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Abstract

Esophageal cells overexpressing epidermal growth factor receptor (EGFR) and TP53 mutation can invade into the extracellular 
matrix when grown in 3D-organotypic cultures (OTC) and mimic early invasion in esophageal squamous cell carcinoma 
(ESCC). We have performed laser capture microdissection with RNA microarray analysis on the invasive and non-invasive 
tumor cells of p53R175H-overexpressing OTC samples to determine candidate genes facilitating tumor invasion. WNT10A 
was found to be >4-fold upregulated in the invasive front. Since WNT10A is also prominently upregulated during placode 
promotion in hair follicle development, a process that requires epithelial cells to thicken and elongate, in order to allow 
downward growth, we hypothesized that WNT10A may be important in mediating a similar mechanism of tumor cell 
invasion in ESCC. We have found that WNT10A expression is significantly upregulated in human ESCC, when compared 
with normal adjacent tissue. Furthermore, high WNT10A expression levels correlate with poor survival. Interestingly, we 
observe that WNT10A is expressed early in embryogenesis, but is reduced dramatically postnatally. We demonstrate that 
overexpression of WNT10a promotes migration and invasion, and proliferation of transformed esophageal cells. Lastly, we 
show that WNT10A overexpression induces a greater CD44High/CD24Low population, which are putative markers of cancer 
stem cells, and increases self-renewal capability. Taken together, we propose that WNT10A acts as an oncofetal factor 
that is highly expressed and may promote proper development of the esophagus. During tumorigenesis, it is aberrantly 
overexpressed in order to promote ESCC migration and invasion, and may be linked to self-renewal of a subset of ESCC cells.

Introduction
Esophageal squamous cell carcinoma (ESCC) is the sixth lead-
ing cause of cancer-related death amongst American men, and 
sixth overall cause worldwide (1). Common genetic alterations 
of ESCC include overexpression of epidermal growth factor 
receptor (EGFR) and CYCLIND1, as well as mutation in TP53 and 
either loss or mislocalization of P120 CATENIN (2–5). A  recent 
genome sequencing effort from a cohort of 158 Chinese ESCC 
samples revealed that WNT and NOTCH signaling pathways are 
also highly deregulated (4).

We have shown previously that overexpression of mutant 
p53 (R175H) along with EGFR in primary immortalized esoph-
ageal epithelial cells induces transformation (6). Furthermore, 
when these engineered cells were grown in 3D-organotypic 
culture (OTC), which mimics the stratified epithelium and its 
crosstalk with the underlying stroma, they invade into sur-
rounding stroma, similar to early invasion observed in ESCC (7). 
To understand what molecular mechanisms may be responsi-
ble for invasion, we dissected out the invasive and non-invasive 
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regions from these 3D cultures and performed comparative 
microarray analysis (8). PERIOSTIN, was found to be the highest 
upregulated gene, and has been described previously as a poten-
tial biomarker for ESCC (9,10). Strikingly, we observed additional 
dysregulation of a variety of WNT pathway genes, such as upreg-
ulation of WNT ligands, WNT10A, WNT5B, and downregulation 
of the WNT pathway inhibitor DKK1 (8).

Wnt signaling is critical in the embryonic development of 
different invertebrate and vertebrate organisms. In particular, 
Wnt signaling is critical in the regulation of axis patterning, 
cell fate specification, cell proliferation and cell migration 
during development (11,12). Wnt ligands are secreted gly-
coproteins that are cysteine-rich and comprise a short 
N-terminal signal sequence with a mature segment that has 
variable length (13). There are nearly 20 different Wnt pro-
teins, the expression of which is spatially and temporally reg-
ulated during development, and maintain homeostasis and 
drive cancers in a context dependent manner (14,15). Mouse 
WNT10A is synthesized as a 417 amino acid precursor that 
contains a 382 amino acid mature region, the latter of which 
contains two potential glycosylation sites. Mouse, rat and 
human WNT10A are highly conserved and WNT10A’s amino 
acid sequence is 64% identical to WNT10B (16,17).

Developmentally, WNT10A is best studied in the context of 
ectodermal lineages. It is studied primarily in the deregulation 
of ectodermal tissues resulting in a variety of disorders classi-
fied as: odonto-onychal dermal dysplasia (18,19). Manifestation 
of WNT10A mutations in humans can result in defects in den-
tinogenesis, tooth morphogenesis, odontoblast differentiation, 
hair follicle development, nail formation, papillae of the tongue 
and sweat gland, and regeneration of the epidermis (19–21). 
Contributing to this developmental phenotype, WNT10A mes-
senger RNA has been shown to strongly localize to the dermal 
condensates during the earliest stages of embryonic hair fol-
licle formation and postnatal anagen (22). This process requires 
coordinated cross-talk between epithelial cells and underlying 
dermal cells in order to facilitate elongated epithelial cell down 
growths (22,23). Moreover, publically available in situ hybridiza-
tion data indicates that in addition to localization in ectoder-
mal tissues, WNT10A messenger RNA also strongly localizes to 
the embryonic esophagus at embryonic day 14.5, suggesting a 
role in esophageal development (24).

WNT10A has been previously implicated in a variety of can-
cers and has been shown to promote proliferation, migration 
and chemoresistance in renal cell carcinoma cell lines by regula-
tion of β-CATENIN (25–28). Other reports suggest that WNT10A is 
also upregulated in esophageal cancer, gastric and colon cancer 
cells and tumors (27). By contrast, the WNT10A promoter has 
been suggested to be hypermethylated in head/neck squamous 
cell carcinoma and oligodendroglioma cell lines (29,30). Herein, 
we show that WNT10A is upregulated both in early develop-
ment, as well as in early and late stages of ESCC, due its ability 
to promote proliferation, migration, invasion and self-renewal. 
Taken together, we suggest that WNT10A may act as an oncofe-
tal factor in the context of both esophageal development and 
tumorigenesis.

Materials and methods

Network analysis
Ingenuity Pathway Analysis was used to identify potential upstream reg-
ulators that control gene expression patterns enriched in invasive TP53 
mutant cell lines. The analysis is based on prior knowledge of expected 
effects between transcriptional factors and their target genes stored in the 
Ingenuity Knowledge Base (31). Briefly, the analysis examines the known 
targets of each transcription factor in the signature and compares their 
direction of change (expression in invasive relative to the non-invasive 
gene signature) to what is expected from the literature. If the direction 
of change is consistent with the literature across the majority of targets, 
then the regulator is predicted to be active in invasive cells, whereas if 
the direction of change is mostly inconsistent (anti-correlated) with the 
literature, then the regulator is predicted to be inactive in invasive cells. 
Regulation z-score was used to estimate the activation state of the regula-
tors. The overlap P values generated by Fisher’s exact test were used to 
estimate the statistical significance of overlap between the dataset genes 
and the genes regulated by a regulator.

Cell culture
EPC2-hTERT cells and derivatives, established and extensively charac-
terized by us, were grown in keratinocyte serum-free media (Invitrogen, 
Carlsbad, CA), supplemented with 40  µg/ml of bovine pituitary extract, 
1 ng/ml epidermal growth factor and 1% penicillin/streptomycin, as 
described previously (6,7,32). The TE series human ESCC cells were a 
gift from Dr Nishihira who established the cell lines and were grown 
in Dulbecco's modified Eagle's medium supplemented by 10% fetal calf 
serum (Sigma–Aldrich, St. Louis, MO) and 1% penicillin/streptomycin 
(Invitrogen) as described previously (33,34). The earliest frozen stocks of 
all cell lines have been stored at the Cell Culture Core of the University of 
Pennsylvania. We have propagated cells from frozen stocks of the original 
vials that were authenticated by short tandem repeat analysis for highly 
polymorphic microsatellites FES/FPS, vWA31, D22S417, D10S526 and 
D5S592 as performed by the Cell Culture Core to validate the identity of 
cells by comparing cells at the earliest stocks we have and those grown 
>8–12 passages. All cell lines have been tested for mycoplasma contami-
nation on a regular basis.

Wnt10A was a gift from Marian Waterman (Addgene plasmid # 35920), 
and was subcloned into pBabe-Blast empty vector (35). Retroviral spinfec-
tion was performed as described previously (8).

3D-OTCs
Epithelial cells were grown as described (7), in order to recreate the micro-
environement of ESCC, by supplying extracellular membrane compo-
nents, including collagen and fetal esophageal fibroblasts.

Mouse treatments
4-nitroquinoline 1-oxide (4-NQO) experiments were performed as 
described previously and under Institutional Animal Care and Use 
Committee (IACUC) approval (36). In brief, 6-week-old C57Bl/6 and mixed 
background mice were given 10 mg/ml of 4-NQO diluted in 10% propylene 
glycol in their drinking water ad libitum. Mice were randomized amongst 
littermates into control versus treatment groups. Mice were euthanized 
either directly after treatment or after a 12-week wash out period. Three 
to five mice, per condition, were euthanized and tissues were processed 
for histology and immunohistochemistry (IHC).

Tumor microarrays and IHC/immunofluorescence
ESCC tissue along with adjacent non-cancerous mucosa were obtained 
as surgical biopsies from Kagoshima University Hospital, as described 
previously (37). The clinical materials were obtained from informed-
consent patients according to the Institutional Review Board stand-
ards and guidelines. IHC and immunofluorescence were performed 
as described previously (37). About 5 μM paraffin embedded sections 
were incubated with WNT10A (Ab-106522, Abcam, Cambridge, MA 
1:200) or WNT10A (SC-376028, Santa Cruz Biotechnologies, Santa Cruz, 
CA 1:100). Immunofluorescence signal was quantified in at least four 
independent high-powered fields per slide for mean intensity using 
ImageJ (38).

Abbreviations:  

4-NQO  4-nitroquinoline 1-oxide 
EGFR  epidermal growth factor receptor
ESCC  esophageal squamous cell carcinoma 
IHC  immunohistochemistry 
MST  median survival time 
OTC  organotypic culture 
TMAs  tumor microarrays
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RNA isolation and quantitative PCR
Total RNA was isolated using GeneJet RNA Purification Kit (Thermo 
Fisher Scientific, Waltham, MA) and cDNA was synthesized uti-
lizing the Taqman Reverse Transcription Reagents kit (Applied 
Biosystems, Foster City, CA) according to the manufacturer’s instruc-
tions. Quantitative PCR was performed with primer sequences 
for WNT10A Forward: 5′-ATCCACGAATGCCAACACCA-3′, Reverse: 
5′-CTCTCTCGGAAACCTCTGCT-3′ and ACTB Forward: 5′-CCTGGCACCC 
AGGACAAT-3′, Reverse: 5′-GCCGAGCCACACGGAGTACT-3′ using Power SYBR 
Green PCR Master Mix (PE, Applied Biosystems), according to manufacturer’s 
instructions.

Western blotting
Proteins were separated through 4–12% sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis Bis-Tris gel (Invitrogen) and then trans-
ferred to a poly membrane (Immobilon-P; Millipore, Billerica, MA). 
Membranes were then blocked with 5% non-fat milk in TBS-T (1× TBS and 
0.01% Tween-20), probed with primary antibody (1:500 WNT10A SC-376028, 
Santa Cruz, 1:1000 β-CATENIN D10A8, Cell Signaling, and 1:1000 GAPDH, 
Millipore) diluted in blocking buffer overnight at 4°C, washed with TBST-T 
and incubated with horseradish peroxidase-coupled secondary antibod-
ies (GE Healthcare, Pittsburgh, PA). Signal was visualized with Amersham 
ECL-Prime (GE Healthcare) as per manufacturer’s instructions.

Migration and invasion assays
Boyden chambers (8-μm pore size, FluoroBlok-HTS inserts; BD Biosciences, 
San Jose, CA) were used for migration and invasion assays, as described 
previously (6). In brief, Boyden chambers were coated with 200 μg/ml of 
Matrigel Matrix (BD Biosciences) 2 h before cell plating. Inserts were placed 
in a 24-well plate containing full keratinocyte serum-free medium to stim-
ulate cell migration and invasion. Cells (5 × 104) in keratinocyte basal media 
(Lonza, Basel, Switzerland) were placed in each insert. Twenty-four hours 
later, migrating or invading cells were labeled with 4 μg/ml Calcein AM 
dye (Invitrogen) in Hanks’ buffered salt solution buffer (Invitrogen) for 1 h. 
Labeled cells were then read on a Synergy HT multidetection microplate 
reader (BioTek, Winooski, VT) at 485-nm excitation and 528-nm detection. 
Data represents the average of three independent experiments performed 
in triplicate for each genotype.

Cell proliferation assay
A total of 3 × 103 cells were cultured in 96-well plates. Cell proliferation was 
quantified using the WST-1 colorimetric assay (Roche, Penzberg, Germany) 
according to manufacture’s instructions. Absorbance was measured on 
a microplate reader (Tecan Sunrise, Männedorf, Switzerland) at a wave-
length of 450 nm. Data represents the average of five independent experi-
ments performed in quintuplicate.

Flow cytometry and fluorescence-activated cell sorting
Flow cytometry was performed using LSRII (BD Biosciences) and FlowJo 
(Tree Star, Ashland, OR). Cells were suspended in phosphate-buffered 
saline (Invitrogen) containing 1% BSA (Sigma–Aldrich) and stained with 
PE/Cy7-anti-CD24 (1:40; BioLegend, San Diego, CA) and APC-anti-CD44 
(1:20; BD Biosciences) on ice for 30 min. Flow cytometry data represent at 
least three independent experiments.

Self-renewal assays
About 100 cells were plated in single suspension in an ultra-low attach-
ment 96 well-plate in 100 μl of mammary epithelial cell growth medium 
(Invitrogen). After 7 days, spheres were visualized and counted. All spheres 
consisted of greater than three cells. Data represents three independent 
experiments performed in 96 replicates for each cell type.

Statistics
Each experiment is presented as mean ± standard error (at least n  = 3) 
and was analysed by paired or non-paired two-tailed Student’s t-test. 
P < 0.05 was considered significant. Overall survival curves were plotted 
by the Kaplan–Meier method and subjected to the Log-rank and Gehan–
Wilcoxon test. Chi-square test was used to determined differences in pro-
portion of WNT10A scoring in normal versus tumor samples.

Results

WNT10A is preferentially expressed in the invasive 
compartment of transformed epithelial cells in 3D-OTC

We have identified WNT10A as a prominent upregulated gene 
in invasive versus non-invasive EPC2-hTERT-EGFR-p53R175H cells 

Figure 1. WNT pathway is significantly upregulated in invasive mutant TP53 cells. Ingenuity Pathway analysis shows networks of genes, known to be regulated by WNT 

signaling in gene expression data, are significantly associated with TP53 mutations. Upregulated and downregulated genes are indicated by dark shade and light shade, 

respectively. The lines and arrows represent functional and physical interactions and the directions of regulation, as indicated in the literature.
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grown in 3D-OTC, an in vivo like model of ESCC (8). WNT10A was 
a strong candidate for further study, as it was upregulated sig-
nificantly in the invasive region of another TP53 mutant (R248W) 
(unpublished data). Furthermore, based on pathway analysis of 
all TP53 mutants analysed (R175H, V143A, R248W and R273H), 
there was a significant enrichment for WNT/β-catenin signal-
ing genes (Figure  1). Interestingly, WNT10A was included in 
other significantly upregulated pathways, such as regulation 
of epithelial to mesenchymal transition and human embryonic 
stem cell pluoripotency (Supplementary Table 1 is available at 
Carcinogenesis Online).

We sought to confirm this expression of WNT10A through 
immunofluorescent staining of 3D-OTCs. WNT10A stained pre-
dominately in the cytoplasm of epithelial cells. Strikingly, we 
saw stronger staining within the invasive regions (I), as com-
pared with the basal non-invasive (NI) regions (Figure 2A). We 
quantified the mean intensity of the staining, and saw that inva-
sive regions had an ~4-fold increase in fluorescent level as com-
pared with the basal layer (Figure 2B). We next confirmed that 
WNT10A expression was increased through quantitative PCR. 
Using a non-invasive cell line, EPC2-hTERT-EGFR-empty vector 
cells, we confirmed that the more invasive EPC2-hTERT-EGFR-
p53R175H cells expressed significantly higher levels of WNT10A 
messenger RNA (Figure 2C). These results were replicated with 

several primer sets for WNT10A as compared with GAPDH and 
HPRT (data not shown).

WNT10A overexpression promotes migration and 
invasion in transformed esophageal keratinocytes

Since WNT10A was upregulated in the invasive front of trans-
formed esophageal cells grown in 3D OTC, we next wanted to 
determine the role of WNT10A in mediating migration and 
invasion. To test this hypothesis, we first generated EPC2-
hTERT-EGFR-R175H cells that either overexpressed WNT10A 
or an empty vector control (herin known as WNT10A and 
empty vector, respectively). We confirmed WNT10A expres-
sion by western blot (Figure 3A and Supplementary Figure 1). 
Several bands were visualized for WNT10A, indicative of post-
translational modifications, such as glycosylation and lipida-
taion, mainly at the 40 and the 50 kD molecular masses (13). 
Interestingly, overexpression of WNT10A resulted in a slight 
increase in β-catenin protein (Figure 3A), suggesting increased 
stabilization of total β-catenin. WNT10A overexpressing cells 
exhibited increased migratory and invasive capability, as com-
pared with empty vector controls in Boyden chamber assays 
(Figure  3B and C). WNT10A cells exhibited also a significant 
increase in proliferative ability (Figure 3D).

Figure 2. WNT10A is upregulated in invasive esophageal cells. (A) Representative Hematoxylin and Eosin (H&E), WNT10A and DAPI staining of EPC2-hTERT-EGFR-

p53R175H cells grown in 3-D OTC. Non-invasive (NI) and invasive (I) regions are delineated by white dots (B) Quantification utilizing ImageJ for mean fluorescent inten-

sity of WNT10A staining in the non-invasive versus invasive front (n = 4 independent experiments). Fluorescent intensity of invasive front is relative to non-invasive 

regions. Bar graphs represent relative mean ± SEM. **P < 0.005 (paired Student’s t-test) (C) Quantitative reverse transcription–PCR of WNT10A expression relative to 

ACTB comparing non-invasive EPC2-hTERT-EGFR cells versus invasive EPC2-hTERT-EGFR-p53R175H cells (n = 3 experiments). Bar graph represents fold change ± SEM. 

**P < 0.005 (unpaired Student’s t-test).

http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgv025/-/DC1
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WNT10A promotes a self-renewal phenotype

Based upon our microarray results, WNT10A was suggested 
to be important in a category of genes that promote stem cell 
pluoripotency, along with genes such as WNT5B and SOX2. 
We therefore wanted to investigate the role of WNT10A in 
stemness marker expression, as well as its ability to promote 
self-renewal through single sphere assays. CD44, a cell surface 
marker for hyaluronic acid, has been previously implicated as 
a putative stem cell marker in ESCC, and has been suggested 
to be regulated by the WNT/β-catenin signaling pathway (39,40). 
Additionally, CD44High and CD24Low expressing cells have also 
been described to represent a tumor-initiating population with 
mesenchymal-like properties (41,42). By fluorescence-activated 
cell sorting-analysis, WNT10A overexpressing cells exhibited 
a marked increase in CD44High and decrease in CD24Low cells 
(Figure  4A), resulting in a nearly 2-fold increase in CD44High/
CD24Low cells with WNT10A overexpression (Figure 4B). We next 
performed single cell sphere formation assays in ultra-low 
attachment plates in the presence of sphere-promoting media. 
WNT10A overexpressing and empty vector control cells were 
plated in a single cell suspension of 100 cells per well. After 
7 days, there was a significant increase in the average number 
of spheres formed per well in the WNT10A overexpressing cells 

as compared with control cells (Figure 4C), although there was 
no difference in the size of the spheres that formed. Together, 
these data demonstrate that WNT10A increases migratory and 
invasive capabilities and promotes a shift toward CD44High cells 
as well as self-renewal.

WNT10A expression in esophageal development 
and ESCC

WNT10A has been implicated previously to be upregulated dur-
ing early follicle morphogenesis as well as in a variety of other 
ectodermal tissue types (22,43). WNT10A is rarely expressed in 
the normal adult mouse esophagus. Interestingly though, RNA 
in situ hybridization data of whole mount embryos suggest that 
in addition to ectodermal lineages, WNT10A is also expressed in 
the developing esophagus (24). To confirm this finding, we con-
ducted WNT10A IHC in the esophagus at embryonic days (E) 12.5, 
18.5, postnatal day (P) 1 and adult tissue. We found that WNT10A 
is expressed as early as E12.5, but exhibits the strongest stain-
ing at E18.5 (Figure  5A). Interestingly, by P1, WNT10A staining 
is mostly abrogated, although there may be some residual low 
levels. In normal adult stages, WNT10A is expressed minimally. 
This expression pattern suggests that WNT10A may play a role 
in the development of the early mouse esophagus.

Figure 3. WNT10A promotes migration and invasion. (A) Western blot (cropped image) of EPC2-hTERT-EGFR-p53R175H either overexpressing empty vector or WNT10A. 

Multiple bands indicate post-translational modifications of WNT10A. B-catenin densitometry indicates a modest 1.3-fold increase in total β-catenin relative to GAPDH, 

with WNT10A overexpression (n = 3 experiments). (B) Transwell Boyden Chamber migration assay of empty vector compared with WNT10A cells along with representa-

tive images of migratory cells stained with Calcein AM. (C) Transwell Boyden Chamber invasion assay of empty vector compared with WNT10A cells with representative 

images of invasive cells stained with Calcein AM. Scale bars =100 μM. n = 3 in triplicate. Bar graphs represent fold changes ± SEM. *P < 0.05, **P < 0.005 (paired Student’s 

t-test). (D) Proliferation assay utilizing a WST-1 colorimetric assay. (n = 5 experiments in quintuplicate). *P < 0.05 (paired Student’s t-test).
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In order to examine WNT10A expression in pre-malignant 
and malignant stages of ESCC, we utilized a mouse model of 
ESCC. The 4-NQO is a quinolone derivative that causes DNA-
adduct formation similar to carcinogens in tobacco, leading to 
oral squamous and esophageal dysplastic lesions, similar to that 
of human head neck squamous cell and esophageal carcinomas 
(36). In mice treated with 4-NQO ad libitum in drinking water, we 
saw increased hyperplastic and dysplastic lesions in the esoph-
agi, with downward growths into the submucosa, consistent 
with invasive cancer, as compared with mice on water (control) 
(Figure 5B). Interestingly, 4-NQO-treated mice exhibited greater 
cytoplasmic WNT10A staining in the esophagi, especially in the 
invasive regions, as compared with control mice (Figure  5B). 
We additionally screened a panel of ESCC cell lines via west-
ern blot analysis for expression of WNT10A. As compared with 
immortalized primary epithelial cells (EPC2-hTERT), we saw an 
increase in WNT10A expression in three out of the eight ESCC 
cell lines screened (Figure 5C), namely TE6, TE10 and TE11.

In order to determine if WNT10A expression could also serve 
as a biomarker for ESCC prognosis, we utilized a tumor micro-
array (TMA) of 92 normal-matched ESCC tumors and 40 addi-
tional tumors, along with 5-year survival data on the patients. 
IHC indicated a faint nuclear pattern in samples from normal 
esophagus samples, while high-grade dysplasia and invasive 
tumors presented with overall stronger cytoplasmic staining 

(Figure 5D). An independent pathologist blinded to patient prog-
nosis status scored the TMA for cytoplasmic signal (Cy0, Cy1, 
Cy2 and Cy3). Interestingly, most normal tissues expressed 
either very low (Cy1) or no (Cy0) staining, whereas tumor tis-
sues were mostly scored as Cy2 or Cy3 (Figure  5E). When the 
tumor samples (n = 132) were stratified for 5-year survival, there 
was a decrease in median survival time (MST) between the high 
expressers (Cy2, Cy3) MST = 17.5 months versus the low express-
ers (Cy0, Cy1) MST = 33.5 (Figure 5F). Additionally, there was a 
significant (P = 0.0322) decrease in overall survival in the high 
expressers, based upon the Gehan–Breslow–Wilcoxon test, and 
was trending (P  =  0.0916), based on Log-rank. Taken together, 
these findings suggest that WNT10A is over-expressed in ESCC 
tumors and cell lines, as well as in early esophageal develop-
ment in the mouse, and that it may be an important biomarker 
for poor survival in ESCC.

Discussion
WNTs are critical signaling factors, required for the devel-
opment of numerous tissue types, as well as maintenance of 
homeostasis in regenerative tissues, such as of the gastrointes-
tinal tract and the skin. Hence, dysregulation of the WNT signal-
ing cascade leads to a variety of cancers and diseases. Herein, 
we have demonstrated WNT10A to be expressed in mouse 
esophageal development, peaking at embryonic day 18.5 but 

Figure  4. WNT10A increases CD44High population and promotes self-renewal. (A) Representative histograms of CD44 and CD24 levels between empty vector and 

WNT10A cells, as expressed in a logarithmic scale. (B) Quantification of the CD44High/CD24Low population between empty vector and WNT10A cells (n = 3 experiments). 

Bar graphs represent fold change ± SEM within three different passages of cells within one representative experiment. **P < 0.005 (unpaired Student’s t-test). (C) Quan-

tification of the average number of spheres formed per well between empty vector and WNT10A cells (n = 3 experiments in 96 replicates). Bar graph represents fold 

change ± SEM. *P < 0.05 (paired Student’s t-test). Representative images of the spheres from each cell type indicate no difference in the size of the spheres formed. Each 

image was taken at a magnification of ×200.
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diminished substantially postnatally. It is further re-expressed 
during esophageal carcinogenesis as observed in both a mouse 
model of esophageal epithelial dysplasia as well as in human 
ESCC. These findings suggest that WNT10A may serve as an 
oncofetal factor in the esophagus.

Interestingly, WNT10A embryonic expression has been 
described in another context of esophageal development. 
Notably, FOXA3cre;cdx2 conditional knockout mice, which 
exhibit esophagealization of the intestine, express increased 
levels of WNT10A in both the mutant intestines, as well as the 
embryonic esophagus, as these mice are embryonic lethal (44). 
In conjunction with our data, these findings would lend cre-
dence to the premise that differentiation of the esophagus dur-
ing late development may involve WNT10A. SOX2 is a critical 
transcription factor, also highly expressed in embryonic devel-
opment of the esophagus. It is vital in the division of the trachea 
and the esophagus, in order to promote a single esophageal 
tube, as well as fostering the stratified squamous epithelium 
within the esophagus (45). In adult life, SOX2 is limited to the 
basal compartment of esophageal epithelial cells, where it pro-
motes proliferation and differentiation (45). In other squamous 
epithelial types, both SOX2 and WNT10A have been shown to 
be important in normal development. Interestingly, Sox2 hypo-
morphic mice and humans carrying WNT10A mutation both 
present with malformation of the fungiform papillae, and ulti-
mately smooth tongues, as WNT signaling has been shown to 
drive SOX2 expression (18,46). These observations suggest a 
potential connection between WNT10A driving SOX2 expression 
in esophageal development. Indeed, SOX2 is amplified in ESCC 
(47), and it would be interesting to determine to what extent 
WNT10A and SOX2 are overexpressed concurrently in ESCC.

Employing a 3D-OTC model of ESCC, we found that WNT10A 
is upregulated in the invasive front compared with the non-inva-
sive epithelium. We further demonstrate that overexpression of 
WNT10A enhances esophageal cells ability to proliferate, migrate 
and invade. Loss of function or germline mutation of WNT10A 
specifically leads to malformation of ectodermal appendages 
during development. These developmental processes require 
careful communication between epithelial and mesenchymal 
lineages, for proper migration of epithelial cells to form placo-
des and eventually ectodermal tissues (23). Specifically, during 
the hair follicle development, and then later in anagen, a period 
of growth during the hair follicle cycle, WNT10A is upregulated 
near the dermal condensate and later dermal root sheet, and 
may be required for the downward growth of the hair follicle (22). 
Therefore, we propose that WNT10A may be normally required 
for epithelial migration and proliferation during development, 
and that the oncogenic state is co-opting a developmental pro-
cess to facilitate carcinogenesis. This pattern is frequently seen 
in the context of other oncofetal factors.

We also observe that WNT10A expression is also increased 
in an ESCC TMA when compared with adjacent normal esopha-
gus, and correlates with decreased MST. Patients with ESCC 
that express higher WNT10A levels had an overall significant 
decrease in 5-year survival time, as well. These data suggest that 
WNT10A can annotate the invasive compartment of ESCC and 
could potentially be used as a biomarker for poorer prognosis in 
ESCC. Similarly, WNT10A has been shown to be upregulated in 
renal cell carcinoma biopsies and drives proliferation, migration 
and chemoresistance of renal carcinoma cell lines (25). Taken 
together, these data suggest that WNT10A can act as an onco-
gene in a variety of tissue types.

Figure 5. WNT10A is upregulated during esophageal development and in cancer. (A) WNT10A IHC of embryonic (E12.5, E18.5), postnatal day 1 (P1), and adult esophagus 

(E). Epithelial (e) and mesenchyme (m) are as indicated. (B) Representative WNT10A staining in esophagus of control mice versus mice treated with 10 mg/ml of 4-NQO 

for 16 weeks. Downward growths and hyperplasia/dysplasia are indicative of early ESCC. Bar graph represents average scoring of esophagi ± SEM. *P < 0.05 (unpaired 

Student’s t-test) of three control and five experimental mice. (C) Western blot (cropped image) for WNT10A on a panel of ESCC human cell lines, as compared with nor-

mal, immortalized epithelial cells (EPC2-hTERT). (D) Representative images of WNT10A scoring classifications of adjacent normal (upper left panel) versus carcinoma 

in situ (CIS), and tumor tissue. Scoring was based on cytoplasmic intensity (Cy0, Cy1, Cy2 and Cy3). All scale bars are 100 μM. (E) Scoring stratified between low staining 

intensity (Cy0 and Cy1) and high staining intensity (Cy2 and Cy3) WNT10A staining between normal adjacent tissue and tumor sections, respectively P < 0.0001 (chi-

squared test). (F) Kaplan–Meyer survival curve of tumor staining stratified between low WNT10A staining intensity versus high WNT10A staining intensity, with MST. 

P < 0.05 (Wilcoxon).
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We additionally demonstrated that WNT10A could induce 
stem cell-like properties by promoting self-renewal. These data 
are supported by our pathway analysis of invasive mutant TP53 
cells, which suggests that in addition to epithelial to mesen-
chymal transition, WNT10A may also play a role in maintaining 
embryonic stem cells. Indeed, WNT10A is secreted by mammary 
stem cells and it may be required for maintaining this popula-
tion (48). WNT signaling is also required for the maintenance 
of a variety of stem cell niches, such as in intestinal crypts and 
hematopoietic systems (49,50). Interestingly, we have demon-
strated previously that PERIOSTIN, a type of matricellular pro-
tein involved in remodelling the tumor stroma during tumor 
cell invasion, is upregulated in ESCC, mediates ESCC invasion 
and is critical in tumorigenesis in vivo (8–10,51). Indeed, meta-
static tumor cells induce stromal PERIOSTIN expression in the 
secondary target organ (e.g. lung) to initiate colonization (52,53). 
PERIOSTIN is needed for cancer stem cell maintenance and 
recruits Wnt ligands for increased Wnt signaling in cancer stem 
cells (52). Whether PERIOSTIN and WNT10A interact in this con-
text is an area for future investigation.

Our study is the first report to demonstrate a role for WNT10A 
in both esophageal development and in tumorigenesis. Our data 
suggest that in a TP53 mutant background, WNT10A mediates 
tumor cell migration and invasion, while increasing a popula-
tion of self-renewing CD44High cells. Interestingly, up to 83% of 
ESCC cases exhibit mutant in TP53, while altered genes in the 
WNT pathway represent almost 85% cases of ESCC (4). These 
mutations may work synergistically to promote more aggressive 
and invasive tumors in ESCC.

Supplementary material
Supplementary Table 1 and Figure 1 can be found at http://car-
cin.oxfordjournals.org/
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