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A B S T R A C T   

Objectives: Cetuximab (Cmab) is a molecularly targeted monoclonal antibody drug for head and neck squamous 
cell carcinoma (HNSC), although cetuximab resistance is a serious challenge. Epithelial cell adhesion molecule 
(EpCAM) is an established marker for many epithelial tumors, while the soluble EpCAM extracellular domain 
(EpEX) functions as a ligand for epidermal growth factor receptor (EGFR). We investigated the expression of 
EpCAM in HNSC, its involvement in Cmab action, and the mechanism by which soluble EpEX activated EGFR and 
played key roles in Cmab resistance. 
Materials and methods: We first examined EPCAM expression in HNSCs and its clinical significance by searching 
gene expression array databases. We then examined the effects of soluble EpEX and Cmab on intracellular 
signaling and Cmab efficacy in HNSC cell lines (HSC-3 and SAS). 
Results: EPCAM expression was found to be enhanced in HNSC tumor tissues compared to normal tissues, and the 
enhancement was correlated with stage progression and prognosis. Soluble EpEX activated the EGFR-ERK 
signaling pathway and nuclear translocation of EpCAM intracellular domains (EpICDs) in HNSC cells. EpEX 
resisted the antitumor effect of Cmab in an EGFR expression-dependent manner. 
Conclusion: Soluble EpEX activates EGFR to increase Cmab resistance in HNSC cells. The EpEX-activated Cmab 
resistance in HNSC is potentially mediated by the EGFR-ERK signaling pathway and the EpCAM cleavage- 
induced nuclear translocation of EpICD. High expression and cleavage of EpCAM are potential biomarkers for 
predicting the clinical efficacy and resistance to Cmab.   

Introduction 

The molecularly targeted drug cetuximab (Cmab) is an anti- 
epidermal growth factor receptor (EGFR) IgG1 monoclonal antibody 
currently used for the treatment of locally advanced or recurrent/met-
astatic head and neck cancer (HNC) [1–3] and Ras-wildtype metastatic 
colorectal cancer. Direct binding of Cmab to EGFR can prevent cancer 

growth by inhibiting the ligand interaction, dimerization, and phos-
phorylation of EGFR and the downstream Ras-Raf-MEK-ERK signaling 
pathway [1,4]. In head and neck squamous cell carcinoma (HNSC), 
Cmab monotherapy was previously reported effective in 13% of patients 
with recurrent or metastatic HNSC and improved overall survival when 
combined with radiation therapy or chemotherapy [5]. On the other 
hand, serious side effects, low response rates, and residual tumors after 
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treatment remain problems for EGFR inhibitors, including Cmab [6]. To 
solve these problems, it is necessary to understand the mechanism of 
Cmab resistance and to take countermeasures against it. Two major 
mechanisms of Cmab resistance in tumors have been identified: (i) the 
constant increase in proliferative signaling levels associated with 
changes in EGFR-ligand or molecules mediating the EGFR signaling 
pathway, such as Ras [7], and (ii) the use of other surface receptors, such 
as ERBB2 and MET, in the tumor cell proliferative system [8–10]. Mu-
tations in KRAS and other downstream factors of EGFR are rare in HNC. 
However, there is no useful biomarker to predict and diagnose Cmab 
resistance. In the present study, we hypothesized that epithelial cell 
adhesion molecule (EpCAM) is involved in the EGFR signaling and Cmab 
resistance in HNSC. 

EpCAM is a type I transmembrane (TM) glycoprotein composed of 
314 amino acids (aa) that resides on the cell membrane surface and 
influences cellular functions toward tumor progressions, such as cell 
adhesion, cell proliferation, and cancer stemness [11–13]. EpCAM is 
highly expressed in epithelial cancers and is a potential diagnostic and 
prognostic marker for the progression of cancers of epithelial origin, 
including HNSC [14]. The full-length (FL) EpCAM consists of an N-ter-
minal signal peptide, an extracellular domain (EpEX: 242 aa), a trans- 
membrane domain (23 aa), and a C-terminal intracellular domain 
(EpICD: 26 aa) [13,15]. EpEX contains epidermal growth factor (EGF)- 
like domain I and II (also known as N-domain: 40 aa), thyroglobulin 
type-1A-repeat-like (TY) domain (75 aa), and cysteine-free domain (127 
aa), while EpICD has two binding sites for alpha-actin cytoskeleton 
[12,13,15]. In addition to its role in cell adhesion, EpCAM can function 
as an intracellular and nuclear signaling molecule. When cleaved at the 
plasma membrane, EpICD can bind with β-catenin, and the molecular 
complex regulates the transcription of target genes [15]. Nuclear EpICD 
is expected to be useful as a biomarker for cancer metastasis and prog-
nosis [15–17]. Moreover, a cleaved soluble form of EpEX can bind to 
EGFR as a ligand and activate downstream cascades to enhance tumor 
cell proliferation and progression [15,18–20]. 

However, the role of EpCAM in Cmab resistance has yet to be clari-
fied. To clarify EpCAM expression and its involvement in Cmab action 
and resistance in HNSC, we examined the mechanism by which soluble 
EpEX altered both EGFR signaling and the cellular EpCAM status 
involved in Cmab resistance. 

Methods 

Data acquisition 

RNA sequence data of HNSC patients (TCGA-HNSC), which were 
taken from 44 normal tissue samples and 504 tumor tissue samples, were 
downloaded from the TCGA portal (https://portal.gdc.cancer.gov/) and 
divided into “EPCAM-high” and “EPCAM-low” groups according to the 
median transcript per million (TPM) value of EPCAM expression (Me-
dian = 45.3361). Clinical data corresponding to the TCGA-HNSC cohort 
were downloaded from cBioPortal (https://www.cbioportal.org/). 

EPCAM expression in the TCGA-HNSC cohort 

The differential expression of EPCAM between normal tissue samples 
(N = 44) and tumor tissue samples (N = 504) was analyzed in boxplot, 
using R v4.2.1 [21] (The R Foundation for Statistical Computing, 
Vienna, Austria; https://www.r-project.org/). We also compared 
EPCAM expression between the paired normal tissue and tumor tissue 
samples (N = 43). The TPM + 1 values were log2-transformed and then 
compared. 

Expression analysis of EPCAM in HNSC cases 

To compare EPCAM gene expression levels by HNSC stages I to IV, we 
used the OncoDB data set (https://oncodb.org/index.html) [22]. 

Correlation between EPCAM expression and prognosis 

Kaplan-Meier plotting from RNA-seq data was performed using KM 
plotter [23,24]. We analyzed the overall survival of HNSC patients (n =
500) with auto-select best cutoff. 

The correlation between clinical data and EPCAM expression 

Pearson’s Chi-square test and Fisher’s exact test were used to eval-
uate the correlation between the EPCAM expression and clinicopatho-
logical characteristics. Cox proportional hazard model was used for 
multivariate analysis. All analyses were conducted using R v4.2.1. 

Tissue microarray 

The expression of EpCAM was analyzed in head and neck cancer and 
in a normal tissue microarray (OR601c; US Biomax). Antigens were 
activated by autoclaving in a citric acid solution. For immunohisto-
chemistry, specimens were incubated with anti-EpCAM antibody 
(1:500) overnight at 4 ◦C) and then treated with avidin–biotin complex 
(1:100, VECTASTAIN ABC kit; Vector Laboratories, CA) for 60 min. The 
immunoreaction was visualized using DAB substrate-chromogen solu-
tion (SK-4100 DAB substrate kit; Vector Laboratories). 

Cell culture 

SAS and HSC-3 were obtained from JCRB Cell Bank and cultured in 
DMEM containing 10% FBS in a humidified incubator at 37 ◦C and 5% 
CO2 as previously described [25]. 

Three-dimensional (3D) spheroid culture 

The 3D spheroid culture was performed as previously described 
[25–28]. Briefly, 1.0 × 105 cells were seeded into each well of a 96-well 
ultra-low attachment (ULA) plate (#7007; Corning, NY). Spheroid im-
ages were captured using a bright-field microscope (IX81; Olympus, 
Tokyo). 

Reagents 

Antibodies against EGFR (ab32562), EpICD (ab32392), and KDM1/ 
LSD1 (ab129195) and HRP-conjugated anti-β-actin antibody (ab49900) 
were purchased from Abcam (Cambridge, MA). Antibodies against 
EpCAM (VU1D9), p-EGFR (D7A5), E-cadherin (24E10), p44/42 MAPK 
(L34F12), and p-p42/44 MAPK (T202/Y204) were purchased from Cell 
Signaling Technology (Danvers, MA). 

Recombinant human (rh) EGF (585506) and CD326/EpCAM EpEx 
(777306: Gln24–Lys265, Accession #P16422) were obtained from Bio-
Legend (San Diego, CA) and resolved in PBS. 

Cetuximab (Erbitux® Injection) was obtained from Merck Serono 
(Tokyo). 

Treatment with recombinant proteins and antibodies 

EGF or EpEX was used at a final concentration of 50 nM. The effect of 
EpEX was determined in transitional time (0, 3, 6, 12, 24, or 48 h). The 
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effect of Cmab was determined 24 or 48 h after the addition. EpEX and 
Cmab were added to the formed spheroids 24 h after cell seeding in the 
ULA plate [25]. Each material was re-added when the media were 
changed every three days. 

Cell viability 

Cmab and EpEX were added to cells at final concentrations of 100 nM 
and 40 nM, respectively, 24 h after cell seeding. Cells were detached or 
disassembled using Trypsin/EDTA. The number of cells was counted 
using a Countess® Automated Cell Counter (Thermo Fisher Scientific). 

Western blotting (WB) 

The whole cell lysate (WCL) was prepared as previously described 
[29,30]. Briefly, cells cultured in a 10-cm dish were lysed in 200 μl/dish 
of RIPA buffer (1% NP-40, 0.1% SDS, 0.5% deoxycholate, and EDTA-free 
protease inhibitor cocktail in PBS) and collected by using cell scrapers. 
Cells were further lysed using a 25-gauge syringe for 10 S and then 
incubated for 30 min on ice. Spheroids were treated with ultrasonic 
crushing. Protein concentrations were analyzed using a BCA protein 
assay (Thermo Fisher Scientific). Equal amounts of WCL were subjected 
to SDS-PAGE, then transferred to a PVDF membrane using a semi-dry 
method. Membranes were blocked in 5% skim milk in Tris-buffered 
saline containing 0.05% Tween-20 for 60 min, incubated with primary 
antibodies, and then incubated with HRP-conjugated secondary anti-
bodies. Blots were visualized using Clarity ECL substrate and a Chem-
iDoc MP system (Bio-Rad, Hercules, CA). 

Nuclear and cytoplasmic extracts 

Cells were collected 3, 6, 12, and 24 h after EpEX stimulation and 
dissolved in PBS. We centrifuged lysates, removed the supernatant, and 
added Nuclear and Cytoplasmic Extraction Reagents (#78833; Thermo 
Fisher Scientific) to the cell pellet. Each fraction was then extracted. 

Immunocytochemistry 

Immunocytochemistry was performed as previously described 
[25,31]. Cells were treated with rhEGF or EpEX for 6 h, fixed with 4% 
paraformaldehyde (PFA) for 20 min, and permeabilized with 0.1% 
Triton-X100 for 10 min. Fixed cells were treated with methanol con-
taining 0.3% H₂O₂ and blocked within 3% BSA in PBS containing 0.1% 
Tween-20 for 30 min at RT. Slides were incubated with anti-EpCAM 
(dilution 1:100) or anti-EGFR antibodies (dilution 1:100) overnight at 
4 ◦C and with anti-rabbit IgG AlexaFluor488 for 60 min and DAPI. 
Fluorescence images were taken using a BZ-X700 microscope (Keyence, 
Osaka, Japan). Confocal images were taken using a Zeiss LSM780 mi-
croscope with a 40 × objective lens at Central Research Laboratory, 
Okayama University Medical School. 

Immunohistochemistry of spheroid sections 

Spheroid sections were prepared as previously described [11,25–27]. 
Briefly, spheroids were washed with PBS, fixed in 4% PFA for 30 min, 
and embedded in paraffin. Spheroid sections (3 µm thickness) were 
deparaffinized and hydrated through xylenes and a graded alcohol se-
ries. Sections were treated with proteinase K solution for 5 min and 
blocking solution (Dako, Carpenteria, CA) for 30 min at RT. Immuno-
histochemistry was performed as previously described [25] using anti- 
EpCAM (dilution 1:800) and anti-EGFR (dilution 1:100) antibodies. 

Hypoxia detection assay of spheroids 

Hypoxia detection assay was performed as previously described 
[11,26,32]. Briefly, hypoxia conditions of spheroids were measured 
using a hypoxia probe solution (LOX-1; MBL, Nagoya, Japan). Fluores-
cence images and intensities of spheroids were taken using a BZ-X700 
microscope (Keyence). 

Statistical analysis 

Statistical significance was calculated using Microsoft Excel and EZR 
software (jichi.ac.jp/saitama-sct/SaitamaHP.files/statmedEN.html). 
Differences between two data sets were examined with a Mann-Whitney 
U test, and more than three sets of data were examined with a Kruskal- 
Wallis test; values of p < 0.05 were considered to indicate statistical 
significance. Data were expressed as means ± S.D. unless otherwise 
specified. 

Results 

High expression of EPCAM is a prognostic marker for a poor prognosis of 
HNSC 

To examine the potential association between EPCAM expression and 
prognosis in HNSC, we used the public TCGA database. We found that 
EPCAM was more highly expressed in tumor tissues than in normal tis-
sues in the head and neck regions (Fig. 1A). The same trend was also 
observed for each tumor tissue versus normal tissue within the same 
HNSC case (Fig. 1B). In addition, EPCAM expression was enhanced as 
the tumor stage progressed (Fig. 1C), and overall survival was signifi-
cantly lower in the high EPCAM expression group compared to the low 
EPCAM expression group in HNSC (Fig.1D). Moreover, the TCGA data-
base analysis showed that EPCAM expression was significantly corre-
lated with the degree of differentiation, angiolymphatic invasion, 
perineural invasion, extracapsular spread, tumor mutational burden, 
and HPV status (ISH) (Table 1). We further showed by chi-square test 
that there were significant differences in EPCAM expression by subsite, 
and by residual analysis that EPCAM expression was significantly higher 
in the pharynx and tonsils, but significantly lower in the tongue 
(Table S1). Immunohistochemistry demonstrated that EpCAM at protein 
expression levels in tumor tissues of HNSCs appeared to be more posi-
tively stained compared to normal tissues (Fig. 1E). Interestingly, 
EpCAM tended to be stained in the cell membrane of tumor cells in the 
majority of cases, although some showed nuclear staining (Fig. 1E). 

These results suggested that EpCAM expression in HNSC might be a 
useful biomarker for predicting poor prognosis. 

Sensitivity to cetuximab depends on the EGFR expression level in HNSC 
cells 

To examine whether differential expression levels of EGFR or EpCAM 
between HSC-3 and SAS cells were associated with the Cmab sensitivity, 
we compared the relative expression levels of EGFR and EpCAM in these 
cell lines. We have previously examined the biological background of 
the HNSC cell lines used in detail [25]. EGFR expression was signifi-
cantly higher in HSC-3 than in SAS cells, consistent with a recent report 
[25] (Fig. 2A,B). In contrast, EpCAM expression was significantly higher 
in SAS than in HSC-3 cells (Fig. 2A,B). Cmab treatment significantly 
reduced the viabilities of both cell lines, but the reduction was more 
significant in the subset of HSC-3 cells that had predominant EGFR 
expression (Fig. 2C,D). In the following experiments, we utilized these 
cell lines with different basal expressions of EGFR and Cmab sensitivities 
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Figure 1. Prognostic value of EPCAM gene expression in HNSC cases. gene expression in HNSC cases. (A,B) EPCAM gene expression in normal vs. tumor 
tissues in the head and neck region was analyzed using the TCGA database. (A) Box-and-whisker plots, (B) dot-and-line plots. ***p < 0.005. (C) Box-and-whisker 
plots for EPCAM gene expression by HNSC stages I to IV were retrieved from the OncoDB. ANOVA analysis was used. (D) Kaplan-Meier survival analysis for 
EPCAM gene expression. (E) Immunohistochemistry of EpCAM protein in normal and tumor tissues of the head and neck region retrieved from tissue microarray. 
Scale bars, 100 µm. 

K. Umemori et al.                                                                                                                                                                                                                               



Oral Oncology 142 (2023) 106433

5

Table 1 
Correlation between clinicopathological parameters and EPCAM expression.    

EPCAM expression (TPM)  

Cut off = Median (45.3361)  

Total N = 502 EPCAM High EPCAM Low p-value 

(N = 251) (N = 251) 

Age     
≧60 N = 279 142 137 0.689 
<60 N = 222 109 113 

Gender     
Male N = 369 203 166 1.82E-04 
Female N = 133 48 85 

Race     
White N = 428 217 211 0.477 
Others* N = 59 27 32 

Differentiation     
Well N = 361 168 193 0.021 
Moderate-poor N = 121 71 50 

T stage     
T1-T2 N = 178 81 97 0.108 
T3-T4 N = 309 164 145 

N stage     
N0 N = 240 114 126 0.144 
N+ N = 240 130 110 

M-stage     
M0 N = 472 235 237 0.179 
M1 N = 5 4 1 

TNM stage     
I-II N = 115 44 71 0.003 
III-IV N = 373 201 172 

Surgical margin     
Positive N = 106 51 55 0.734 
Negative N = 344 172 172 

Angiolymphatic invasion     
Positive N = 120 77 43 0.04 
Negative N = 122 93 29 

Perineural invasion     
Positive N = 165 68 97 0.003 
Negative N = 188 107 81 

Extracapsular spread     
Positive N = 111 64 47 0.02 
Negative N = 237 105 132 

Prior malignancy     
Positive N = 23 12 11 0.831 
Negative N = 479 239 240 

Tumor mutational burden     
TMB-H (≧10) N = 66 43 23 0.008 
TMB-H (<10) N = 432 206 226 

HPV (ISH)     
Positive N = 19 14 5 0.040 
Negative N = 64 30 34 

HPV (p16)     
Positive N = 31 21 10 0.056 
Negative N = 72 34 38  
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in the following experiments. 

EpEX enhances the EGFR-ERK signaling pathway and nuclear 
translocation of EpICD in HNSC cells 

The EpEX domain contains EGF-like domains I and II, which can act 
as a ligand for EGFR (Fig. 3A) [12]. We examined the responses of two 
cell lines (HSC-3 and SAS) to the EGF and EpEX stimulations (Fig. 3A,B). 
The EGF stimulation increased the phosphorylation of EGFR and 
simultaneously reduced cellular FL-EpCAM in HSC-3 cells, whereas SAS 
did not respond to the EGF stimulation (Fig. 3C). Moreover, the EGF 
stimulation appeared to promote nuclear translocation of EpCAM, as 
estimated by the level of EpICD (Fig. S1). 

The soluble EpEX enhanced the phosphorylation of EGFR and 
reduced cellular FL-EpCAM in HSC-3 cells (Fig. 3D) but not in SAS cells. 
And the trend occurred in a concentration-dependent manner for soluble 
EpEX (Fig. S2). To confirm the nuclear translocation of EpICD, we next 
separated the nuclear and cytoplasmic fractions and performed western 
blotting. The soluble EpEX stimulation promoted the nuclear trans-
location of EpICD and phospho-ERK in HSC-3 and SAS cells (Fig. 3E). 
Immunocytochemistry confirmed that the soluble EpEX stimulation 
promoted the nuclear translocation of EpICD (Fig. 3F). The phospho- 
ERK in nuclei increased 3 h after the EpEX stimulation, followed by 
EpICD nuclear translocation 6 h after the stimulation (Fig. S3). 

These data suggested that EpEX as a ligand for EGFR enhanced the 
EGFR-ERK signaling pathway and the nuclear translocation of EpICD. 

Soluble EpEX stimulation cancels the antitumor effects of cetuximab 

We hypothesized that the soluble EpEX, containing EGF-like motifs, 
competes with Cmab, an anti-EGFR therapeutic antibody. Accordingly, 
we next examined the impact of EpEX on the Cmab treatment of HSC-3 
and SAS cells. Treatment with Cmab alone significantly reduced the cell 
survival rates in HSC3 and SAS cells, whereas administration of soluble 
EpEX alone did not alter the survival rates. Incidentally, soluble EpEX 
also did not affect the cell proliferation of HNSC cell (Fig. S4). Of note, 
the cell survival rates were significantly greater by Cmab + EpEX 
treatment than by treatment with Cmab alone (Fig. 4A,B), suggesting 
that the soluble EpEX competed with Cmab and resisted the effects of 
Cmab. 

We next asked whether the competition between EpEX and Cmab 
affected ERK phosphorylation. We found that treatment with Cmab 
alone markedly reduced the ERK phosphorylation level in HSC-3 cells, 
whereas Cmab + EpEX treatment recovered ERK phosphorylation to 
over the basal level in these cells (Fig. 4C). Such competition and 
stimulatory effects were found in HSC-3 cells, which expressed EGFR at 
high levels, but not in SAS cells, which barely expressed EGFR, as shown 
in Fig. 2. 

Figure 2. Differential EpCAM and EGFR expression levels in HSC-3 and SAS cells. (A) WB showing EpCAM and EGFR. β-actin was used as a loading control. (B) 
Immunocytochemistry for EpCAM and EGFR. Scale bars, 100 µm. (C) Representative images of monolayer-cultured cells with or without Cmab. Scale bars, 200 µm. 
(D) Cell survival rates with or without Cmab treatment for 24 h. n = 6. *p < 0.05, **p < 0.01 (Mann-Whitney U test). 
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Figure 3. EpEX stimulation promotes nuclear translocation of EpICD via EGFR phosphorylation in HSC-3 and SAS cells. (A) Schematic of the structure of 
human EpCAM. The full-length EpCAM consists of an EpCAM extracellular domain (EpEX), a transmembrane domain, and an intracellular domain (EpICD). (B) 
Schematic diagram of the EGF or EpEX stimulation experiments. (C) WB showing p-EGFR, EGFR, and EpCAM with or without EGF stimulation. β-actin was used as a 
loading control. (D) WB showing p-EGFR, EGFR, and EpCAM with or without EpEX stimulation. β-actin was used as a loading control. (E) WB of EpICD, p-ERK, and 
ERK in nuclear and cytoplasmic fractions with or without EpEX stimulation. KDM1 was used as a nuclear marker. β-actin was used as a cytoplasmic marker. (F) 
Confocal laser scanning microscopy showing subcellular localization of EpCAM with or without EpEX stimulation. White arrowheads indicate the representative cell 
nuclei. Scale bars, 100 μm. 
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Figure 4. Effect of EpEX stimulation on the antitumor effect of Cmab on HNSC cells. HSC-3 and SAS cells were treated or non-treated with EpEX, Cmab or both 
EpEX/Cmab for 48 h. (A) Representative cell images of HSC-3 and SAS cells. Scale bars, 200 µm. (B) Cell survival rates. n = 6. *p < 0.05 (Kruskal-Wallis test). (C) WB 
of p-ERK and ERK. β-actin was used as a loading control. 
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These data suggested that the soluble EpEX competed against Cmab 
and stimulated the EGFR-ERK signaling pathway in EGFR-high HNSC. 

The soluble EpEX abolishes the Cmab treatment in the HNSC spheroid 
model 

We previously established 3D cultured spheroid/tumoroid models 
useful for cancer pharmacological research [25–28]. In the present 
study, therefore, we next asked whether the soluble EpEX would 
compete against Cmab and stimulate the ERK signaling pathway in a 3D 
culture model of HNSC cells (Fig. 5A). By immunostaining of HSC-3 
spheroid sections, we found that EpCAM was mostly localized at inter-
cellular adhesion sites, while the nuclear localization of EpCAM, 

supposed as estimated by the level of EpICD, was found in some cells 
(Fig. 5B). Cmab treatment caused the spheroid to collapse (Fig. 5C), but 
the soluble EpEX stimulation did not. Treatment with Cmab alone 
significantly reduced the hypoxic area of the spheroids and significantly 
reduced the number of spheroids that collapsed, whereas Cmab + EpEX 
treatment resulted in a larger hypoxia area of spheroids compared to 
treatment with Cmab alone (Fig. 5C,D). Furthermore, the inhibition of 
ERK phosphorylation by Cmab was also abolished by the simultaneous 
stimulation of EpEX in the HSC-3 spheroids (Fig. 5E). 

These data suggested that the soluble EpEX contributed to the 
resistance of HNSC to Cmab by stimulating the EGFR-ERK signaling 
pathway (Fig. 6). 

Figure 5. EpEX resists the antitumor effect of Cmab on HNSC spheroids. (A) Schemes of the spheroid culture of HSC-3 cells treated with Cmab and/or EpEX. (B) 
Immunohistochemistry showing EpCAM in spheroids. Arrowheads indicate nuclear localization of EpCAM. Scale bar, 100 µm. (C) Representative images of spheroids 
in bright fields and hypoxic areas. Yellow arrowheads indicate cells scattered by spheroid collapse. The blue areas indicate hypoxic areas over a defined cutoff value. 
The red areas indicate hypoxic areas below a defined cutoff value. Scale bar, 500 µm. (D) Box-whisker plots of hypoxic areas within spheroids. n = 10. *p < 0.05, **p 
< 0.01 (Kruskal-Wallis test). (E) WB showing p-ERK and ERK in HSC-3 spheroids. β-actin was used as a loading control. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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Discussion 

Our study demonstrated that EpEX, the soluble extracellular domain 
of EpCAM, resists cetuximab treatment of EGFR-high HNSC (such as 
HSC-3 cells). We first showed that high expression of EpCAM is a useful 
prognostic marker for a poor prognosis of HNSC (Fig. 1). Among various 
HNSC, sensitivity to cetuximab may depend on the EGFR expression 
level in HNSC cells (Fig. 2). Of note, The soluble EpEX activated the 
EGFR-ERK signaling pathway and promoted nuclear translocation of 
EpICD in HNSC cells (Fig. 3). Moreover, soluble EpEX stimulation 
canceled the antitumor effects of cetuximab in mono-layer and 3D cul-
ture models of HNSC (Figs. 4, 5). These findings demonstrated that EpEX 
resisted cetuximab treatment of EGFR-high HNSC potentially via the 

nuclear translocation of EpICD and phosphorylated ERK. 
Our study touched upon the mechanism by which soluble EpEX, a 

ligand of EGFR, resists Cmab therapy (Figs. 2–5). Cmab, a monoclonal 
antibody specific for the extracellular domain of EGFR, inhibits ligand 
binding and receptor phosphorylation, resulting in a strong growth in-
hibition effect in cells that grow in an EGFR pathway-dependent manner 
[33]. It has been shown that Cmab resistance is caused by direct changes 
in cell surface EGFR, such as cytoplasmic or nuclear localization of EGFR 
or dysregulation of EGFR internalization and degradation as by the 
epithelial-mesenchymal transition (EMT) of cancer cells [1–3,7]. Our 
previous study showed for the first time that HNSC cells exposed to 
Cmab were spared the antitumor effects by extracellular efflux of Cmab 
through extracellular vesicles (EVs) [2]. In the case of colorectal cancer, 
mutations in K-ras and B-raf, downstream effectors of EGFR signaling, 
have been shown to predict Cmab resistance [34]. However, these mu-
tations are very rare in HNSC. PIK3CA and RAS mutations and PTEN 
expression are potential biomarkers in HNSC [7,35]. The molecular 
mechanisms underlying Cmab resistance in HNSC were unknown before 
our current study. Our data clearly indicated that the difference in basal 
expression of EGFR between SAS and HSC-3 cells reflects the difference 
in the effect of Cmab (Fig. 2), which is consistent with the previous idea 
that the EGFR expression level is a predictive biomarker for the clinical 
efficacy of Cmab. 

Our data also suggested that soluble EpEX stimulation promoted the 
proteolytic cleavage of cellular EpCAM, followed by the generation and 
nuclear translocation of EpICD. Both soluble EpEX and membrane- 
bound EpCAM are known to directly bind to EGFR via the EGF-like 
domain I and activate the EGFR signaling [19]. Since both soluble 
EpEX and cellular FL-EpCAM activate EGFR signaling, the signal may be 
transmitted in an autocrine or paracrine fashion [19]. Therefore, shed-
ding the EpEX domain from cell-surface EpCAM may be a key mecha-
nism to activate the EGFR signaling. Liang et al. showed that EpEX is a 
regulator of EpCAM shedding in HCT116 colon cancer cells and, more 
broadly speaking, regulates intramembrane proteolysis (RIP) [20]. Our 
data indicated that the generation and nuclear translocation of EpICD 
occurred after the soluble EpEX-dependent activation of the EGFR-ERK 
signaling pathway (Fig. 3, Fig. S3). Consistent with our present results, 
Hsu et al. showed that EpCAM cleavage in endometrial cancer cells is 
activated via the EGF/EGFR pathway [36]. Maetzel et al. first reported 
EpCAM functions as an intracellular signaling molecule [37]. EpCAM is 
degraded by a TNF-α converting enzyme (TACE, also known as a dis-
integrin and metallopeptidase domain 17 [ADAM17]) and presenilin 2, 
part of the γ-secretase complex, at the plasma membrane in the process 
of RIP [38]. This EpCAM cleavage is stimulated by soluble EpEX bind-
ing, cell-to-cell contact, and EGFR signaling [37–39]. Cleavage of 
EpCAM releases EpICD into first the cytoplasm and then the nucleus. 
Nuclear EpICD binds to FHL2, LEF1, and β-catenin to form a DNA 
binding complex that stimulates the transcription of target genes. This 
transcriptional regulation may be involved in the mechanism of Cmab 
resistance induced by EpCAM cleavage. Further investigation is required 
to clarify the key molecular mechanisms of EpCAM cleavage and the 
essential roles of EpICD in Cmab resistance. 

Nuclear expression of EpICD has been reported to be an indicator of 
more aggressive tumor progression in HNSC [40], thyroid cancer [41], 
breast cancer [42], cholangiocarcinoma [43], and pancreatic adeno-
carcinoma [44]. A comprehensive study examining 10 epithelial carci-
nomas demonstrated that cytoplasmic and nuclear expression of EpICD 
is frequently observed in tumors but is not usually observed in normal 
tissue [45]. In some cancer types, membranous EpCAM expression is lost 
while cytoplasmic and nuclear expression increases. Our study indicated 
that nuclear translocation of ICD induced via EpEX and EGFR is a key 
mechanism of Cmab resistance and a promising biomarker of Cmab- 
resistance in HNC. 

EpCAM is also involved in EVs, EMT, and cancer stem cells (CSC), 
associated with cancer drug resistance. EpCAM is expressed in CSCs and 
CSC-derived EVs in many cancer types [11,28,29,31,46–48]. Moreover, 

Figure 6. Schematic illustration of the mechanism of EpCAM-induced 
Cmab resistance via the EGFR pathway. (A) Cmab exerts its antitumor ef-
fects by directly binding to EGFR and inhibiting EGFR ligand interactions, 
dimerization, phosphorylation, and downstream EGFR-ERK signaling path-
ways. (B) EpEX, containing an EGF-like domain, binds to EGFR, exerts a 
competitive antagonistic effect on Cmab, and activates the EGFR-ERK signaling 
pathway. Subsequently, FL-EpCAM on the plasma membrane is cleaved, facil-
itating cytoplasmic and nuclear translocation of EpICD. These cellular events 
contribute to increased Cmab resistance in HNSC. 
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the expression and release of EpCAM are associated with EMT and 
partial EMT [11,29]. EpEX is a ligand of EGFR that counteracts EGF- 
mediated EMT through modulation of phospho-ERK1/2 in HNC [18]. 
Nevertheless, it has been shown that EpEX enhances tumor progression 
through EGFR signaling in colon cancer cells [20]. In addition, EpEX 
signaling promotes tumor progression and protein stability of PD-L1 
through the EGFR pathway [19]. And finally, EpEX and Oct4 are suffi-
cient to generate iPS cells [49]. Thus, the EpEX-activated EGFR 
signaling, immune checkpoint, and stemness might be involved in the 
mechanism of drug resistance in cancer. 

Conclusion 

The soluble EpEX is an activating ligand for EGFR and a competitive 
antagonist against Cmab, by which HNSC cells lose their Cmab sensi-
tivity and increase their Cmab resistance. The EpEX-activated Cmab 
resistance in HNSC could be mediated by the activation of the EGFR-ERK 
signaling pathway and the EpCAM cleavage-induced nuclear trans-
location of EpICD (Fig. 6). High expression and cleavage of EpCAM is 
thus a predictive biomarker for the clinical efficacy and resistance to 
Cmab. 
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