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Abstract 

Background Epithelial cell adhesion molecule (EpCAM) has been widely studied as a tumor antigen due to its 
expression in varieties of solid tumors. Moreover, the glycoprotein contributes to critical cancer‑associated cel‑
lular functionalities via its extracellular (EpEX) and intracellular (EpICD) domains. In colorectal cancer (CRC), 
EpCAM has been implicated in the Wnt signaling pathway, as EpICD and β‑Catenin are coordinately translocated 
to the nucleus. Once in the nucleus, EpICD transcriptionally regulates EpCAM target genes that; however, remains 
unclear whether Wnt signaling is modulated by EpICD activity.

Methods Patient‑derived organoids (PDOs), patient‑derived xenografts (PDXs), and various CRC cell lines were used 
to study the roles of EpCAM and EpICD in Wnt receptor expression. Fluorescence and confocal microscopy were used 
to analyze tumors isolated from PDX and other xenograft models as well as CRC cell lines. EpCAM signaling was inter‑
vened with our humanized form of EpCAM neutralizing antibody, hEpAb2‑6. Wnt receptor promoters under luciferase 
reporters were constructed to examine the effects of EpICD. Luciferase reporter assays were performed to evaluate 
promoter, γ‑secretase and Wnt activity. Functional assays including in vivo tumor formation, organoid formation, 
spheroid and colony formation experiments were performed to study Wnt related phenomena. The therapeutic 
potential of EpCAM suppression by hEpAb2‑6 was evaluated in xenograft and orthotopic models of human CRC.

Results EpICD interacted with the promoters of Wnt receptors (FZD6 and LRP5/6) thus upregulated their transcrip‑
tional activity inducing Wnt signaling. Furthermore, activation of Wnt‑pathway‑associated kinases in the β‑Catenin 
destruction complex (GSK3β and CK1) induced γ‑secretase activity to augment EpICD shedding, establishing a pos‑
itive‑feedback loop. Our hEpAb2‑6 antibody blocked EpICD‑mediated upregulation of Wnt receptor expressions 
and conferred therapeutic benefits in both PDX and orthotopic models of human CRC.

Conclusions This study uncovers relevant functions of EpCAM where Wnt receptors are upregulated via the tran‑
scriptional co‑factor activity of EpICD. The resultant enhancement of Wnt signaling induces γ‑secretase activity further 
stimulating EpICD cleavage and its nuclear translocation. Our humanized anti‑EpCAM antibody hEpAb2‑6 blocks 
these mechanisms and may thereby provide therapeutic benefit in CRC.
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Background
Epithelial cell adhesion molecule (EpCAM) is expressed 
in epithelial tissues and in various populations of tis-
sue stem cells, precursors and embryonic stem cells. In 
addition, EpCAM is abundantly expressed thus has been 
studied extensively in many cancer types. The glycopro-
tein is activated by cleavage at the cellular membrane 
causing release of the extracellular (EpEX) and intracel-
lular (EpICD) domains by a process called regulated 
intramembrane proteolysis (RIP). These cleaved domains 
are known to participate in a wide variety of cellular 
functions including some that promote cancer progres-
sion and metastasis [1–6]. Moreover, EpEX was reported 
to directly bind to EGFR and HGFR, stimulating receptor 
phosphorylation and activating the corresponding down-
stream signaling pathways [5–7]. It was further shown 
that the EpEX-EGFR-ERK1/2 signaling axis enhanced 
RIP of EpCAM in order to release EpICD promoting 
tumor progression [5]. At the same time, EpEX binding 
to EGFR activated AKT and MAPK signaling cascades, 
which respectively inhibited FOXO3a function and sta-
bilized PD-L1 protein [8]. As such, the EpCAM-neutral-
izing antibody, EpAb2-6, was shown to inhibit AKT and 
FOXO3a phosphorylation, increase FOXO3a nuclear 
translocation, and upregulate HtrA2 expression to pro-
mote apoptosis, while also decreasing PD-L1 protein lev-
els to enhance the cytotoxic activity of  CD8+ T cells [8, 
9]. Meanwhile, the interaction of EpEX with HGFR acti-
vates downstream signaling by inducing the FAK-AKT 
axis, thereby decreasing GSK3β activity to stabilize Snail 
protein and ultimately promoting metastasis [6]. Besides 
its involvement in such signaling pathways, EpCAM has 
also been shown to be a cancer stem cell (CSC) antigen 
that promotes tumorigenesis [2, 4].

One pathway known to play a central role in tumor 
progression and CSC function is Wnt/β-Catenin signal-
ing. Wnt signaling is also crucial for many developmen-
tal processes and sustains adult tissue homeostasis, as it 
is an integral driver of cell proliferation, migration, dif-
ferentiation and pluripotency of tissue stem cells. In line 
with these essential functions, dysregulation of Wnt sign-
aling can result in a multitude of disease states includ-
ing cancer and the pathway is thought to be a promising 
therapeutic target [10, 11]. With regard to its role as a 
central contributor to tumorigenesis, Wnt signaling has 
been shown to promote several key malignancy-asso-
ciated characteristics, such as tumorigenic potential, 
tumor plasticity and drug resistance [11, 12]. Intriguingly, 

EpCAM has been reported as a mediator of canonical 
Wnt signaling, as EpICD acts at least partially with Wnt 
signaling components to promote cell motility, prolifera-
tion, survival and metastasis [1, 3–5, 13]. Canonical Wnt 
signaling is often activated by the interaction of external 
Wnt ligands with their cognate receptors, such as Friz-
zleds (FZDs) and LRP5/6. The ligand-bound receptors 
then recruit β-Catenin destruction complex to the cell 
membrane, causing release of active β-Catenin and allow-
ing its translocation to the nucleus [11]. Soluble EpICD 
is known to form a multi-protein nuclear complex with 
active β-Catenin and a scaffolding protein called Four 
and one-half LIM domains protein 2 (FHL2). This assem-
bled protein complex translocates to the nucleus, where 
it associates with T-Cell Factor (TCF) or Lymphoid 
Enhancer Factor 1 (LEF-1) and DNA to modulate tran-
scription of EpCAM targets in a manner reminiscent of 
canonical Wnt signaling [1, 13–15]. In colorectal cancer 
(CRC) patients, high EpCAM expression suggests poor 
outcomes, in line with the known critical involvements of 
EpICD in CRC cell function [4, 8, 16–18]. Furthermore, 
EpCAM was previously shown to promote CRC cell inva-
sion by EpICD-mediated activation of EMT-inducing 
genes, such as Snail1, Slug and Twist. In parallel, nuclear 
translocation of the EpICD-β-Catenin complex upregu-
lates transcription of cell fate reprogramming genes, such 
as Oct4, Sox2 and c-Myc that confer self-renewal ability 
to CRC cells [4, 19].

Since EpICD functions in a complex with β-Catenin, 
EpCAM activity is intimately associated with canonical 
Wnt signaling [1, 13–15, 19]. Furthermore, it is known 
that Wnt signaling components are abundantly expressed 
and aberrantly regulated in CRC. For instance, high levels 
of external Wnt ligands drive robust Wnt activity in CRC, 
and high expression levels of Wnt receptors (FZDs and 
LRP5/6) sustain Wnt signaling and further contribute to 
CRC cell propagation [11, 20]. Considering the associa-
tion between Wnt signaling and EpICD nuclear translo-
cation and binding to target gene promoters, we set out 
to explore whether EpICD might transcriptionally mod-
ulate Wnt pathway regulators and components, such as 
Wnt receptors.

Materials and methods
Patient derived organoid (PDO) culture
PDOs used in this study were taken from our pre-estab-
lished live organoid bio-bank (administered by Prof. 
C.N. Shen), and the culture methods were performed as 
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described previously [21]. Briefly, PDOs were embedded 
in matrigel and cultured in basal culture medium. The 
basal culture medium (1 × Advanced DMEM-F12, 1 × N2, 
1 × B27, 1.25  mM N-Acetyl Cysteine, 1 × GlutaMax, 
10  mM HEPES, 1% bovine serum albumin) was sup-
plemented with 20% R-Spondin1 conditioned medium, 
10% Noggin conditioned medium, 10 mM Nicotinamide, 
50  ng/ml human EGF, 10  nM Gastrin, 500  nM A83-01, 
3 M SB202190, 10 nM Prostaglandin E2, and 100 mg/ml 
Primocin (Invivogen).

Organoid treatment, number and size measurement
PDOs were treated with either IgG or the human-
ized EpCAM-neutralizing antibody, hEpAb2-6 (20  μg/
mL) (produced in-house), as indicated in the figure leg-
ends. Light microscopy (Olympus) was used to visualize 
the cultures, and images were captured with a camera 
attached to the microscope. The microscopy images were 
used to count organoid numbers and measure organoid 
size with ImageJ (FIJI) software.

Cell culture
Experiments were performed using HCT116, HT29, 
CT26 and HeLa cell lines. HCT116, HT29 and HeLa 
cells were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) (Gibco). CT26 cells were cultured in RPMI1640 
(Gibco). Media were supplemented with 10% Fetal 
Bovine Serum (FBS, Gibco), 1% L-glutamine (Gibco), and 
1% penicillin and streptomycin (P/S) (Gibco). All cells 
were grown in 5%  CO2 at 37  °C. For the growth curve 
experiments,  104 cells were seeded on 6-well plates in 
triplicate for each cell line. The cells in each well were 
counted using a hemocytometer, and the daily counts 
were averaged for days 1 to 8. After collection of the 
entire dataset, points were plotted to analyze the growth 
curve and calculate cell doubling time.

Western blotting
For western blotting, PDOs/cells were lysed using radi-
oimmunoprecipitation assay (RIPA) buffer (0.01  M 
sodium phosphate, pH 7.2, 150 mM NaCl, 2 mM EDTA, 
50  mM NaF, 1% Nonidet P-40, 1% sodium deoxycho-
late, and 0.1% SDS) containing phosphatase inhibitor 
(Roche) and protease inhibitor (Roche) cocktail. Equal 
amounts of protein from each sample were separated by 
SDS-PAGE and then transferred to PVDF membranes. 
The membranes were blocked with 3% BSA in TBST 
(blocking solution) and incubated with appropriate pri-
mary antibodies in blocking solution overnight at 4  °C. 
Membranes were then incubated with HRP-conjugated 

secondary antibodies in the blocking solution for 1 h at 
room temperature, and protein expression levels were 
measured. Antibodies included anti-α-tubulin (Sigma), 
anti-EpCAM/EpICD (abcam), anti-Frizzled 6 (CST), 
anti-Frizzled 7 (Santa Cruz Biotech), anti-LRP5, anti-
LRP6 (CST), anti-Presenilin2 (abcam) and anti-phospho-
Presenilin2 (S327) (abcam).

Wnt activity
Cells were plated at 5 ×  103 cells per well and grown 
overnight in 12-well plates. Then, cells were transiently 
transfected with TOP-Flash TCF reporter plasmid (Mil-
lipore) using poly-jet transfection reagent (SignaGen). At 
48 h post-transfection, cells were treated with 20 μg/mL 
hEpAb2-6 for 6  h, or as indicated in the figure legends. 
Further, cells were lysed, and the luciferase assay was per-
formed using a Luciferase assay kit (Promega).

Immunohistochemical (IHC) staining
Human colon cancer tissue arrays were purchased from 
Biomax. Sections were de-waxed in xylene and rehy-
drated through a series of solutions with decreasing 
alcohol concentrations. Antigen retrieval was performed 
concomitantly in the Trilogy™ (Cell Marque) system. For 
peroxidase blocking, sections were incubated with meth-
anol containing 3%  H2O2 for 20 min at RT. Sections were 
further washed with PBS and incubated with 1% BSA in 
PBS for 30 min at RT to block non-specific binding. Sub-
sequently, primary antibody [anti-active β-Catenin (Mil-
lipore) and anti-EpCAM antibody EpAb3-5 (produced 
in-house)] was applied, and samples were incubated at 
4℃ overnight. Next, sections were washed with PBS con-
taining 0.1% Tween 20 (PBST0.1) (Thermo) and treated 
with the Super Sensitive Super Enhancer reagent for 
20 min at RT. Then, samples were rinsed three times with 
PBST0.1. Sections were subsequently treated with Poly-
mer-HRP reagent for 30 min at RT and then rinsed three 
times with PBST0.1. Next, 3,3’-Diaminobenzidine (DAB) 
was used as a chromogen to visualize peroxidase activity. 
The quantification of protein intensities was performed 
using Fiji-ImageJ software.

Immunofluorescence staining
Glass slides were placed in 24-well plates and coated with 
0.1% gelatin. Then, 3 ×  104 cells were seeded in serum free 
medium overnight. Cells were treated as indicated in the 
figure legends. Cells were washed using ice-cold PBS and 
fixed with 4% paraformaldehyde for 15  min at RT, fol-
lowed by washing with ice-cold PBS. Further, cells were 
permeabilized using 0.1% Triton-X in PBS for 20 min and 
subsequently washed with PBS. Cells were blocked with 
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3% BSA in PBS for 1 h at RT. Next, cells were treated with 
primary antibody [anti-Active β-Catenin (Millipore) or 
anti-EpICD 4A7 (abcam)] overnight. The samples were 
washed and treated with secondary antibody in PBS con-
taining 3% BSA along with DAPI for 1 h at RT. Samples 
were further washed in PBS five times and mounted for 
microscopy. Nuclear β-Catenin or EpICD intensities were 
calculated using IMARIS (Oxford Instruments) software.

Immunofluorescence (IFS) with tumors isolated 
from animals
Tumor isolation and paraffin embedment
Tumors, either from patient derived xenografts (PDX) 
or HCT116-xenografts, were surgically removed from 
the animals and fixed using 4% paraformaldehyde. Fur-
ther, samples were dehydrated and embedded in paraffin. 
Sectioning of paraffin-embedded tumors was performed 
using a microtome (4  µM thickness), and the sections 
were fixed to glass slides.

IFS using tissue slides
Initial protocols were followed as described earlier in 
IHC section. After blocking with 1% BSA, sections were 
incubated with primary antibodies against EpICD (4A7, 
abcam) and against Wnt receptors [FZD6 (Bioss), LRP5 
(abcam) and LRP6 (Santa Cruz)] overnight at 4  °C. Fur-
ther, sections were washed with PBST0.1 and incubated 
with secondary antibody cocktail along with DAPI for 1 h 
at room temperature. Finally, the samples were washed 
with PBST0.1 and then mounted for microscopy. Quanti-
fication of protein intensities was performed using IMA-
RIS software (Oxford instruments).

Quantitative real time PCR (qPCR)
Total RNA was extracted using TRI reagent; 5 μg of the 
total RNA was then reverse-transcribed using oligo (dT) 
primer with reverse transcriptase. Quantitative real time 
RT-PCR (qPCR) was performed on cDNA using the 
Light Cycler 480 SYBR Green-I Master kit and the Light-
Cycler480 System. The expression levels of each gene of 
interest were normalized to the expression levels of glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) or 
β-actin in the same sample. The primers used for qPCR 
are listed in Table S1.

Tumor sphere assay
EpCAM knockout cells were transiently transfected 
with pcDNA or EpICD plasmid using polyjet transfec-
tion reagent (SignaGen). Cells were seeded in ultra-low 
attachment 6-well plates (5 ×  104 cells per well) or 24-well 
plates (1 ×  103 cells per well) (Corning) and maintained in 
DMEM/F-12 (Gibco) supplemented with B27. Cells were 
cultured for 10 days (medium changed every two days), 

and on the tenth day, spheres were counted and photo-
graphed under microscopy.

Colony formation assay
After transfection, cells were seeded in 12-well plates 
(5 ×  103 cells per well). The medium was changed every 
2 days, and the cells were allowed to grow for 10 days. On 
the tenth day, cells were washed and fixed with 4% para-
formaldehyde and further stained with 1% crystal violet 
for 30 min. Colonies were washed three times with PBS, 
and images were captured. To measure colony density, 
the wells were incubated with shaking in 0.5% SDS for 2 h 
at RT. The supernatants were collected, and the absorb-
ance of the solution was measured at 570  nm using a 
microplate reader.

Apoptosis assay
Cells were seeded in 24-well plates (5 ×  104 cells per well) 
overnight and then treated with 20 μg/mL hEpAb2-6 or 
as indicated. Cell pellets were collected, and an apopto-
sis assay was performed using an Annexin-V/PI apop-
tosis kit (BD Biosciences). Signals were detected by flow 
cytometry analysis, and the percentage of apoptotic cells 
was calculated.

Luciferase reporter assay
Cells were seeded in 24-well plates (1 ×  104 cells/well) 
and incubated at 37℃ for 24 h. After culture media were 
refreshed, the cells were transfected with reporter plas-
mids (γ-secretase, TCF reporter or Wnt receptor pro-
moter reporter) using PolyJET (SignaGen). Similarly, 
PDOs were dissociated into single cells and then tran-
siently transfected with indicated reporter plasmids 
before being seeded to form new organoids (see fur-
ther details in figures and legends). In both PDOs and 
cell lines, the transfection efficiencies were controlled 
by normalizing to co-transfected pRL-TK (20  ng) as an 
internal control. Additional treatments were conducted 
as indicated. Firefly luciferase and Renilla luminescence 
were measured 48  h post-transfection using the Dual-
Glo Luciferase Assay System (Promega), according to the 
manufacturer’s recommendations.

Tumorigenic potential in vivo
NSG mice were divided into two groups with equal 
numbers. EpCAM-control or EpCAM-knockout cells 
were subcutaneously transplanted  (105 cells) in the right 
flank of each animal (n = 6 in each group). Tumors were 
allowed to grow, and tumor dimensions were measured 
twice a week using slide calipers. Once the tumor volume 
reached 2000  mm3 (as specified by IACUC, Academia 
Sinica) for any mouse in the experiment, all animals in 
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the experiment were sacrificed, and tumor weights and 
volumes were measured. None of the data was excluded.

γ‑Secretase activity
γ-Secretase activity was measured using the protocol 
described by Liao et  al. (2004) [22]. In brief, cells were 
transiently transfected with the control plasmid and tet-
racycline-inducible γ-secretase plasmid harboring lucif-
erase (plasmids were generous gifts from Dr. Yung-Feng 
Liao, ICOB, Academia Sinica). Cells were then treated 
with EpEX-His (250 ng/mL) (produced in-house with an 
Expi293 Expression System) or Wnt3A (R&D Systems) 
(100  ng/mL) for 4  h. Similarly, PDOs were treated with 
20 μg/mL hEpAb2-6 after organoid formation. PDOs and 
cells were lysed using passive lysis buffer and subjected to 
the luciferase assay.

Wnt receptor promoter reporter plasmid construction
The putative promoter regions of LRP5 (-1187 to + 200), 
LRP6 (-1543 to + 55) and FZD6 (-1385 to + 205) were 
cloned from HeLa genomic DNA and inserted into the 
pGL4.18 plasmid (Promega, USA). The genomic DNA 
was extracted using a Genomic DNA Isolation Kit 
(NovelGene, TW) according to the manufacturer’s rec-
ommendations. The primers used to generate PCR frag-
ments of Wnt receptor promoters are listed in Table S2.

GSK3 and CK1 activity on presenilin2 (PS2) 
phosphorylation
To assess the levels of GSK3 and CK1 kinase activities, 
 106 cells were seeded overnight and treated with GSK3 
inhibitor BIO (Sigma) or CK1 inhibitor PF-670462 (sell-
eckchem) for 8 h. Cells were then lysed with RIPA buffer 
and subjected to western blot analysis for phosphoryl-
ated Presenilin2. Otherwise, cells were treated with EpEX 
(produced in-house) or recombinant Wnt3A (R&D sys-
tems) for 8  h before measurement of phosphorylated 
ADAM17 and presenilin2 (PS2) levels. Similarly, PDOs 
were treated with hEpAb2-6 and further lysed with RIPA 
buffer. The samples were then subjected to western blot 
analysis for phosphorylated PS2.

Tumor transplantation and therapeutic studies in mice
All animal experiments were approved and performed 
according to the regulations from the IACUC at Aca-
demia Sinica. Procedures were performed as follows.

PDX model generation and treatment
PDOs were gently disrupted with TrypLE Express and 
passed through a cell strainer to produce a single-cell sus-
pension. Cells were then mixed with matrigel (1:1) and 
subcutaneously transplanted (5 ×  105 cells) in the right 

flank of male NOD/SCID mice (6–8 weeks old). Animals 
were randomly divided into two treatment groups (n = 5 
for each treatment condition), and the PDX tumors were 
allowed to grow for 2  weeks (until the tumor volume 
reached 80–100  mm3). Animals were then treated for 
four weeks with 20 mg/kg IgG or hEpAb2-6 via tail vein 
injection twice a week. When the tumor volume reached 
1500  mm3, the endpoint was considered to have been 
reached. The animals were sacrificed at this point and 
survival times (days) were recorded.

Orthotopic model generation and treatment
A total of 2 ×  105 HCT116 cells with luciferase overex-
pression were surgically transplanted into the cecum wall 
of the animals. Male NOD/SCID mice (6 to 8 weeks old) 
were used for the experiments (n = 5 for each treatment 
condition). At 72 h post-transplantation, mice were ran-
domly distributed into two treatment groups. For the 
treatments, animals were injected with 20 mg/kg IgG or 
hEpAb2-6 via tail vein injection twice a week for four 
weeks. Tumor progression was monitored using biolumi-
nescence imaging. To image the tumors, intraperitoneal 
injection of D-Luciferin (GOLD BIO) was performed, 
and images were taken 10 min post-injection.

Statistics
Statistical analyses were performed using GraphPad 
Prism (GraphPad Software 10). Firstly, normality of data-
sets was tested using the Kolmogorov–Smirnov test. 
Data sets of two groups with normal distributions were 
analyzed using a two-tailed Student’s t-test; otherwise, a 
Mann–Whitney U test was performed for nonparamet-
ric data. Lognormal data of more than two groups were 
tested using one-way ANOVA followed by Tukey’s multi-
ple comparison test. For non-parametric distributions, a 
Kruskal–Wallis followed by Dunn’s multiple comparison 
test was performed. When appropriate, a two-way mixed 
model ANOVA was performed as indicated in the figure 
legends. Data were represented as all data points with the 
median value indicated; P values below 0.05 were consid-
ered statistically significant.

Results
EpCAM is associated with Wnt receptor expression in CRC 
It is well established that CRC cells rely heavily on Wnt 
signaling activation for the disease progression. In canoni-
cal Wnt pathway, interactions of Wnt ligands with their 
receptors (at least one FZD and one LRP) recruit β-Catenin 
destruction complex to the cell membrane resulting de-
phosphorylation of β-Catenin (activate form) [11]. There-
fore, we began this study by asking if EpCAM expression 
was correlated with active β-Catenin levels in CRC patient 
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tissue samples. To answer this question, we performed 
immunohistochemistry (IHC) on patient tissue sam-
ples and found that the levels of both EpCAM and active 
β-Catenin were elevated in disease samples compared to 
healthy tissues (Fig.  1a-c). A further correlation analysis 
showed that the expression of EpCAM was strongly asso-
ciated with that of the active β-Catenin (Pearson’s correla-
tion co-efficient r = 0.76, p < 0.0001) (Fig. 1d). Of note, Wnt 
receptor expression levels and other microenvironmental 
factors are known to influence Wnt signaling activity [20]. 
We thus analyzed datasets from the TCGA database to 
test whether a transcriptional correlation existed between 
EpCAM and commonly expressed Wnt receptors in CRC 
such as FZD6/7 and LRP5/6. The data revealed a signifi-
cant positive correlation between EpCAM and Wnt recep-
tors FZD6 and LRP5/6 but not between EpCAM and 
FZD7 (Fig.  1e). Therefore, we carried out further experi-
ments to delineate FZD6 and LRP5/6 expression charac-
teristics and regulatory mechanisms.

EpCAM is involved in Wnt receptor protein expression
We first performed knockdown or knockout of EpCAM 
in established CRC cell lines and found that Wnt recep-
tors were significantly decreased at protein and mRNA 
levels in the EpCAM-deficient cells (Fig. 1f-i and Supple-
mentary Fig. S1a, b). Furthermore, transfecting knock-
out cells with wild-type EpCAM plasmid rescued Wnt 
receptors at both protein and mRNA levels (Fig. 1h, i and 
Supplementary Fig. S1b), suggesting EpCAM might have 
a regulatory role in Wnt receptor expression. Of note, 
EpCAM has been reported to act via EpEX and EpICD 
to influence critical cell signaling pathways that pro-
mote tumor progression. Thus, we previously developed 
a humanized EpCAM neutralizing monoclonal anti-
body, hEpAb2-6, which could inhibit EpCAM regulated 
intramembrane proteolysis (RIP) [9]. The antibody binds 
to and inhibits the cleavage of EpEX, which impedes 
shedding of EpICD. This action subsequently blocks 
EpCAM-mediated signaling and induces apoptosis in the 

cancer cells. The hEpAb2-6 antibody differs from other 
anti-EpCAM antibodies that are in clinical trials due to 
its unique binding sites at positions L94, Y95 and D96 in 
the EGF-II/TY domain of EpCAM; this binding profile 
allows the antibody to inhibit cleavage of both domains 
[9]. Interestingly, treating cells with hEpAb2-6 also signif-
icantly downregulated Wnt receptor protein and mRNA 
levels in multiple CRC cell lines (Fig.  1j, k and Supple-
mentary Fig. S1c). Therefore, we next wanted to test 
whether inhibition of EpCAM signaling would suppress 
Wnt receptor expression in patient-derived samples. 
Notably, patient-derived organoids (PDOs) exhibit a vari-
ety of cancer phenotypes thus mimic several features of 
cancer progression that naturally occur in patients. Such 
features include relying on high levels of Wnt activity, 
harboring CSCs, attaining clonal dynamics and plastic-
ity and recapitulating tumor heterogeneity and architec-
ture [23–25]. We next utilized PDOs from our previously 
established live biobank [21] to further examine the influ-
ence of EpCAM on Wnt receptor expression (Fig.  1l). 
Given CRC tissues often have high expression of EpCAM, 
we first tested if hEpAb2-6 would readily bind to EpCAM 
on the surface of cells in PDOs using immunofluores-
cence staining (IFS) (Fig.  1l, m). Indeed, we observed 
strong interactions of hEpAb2-6 with the PDOs, in con-
trast to that of the negligible binding of normal IgG. Fur-
thermore, we found that treating PDOs with hEpAb2-6 
significantly decreased Wnt receptor expression at both 
protein and mRNA levels (Fig. 1n, o and Supplementary 
Fig. S1d). Thus, our results confirmed that EpCAM sign-
aling was involved in Wnt receptor protein expression in 
CRC and further showed that Wnt receptor expression 
could be attenuated by the treatment of hEpAb2-6.

Nuclear translocation of EpICD is required for Wnt receptor 
protein expression
It is well established that many cellular effects of 
EpCAM depend on EpICD nuclear translocation and 
transcriptional promotion of EpCAM target genes 

Fig. 1 EpCAM is involved in Wnt receptor expression. a IHC staining for EpCAM and active β‑Catenin in CRC of different stages. For each patient 
in the array, the same field of view is shown for both images. Scale bar: 20 μm. Quantification of expression intensities in samples for b EpCAM 
and c active β‑Catenin expression. d Expression of EpCAM correlates with active β‑Catenin in 120 patient samples (n = 120) corresponding 
to representative images in (a). e Correlation of mRNA levels for EpCAM and indicated Wnt receptors, computed from TCGA database. d, e show 
Pearson correlation coefficient r. f Western blot analysis showing indicated Wnt receptor protein expression levels and g relative mRNA expression 
levels in EpCAM knockdown H29 cells. h Protein levels and i mRNA expression levels in EpCAM‑KO HCT116 cells transfected with either pcDNA 
or EpCAM‑V5 plasmid. j Protein levels and k mRNA expression levels in indicated cell lines treated overnight with either ctrl‑IgG or hEpAb2‑6 (20 μg/
mL). l Experimental design for use of patient derived organoids (PDOs). m IFS for hEpAb2‑6 binding to EpCAM in PDOs (Scale bar: 30 μm). n Western 
blot analysis showing indicated Wnt receptor levels, and o corresponding relative mRNA expression levels in indicated PDOs. Quantified band 
intensities from three independent experiments (f, h, j and n) were provided in Supplementary Fig. 1. Data were analyzed using (b, c) Kruskal–Wallis 
test followed by Dunn’s and g, i one‑way ANOVA followed by Tukey’s test for multiple comparison and k, o two‑tailed t test. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. Ctrl: control, KO: knockout

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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[1]. Thus, we hypothesized that EpICD may act as a 
transcriptional co-factor for Wnt receptors. To test 
this hypothesis, we utilized DAPT, a small molecule 
inhibitor of a metalloprotease γ-secretase that was 
known for cleaving EpICD from intact full-length 
EpCAM [1, 5] (Fig. 2a, b and Supplementary Fig. S1e). 
As expected, DAPT treatment decreased the level of 
EpICD as well as the protein and mRNA expression 
levels of Wnt receptors. In order to further confirm 
the involvement of EpICD, we introduced mutations 
into the EpICD cleavage site within the EpCAM plas-
mid (EpCAM-MT), rendering the protein resistant to 
γ-secretase activity [26]. EpCAM-knockout cells dis-
played decreased Wnt receptor expression both at pro-
tein and mRNA levels. Transfecting the knockout cells 
with EpCAM-MT plasmid could not rescue the recep-
tor expression but transfection of EpCAM wild-type 
(EpCAM-WT) plasmid did rescue the effect (Fig.  1h, 
i; Fig. 2c, d; Supplementary Fig. S1f ). Consistent with 
these results, transfecting EpCAM-knockout cells with 
only EpICD plasmid rescued expression of Wnt recep-
tor proteins (Fig. 2e, f and Supplementary Fig. S1g). To 
further study the function of EpICD in  vivo, we gen-
erated patient-derived xenografts (PDX) and HCT116 
cell-derived xenografts. Since hEpAb2-6-mediated 
inhibition of Wnt receptor expression was observed 
in both CRC cell lines and PDOs (Fig.  1j-o), we next 
treated tumor-bearing animals with hEpAb2-6 for two 
weeks, after which tumors were isolated, sectioned 
and analyzed by IFS studying Wnt receptor expres-
sion. In both PDX and HCT116-xenografts, we saw 
robust nuclear accumulation of EpICD in tumors from 
control-IgG-treated animals that however; was mark-
edly decreased in tumors from hEpAb2-6-treated mice 
(Fig.  2g, h). In fact, the hEpAb2-6-treated animals 
harbored tumors with a remarkable increase in mem-
brane-associated EpICD staining. These findings are 
consistent with the idea that the antibody treatment 
inhibited RIP to block shedding of EpICD and thereby 

suppress its nuclear translocation [5, 8, 9]. In addi-
tion, we found that hEpAb2-6 treatment significantly 
inhibited Wnt receptor protein levels in both xeno-
graft models (Fig.  2i, j). Altogether, these results sug-
gest that EpICD and its nuclear translocation are likely 
responsible for the upregulated expression of FZD6 
and LRP5/6 observed in CRC.

Wnt signaling activation induces γ‑secretase activity 
in a positive feedback‑loop
Since we found that EpICD production and its nuclear 
translocation were necessary for Wnt receptor (FZD6 
and LRP5/6) expression, we next wanted to understand 
how γ-secretase was activated and how it influenced 
EpICD production in CRC. We thus asked whether acti-
vation of Wnt signaling influenced γ-secretase activity 
and modulated cleavage of EpICD. In this context, it is 
known that EpEX may induce EpCAM RIP and upregu-
late EpICD release. Thus, we tested the effects of both 
EpEX and a Wnt ligand (Wnt3A) on γ-secretase activ-
ity (Fig. 3a). Interestingly, we found that both treatment 
with exogenous EpEX or Wnt3A could significantly 
enhance γ-secretase activity as compared to control 
treatments. Since γ-secretase is typically activated via 
phosphorylation of its presenillin-2 (PS2) subunit, we 
further tested how PS2 phosphorylation was influenced 
by EpEX and Wnt3A treatment. We noticed both EpEX 
and Wnt3A treatment (Wnt signaling activation) could 
increase phopho-PS2 levels (Fig.  3b). In order to dis-
sect the mechanisms of these effects, we next sought to 
identify the kinases involved in this process. Remark-
ably, blocking GSK3β or CK1 proteins of the β-Catenin 
destruction complex with small molecule inhibitors 
resulted in decreased phosphorylation of PS2 (Fig.  3c, 
d) suggesting activation of Wnt signaling could induce 
γ-secretase activity. Moreover, we also found that neither 
EpEX nor Wnt3A treatments could induce phosphoryla-
tion of PS2 in the presence of GSK3β and CK1 inhibitors. 
These results suggested that treatment with both Wnt3A 

(See figure on next page.)
Fig. 2 Nuclear EpICD regulates Wnt receptor expression. a Western blot analysis showing Wnt receptor protein expression and b relative mRNA 
expression in indicated cell lines with overnight DAPT treatment (50 μM). c Protein and d mRNA expression in control and EpCAM‑KO HCT116 cells 
transiently transfected with either pcDNA or γ‑secretase cleavage‑resistant EpCAM plasmid (EpCAM‑MT) or EpCAM wild‑type plasmid (EpCAM‑WT). 
The EpCAM‑MT plasmid harbors EpICD cleavage site mutations, including R290E, K291E, K292E and R293E. e Protein and f mRNA expression 
in EpCAM‑KO HT29 cells transiently transfected with either pcDNA or EpICD plasmids. Quantified band intensities from three independent 
experiments (a, c and e) are provided in Supplementary Fig. 1. g – j Either PDX (PDO#1 transplanted) or HCT116‑xenograft models were generated 
by transplanting single cells (1 ×  105 cells) and allowed to grow for two weeks (~ 100  mm3) and then treated with either IgG or EpAb2‑6 (20 mg/
kg) for two weeks and then tumors were surgically isolated and processed for sectioning. Representative IFS images (scale bar: 20 μm) showing (g) 
EpICD expression and h quantification of membrane and nuclear EpICD staining, or (i) Wnt receptor expression and corresponding (j) quantification 
of staining intensity in tumors. Quantitative data were derived from n = 5 tumors per group; each data point is the average of two different sections 
from the tumor. Statistics were performed (b, h, j) using two‑tailed t test and (d, f) one‑way ANOVA followed by Tukey’s multiple comparison test. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Ctrl: control, KO: knockout
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Fig. 2 (See legend on previous page.)
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Fig. 3 Wnt pathway activation induces γ‑secretase activity stimulating EpICD production and its subsequent nuclear translocation. a γ‑secretase 
activity quantified in cell lines treated with either ctrl‑His or Wnt3A (100 ng/mL) or EpEX‑His (250 ng/mL) for 4 h. Western blot analysis showing 
phosphorylated presenilin‑2 (PS2) in (b) indicated cells treated with ctrl‑His (100 ng/mL), Wnt3A (100 ng/mL) or EpEX‑His (250 ng/mL) for 20 min 
or with 1 h pre‑treated (c) BIO (50 µM) or (d) PF‑670462 (50 µM) in HCT116 cells. e Western blot analysis showing overall EpICD level in total lysate, 
and f representative IFS images (Scale bar: 10 μm) showing EpICD localization in HCT116 cells treated with either ctrl‑His or Wnt3A (100 ng/mL) 
or EpEX‑His (250 ng/mL) for 8 h. g Quantification of nuclear EpICD levels from 20 different cells per group. h Illustration showing the proposed 
mechanism of PS2 phosphorylation by GSK3β and CK1 to activate γ‑secretase, which then cleaves EpICD from intact full‑length EpCAM. i‑j 
γ‑Secretase activity and k, l Western blot analysis showing phosphorylation of PS2 in indicated cell lines and PDOs treated with either ctrl‑IgG 
or hEpAb2‑6 (20 μg/mL) for 4 h. Data were analyzed using (a, g) one‑way ANOVA followed by Tukey’s test for multiple comparisons and i, j 
two‑tailed t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Ctrl: control
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and EpEX involved GSK3β and CK1 in the activation of 
γ-secretase (Fig. 3c, d). In order to confirm if upregulated 
γ-secretase activity was associated with increased EpICD 
cleavage, we treated the cells with exogenous EpEX and 
Wnt3A and measured EpICD in total cell lysates by West-
ern blot analysis. In addition, both EpEX and Wnt3A 
treatment increased productions of whole-cell levels 
of EpICD as well as enhanced its nuclear translocation 
as assessed by Western blot and IFS (Fig.  3e-g). These 
results altogether suggested Wnt signaling activation 
induced γ-secretase activity by stimulating phosphoryla-
tion of PS2 with the requirements of kinases GSK3β and 
CK1 present in the β-Catenin destruction complex. Thus, 
a positive feedback loop existed in which Wnt signaling 
induced shedding and nuclear translocation of EpICD 
that further upregulated Wnt receptor expression and 
related Wnt signaling activity (Fig. 3h). We next tested if 
treatment with hEpAb2-6 could inhibit the activation of 
γ-secretase that might block EpICD cleavage in cell lines 
and PDOs. Indeed, the antibody treatment could signifi-
cantly inhibit γ-secretase activity and phospho-PS2 levels 
compared to control IgG treatment in both cell lines and 
PDOs (Fig. 3i-l).

EpICD interacts with the promoters of Wnt receptors 
to induce transcription
Up to this point, we had shown that activation of Wnt 
signaling induced γ-secretase activity augmenting cleav-
age of EpICD that translocated to the nucleus and pro-
moted Wnt receptor expression. Therefore, we next 
wanted to probe the mechanisms underlying EpICD-
mediated upregulation of Wnt receptor (FZD6 and 
LRP5/6) transcription. For this purpose, we constructed 
reporters in which luciferase expression was under the 
control of promoters of Wnt receptors (Fig.  4a). Trans-
fecting CRC cells with wild-type EpCAM plasmid led to 
enhanced promoter activity that the DAPT treatment 
however significantly blocked the effect (Fig.  4b). Next, 
we developed a method to test Wnt receptor promoter 
activities in PDOs. We isolated single cells from matrigel-
dissociated PDOs and co-transfected with reporter plas-
mids and then induced organoid formation using the 
transfected cells. The organoids were further exposed to 
required treatments and subjected to the reporter assay 
(Fig.  4c). Similar to the results from cell lines, EpCAM 
transfection augmented Wnt receptor promoter activ-
ity, whilst DAPT treatment blocked the effect in PDOs 
(Fig.  4d). In addition, EpCAM knockout CRC cells dis-
played reduced Wnt receptor promoter activity. The 
activity levels were unchanged when the cells were trans-
fected with EpCAM-MT plasmid, but the activities were 
successfully rescued with EpCAM-WT plasmid (Fig. 4e). 

Consistently, transfecting knockout cells with EpICD 
plasmid also successfully restored Wnt receptor pro-
moter activity (Fig. 4f ). Finally, consistent with previous 
results, treatment with hEpAb2-6 significantly reduced 
promoter activities in PDOs (Fig. 4g). These results sug-
gested that the nuclear translocation of EpICD and its 
interactions with promoters of Wnt receptors (FZD6 and 
LRP5/6) upregulated the promoter activities in order to 
induce their transcription and in turn promoted Wnt 
signaling.

EpICD stimulates Wnt activity to induce CRC progression
We next wanted to test if EpICD-induced effects on Wnt 
signaling would be reflected in Wnt-associated cellular 
characteristics. First, we tested if EpCAM was involved 
in tumor formation in xenograft models (Fig.  5a). As 
expected, EpCAM knockout cells formed significantly 
smaller tumors and displayed reduced tumor progres-
sion compared to control cells (Fig.  5a-d). In addition, 
knocking out EpCAM significantly reduced cell growth, 
increasing the doubling time in HCT116 and HT29 cells 
(From 19.2 ± 0.7  h in controls to 40.3 ± 0.9  h in knock-
out HCT116 cells; likewise, from 23 ± 2  h in control to 
48 ± 2  h in knockout HT29 cells) (Supplementary Fig. 
S2a, b). In line with these results, forced expression of 
EpCAM in CT26 mouse CRC cells (that normally do 
not express EpCAM) decreased the doubling time from 
30 ± 2  h in control cells to 21 ± 2  h in EpCAM-express-
ing cells (Supplementary Fig. S2c). Given that EpCAM 
influences various stemness-related characteristics, we 
reasoned that EpCAM might be involved in promot-
ing cancer cell migration and invasion. To test this idea, 
we performed a wound healing assay and a trans-well 
assay using EpCAM knockout cells. The results showed 
that knocking out EpCAM significantly decreased the 
invasion and migration properties (Supplementary Fig. 
S2d-g).

We thus studied if EpICD could rescue Wnt-related 
phenomena in EpCAM knockout cells. First, we per-
formed IFS to examine active β-Catenin and quantify 
the nuclear translocation of β-Catenin (Fig.  5e, f ). We 
noticed, EpCAM knockout significantly reduced the 
nuclear β-Catenin signal, and such effect could be par-
tially rescued by transient transfection of EpICD plas-
mid. These results were in agreement with Wnt activity 
results, as measured with the TOP-Flash reporter assay 
(Fig.  5g). Furthermore, CT26 cells (do not express 
EpCAM) showed enhanced Wnt activity when trans-
fected with EpICD plasmid (Fig. 5h). We also tested other 
Wnt-related properties such as spheroid and colony for-
mation in various CRC cell lines (Fig.  5i-k). Similar to 
the previous results, EpICD transfection rescued these 
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outcomes in EpCAM knockout cells. Moreover, treat-
ing PDOs with hEpAb2-6 significantly decreased PDO 
size and number in the cultures (Fig.  5l-n), suggesting 

that the EpCAM antibody suppressed Wnt-associated 
organoid formation. Based on our results, we concluded 
that EpICD-mediated transcription of Wnt receptors 

Fig. 4 EpICD induces transcriptional activity of Wnt receptor promoters. a Diagram shows construction of luciferase reporters to study Wnt 
receptor promoter activity. b Indicated Wnt receptor promoter activity after transient transfection of EpCAM plasmid and overnight treatment 
of DAPT (50 μM). c Experimental procedure for the transient transfection of PDOs with reporter plasmids. d Promoter activity in indicated PDOs 
treated as in (b). e Wnt receptor promoter activity in indicated cell lines transiently transfected with pcDNA, γ‑secretase cleavage‑resistant 
EpCAM plasmid (EpCAM‑MT; harbors EpICD cleavage site mutations R290E/K291E/K292E/R293E) or EpCAM wild‑type (EpCAM‑WT) plasmid and f 
either pcDNA or EpICD plasmid, and in (g) PDOs treated with either IgG or hEpAb2‑6 (20 μg/mL) for 8 h. Data were analyzed using (b, d, e and f) 
one‑way ANOVA followed by Tukey’s test for multiple comparison and g two‑tailed t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. LUC: 
Luciferase, KO: knockout, Ctrl: control
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Fig. 5 EpICD promotes Wnt‑associated characteristics in CRC. a‑d Comparison of individual tumor sizes and progression in vivo; 1 ×  105 Ctrl‑sgRNA 
or EpCAM‑KO HCT116 cells were subcutaneously transplanted in NOD/SCID mice (n = 6 for each cell line) (Scale bar: 1 cm). e Representative IFS 
images (Scale bar: 10 μm) showing active β‑Catenin and its nuclear translocation (hallmark of canonical Wnt pathway activation) in HT29 cells 
transfected with either pcDNA or EpICD plasmid. f Quantification of nuclear β‑Catenin from 20 different cells, and g Wnt activity as detected by TOP 
flash reporter assay in indicated control and EpCAM knockout cell lines with or without EpICD plasmid transfection. h Wnt activity in CT26 mouse 
colon cancer cells (do not normally express EpCAM) with either pcDNA or EpICD plasmid transfection. i Sphere and colony formation (Scale bar: 
20 μM). j Sphere number and k colony densities in indicated cell lines (5 ×  103 cells seeded for both assays) transfected with either pcDNA or EpICD 
plasmid. l Images of indicated PDOs (Scale bar: 100 μm) treated with either ctrl‑IgG or hEpAb2‑6 (20 μg/mL) every 2 days for 6 days. Box and whisker 
plots showing (m) organoid size (from three independent wells) and h number (three independent experiments and two wells for each 
experiment) in indicated PDO cultures with indicated treatments. Data were analyzed using (b) two‑way ANOVA, (c, d, h, n) two‑tailed t test, (f, g, j, 
k) one‑way ANOVA followed by Tukey’s test for multiple comparison and m Mann–Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001. Ctrl: control
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augmented Wnt signaling as well as drove Wnt-related 
phenomena in CRC.

hEpAb2‑6 suppresses tumor progression in xenograft 
models
Since our data indicated that hEpAb2-6 could prevent 
EpICD-mediated upregulation of Wnt receptor (FZD6 
and LRP5/6) transcription and related phenomena, we 
next sought to test whether hEpAb2-6 conferred thera-
peutic benefit in laboratory models of CRC. Given 
suppression of Wnt signaling might lead to apopto-
sis of cancer cells, we first tested the apoptotic effects 
of hEpAb2-6 in CRC cell lines (Fig.  6a, b). The results 
showed that the antibody significantly induced apoptosis 
in the CRC cells. In order to test the therapeutic effects of 
the antibody in vivo, we generated a PDX model by trans-
planting PDOs that further were treated with control IgG 
or hEpAb2-6 (Fig. 6c). Treatment with hEpAb2-6 signifi-
cantly reduced tumor growth and progression compared 
to IgG treatment (Fig.  6d). In addition, the median sur-
vivals of antibody-treated animals were greater than that 
of the IgG-treated animals (Fig.  6e). Next, we tested the 
therapeutic effects of hEpAb2-6 in an orthotopic xeno-
graft model of human CRC. To do so, HCT116 cells were 
surgically transplanted into the cecum wall of the animals, 
and the treatments were started 72 h post-transplantation 
(Fig. 6f ). While IgG-treated animals displayed aggressive 
tumor progression, the hEpAb2-6-treated group showed 
significantly reduced tumor progression and increased 
median survival (Fig. 6g-i). Of note, no obvious discrepan-
cies were observed with the safety profile of hEpAb2-6, as 
the antibody treatment did not cause significant decline 
in the bodyweight of the animals. The control IgG treat-
ment group displayed a gradual reduction of bodyweight, 
probably due to the high tumor burden in both PDX and 
orthotopic models (Supplementary Fig.  3a, b). These 
results support the idea that EpICD-induced upregula-
tion of Wnt receptor transcription and consequent activa-
tion of Wnt signaling promotes CRC progression, which 
however the mechanisms can be neutralized by hEpAb2-6 
treatment in order to provide therapeutic benefit (Fig. 6j).

Discussion
The tumorigenic functions of EpCAM have been widely 
studied in varieties of cancers. One of the most impor-
tant findings is that EpCAM is expressed on the surface 
of CSCs and circulating tumor cells, which makes the 
protein a potent target for therapeutics and diagnos-
tics [2, 3]. Although tumor-promoting functionalities of 
EpCAM have been extensively reported, several studies 
have also revealed that EpCAM exerts tumor-suppress-
ing properties in many cancer types. Such functionali-
ties have been studied using samples from patients with 
renal carcinoma, gastric cancer, colorectal cancer, lung 
cancer and ovarian cancer [27]. Despite the large num-
ber of studies reporting good prognosis in patients with 
high EpCAM expression, the exact mechanisms by which 
EpCAM supresses tumor progression remain unclear. In 
contrast, many studies have reported pro-tumor func-
tionalities of EpCAM in patient samples for some of the 
same cancer types [27]. While dual functionalities of 
EpCAM in the context of cancer are thought to exist, the 
mechanistic insights behind its pro-tumor characteristics 
have been well established [3]. Such mechanisms mostly 
involve roles of EpEX and EpICD in a variety of critical 
cancer cell signaling cascades, such as the EGFR, HGFR 
and Wnt pathways [1, 4–8]. Importantly, the involve-
ments of EpCAM in Wnt signaling was established since 
EpICD translocated to the nucleus along with β-Catenin 
and FHL2 [1]. In the nucleus, the EpICD-β-Catenin-
FHL2 complex acts on EpCAM target genes, though the 
specific identities of these genes are not fully known. 
In this study, we found that EpICD nuclear transloca-
tion is associated with transcriptional upregulation of 
Wnt receptor proteins including FZD6 and LRP5/6. This 
upregulation stimulates Wnt signaling to further pro-
mote CRC tumorigenesis.

The Wnt pathway is critical for cancer progression 
in several cancer types including CRC. In general, Wnt 
signaling is activated when an external Wnt ligand 
interacts with at least one FZD and one LRP recep-
tor; the activated receptor then recruits the β-Catenin 
destruction complex to the cell membrane, where it is 

(See figure on next page.)
Fig. 6 hEpAb2‑6 suppresses tumor progression in multiple xenograft models of CRC. a Annexin V apoptosis assay after overnight treatment 
of hEpAb2‑6 (20 μg/mL). b Quantification of apoptotic cell counts from three independent experiments in indicated cell lines. c Procedure 
for generating a PDX model (PDO#1) and the hEpAb2‑6 treatment strategy. d Spaghetti plots showing individual tumor progression in animals 
treated bi‑weekly with either Ctrl‑IgG or hEpAb2‑6 (20 mg/kg) for 4 weeks. The endpoint was reached when tumor volume reached 2000  mm3 
in any mouse. e Kaplan–Meier survival plot showing animal survival for the PDX model (median survival displayed in adjacent table). f Treatment 
schedule of the HCT116 orthotopic animal model and g Bioluminescence indicating tumor progression (Day 0 = 72 h post‑transplantation). h 
Quantification of luminescence intensity (mean ± standard deviation). i Kaplan–Meier survival plot showing animal survival for the orthotopic 
model (median survival is shown in adjacent table). j Schematic representation of the major findings in this study. EpICD regulates Wnt receptor 
(FZD6 and LRP5/6) expression, and hEpAb2‑6 attenuates the mechanism, suggesting its potential for therapeutic application. Data were analyzed 
using b two tailed t test or (d, h) two‑way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Ctrl: control
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Fig. 6 (See legend on previous page.)
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dephosphorylated forming active β-Catenin and trans-
locating to the nucleus [11]. Thus, overexpression of the 
Wnt receptor proteins may sensitize the cells to exter-
nal ligands and augment the signaling activity [20]. Here 
we observed that knocking out EpCAM led to reduced 
nuclear translocation of β-Catenin, and this effect was 
partially rescued by EpICD transfection. These results 
might be attributed to two potential mechanisms. First, 
EpICD is involved in the transcription of Wnt receptors, 
so knockout of EpCAM should reduce expression of the 
receptors, limiting the interaction of Wnt ligands with the 
receptors and downregulating nuclear entry of β-Catenin 
[11, 20, 28]. Another possible mechanism could involve 
the formation of the EpICD-β-Catenin-FHL2 complex, 
which is known to translocate to the nucleus [1]. Despite 
these dual functions of EpICD, we did not observe com-
plete rescue of nuclear β-Catenin after EpICD transfec-
tion to the knockout cells. This observation suggests 
that additional unknown mechanisms of EpCAM may 
facilitate nuclear entry of β-Catenin. Therefore, a spe-
cific strategy such as targeting EpCAM could be ben-
eficial in cancers such as CRC or head and neck cancer 
where both EpCAM and Wnt signaling components 
were highly expressed. Indeed, in this study we showed 
that hEpAb2-6 that known to block EpICD release could 
inhibit EpICD-mediated expression of Wnt receptor pro-
teins and functional effects of Wnt signaling including 
tumorigenesis. Ectopic EpICD may also be instrumen-
tal in cancer cell signaling processes, and the antibody 
may not directly block the cleavage of ectopic EpICD. 
Nonetheless, ectopic EpICD still requires γ-secretase 
activity for its successful shedding, and hEpAb2-6 may 
block EpICD cleavage by inhibiting γ-secretase activity, 
as observed in our experiments (Fig.  3). It is important 
to note that hEpAb2-6 also neutralizes EpEX activity, so 
the tumor-suppressive effects of the antibody observed 
in animal models are likely to be cumulative inhibitory 
effects on both EpEX- and EpICD-mediated mecha-
nisms, not only the inhibition of EpICD-mediated Wnt 
receptor expression [5, 6, 8].

In CRC patients, high EpCAM expression is associated 
with poor outcomes, likely due to the critical involve-
ment of EpICD in CRC cell function. Moreover, low lev-
els of membrane EpICD staining intensity in CRC tumors 
are indicative of poor prognosis [16–18]. It has also been 
shown that low membrane EpICD staining corresponds 
to high nuclear accumulation of the protein thus poor 
prognosis in several other cancer types [13, 14, 19]. In 
line with these clinical observations, EpICD is thought 
to regulate cell cycle progression by impacting cyclin 
D expression, as cyclin D was identified as an EpCAM 
target gene [29]. The nuclear accumulation of EpICD is 
also associated with transcriptional activation of major 

stemness genes, such as Sox2, Oct4 and c-Myc [4]. Nota-
bly, two major underlying characteristics that contribute 
to cancer progression are metastasis and CSC signaling 
that are conferred by epithelial-to-mesenchymal transi-
tion (EMT). Several reports have implicated that EpICD 
in the transcriptional control of EMT factors, establishes 
EpCAM as a dynamic regulator of the EMT process [4, 
19, 30–33]. Therefore, the major involvement of EpCAM 
in various types of cancers (including CRC) is likely 
to involve the functions of EpICD in regulating criti-
cal cellular processes such as EMT, CSC signaling and 
metastasis.

EpCAM has been established as a key CSC antigen in 
CRC and several other cancer types, and it can also be 
considered a pivotal contributor to Wnt signaling due 
to the association of EpICD with β-Catenin [1, 2, 4, 33, 
34]. Importantly, CSC signaling is highly dependent on 
the tumor microenvironment (TME) since factors in the 
TME interact with a multitude of receptors to stimu-
late CSC propagation. Among these factors in the TME, 
Wnt pathway activators are abundant and may stimu-
late the cells to drive tumor progression. As such, tar-
geting TME components may be an effective approach 
for novel cancer therapeutics [11, 35, 36]. In the case of 
CRC, disrupting the actions of β-Catenin-stimulating 
Wnt signals in the TME may suppress cancer propaga-
tion. In particular, it may be possible to target major Wnt 
receptors, such as LRP5 and LRP6, to attenuate CRC 
progression by downregulating Wnt-related signaling 
mechanisms [28]. Of note, TME components and Wnt 
signaling are also critical for development of resistance 
to cancer therapeutics. Disease relapse is often attrib-
utable to Wnt signaling and CSCs that have established 
drug resistance via multiple independent mechanisms 
[37–39]. Therefore, targeting Wnt components may be 
beneficial for treating the primary cancer as well as over-
coming drug resistance in any remaining cells [10, 37–
39]. For instance, neutralizing mAbs against Wnt2 and 
Wnt3A were shown to exert anti-proliferation effects in 
gastric cancer and prostate cancer models respectively 
[39, 40]. Additionally, antibodies against Wnt receptors 
such as Vantictumab (OMP-18R5; mAb that blocks five 
Frizzled receptors/FZDs: FZD1, FZD2, FZD5, FZD7 and 
FZD8) and ipafricept (FZD8-Fc) are both under evalua-
tion as potential therapeutic agents against advanced-
stage solid tumors [41, 42]. In this study, we found that 
EpICD-mediated transcriptional upregulation of Wnt 
receptors leads to augmentation of Wnt signaling. There-
fore, blocking EpICD cleavage may be an effective way to 
suppress Wnt signaling and its associated cellular charac-
teristics. Indeed, our results showed that treatment with 
hEpAb2-6 could inhibit Wnt receptor expression and 
Wnt-associated cancer cell phenotypes.
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In addition to the cell-intrinsic effects of EpICD, 
EpCAM can affect other cells via release of EpEX into 
the TME. For example, the interaction of EpEX with 
EGFR was previously reported to activate AKT and 
ERK1/2 pathways, promoting tumor progression in 
both lung cancer and CRC models. Furthermore, this 
action of EpEX-EGFR activates TACE and γ-secretase 
enzymes further inducing EpCAM signaling via shed-
ding of EpEX and EpICD [5, 8]. Liang et  al. also 
reported that in CRC, stimulation of the EpEX-EGFR-
ERK1/2 axis leads to phosphorylation of PS2 and gen-
erates EpICD [5]. Here, we found that activation of Wnt 
signaling caused increased levels of phosphorylated 
PS2 via GSK3β and CK1, establishing a positive feed-
back loop with EpICD. While Wnt ligands are probably 
the major signals to induce transcription of target genes 
via intracellular β-Catenin, EpCAM also participates in 
the signaling via EpICD-mediated promotion of Wnt 
receptor transcription and subsequent effects on Wnt 
activity levels [11]. Most importantly, we showed that 
hEpAb2-6 treatment inhibited phospho-PS2 levels to 
block γ-secretase activity and attenuate EpICD-medi-
ated cellular effects.

Conclusions
Given that Wnt signaling is critical for CRC progression, 
this study clarifies the role of EpICD in CRC, revealing 
that it functions as a co-factor to transcribe Wnt recep-
tor proteins. Furthermore, we showed that activation of 
Wnt signaling induces γ-secretase activity to augment 
the shedding of EpICD in a positive feedback loop. Treat-
ment with the humanized EpCAM-neutralizing antibody, 
hEpAb2-6, inhibited EpICD-related mechanisms and 
decreased Wnt receptor expression. The antibody also 
attenuated tumor progression and extended survival in 
multiple CRC xenograft models. We therefore propose 
that anti-EpCAM therapeutics may be effective for the 
treatment of CRC.
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