained cells were obtained
under a microscope (Nikon, Japan), and the percentages of EdU+

cells were calculated using the Image J software.

In Vitro Osteogenic Differentiation
NIH3T3, primary OB, and MC3T3E1 cells were cultured in 6-well
plates to 40%–50% confluence. Next, the culture medium was
changed to a-MEM containing 10 nmol/L dexamethasone,
5 mmol/L glycerol phosphate, 100 units of penicillin, 100 mg/mL
TABLE 1 | The information of the primers for real-time PCR.

Name Sequence (5’-3’) Length (bp)

FAIM2 F CCAGGGAAAGCTCTCCGTG 203
FAIM2 R GGTCCACATAGGCCCAGCTA
ALP F ACTGGGGCCTGAGATACCC 185
ALP R TCGTGTTGCACTGGTTAAAGC
RUNX2 F TGGTTACTGTCATGGCGGGTA 101
RUNX2 R TCTCAGATCGTTGAACCTTGCTA
GAPDH F TGTTCGTCATGGGTGTGAAC 154
GAPDH R ATGGCATGGACTGTGGTCAT
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streptomycin, 0.25 mg/mL amphotericin B, 100 mmol/L L-ascorbic
acid, and 10% FBS. To induce osteogenic differentiation,
lipopolysaccharides (LPSs, 100 ng/mL) and a tumor growth factor
beta 2 (TGF-b2) inhibitor were added to the culture medium. ALP
activity was examined by using reagents in a QuantiChrom assay kit
(BioAssay Systems, Hayward, CA, USA) after 7 days. Alizarin red
solution was used for staining cells to visualize calcium
accumulation. Finally, photographs were obtained under a
microscope. A mixture of 20% methanol and 10% acetic acid was
used to quantify Alizarin red S staining.

Cell Adhesion Assay
HARA and HARA-B4 cells were transfected with GFP plasmid
NIH3T3. Primary OB and MC3T3E1 cells were seeded into a 6-
well plate and cultured overnight. Next, the HARA and HARA-B4
cells were added to the 6-well plate and co-cultured with the OB
andMC3T3E1 cells for 24 h. Then, the cells were washed with PBS
and fixed with 4% paraformaldehyde. Photographs were taken
under a microscope and analyzed using the Image J software.

Cell Anoikis Assay
To analyze HARA and HARA-B4 cell death due to a loss of
adherence, the two cell types were stimulated and then seeded
into low-adhesive plates at a density of 10 × 105 cells per well.
After 1, 4, or 7 days, the cells in each group were harvested and
centrifuged at 1,000 rpm for 5 min; after which, they were washed
with PBS, and then stained with Annexin V (Invitrogen,
Carlsbad, CA, USA) solution and propidium iodide (PI)
solution according to the instructions of the manufacturer. The
percentage of cells with anoikis was analyzed by flow cytometry.

Cell Apoptosis Assay
After receiving the appropriate stimulation, the cells in each
group were harvested and centrifuged at 1,000 rpm for 5 min.
The cells were then washed with PBS and stained with Annexin
V (Invitrogen, USA) solution and propidium iodide (PI) solution
according to the instructions of the manufacturer. The
percentage of apoptotic cells was analyzed by flow cytometry.

Two-Chamber Transwell Assay
The two-chamber Transwell assay was used to detect cell
migration and invasion. After receiving the designated
stimulation, HARA and HARA-B4 cells (2 × 104 cells in 100
mL of FBS-free medium) were added to the upper chamber, and
700 mL of culture medium containing 10% FBS was added to the
lower chamber. After being cultured at 37°C in a 5% CO2

atmosphere for 48 h, the non-migrated cells in the upper
chamber were carefully removed, and the migrated cells on the
Transwell membrane were washed with PBS, fixed with 4%
paraformaldehyde, and stained using violet solution. Cell
migration results were observed and photographed under a
microscope (Nikon, Japan). The number of migrated cells in
each field was counted.

Cell invasion was detected in a similar manner, except that
the Transwell membrane was pre-coated with Matrigel (Corning,
Corning, NY, USA).
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Cell Scratch Assay
After receiving the designated stimulation, 5 × 105 HARA or
HARA-B4 cells were cultured in a 6-well plate overnight. Next, a
200 mL pipette tip was used to remove cells and generate
scratches on the cell monolayer. After rinsing with PBS to
clear the redundant cells, the cells were cultured in FBS-free
medium for 24 or 48 h. The scratches were then observed and
photographed under a microscope (MOTIC, Xiamen, China).
The data were analyzed using the IPP software.

Immunofluorescence Staining
E-cadherin, N-cadherin, and Vimentin expression in cells was
detected by immunofluorescence. Briefly, cells were seeded into
immunofluorescence-special ized 12-well plates at a
concentration of 1 × 105 cells/well and cultured overnight.
After being washed with PBS, the cells were fixed with 4%
polyformaldehyde for 15 min, permeabilized with 0.1%
TritonX-100 for 30 s, and then blocked with 10% BSA for 1 h.
Next, the cells were washed three times with PBS and then
incubated overnight with primary antibodies against E-cadherin
(1:500, ab40772), N-cadherin (1:500, ab18203), and Vimentin
(1:1,000, ab92547) at 4°C. On the next day, the cells were washed
with PBS and then incubated with an Alexa Fluor 488 (1: 300,
ab150077) secondary antibody for 60 min at room temperature.
Finally, the cells were incubated with DAPI, covered with sealing
liquid, and photographed under a microscope (Nikon, Japan).

In Vivo Animal Experiments
Female BALB/c nude mice (4–5 weeks old) were housed in the
SPF level barrier system at 26°C– 28°C with a free access to food
and water. After the mice had been fed at our facility for 1 week,
1 × 106 HARA cells transfected with pcDNA3.0 or pcD-FAIM2,
as well as HARA-B4 cells transfected with shCTRL or shFAIM2,
were injected into the outer tibia stick to observe the growth of
tibia tumors in the hind limbs of the nude mice (20). A total of
five mice were included in each group. After 5 weeks, the mice
were sacrificed by the induction of an acute hemorrhage. The
lung and tibia tissues of the mice were collected and stained with
H&E to observe changes in the microstructure and test for
FAIM2 expression. All experiments using mice were performed
in accordance with guidelines in theNational Institute of Health’s
Guide for the Care and Use of Laboratory Animals, and the
protocols were approved by the Ethics Committee of the
Affiliated Cancer Hospital of Xiangya School of Medicine.

Statistical Analysis
SPSS 13.0 software and GraphPad 7.0 software were used to
perform all statistical analyses. P-values for differences between
two groups were calculated using the two-tailed student’s t-test,
and P-values for differences among three or more groups were
determined by ANOVA. The Kaplan-Meier method was used to
calculate cumulative survival curves, and the significance of a
difference was assessed by the log-rank test. Chi-square values
were calculated for correlation analyses. Data are presented as a
mean value ± S.D. Statistical significance is indicated as follows:
P > 0.05 = ns; P < 0.05 = *, #; P < 0.01 = **, ##.
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RESULTS

FAIM2 Was Highly Expressed in NSCLC
Tissues and Correlated With Bone
Metastasis and a Poor Prognosis
First, the levels of FAIM2 expression in NSCLC tumor tissues
and adjacent normal tissues, as well as in NSCLC tissues with or
without bone metastasis were examined by Western blotting.
Those results showed that when compared to normal lung
tissues, FAIM2 was more highly expressed in NSCLC tissues
(P < 0.05 or P < 0.01, Figure 1A). Moreover, when compared to
NSCLC tissues without bone metastasis, FAIM2 expression was
upregulated in NSCLC tissues with bone metastasis (P < 0.01).
H&E staining was performed to reveal the microstructure of
normal lung tissues and NSCLC tissues, as well as NSCLC tissues
with or without bone metastasis (Figure 1B). The normal lung
tissues showed a normal microstructure with blue-purple nuclei
and pink cytoplasm, while NSCLC tissues had an increased
number of cells. Furthermore, relative to the NSCLS tissues
without bone metastasis, the NSCLC tissues with bone
metastasis displayed increased cell numbers and unclear cell
boundaries. IHC assay results (Figure 1C) also showed that
FAIM2 expression was increased in the NSCLC tissues relative to
the normal lung tissues. When compared to the NSCLC tissues
without bone metastasis, FAIM2 expression was increased in the
NSCLC tissues with bone metastasis. Similar results were found
for FAIM2 mRNA expression in the normal lung tissues and
NSCLC tissues, as well as in the NSCLC tissues with or without
bone metastasis (P < 0.01, Figure 1D). Moreover, we also
analyzed the clinical significance of FAIM2 in NSCLC. Our
results indicated that a high level of FAIM2 predicted a poor
prognosis for NSCLC patients, including shorter disease-free
survival (DFS) and overall survival (OS) times (Figure 1E). By
exploring the association between FAIM2 expression and
multiple clinicopathological characteristics of NSCLC patients,
we discovered that FAIM2 was an independent factor correlated
with the tumor stage (P = 0.0024), lymph node metastasis (P =
0.0161), and bone metastasis (P = 0.0010) (Table 2). The results
above demonstrated that FAIM2 was highly expressed in NSCLC
tissues and correlated with bone metastasis and a poor prognosis.

FAIM2 Was Highly Expressed in NSCLC
Cells and Associated With Cell Metastasis
To further evaluate the function of FAIM2 in the bone metastasis
of NSCLC, we compared the levels of FAIM2 expression in Beas-
2B cells, NCI-H1395 cells, HARA cells, A549 cells, and HARA-
B4 cells. Our results showed that when compared to Beas-2B
cells, the levels of FAIM2 protein and mRNA expression in
NSCLC cells were increased (Figures 2A, B, P < 0.01 for the
mRNA level). Moreover, relative to HARA cells, the levels of
FAIM2 were increased in HARA-B4 cells (P < 0.01 for the
mRNA level), indicating a correlation between FAIM2 and bone
metastasis. To analyze the relationship between anchorage-
dependent cell growth and FAIM2 expression, the HARA and
HARA-B4 cells were cultured in low-adhesive dishes and FAIM2
mRNA expression was measured. Figure 2C shows that FAIM2
expression in the HARA and HARA-B4 cells gradually decreased
Frontiers in Oncology | www.frontiersin.org 652
from day 1 to day 7, suggesting that FAIM2 is related to an
anchorage-dependent cell growth. Next, HARA cells were
transfected with pcD-FAIM2 to upregulate FAIM2 expression,
while HARA-B4 cells were transfected with shFAIM2 to
knockdown FAIM2 expression. Results in Figure 2D show
that following pcD-FAIM2 transfection, the levels of FAIM2
protein and mRNA expression in HARA cells were increased
(P < 0.01 for the mRNA level). Three shRNAs targeting FAIM2
were designed. ShRNA3 showed the best FAIM2 knockdown
efficiency (Figure 2E), and was selected for use in subsequent
experiments. Following shFAIM2 transfection, the levels FAIM2
protein and mRNA expression in HARA-B4 cells were both
reduced (Figure 2F, P < 0.01 for the mRNA level). Moreover,
anoikis was detected in HARA cells transfected with pcD-FAIM2
and in HARA-B4 cells transfected with shFAIM2. Transfection
with pcD-FAIM2 reduced the anoikis of HARA cells on Day 4
(P < 0.05) and Day 7 (P < 0.01) (Figure 2G), while transfection
with shFAIM2 increased the anoikis of HARA-B4 cells on Day 4
(P < 0.01) and Day 7 (P < 0.01) (Figure 2H). The results above
demonstrated that FAIM2 was highly expressed in NSCLC cells
and related to cell metastasis.

Upregulation of FAIM2 Promoted HARA
Cell Proliferation, Migration, and Invasion,
but Reduced Cell Apoptosis
After being transfected with pcD-FAIM2, the viability,
proliferation, migration, and invasion of HARA cells were
detected. As shown in Figure 3A, pcD-FAIM2 transfection
increased the OD450 values of HARA cells after 24, 48, and 72 h
of culture, suggesting that pcD-FAIM2 promoted HARA cell
viability. Furthermore, pcD-FAIM2 also promoted HARA cell
proliferation, as evidenced by an increase in the colony numbers
(P < 0.01) and percentage of EdU+ cells (P < 0.01, Figures 3B, C).
Moreover, pcD-FAIM2 also inhibited the apoptosis of HARA cells
(P < 0.01, Figure 3D). Both the numbers of migrated and invaded
HARA cells in the pcD-FAIM2 group were notably increased
TABLE 2 | Correlation between FAIM2 expression and multiple
clinicopathological characteristics in NSCLC patients.

Clinicopathological
characteristics

FIAM2
expression

Total c2 p-value

Low High

Age ≤60 23 22 45 0.0478 0.8268
>60 19 20 39

Gender Female 21 22 44 0.1112 0.7833
Male 21 19 40

Tumor stage I 21 8 29 12.09 0.0024
II 14 14 28
III 7 20 27

Lymph node metastasis Negative 25 14 39 5.791 0.0161
Positive 17 28 45

Bone metastasis Negative 27 12 39 10.77 0.0010
Positive 15 30 45

T stage T1 19 16 35 0.4431 0.8031
T2 9 10 19
T3 14 16 30
Total 84
Sept
ember 2021 | V
olume 1
1 | Article
Bold values means p < 0.05.
690142

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


She et al. FAIM2 Promotes NSCLC Bone Metastasis
(P < 0.01, Figure 3E), indicating that pcD-FAIM2 promoted
HARA cell migration and invasion. The increased migration
ability of the transfected cells was also demonstrated by the
decreased relative wound areas in the pcD-FAIM2-transfected
group at 24 and 48 h (P < 0.01, Figure 3F). The results above
suggested that the overexpression of FAIM2 increased HARA cell
proliferation, migration, and invasion, and inhibited cell apoptosis.

Downregulation of FAIM2 Reduced HARA-
B4 Cell Proliferation, Migration, and
Invasion, but Promoted Cell Apoptosis
After shFAIM2 transfection, the viability, proliferation,
migration, and invasion of HARA-B4 cells were detected. As
shown in Figure 4A, shFAIM2 transfection lowered the OD450

nm values at 24, 48, and 72 h, suggesting that shFAIM2 reduced
HARA-B4 cell viability. Figures 4B, C show that shFAIM2
inhibited HARA-B4 cell proliferation, as evidenced by the
decreased colony numbers (P < 0.01) and percentages of EdU+
Frontiers in Oncology | www.frontiersin.org 753
cells (P < 0.01). Moreover, shFAIM2 increased the apoptosis of
HARA-B4 cells (P < 0.01, Figure 4D), but decreased the numbers of
migrated and invaded HARA-B4 cells (P < 0.01, Figure 4E),
indicating that shFAIM2 inhibited HARA-B4 cell migration and
invasion. Finally, shFAIM2 reduced HARA-B4 cell migration, as
evidenced by the increased relative wound areas in the shFAIM2
group at 24 and 48 h (P < 0.01, Figure 4F). These results showed
that downregulation of FAIM2 reduced HARA-B4 cell
proliferation, migration, and invasion, and promoted cell apoptosis.

Primary OB and MC3T3E1 Cells
Were Effective for Inducing
Osteoblast Differentiation
Embryonic fibroblast NIH3T3, primary OB, and osteoblast
MC3T3E1 cells were used to induce osteoblast differentiation.
Following the induction of osteoblast differentiation, the levels of
ALP and RUNX2 protein and mRNA in the cells were measured.
Results showed that after the induction of osteoblast
A

D E

G H

F

B C

FIGURE 2 | FAIM2 was highly expressed in NSCLC cells and related to cell metastasis. (A, B) FAIM2 protein and mRNA expression in Beas-2B, NCI-H1395,
HARA, A549, and HARA-B4 cells was examined by Western blotting and qRT-PCR. (C) qRT-PCR was used to detect FAIM2 mRNA expression in HARA and
HARA-B4 cells cultured under anchorage-dependent conditions during day 1 to day 7. (D) Following pcDNA3.0 or pcD-FAIM2 transfection, FAIM2 protein and
mRNA expression in HARA cells was examined by Western blotting and qRT-PCR. (E) FAIM2 mRNA expression in HARA-B4 cells transfected with shRNA1,
shRNA2, or shRNA3 was examined by qRT-PCR. (F) FAIM2 protein and mRNA expression in HARA cells transfected with shCTRL or sh-FAIM2 was examined by
Western blotting and qRT-PCR. (G) Following transfection with pcDNA3.0 or pcD-FAIM2, HARA cell anoikis due to a loss of adherence for 1, 4, and 7 days was
detected. (H) Following transfection with shCTRL or sh-FAIM2, HARA-B4 cell anoikis due to a loss of adherence for 1, 4, and 7 days was detected. P < 0.05, *;
P < 0.01, ** vs. Beas-2B, Day1, the pcDNA3.0 or shCTRL group.
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differentiation, the levels of both ALP and RUNX2 expressions in
NIH3T3, Primary OB and MC3T3E1 cells were upregulated (P <
0.05 or P < 0.01 for the mRNA level) (Supplementary
Figures 1A, B). ALP staining and Alizarin Red staining were
performed to further verify the successful establishment of an
Frontiers in Oncology | www.frontiersin.org 854
osteoblast differentiation model. Those staining results showed
that primary OB and MC3T3E1 cells induced a more intense
staining than did NIH3t3 cells (P < 0.01, Supplementary
Figure 1C). These results suggested that the primary OB and
MC3T3E1 were effective for inducing osteoblast differentiation.
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FIGURE 3 | Upregulation of FAIM2 promoted HARA cell proliferation, migration, and invasion, but reduced cell apoptosis. Following pcDNA3.0 or pcD-FAIM2
transfection, (A) the viability of HARA cells was detected via the CCK-8 assay. (B, C) HARA cell proliferation was evaluated via the colony formation assay and EdU
staining. (D) HARA cell apoptosis was assessed by flow cytometry. (E) HARA cell migration and invasion were measured via the two-chamber Transwell assay.
(F) The cell scratch assay was conducted to further test for HARA cell migration. P < 0.05, *; P < 0.01, ** vs. the pcDNA3.0 group.
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HARA-B4 Cells Showed a Stronger
Adhesive Ability to Osteocytes Than
Did HARA Cells
Because HARA-B4 is a bone-seeking cell line, it was assumed
that those cells would show a stronger adhesive ability to
osteocytes. To verify this assumption, HARA and HARA-B4
Frontiers in Oncology | www.frontiersin.org 955
cells were transfected with a plasmid containing GFP to detect
the luciferase signaling. Next, following the co-culture of HARA
(or HARA-B4) cells and NIH3T3 cells (or primary OB and
MC3T3E1, cells that were subjected to the induction of
osteoblast differentiation), the adhesive abilities of HARA-B4
and HARA cells were detected. Those results showed that
A
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FIGURE 4 | Downregulation of FAIM2 reduced HARA-B4 cell proliferation, migration, and invasion, but promoted cell apoptosis. Following shCTRL or shFAIM2
transfection, (A) the viability of HARA-B4 cells was detected via the CCK-8 assay. (B, C) HARA-B4 cell proliferation was evaluated via the colony formation assay
and EdU staining. (D) HARA-B4 cell apoptosis was assessed by flow cytometry. (E) HARA-B4 cell migration and invasion were measured via the two-chamber
Transwell assay. (F) The cell scratch assay was conducted to further test for HARA-B4 cell migration. P < 0.01, ** vs. the shCTRL group.
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HARA-B4 cells had a stronger ability to bind to osteocytes than
did HARA cells (Supplementary Figures 2A–C, P < 0.01 in the
MC3T3E1 and Primary OB cell groups).

FAIM2 Was Related to the Ability of
HARA and HARA-B4 Cells to
Adhere to Osteocytes
Next, we assessed how FAIM2 modulated the adhesive ability of
HARA and HARA-B4 cells to osteocytes. Following the co-
culture with MC3T3E1 (cells were subjected to an induction of
osteoblast differentiation), the relative numbers of adherent
HARA and HARA-B4 cel l s were measured. Those
measurements showed that an upregulation of FAIM2
expression in HARA cells significantly increased the adhesion
of HARA cells to osteocytes (P < 0.01, Figure 5A), and a
downregulation of FAIM2 expression in HARA-B4 cells
reduced the adhesion of HARA-B4 cells to osteocytes (P <
0.01, Figure 5B). Those results suggested that FAIM2 could
modulate the adhesive ability of NSCLC cells, and plays a role in
promoting bone metastasis.

FAIM2 Facilitated Bone Metastasis by
Regulating the Epithelial Mesenchymal
Transformation
To explore whether FAIM2 plays a role in regulating the EMT
process in HARA and HARA-B4 cells, we detected the levels of
E-cadherin, N-cadherin, and Vimentin expression in pcD-
FAIM2-transfected HARA cells and shFAIM2-transfected
HARA-B4 cells. IF assay results (Figure 6A) showed that pcD-
FAIM2 transfection reduced E-cadherin expression, but
Frontiers in Oncology | www.frontiersin.org 1056
increased N-cadherin and Vimentin expression in HARA cells,
indicating that pcD-FAIM2 promoted the EMT process in
HARA cells. When compared to HARA cells in the pcDNA3.0
group, HARA cells in the pcD-FAIM2 group displayed a spindle-
shaped morphology. Moreover, shFAIM2 transfection enhanced
E-cadherin expression, but decreased the levels of N-cadherin
and Vimentin expression in HARA-B4 cells (Figure 6B),
indicating that shFAIM2 attenuated the EMT process in
HARAB4 cells. Similar results were shown by Western blotting
(P < 0.01, Figure 6C). These results suggested that FAIM2
participates in modulating the EMT process in NSCLC cells,
and can thereby promote bone metastasis.

FAIM2 Promoted HARA Cell Migration
and Invasion by Activating the Wnt
Signaling Pathway
Previous reports suggested that the Wnt signaling pathway is
associated with the bone metastasis of NSCLC (21). Therefore,
we examined whether FAIM2 might regulate HARA cell
migration and invasion by modulating the Wnt signal
pathway. We found that pcD-FAIM2 activated the Wnt
pathway in HARA cells, as evidenced by the increased levels of
Wnt3a and b-catenin protein and mRNA expression (P < 0.01,
Figure 7). Next, IWP-2 was used to inactivate the Wnt pathway.
Results showed that IWP-2 treatment significantly attenuated
the Wnt pathway activation induced by pcD-FAIM2 (P < 0.01).
When compared to the pcD-FAIM2 group, the levels of FAIM2
mRNA in HARA cells were significantly lower in the pcD-
FAIM2+IWP-2 group (P < 0.01, Figure 7B). Furthermore,
IWP-2 significantly reversed the pcD-FAIM2-induced increase
A B

FIGURE 5 | FAIM2 was related to the ability of HARA and HARA-B4 cells to adhere to osteocytes. (A) Following pcDNA3.0 or pcD-FAIM2 transfection, the ability of
HARA cells to adhere to MC3T3E1 cells (cells were subjected to induction of osteoblast differentiation) was evaluated. (B) Following shCTRL or shFAIM2
transfection, the ability of HARA-B4 cells to adhere to MC3T3E1 cells (cells were subjected to induction of osteoblast differentiation) was evaluated. P < 0.01, ** vs.
the pcDNA3.0 or shCTRL group.
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in HARA cell viability (P < 0.01, Figure 7C). Moreover, when
compared to the pcD-FAIM2 group, the numbers of migrated
and invaded HARA cells in the pcD-FAIM2+IWP-2 group were
notably decreased (P < 0.01, Figure 7D), indicating that IWP-2
also attenuated the migration and invasion of HARA cells
induced by pcD-FAIM2. In addition, IWP-2 attenuated HARA
cell migration, as evidenced by the increased relative wound
areas in the pcD-FAIM2+IWP-2 group at 24 and 48 h (P < 0.05
or P < 0.01, Figure 7E). These results suggested that FAIM2
promoted HARA cell migration and invasion by activating the
Wnt signaling pathway.

FAIM2 Participated in Regulating NSCLC
Bone Metastasis In Vivo
Finally, we investigated whether FAIM2 participates in
modulating NSCLC bone metastasis in vivo. As shown in
Figure 8A, the rate of HARA cell metastasis to bone tissue was
higher in the pcD-FAIM2 group than in the pcDNA3.0 group,
Frontiers in Oncology | www.frontiersin.org 1157
while the rate of HARA-B4 cell metastasis in the shFAIM2 group
was lower than that in the shCTRL group. Furthermore, a
comparison of bone tumor tissue microstructure showed that
the blood supply available to tumors in the pcD-FAIM2 group
was greater than that in the shFAIM2 group. IHC assays were
performed to test for FAIM2 expression. Those results showed
that the levels of FAIM2 expression in lung tissue and bone
metastasis NSCLC tissues were higher in the pcD-FAIM2 group
than in the shFAIM2 group (Figure 8B). Those results further
suggest that FAIM2 participates in regulating NSCLC
bone metastasis.
DISCUSSION

Tumor metastasis is the main reason for the poor prognosis of
NSCLC patients (22). Because bone is the major metastasis site of
A B

C

FIGURE 6 | FAIM2 facilitated bone metastasis by regulating the EMT processes. Following pcDNA3.0 or pcD-FAIM2 transfection of HARA cells, as well as shCTRL or
shFAIM2 transfection of HARA-B4 cells, (A, B) the expression of EMT markers, including E-cadherin, N-cadherin, and Vimentin was examined by immunofluorescence
staining. (C) The levels of E-cadherin, N-cadherin, and Vimentin protein expression were determined by Western blotting. P < 0.01, ** vs. the pcDNA3.0 group.
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NSCLC, inhibition of NSCLC bone metastasis is considered to be
helpful for increasing the survival rate of NSCLC patients (7).
FAIM2 belongs to the Fas apoptosis inhibitory molecule family
(14). In the current study, we comprehensively investigated the
expression pattern of FAIM2 in NSCLC. Moreover, we explored
the influence of FAIM2 on the bone metastasis of NSCLC. In
summary, our main findings were as follows: 1) FAIM2 was
overexpressed in NSCLC tissues and NSCLC tissues with bone
Frontiers in Oncology | www.frontiersin.org 1258
metastasis, and a high level of FAIM2 expression was correlated
with a poor clinical prognosis; 2) FAIM2 was highly expressed in
NSCLC cells and related to cell metastasis; 3) an upregulation of
FAIM2 promoted HARA cell proliferation, migration, and
invasion, but reduced cell apoptosis; 4) a downregulation of
FAIM2 impaired HARA-B4 cell proliferation, migration, and
invasion, but promoted cell apoptosis; 5) HARA-B4 cells showed
a stronger adhesive ability than HARA cells, and FAIM2
A

D
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B C

FIGURE 7 | FAIM2 promoted HARA cell migration and invasion by activating the Wnt signaling pathway. Following pcD-FAIM2 transfection and IWP-2 treatment,
(A) the levels of Wnt3a and b-catenin protein expression were examined by Western blotting. (B) FAIM2 mRNA expression was measured by qRT-PCR.
(C) Cell viability was detected by the CCK-8 assay. (D) Cell migration and invasion were evaluated via the two-chamber Transwell assay. (E) The cell scratch assay
was conducted to further test for HARA cell migration. P < 0.05, *; P < 0.01, ** vs. the pcDNA3.0 group; P < 0.05, #; P < 0.01, ## vs. the pcD-FAIM2 group.
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promoted the adhesive ability of HARA-B4 cells to osteocytes; 6)
FAIM2 promoted NSCLC bone metastasis by regulating the
EMT process and activating the Wnt signaling pathway. Based
on the results above, we deduced that FAIM2 might be a
promising biomarker and target for inhibiting or treating bone
metastasis in NSCLC patients.

FAIM2 is an anti-apoptotic protein that is upregulated in B
cells, leading to apoptotic resistance and Fas-mediated cell death.
In addition to their anti-apoptosis effect, FAIM family members
have been discovered to participate in several physiological
processes and pathological conditions, including cell
proliferation, metabolic regulation, tumorigenesis, and
Alzheimer’s disease (23). With regard to carcinogenesis, FAIM
family members have been reported to be upregulated in multiple
myeloma, which could promote cancer cell proliferation by
activating the IGF-1 and AKT signaling pathways (24).

In recent years, numerous reports have provided evidence
supporting the oncogenic role of FAIM2. Pan et al. (25) reported
that de-differentiated OS cells with upregulated FAIM2 levels
could acquire a survival ability that enhances their metastatic
potential. Moreover, Chen et al. (26) reported that the LncRNA
DCST1-AS1/miR-1254/FAIM2 axis facilitated tumor progression
in hepatocellular carcinoma. In lung cancer, the upregulation of
lncRNA-SNHG7 was reported to accelerate the proliferation,
migration, and invasion of lung cancer cells by upregulating
FAIM2 expression (18, 19). However, those previous studies
focused on the upstream regulation of FAIM2, and ignored the
downstream effectors of FAIM2 in tumor cells. In this study, we
found that FAIM2 regulated the EMT process and Wnt pathway
Frontiers in Oncology | www.frontiersin.org 1359
to promote tumor proliferation and metastasis. These results
provide a useful supplement to former studies.

Bone metastasis is a comprehensive process which includes
the development of osteogenic/osteolytic bone lesions (27). The
Wnt signaling pathway plays an important role in bone
development under physiological conditions, but is also deeply
involved in tumor initiation and progression (28). EMT is an
important process that tumor cells must complete to obtain their
metastatic potential; as it enables them to detach from the
original tumor, enter the circulation, and disseminate to the
bone (28). Multiple studies have proven that the Wnt signaling
pathway promotes the EMT process (29). For example, the
activation of Wnt receptors FZD8 and LRP5 was reported to
facilitate cell migration and invasion by accelerating EMT in
prostate cancer (30, 31). Moreover, an upregulation of APC and
b-catenin was shown to significantly increase the levels of matrix
MMP-9 and MMP-2 (members of the metalloproteinase family)
expression and downregulate E-cadherin, Snail1, and Zeb1
expression, which ultimately resulted in EMT and bone
metastasis in lung cancer (32, 33).

Several unanswered questions remain to be explored in future
studies. For example, the direct effector that was regulated by
FAIM2 in the Wnt pathway remains unknown. Also, a
quantitative evaluation of possible diagnostic tools and
therapeutic agents based on FAIM2 must still be conducted.

In conclusion, our research showed that FAIM2 was
significantly upregulated in NSCLC tissues and performed an
oncogenic function in tumor progression, including tumor cell
proliferation and bone metastasis. With regard to the molecular
A

B

FIGURE 8 | FAIM2 participated in regulating NSCLC bone metastasis in vivo. An in vivo NSCLC bone metastasis model was established. (A) The lung and bone tissues
were collected and stained with H&E to observe changes in the microstructure. (B) The lung and bone tissues were collected to test for FAIM2 expression via IHC.
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mechanism, we found that an upregulation of FAIM2 expression
activated the EMT process and Wnt signaling pathway. FAIM2
also exhibited a diagnostic value in tumor progression. We found
that FAIM2 expression was independently correlated with a poor
survival and disease outcomes of NSCLC patients. Taken
together, these results suggest FAIM2 as a potential diagnostic
biomarker and therapeutic target for NSCLC patients.
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Supplementary Figure 1 | Primary OB and MC3T3E1 cells were effective for
inducing osteoblast differentiation. Following the induction of osteoblast
differentiation, (A) the levels of ALP and RUNX2 protein and mRNA expression in
cells were measured by qRT-PCR and western blotting. (B) ALP staining and
Alizarin Red staining were performed to evaluate osteoblast formation. P * 0.05,
*; P < 0.01, ** vs. Control group.

Supplementary Figure 2 | HARA-B4 cells showed a stronger adhesive ability to
osteocytes than did HARA cells HARA and HARA-B4 cells that had been
transfected with the GFP plasmid were co-cultured with NIH3T3, Primary OB or
MC3T3E1 cells. (A–C) The adhesive ability of HARA and HARA-B4 cells was
measured. NS: not significant. P < 0.01, ** vs. HARA cells.
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Tumor Endothelial Marker 8
Promotes Proliferation and
Metastasis via the Wnt/b-Catenin
Signaling Pathway in Lung
Adenocarcinoma
Chen Ding1†, Jun Liu1†, Jiali Zhang1, Yang Wan1, Linhui Hu1, Alice Charwudzi1,
Heqin Zhan2, Ye Meng1, Huimin Zheng1, HuiPing Wang1, Youliang Wang3, Lihua Gao3,
Xianwen Hu3*, Jingrong Li4* and Shudao Xiong1,5*

1 Department of Hematology/Oncology Lab, The Second Hospital of Anhui Medical University, Hefei, China, 2 Department of
Pathology, School of Basic Medical Sciences, Anhui Medical University, Hefei, China, 3 Laboratory of Cell Engineering, Beijing
Institute of Biotechnology, Beijing, China, 4 Department of Emergency, The Second Hospital of Anhui Medical University,
Hefei, China, 5 Center of Hematology Research, Anhui Medical University, Hefei, China

Tumor endothelial marker 8 (TEM8), also known as ANTXR1, was highly expressed in
cancers, and was identified as a biomarker for early diagnosis and prognosis in some
cancers. However, the clinical role and molecular mechanisms of TEM8 in lung
adenocarcinoma (LUAD) are still unclear. The present study aimed to explore its clinical
value and the molecular mechanisms of TEM8 underlying the progression of LUAD. Our
study found the elevation of TEM8 in LUAD cell lines and tissues. What’s more, we
observed that the TEM8 expression level was associated with tumor size, primary tumor,
and AJCC stage, and LUAD patients with high TEM8 expression usually have a poor
prognosis. Then, we conducted a series of experiments by the strategy of loss-of-function
and gain-of-function, and our results suggested that the knockdown of TEM8 suppressed
proliferation, migration, and invasion and induced apoptosis in LUAD whereas
overexpression of TEM8 had the opposite effect. Molecular mechanistic investigation
showed that TEM8 exerted its promoting effects mainly through activating the Wnt/b-
catenin signaling pathway. In short, our findings suggested that TEM8 played a crucial role
in the progression of LUAD by activating the Wnt/b-catenin signaling pathway and could
serve as a potential therapeutic target for LUAD.

Keywords: TEM8, ANTXR1, LUAD, proliferation, prognosis
Abbreviations: LUAD, Lung adenocarcinoma; NSCLC, Non‐small cell lung cancer; TEM8, Tumor endothelial marker 8;
ANTXR1, Anthrax toxin receptor; AJCC, American Joint Committee on Cancer; OS, Overall survival; CI, Confidence
Intervals; HR, Hazard Ratio; NC, Negative control; siRNA, Small interfering RNA; qRT-PCR, Quantitative real-time PCR;
pGSK-3b, Phosphorylated GSK-3b; Phosphorylated ERK1/2; CCK-8, Cell counting kit-8; PBS, Phosphate buffered solution;
FBS, Fetal bovine serum; IHC, Immunohistochemistry; KM, Kaplan–Meier; ROC, Receiver operating characteristic; ECOG,
Eastern Cooperative Oncology Group.
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INTRODUCTION

Lung cancer is the major cause of tumor-related death worldwide
(1). Non‐small cell lung cancer (NSCLC), which includes
adenocarcinoma, squamous cell carcinoma, and large cell
carcinoma, represents approximately 85% of all lung cancer
cases (2 , 3) . Among them, the incidence of lung
adenocarcinoma (LUAD) is rising and is gradually occupying a
center stage (4). In addition, although molecular targeted
therapy and immunotherapy for LUAD have made great
progress in recent years, the 5-year overall survival (OS) rate
historically remains very poor (5–8). Hence, a deeper
understanding of the molecular mechanisms underlying the
development of LUAD might establish effective therapeutic
targets that are urgently needed.

Tumor endothelial marker 8 (TEM8), an integrin-like cell
surface protein, was demonstrated as a tumor-associated marker
in colorectal cancer by St. Croix in 2000 (9). Initially, TEM8 was
found as an anthrax toxin receptor, so it was alternatively named
ANTXR1 (10). A previous study also reported TEM8 as a specific
protein molecule upregulated in tumor endothelial cells, required
for tumor angiogenesis (11). With the deepening of research, an
increasing number of mechanisms of TEM8 in cancer were
revealed, such as in gastric cancer (12), breast cancer (13), and
ovarian cancer (14). Among these, Tiara et al. (15) investigated
the role of TEM8 in cancer progression and metastasis in
invasive breast cancer; they proved that TEM8 regulates cancer
progression by affecting the expression levels of cell cycle-related
genes. Furthermore, in early 2020, researchers had reported that
TEM8 might be used as an early diagnostic indicator of lung
cancer, providing a reference for the early diagnosis of lung
cancer in future clinical practice (16). However, the mechanism
and clinical value in LUAD are not clear and need to
be elucidated.

In this study, we explored the role and mechanism of TEM8
in LUAD. Our experiments in vitro and in vivo elucidated
that the TEM8 in LUAD cell lines remarkably induced cell
proliferation, invasion and migration, and suppressed
apoptosis. In addition, our mechanistic investigations showed
that TEM8 promoted lung cancer cell proliferation and invasion
by activating Wnt/b-catenin. Moreover, we also found that
TEM8 was associated with reduced overall survival (OS).
Collectively, our results revealed that TEM8 played a crucial
role in the progression of LUAD by activating the Wnt/b-catenin
signaling pathway and might be a novel biomarker and
therapeutic target for LUAD.
METHODS

Cell Culture and Regents
Human LUAD cell lines (A549, and H1299) and human normal
bronchial epithelial cell line (BEAS-2B) were acquired from
American Type Culture Collection (Manassas, VA, USA) and
maintained in RPMI-1640 medium (Hyclone Logan, Utah, USA)
supplemented with 10% fetal bovine serum. All cell lines were
maintained at 37°C and 5% CO2 in a humid environment.
Frontiers in Oncology | www.frontiersin.org 263
ICG001 (SF6827) was purchased from Beyotime Institute of
Biotechnology and dissolved in DMSO. And the TEM8-
overexpressed cells were treated with ICG001 for 24 hours at
the recommended concentration of 25 mM.

Cell Transfection
SiRNA for TEM8 was designed and synthesized by Gene Pharma
(Shanghai, China),and the sequence was: si-TEM8 (1) F: 5’-GCC
AGUGAGCAGAUUUAUUTT-3’ (forward), R: 5’-AAU
AAAUCUGCUCACUGGCTT-3’ (reverse). si-TEM8 (2) F: 5’-
GCGGAUUUGACCUGUACUUTT-3’ (forward), R: 5’-AAG
UACAGGUCAAAUCCGCTT-3’ (reverse). The corresponding
negative control (NC) sequence was also purchased from the
same company: F 5’-UUCUCCGAACGUGUCACGUTT-3’
(forward), R: 5’-ACGUGACACGUUCGGAGAATT-3’ (reverse).
The cells were transfected with the siRNA using Lipofectamine
2000 (Life Technologies, Grand Island, NY, USA) according to the
manufacturer’s protocol.

Meanwhile, the stably TEM8 overexpressing cell lines and
control cell lines were established by lentiviral transfection.
Overexpression plasmids lentiviral vector carrying GFP was
synthesized by GeneChem (shanghai, China). And the cells
were transfected with overexpression plasmids and empty
vectors according to the manufacturer’s instructions. Then
puromycin (1ug/ml) (Bioss, Beijing, China) was used to select
the stably transfected cell lines.

The knockdown and overexpression efficiencies were
evaluated by quantitative real-time PCR (qRT-PCR) and
western blotting.

Real-Time Quantitative PCR Analysis
Total RNA was extracted using Trizol reagent (Invitrogen,
Carlsbad, CA, USA) an extracted following the manufacturer’s
protocol. The cDNA was obtained via reverse transcription using
the reverse transcription kit (Thermofisher Scientific, USA)
according to the manufacturer’s manual. Quantitative real-time
PCR (qRT-PCR) was performed using TB Green PCR Mix
(TaKaRa, Dalian, China) according to the manufacturer’s
manual. The primer sequences are: (1) TEM8: F: 5’-TGCA
ACACAGAAATGCTCTGCCTG-3’ (forward), R: 5’-TTTAT
CCCTGGGTGATGAAGCCCA-3’ (reverse), (2) GAPDH: F:
5’-AGCAAGAGCACAAGAGGAAG-3’ (forward), R: 5’-GGT
TGAGCACAGGGTACTTT-3 ’ (reverse). The relative
expression ratio of TEM8 in each group was calculated by the
2-DDCt method.

Western Blot
The cells were collected, and total proteins were extracted.
The total proteins were resolved by SDS-polyacrylamide
gel electrophoresis on 12% gels and transferred onto
polyvinylidene difluoride transfer membrane (Merck Millipore,
Billerica, USA). Primary antibody incubation was performed
overnight at 4°C. The primary antibodies used were TEM8
(1:500 dilution) (Affinity, America), Wnt1 (1:1000 dilution)
(Abcam, Cambridge, UK), b-catenin, pGSK-3b, GSK-3b, cyclin
D1, P21, b-actin (1:1000 dilution) (Cell Signaling Technology,
Danvers, MA, USA). Then, the blots were developed with a
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peroxidase-conjugated secondary antibody (1:5000 dilution)
(Cell Signaling Technology, Danvers, MA, USA), and the
proteins were visualized using the ECL Plus detection Reagent
(Tanon, Shanghai, China). The gray-scale value was assessed by
ImageJ (ImageJ v1.47).

Flow Cytometry Analysis
Flow cytometry analysis was conducted to detect apoptotic cells.
After transfecting the lung cancer cell lines with TEM8-siRNA
and NC-siRNA, the cells were harvested into centrifuge tubes.
The cells were then washed with PBS and stained using 5ul
Annexin V reagents and 5ul PI reagents (BestBio, Shanghai,
China) for 15min in the light-proof condition. The mixture was
added to 400ul of Binding Buffer after the reaction. Cell apoptosis
was analyzed using the CytoFlex (Beckman CytoFlex, USA).

Cell Proliferation Assay
The cell counting kit-8 (CCK-8) assay was used to evaluate the level
of cell proliferation. After 24h of transfection with TEM8 siRNA
and NC siRNA, the cells were cultured in 96-well plates (5×104/
well). The cells were then incubated for 24, 48, and 72h at 37°C.
Thereafter, 10µl of CCK−8 solution (Beyotime Institute
of Biotechnology, China) was added to each well and cultured at
37°C for 2h according to the manufacturer’s instruction. The
absorbance at 450nm was measured using a microplate
autoreader (Bio Tek Instruments Inc., Winooski, VT, USA).

Colony Formation Assay
For the colony formation assays, the transfected cells (1×103/
well) were placed into six-well plates and cultured for two weeks.
The colonies were then washed with PBS, fixed in methanol,
stained with crystal violet, photographed, and counted.

Wound-Healing Assay
Cells (1×105/well) were pretreated or not with mitomycin C
(5ug/ml) (Selleck, USA), seeded in six-well plates, and serum-
starved for 24h. Then we used a 200ul pipette tip to make a
scratch after cells were grown to 80% confluence. The wound
healing process was observed and photographed at a
magnification of 100× at the indicated time points (0 and 24h).

Transwell Invasion Assay
Cells (10×104/well) were pretreated with mitomycin C(5ug/ml)
(Selleck, USA), and seeded in the top chambers in 100mL serum-
free medium; the lower chambers were filled with a 600ul
complete medium with 20% FBS. After 48h incubation, 0.1%
crystal violet dye was used to stain cells. The images were
analyzed by ImageJ (ImageJ v1.47).

Dual-Luciferase Report Assay
Cells (5×103/well) were seeded into a 96-well plate. And the cells
of the knockdown group were transfected with 200ng Top/Fop-
flash reporter plasmids (Beyotime Institute of Biotechnology,
China) and 0.25ul siRNA using Lipofectamine 2000. The stably
selected overexpression cells were just transfected with 200ng
Top/Fop-flash reporter plasmids using Lipofectamine 2000.
After 24h of incubation, the luciferase activity was detected by
Frontiers in Oncology | www.frontiersin.org 364
the Dual-Luciferase Reporter Assay System (Beyotime Institute
of Biotechnology, China).

Immunohistochemistry
IHC staining was performed as described previously (17). The
Human LUAD tissue array was purchased from Outdo Biotech
(Shanghai, China). TEM8 expression was assessed by
multiplying scores representing the reaction degree of positive
cells and staining intensity. Staining intensity was graded as 0 (no
staining), 1 (weak staining=light yellow), 2 (moderate
staining=yellow brown), and 3 (strong staining=brown). The
extent (0–100%) of reactivity was scored as follows: 0 (≤25%
positive cells), 1 (26%-50% positive cells), 2 (51%-74% positive
cells), 3 (≥75% positive cells). Scores of 0–4 were classified as low
expression, whereas all other scores were classified as high
expression. Two pathologists without knowledge of the clinic-
pathological variables independently scored staining on each
slide. Staining assessment and the allocation of tumors by the
two pathologists were similar. All immunohistochemical images
were obtained using an Olympus BX51 microscope equipped
with a 200× objective lens (Olympus) and a DP 50
camera (Olympus).

In Vivo Tumorigenic Assay
Female BALB/c nude mice (4 weeks old) were purchased from
GemPharmatech Co.Ltd (Nanjing, China) and maintained under
specific pathogen-free conditions. The mice were randomly
assigned into NC and TEM8-knockdown groups (n=5 mice/
group). H1299 cells were transfected with siRNA-TEM8 or
siRNA-NC for 24h. And cells were collected with PBS and
mixed with an equal volume of Matrigel at a final
concentration of 1×108/ml. Then each mouse was injected with
100ul of the cell suspensions. When the volumes of tumors grew
to about 1 cm3, the nude mice were killed, and the tumor was
extracted. Meanwhile, the tumor volumes and body weights were
measured every 3 days. All animal studies were carried out with
the approval of the Ethics Committee of AnHui Medical
University (Approval No. LLSC20190462).

Statistical Analysis
Statistical analyses were performed using SPSS (version 16.0 for
Windows, SPSS Inc., Chicago, IL, USA) and GraphPad Prism 8.0
(GraphPad 8.0, San Diego, CA, USA). The quantitative data were
expressed as means ± SD. Significant differences were
determined by the independent t-test or ANOVA. Survival
curves were estimated by the Kaplan–Meier (KM) method.
Chi-square analysis was used to explore relations between
TEM8 expression in tumor tissues and clinicopathologic
characteristics of LUAD patients. The independent prognostic
factors in LUAD were determined by Cox regression. And
factors with P<0.05 in the univariate analysis were entered
into the multivariate analysis. Regarding Kaplan-Meier plotter
(http://kmplot.com/) analysis, patients with adenocarcinoma
were chosen; the patients were divided into 2 groups based on
the median value of TEM8, higher than median TEM8 value was
defined as a high group, otherwise was assigned a low group.
What’s more, the gene expression data set was derived from
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220092_s_at probe. A p-value less than 0.05 was used as the
criterion for statistical significance.
RESULTS

TEM8 Was Upregulated in LUAD Tissues
and Cell Lines
To determine whether TEM8 is aberrantly expressed, we
performed Western Blot by using A549, H1299 and BEAS-2B
cells. Our data showed that TEM8 was highly expressed in
LUAD cell lines (A549 and H1299) compared with normal
bronchial epithelial cell lines (BEAS-2B) (Figure 1A). To
investigate the level of TEM8 expression in patients with
LUAD, we applied IHC to examine its expression in a human
LUAD tissue array (HLugA180Su07). We found TEM8
remarkably upregulated in the tumor tissues compared with
the matched adjacent normal tissues (Figure 1B). Taken
together, these findings suggested that TEM8 was significantly
elevated in LUAD tissues and cell lines.
High TEM8 Expression Was Associated
With Poor Prognosis of LUAD Patients
Based on the above analysis, we further investigated whether
TEM8 expression is associated with the clinical outcome of
LUAD. As presented in Figures 2A, B, the expression levels of
TEM8 correlated with the tumor stage. Given this, we deeply
analyzed the human LUAD tissue array (HLugA180Su07), which
contained gene expression profiles of 95 human LUAD with
clinical follow-up information. The samples were divided into
Frontiers in Oncology | www.frontiersin.org 465
two groups (low and high) according to the IHC staining score.
As shown in the KM survival analysis, LUAD patients with high-
TEM8 expression usually had shorter OS (Figure 2C). The result
of the Kaplan-Meier plotter (http://kmplot.com/) confirmed our
finding, demonstrating that high TEM8 expression remarkably
correlated with a poorer OS in patients with LUAD (HR= 1.54;
95% CI, 1.22-1.96; P = 0.00031; Figure 2D).

Notably, TEM8 expression was correlated with tumor size
(p<0.05), primary tumor (p<0.05), and AJCC stage (p<0.05)
based on the Chi-square test (Table 1). As presented in the
univariate Cox regression analysis, TEM8 expression, primary
tumor, and AJCC stage were risk factors for LUAD (P < 0.05).
But the multivariate Cox regression analysis indicated that
TEM8 expression was not an independent predictor of OS
(Table 2). Anyway, all these results proved that TEM8
expression was upregulated in human LUAD tissues, which
may be associated with poor prognosis in LUAD.

TEM8 Promoted Malignancy Phenotypes
of Lung Cancer Cells In Vitro
Next, to explore the impact of TEM8 on the malignancy
development of LUAD, we constructed the loss-of-function in
both H1299 and A549 cells and gain-of-function in A549 cells.
After TEM8 silencing with siRNA (Figures 3A, C), TEM8 was
expressed at a lower level in Si-TEM8 groups than in the NC
group. The results of CCK-8 assays showed that the proliferation
rates of repressed TEM8 cells presented a remarkable decrease
relative to the NC cells (Figure 3D). The data revealed that
suppressing TEM8 levels reduced the number of proliferative
LUAD cells. Moreover, clone formation assay proved that the
colony formation abilities also decreased after knocking down
A

B

FIGURE 1 | TEM8 expression is increased in LUAD tissue and LUAD cell lines. (A) Relative expression of TEM8 protein in human LUAD cell lines (A549 and H1299)
and normal bronchial epithelial cell lines (BEAS-2B) by western blotting. (B) Representative images and quantitative results of TEM8 expression in LUAD tissue and
adjacent normal tissue by immunohistochemistry. All experiments were repeated at least three times and representative as shown. Data are means ± SD, *p < 0.05.
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TEM8 (Figure 3E). In addition, apoptosis assay was performed
by the flow cytometry analyses, and our data showed that the
apoptotic rate of LUAD cells in the si-TEM8 group was higher
than that in the NC group (Figure 3F).
Frontiers in Oncology | www.frontiersin.org 566
Meanwhile, we performed overexpression experiments
proved by western blotting and qRT-PCR (Figures 3B, C). As
expected, the CCK8 and colony formation assays suggested that
the ability of LUAD cell proliferation was enhanced as the
A B

DC

FIGURE 2 | TEM8 expression correlated with poor prognosis in LUAD patients. (A) Representative images of TEM8 IHC staining in samples from human LUAD
tissue array (magnification, 200×). (B) Quantitative results of TEM8 expression levels in LUAD tissue arrays. (C, D) Kaplan-Meier curves of overall survival in LUAD
patients stratified by TEM8 expression. Each subgroup was divided into low and high TEM8 expression groups. Patients with higher TEM8 expression had a poorer
prognosis. All experiments were repeated at least three times and representative as shown. Data are means ± SD, *p < 0.05.
TABLE 1 | Correlation between TEM8 expression in tumor tissues and clinicopathologic characteristics of LUAD patients.

Characteristic Patients TEM8 expression P-value

Low (n = 46) High (n = 49)

Gender 0.784
Male 53 25 28
Female 42 21 21

Age (years) 0.363
<60 45 24 21
≥60 50 22 28

Tumor size (cm) 0.000*
<4 43 36 8
≥4 51 10 41

Primary tumor (T) 0.000*
T1 – T2 67 44 23
T3 – T4 26 0 26

Tumor stage 0.199
I+II 62 33 29
III+IV 33 13 20

AJCC stage 0.001*
1-2 stage 50 32 18
3-4 stage 44 13 31
October 2021 | Volume 11 | Article
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overexpression level of TEM8 (Figures 3D, F). What’s more, the
results of the apoptosis assay were opposite to the results
obtained when the TEM8 was knocked down (Figure 3E).

Together , these resul ts col lect ive ly proved that
TEM8 accelerates the LUAD cells ’ proliferation and
decreases apoptosis.

TEM8 Accelerated the Metastatic
Potentials of LUAD Cells
As mentioned above, the elevated expression level of TEM8
might contribute to the development of LUAD. We next
investigated the effect of TEM8 on LUAD metastasis. Firstly,
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we treated cells with mitomycin C to exclude the effects of
proliferation on metastasis, and the wound-healing assays
showed that TEM8 deficiency reduced the wound closures of
LUAD cells when compared with NC cells, whereas the TEM8-
overexpressed A549 cells exhibited stronger migration
capabilities than control vector cells (Figure 4A). Moreover,
we conducted transwell analyses, and the results also certified
that the suppression of TEM8 resulted in markedly decreased
invasive cell numbers. In contrast, cells stably overexpressing
TEM8 showed stronger invasion ability (Figure 4B). Above all,
these findings proved that TEM8 had a facilitation effect on
LUAD cell migration and invasion.
TABLE 2 | Univariate and multivariate analyses of prognostic factors in LUAD patients.

Characteristic Univariate analysis Multivariate analysis

HR 95% CI P-value HR 95% CI P-value

Gender
Male vs. Female 1.110 0.668-1.844 0.688

Age (years)
<60 vs. ≥60 1.451 0.868-2.426 0.156

Tumor size (cm)
<4 vs. ≥4 1.229 0.839-1.800 0.289

Primary tumor (T)
T1–T2 vs. T3–T4 1.875 1.089-3.229 0.023* 1.196 0.659-2.170 0.555

Tumor stage
I+II vs. III+IV 1.016 0.598-1.725 0.953

AJCC stage
1-2 vs. 3-4 3.493 2.029-6.013 0.000* 3.736 1.773-7.871 0.001*

TEM8 expression
Low vs. High 1.239 1.011-1.518 0.039* 1.132 0.837-1.532 0.422
Octobe
r 2021 | Volume 11 | Article
*represent P value less than 0.05.
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FIGURE 3 | Effects of expression of TEM8 on LUAD cell proliferation and apoptosis in vitro. (A–C) Knockdown of TEM8 in H1299 and A549 cells and
overexpression of TEM8 in A549 cells were identified by quantitative PCR and western blot. (D, F) CCK8 and colony formation assays were carried out in A549
and H1299 cells expressing the negative control or siRNA of TEM8 and in A549 cells expressing the vector control, TEM8-OE or OE+inhibitor ICG0001. (E) Flow
cytometry assays were used to examine the effect of TEM8 on cell apoptosis. All experiments were repeated at least three times and representative as shown.
Data are means ± SD, *p < 0.05.
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Besides, we performed IHC forTEM8on 20 pleuralfluid samples
and 20 lymph node metastasis samples obtained from patients with
LUAD.We found that TEM8was highly expressed in cancer cells in
the hydrothorax and lymph node metastasis specimens from late-
stage LUAD patients (Figure 4C). This result further suggested that
TEM8 induced the metastatic potentials of LUAD.

TEM8 May Promote LUAD Progression
Through The Wnt/b-Catenin Signaling
Pathway
After elucidating the effect of TEM8 on LUAD progression, we
investigated the mechanisms involved in this process. Some
reports show the constant upregulation of the Wnt/b-catenin
signaling pathway in various cancers (18). Evidence suggests
that the Wnt/b-catenin signaling pathway is involved in the
proliferation and apoptosis of lung cancer (19). Therefore, we
further explored if the tumorigenic effects of TEM8 were
dependent on the Wnt/b-catenin signaling pathway. As shown
in Figure 5A, the expression levels of Wnt1, GSK3b, pGSK3b, and
b-catenin were decreased in the TEM8-knockdown (KD) groups
but increased in TEM8-overexpressed groups. To further confirm
these results, rescue experiments were performed. We used the
Wnt/b-catenin signaling pathway inhibitor ICG001 to treat
TEM8-overexpressed A549 cells. Then we found that ICG001
significantly reduced proliferation capacity in the CCK8, colony
formation, and apoptosis assays (Figures 3D–F). Also, ICG001
treatment inhibited the promotional effects on migration and
invasion caused by TEM8 overexpression (Figures 4A, B).
Importantly, we also used the dual-luciferase reporter assay to
investigate the regulation of Wnt/b-catenin signaling activity. As
shown in Figure 5C, the results showed that TEM8 knockdown
Frontiers in Oncology | www.frontiersin.org 768
significantly reduced Wnt reporter activity. In contrast, the
overexpression of TEM8 enhanced Wnt reporter activity.
Collectively, these results consistently proved that TEM8 played
a key role in the activation of the Wnt/b-catenin
signaling pathway.

In addition, previous studies have proved that p21 and cyclin-
D1 are the Wnt targets associated with the proliferation of tumor
cells (20–22). Therefore, we investigated whether TEM8
activated the Wnt/b-catenin signaling pathway to regulate the
p21 and cyclin D1. Expectedly, the results proved that the
expression level of p21 in the Si-TEM8 groups was higher
compared with the Si-NC groups. In contrast, the expression
of p21 was remarkably downregulated in the TEM8-
overexpressed group. Additionally, the cyclin D1 expression
level was lower with TEM8 knockdown but higher with TEM8
overexpression (Figure 5B). Above all, our findings indicated
that the Wnt/b-catenin pathway might be the major downstream
signaling pathway activated by TEM8 (Figure 5D).

TEM8 Promotes LUAD Cell Tumorigenesis
In Vivo
To investigate the effect of TEM8 on LUAD cell tumorigenesis in
vivo, we injected mice with H1299 cells expressing si-NC and si-
TEM8 via subcutaneous injections. As shown in Figures 6A, B,
the H1299/TEM8-KD-injected animals had fewer and smaller
tumors than the H1299/NC-injected animals. Additionally, as
indicated by the xenograft tumor size, tumor growth curves, and
mice body weight curves (Figures 6C–E), TEM8-KD cells had a
significantly weaker capacity to form tumor nodules in nude
mice. The findings suggest TEM8 expression is critical for the
development of LUAD cells. The tissues were further examined
A B

C

FIGURE 4 | The inhibition of TEM8 suppresses the metastatic potentials of LUAD. (A, B) Representative images of cell migration based on wound-healing assays
and transwell assays in knockdown groups and overexpression groups, and quantitative analysis of cell migration based on transwell assays. (C) Representative
images of TEM8 IHC staining in samples from patients with hydrothorax and lymph node metastasis (magnification, 200×). All experiments were repeated at least
three times and representative as shown. Data are means ± SD, *p < 0.05.
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A B

D E
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FIGURE 6 | TEM8 promotes tumorigenesis of LUAD cells in nude mice. (A, B) Knockdown (KD) of TEM8 attenuated tumor growth in the nude mice model by
xenograft growth assay. Xenograft tumors (B) from (A) were dissected and photographed. (C) Tumor size from the negative control or TEM8-knockdown groups.
Each group contained five mice. (D, E) The tumor growth curve and mice growth curve of TEM8-knockdown cells were compared with negative control cells. Each
group contained five mice. (F) HE staining and immunohistochemistry for TEM8, b-catenin, and Ki67 in the negative control group and the TEM8-knockdown group.
Data are means ± SD, *p < 0.05.
A B

D

C

FIGURE 5 | TEM8 may promote LUAD progression via activating the Wnt/b-catenin signaling pathway. (A) Western blotting was used to investigate the effect of
TEM8 downregulation or overexpression on the expression levels of Wnt1, GSK-3b, pGSK-3b and b-catenin in A549 and H1299 cells. (B) Western blot analysis for
p21 and cyclinD1 in TEM8-silenced cells, TEM8-overexpressed cells, and TEM8-overexpressed cells treated with ICG001. (C) The luciferase activity of Wnt/b-catenin
signaling was detected using a TOP-flash assay with FOP-flash as a negative control. (D) Schematic diagram of the regulatory mechanism of TEM8 in promoting
lung cancer cells proliferation. TEM8 could activate the Wnt/b-catenin signaling pathway, then activate the p21 and cyclin D1, thereby mediating the proliferation of
LUAD cells. All experiments were repeated at least three times and representative as shown. Data are means ± SD, *p < 0.05.
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by HE staining to confirm the presence of tumors. IHC
demonstrated that TEM8-KD groups had fewer expression
levels of TEM8 than NC groups. Moreover, to verify if TEM8
exerts its effect by activating Wnt/b-catenin signaling pathway in
vivo, the expression of b-catenin was examined in the xenograft
tumor samples, and the results showed that b-catenin was
expressed in the cell nucleus at a lower level in the TEM8-KD
group. Additionally, the IHC also found that the TEM8-KD
group had fewer Ki67-positive cells than the NC group
(Figure 6F). All these data suggested that TEM8 is capable of
promoting the development in LUAD.
DISCUSSION

TEM8, an anthrax toxin receptor, is reported as a tumor-
associated biomarker in cancers (10, 23), however, the role and
mechanism in LUAD are not clear. In our study, our results
demonstrated the elevation of TEM8 in LUAD cell lines and
cancer tissues. Our data also found that the TEM8 expression
level was associated with cancer behaviors, including tumor size,
primary tumor, and AJCC stage, and TEM8 is a poor prognosis
factor in LUAD patients. Importantly, we firstly reported that the
TEM8 promoted LUAD proliferation and metastasis via the
Wnt/b-catenin signaling pathway.

Previous studies have proved that TEM8 is broadly expressed
in tumor endothelial cells (9, 11). Meanwhile, some
researchers found that TEM8 positively regulates the
proliferation of endothelial cells in cancer while negatively
regulating the proliferation in normal endothelial cells (24, 25).
But few reports indicated that TEM8 is highly expressed in lung
cancer (16, 26). In the study of Sun (16), they measured the
serum TEM8 expression in 204 patients with lung cancer by
PCR, and the results showed that the expression level of TEM8 in
patients with lung cancer was significantly higher than that in
healthy subjects. Their report was based on serum TEM8 levels,
and LUAD was not mentioned, so the results and conclusions
need to be elucidated in LUAD tissues. In addition, Gong et al.
(26) also revealed that TEM8 was highly expressed in lung cancer
tissues and cells and potentially involved in tumor angiogenesis.
Thus, our results about the expression level of TEM8 were
roughly consistent with the two previous studies and suggested
that a high level of TEM8 may induce progression in LUAD.

Our data also found that the TEM8 expression level was
associated with cancer behaviors, including tumor size, primary
tumor, and AJCC stage in LUAD patients. The univariate Cox
regression analysis demonstrated that TEM8 expression, primary
tumor, and AJCC stage were risk factors for LUAD. However,
TEM8 was not the independent risk factor of OS for LUAD by
multivariate Cox regression analysis, this maybe caused by the
partly missing clinical data including Eastern Cooperative
Oncology Group (ECOG) Scale of performance status in the
patients’ tissue array samples, so a larger sample size and longer
follow-up time are needed to demonstrate the clinical value in
the future. Simultaneously, a recent study has shown that TEM8
could be an excellent indicator for early clinical diagnosis and
Frontiers in Oncology | www.frontiersin.org 970
prognosis of lung cancer (16). In the study, they plotted the
receiver operating characteristic (ROC) curve and found that
TEM8 has a diagnostic value in patients with lung cancer
(pathological type was not mentioned). In the light of their
study, TEM8 expression correlated with smoking, lymphatic
metastasis, TNM stage, and pleural invasion. Anyway, our
findings extended previous observations and supported the
notion that TEM8 expression level was associated with cancer
behavior and was a poor factor in LUAD.

Recent studies have reported that TEM8 positively regulates
the proliferation in varieties of cancers, including breast cancer,
gastric cancer, and so on (12, 14, 27–29). Subsequently, our loss-
of-function and gain-of-function experiments and a series of
functional experiments in vitro and in vivo indicated that TEM8
accelerates the proliferation but suppresses the apoptosis of
LUAD cells. Also, the elevation of TEM8 has a facilitating
effect on the migration and invasion of LUAD cells. What’s
more, higher TEM8 expression was validated in the pleural
effusion and lymph nodes from the late stage of LUAD
patients. These results were similar to Gong’s previous study
(26). Thus, all these data suggested that TEM8 plays a vital role in
the development of LUAD.

Moreover, we further set up experiments to explore the
underlying mechanism through which TEM8 promotes LUAD
progression. Studies have reported that Wnt/b-catenin signaling
is important in LUAD cell lines, and the inhibition of Wnt
reduces proliferation (30–33). Thus, we speculated that TEM8
might activate the Wnt/b-catenin signaling pathway to promote
the development of LUAD. In this study, we verified the above
signaling pathway proteins in the TEM8-knockdown and TEM8-
overexpression groups. The results suggested that the levels of
Wnt1, pGSK-3b, and b-catenin were decreased in the TEM8-
knockdown group but increased in the TEM8-overexpression
group. Additionally, Wnt/b-catenin inhibitor ICG001 rescued
the function of overexpressed TEM8 in LUAD cells. Importantly,
as expected, the data validated that the TEM8 knockdown
inhibited the activity of the Wnt/b-catenin signaling pathway
via the TOP/FOP flash luciferase reporter system. Hence, these
findings collectively indicated that TEM8 promoted the
malignant biological behavior of LUAD cells by activating the
Wnt/b-catenin signaling pathway.

Moreover, previous pieces of evidence have demonstrated
that TEM8 promoted the proliferation of osteosarcoma and
ovarian cancer by regulating the expression of p21 and cyclin
D1 (14, 27). Meanwhile, multiple previous studies have
demonstrated that cyclinD1 and p21 are the downstream
target genes of the Wnt/b‐catenin signaling pathway (34–38).
Besides, we found that the expression level of cyclin D1 was
reduced while the expression level of p21 was increased in
TEM8-siRNA cells. Furthermore, these results in the TEM8-
OE group contradicted those in the TEM8-KD group. Above all,
these findings firstly demonstrated that TEM8-induced
progression of LUAD may be due to modulation of Wnt/b-
catenin activity. Our novel findings may provide new insights
into the mechanisms of TEM8 and suggest TEM8 could be a
potential therapeutic target of LUAD.
October 2021 | Volume 11 | Article 712371

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


Ding et al. TEM8 Promotes LUAD Progression
This study aimed to systematically explore the clinical role
and the molecular mechanisms of TEM8 underlying the
progression of LUAD and establish effective therapeutic
targets. However, due to the limited conditions of this study,
there are still some shortcomings in the relevant clinical
prognostic analysis. Therefore, additional studies are needed to
refine and expand our findings.

In conclusion, our study showed that the expression of TEM8
in LUAD was significantly upregulated and closely associated
with the poor prognosis of LUAD patients. Simultaneously, our
results firstly demonstrated that TEM8 played a crucial role in
promoting LUAD cell progression by activating the Wnt/b-
catenin signaling pathway in vitro and in vivo. Our findings
suggested that TEM8 could serve as a biomarker and potential
therapeutic target for LUAD.
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WNT/b-catenin signaling is a highly complex pathway that plays diverse roles in various
cellular processes. While WNT ligands usually signal through their dedicated Frizzled
receptors, the decision to signal in a b-catenin-dependent or -independent manner rests
upon the type of co-receptors used. Canonical WNT signaling is b-catenin-dependent,
whereas non-canonical WNT signaling is b-catenin-independent according to the
classical definition. This still holds true, albeit with some added complexity, as both the
pathways seem to cross-talk with intertwined networks that involve the use of different
ligands, receptors, and co-receptors. b-catenin can be directly phosphorylated by various
kinases governing its participation in either canonical or non-canonical pathways.
Moreover, the co-activators that associate with b-catenin determine the output of the
pathway in terms of induction of genes promoting proliferation or differentiation. In this
review, we provide an overview of how protein phosphorylation controls WNT/b-catenin
signaling, particularly in human cancer.

Keywords: b-catenin, CTNNB1, GSK3b, adherens junctions, AXIN, CK1, frizzled
INTRODUCTION

WNT/b-catenin signaling is a tightly controlled and highly conserved pathway that regulates cell
fate during embryogenesis, hepatobiliary development, liver homeostasis, repair in adulthood, cell
proliferation, differentiation, and cell polarity (1, 2). The intracellular responses that WNT ligands
trigger can be classified into canonical (b-catenin-dependent) and non-canonical (b-catenin-
independent) signaling (2, 3). WNT is a family of nineteen hydrophobic cysteine-rich secreted
glycoproteins which serve as ligands for ten members of the Frizzled (Fz) family of 7-
transmembrane receptors, the co-receptors low-density lipoprotein receptor-related proteins 5/6
(LRP 5/6), and non-classical WNT receptors like RYK and ROR (4–8). Abnormal WNT/b-catenin
signaling is involved in many diseases including Alzheimer’s disease, heart disease, osteoarthritis,
and cancer (9, 10). b-catenin is one of the core molecules in the canonical WNT signaling pathway.
It is also involved in E-cadherin and cytoskeleton-associated cell-cell adhesion when localized to the
plasma membrane (11, 12). However, cytosolic b-catenin acts as the molecular effector of the WNT
ligands (1, 13). This review discusses the phosphorylation-dependent regulations of b-catenin and
WNT signaling in cancer.
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STRUCTURE, LOCATION, AND FUNCTION
OF b-CATENIN

b-catenin is a multifunctional protein encoded by the CTNNB1
gene in humans and is the vertebrate homolog of the Drosophila
Armadillo (14). It is a 781-amino-acid-long protein consisting of
the N-terminal domain (NTD), twelve armadillo (ARM)
domains in the middle of the protein, and the C-terminal
domain (CTD) (Figure 1). Each ARM domain contains three
a-helices and, together, all twelve ARM domains create a
compact superhelix with a positively charged groove spanning
all the ARM domains (15, 16). This core ARM domain structure
serves as a scaffold and interacts with various b-catenin binding
partners that are critical for both WNT signaling and the
formation of adherens junctions (16, 17). b-catenin can exist in
three distinct pools inside the cell: membranous, cytoplasmic,
and nuclear (18). b-catenin normally interacts with E-cadherin
at the cell membrane and plays an important structural role in
the adherens junctions. b-catenin that is free in the cytoplasm is
captured by the destruction complex for degradation. However,
when some of the components of the destruction complex are
compromised, b-catenin evades degradation; instead, it
translocates to the nucleus and contributes to the
transcriptional regulation of genes (18). b-catenin thus acts as
both an adaptor protein and a transcriptional coregulator (19).
This spatial separation of b-catenin at the plasma membrane,
cytoplasm, and the nucleus is regulated by specific
phosphorylation mechanisms.
STABILIZATION OF b-CATENIN
AT THE PLASMA MEMBRANE AS AN
INTRACELLULAR ADHESION REGULATOR

b-catenin acts as an adaptor protein and binds to the intracellular
part of E-cadherin present at the plasma membrane via its C-
terminal region. Apart from b-catenin, the cytoplasmic tail of E-
cadherin can interact with various molecules such as g-catenin
and other regulatory proteins, while its extracellular part
interacts with other cadherins present on adjacent cells (20,
21). The N-terminus of b-catenin interacts with a-catenin,
which links b-catenin to the actin cytoskeleton. This entire
structure of actin filaments-a-catenin-b-catenin-E-cadherin
interactions promote clustering of the adhesion junction
Frontiers in Oncology | www.frontiersin.org 274
proteins, thereby stabilizing cell adhesion (22). In the absence
of WNT, the majority of b-catenin localizes to the plasma
membrane, building an epithelial barrier and restricting cell
invasion and metastasis (23). However, the b-catenin-E-
cadherin complex gets weakened by the phosphorylation of b-
catenin at the plasma membrane (24). Tyrosine phosphorylation
in the different armadillo repeats probably specifies interactions
with a-catenin and E-cadherin. Phosphorylation of Tyr142/
Tyr654 results in the dissociation of the adherens junctions,
which leads to the cytoplasmic accumulation of b-catenin
followed by its nuclear translocation to promote gene
transcription (25).
TRANSCRIPTIONAL REGULATIONS
THROUGH STABILIZATION OF b-CATENIN
IN THE CYTOPLASM AND NUCLEUS

In the absence of WNT signaling, b-catenin is sequestered in the
cytoplasm by the ‘destruction complex’ composed of the
scaffolding protein AXIN, tumor suppressor adenomatous
polyposis coli (APC), and two serine/threonine kinases: casein
kinase 1 (CK1) and glycogen synthase kinase 3b (GSK3b)
(Figure 2A). AXIN directly binds with APC, GSK3b, CK1, and
b-catenin and holds the destruction complex (26–29). Besides
interaction with kinases, AXIN has an interaction site for protein
phosphatase 2A (PP2A) that induces dephosphorylation of
AXIN (30). Thus, AXIN is the core protein of the destruction
complex that mediates the whole assembly of the destruction
complex. Although AXIN can hold all proteins, the interaction
between APC and b-catenin is required for active complex
formation (31). GSK3b phosphorylates both AXIN (32, 33)
and APC, which further increases its b-catenin binding affinity
(34). CK1a binds to the first ARM domain of b-catenin (35) and
mediates the first regulatory phosphorylation at Ser45 (36); this
process requires AXIN-CK1a complex formation (29).
Additionally, a-catenin must be dissociated from b-catenin to
provide CK1 access. This dissociation is achieved by Tyr142
phosphorylation, which is mediated by tyrosine kinases FEline
Sarcoma (FES)-related (FER) and FYN (35, 37). FYN is a
member of SRC family of protein tyrosine kinases (SFKs).
CK1a-induced Ser45 phosphorylation creates a priming site
for GSK3b, which is necessary and sufficient for GSK3b-
mediated phosphorylation at Thr41, Ser37, and Ser33 (29, 36).
FIGURE 1 | Structure of b-catenin. The structure of b-catenin was generated by SMART (http://smart.embl-heidelberg.de/smart/show_motifs.pl?ID=P35222) and
modified using Canvas X draw. It includes an N-terminal domain where several regulatory phosphorylation sites are located (red). This domain follows twelve ARM
domains and a long C-terminal domain.
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Ser33 and Ser37 in b-catenin create docking sites for the E3
ubiquitin ligase, b-transducing repeat-containing protein (b-
TRCP) (Figure 2B) that ubiquitinates b-catenin and targets it
for proteasomal degradation after forming a complex with Skp1
and Cullin (24, 38). Mutation of Ser37 thus results in
stabilization of b-catenin (39).

The destruction complex is ultimately responsible for the
phosphorylation of b-catenin, thereby priming it for ubiquitin-
mediated proteasomal degradation (31). However, when
canonical WNT ligands bind to their respective Fz receptor
and LRP5/6 co-receptors, the result is the activation of the
canonical WNT signaling pathway (40). Due to this, the
phosphoprotein dishevelled (DVL, DVL1/2/3, segment polarity
protein) is activated and recruited to the plasma membrane
Frontiers in Oncology | www.frontiersin.org 375
where it interacts with the cytoplasmic domain of Fz (41). DVL
then recruits the destruction complex to the plasma membrane,
thereby promoting interaction between LRP5/6 andAXIN (42, 43).
GSK3b and CDK14 facilitate LRP5/6 phosphorylation that further
enables AXIN-CK1-GSK3b complex recruitment (9). Recruitment
of this complex to WNT receptors disrupts it and thereby
inhibits CK1-GSK3b-mediated b-catenin phosphorylation,
resulting in the stabilization and accumulation of b-catenin in the
cytoplasm (Figure 2C).

Inhibition of CK1, WNT signaling activation, and DVL
overexpression suppresses Ser45 phosphorylation (29).
Moreover, GSK3b can be inactivated through Ser9
phosphorylation by AKT. These events result in the
stabilization and accumulation of b-catenin in the cytoplasm
A

B

C

FIGURE 2 | Canonical WNT signaling. (A) In absence of canonical WNT ligands, b-catenin is associated with the destruction complex. This interaction leads to
phosphorylation-dependent ubiquitination of b-catenin and thereby its degradation in the proteasome. (B) In the destruction complex, CK1a phosphorylates b-catenin on
Ser45 residue that initiates sequential phosphorylation of Thr41, Ser37, and Ser33 phosphorylation by GSK3b. Ser33 and Ser37 phosphorylation sites facilitate b-TRCP
interaction with b-catenin. (C) In the presence of classical WNT ligands, a destruction complex cannot be formed and thus, b-catenin is stabilized from degradation.
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(44). b-catenin activity in the canonical WNT pathway can also
be regulated in a GSK3b and b-TrCP-independent manner.

It was observed in Drosophila that upon canonical WNT
signaling, Arrow (LRP5/6) recruits AXIN to the membrane,
which leads to degradation of AXIN. Thus, the scaffolding
member of the destruction complex, AXIN, is no longer
present to form the destruction complex (45). A more recent
study demonstrated that an E3 ubiquitin ligase, tripartite motif-
containing protein 11 (TRIM11), serves as an oncogene in
lymphomas by promoting cell proliferation through activation
of the b-catenin signaling. This regulation is brought about by
TRIM11-mediated ubiquitination and degradation of AXIN1,
part of the destruction complex of b-catenin (46). Thus,
inactivation or degradation of any of the components forming
the b-catenin destruction complex results in the stabilization and
accumulation of b-catenin in the cytoplasm.

Stabilized b-catenin then translocates to the nucleus, where it
interacts with different transcription factors, notably T-cell factor
(TCF), and lymphoid enhancing factor (LEF). The repressor of
the TCF/LEF complex, Groucho, is displaced upon this
interaction, whose function is to compact chromatin (44).
Thereafter, transcriptional co-activators and histone modifiers
are recruited, which is sometimes referred to as WNT
enhanceosome. These include the cyclic adenosine mono-
phosphate response element (CREB)-binding protein (CBP), its
closely related homolog p300, B-cell lymphoma 9 (BCL9),
pygopus, and ATP-dependent helicase Brahma-related gene 1
(BRG1, also known as SMARCA4) (44, 47). Chromatin is
remodeled by the WNT enhanceosome and results in the
transcription of WNT/b-catenin target genes that are involved
in cell survival and growth such as c-MYC, CCND1, CDKN1A,
and BIRC5 (40). C-MYC is a proto-oncogene that further
activates cyclin D1 and also inhibits the tumor suppressors p21
and p27, thereby leading to uncontrolled cell proliferation
(48, 49).
MUTATIONS OF COMPONENTS
INVOLVED IN THE CANONICAL
WNT/b-CATENIN PATHWAY

After having understood the regulation of b-catenin in the
canonical WNT pathway, we now know that mutations in any
of the components of this pathway can lead to its deregulation,
which can contribute to a variety of diseases. Herein, we will
focus on such mutations contributing to cancer. APC plays an
important role in b-catenin degradation, and mutation in APC
impairs destruction complex formation. Over 70% of colorectal
adenocarcinoma patients carry mutations in the APC gene
(Figure 3A) that lead to the stabilization of b-catenin. APC
has long been known to be an important initiator gene for the
majority of colorectal cancers. However, a recent study suggests
that colorectal cancer tumors with a single APC mutation can
have a survival benefit, whereas tumors lacking any APC
mutations convey a worse prognosis (50). Other cancers
display a lower number of APC mutations, whereas
Frontiers in Oncology | www.frontiersin.org 476
endometrial carcinoma, esophagogastric adenocarcinoma, and
melanoma exhibit over 10% APC mutations. An aberrant APC
promoter mutation is found in early endometrial carcinoma,
which decreases with cancer progression (51), suggesting that
loss of APC function is an early event in endometrial carcinoma.
b-catenin mutations in N-terminal serine/threonine residues or
adjacent residues that interrupt CK1- and GSK3b-induced
regulatory serine/threonine phosphorylations have been found
in several cancers (Figure 3B). In endometrial carcinoma, 20-
40% of patients carry mutations in b-catenin (52). It is also
frequently mutated in hepatocellular carcinoma (15-33%) (53).

However, b-catenin is not mutated in pediatric T-ALL, and
even if it is found to be mutated in any T-ALL cell line or patient
sample, this holds no clinical significance (54). The most
common activating missense mutation found in the
endometroid carcinoma subtype of epithelial ovarian cancer
(EOC) is in the b-catenin gene, CTNNB1, accounting for 54%
of cases (55). This mutation occurred within the amino-terminal
domain of b-catenin (55), which is positively correlated with its
nuclear localization and expression of the b-catenin target genes.
GSK3b phosphorylates the amino-terminal domain of b-catenin,
leading to its degradation. Thus, mutations within this domain
help b-catenin in evading degradation instead of accumulating in
the nucleus (56). Moreover, loss-of-function mutations in genes
encoding several components of the destruction complex, such
as AXIN, APC, and GSK3b, were also reported in EOC, although
not frequently (57). Thus, b-catenin target genes, such as cMyc,
CCND1, and VEGF, were constitutively activated due to the
disrupted WNT pathways contributed by the various mutations
in its different components, which aided in cancer
progression (58).
NON-CANONICAL WNT SIGNALING
PATHWAY

Non-canonical WNT ligands such as WNT4, WNT5A, WNT5B,
WNT7A,WNT7B, andWNT11 bind to Frizzled receptors (Fzd2,
Fzd3, Fzd4, Fzd5, and Fzd6), and ROR1/ROR2 (receptor tyrosine
kinase-like orphan receptor) or RYK acts as co-receptors to
initiate non-canonical signaling (Figure 4). This pathway has
always been defined as the one where b-catenin does not
accumulate in the nucleus (59). It generally governs
intercalation, cellular movement, and directed migration
culminating in convergence and extension along the anterior/
posterior axis of the organism (60, 61). Based on the phenotypic
response, non-canonical signaling can be classified into two
branches: WNT/PCP (Planar Cell Polarity) and the WNT-
cGMP (cyclic guanosine monophosphate)/Ca2+ pathways
(61, 62).

The first branch of the non-canonical pathway – PCP
signaling occurs through WNT-Fz receptor interaction without
the involvement of LRP5/6 co-receptors. This results in
activation of the DVL protein, which in turn activates a small
GTPase such as RAC (63). Activated RAC further stimulates
JNK activation (64). DVL also forms a complex with DSH
March 2022 | Volume 12 | Article 858782
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associated activator of morphogenesis 1 (DAAM1), which results
in the activation of other GTPases: RHO and, subsequently, Rho-
associated kinase (ROCK) and myosin (63). The actin
remodeling process associated with cell polarization and
motility is controlled by signals emanating from both RAC and
RHO activation (64). Non-canonical WNT ligands such as
WNT5A also interact with ROR family orphan receptor
tyrosine kinases such as ROR2 to activate JNK, RHOA, etc.
This has been shown to antagonize the canonical WNT signaling
pathway by inhibiting the transcriptional activation potential of
the b-catenin/TCF complex, thus reducing the expression of
Cyclin D1 (65, 66).

The second branch of the non-canonical pathway – WNT/
Ca2+ signaling is characterized by WNT-Fz-induced
phospholipase C (PLC) activation that increases cytoplasmic
Ca2+ levels. Several Ca2+-responsive enzymes such as protein
kinase C (PKC), calcineurin, and calcium/calmodulin-dependent
Frontiers in Oncology | www.frontiersin.org 577
protein kinase II (CaMKII) are activated upon sensing the
intracellular Ca2+ flux (67). CaMKII further activates the
transcription factors nuclear factor of activated T cells (NFAT),
TGF-b activated kinase (TAK1), and Nemo-like kinase (NLK),
all of which result in decrease in the levels of intracellular cGMP,
which antagonizes the canonical WNT signaling (68, 69).
Moreover, TAK1 activates NLK, which in turn phosphorylates
TCF. This prevents the b-catenin-TCF complex from binding
DNA, thereby inhibiting gene transcription (70). TheWNT/Ca2+

signaling regulates various developmental processes such as
cytoskeletal rearrangements, cellular adhesion, dorsoventral
patterning, and tissue separation in embryos (71).

The non-canonical WNT signaling pathway also has the
potential to inhibit canonical WNT signaling by promoting the
proteasomal degradation of b-catenin through an alternative E3
ubiquitin ligase complex containing APC, Ebi, and Siah1 or
Siah2 (72, 73). This does not involve GSK3b or b-TrCP and
A

B

FIGURE 3 | Mutations in APC and b-catenin. (A) Mutations in APC and CTNNB1 (b-catenin) in different cancers have been collected from cbioportal. (B) Mutation
frequency in CTNNB1 gene and other post-translational modifications collected from cbioportal. TCGA PanCancer Atlas Studies (http://www.cbioportal.org/study/
summary?id=5c8a7d55e4b046111fee2296) was used.
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neither requires activation of CaMKII or NFAT (74). Thus, the
antagonism of canonical WNT signaling by non-canonical
WNTs involves multiple mechanisms that may or may not
involve calcium (71).
COACTIVATORS REGULATING
THE OUTPUT OF THE WNT
SIGNALING PATHWAYS

The canonical WNT signaling pathway is dependent on b-catenin,
whereas the non-canonical WNT signaling pathway is
independent of b-catenin (75). Once in the nucleus, b-catenin
interacts with members of the TCF/LEF family of transcription
factors. b-catenin can also interact with a variety of other
transcription factors like FOXO, HIF1, Sox family members,
nuclear receptors, etc. Thus, nuclear b-catenin can perform
divergent functions, which adds complexity to the interpretation
of canonical WNT signaling (76). Transcriptional coactivators like
cAMP response element-binding protein (CREB)-binding protein
(CBP) or its closely related homolog, p300, are key regulators of
RNA polymerase II-mediated transcription (77). b-catenin can
recruit either CBP or p300 along with other components of the
basal transcriptional machinery to generate a transcriptionally
active complex, which leads to the expression of a variety of
downstream target genes (78). Differential utilization of these
coactivators by b-catenin can lead to different cellular outputs
(75). Canonical WNT signaling pathway mediated by WNT3A
stabilizes b-catenin and leads to its association with the coactivator
CBP for transcribing genes related to self-renewal, potency, and
proliferation (77). However, the non-canonical WNT signaling
pathway mediated by WNT5A induces the activation of various
kinases such as PKC, CaMKII, SIK, AMPK, and MAPK (5, 8, 79).
PKC further phosphorylates Ser89 of p300, which increases its
Frontiers in Oncology | www.frontiersin.org 678
affinity for b-catenin (77). The association of coactivator p300 with
b-catenin drives the gene expression program from a proliferative
state to a differentiative state; that also governs planar cell polarity,
convergent extension, and cytoskeletal reorganization (80). Thus,
coordinated integration between both canonical and non-
canonical WNT signaling pathways is extremely crucial for
regulating cell proliferation with differentiation and adhesion
(75). Canonical and non-canonical WNT signaling pathways
are, hence, highly dynamic, coupled, and not mutually exclusive
with cross-talk occurring between them, which is dependent on
the type of cell, tissue, and specific stage of development (77).
KINASES REGULATING THE ACTIVITY OF
b-CATENIN

Alternative signal transduction pathways from various growth
factor receptors and ion channels can activate a myriad of
kinases, which also have the potential to phosphorylate either
CBP or p300, thereby controlling differential utilization of
coactivators by b-catenin. Moreover, these kinases can
phosphorylate b-catenin directly (77), thereby playing key roles
in regulating the localization, expression, and function of b-
catenin (81). We will be discussing some of those kinases in the
following sections.

Cell Cycle-Associated Kinases
Aurora kinase A (AURKA) is required for centrosome function
and spindle assembly during mitosis that, once activated,
phosphorylates Polo-like kinase 1 (PLK1) at Thr210 in
presence of the co-factor Bora (82–85). PLK1 is the master
regulator of the cell cycle, playing an important role in M-
phase progression (86). PLK1 in turn phosphorylates several
substrates, FOXM1 being one of them. FOXM1 then transcribes
FIGURE 4 | Non-canonical WNT pathway. Upon interaction of the non-canonical WNT ligand with Fz and ROR1/ROR2, several pathways including DAAM1-RHOA-
ROCK, RAC1-JNK, PKC, and CAMKII pathways are activated which results in different cellular processes and transcriptional activation of different sets of genes.
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target genes involved in cell cycle progression, cell proliferation,
genomic stability, chemoresistance, and DNA damage repair
(87–89). All components of the AURKA-PLK1-FOXM1 axis
appear to be hyperactivated due to multiple events associated
with a BCR-ABL fusion protein that promotes resistance to
tyrosine kinase inhibitors in chronic myeloid leukemia (CML)
(90–94). The AURKA-PLK1-FOXM1 axis interacts with b-
catenin, which supports the resistance of BCR-ABL+ leukemic
stem cells to tyrosine kinase inhibitors (86, 95–97). PLK1
physically interacts with b-catenin and phosphorylates it on
Ser718 in the M phase of the cell cycle, indicating an
important M-phase specific function of b-catenin such as the
regulation of centrosomes (86). Deregulated PLK1 expression
has been reported in many cancers, which in turn could alter b-
catenin regulation in the M phase, thus leading to abnormal cell
cycle control and chromosome instability (79, 86, 98). Moreover,
PLK1 regulates the activity of another cell cycle regulatory
kinase, NIMA-related protein kinase 2 (Nek2). Nek2
phosphorylates Thr41, Ser37, and Ser33 at the N-terminus of
b-catenin along with some five additional sites; these are the
amino acid residues phosphorylated by GSK3b as well. This
inhibits the interaction of b-catenin with b-TRCP, thereby
stabilizing it. Nek2 regulates centrosome disjunction/splitting;
thus, b-catenin stabilized by Nek2 accumulates at centrosomes in
mitosis, regulating the centrosome cycle (81). AURKA sequesters
AXIN from the destruction complex, while FOXM1 associates
with b-catenin, thereby enabling its nuclear import and
recruitment to the TCF/LEF transcription complex to support
leukemic cell proliferation and survival (99). So, all 3
components of the AURKA-PLK1-FOXM1 axis regulate b-
catenin transcriptional activity. Inhibition of these components
ultimately results in the dephosphorylation of FOXM1, causing
the release of b-catenin from its binding, which leads to its
cytoplasmic relocation and degradation. The proliferation and
survival of BCR-ABL+ cells are thus blocked by the inhibition of
the b-catenin-mediated transcriptional activity (100).

Protein Kinase C (PKC)
Once activated, b-catenin is translocated to the nucleus. Its
stability is regulated by the E3 ubiquitin ligase tripartite motif-
containing protein 33 (TRIM33), which is independent of
GSK3b and b-TRCP (101). However, this regulation is
dependent on the PKC family member PKCd, which is
activated upon prolonged WNT stimulation. PKCd
phosphorylates b-catenin at Ser715, thereby facilitating its
interaction with TRIM33. b-catenin is then targeted for
degradation, shutting off the WNT pathway. Apart from
inhibiting the canonical WNT pathway mediated by WNT3a,
TRIM33 can inhibit EGF-induced b-catenin transactivation
(101). TRIM33 is thus known to act as a tumor suppressor in
various cancers including clear cell renal cell carcinoma (102),
chronic myelomonocytic leukemia (103), hepatocellular
carcinoma (104), and pancreatic cancer (105). In fact, PKC is a
family of 10 protein serine/threonine kinases that are encoded by
9 genes (106–109). PKC family members are divided into three
subfamilies: classical (PKCa, PKCb1, PKCb2, and PKCg), novel
(PKCd, PKCϵ, PKCh, and PKCq) and atypical (PKCz and PKCi)
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(108, 109). Classical and novel PKC isoforms display dependency
on second messengers for activation. For example, classical PKC
isoforms are diacylglycerol (DAG) and Ca2+-responsive while
novel PKC isoforms are dependent on DAG. While several PKC
family members have been implicated in tumorigenesis, PKCd
acts as a tumor suppressor, as its main function is to induce
apoptosis, apart from regulating b-catenin degradation (101,
108–114). Another PKC family member that serves as a tumor
suppressor in intestinal cancer is the atypical PKCz that induces
Ser45 phosphorylation of b-catenin, which is independent of
CK1a and is thus important for GSK3b-mediated
phosphorylation (115). The classical PKC isoform PKCa
induces phosphorylation of b-catenin at N-terminal serine
residues, which in turn results in enhanced proteasomal
degradation of b-catenin and a reduction of transcriptional
regulations (116). Furthermore, PKCa phosphorylates ROR1
(RORa) at Ser35 , which can eventual ly l imit the
transcriptional regulation of b-catenin (117). Collectively, these
studies suggest that several PKC isoforms play important roles in
the regulation of WNT/b-catenin signaling.

Protein Kinase A (PKA)
The cyclic AMP (cAMP)-dependent protein kinase, protein
kinase A (PKA), has diverse cellular functions including cell
proliferation, differentiation, cell cycle regulation, and apoptosis.
The cAMP/PKA pathway plays a highly complex and cell-
specific role in regulating cell growth, as it stimulates growth
for some cell types while inhibiting others (118, 119). PKA can
even have contrasting effects of promoting or inhibiting cell
proliferation in the same cell type, such as the vascular smooth
muscle cells, depending on the agonist that stimulates its activity
(120, 121). The presenilin1 complex in Alzheimer’s disease
contains presenilin1, GSK3b, the catalytic subunit of PKA and
b-catenin. PKA induces Ser45 phosphorylation on b-catenin,
thereby enhancing GSK3b-dependent phosphorylation of b-
catenin and its subsequent proteasomal degradation, which is
independent of the WNT-controlled AXIN complex (122).
However, in contrast, activation of PKA has also been shown
to increase b-catenin accumulation in both the cytosol and
nucleus of HEK293 cells after stimulation with prostaglandin
E2 (PGE2) (123). PKA phosphorylates b-catenin on Ser552 and
Ser675 that stabilize b-catenin by inhibiting its ubiquitination
without affecting the formation of the destruction complex and
GSK3b-dependent phosphorylation (123–125). PKA-induced
phosphorylation of b-catenin at Ser675 promotes TCF/LEF
transactivation and binding to its transcriptional coactivator
CREB-binding protein (CBP) (124). Thus, the phosphorylation
of b-catenin by PKA at different serine residues determines the
outcome of b-catenin regulation.

Receptor Tyrosine Kinases (RTKs)
Receptor tyrosine kinase (RTK) consists of a family of around 60
mammalian protein tyrosine kinases (106, 107). The RTK
epidermal growth factor receptor (EGFR) activates AKT that
directly phosphorylates b-catenin on Ser552, which increases the
cytosolic and nuclear b-catenin levels and transcriptional
regulation, thereby promoting tumor cell invasion (126).
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Furthermore, the proliferation of PTEN-deficient intestinal stem
cells that initiate intestinal polyposis is driven by AKT activation
where AKT phosphorylates b-catenin on Ser552 (127).
Ultraviolet (UV) irradiation activates EGFR in keratinocytes,
resulting in the phosphorylation of b-catenin at Tyr654, which is
responsible for its dissociation from the E-cadherin/b-catenin/a-
catenin complex (128). Furthermore, UV-induced EGFR
activation allows for the nuclear translocation of b-catenin and
transcriptional activation through interaction with TCF4 (128).
Fibroblast growth factor-2 (FGF-2) activates MAP kinase
signaling in osteoblasts, which in turn phosphorylates b-
catenin. The phosphorylation is mediated by MEKK2
(MAP3K2) at Ser675 that stabilizes b-catenin and increases its
activity by recruiting the deubiquitinase USP15 (129). In
colorectal cancer, a loss-of-function mutation in APC is very
common, stabilizing b-catenin due to the lack of destruction
complex. However, 60% of colorectal cancer patients carry
mutations in KRAS and BRAF genes that result in
uncontrolled MAPK signaling. Oncogenic activation of KRAS/
BRAF/MEK signaling increases the transcriptional activities of
b-catenin/TCF4 and c-MYC promoter and increases the mRNA
levels of c-Myc, AXIN2, and Lef1 (130). Another MAPK, p38g,
phosphorylates b-catenin at Ser605 (131). FGFR2, FGFR3,
EGFR, and TRKA increase the cytosolic b-catenin
concentration by dissociating b-catenin from cadherin complex
through direct phosphorylation at Tyr142 (132). The RTK MET
interacts with b-catenin in hepatocytes, colon cancer, and breast
cancer cell lines; this association occurs at the region of cell-cell
contact (133, 134). The association is constitutive but can be
abrogated by hepatocyte growth factor (HGF) stimulation. HGF
induces tyrosine phosphorylation of b-catenin at Tyr654 and
Tyr670, resulting in its dissociation fromMET (135). Hepatocyte
growth factor-like protein (HGFL) induced RON activation,
which resulted in tyrosine phosphorylation of b-catenin at
Tyr654 and Tyr670, inducing its nuclear accumulation and
transcriptional activation in breast cancer (136). Type-1
insulin-like growth factor (IGF-1) causes the nuclear
translocation of b-catenin in the context of IGF-1R signaling,
which leads to the activation of b-catenin target genes such as c-
MYC and cyclin (137–141). This is brought about by the direct
binding of sequences between amino acid residues 695 and 781
in the C-terminus of b-catenin to sequences located between
amino acid residue 600 and the C-terminus of insulin receptor
substrate-1 (IRS-1), in both the nucleus and the cytoplasm (142).
The PTB domain of IRS-1 then translocates the b-catenin-IRS-1
complex to the nucleus (143). b-catenin binding to IRS-1 with its
C-terminus may thus prevent phosphorylation at its N-terminus
by GSK3b, which primes b-catenin for ubiquitination and
degradation (8, 144). So, IRS-1, a docking protein for both
IGF-1 and insulin receptors, can regulate the subcellular
localization and activity of b-catenin in cells that are
responsive to the mitogenic action of IGF-1 (142, 145).

Janus Kinase 3 (JAK3)
Adherens junctions are multiprotein complexes in cell-cell
junctions that connect neighboring cells to maintain the
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epithelial tissue structure (146). b-catenin is an adherens
junctions-associated protein that links the cytoplasmic domain
of cadherins to the a-catenin-associated actin cytoskeleton and
has been implicated in adherens junctions remodeling (16).
Janus kinase 3 (JAK3) is a non-receptor tyrosine kinase that
transmits intracellular signals through interactions with the g
chain of several cytokine receptors upon stimulation with
cytokines (147). It associates with b-catenin in adherens
junctions and phosphorylates Tyr30, Tyr64, and Tyr86 (148).
However, JAK3-mediated phosphorylation is required prior to
the Tyr654 phosphorylation of b-catenin. Phosphorylation on
those sites by JAK3 suppressed EGF-induced epithelial-
mesenchymal transition (EMT) and, rather, induced epithelial
barrier functions by adherens junctions localization of
phosphorylated b-catenin via its association with a-catenin.
Moreover, a reverse effect was seen with increased EMT and
compromised epithelial barrier functions upon the loss of JAK3-
mediated b-catenin phosphorylation, which even abrogated the
localization of b-catenin in the adherens junctions (148).

p21-Activated Kinase (PAK)
p21-activated kinase (PAK) is a family of six protein serine/
threonine kinases that acts mainly as the effector proteins for the
Rho GTPases CDC42 and RAC (149). PAK-family proteins
regulate various cellular processes including cell proliferation
and cell survival, cell motility, cytoskeletal reorganization,
oncogenic transformation, and gene transcription (149, 150).
JNK2 and PAK1 both are the downstream effectors of RAC1.
More advanced colon cancer samples often contained K-Ras
mutation, which elevated two signaling branches: K-Ras/RAC1/
JNK2 cascade and K-Ras/RAC1/PAK1 cascade (151–154). Thus,
JNK2-mediated phosphorylation of b-catenin at Ser191 and
Ser605 increased, which led to its nuclear translocation (151,
152). Additionally, RAC1 induces b-catenin Ser191 and Ser605
phosphorylation, which is mediated by JNK2; phosphorylation
on those sites is required for the nuclear localization of b-catenin
(151, 155). Apart from RAC1, the EGF and IGF signaling
pathways may induce PAK1 expression (156–158). Another
kinase, PAK4, shuttles between the nucleus and cytoplasm and
interacts with b-catenin in both cellular compartments (159). It
was observed that both PAK1 and PAK4 mediated
phosphorylation of b-catenin on Ser675 stabilizes it by
inhibiting its degradation and thus promotes TCF/LEF
transcriptional activity (159, 160). Therefore, one downstream
effector of RAC1 mediates the nuclear translocation of b-catenin,
whi le the other downstream effector promotes i ts
transcriptional activity.

Tyrosine Kinases
Several tyrosine phosphorylation sites have been identified on b-
catenin and have been shown to play important roles. In the
presence of a disrupted cellular contact and active TGF-b1, E-
cadherin and the epithelial integrin a3b1 associate with TGF-b1
receptors, where Tyr654 in b-catenin gets phosphorylated by the
epithelial integrin in primary alveolar epithelial cells (AECs) and
the phosphorylated b-catenin forms a complex with phospho-
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SMAD2, resulting in EMT initiation in idiopathic pulmonary
fibrosis (IPF) (161, 162). This epithelial integrin-mediated cross-
talk between WNT and TGF-b1 signaling pathways, which is
required for pulmonary fibrogenesis and EMT, is done with the
help of TGF-b1mediated activation of SRC family kinases (163).
In a hypoxic condition, reactive oxygen species (ROS) activates
SRC that phosphorylates b-catenin on Tyr654. This tyrosine-
phosphorylated b-catenin gets complexed with SRC and HIF1a
in primary human lung adenocarcinomas and lung tumor cell
lines to promote the transcriptional activity of HIF1a and
hypoxia-induced EMT (164). Another substrate identified for
SRC in b-catenin is Tyr86 (165). An SFK FYN induces tyrosine
phosphorylation of b-catenin at Tyr142 and disrupts its
association with a-catenin (37). Other tyrosine kinases such as
FER, FES, and c-MET also participate in the phosphorylation of
Tyr142 (37). This disrupts the binding of a-catenin to b-catenin
and, instead, favors the binding of b-catenin to the nuclear
transporter B-cell lymphoma 9 (Bcl9), which acts as a co-
activator in WNT signaling (166). Protein tyrosine kinase
(PTK6) is a distant SRC family member. It is regulated by C-
terminal tyrosine phosphorylation, which is similar to SRC but
lacks an N-terminal myristoylation site and, therefore, cannot
localize to the membrane-like other SRCs. PTK6 interacts with
both the cytoplasmic and nuclear b-catenin and directly
phosphorylates b-catenin at several tyrosine residues including
Tyr64, Tyr142, Tyr331, and Tyr333 (167). In the nucleus, PTK6
inhibits b-catenin function, which was shown to be independent
of tyrosine phosphorylation, suggesting a possible kinase-
independent role of PTK6 in the transcriptional regulation of
b-catenin function (167).

BCR-ABL Fusion Protein
The BCR-ABL fusion protein, which is frequently found in
chronic myeloid leukemia (CML), physically interacts with b-
catenin and phosphorylates it at Tyr86 and Tyr654 (168).
Phosphorylation of these tyrosine sites by BCR-ABL prevents
the association of b-catenin with AXIN/GSK3b complex; thereby,
serine/threonine phosphorylation is prevented. This subsequently
increases the cytosolic and nuclear accumulation of b-catenin that
is required for self-renewal of BCR-ABL-positive CML cells (169).
This process can be reversed by tyrosine phosphatase SHP1, where
SHP1-mediated dephosphorylation of Tyr86 and Tyr654 restores
GSK3b-dependent serine/threonine phosphorylation and,
thereby, b-catenin degradation (170). In another mechanism,
BCR-ABL tyrosine kinase controls b-catenin mediated
transcriptional activity indirectly, without physical interaction.
Chibby1 (CBY1) is a small protein that represses b-catenin
transcriptional activation; it interacts with the C-terminal
activation domain of b-catenin that hinders its binding with the
TCF/LEF transcription factors (171). The scaffolding protein 14-3-
3 drives the nuclear export of CBY1 and b-catenin by forming a
stable tripartite complex with them (172, 173). However, BCR-
ABL fusion protein downregulates CBY1 at the transcriptional
level by promoter hypermethylation and at the post-
transcriptional level by directing CBY1 toward proteasome-
dependent degradation through SUMOylation (171–173). This
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retains b-catenin in the nucleus and sustains its activation, which
is required for the proliferation of CML cells (174).

Casein Kinase 2 (CK2)
Casein kinase 2 (CK2) is ubiquitously expressed in the nucleus
and cytoplasm of eukaryotic cells (175). CK2 phosphorylates
many transcription factors, tumor suppressors, and proto-
oncoproteins involved in cancer, thereby regulating a
multitude of cellular processes. One such important function is
the regulation of protein stability, thus contributing to cell
proliferation and transformation (176). It also plays an
impor t an t ro l e in embryon i c deve lopment . CK2
phosphorylates b-catenin at Thr393, which leads to its
stabilization and increases its contributions in transcriptional
regulations (176). This is probably mediated by decreased affinity
to AXIN in the destruction complex (177). Another study
identified Ser29, Thr102, and Thr112 in b-catenin as CK2
phosphorylation sites that were required for interaction with
a-catenin. CK2 phosphorylation of these residues was also
important for degradation of b-catenin, as pre-phosphorylation
of b-catenin by CK2 stabilizes its binding to components of the
destruction complex, AXIN, and GSK3b, further enhancing the
activity of GSK3b. Thus, the cytoplasmic turnover of b-catenin is
controlled by the combined action of CK2 and GSK3b (178).
Therefore, CK2 appears to have dual roles in b-catenin
regulation: one for canonical WNT signaling and the other for
cell adhesion (166).

Protein Kinase D1 (PKD1)
Protein kinase D1 (PKD1) lies downstream of the signaling
pathways initiated by diacylglycerol and PKC. Diacylglycerol
dictates the intracellular localization of PKD1, while PKC
activates it by phosphorylation (179). PKD1 served as a tumor
suppressor in advanced prostate cancer, where its expression was
downregulated; later, itwas found that it interactedwith E-cadherin
(180, 181). PKD1 interacts with b-catenin and phosphorylates it on
Thr112 and Thr120 that inhibit the nuclear localization of b-
catenin, thereby decreasing its transcriptional activity. This was
probably because these threonine phosphorylations on b-catenin
increased its interaction with a-catenin and E-cadherin, thereby
linking the cytoskeleton. This suggests that Thr120
phosphorylation is critical for cell-cell adhesion (182, 183).
However, it has been suggested that PKD1 expression is
transcriptionally repressed by b-catenin, indicating the
involvement of a negative auto-regulatory loop (184).

In summary, b-catenin activity is tightly controlled by a series
of tyrosine and serine/threonine kinases (summarized in
Table 1). Phosphorylation on a specific b-catenin residue or
several residues can affect its stability, localization, and
interaction with other partners (Figure 5). For example,
phosphorylation by tyrosine or serine/threonine kinases in the
N-terminal region (except for Tyr86 and Ser191) tags b-catenin
for degradation or inhibits its nuclear translocation. On the other
hand, phosphorylation of the C-terminal region increases the
stability of b-catenin as well as its nuclear translocation (except
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for Ser718). Nevertheless, different regions of b-catenin display
affinity to different regulatory proteins probably due to
phosphorylation modifications (8). Since a deregulated b-
catenin function can contribute to malignancy, kinases
involved in the regulation of b-catenin stability, localization,
and function can be attractive targets for therapeutic
implications. Pharmacological inhibitors against BCR-ABL,
EGFR, and MET have been developed for several cancers
(185–187) and probably can be repurposed to regulate b-
catenin activity. However, inhibition of kinases that promote
b-catenin degradation or inhibits its function can result in
transcriptional activation of WNT/b-catenin target genes.
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CONCLUSION

Like other cellular signaling events, WNT/b-catenin signaling is
t ight ly control led by protein phosphorylat ion and
dephosphorylation. For example, in classical WNT/b-catenin
signaling, the formation and activity of the destruction complex
are phosphorylation-dependent, which further regulates the
stability of b-catenin in a phosphorylation-dependent manner
(8). Nevertheless, as discussed above, several kinases are involved
in the regulation of this evolutionarily conserved pathway
modulating cellular adhesion, polarity, motility, migration,
proliferation, and differentiation (188–190).
FIGURE 5 | Phosphorylations sites of b-catenin. Several kinases are involved in the phosphorylation of b-catenin, thereby regulating its stability, localization, and activity
of b-catenin.
TABLE 1 | Kinases regulating b-catenin activity.

Sites Kinases Function Reference

S29, T102 CK2 Degradation, interaction with a-catenin. (176, 178)
Y30 JAK3 Interaction with a-catenin. (148)
S33, S37,
T41

GSK3b, NEK2 Degradation, contributes to mitosis. (24, 36, 38, 81)

S45 CK1a, PKA, PKCz Degradation, regulation of phosphorylation. (36, 115, 122, 123)
Y64 JAK3, PTK6 Inhibits function in the nucleus, interaction with a-catenin. (148, 167)
Y86 BCR-ABL, JAK3, SRC Increases the cytosolic and nuclear accumulation, interaction with a-catenin. (148, 165, 168, 169)
T112 CK2, PKD1 Degradation, interaction with a-catenin, inhibits the nuclear localization. (178, 182)
T120 PKD1 Interaction with a-catenin, inhibits the nuclear localization (182, 183)
Y142 PTK6, FYN, FER, FGFR2, FGFR3, EGFR,

TRKA
Inhibits function in the nucleus, dissociation from adherence junctions, cytoplasmic
accumulation.

(25, 35, 37, 132, 167)

S191 JNK2 Nuclear translocation. (151, 152)
Y331, Y333 PTK6 Inhibits function in nucleus. (167)
T393 CK2 Stabilization, enhances contributions in transcriptional regulations (176)
S552 PKA, AKT Inhibits ubiquitination, stabilization, transcriptional regulation, and promoting tumor

cell invasion.
(124, 126, 127)

S605 JNK2, p38g Nuclear translocation. (131, 151, 152)
Y654 MET, EGFR, SRC, BCR-ABL Dissociation from the E-cadherin/b-catenin/a-catenin complex, nuclear translocation. (128, 135, 164, 168,

169)
Y670 MET Nuclear translocation. (135)
S675 PAK1, PAK4, MEKK2, PKA Stabilization, inhibits ubiquitination, contributes to TCF/LEF transactivation. (123, 124, 129, 159,

160)
S715 PKCd Facilitate interaction with TRIM33 and degradation. (101)
S718 PLK1 Regulation of centrosomes in M phase (86)
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Much is already known aboutWNT/b-catenin signaling and the
roles of its components in various cancers. However, there are still
several possible missing links that need to be studied in the
regulation of WNT/b-catenin. For instance, aurora family kinases
seem to be involved in the stabilization of b-catenin (191). However,
the exact mechanism of how b-catenin stabilization is mediated by
aurora family kinases remains to be determined. AlthoughWNT/b-
catenin signaling is highly simplified in the figures depicted in this
review, the interaction between various signaling proteins as
described above makes it highly complicated. Both the canonical
and non-canonical pathways involving b-catenin intersect at many
levels, which adds several layers of complexity. Thus, attempts
should be made to precisely define and dissect these pathways, so
that they can be better targeted as therapies in the future.
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Validation and analysis of
expression, prognosis and
immune infiltration of WNT
gene family in non-small cell
lung cancer

Jianglin Wang1, Qingping Yang2, Mengjie Tang3 and Wei Liu1*

1Department of Pharmacy, The Third Xiangya Hospital, Central South University, Changsha, China,
2Department of Pharmacy, Zunyi Medical University, Zunyi, China, 3Department of Pathology,
Hunan Cancer Hospital, The Affiliated Cancer Hospital of Xiangya School of Medicine, Central
South University, Changsha, China
Early diagnosis and prognosis prediction of non-small cell lung cancer (NSCLC)

have been challenging. Signaling cascades involving the Wingless-type (WNT)

gene family play important biological roles and show prognostic value in

various cancers, including NSCLC. On this basis, this study aimed to

investigate the significance of WNTs in the prognosis and tumor immunity in

NSCLC by comprehensive analysis. Expression and methylation levels of WNTs

were obtained from the ONCOMINE, TIMER, and UALCAN. The dataset

obtained from The Cancer Genome Atlas (TCGA) was utilized for prognostic

analysis. cBioPortal was used to perform genetic alterations and correlation

analysis of WNTs. R software was employed for functional enrichment and

pathway analysis, partial statistics, and graph drawing. TRRUST was used to find

key transcription factors. GEPIA was utilized for the analysis of expression,

pathological staging, etc. Correlative analysis of immune infiltrates from TIMER.

TISIDB was used for further immune infiltration validation analysis. Compared

with that of normal tissues, WNT2/2B/3A/4/7A/9A/9B/11 expressions

decreased, while WNT3/5B/6/7B/8B/10A/10B/16 expressions increased in

lung adenocarcinoma (LUAD); WNT2/3A/7A/11 expressions were lessened,

while WNT2B/3/5A/5B/6/7B/10A/10B/16 expressions were enhanced in

squamous cell lung cancer (LUSC). Survival analysis revealed that highly

expressed WNT2B and lowly expressed WNT7A predicted better prognostic

outcomes in LUAD and LUSC. In the study of immune infiltration levels, WNT2,

WNT9B, andWNT10Awere positively correlated with six immune cells in LUAD;

WNT1, WNT2, and WNT9B were positively correlated with six immune cells in

LUSC, while WNT7B was negatively correlated. Our study indicated that

WNT2B and WNT7A might have prognostic value in LUAD, and both of them

might be important prognostic factors in LUSC and correlated to immune cell

infiltration in LUAD and LUSC to a certain extent. Considering the prognostic

value of WNT2B and WNT7A in NSCLC, we validated their mRNA and protein
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expression levels in NSCLC by performing qRT-PCR, western blot, and

immunohistochemical staining on NSCLC pathological tissues and cell lines.

This study may provide some direction for the subsequent exploration of the

prognostic value of the WNTs and their role as biomarkers in NSCLC.
KEYWORDS

NSCLC, LUAD, LUSC, WNT gene family, prognosis, immune infiltration
Introduction

Lung cancer has a high incidence rate, accounting for 11.4%

of cases and 18% of cancer mortality worldwide. By 2020, it has

been the second most common cancer and the leading cause of

death worldwide. There was little progress in its early screening

and survival (1, 2). Non-small cell lung cancer (NSCLC) is the

most common histological subtype in lung cancer patients,

about 85% of these patients. It can be mainly divided into lung

adenocarcinoma (LUAD), squamous cell lung cancer (LUSC),

and large cell lung carcinoma, of which LUAD and LUSC are the

most common (3, 4). For NSCLC therapeutic targets, molecular

therapy, immune checkpoint inhibition, and lung cancer

vaccination have made many advances (5–7). Nonetheless,

lung cancer still has a 5-year survival rate lower than all other

cancer types (8).

The Wingless-type (WNT) protein family consists of many

cysteine-rich secreted glycoproteins, with a molecular weight of

about 40 kDa, and 19 WNT genes have been identified in the

human genome (9). WNT binds to members of the Frizzled

(Fzd) receptor family on the cell surface to activate downstream

effectors inside the cell, activating signal transduction cascades

through three different pathways in the organism, i.e., the

canonical WNT pathway, the non-canonical WNT/planar cell

polarity (PCP) pathway, and the non-canonical WNT/calcium

pathway (10). At the cellular level, WNT proteins participate in

the regulation of cell proliferation, cell morphology, cell motility,

and cell fate, playing an extensive role in organism development;

moreover, dysregulation of WNT signaling also works during

tumor formation (11, 12). WNT signaling serves as a molecular

rheostat in organisms and participates in multiple physiological

processes, including embryonic development, lineage

commitment, adult stem cell homeostasis, and tissue

regeneration (12). The transmission of WNT signaling and the

generation and secretion of WNT ligands involve specialized

and complex mechanisms (11–13). Conduction of WNT

signaling has been demonstrated in many types of cancer (12),

including but not limited to colorectal cancer (14), liver cancer

(15), prostate cancer (16), skin cancer (17), melanoma (18) and

lung cancer (12, 13). The WNT pathway plays an important
0290
biological role and represents prognostic value in NSCLC, and b-
catenin produced by downstream activation of WNT ligands is

indispensable in NSCLC development (12, 13, 19). Activation by

WNT ligands in the canonical WNT pathway increases the

concentrations of b-catenin in the cytoplasm, which binds to

transcription factors of the T-cell factor (TCF)/Lymphoid

enhancer-binding factor (LEF) family in the nucleus so as to

drive transcription of WNT/b-catenin target genes. Some

genomic data also suggest that an important component in

lung cancer development is intrinsic WNT signaling within

cancer cells (12). However, comprehensive studies on the

expression and prognosis of the WNT family in NSCLC or its

subtypes are lacking.

Our study used a publicly available tumor database to

perform bioinformatics analysis of WNT gene family

expression, prognosis, and immune infiltration in LUAD and

LUSC so as to find reliable biomarkers and detailed prognosis of

the WNT family in NSCLC.
Materials and methods

ONCOMINE database

ONCOMINE (https://www.ONCOMINE.org) is an online

microarray database that allows differential expression analysis

in many types of cancer (20). In this study, we compared the

mRNA transcript expression differences of WNT genes by using

Student’s t-test in this database, and the cut-off values of p value

and fold-change were as follows: p value of 1E-4, fold-change of

2, gene rank of 10%.
Tumor immune estimation resource
(TIMER)

TIMER (https://cistrome.shinyapps.io/timer/) is an online

tool that can systematically assess the infiltration level of

immune cells in different cancer types and their clinical

impact (21). In the “DiffExp” module, the expression level
frontiersin.org
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distribution of WNTs was displayed using boxplots, and the

statistical significance of differential expression was assessed

using the Wilcoxon test. Scatter plots representing the

correlation of infiltration levels between WNT genes and the

six immune cells were obtained by the “Gene”module. Then, by

using the “Survival” module, the clinical correlation between

WNTs and tumor immunity was explored by Cox regression

analysis, including risk ratio and statistical significance. The level

of tumor invasion between WNTs and tumors with different

somatic copy number alterations was compared using the

Wilcoxon rank-sum test in the “SCNA” module defined by

GISTIC2.0. The heatmap of the correlation between WNTs

and immune scores was created using the R software v4.0.3

package pheatmap (v1.0.12). The lollipop chart using the R

software v4.0.3 package GSVA (v1.34.0) built-in algorithm

ssGSEA to verify the relationship between WNTs expression

and immune cells. The dataset used contained mRNA sequence

data from 516 lung adenocarcinomas and 501 squamous cell

lung cancers from TCGA tumors.
UALCAN database

UALCAN (http://ualcan.path.uab.edu) is a comprehensive

network resource that is taken from publicly available cancer

genomics data (TCGA, MET500, and CPTAC) (22). In this

study, the mRNA transcript expression and methylation data of

WNT gene family were obtained by using the expression analysis

module and methylation level module of UALCAN.
Gene expression profiling interactive
analysis (GEPIA)

GEPIA (http://gepia.cancer-pku.cn) is a web-based data

mining platform with large RNA sequencing data from TCGA

and GTEx (23) . “Pathologica l S tage Plot” in the

“ExpressionDIY” function is used for the correlation study of

the pathological stage of WNTs in NSCLC patients. “Multiple

Gene Comparison” module was used to obtain WNTs relative

expression data, and matrix plots were created by the R v4.0.3

software package ggplot2 (v.3.3.5). Gene expression correlation

analysis was performed in the “Correlation” module.
Prognostic analysis

From the TCGA dataset (https://portal.gdc.com), to obtain

raw counts and corresponding clinical information of RNA

sequencing data of NSCLC tumors. For Kaplan-Meier (KM)

curves, p values and hazard ratios (HR) with 95% confidence

intervals (CI) were derived by log-rank test and univariate Cox

proportional hazards regression, p < 0.05 was considered
Frontiers in Oncology
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statistically significant. The above analysis method was created

by the R software v4.0.3 package ggplot2 (v.3.3.5). The survival

analysis results were verified by the Kaplan-Meier plotter

(https://kmplot.com/) (24), the microarray database included

caBIG, GEO, and TCGA. We obtained KM survival plots with

hazard ratios and log-rank p values by univariate Cox regression

analysis. For prognostic models of prognosis-related genes and

clinical factors, univariate and multivariate Cox proportional

hazards analyses were first performed, with risk scores including

age, gender, pTNM stage of the tumor, and expression levels of

prognosis-related genes. Based on the univariate and

multivariate Cox regression analysis results, variables with

significant differences in prognosis were extracted to construct

a nomogram and predict the 1-year, 3-year, and 5-year survival

rates of NSCLC patients. The above analysis was created using

the R software v4.0.3 packages forestplot (v2.0.0) and rms

(v6.2-0).
cBioPortal database

The portal (https://www.cbioportal.org/) simplifies

molecular profiling data from cancer tissues and cell lines into

easily understood genetic, epigenetic, gene expression and

proteomics events. It contains large cancer genomics datasets

and has functions such as visualization, download and analysis

(25). Based on the TCGA database, we analyzed 586 lung

adenocarcinoma samples (TCGA, Firehose Legacy) and 511

squamous cell lung cancer samples (TCGA, Firehose Legacy)

obtained from cBioPortal. mRNA expression z-scores (RNA Seq

V2 RSEM) enter a z-score threshold ± 2.0, and protein

expression z-scores (RPPA) enter a z-score threshold ± 2.0.

Pearson’s correlation coefficient and p value were obtained by

the “Co-expression” module, and the correlation heatmap

between genes was constructed using the R software v4.0.3

package pheatmap (v1.0.12).
Gene ontology (GO) and Kyoto
encyclopedia of genes and genomes
(KEGG) analysis

GO enrichment analysis examined the function of the WNT

gene family from three levels: Biology Process, Molecular

Function, and Cellular Component. KEGG is then used for

pathway analysis. Histogram is implemented by R software

v4.0.3 package clusterprofiler (v3.18.1) (26), the threshold is

set as follows: p value cut-off of 0.05, q value cut-off of 0.05,

minGSSize = 5, maxGSSize = 5000, The p value correction

method uses Benjamini-Hochberg (BH). Protein-protein

interaction (PPI) networks were constructed by STRING and

Cytoscape. STRING database (https://string-db.org/) is designed

to collect, score, and integrate all publicly available sources of
frontiersin.org
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protein-protein interaction information, supplemented by

computational predictions (27). We constructed a protein

interaction network of WNTs by the “Multipleproteins”

function in STRING and performed GO and KEGG analyses.
TRRUST

TRRUST (https://www.grnpedia.org/trrust/) is a TF-target

interaction database based on text mining, including 8444

regulatory interactions of 800 transcription factors (TFs) in

humans (28). A list of genes is entered on this website to

query key TFs.
TISIDB

TISIDB (http://cis.hku.hk/TISIDB/index.php) is a web

portal containing multiple heterogeneous data on tumor and

immune system interactions (29). We used TISIDB to reveal the

relations between the abundance of tumor-infiltrating

lymphocytes (TILs) and the expression of WNTs.
Lung tissue samples

During January and March 2022, we collected 20 pairs of

NSCLC tissues and adjacent normal tissues from the Third

Xiangya Hospital of Central South University. These tissues

were used to detect the expression levels of WNTs mRNA by

quantitative real-time PCR (qRT-PCR). The Ethics Committee

of the Third Xiangya Hospital of Central South University has

approved the study. The approval number is I-22054.
Cell culture

Human normal lung epithelial cell line (BEAS-2B), LUAD

cell line (PC9) and LUSC cell line (NCI-H520) were obtained

from American Type Culture Collection (ATCC) (Manassas,

VA, USA). All cell lines were cultured in DMEM (Gibco,

Carlsbad, CA) supplemented with 10% FBS (Gibco) and 1%

pen/strep (Gibco) at 5% CO2 and 37°C.
Quantitative real-time PCR (qRT-PCR)

According to the manufacturer’s instructions, total RNA was

isolated from tissues or cells using Trizol reagent (TaKaRa,

Japan). One microgram of RNA was reverse transcribed into

cDNA using the Revert Aid First Strand cDNA Synthesis Kit

(Thermo, USA). Quantitative RT-PCR was then performed with

Pro Taq HS Premix Probe qPCR Kit (Accurate, Hunan, China).
Frontiers in Oncology
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The amplification program consisted of one cycle of

predenaturation at 95°C for 5 min, 37 cycles of denaturation at

95°C for 30 s, annealing at 61°C for 30 s, and extension at 72°C

for 10 min. The GAPDH gene was used as an endogenous

control gene for normalizing the expression of target genes.

Each sample was analyzed in triplicate. Primer sequences are

shown in Supplementary Table S1.
Western blot

RIPA lysis buffer (Thermo Fisher Scientific, USA)

containing protease and phosphatase inhibitors was used to

lyse tissues. Protein lysates were separated by SDS-PAGE gels

(Thermo Fisher Scientific, USA), blotted onto PVDF membrane

(Roche, Switzerland) for analysis and incubated at 4°C overnight

with the following primary antibodies: anti-WNT2B antibody

(1:1000 dilution; Bioss, China), anti-WNT7A antibody (1:1000

dilution; Bioss, China), and anti-GAPDH antibody (1:2000

dilution; Cell Signaling Technology, USA). The results of the

western blot analyses were performed with Image J software.
Immunohistochemical staining

Immunohistochemistry was performed in 20 NSCLC tissues

and adjacent normal tissues. Paraffin-embedded sections were

stained to determine the expression level of proteins. Sections

were incubated overnight at 4°C with anti-WNT2B antibody

(1:100 dilution; Bioss, China), or anti-WNT7A antibody (1:100

dilution; Bioss, China). After washing with phosphate-buffered

saline (PBS), the slides were incubated with a goat anti-rabbit

IgG secondary antibody conjugated to fluorescein isothiocyanate

(ZSDB-BIO, China) for 30 mins. They were washed with PBS

and then incubated with an antifade reagent (Invitrogen, USA).

Finally, staining was observed using an Olympus CX41

fluorescence microscope (Olympus, Japan). The results of the

analyses were performed with Image J software.
Results

mRNA transcription and methylation
levels of the WNT gene family in LUAD
and LUSC

Members of the WNT gene family and their respective

specific chromosomal regions are presented in Table 1. We

first examined the mRNA transcription of 19 WNT genes in

lung cancer by the ONCOMINE database, as can be seen from

Figure 1A. The detailed expression results in lung cancer are

shown in Table 2, in which the expression levels of WNT2/2B/

3A/7A/11 in lung cancer were significantly lower than those in
frontiersin.org
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FIGURE 1

The mRNA transcription levels of the WNT gene family in LUAD and LUSC. (A) The mRNA transcription levels of WNT gene family in lung cancer
(ONCOMINE). Red for overexpression, blue for downregulated expression. (B) Differential expression of WNT gene family in different tumor
tissues and normal tissues (TIMER). Statistical significance of differential expression was assessed using the Wilcoxon test (p value significant
codes: 0 ≤ *** < 0.001 ≤ ** < 0.01 ≤ * < 0.05 ≤. < 0.1). (C) The expression matrix plots for WNT gene family in LUAD and LUSC. Indicates the
relative expression level among WNT genes.
TABLE 1 WNT gene family members and chromosome location.

HGNC ID (gene) Approved symbol Approved name Previous symbols Aliases Chromosome

HGNC:12774 WNT1 WNT family member 1 INT1 12q13.12

HGNC:12780 WNT2 WNT family member 2 INT1L1 IRP 7q31.2

HGNC:12781 WNT2B WNT family member 2B WNT13 XWNT2 1p13.2

HGNC:12782 WNT3 WNT family member 3 INT4 MGC131950,MGC138321,MGC138323 17q21.31-q21.32

HGNC:15983 WNT3A WNT family member 3A 1q42.13

HGNC:12783 WNT4 WNT family member 4 WNT-4 1p36.12

HGNC:12784 WNT5A WNT family member 5A hWNT5A 3p14.3

HGNC:16265 WNT5B WNT family member 5B 12p13.33

HGNC:12785 WNT6 WNT family member 6 2q35

HGNC:12786 WNT7A WNT family member 7A WNT-7A 3p25.1

HGNC:12787 WNT7B WNT family member 7B 22q13.31

HGNC:12788 WNT8A WNT family member 8A WNT8D 5q31.2

HGNC:12789 WNT8B WNT family member 8B 10q24.31

HGNC:12778 WNT9A WNT family member 9A WNT14 1q42.13

HGNC:12779 WNT9B WNT family member 9B WNT15 WNT14B 17q21.32

HGNC:13829 WNT10A WNT family member 10A 2q35

HGNC:12775 WNT10B WNT family member 10B WNT-12,SHFM6 12q13.12

HGNC:12776 WNT11 WNT family member 11 11q13.5

HGNC:16267 WNT16 WNT family member 16 7q31.31
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normal tissues, while those of WNT3/5A/7B expressions were

significantly higher, with altered expression levels of WNT5A

and WNT7A in LUSC and the others are in LUAD.

Additionally, we used TIMER to assess differences in

expression levels of the WNT gene family in various cancers

and normal tissues. As shown in Figure 1B, in LUAD, WNT3/

5B/6/7B/8B/10A/10B/16 expressions significantly increased,

WNT2/2B/3A/4/7A/9A/9B/11 expressions significantly

decreased, and the results of WNT1 and WNT5A presented

no statistical significance. In LUSC, the expressions of WNT2B/

3/5A/5B/6/7B/10A/10B/16 were significantly promoted, while

the expressions of WNT1/2/3A/7A/9A/9B/11 were significantly

inhibited; the results of WNT4 and WNT8B were not

statistically significant in LUSC, and WNT8A expression

showed no statistical significance in LUAD and LUSC.

Figure 1C showed the relative expression levels of WNT genes

in LUAD and LUSC. Among the 19 WNT genes, WNT7B

presented the highest relative expression level in LUAD, while

the relative expression level of WNT5A/5B/7B was higher in

LUSC than in LUAD, cons i s tent wi th the above

expression results.

Moreover, UALCAN was used to explore the expression

differences of the WNT gene family in normal tissues and in

LUAD and LUSC, with the results shown in Figure 2A. In

LUAD, the expression of WNT2/2B/3A/4/7A/9A/9B/11 was

lower than that in normal tissues, while the expressions of

WNT1/3/5B/6/7B/8B/10A/10B/16 were higher than that in

normal tissues, presenting statistical significance; WNT5A and

WNT8A results were not statistically significant; WNT2/3A/7A/

11 were less expressed in LUSC than in normal tissues, while

WNT2B/3/4/5A/5B/6/7B/8B/10A/10B/16 showed the opposite

circumstance with statistical significance; WNT1/8A/9A/9B

expressions were not statistically significant in LUSC. In

summary, according to the comparison between databases,

LUAD represented lessened WNT2/2B/3A/4/7A/9A/9B/11
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expressions and enhanced WNT3/5B/6/7B/8B/10A/10B/16

expressions compared with normal tissues; in contrast, LUSC

presented prohibited WNT2/3A/7A/11 expressions and

promoted WNT2B/3/5A/5B/6/7B/10A/10B/16 expressions.

In addition, UALCAN was employed to explore the

methylation levels of WNTs in LUAD and LUSC, with the

results depicted in Figure 2B. In both LUAD and LUSC, the

methylation levels of WNT1/2/2B/3/3A/6/7A/9B/10A/10B/16

were significantly improved, while those of WNT8B and

WNT11 were significantly diminished. For WNT8A and

WNT9A, their methylation levels were significantly boosted

in LUAD but declined in LUSC. The methylation level of

WNT5B significantly dropped in LUSC but not in LUAD,

and that of WNT7B significantly went up in LUSC but not

in LUAD.
Prognostic value of WNTs in patients
with LUAD and LUSC

This section first analyzed the correlation between the WNT

gene and different pathological stages of LUAD and LUSC. As

shown in Figure 3A, WNT2, WNT2B, and WNT11 were

significantly correlated with pathological stages of LUAD

patients, while WNTs presented no statistical significance in

the correlation with LUSC (Figure 3B), indicating that the

mRNA expression of WNT2, WNT2B, and WNT11 was

significantly correlated with individual cancer stages of

LUAD patients.

Next, data were extracted from The Cancer Genome Atlas

(TCGA) dataset (https://portal.gdc.com). Raw counts and

corresponding clinical information of RNA sequencing data

were obtained from 516 LUAD patients and 501 LUSC patients

for survival analysis. The clinical information of corresponding
TABLE 2 The significant changes of WNTs mRNA expression in transcription level between different types of Lung cancer.

Gene Types of lung cancer vs. normal Fold change p value t-Test References

WNT2 Lung Adenocarcinoma vs. Normal -2.089 3.63E-5 -4.473 Su Lung Statistics (30)

Large Cell Lung Carcinoma vs. Normal -3.134 1.53E-8 -8.323 Hou Lung Statistics (31)

WNT2B Lung Adenocarcinoma vs. Normal -2.063 1.77E-9 -8.935 Okayama Lung Statistics (32)

WNT3 Lung Adenocarcinoma vs. Normal 2.581 5.94E-10 9.100 Okayama Lung Statistics (32)

WNT3A Lung Adenocarcinoma vs. Normal -3.974 4.29E-30 -17.652 Selamat Lung Statistics (33)

WNT5A Squamous Cell Lung Carcinoma vs. Normal 14.130 2.16E-7 6.311 Bhattacharjee Lung Statistics (34)

Squamous Cell Lung Carcinoma vs. Normal 3.729 4.20E-6 6.292 Garber Lung Statistics (35)

Squamous Cell Lung Carcinoma vs. Normal 3.897 4.95E-12 9.815 Hou Lung Statistics (31)

WNT7A Small Cell Lung Carcinoma vs. Normal -4.772 6.12E-5 -4.754 Bhattacharjee Lung Statistics (34)

WNT7B Lung Adenocarcinoma vs. Normal 3.579 4.25E-14 10.960 Okayama Lung Statistics (32)

WNT11 Lung Adenocarcinoma vs. Normal -2.512 4.12E-5 -4.540 Bhattacharjee Lung Statistics (34)

Lung Adenocarcinoma vs. Normal -3.138 1.31E-9 -7.752 Okayama Lung Statistics (32)
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B

FIGURE 2

Compared with normal tissues, the WNT gene family’s mRNA expression and methylation levels in LUAD and LUSC (UALCAN). (A) The mRNA
transcription levels of the WNT gene family in LUAD and LUSC. (B) The methylation level of the WNT gene family in LUAD and LUSC. p < 0.05
was considered statistically significant.
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patients is shown in Supplementary Table S2. Figures 4A, B

showed the overall survival (OS) curves in LUAD and LUSC. In

LUAD patients, higher WNT2B expression and lower WNT7A

expression were associated with a better prognosis. Similarly,

higher expression of WNT2B and WNT8B and lower

expression of WNT7A predicted better prognostic outcomes

in LUSC patients. In addition, WNT8A expression was zero in
Frontiers in Oncology
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more than half of the samples of LUAD and LUSC, which was

thus not presented in this section. Then, the survival outcomes

of WNTs in NSCLC were validated by the Kaplan-Meier

plotter (Supplementary Figure 1), and higher WNT2B

expression and lower WNT7A expression were associated

with better prognostic outcomes in LUAD and LUSC,

compatible with our results in TCGA. However, the results
A

B

FIGURE 3

The mRNA expression of WNT gene family in different pathological stages of LUAD and LUSC (GEPIA). (A) Correlation between WNT gene family
and pathological stage in patients with LUAD. (B) Correlation between WNT gene family and pathological stage in patients with LUSC.
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of WNT8B in LUSC were not significant, and thus WNT2B

and WNT7A in LUAD and LUSC were selected for

further analysis.

For the prognosis-related genes obtained from the survival

analysis, a prognostic model was constructed (Figures 5A-H) to

explore their clinical impact on the disease process of patients.

For the univariate (Figure 5A) and multivariate (Figure 5B)

analysis of LUAD, WNT7A and pTNM stage were significantly

different variables; in contrast, WNT7A was not statistically

significant for the prediction of the LUAD process (Figure 5C).

The univariate (Figure 5E) and multivariate (Figure 5F)

analyses of LUSC indicated that WNT7A, WNT2B, and

pTNM stage were significantly different variables. Figure 5G
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illustrated that WNT7A and WNT2B were statistically

significant in predicting the LUSC process. Taken together,

our results showed that WNT2B and WNT7A might have

prognostic value in LUAD, and both of them might be

independent prognostic factors for LUSC patients.
Genetic alterations and association
analysis of the WNT gene family in LUAD
and LUSC patients

Through the cBioPortal online tool, we obtained the LUAD

(TCGA, Firehose Legacy, http://gdac.broadinstitute.org/runs/
A

B

FIGURE 4

The overall survival (OS) curves of WNTs in LUAD and LUSC. (A) Kaplan-Meier survival analysis of WNTs in LUAD. (B) Kaplan-Meier survival
analysis of WNTs in LUSC.
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stddata__2016_01_28/data/LUAD/20160128/) and the LUSC

(TCGA, Firehose Legacy, http://gdac.broadinstitute.org/runs/

stddata__2016_01_28/data/LUSC/20160128/) datasets from

TCGA to analyze the genetic alterations and associations of

WNT genes in NSCLC patients. As shown in Figures 6A, B, the

WNT gene family represented different degrees of mutations in

LUAD and LUSC. The mutation rate of WNT9A was the highest

(11%) in LUAD (Figure 6A), while that of WNT5B was the

highest (10%) in LUSC (Figure 6B). mRNA High and mRNA
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Low were the most common genetic changes in LUAD

and LUSC.

In addition, Pearson’s correlation coefficients of relevant

genes were obtained by the analysis of mRNA expression

(RNA Seq V2 RSEM) samples (Figures 6C, D) and visualized

by R software. A moderate correlation was observed between

WNT1 and WNT10B (p value = 2.07e-40) in LUAD

(Figure 6C), as well as between WNT4 and WNT10A

(p value = 8.53e-25), WNT5A and WNT11 (p value = 5.96e-
A B

D

E F

G H

C

FIGURE 5

Univariate and multivariate Cox regression analysis of WNT gene expression and clinical characteristics and the nomogram predicting 1-y, 3-y,
and 5-y survival in patients with LUAD and LUSC. (A, B, E, F) Hazard ratio and p value of constituents involved in univariate and multivariate Cox
regression in LUAD (A, B) and LUSC (E, F). (C, G) Nomogram to predict the 1-y, 3-y and 5-y overall survival of LUAD (C) and LUSC (G) patients.
(D, H) Calibration curve for the overall survival nomogram model in the discovery group. The dashed diagonal line represents the ideal
nomogram, and the red, orange and blue represent the 1-y, 3-y and 5-y observed nomograms. (D) for LUAD. (H) for LUSC.
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26), WNT6 and WNT10A (p value = 1.99e-32), and WNT10A

andWNT10B (p value = 3.81e-29) in LUSC (Figure 6D). A total

of 19 members of the WNT gene family were analyzed by the

Correlation Analysis module of GEPIA, and similar correlation

expression results were obtained, as shown in Figure 6E. In
Frontiers in Oncology
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LUAD, WNT1 was moderately correlated with WNT10B (R =

0.58, p value = 0). However, In LUSC, moderate correlation was

observed between WNT4 and WNT10A (R = 0.45, p value = 0),

WNT5A and WNT11 (R = 0.44, p value = 0), and WNT6 and

WNT10A (R = 0.56, p value = 0); moreover, a strong correlation
A
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FIGURE 6

Genetic alterations and association analysis of the WNT gene family in NSCLC patients. (A) Genetic alterations of the WNT Gene Family in LUAD
(cBioPortal). (B) Genetic alterations of the WNT Gene Family in LUSC (cBioPortal). (C, D) Correlation analysis heatmap between different WNT
genes in LUAD (C) and LUSC (D). (E) Correlation analysis between different WNT genes (GEPIA).
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was observed between WNT10A and WNT10B (R = 0.62, p

value = 0).
Functional enrichment and pathway
analysis of the WNT gene family

To further predict the functional role of the WNT gene

family, we performed GO enrichment and KEGG pathway

analysis of WNT gene family members with differential

expression. Figure 7A showed that, in Biological Process,

WNT genes were mainly enriched in canonical WNT

signaling pathway, cellular response to retinoic acid, pattern

specification process, regulation of animal organ morphogenesis,

regionalization, immune system development, developmental

induction, cell fate commitment, positive regulation of myeloid

leukocyte cytokine production involved in immune response,

etc. In the part of Molecular Function (Figure 7B), WNTs were

mainly enriched in signaling receptor binding, molecular

function regulator, receptor regulator activity, receptor ligand

activity, G protein-coupled receptor binding, Fzd binding,

protein domain specific binding, cytokine activity, regulatory
Frontiers in Oncology
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region nucleic acid binding, co-receptor binding, etc.

Additionally, WNT genes in Cellular Component (Figure 7C)

were mainly enriched in extracellular region, Golgi apparatus

part, vesicle membrane, cytoplasmic vesicle membrane,

endoplasmic reticulum lumen, endocytic vesicle, endocytic

vesicle membrane, Golgi lumen, collagen-containing

extracellular matrix, WNT signalosome, etc. Subsequently,

KEGG pathway enrichment analysis (Figure 7D) identified

that WNT genes were mainly enriched in Signaling pathways

regulating pluripotency of stem cells, mTOR signaling pathway,

Hippo signaling pathway, WNT signaling pathway, Basal cell

carcinoma, Breast cancer, Gastric cancer, Cushing syndrome,

Hepatocellular carcinoma, melanogenesis, etc.

The PPI network analysis graph was constructed by STRING

(Figure 7E) and Cytoscape (Figure 7F). STRING contained 19

nodes and 171 edges, PPI enrichment p value < 1.0e-16. As can

be seen in Figure 7F, members of the WNT gene family had a

close relationship with the Fzd receptor family, lipoprotein

receptor-related protein (LRP) family, secreted Fzd-related

proteins (SFRPs), and WNT inhibitory protein (WIF) family.

Taken together, the functional enrichment and pathway analysis

results for WNTs were as we know. The biological functions of
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FIGURE 7

(A–D) GO and KEGG enrichment analysis of WNT gene family. (E, F) Protein-protein interaction network of WNT gene family. (E) for STRING. (F)
for Cytoscape.
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the WNT gene family were mainly related to the canonical and

non-canonical WNT signaling pathways, G-protein-coupled

receptor binding, immune system development, and partial

regulation of immune response.
Transcription factor analysis of the WNT
gene family in LUAD and LUSC patients

Compared with that of normal tissues, the transcriptional

expression of WNTs was significantly altered in both LUAD and

LUSC patients. Since transcription factors were involved in the

human transcription initiation, we used the TRRUST database

to explore the key transcription factors of WNT genes in

humans. Among 19 WNT genes, WNT2, WNT2B, WNT3,

WNT3A, WNT4, WNT5A, WNT7B, and WNT11 were

included in the TRRUST database. We found that PITX2 was

a key transcription factor associated with WNT gene

regulation (Table 3).
Analysis of WNT gene family immune
infiltration in LUAD and LUSC

Through the TIMER database, we explored the correlation

between the WNT gene and immune cell infiltration (Figure 8).

In LUAD, WNT2, WNT9B, and WNT10A represented a

significantly positive correlation with six immune cells,

including B cell, CD4+ T cell, CD8+ T cell, dendritic cell,

macrophage, and neutrophil; WNT3 and WNT8B were

positively correlated with tumor purity, while WNT1/2/2B/6/

7A/7B/9A/9B/10A/10B/16 were negatively correlated with

tumor purity. In LUSC, WNT1, WNT2, WNT7B, and

WNT9B were significantly correlated with six immune cells,

among which WNT1, WNT2, and WNT9B were positively

correlated, and WNT7B was negatively correlated. However,

the effect of WNTs on tumor purity in LUSC was slightly poorer

than that in LUAD, and WNT3/5A/8B/11 were positively

correlated with tumor purity, while WNT1/2/4/6/7A/98/10A

were negatively correlated with tumor purity. For WNT2B and

WNT7A, which might have prognostic value in LUAD and

LUSC, as can be seen, in LUAD, WNT2B was positively

correlated with all immune infiltration cells except CD8+ T

cell; WNT7A was positively correlated with CD4+ T cell,

macrophage, neutrophil and dendritic cell. In LUSC, WNT2B

was negatively correlated with CD8+ T cell, neutrophil and

dendritic cell; WNT7A was significantly correlated with B cell,
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CD4+ T cell and macrophage, among which CD4+ T cell and

macrophage were positively correlated, and B cell was negatively

correlated. Subsequently, we validated the association of

WNT2B and WNT7A with immune cell infiltration by the

TISIDB database. Figures 9A, C represented the relationship

between WNT2B and WNT7A and tumor-infiltrating

lymphocytes (TILs) in different cancer types. Figure 9B

showed that, in LUAD and LUSC, except for CD4+ T cell and

neutrophil, the correlation between WNT2B and other TILs

infiltration levels was the same as the results obtained in TIMER.

Similarly, Figure 9D represented that except for CD4+ T cell

and B cell, the correlation between WNT7A and other TILs

infiltration levels was the same as the results obtained in TIMER.

Additionally, based on the dataset containing mRNA sequence

data from TCGA, we constructed a heatmap of the correlation

between WNTs and immune scores (Supplementary Figure 2),

as well as a lollipop chart (Supplementary Figure 3)

implemented by the ssGSEA algorithm to show the correlation

between WNT2B and WNT7A and the level of immune cell

infiltration, and these results are generally compatible with ours.

Next, using a Cox proportional hazards model in TIMER, we

explored the clinical relevance of WNTs with LUAD and LUSC

tumor immunity, with the results shown in Tables 4 and 5. As

can be seen, B cell (p < 0.001), WNT2B (p < 0.05), WNT3A

(p < 0.05), WNT6 (p < 0.05) and WNT7A (p < 0.05) were

significantly associated with clinical outcomes in LUAD

(Table 4) but not in LUSC (Table 5).

Moreover, for the 19 genes of WNTs, we compared the

tumor infiltration level with different degrees of somatic copy

number alterations (SCNA) in LUAD and LUSC patients, with

the results illustrated in Figure 10. We found that all significant

copy number change types appeared in arm-level deletion, arm-

level gain, deep deletion, and high amplification. In LUAD,

WNT7B and WNT8A were significantly correlated with deep

deletion and arm-level deletion of six immune cells, respectively,

and WNT3A and WNT9A were significantly correlated with

high amplification of six immune cells. In LUSC, WNT4,

WNT5A, WNT7A, and WNT8B were significantly correlated

with arm-level deletion of six immune cells; WNT3 andWNT9B

were significantly correlated with the arm-level gain of six

immune cells; WNT7B was significantly correlated with high

amplification of six immune cells. For WNT2B and WNT7A,

WNT2B is significantly correlated with arm-level deletion of

CD8+ T Cell, CD4+ T cell, macrophage, neutrophil and

dendritic cell in LUAD; in LUSC, WNT2B showed a

significant correlation with CNA levels in all immune cells

except for CD8+ T cells. Similarly, WNT7A showed a
TABLE 3 The key regulated factor of WNT genes in human.

Key TF Description List of overlapped genes p value Q value

PITX2 paired-like homeodomain 2 WNT2, WNT5A (36) 5.25E-05 5.25E-05
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FIGURE 8

Correlation of WNT genes with immune cell infiltration in LUAD and LUSC (TIMER). (A) WNT1. (B) WNT2. (C) WNT2B. (D) WNT3. (E) WNT3A. (F)
WNT4. (G) WNT5A. (H) WNT5B. (I) WNT6. (J) WNT7A. (K) WNT7B. (L) WNT8A. (M) WNT8B. (N) WNT9A. (O) WNT9B. (P) WNT10A. (Q) WNT10B.
(R) WNT11. (S) WNT16.
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FIGURE 9

The association of WNT2B and WNT7A with immune cell infiltration (TISIDB). (A, C) The landscape of relationship between WNT2B (A) and
WNT7A (C) expression and TILs in different types of cancer (red is positive correlated and blue is negative correlated). (B) Relationship between
WNT2B and immune infiltration levels of B cell, CD4+ T cell, macrophage, neutrophil, dendritic cell in LUAD, and CD8+ T cell, neutrophil,
dendritic cell in LUSC. (D) Relationship between WNT7A and immune infiltration levels of CD4+ T cells, macrophage, neutrophil, dendritic cell in
LUAD, and B cell, CD4+ T cell, macrophage in LUSC.
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significant correlation with CNA levels of all immune cells in

LUAD except for CD8+ T Cell; and WNT7A showed a

significant correlation with CNA levels of all immune cells

in LUSC.
Validation of the mRNA and protein
expression levels of WNT2B and WNT7A
in LUAD and LUSC

To validate the mRNA expression levels of WNT2B and

WNT7A in adjacent normal tissues, LUAD tissues, and LUSC

tissues, qRT-PCR was performed (Figure 11). The results

indicated that the expressions of WNT2B and WNT7A were

downregulated in tissue samples from 10 LUAD cases.

Moreover, WNT2B expression was upregulated, while

WNT7A expression was downregulated in tissue samples from

10 LUSC cases (Figure 11A). In addition, compared with

normal lung epithelial cell line (BEAS-2B), WNT2B and

WNT7A were significantly underexpressed in the LUAD cell

line (PC9), WNT2B was significantly highly expressed in the

LUSC cell line (NCI-H520), and WNT7A was significantly
Frontiers in Oncology
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underexpressed in LUSC cell line (NCI-H520) (Figure 11B).

These results were consistent with the results of bioinformatics

analysis. Next, the protein expression levels of WNT2B and

WNT7A were validated by western blot (Figures 11C–F) and

immunohistochemical staining (Figures 11G–J), which were

consistent with the mRNA expression levels.
Discussion

At the beginning of this study, we obtain the complete

mRNA expression of WNT in LUAD and LUSC through three

databases. In LUAD patients, WNT2/2B/3A/4/7A/9A/9B/11

expressions decrease, and WNT3/5B/6/7B/8B/10A/10B/16

expressions increase. In contrast, in LUSC patients, WNT2/

3A/7A/11 expressions are decreased, and WNT2B/3/5A/5B/6/

7B/10A/10B/16 expressions are increased. As in our findings,

WNT2 is overexpressed in NSCLC (37). A higher expression of

WNT2 was associated with a worse survival prognosis in some

studies (38). In addition, anti-WNT2 antibodies could induce

specific apoptosis in NSCLC by inhibiting WNT signaling (37),

making anti-WNT2 monoclonal antibodies one of the strategies
TABLE 4 The Cox proportional hazard model of WNT genes with tumor-infiltrating immune cells in LUAD patients.

Coef HR 95%CI_l 95%CI_u p value Sig

B_cell -5.084 0.006 0.000 0.099 <0.001 ***

CD8_Tcell 0.564 1.758 0.297 10.414 0.534

CD4_Tcell 2.396 10.976 0.599 201.099 0.106

Macrophage -0.007 0.993 0.066 15.018 0.996

Neutrophil -1.150 0.317 0.006 16.594 0.569

Dendritic -0.420 0.657 0.158 2.731 0.563

WNT1 0.470 1.600 0.903 2.837 0.108

WNT2 0.119 1.127 0.940 1.351 0.197

WNT2B -0.529 0.589 0.355 0.978 0.041 *

WNT3 -0.080 0.923 0.740 1.151 0.477

WNT3A -0.389 0.678 0.483 0.950 0.024 *

WNT4 -0.031 0.970 0.831 1.131 0.694

WNT5A -0.050 0.951 0.802 1.129 0.568

WNT5B -0.021 0.979 0.851 1.127 0.771

WNT6 0.441 1.555 1.033 2.342 0.035 *

WNT7A 0.133 1.142 1.002 1.301 0.047 *

WNT7B 0.097 1.102 0.953 1.274 0.192

WNT8A -11.301 0.000 0.000 48.751 0.145

WNT8B -0.561 0.570 1.442 0.236

WNT9A 0.060 1.062 0.847 1.332 0.601

WNT9B -0.251 0.778 0.252 2.407 0.663

WNT10A 0.038 1.038 0.890 1.212 0.633

WNT10B 0.140 1.150 0.762 1.735 0.506

WNT11 0.030 1.030 0.859 1.236 0.749

WNT16 -0.126 0.882 0.679 1.146 0.347
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TABLE 5 The Cox proportional hazard model of WNT genes with tumor-infiltrating immune cells in LUSC patients.

Coef HR 95%CI_l 95%CI_u p value Sig

B_cell 1.297 3.657 0.305 43.804 0.306

CD8_Tcell -1.087 0.337 0.055 2.086 0.242

CD4_Tcell 0.575 1.777 0.124 25.500 0.672

Macrophage 0.321 1.378 0.120 15.796 0.796

Neutrophil 1.162 3.196 0.117 87.541 0.492

Dendritic 0.244 1.277 0.304 5.360 0.739

WNT1 0.336 1.399 0.956 2.047 0.084 ·

WNT2 -0.003 0.997 0.851 1.166 0.966

WNT2B -0.130 0.878 0.764 1.010 0.068 ·

WNT3 0.057 1.059 0.848 1.323 0.614

WNT3A 0.012 1.012 0.877 1.168 0.871

WNT4 -0.073 0.930 0.800 1.081 0.344

WNT5A 0.009 1.009 0.896 1.136 0.878

WNT5B -0.103 0.902 0.801 1.016 0.088 ·

WNT6 -0.049 0.952 0.776 1.169 0.639

WNT7A 0.103 1.108 0.977 1.257 0.111

WNT7B -0.029 0.971 0.842 1.119 0.685

WNT8A 3.795 44.478 0.026 76678.348 0.318

WNT8B -0.229 0.796 0.309 2.051 0.636

WNT9A 0.022 1.022 0.879 1.189 0.772

WNT9B -1.721 0.179 0.032 0.997 0.050 ·

WNT10A 0.092 1.096 0.969 1.240 0.146

WNT10B -0.015 0.985 0.834 1.163 0.855

WNT11 0.018 1.018 0.920 1.127 0.728

WNT16 0.010 1.010 0.848 1.202 0.913
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FIGURE 10

Comparison of tumor infiltration levels among tumors with different SCNA for WNTs in LUAD and LUSC samples (p value significant codes: 0 ≤

*** < 0.001 ≤ ** < 0.01 ≤ * < 0.05 ≤. < 0.1). (A) WNT1. (B) WNT2. (C) WNT2B. (D) WNT3. (E) WNT3A. (F) WNT4. (G) WNT5A. (H) WNT5B. (I)
WNT6. (J) WNT7A. (K) WNT7B. (L) WNT8A. (M) WNT8B. (N) WNT9A. (O) WNT9B. (P) WNT10A. (Q) WNT10B. (R) WNT11. (S) WNT16.
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FIGURE 11

Validation of mRNA and protein expression levels of WNT2B and WNT7A in NSCLC. (A) Comparison of mRNA expression levels of WNTs in 20
paired NSCLC tissues and adjacent normal tissue samples by qRT-PCR. (B) Comparison of mRNA expression levels of WNTs in LUAD cell line
(PC9) and LUSC cell line (NCI-H520) with human normal lung epithelial cell line (BEAS-2B). (C-F) The western blot analyses. (G–J) The
immunohistochemical staining in 20 NSCLC tissues and adjacent normal tissues.
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for treating lung cancer. Robert A Winn et al. carried out cell

experiments and found that the mRNA expression level of

WNT7A was significantly reduced in NSCLC cells and

pr imary tumors (39) , cons i s tent wi th our down-

regulation found.

In addition, according to the methylation analysis of the

UALCAN database, in LUAD, the methylation levels of WNT1/

2/2B/3/3A/6/7A/8A/9A/9B/10A/10B/16 are significantly

enhanced, while those of WNT8B and WNT11 are

significantly reduced; in LUSC, the methylation levels of

WNT1/2/2B/3/3A/4/6/7A/7B/9B/10A/10B/16 are significantly

promoted, while those of WNT5B/8A/8B/9A/11 are

significantly inhibited. Methylation of WNTs has been

demonstrated to show a partial correlation with tumor

development (40). Tae-Hyung Kim et al. investigated a

correlation between WNT7A promoter methylation and loss

of E-cadherin expression by detecting WNT7A promoter

methylation in NSCLC patients (40). E-cadherin loss was

closely related to the poor prognosis and survival of many

cancers (41), suggesting that promoter methylation-induced

WNT7A loss might be an important prognostic factor in

NSCLC. The 3p25 is the chromosome location of the WNT7A

(Table 1). Cytogenetic analysis reveals that 3p25 is a common

genetic deletion site in lung cancer, and similar regions also

include 3p21.3 and 3p14-cen (42). The elevated methylation

levels of WNT7A may be associated with its loss of

expression (43).

In the next prognostic value and survival analysis, we first

explore the WNT expression at different pathological stages of

LUAD and LUSC patients. With the LUAD development, the

WNT2 expression decreases as a whole, reaching the lowest

level when the tumor progresses to stage IV; the expression of

WNT2B presents no obvious change but tends to decrease with

the disease progression, of which a few patients show a sudden

rise in the expression in stage IV; WNT11 showed an increase

in the expression with the tumor development. The results

indicate that WNT2/2B/11 may be able to predict the tumor

progression of LUAD patients. Next, we obtain the prognostic

outcomes shown by the WNT gene with different degrees of

expression in NSCLC patients by KM survival curves, and the

survival results are also validated by another open database. In

our study, highly expressed WNT2B and lowly expressed

WNT7A predict better prognosis in LUAD and LUSC

patients. After regression analysis and screening, the

prediction results of WNT7A during the LUAD are not

significant enough, according to the significant differential

results obtained by univariate and multivariate Cox analyses

of RNA-seq data from LUAD samples in TCGA. Despite this,

we believe that WNT2B and WNT7A may act the important

prognostic values in LUAD and LUSC, based on the significant

differences shown in KM curves. The nomogram provides

some guidance for WNT7A and WNT2B in predicting

disease progression and survival in LUSC patients clinically.
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WNT7A bound to Fzd9 and promoted epithelial

differentiation of NSCLC cells by activating the cJun N-

terminal kinases (JNKs) pathway (44). Moreover, the low

expression of WNT7A in NSCLC might play a role in lung

cancer progression through its effect on E-cadherin transcription

(45). WNT7A could also induce hypertrophy of muscle fibers by

driving activation of the AKT/mTOR signaling pathway (46). In

addition, WNT7A acted as an upstream signaling molecule of

the WNT canonical pathway (47). Its overexpression could

transcriptionally activate WNT target genes through the

WNT/b-catenin signaling pathway, thus leading to cancer

development, or it could bind to some WNT receptors to

promote the malignant phenotype of cancer (48), partially

corroborating our findings. Some studies have suggested that

the up-regulated expression of WNT2B promoted the malignant

behavior of NSCLC (49, 50). After methodological comparison,

we believe that the reason for the difference in the above results

with our study may be relevant to the different cell types of

NSCLC. That is, the previous studies focus on all NSCLC

patients; in contrast, in this study, the prognostic analysis for

WNT2B is based on the clinical samples of LUAD and LUSC

patients. In addition, in our results, the transcriptional

expression of WNT2B is divergent in LUAD and LUSC

patients, implying the different roles of WNT2B in tumor

progression in LUAD and LUSC. More research is required to

explore the lung cancer field where WNT2B is located, which

may be a breakthrough point in subsequent studies. WNT8B is

one of the typical WNT ligands, transcriptionally regulated by

zinc finger transcription factor 191 (ZNF 191) and playing an

important role in hepatocellular carcinoma (HCC) proliferation

through the canonical WNT pathway (serving as a new

prognostic marker for HCC) (51). Few related studies were

found on WNT8B in lung cancer, which may provide some

directions for future research. It is worth mentioning that in the

existing studies, WNT7A and WNT2B played different roles in

the prognosis of different cancer types, which may be attributed

to their various mechanisms of action in diverse cancer cell lines

and the activated signaling pathways. More critically, our study

is the first to use clinical samples to link the WNT expression

with different cell types in LUAD and LUSC, providing more

insights and evidence for the subsequent research of the WNT

gene family in the prognosis of LUAD and LUSC patients. We

look forward to more subsequent extensive studies of WNTs in

different cell types of NSCLC.

Immediately afterward, we explore the WNT gene mutation in

LUAD and LUSC by cBioPortal. All WNT genes are detected to

show different degrees of mutation, of which mRNA High and

mRNA Low are the most common genetic changes in LUAD and

LUSC. The mutations presented by WNTs showed significant

phenotypes in mice, Caenorhabditis elegans, and Drosophila (10).

Heparin-sulfated forms of proteoglycans (HSPG) were involved in

the WNT transport and played a role in stabilizing WNT proteins

or assisting their transmission between cells. In Drosophila, loss of
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HSPG or mutations in genes encoding enzymes that modify them

could lead to the generation of phenotypes similar to wingless

mutants (9). Since it is associated with the biological role of stem

cells (9), WNT pathway mutations are very common in cancer,

especially in tissues relying on WNT for self-repair (11). However,

mutations in WNT pathway components frequently appeared in

colorectal cancer (19, 52). Although some studies have shown that

mutations in b-catenin and its pathway components caused

downstream activation of WNT signaling in LUAD (53), this

mutation was still rare in lung cancer (13, 54). Analysis of RNA-

seq and miRNA-seq data from several NSCLC patients suggested

that alterations in WNT9A might impact cancer progression by

affecting the interference between lncRNAs, miRNAs, and mRNAs

(55). WNT5B signaled through the non-canonical WNT signaling

pathway, which was usually used as an antagonist of the canonical

WNT signaling pathway and played a role in the proliferation,

differentiation, and migration of cells (56). Pairwise WNT genes

presenting tight links in correlation analysis might play a synergistic

or similar role in cancer progression. And both WNT5A and

WNT11 act through the non-canonical WNT/calcium signaling

pathway. It was found that when themRNAofWNT5A orWNT11

was injected into one-cell zebrafish embryos, both of the mRNA of

WNT5A or WNT11 could double the frequency of calcium

transients in the enveloping layer of the blastodisc (57). Similar to

WNT11 (58, 59), WNT5A has also been shown to help to inhibit

cell migration and invasiveness in cancer cell lines (60).

According to the functional enrichment and pathway analysis

results, we can see that WNT genes are highly enriched in WNT

signaling pathways, immune system development and Fzd receptor/

G protein-coupled receptor binding, etc. These functions are highly

correlated with the action mode of the WNT gene family in the

body. For example, overexpression of WNT4, WNT5A, and

WNT11 has been found to play a role in early embryo

development through the non-canonical WNT signaling pathway

(57, 61). As an important regulator of cell growth and

differentiation, WNT5A has also been demonstrated to participate

in the tumor growth inhibition through the non-canonical WNT/

calcium signaling pathway (62). WNT11 acted as a non-canonical

WNT pathway ligand and similarly activated the WNT/calcium

signaling pathway (63). WNT signaling might also serve as an

essential regulator of stem cell proliferation or self-renewal selection

in the body. For example, WNT3A promoted the self-renewal of

hematopoietic stem cells in vitro (9). It turned out that there was

overexpression of some WNT pathway components and active

WNT signaling in most NSCLC (13). Mark Shapiro et al.

performed immunoblot analysis on tumor and normal lung

tissues from several patients with stage I NSCLC after resection,

confirming that activation of the WNT pathway was significantly

associated with high tumor recurrence rates (64).

It is well-known that transcription factors play an important

role in the transcription process in humans. Therefore, we query

key WNT-associated transcription factors in humans. Paired-

like homeodomain transcription factor 2 (PITX2) is one of the
Frontiers in Oncology
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bicoid/paired-like homeobox gene family, which is located at

position 4q25 of the chromosome and is a transcription factor

involved in the anterior structure development (65). PITX2

could promote cancer progression by activating the WNT gene

and regulating the WNT/b-catenin pathway (36). In addition,

PITX2 was also found to be a target gene of LEF1 (66). During

WNT/b-catenin pathway regulation, PITX2 could activate

specific growth regulatory genes, such as cyclin D1, cyclin D2

and c-Myc Kioussi (67). Jing Luo et al. investigated the

involvement of PITX2 in the WNT/b-catenin pathway in

LUAD, showing that PITX2 was a potential up-regulated

oncogene in LUAD, and PITX2 was overexpressed in LUAD

and relevant to poor prognosis. They also found that PITX2

could activate the WNT/b-catenin pathway by enhancing

WNT3A transcription, thereby exerting an oncogenic effect (68).

After this, we explore the association between the WNT gene

family and six immune cells, including B cell, CD4+ TCell, CD8+ T

Cell, dendritic cell, macrophage, and neutrophil. The prognosis-

related genesWNT2B andWNT7A are significantly correlated with

immune cell infiltration and the infiltration level of different SCNAs

in both LUAD and LUSC. WNT signaling has been demonstrated

to regulate immune cell function, significantly inhibit the

maturation and differentiation of T cells and dendritic cells (69),

and alter the differentiation of CD4+ cells and CD8+ effector T cells

(70, 71). WNT signaling plays an important role in the tumor

immune microenvironment, and WNT signaling can promote

naive T cell maturation and control the proliferation and survival

of progenitor B-cells and B-1 cells (72, 73). Moreover, WNT

signaling can also increase the level of b-catenin in malignant

cells, which leads to the subsistence of Regulatory T cells (Tregs),

differentiation of CD4 + T cells into Th17 subtypes and secretion of

IL10 and IL12 in dendritic cells (74). In addition, the canonical

WNT signaling pathway was identified as one of the important

immune evasion-related oncogenic pathway signals (75). Therefore,

relevant WNT signaling pathways have been increasingly

recognized as a potential target for cancer therapy. NFAT is a

transcription factor regulated by the calcium/calmodulin-

dependent protein phosphatase calcineurin and a downstream

factor of WNT5A, localizing in the cytoplasm of resting T cells

(76, 77). NFAT could enhance the expression of IL-2, an important

mediator of graft-versus-host disease, under the stimulation of T

cells, while cyclosporine A (CsA) acted as an immunosuppressive

agent by reducing the nuclear accumulation of NFAT and then IL-2

expression (78). However, in the presence of CsA, T cell treatment

with WNT5A resulted in nuclear accumulation of NFAT, enabling

WNT5A to lead to CsA resistance through the WNT/

heterotrimeric GTP-binding protein pathway (57). Through the B

cell proliferation in WNT5A-deficient mice, WNT5A was found to

inhibit B cell proliferation through WNT/calcium to act as a tumor

suppressor (62). Immune escape has been a key in cancer research

in recent decades, and the advent of treatments such as molecular

therapy and immune checkpoint inhibition for cancer has also shed

light on the conquest of lung cancer (5–7). Overall, based on the
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results in TIMER and TISIDB, our results suggest that there may be

a degree of correlation betweenWNT2B andWNT7A and the level

of immune cell infiltration. Based on limitations such as study

objectives and experimental samples, etc, we did not conduct

further experiments to verify the relationship between WNTs and

immune cells, therefore, this field still needs to be explored through

a large number of experiments. Furthermore, because of new drug

resistance mechanisms, gene polymorphisms, and other reasons,

many studies are still expected to support the research and

treatment methods in this field.

Finally, we validate the mRNA and protein expression levels

of WNT2B and WNT7A in NSCLC by qRT-PCR, western blot,

and immunohistochemical staining, obtaining consistent

experimental results with our analysis, further increasing the

credibility and accuracy of our conclusions.

In summary, our study provides some insights into the WNT

gene family in NSCLC patients about differential expression profile,

potential prognostic value, immune infiltration level, etc.

Nevertheless, this study still has some limitations. First, we did not

perform the gene knockdown or overexpression of WNT2B and

WNT7A to investigate the effects of WNT2B and WNT7A on

prognostically relevant functions such as proliferation and migration

of NSCLC, which will be the research focus of our team in the next

phase. Second, based on existing studies, the role of some WNT

genes in cancer conduction is not exhaustive, and the detailed

mechanism of these genes still needs numerous subsequent studies.

Our research is expected to provide further exploration direction and

reference significance for subsequent research in this field.
Conclusion

This paper, for the first time, explored the comprehensive

situation of the WNT gene family in LUAD and LUSC by

bioinformatics methods and the differences of the WNT gene

family in LUAD and LUSC fields. According to the survival

analysis results, WNT2B and WNT7A might have prognostic

value in LUAD, and both of them might be important prognostic

factors for LUSC patients. In addition,WNT2B andWNT7Amight

show some correlation with immune cell infiltration of LUAD and

LUSC, but their specific prognosis and immune infiltration-related

mechanisms need further experimental validation. This study may

provide some direction for the subsequent exploration of the

biomarker or prognostic value of the WNT gene family in NSCLC.
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Background: A-kinase interacting protein 1 (AKIP1) promotes tumor progression and
chemoresistance in several malignancies; meanwhile, it is related to higher tumor size and
recurrence risk of papillary thyroid carcinoma, while the role of AKIP1 in anaplastic thyroid
carcinoma (ATC) is unclear. The aim of this study is to explore the effect of AKIP1
knockdown on cell malignant behaviors and doxorubicin resistance in ATC.

Methods: AKIP1 knockdown was conducted in ATC cell lines (8505C and CAL-62 cells)
by siRNA; then, cell viability, apoptosis, invasion, PI3K/AKT and b-catenin pathways, and
doxorubicin sensitivity were detected. Subsequently, doxorubicin-resistant 8505C cells
(8505C/Dox) were established. Additionally, AKIP1 was modified in 8505C and 8505C/
Dox cells that underwent doxorubicin treatment by siRNA or overexpression plasmid,
followed by cellular function and pathway detection.

Results: AKIP1 was elevated in FRO, 8505C, CAL-62, and KHM-5M cells compared to
control cells (all p < 0.05). Subsequently, AKIP1 knockdown elevated apoptosis, inhibited
viability and invasion, and inactivated PI3K/AKT and b-catenin pathways in 8505C and
CAL-62 cells (all p < 0.05). AKIP1 knockdown decreased relative cell viability in
doxorubicin-treated 8505C and CAL-62 cells; then, AKIP1 was elevated in 8505C/Dox
cells compared to 8505C cells (all p < 0.05). Furthermore, AKIP1 knockdown restored
doxorubicin sensitivity (reflected by decreased cell viability and invasion, and increased
apoptosis), but inactivated PI3K/AKT and b-catenin pathways in doxorubicin-treated
8505C/Dox cells. However, AKIP1 overexpression presented an opposite effect on these
functions and pathways in doxorubicin-treated 8505C cells.

Conclusion: AKIP1 knockdown decreases cell survival and invasion while promoting
sensitivity to doxorubicin via inactivating PI3K/AKT and b-catenin pathways in ATC.

Keywords: AKIP1, anaplastic thyroid carcinoma, doxorubicin sensitivity, cell malignant behaviors, PI3K/AKT and
b-catenin pathways
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INTRODUCTION

Anaplastic thyroid carcinoma (ATC), a rare but the most
malignant type of thyroid carcinomas, is characterized by poor
differentiation, a highly aggressive nature, and quick metastasis
(1–4). Currently, treatments of ATC typically consist of surgery,
chemotherapy, radiotherapy, molecular targeted therapy, etc. (1,
5, 6). However, these comprehensive treatments of ATC still fail
to demonstrate an obvious survival benefit for ATC patients due
to its intrinsic characteristics; thus, ATC is viewed as a
devastating disease with a high mortality rate (5). Hence,
exploring the potential molecular mechanism and possible
target to improve treatment of ATC is crucial and urgent.

A-kinase interacting protein 1 (AKIP1), originally named
breast cancer-associated protein 3, facilitates the nuclear
translocation of catalytic subunit of protein kinase A (7, 8).
Recently, it has been reported that AKIP1 is viewed as a tumor
promoter (7–11). For instance, it is proposed that AKIP1 induces
the nuclear factor kappa-B (NF-kB)-dependent chemokines to
promote angiogenesis and tumor growth in cervical cancer (8).
Moreover, AKIP1 elevates vascular endothelial growth factor-C
(VEGF-C) to accelerate angiogenesis and lymphangiogenesis in
human esophageal squamous cell carcinoma (9). Another
interesting study discloses that AKIP1 activates Zinc Finger E-
Box Binding Homeobox 1 (ZEB1) to facilitate tumor metastasis
in non-small cell lung cancer (10). In addition, AKIP1 is also
considered as a regulator of treatment resistance in malignancies
(11, 12). For example, AKIP1 upregulates C-X-C motif
chemokine ligand (CXCL)1 and CXCL8 to decrease
chemoradiation sensitivity in glioblastoma (12). Additionally,
AKIP1 interacts with Tap73 to modulate the radiotherapy
sensitivity of cervical cancer cells (11). Importantly, recent
research has presented that AKIP1 is correlated with advanced
tumor features and higher recurrence risk in papillary thyroid
carcinoma (13). According to the above-mentioned information,
we deduce that AKIP1 may play an important role in tumor
progression and treatment resistance in ATC, while related data
are scarce.

In the current study, AKIP1 modification was conducted in
ATC cell lines, followed by detection of cellular functions,
chemotherapy resistance, and downstream pathways, aiming to
explore the potential of AKIP1 as a treatment target for ATC.
The current study discovered that AKIP1 knockdown inhibited
cell viability and invasion but promoted cell apoptosis, as well as
restored doxorubicin sensitivity via inactivating PI3K/AKT and
b-catenin pathways in ATC, indicating that targeting AKIP1
might provide a new treatment choice for ATC.
METHODS

Cell Lines
Human normal thyroid cell line (Nthy-ori 3-1) was purchased
from the European Collection of Authenticated Cell Cultures
(ECACC). Human ATC cell lines, including FRO, 8505C, C643,
CAL-62, and KHM-5M, were purchased from the National
Frontiers in Oncology | www.frontiersin.org 2112
Collection of Authenticated Cell Cultures (Shanghai, China).
Cells were maintained in DMEM (Lonza, Swiss) (8505C and
CAL-62) or RPMI-1640 medium (Lonza, Swiss) (Nthy-ori 3-1,
FRO, C643, and KHM-5M) containing 10% fetal bovine serum
(FBS) (Sigma, USA) and 1% penicillin/streptomycin (Beyotime,
China) at 37°C in an incubator with 5% CO2. The doxorubicin-
resistant 8505C cells (8505C/Dox) were established from the
parental 8505C cells by exposing cells to gradually increasing
concentrations of doxorubicin (Sigma, USA) from 0.1 mM to 10
mM over 8 months (14). 8505C/Dox cells were cultured in
culture medium containing 2 mM doxorubicin to maintain
drug resistance phenotype.

Cell Transfection
The AKIP1 siRNA (si-AKIP1) and negative control (si-NC) were
commercially designed and synthesized by Shanghai
GenePharma Co., Ltd. (Shanghai, China). The AKIP1
overexpression plasmids (pcDNA-AKIP1) and negative control
(pcDNA-NC) were obtained from Guangzhou Ribobio Co., Ltd.
(Guangzhou, China). ATC cells were cultured and transfected
with 50 nM siRNA (si-AKIP1 or si-NC) or 0.8 mg of plasmids
(pcDNA-AKIP1 or pcDNA-NC) with Lipofectamine® 3000
(Invitrogen, USA) for 6 h. The AKIP1 siRNA sequence was as
follows: sense, 5 ’ GTGGGCTCAAATGACTTAATT 3’;
antisense, 5’ TTAAGTCATTTGAGCCCACTT 3’. The non-
transfected cells served as normal controls.

Drug Sensitivity Assay
The 8505C cells were incubated with 0, 0.2, 0.4, 0.8, 1.6, 3.2, and
6.4 mM doxorubicin; CAL-62 cells were incubated with 0, 0.02,
0.04, 0.08, 0.16, 0.32, and 0.64 mM doxorubicin; and 8505C/Dox
cells were incubated with 0, 2, 4, 8, 16, 32, and 64 mM
doxorubicin (15, 16). After 48 h of treatment, CCK-8 assay
was performed by the methods mentioned in the Cell Viability
Assay subsection and half maximal inhibitory concentration
(IC50) was calculated using the sigmoidal dose–response
function of the GraphPad Prism software (Version 7.0) (17).

Doxorubicin Treatment
To assess whether AKIP1 participated in the drug resistance of
ATC cells, the 8505C cells were transfected with pcDNA-AKIP1
and cultured with 1.6 mM doxorubicin (selected by IC50);
meanwhile, 8505C/Dox cells were transfected with si-AKIP1
and cultured with 16 mM doxorubicin. Briefly, 8505C cells
were divided into five groups, including the Normal group
(non-treated), the pcDNA-NC group (transfected with NC
plasmids), the pcDNA-AKIP1 group (transfected with AKIP1
overexpression plasmids), the pcDNA-NC and Dox group
(transfected with NC plasmids and treated with 1.6 mM
doxorubicin), and the pcDNA-AKIP1 and Dox group
(transfected with AKIP1 overexpression plasmids and treated
with 1.6 mM doxorubicin). Analogously, 8505C/Dox cells were
divided into five groups, including the Normal group (non-
treated), the si-NC group (transfected with NC siRNA), the si-
AKIP1 group (transfected with AKIP1 siRNA), the si-NC and
Dox group (transfected with NC siRNA and treated with 16 mM
doxorubicin), and the si-AKIP1 and Dox group (transfected with
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AKIP1 siRNA and treated with 16 mM doxorubicin). After 48 h
of treatment, further assays were carried out.

Reverse Transcription Quantitative
Polymerase Chain Reaction
for AKIP1 Expression
In brief, total RNA from ATC cells was extracted via Beyozol
(Beyotime, China). Reverse transcription of RNA was completed
by the GeneAce Reverse Transcriptase Kit (Nippon, Japan). The
PCR program was implemented using the SYBR® Premix
DimmerEraser™ kit (Takara, Japan). The thermal cycle of
qPCR was as follows: 1 cycle, 95°C for 30 s; 40 cycles, 95°C for
5 s and 61°C for 30 s. The AKIP1 mRNA expression was
evaluated based on the 2−DDCt method with GAPDH as an
endogenous control. The primer sequences were listed as
follows (5’→3’): AKIP1 forward, CATGGACAACTGTTTGG
CGG, AKIP1 reverse: TAGAGCCAGCCTTGCTGAAC;
GAPDH forward, GAGTCCACTGGCGTCTTCAC, GAPDH
reverse, ATCTTGAGGCTGTTGTCATACTTCT.

Western Blotting
Western blotting assays of ATC cells were implemented at 48 h
after treatment. First of all, ATC cells were lysed by RIPA
comprising 1 mM PMSF (Selleck, USA) and the concentration
of total proteins was quantified using the bicinchoninic acid kit
(Beyotime, China). Secondly, 40 mg of proteins was separated by
SDS-PAGE and transferred onto a nitrocellulose membrane
(Pall, USA). Then, membranes were blocked using 5% nonfat
milk (Beyotime, China), hatched with primary antibodies
overnight at 4°C, and subsequently incubated with secondary
antibody (1:10,000) (Affinity, China) for 1 h at 37°C. Finally,
blots were detected via ECL-PLUS kit (Beyotime, China) and
analyzed using ImageJ software (version 1.8.0, NIH). The
primary antibodies used in this study were bought from
Abcam (Cambridge, USA) and listed as follows: anti-AKIP1
(1:500, ab135996), anti-p-PI3K (1:1,000, ab182651), anti-PI3K
(1:1,500, ab86714), anti-p-AKTSer473 (1:1,000, ab81283), anti-
AKT (1:1,500, ab8805), anti-b-catenin (1:1,000, ab68813), anti-
GAPDH (1:5,000, ab181602), and anti-Histone H3
(1:5,000, ab1791).

Cell Viability Assay
Cell viability was evaluated by the Cell Counting Kit-8 (CCK-8)
(Sigma, USA) assay. In brief, ATC cells were plated in 96‐well
plates (2 × 103 cells/well) and cultured for 48 h and 72 h. Then,
10 ml of CCK-8 reagent was added and further cultured for
another 2 h at 37°C. Finally, the optical density (OD) values at
450 nm were assessed with a microplate reader (Molecular
Devices, USA).

Cell Apoptosis Assay
Cell apoptosis rate was detected using the TUNEL apoptosis kit
(Sangon, China). Briefly, at 48 h and 72 h after treatment, ATC
cells (1 × 104 cells/well) were fixed with 4% paraformaldehyde
(Sangon, China) and permeabilized with 0.1% Triton X-100
(Sangon, China). Then, cells were incubated with TUNEL
Frontiers in Oncology | www.frontiersin.org 3113
reagent for 20 min and DAPI solution (Sigma, USA) for
10 min at room temperature (RT), successively. The
apoptotic cells were viewed and imaged with a microscope
(Olympus, Japan).

Cell Invasion Assay
At 48 h after treatment, the invasion ability of ATC cells was
assessed by the transwell assay. In brief, cells were adjusted to 5 ×
104 cells/well with serum-free medium and plated into the upper
chamber of Matrigel-coated transwell chamber plates (Life,
USA). The lower chambers were covered with 600 ml of
DMEM containing 10% FBS. At 24 h after culture, the invasive
cells were counted under a microscope after being stained with
crystal violet (Beyotime, China) for 10 min at RT (16, 18).

Statistical Analysis
The experiment was performed in triplicate. One-way ANOVA
with Tukey’s or Dunnett’s post-hoc test and Student’s t-test were
used for comparisons. All statistical analyses were calculated by
GraphPad Pr i sm. p < 0.05 was cons idered to be
statistically significant.
RESULTS

AKIP1 Expression
No difference was found in AKIP1 between Nthy-ori3-1 cells and
C643 cells (p > 0.05), while AKIP1 was increased in FRO, 8505C,
CAL-62, and KHM-5M cells compared to Nthy-ori 3-1 cells (all
p < 0.05); since AKIP1 was dramatically elevated in 8505C and
CAL-62 cells, these two cell lines were selected for further
experiments (Figures 1A–C). Moreover, 8505C and CAL-62
cells were transfected with AKIP1 siRNA or NC siRNA; data
showed that AKIP1 was decreased in 8505C and CAL-62 cells
transfected with AKIP1 siRNA compared to those transfected
with NC siRNA, suggesting successful transfection
(Figures 1D–H).

AKIP1 Knockdown Decreased Cell
Survival and Invasion in ATC Cell Lines
In order to explore the regulation of AKIP1 on cellular functions,
cell viability, apoptosis, and invasion assays were conducted. The
data showed that AKIP1 knockdown elevated apoptosis but
declined cell viability and invasive cell count in both 8505C
and CAL-62 cells at 48 h after transfection (all p < 0.05);
moreover, the rates of inhibition of survival of 8505C and
CAL-62 cells transfected with si-AKIP1 were 37.14% and
25.82%, respectively, at 48 h after transfection; meanwhile, the
apoptosis rate of normal 8505C cells, and 8505C cells transfected
with si-NC and si-AKIP1 was 5.52%, 5.54%, and 14.93%,
respectively; moreover, the apoptosis rate of normal CAL-62
cells, and CAL-62 cells transfected with si-NC and si-AKIP1 was
4.92%, 5.26%, and 12.52%, respectively (Figures 2A–H).
Furthermore, cell viability and apoptosis presented similar
trends at 72 h after AKIP1 knockdown (Supplementary
Figures 1A–E).
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AKIP1 Knockdown Suppressed PI3K/AKT
and b-Catenin Pathways in ATC Cell Lines

Previous studies have presented that AKIP1 modulates PI3K/
AKT and b-catenin pathways to regulate tumor progression (12,
19, 20); thus, the effect of AKIP1 knockdown on these pathways
Frontiers in Oncology | www.frontiersin.org 4114
in ATC cell lines was explored by Western blot, which revealed
that AKIP1 knockdown inhibited the phosphorylation of PI3K
and AKT in 8505C and CAL-62 cells (both p < 0.05); meanwhile,
AKIP1 knockdown inhibited expression of b-catenin in CAL-62
cells (p < 0.05) but not in 8505C cells (p > 0.05) (Figures 3A–C).
Furthermore, AKIP1 knockdown inhibited the nuclear
A
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FIGURE 1 | Detection of AKIP1 expression. Comparison of AKIP1 mRNA expression between human normal thyroid cell line and ATC cell lines (A); example image
of AKIP1 protein in human normal thyroid cell line and ATC cell lines through Western blot (B); comparison of AKIP1 protein expression between human normal
thyroid cell line and ATC cell lines (C); comparison of AKIP1 mRNA expression among groups in 8505C cells (D) and CAL-62 cells (E) after transfection; detection of
AKIP1 protein expression by Western blot in 8505C cells and CAL-62 cells after transfection (F); comparison of AKIP1 protein expression among groups in 8505C
cells (G) and CAL-62 cells (H) after transfection by one-way ANOVA followed by Dunnett’s post-hoc test. ATC, anaplastic thyroid carcinoma; AKIP1, A-kinase
interacting protein 1; NS, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 2 | Cellular functions in ATC cell lines at 48 h after siRNA transfection. Comparison of relative cell viability among groups in 8505C cells (A) and CAL-62
cells (B) after transfection; comparison of apoptosis among groups in 8505C cells (C) and CAL-62 cells (D) after transfection; comparison of invasive cell count
among groups in 8505C cells (E) and CAL-62 cells (F) after transfection by one-way ANOVA followed by Dunnett’s post-hoc test; example image of cell apoptosis
through TUNEL Apoptosis Assay Kit (G) and example image of cell invasion through transwell assay (H) in 8505C cells and CAL-62 cells after transfection. ATC,
anaplastic thyroid carcinoma; siRNA, small interfering RNA; AKIP1, A-kinase interacting protein 1; *p < 0.05; **p < 0.01.
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translocation of b-catenin in 8505C and CAL-62 cells (both p <
0.01) (Supplementary Figures 2A–C).

AKIP1 Was Elevated in 8505C/Dox Cells
Relative cell viability was declined along with the increasing
concentration of doxorubicin in 8505C and CAL-62 cells;
meanwhile, the IC50 concentration of doxorubicin was
identified as 1.77 mM in 8505C cells and 0.16 mM in CAL-62
cells (Figures 4A, B). Furthermore, 1.6 mM doxorubicin was
used to treat 8505C cells and 0.16 mM doxorubicin was used to
treat CAL-62 cells after transfection; data showed that AKIP1
knockdown decreased relative cell viability in 8505C cells and
CAL-62 cells under doxorubicin treatment (both p < 0.05)
(Figures 4C, D). In addition, AKIP1 knockdown declined
relative cell viability in 0.8 mM, 1.6 mM, and 3.2 mM
doxorubicin-treated 8505C cells; meanwhile, AKIP1
knockdown decreased relative cell viability in 0.04 mM, 0.08
mM, 0.16 mM, and 0.32 mM doxorubicin-treated CAL-62 cells (all
p < 0.05) (Supplementary Figures 3A, B). To explore whether
AKIP1 participated in drug resistance of ATC, 8505C/Dox cells
with an IC50 concentration of 18.2 mM were established
(Figure 4E). Furthermore, AKIP1 was elevated in 8505C/Dox
cells compared to 8505C cells (both p < 0.05) (Figures 4F–H).

AKIP1 Knockdown Enhanced Doxorubicin
Sensitivity, and Inactivated PI3K/AKT and
b-Catenin Pathways in 8505C/Dox Cells
To further explore the effect of AKIP1 on drug resistance in ATC
cell lines, 8505C cells were transfected with AKIP1 or NC
overexpression plasmids; meanwhile, 8505C/Dox cells were
transfected with AKIP1 siRNA or NC siRNA; data showed
that AKIP1 was elevated in 8505C cells transfected with the
AKIP1 overexpression plasmid compared to those transfected
with the NC overexpression plasmid (both p < 0.001), while
AKIP1 was declined in 8505C/Dox cells transfected with AKIP1
Frontiers in Oncology | www.frontiersin.org 5115
siRNA compared to NC siRNA (both p < 0.01) (Figures 5A–E).
Moreover, AKIP1 overexpression elevated relative cell viability in
0.8 mM, 1.6 mM, 3.2 mM, and 6.4 mM doxorubicin-treated 8505C
cells; moreover, AKIP1 knockdown decreased relative cell
viability in 8 mM, 16 mM, 32 mM, and 64 mM doxorubicin-
treated 8505C/Dox cells, as well as promoted the doxorubicin
sensitivity in 8505C/Dox cells (IC50 in normal cells: 18.50 mm,
IC50 in siRNA-AKIP1 cells: 10.05 mm) (Figures 5F, G).

To further verify the effect of AKIP1 on drug resistance in
ATC cell lines, 8505C cells after transfection were treated by 1.6
mM doxorubicin and 8505C/Dox cells after transfection were
treated by 16 mM doxorubicin. Data presented that AKIP1
overexpression elevated relative cell viability and invasive cell
count, but decreased apoptosis rate in doxorubicin-treated
8505C cells (all p < 0.05); furthermore, AKIP1 knockdown
decreased relative cell viability and invasive cell count, but
elevated apoptosis rate in doxorubicin-treated 8505C/Dox cells
(all p < 0.05) (Figures 6A–J). Moreover, AKIP1 overexpression
increased p-AKT and b-catenin in doxorubicin-treated 8505C
cells, while AKIP1 knockdown decreased p-PI3K, p-AKT, and b-
catenin in doxorubicin-treated 8505C/Dox cells (all p < 0.05)
(Figures 7A–D). In addition, AKIP1 overexpression increased
the nuclear translocation of b-catenin in doxorubicin-treated
8505C cells, while AKIP1 knockdown declined the nuclear
translocation of b-catenin in doxorubicin-treated 8505C/Dox
cells (both p < 0.05) (Supplementary Figures 4A–C).
DISCUSSION

ATC accounts for only 2% of all thyroid carcinomas; although it
is rare, ATC is viewed as one of the invariably lethal diseases
worldwide (1–3). Until now, the prognosis of ATC is relatively
poor due to the characteristics of ATC, such as aggressive nature
and metastasis at an early stage (4–6). Moreover, partly because
A

B C

FIGURE 3 | PI3K/AKT and b-catenin pathways in ATC cell lines after siRNA transfection. Detection of p-PI3K, PI3K, p-AKT, AKT, and b-catenin protein expressions
by Western blot in 8505C cells and CAL-62 cells after transfection (A); comparison of p-PI3K/PI3K, p-AKT/AKT, and b-catenin expressions among groups in 8505C
cells (B) and CAL-62 cells (C) after transfection by one-way ANOVA followed by Dunnett’s post-hoc test. ATC, anaplastic thyroid carcinoma; siRNA, small interfering
RNA; AKIP1, A-kinase interacting protein 1; NS, not significant; PI3K, phosphatidylinositol-3-kinase; AKT, protein kinase B; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; *p < 0.05; **p < 0.01.
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FIGURE 4 | AKIP1 involved in doxorubicin sensitivity in ATC cell lines. Relative cell viability of 8505C cells (A) and CAL-62 cells (B) under different concentrations of
doxorubicin treatment without siRNA transfection; comparison of relative cell viability between groups in 8505C cells after siRNA transfection under 1.6 mM doxorubicin
treatment (C) and CAL-62 cells after siRNA transfection under 0.16 mM doxorubicin treatment (D); relative cell viability under different concentrations of doxorubicin
treatment in 8505C/Dox cells without siRNA transfection (E); comparison of AKIP1 mRNA expression between 8505C cells and 8505C/Dox cells without siRNA
transfection or doxorubicin treatment (F); detection of AKIP1 protein expression by Western blot in 8505C cells and 8505C/Dox cells without siRNA transfection or
doxorubicin treatment (G); comparison of AKIP1 protein expression between 8505C cells and 8505C/Dox cells without siRNA transfection or doxorubicin treatment (H)
by one-way ANOVA followed by Dunnett’s post-hoc test and Student’s t-test. ATC, anaplastic thyroid carcinoma; AKIP1, A-kinase interacting protein 1; Dox, doxorubicin;
IC50, half maximal inhibitory concentration; *p < 0.05; **p < 0.01.
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FIGURE 5 | AKIP1 modification regulated ATC cell viability under different concentrations of doxorubicin. Comparison of AKIP1 mRNA expression among groups in
8505C cells (A) and 8505C/Dox (B) after AKIP1 modification; detection of AKIP1 protein expression by Western blot in 8505C cells and 8505C/Dox after AKIP1
modification (C); comparison of AKIP1 protein expression among groups in 8505C cells (D) and 8505C/Dox (E) after AKIP1 modification; comparison of relative cell
viability among groups in 8505C cells after AKIP1 modification under 0–6.4 mM doxorubicin treatment (F) and 8505C/Dox after AKIP1 modification under 0–64 mM
doxorubicin treatment (G) by one-way ANOVA followed by Dunnett’s post-hoc test. ATC, anaplastic thyroid carcinoma; AKIP1, A-kinase interacting protein 1; Dox,
doxorubicin; IC50, half maximal inhibitory concentration; siRNA, small interfering RNA; NC, negative control *p < 0.05; **p < 0.01; ***p < 0.001.
Frontiers in Oncology | www.frontiersin.org July 2022 | Volume 12 | Article 8547026116

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


Zheng et al. AKIP1, Doxorubicin, Anaplastic Thyroid Cancer
ATC lacks thyroid-like phenotype and function, the treatment
option of ATC is very limited; meanwhile, ATC usually presents
an unfavorable response rate to chemotherapy and other
available therapies (21). Given that ATC is a worldwide threat
and extremely hard to manage, exploring the potential target to
improve treatment is crucial. In the current study, we explored
the interaction of AKIP1 with chemosensitivity and pathways in
ATC. Interestingly, we discovered that AKIP1 knockdown could
inhibit ATC cell survival and invasion while enhancing
doxorubicin sensitivity via inhibiting PI3K/AKT and b-
catenin pathways.

Over the past decades, AKIP1 has drawn a lot of attention in
oncology research, due to its important biological role in
multiple malignancies (8, 19, 22, 23). For instance, AKIP1
promotes breast cancer cell motility via suppressing Akt/
glycogen synthase kinase3b/Snail pathways (22); moreover,
AKIP1 elevates hepatocellular carcinoma (HCC) metastasis
through Wnt/b-catenin/cyclic AMP response element-binding
protein pathways (19); furthermore, AKIP1 facilitates gastric
Frontiers in Oncology | www.frontiersin.org 7117
cancer metastasis and cell growth and through activating
epithelial–mesenchymal transition (23); additionally, AKIP1
accelerates glioblastoma viability, mobility, and chemoradiation
resistance via the NF-kB pathway (12); meanwhile, AKIP1 is also
considered as a molecular determinant of protein kinase in the
NF-kB pathway (24); furthermore, AKIP1 is able to bind the p65
subunit of NF-kB and modulate its transcriptional activity (25).
Thus, combined with previous studies, we hypothesize that
AKIP1 also takes part in the pathophysiology of ATC, while
the information about this issue is scarce. In the current study,
we disclosed that AKIP1 was elevated in ATC cell lines compared
to the human normal thyroid cell line; meanwhile, we also found
that AKIP1 knockdown elevated apoptosis but inhibited relative
cell viability and cell invasion in ATC cell lines, which was
consistent with the results of previous research about other
malignancies (8, 19, 22, 23). The possible explanations might
be that (1) AKIP1 knockdown could inhibit ATC cell survival
and invasion through several approaches (such as inactivating
slug-induced epithelial–mesenchymal transition and
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FIGURE 6 | ATC cellular functions after AKIP1 modification and doxorubicin treatment. Comparison of relative cell viability among groups in 8505C cells (A) and
8505C/Dox cells (B) after AKIP1 modification and doxorubicin treatment; comparison of apoptosis rate among groups in 8505C cells (C) and 8505C/Dox cells (D)
after AKIP1 modification and doxorubicin treatment; comparison of invasive cell count among groups in 8505C cells (E) and 8505C/Dox cells (F) after AKIP1
modification and doxorubicin treatment by one-way ANOVA followed by Tukey’s post-hoc test; example image of cell apoptosis through TUNEL Apoptosis Assay Kit
in 8505C cells (G) and 8505C/Dox cells (H) after AKIP1 modification and doxorubicin treatment; example image of cell invasion through transwell assay in 8505C
cells (I) and 8505C/Dox cells (J) after AKIP1 modification and doxorubicin treatment. ATC, anaplastic thyroid carcinoma; AKIP1, A-kinase interacting protein 1; Dox,
doxorubicin; NC, negative control; siRNA, small interfering RNA; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling; NS, not
significant; *p < 0.05; **p < 0.01; ***p < 0.001.
July 2022 | Volume 12 | Article 854702

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


Zheng et al. AKIP1, Doxorubicin, Anaplastic Thyroid Cancer
downregulating CXC-chemokines) (8, 23) and (2) AKIP1
knockdown might decrease ATC cell survival and invasion
through modulating PI3K/AKT and b-catenin pathways
(results of our subsequent research).

The PI3K/AKT pathway is viewed as a vital modulator among
numerous cancers, such as breast cancer and lung
adenocarcinoma (26–30). Importantly, a variety of previous
studies suggest that the PI3K/AKT pathway also plays an
important role in tumor progression and drug resistance in
ATC (31–33). For instance, inhibition of the PI3K/AKT
pathway suppresses ATC aggressiveness, such as decreasing
cell invasion and survival (31–34); meanwhile, inactivating the
PI3K/AKT pathway elevates chemosensitivity in ATC (35). In
addition, b-catenin dysregulation is usually found in different
malignancies, including ATC (32, 36, 37). For instance, b-
catenin inactivation declined cell survival and invasiveness in
ATC (31, 36, 38); moreover, b-catenin inactivation is able to
elevate iodine uptake in ATC (36). In addition, AKIP1 is
reported to regulate PI3K/AKT and b-catenin pathways in
several malignancies (12, 19, 20). Inspired by previous data, in
the current study, we explored the interaction of AKIP1 with
Frontiers in Oncology | www.frontiersin.org 8118
PI3K/AKT and b-catenin pathways in ATC, and data showed
that AKIP1 knockdown inactivated PI3K/AKT and b-catenin
pathways in ATC cell lines.

It is a big challenge for chemoresistance to elevate outcome
among ATC patients, which is regulated by several pathways,
including PI3K/AKT and b-catenin pathways (6, 21, 26, 36).
Moreover, AKIP1 is proposed to modulate chemoresistance in
several cancers (11, 12). Thus, we hypothesized that AKIP1 could
regulate chemosensitivity through PI3K/AKT and b-catenin
pathways in ATC. In the current research, we chose
doxorubicin in the chemosensitivity assay, because doxorubicin
is the main cornerstone recommended by the National
Comprehensive Cancer Network guideline for the treatment of
ATC (39, 40). Surprisingly, we discovered that AKIP1
knockdown elevated apoptosis rate, decreased relative cell
viability and invasive cell count, and inactivated PI3K/AKT
and b-catenin pathways in chemo-resistant ATC cells under
doxorubicin treatment, indicating that AKIP1 knockdown
restored doxorubicin sensitivity via inhibiting PI3K/AKT and
b-catenin pathways in ATC. The possible reasons might be that
(1) AKIP1 knockdown could decrease excretion of C-X-C motif
A B

DC

FIGURE 7 | PI3K/AKT and b-catenin pathways after AKIP1 modification and doxorubicin treatment in ATC cell lines. Detection of p-PI3K, PI3K, p-AKT, AKT, and b-
catenin protein expressions by Western blot in 8505C cells (A) and 8505C/Dox cells (B) after AKIP1 modification and doxorubicin treatment; comparison of p-PI3K/
PI3K, p-AKT/AKT, and b-catenin expressions among groups in 8505C cells (C) and 8505C/Dox cells (D) after AKIP1 modification and doxorubicin treatment by one-
way ANOVA followed by Tukey’s post-hoc test. ATC, anaplastic thyroid carcinoma; AKIP1, A-kinase interacting protein 1; Dox, doxorubicin; NS, not significant; NC,
negative control; siRNA, small interfering RNA; PI3K, phosphatidylinositol-3-kinase; AKT, protein kinase B; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; *, p
< 0.05; **, p < 0.01.
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chemokine ligand families, which consequently elevated
chemosensitivity (19, 20, 31) and (2) AKIP1 knockdown could
inactivate PI3K/AKT and b-catenin pathways to decline
stemness, which indirectly elevated chemosensitivity (41–43).

To be conclusive, AKIP1 knockdown decreases cell survival
and invasion, while restoring doxorubicin sensitivity through
inactivating PI3K/AKT and b-catenin pathways in ATC,
indicating that AKIP1 may be a potential target to improve the
treatment of ATC.
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