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Simple Summary: Epithelial cell adhesion molecule (EpCAM) is a tumor marker widely used in
both basic studies and clinics. However, our study demonstrates that EpCAM expression is strongly
upregulated by gene amplification and promoter hypomethylation in primary lung tumors, but
severely downregulated by epigenetic repression (including promoter hypermethylation and histone
deacetylation), tumor-associated macrophages (TAMs), and TAMs-derived TGFf3 in metastatic lung
tumors. DNMT inhibitor 5-aza-dC, HDAC inhibitor MS-275, and TGFf3 neutralizing antibody are
able to restore EpCAM expression in highly metastatic lung cancer cells. These findings disclose
that multiple mechanisms contribute to the dynamic expression patterns of EpCAM in primary
and metastatic lung tumors, redefining the application of EpCAM as a biomarker in tumor cell

identification and isolation in specific cancers and clinical stages.
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cancer remains the leading cause of cancer death, which is partially caused by the fact that most lung
cancers are diagnosed at advanced stages. To improve the sensitivity and specificity of lung cancer

Expression of EpCAM in Primary diagnosis, the underlying mechanisms of current diagnosis methods are in urgent need to be explored.

and Metastatic Lung Cancer Is Herein, we find that the expression of EpCAM, the widely used molecular marker for tumor cell
Controlled by Both Genetic and characterization and isolation, is strongly upregulated in primary lung tumors, which is caused by
Epigenetic Mechanisms. Cancers 2022,  both gene amplification and promoter hypomethylation. In contrast, EpCAM expression is severely
14,4121. https://doi.org/10.3390/ repressed in metastatic lung tumors, which can be reversed by epigenetic drugs, DNMT inhibitor
cancers14174121 5-aza-dC and HDAC inhibitor MS-275. Moreover, tumor-associated macrophages (TAMs) impede
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expression in primary and metastatic lung tumors, providing novel insights into tumor cell isolation

and lung cancer diagnosis.
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1. Introduction

Lung cancer is the leading cause of cancer death with the highest incidence rate (13%)

and mortality rate (21%) all over the world [1]. In the past decades, great progress has been
made in lung cancer treatment including targeted therapy, immunotherapy, etc.; however,
This article is an open access article  the D-year survival rate in patients with lung cancers is still as low as 22% [2-4]. One of
distributed under the terms and  the major reasons is that most lung cancers are diagnosed at advanced stages because
conditions of the Creative Commons ~ Of insensitivity and low specificity of current diagnosis methods, including low-dose
Attribution (CC BY) license (https://  computed tomography (LDCT), sputum cytology, and tumor biomarker detection [5,6].
creativecommons.org/ licenses /by / Therefore, to determine the underlying mechanisms of these technologies is urgently
40/). needed to improve the sensitivity and specificity of diagnosis in patients with lung cancers.
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EpCAM, epithelial cell adhesion molecule, is a highly conserved membrane protein
in vertebrates [7,8]. Physiologically, EpCAM is ubiquitously expressed on epithelial cells
in organs including lung, colon, bladder, and breast, whereas in pathological conditions,
EpCAM is specifically expressed in cancers originated from epithelial cells [7,8]. Moreover,
EpCAM expression is frequently upregulated in a variety of human cancers, including
lung cancer, breast cancer, cervical cancer, and pancreatic cancer [9]. Given the expression
characteristics, EpCAM is utilized as a standard molecular marker for identification and isolation
of cancer cells from blood, bone marrow, lymph nodes, and biopsy samples [10,11]. With its
widely application in basic and translational research, however, minimal or no expression
of EpCAM is found on circulating tumor cells (CTCs) in some cancer patients [12,13]. So
far, it is unclear that how EpCAM expression is strong upregulated in tumor cells but
sometimes diminishes.

Multiple mechanisms are involved in the regulation of gene expression, including
genetic, epigenetic, and transcription factor [14,15]. Gene amplification leads to upregu-
lation of oncogene, such as EGFR and C-MYC, while loss of heterozygosity (LOH) and
homozygous deletion (HD) impair the expression of tumor suppressor gene, such as TP53
and Rb [16-18]. Promoter hypermethylation and histone deacetylation synergistically con-
tribute to the repression of PDLIM2 and E-cadherin in many types of human cancers [19-21].
In most cases, transcription factors are the major regulators of gene expression in both
physiological and pathological conditions, e.g., NF-xB and STAT3 regulation of survival
and proliferative genes [22,23].

In the present study, combining public databases and our experiments, the expression
of EpCAM was extensively examined in both primary and metastatic lung tumors. The
underlying mechanisms accounting for dynamic expression of EpCAM in different stages of
lung cancer were explored with respect to both genetic and epigenetic regulation manners.
In addition, the effect of tumor microenvironment on tumor cell EpCAM expression was
investigated. These findings about EpCAM expression regulation will provide novel
insights into tumor cell isolation and lung cancer diagnosis.

2. Materials and Methods
2.1. Public Data Mining

The gene profiles about expression, mutation, methylation, and copy number of ep-
cam in human cancers were retrieved from The Cancer Genome Atlas (TCGA) database
(http:/ /xena.ucsc.edu) accessed on 20 January 2021. Other data about EpCAM expres-
sion in mouse lung tumors and cell lines were downloaded from NCBI GEO database
(https:/ /www.ncbi.nlm.nih.gov/gds) accessed on 25 January 2021 as described [19,24]. All
information in detail are indicated in Figure legends.

2.2. Mouse and Tumor Cells

FVB/N, BALB/c, and C57BL/6 mice originally from Beijing HFK Bioscience Co., Ltd.
were housed in pathogen-free conditions and used according to protocols approved by the
Animal Ethics Committee of Wuhan University of Science and Technology. To induce lung
tumorigenesis, 1 g/kg body weight of urethane was intraperitoneally injected once a week
for six consecutive weeks in 6-week-old female FVB/N wildtype mice. After 6-week tumor
initiation and 6-week tumor progression, the mice were sacrificed for lung tumor analysis.
For spontaneous primary lung tumor and metastatic lung tumor, female FVB/N wildtype
mice were maintained for 24 months and sacrificed for tumor examination. Mouse lung
tumor cells (LAP0297, MAD109, and LLC) and human lung tumor cells (Kras mutant: A549,
Calu-6, H727, and H460; EGFR mutant: H1650, H1975, H3255, and HCC827) were cultured
in RPMI 1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin at
37 °C in humidified 5% CO, incubator as described [24,25].
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2.3. Immunoblotting Analysis

An equal amount of protein extracts from the indicated normal lung tissues and
lung tumors were separated on 10% SDS-PAGE gels and transferred onto nitrocellulose
membrane. The membrane was blocked with 5% non-fat milk in freshly prepared TBST
buffer (25 mM Tris-HCI pH 7.5, 150 mM NaCl, and 0.1% Tween 20), then sequentially
incubated primary antibodies and secondary antibodies. At last, the signal was detected by
ECL system as described [26]. All antibodies used in this study are shown in Supplementary
Table S1.

2.4. FACS Analysis

The single cell suspensions were blocked with xCD16/CD32 (mouse) or TruStain FcX
(human), then stained with the antibody against cell surface antigen. CD45 was utilized as a
marker to distinguish immune cells from other cells in primary tumor cell suspensions and
in vitro cell cocultures. Data were acquired by Accuri C6 or LSRFortessa I and analyzed
by FlowJo software as described [27]. All antibodies used in this study are shown in
Supplementary Table S1.

2.5. RT-PCR Analysis

Total RN As were extracted from the indicated normal lung tissues, lung tumors, and
lung cancer cells, and then subjected to RNA reverse transcription and real-time PCR as
described [19,22,24]. All primers used for gPCR in this study are shown in Supplementary
Table S2.

2.6. Statistical Analysis

Two-tailed, unpaired Student’s t test was used to assess significance of differences
between two groups. All data are represented as bars (means = SEM) with sample dots.
The sample numbers for RI-PCR, FACS, immunoblotting, and sequencing are indicated in
the Figures or Figure legends. The p values are indicated as * p < 0.05, ** p < 0.01, ns, not
statistically significant.

3. Results
3.1. EpCAM Expression Is Upregulated in Primary Lung Cancer

EpCAM is widely used as a selection marker for tumor cell identification and isolation
in both human and mouse studies. In line with its application, TCGA and CPTAC data
revealed that EpCAM expression was strongly upregulated at both RNA and protein levels
in human primary lung cancer compared to normal lung tissues, respectively (Figure 1A,B),
which was supported by the qPCR data showing increased EpCAM mRNA level in primary
lung tumors compared to their matched normal lung tissues (Figure 1C). To verify these
findings in human primary lung cancer, GSE31013 data were analyzed and found EpCAM
upregulation in murine primary lung tumors spontaneously derived from B6C3F1 mice
(Figure 1D), which was further validated by the elevation of EpCAM mRNA levels in
both spontaneous and carcinogen urethane-induced primary lung tumors from FVB/N
mice (Figure 1EF). In addition, enhanced protein expression of EpCAM was confirmed
in murine primary lung tumors in comparison with normal lung tissues by FACS and
immunoblotting assays ( Figures 1G-I and S1) These data together indicated that EpCAM
is upregulated in primary lung cancer.

3.2. Gene Amplification Induces EpCAM Expression in Primary Lung Cancer

How do primary lung cancers express high levels of EpCAM? Initially, the copy
number of epcam gene was examined in TCGA LUNG cohort. Overall, a significant increase
of copy number was observed in epcam gene loci (Figure 2A), while as many as 41% of lung
cancers harbored low-to-high epcam gene amplification (Figure 2B). Correlation between
copy number and expression level exhibited that about 64% of patients with primary lung
cancers experienced both epcam gene amplification and increased expression (Figure 2C).
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Moreover, cigarette smoking, the major cause of lung cancer, significantly promoted epcam
gene amplification (Figure 2D). These data suggest that gene amplification is one of the
mechanisms to upregulate EpCAM expression in primary lung cancer.
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Figure 1. EpCAM expression is upregulated in primary lung cancer. (A) TCGA LUNG data showing
increased EpCAM RNA expression in human primary lung tumor (Tumor: red dot) compared to
normal lung (NL: grey dot). (B) CPTAC LUAD data showing increased EpCAM protein expression
in human primary lung tumor. (C) qPCR data showing increased EpCAM RNA expression in human
primary lung tumor compared to normal lung tissue from the same patients. (D) GSE31013 data
showing increased EpCAM RNA expression in spontaneous primary lung tumor from B6C3F1 mice.
(E;F) gPCR data showing increased EpCAM RNA expression in spontaneous (E) and urethane-
induced (F) primary lung tumor from FVBN mice. (G ,H) FACS data showing increased EpCAM
protein expression in spontaneous (G) and urethane-induced (H) primary lung tumor from FVBN
mice (1 = 4). (I) Western blot data showing increased EpCAM protein expression in urethane-induced
and spontaneous primary lung tumor from FVBN mice. Date are representative of at least three
independent experiments with similar results (C,E-I). Student’s ¢ test (two-tailed, unpaired) was
performed. Data represent means + SEM (A,C-F) and means =+ SD (B). ** p < 0.01.

3.3. Promoter Hypomethylation Induces EpCAM Expression in Primary Lung Cancer

About 17% of lung cancer patients possessed high EpCAM expression levels but no
gene amplification (Figure 2C), suggesting additional mechanism(s) involved in upregula-
tion of EpCAM expression. Besides genetic modification, epigenetic regulation frequently
controlled the activation and repression of genes in cancers [14,15]. Herein, DNA methy-
lation data from TCGA LUNG cohort showed that compared with normal lungs, the
methylation level in epcam promoter was significantly decreased in primary lung tumors
(Figure 3A), with the biggest difference of methylation level at CpG site corresponding to
probe cg03706175 (Figure 3B). About 70% of patients with primary lung cancers harbored
both epcam promoter hypomethylation and increased expression (Figure 3C). Furthermore,
cigarette smoking, the major cause of lung cancer, severely induced hypomethylation in
epcam promoter (Figure 3D). These data suggest that promoter hypomethylation is one of
the mechanisms to induce EpCAM expression in primary lung cancer.
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Figure 2. Gene amplification induces EpCAM expression in primary lung cancer. (A) TCGA LUNG
Gistic 2 data showing epcam gene amplification in human primary lung cancer. (B) TCGA LUNG
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Gistic 2 thresholded data showing distribution of epcam copy number variation in human primary
lung cancer. (C) TCGA LUNG data showing epcam gene amplification in about 64% of lung cancers
with increased EpCAM expression. Axis x and y cross at mean value (1.45, 0) of EpCAM expression
level and copy number variation in normal lung. (D) TCGA LUNG data showing positive association
between smoking and epcam gene amplification. Student’s ¢ test (two-tailed, unpaired) was performed.
Data represent means + SEM (D). ** p < 0.01; ns, not statistically different.

3.4. EpCAM Expression Is Downregulated in Metastatic Lung Cancer

Previous data showed upregulation of EpCAM in primary lung cancer (Figure 1),
leading to a question of EpCAM expression in metastatic lung cancer. To address this issue,
public NCBI GEO database was employed in the present study. In human lung cancer CL1
cells, EpCAM expression was severely impaired in highly invasive cells in comparison
with poorly invasive ones (Figure 4A). The EMT status induced by TGF[3 strongly impeded
EpCAM expression in A549, HCC827, and H358 lung cancer cells (Figure 4B). These data
of EpCAM repression in human lung cancer were also confirmed in murine lung cancer.
As shown in Figure 4C, compared with primary lung tumors, EpCAM expression was
significantly decreased in metastatic lung tumors from KrasS!2Pp53fl°X mice. Moreover,
metastatic lung tumors expressed minimal EpCAM protein in contrast to high levels of
EpCAM protein in urethane-induced and spontaneous primary lung tumors from FVB/N
mice (Figures 4D and S2). These data suggest that EpCAM expression is downregulated in
metastatic lung tumors.
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Figure 3. Promoter hypomethylation induces EpCAM expression in primary lung cancer. (A) TCGA
LUNG data showing decreased epcam promoter methylation in human primary lung cancer. (B) TCGA
LUNG data showing methylation status of each CpG site in epcam promoter in human primary lung
cancer. (C) TCGA LUNG data showing epcam promoter hypomethylation in about 70% of lung
cancers with increased EpCAM expression. Axis x and y cross at mean value (1.45, 0.26) of EpCAM
expression level and promoter methylation level in normal lung. (D) TCGA LUNG data showing
negative association between smoking and epcam promoter methylation. Student’s ¢ test (two-tailed,
unpaired) was performed. Data represent means + SEM (A,B,D). * p < 0.05; ** p < 0.01; ns, not
statistically different.

In addition, low EpCAM protein levels were found in highly metastatic human lung
cancer cells, including A549, Calu-6, H727, and H460 (Figure 5A), but high in poorly metastatic
lung cancer cells, including H1650, H1975, H3255, and HCC827 (Figure S3). Consistently,
minimal or no expression of EpCAM RNA and protein was detected in highly metastatic
murine lung cancer cells, including LLC, MAD109, and LAP0297 (Figure 5B-D). Taken
together, these data suggest that, similar to metastatic lung tumors, EpCAM expression is
also repressed in highly metastatic lung cancer cells.

3.5. Epigenetic Drugs Restore EpCAM Expression in Highly Metastatic Lung Cancer Cells

How is EpCAM expression in lung cancer switched from upregulation in primary
tumor to downregulation in metastatic tumor? Promoter methylation was one of the
mechanisms accounting for EpCAM repression in highly metastatic lung cancer cell A549,
which was evidenced by strong restoration of EpCAM expression by DNMT inhibitor 5-aza-
dC in both time- and dose-dependent manners (Figure 6A). Histone deacetylation, another
epigenetic regulation, also caused EpCAM repression, which could be reversed by HDAC
inhibitor MS-275 in highly metastatic lung cancer cells Calu-6, H727, H460, and A549
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(Figure 6B). Given that promoter methylation and histone deacetylation always synergized
in regulation of gene expression, the effect of DNMT inhibitor, HDAC inhibitor, and their
combination on EpCAM restoration was examined. Indeed, the strongest induction of
EpCAM expression was observed by combination treatment in comparison with individual
inhibitor in both human and murine highly metastatic cancer cells (Figure 6C,D). These
data indicate that epigenetic mechanisms partially contribute to EpCAM repression in
metastatic lung tumors.
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Figure 4. EpCAM expression is downregulated in metastatic lung cancer. (A) GSE42407 data showing
decreased EpCAM RNA expression in highly invasive human lung cancer cell CL1. (B) GSE49644
data showing decreased EpCAM RNA expression in TGF3-induced EMT cells. (C) GDS4402 data
showing decreased EpCAM RNA expression in lung cancer cells derived from metastatic lung
tumors compared to primary lung tumors from Kras®'?Pp53f9% mice. (D) Western blot data showing
decreased EpCAM protein expression in breast metastatic lung tumor from FVBN mice. Data are
representative of three independent experiments with similar results (D). Student’s ¢ test (two-tailed,
unpaired) was performed. Data represent means + SEM (A-C). ** p < 0.01.

3.6. Macrophage-Derived TGFp Represses EpCAM Expression in Lung Cancer Cells

Besides epigenetic regulation, EMT signaling, the origin of metastasis, may also con-
tribute to EpCAM downregulation, which was supported by negative association between
EMT status and EpCAM expression level in human lung cancers (Figure S4A). The proto-
typical EMT inducer TGFf and its downstream signaling molecule SNAI2 were inversely
correlated with EpCAM expression in human lung cancers (Figures 7A and S4B). TGFf3
overexpression strongly inhibited the expression of EpCAM in both human and murine lung
cancer cells (Figure 7B-D), but stimulated the expression of SNAI2, which could bind to the
E-box in epcam promoter to suppress its transcription (Figure S4C-F). These data suggest
that TGFB-induced EMT signaling causes the downregulation of EpCAM in lung cancer.
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Figure 5. EpCAM expression is repressed in highly metastatic lung cancer cells. (A) FACS data
showing decreased EpCAM protein expression in human highly metastatic lung cancer cells (1 = 3).
(B-D) qPCR and FACS data showing repressed EpCAM expression in murine highly metastatic lung
cancer cells (FACS: n = 4). Data are representative of at least three independent experiments with
similar results. Student’s ¢ test (two-tailed, unpaired) was performed. Data represent means + SEM
(B-D). *p < 0.01.
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Figure 6. Epigenetic drugs restore EpCAM expression in highly metastatic lung cancer cells. (A) qPCR
data showing recovered EpCAM RNA expression by DNMT inhibitor (5-aza-dC) in human highly
metastatic lung cancer cell A549. (B) qPCR data showing restored EpCAM RNA expression by
HDACI1 inhibitor (MS-275, 72 hr) in human highly metastatic lung cancer cells. (C,D) qPCR data
showing synergistic induction of EpCAM RNA expression by DNMT inhibitor (5-aza-dC) and
HDACT inhibitor (MS-275) in human (C) and murine (D) highly metastatic lung cancer cells. Data
are representative of three independent experiments with similar results. Student’s ¢ test (two-tailed,
unpaired) was performed. Data represent means + SEM. ** p < 0.01; ns, not statistically different.
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Figure 7. Macrophage-derived TGFf3 represses EpCAM expression in lung cancer cells. (A) TCGA
LUNG data showing negative association between EpCAM and TGF{3. (B) GSE125113 data showing
decreased EpCAM expression in H358 cell overexpressing TGFf(3. (C) GDS3710 data showing EpCAM
downregulation by TGFp in A549 cell (n = 3). (D) FACS data showing decreased EpCAM protein
expression by TGFp in murine lung tumor cell (n = 4). LTC: lung tumor cell which was established
from spontaneous FVB/N lung tumor. (E) FACS data showing repressed EpCAM expression in
murine lung tumor cells by macrophage coculture (n = 4). AM: alveolar macrophage, PEC: peritoneal
macrophage, BMM: bone marrow derived macrophage. (F) FACS data showing lung tumor cell EpCAM
downregulation by RAW 264.7 coculture was restored by TGFf neutralizing antibody (n = 4). Data
are representative of three independent experiments with similar results (D-F). Student’s ¢t test
(two-tailed, unpaired) was performed. Data represent means + SEM (C,EF). ** p < 0.01.

Given that tumor microenvironment, in particular tumor-associated macrophage, is in-
volved in EMT and metastasis in lung cancer [28,29], the effect of macrophage on tumor cell
EpCAM expression was examined. Indeed, all macrophages, including primary (AM, PEC), cell
line (RAW 264.7), and BMM, were able to suppress EpCAM expression on lung tumor cells
(Figure 7E), which could be reversed by TGFf neutralizing antibody (Figure 7F). Taken
together, these data suggest that macrophages in tumor microenvironment likely produce
TGEFp to repress EpCAM expression in lung cancer cells.

4. Discussion

Precise detection and characterization of tumor cells are critical for cancer diagno-
sis, treatment, and patient survival, particularly for lung cancer [5,6,10-13]. The current
biomarkers used for tumor cell isolation, e.g., EpCAM, are not effective due to their in-
sensitivity and low specificity, which leads to the requirement of mechanistic studies on
expression regulation of these tumor biomarkers. In the present study, EpCAM expression
is found strongly upregulated in primary lung tumors, which is caused by both gene ampli-
fication and promoter hypomethylation, but severely repressed in metastatic lung tumors,
which can be reversed by epigenetic drugs, DNMT inhibitor 5-aza-dC, and HDAC inhibitor
MS-275. Additionally, tumor-associated macrophage (TAM), the metastasis stimulator, is
capable of secreting TGFf3 to impair EpCAM expression probably through SNAI2. These
findings disclose that multiple mechanisms including genetic, epigenetic, and transcription
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factors contribute to dynamic expression of EpCAM in primary and metastatic lung tumors,
providing novel insights into tumor cell isolation and lung cancer diagnosis.

EpCAM is a widely used biomarker for tumor cell isolation in both basic studies and
clinics, because of its strong upregulation in a variety of human cancers, including lung
cancer, breast cancer, cervical cancer, pancreatic cancer, and stomach cancer (Figure S5A).
However, the application of EpCAM as a biomarker for tumor cell isolation from blood,
bone marrow, lymph nodes, and biopsy samples is not suitable for colon cancer, kidney
cancer, liver cancer, and thyroid cancer, in which EpCAM exhibits repressed or comparable
expression levels compared to normal tissues (Figure S5B,C). These results not only support
the concept of EpCAM as a selection tumor marker, but also refine its application in tumor
cell identification and isolation in specific cancers.

Gene amplification is one of the regulation manners to induce EpCAM expression
in human primary cancers, including lung, bladder, cervical, and esophagus (Figure S5).
However, no significant gene amplification of epcam was observed in BRCA, CHOL, and
STAD, which exhibit EpCAM upregulation (Figure S5). These results suggest that multiple
mechanisms together, but not gene amplification only, contribute to EpCAM upregulation
in human primary tumors. Indeed, promoter hypomethylation is one of these mechanisms
(Figure 3).

Mutation of epcam gene is linked to lynch syndrome and congenital tufting enteropa-
thy [30] but is rare (0.7%) and has neglectable effect on its expression in primary lung
cancers (Figure 56). However, both genetic (gene amplification) and epigenetic (promoter
hypomethylation) modification contribute to EpCAM upregulation in primary lung cancers
(Figures 2 and 3). Moreover, a minority of patients with lung cancer (6.67%) harbors gene
loss and promoter hypermethylation, but EpCAM upregulation, which is likely caused by
smoking-induced ROS (Figure S7). These findings suggest that EpCAM upregulation in
primary lung cancer is subtly regulated at various levels from genetic and epigenetic to
factors in tumor microenvironment.

In contrast to upregulation in primary lung tumors, EpCAM is severely repressed in
metastatic lung tumors, which is mediated by promoter hypermethylation, histone deacetyla-
tion, and TGFp from macrophage in tumor microenvironment (Figures 4-7 and S3). Thus,
epigenetic regulation is one of the mechanisms controlling EpCAM expression in both
primary and metastatic lung cancers and its expression switch from upregulation to down-
regulation during tumor progression. This phenomenon is rare and not well studied.
Further studies will clarify the dynamic profile of proteins bound to epcam promoter during
lung cancer progression to figure out the mechanism, shifting epigenetic activation in
primary tumor to epigenetic repression in metastatic tumor. In addition, macrophage,
the major cell type constituting tumor microenvironment, produces TGE( to modulate
EpCAM expression on tumor cells through TGF3-SNAI2 axis to promote EMT and metas-
tasis in lung cancer. This crosstalk between macrophage and tumor cells is beneficial for
understanding of cancer metastasis regulation by tumor microenvironment.

Given the differential expression pattern of EpCAM in primary and metastatic lung
tumors, the function of EpCAM in different lung cancer stages may also be different. The
protumor activity of EpCAM was adequately reported in primary tumors [7,8]; however,
few and contradictory findings about regulation of EGFR-EMT axis by EpCAM (or its ex-
tracellular domain EpEX) were found in literature [31-35]. Our preliminary data identified
an inhibition effect of EpCAM reconstitution on metastasis in lung cancer. However, the
underlying mechanism is not clear yet. Further studies will be carried out to dig out the
mechanism of metastasis inhibition by EpCAM overexpression in lung cancer cells.

5. Conclusions

In summary, we found EpCAM expression upregulated in primary lung tumors, which
was caused by gene amplification and promoter hypomethylation. However, in metastatic
lung tumors, EpCAM expression is intensely repressed by macrophage-derived TGFf,
promoter hypermethylation, and histone deacetylation, which could be reversed by TGFf3
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neutralizing antibody and epigenetic drugs, DNMT inhibitor 5-aza-dC and HDAC inhibitor
MS-275, representing novel therapeutic strategies to treat metastatic lung cancer. Whether
genetic modification is involved in EpCAM downregulation in metastatic lung tumors and
how EpCAM repression affects cancer metastasis are to be addressed in our further studies.
Taken together, these findings demonstrated that multiple mechanisms including genetic,
epigenetic, and tumor microenvironment modulated the dynamic expression patterns of
EpCAM in primary and metastatic lung tumors, shedding light on cell isolation, diagnosis,
and treatment in lung cancer.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers14174121/s1, Figure S1: Original western blot used in
Figure 1I; Figure S2: Original western blot used in Figure 4D; Figure S3: EpCAM expression in poorly
metastatic lung cancer cell lines; Figure S4: EMT signaling may contribute to EpCAM repression;
Figure S5: The expression and copy number of EpCAM in human primary cancers; Figure S6: Gene
mutation has minimal impact on EpCAM expression in human primary lung cancer; Figure S7:
Smoking induces ROS to upregulate EpCAM expression; Table S1: Antibody list; Table S2: Primer list.

Author Contributions: F.S. and T.Z. conceived and designed the study. E.S. wrote the manuscript.
YC,JL,XL,LG,ML,JZ,XZ,YL. and H.Z. performed the experiments and data analysis. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by grants from the National Natural and Science Foundation of
China (82103621 to E.SS.), China Postdoctoral Science Foundation (2021M702538 to J.L.), Department
of Education of Hubei Province (B2021023 to J.L.), and Department of Science and Technology of
Hubei Province (2019ACA168 to T.Z., 2020BCB048 to J.Z.).

Institutional Review Board Statement: All animal studies were approved by the Animal Ethics
Committee of Wuhan University of Science and Technology of ID WKD-Sun-1.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are included in the article and supplemental files. The public
data analyzed in the current study are available in TCGA or NCBI GEO as indicated in Methods and
Figure legends. Additional data are available upon request.

Acknowledgments: The authors thank Jianhong Sun for technical assistance, Baiyin Yuan for training
in animal experiment, and Xinghua Liao and Yao Xu for their constructive advice and feedback.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Siegel, R.L,; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA Cancer |. Clin. 2022, 72, 7-33. [CrossRef]

2. Hong, D.S; Fakih, M.G,; Strickler, ].H.; Desai, J.; Durm, G.A.; Shapiro, G.I; Falchook, G.S; Price, T].; Sacher, A.; Denlinger, C.S.; et al.
KRAS(G12C) Inhibition with Sotorasib in Advanced Solid Tumors. N. Engl. |. Med. 2020, 383, 1207-1217. [CrossRef]

3.  Ai,L;Xu, A; Xu,]. Roles of PD-1/PD-L1 Pathway: Signaling, Cancer, and Beyond. Adv. Exp. Med. Biol. 2020, 1248, 33-59.

4. Duma, N,; Santana-Davila, R.; Molina, ].R. Non-Small Cell Lung Cancer: Epidemiology, Screening, Diagnosis, and Treatment.
Mayo Clin. Proc. 2019, 94, 1623-1640. [CrossRef]

5. Nanavaty, P,; Alvarez, M.S.; Alberts, W.M. Lung cancer screening: Advantages, controversies, and applications. Cancer Control
2014, 21, 9-14. [CrossRef]

6.  Nooreldeen, R.; Bach, H. Current and Future Development in Lung Cancer Diagnosis. Int. . Mol. Sci. 2021, 22, 8661. [CrossRef]

7. Keller, L.; Werner, S.; Pantel, K. Biology and clinical relevance of EpCAM. Cell Stress 2019, 3, 165-180. [CrossRef]

8. Gires, O.; Pan, M.; Schinke, H.; Canis, M.; Baeuerle, P.A. Expression and function of epithelial cell adhesion molecule EpCAM:
Where are we after 40 years? Cancer Metastasis Rev. 2020, 39, 969-987. [CrossRef]

9.  Went, P.T,; Lugli, A.; Meier, S.; Bundi, M.; Mirlacher, M.; Sauter, G.; Dirnhofer, S. Frequent EpCam protein expression in human
carcinomas. Hum. Pathol. 2004, 35, 122-128. [CrossRef]

10. Riethdorf, S.; O’Flaherty, L.; Hille, C.; Pantel, K. Clinical applications of the CellSearch platform in cancer patients. Adv. Drug
Deliv. Rev. 2018, 125, 102-121. [CrossRef]

11. Andree, K.C.; van Dalum, G.; Terstappen, L.W. Challenges in circulating tumor cell detection by the CellSearch system. Mol.

Oncol. 2016, 10, 395-407. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/cancers14174121/s1
https://www.mdpi.com/article/10.3390/cancers14174121/s1
http://doi.org/10.3322/caac.21708
http://doi.org/10.1056/NEJMoa1917239
http://doi.org/10.1016/j.mayocp.2019.01.013
http://doi.org/10.1177/107327481402100102
http://doi.org/10.3390/ijms22168661
http://doi.org/10.15698/cst2019.06.188
http://doi.org/10.1007/s10555-020-09898-3
http://doi.org/10.1016/j.humpath.2003.08.026
http://doi.org/10.1016/j.addr.2018.01.011
http://doi.org/10.1016/j.molonc.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26795350

Cancers 2022, 14, 4121 12 of 12

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Krebs, M.G.; Hou, ].M,; Sloane, R.; Lancashire, L.; Priest, L.; Nonaka, D.; Ward, T.H.; Backen, A.; Clack, G.; Hughes, A.; et al. Analysis
of circulating tumor cells in patients with non-small cell lung cancer using epithelial marker-dependent and -independent
approaches. J. Thorac. Oncol. 2012, 7, 306-315. [CrossRef] [PubMed]

Gabriel, M.T.; Calleja, L.R.; Chalopin, A.; Ory, B.; Heymann, D. Circulating Tumor Cells: A Review of Non-EpCAM-Based
Approaches for Cell Enrichment and Isolation. Clin. Chem. 2016, 62, 571-581. [CrossRef] [PubMed]

Signor, S.A.; Nuzhdin, S.V. The Evolution of Gene Expression in cis and trans. Trends Genet. TIG 2018, 34, 532-544. [CrossRef]
Pope, S.D.; Medzhitov, R. Emerging Principles of Gene Expression Programs and Their Regulation. Mol. Cell 2018, 71, 389-397.
[CrossRef]

Bergh, ].C. Gene amplification in human lung cancer. The myc family genes and other proto-oncogenes and growth factor genes.
Am. Rev. Respir. Dis. 1990, 142 Pt 2, 520-526. [CrossRef]

Cancer Genome Atlas Research Network. Comprehensive molecular profiling of lung adenocarcinoma. Nature 2014, 511, 543-550.
[CrossRef]

Wistuba, LI; Behrens, C.; Milchgrub, S.; Bryant, D.; Hung, J.; Minna, ].D.; Gazdar, A.F. Sequential molecular abnormalities are
involved in the multistage development of squamous cell lung carcinoma. Oncogene 1999, 18, 643-650. [CrossRef]

Sun, F; Li, L.; Yan, P.; Zhou, J.; Shapiro, S.D.; Xiao, G.; Qu, Z. Causative role of PDLIM2 epigenetic repression in lung cancer and
therapeutic resistance. Nat. Commun. 2019, 10, 5324. [CrossRef]

Sun, F; Xiao, Y.; Qu, Z. Oncovirus Kaposi sarcoma herpesvirus (KSHV) represses tumor suppressor PDLIM2 to persistently
activate nuclear factor kappaB (NF-kappaB) and STAT3 transcription factors for tumorigenesis and tumor maintenance. J. Biol.
Chem. 2015, 290, 7362-7368. [CrossRef]

Mateen, S.; Raina, K.; Agarwal, C.; Chan, D.; Agarwal, R. Silibinin synergizes with histone deacetylase and DNA methyltransferase
inhibitors in upregulating E-cadherin expression together with inhibition of migration and invasion of human non-small cell
lung cancer cells. J. Pharmacol. Exp. Ther. 2013, 345, 206-214. [CrossRef]

Sun, E; Qu, Z,; Xiao, Y.; Zhou, J.; Burns, T.E,; Stabile, L.P; Siegfried, ] M.; Xiao, G. NF-«B1 p105 suppresses lung tumorigenesis
through the Tpl2 kinase but independently of its NF-«B function. Oncogene 2016, 35, 2299-2310. [CrossRef] [PubMed]

Zhou, J.; Qu, Z,; Yan, S.; Sun, E; Whitsett, ].A.; Shapiro, S.D.; Xiao, G. Differential roles of STAT3 in the initiation and growth of
lung cancer. Oncogene 2015, 34, 3804-3814. [CrossRef] [PubMed]

Sun, E; Guo, Z.S.; Gregory, A.D.; Shapiro, S.D.; Xiao, G.; Qu, Z. Dual but not single PD-1 or TIM-3 blockade enhances oncolytic
virotherapy in refractory lung cancer. |. Immunother. Cancer 2020, 8, e€000294. [CrossRef] [PubMed]

Li, L; Sun, F; Han, L; Liu, X,; Xiao, Y.; Gregory, A.D.; Shapiro, S.D.; Xiao, G.; Qu, Z. PDLIM2 repression by ROS in alveolar
macrophages promotes lung tumorigenesis. JCI Insight 2021, 6, €144394. [CrossRef]

Chen, M,; Sun, E; Han, L.; Qu, Z. Kaposi’s sarcoma herpesvirus (KSHV) microRNA K12-1 functions as an oncogene by activating
NF-kappaB/IL-6/STAT3 signaling. Oncotarget 2016, 7, 33363-33373. [CrossRef]

Sun, F; Li, L.; Xiao, Y.; Gregory, A.D.; Shapiro, S.D.; Xiao, G.; Qu, Z. Alveolar Macrophages Inherently Express Programmed
Death-1 Ligand 1 for Optimal Protective Immunity and Tolerance. J. Immunol. 2021, 207, 110-114. [CrossRef]

Wu, K;; Lin, K; Li, X;; Yuan, X.; Xu, P; Ni, P.; Xu, D. Redefining Tumor-Associated Macrophage Subpopulations and Functions in
the Tumor Microenvironment. Front. Immunol. 2020, 11, 1731. [CrossRef]

Lin, Y,; Xu, J.; Lan, H. Tumor-associated macrophages in tumor metastasis: Biological roles and clinical therapeutic applications. .
Hematol. Oncol. 2019, 12, 76. [CrossRef]

Pathak, S.J.; Mueller, ].L.; Okamoto, K.; Das, B.; Hertecant, J.; Greenhalgh, L.; Cole, T; Pinsk, V.; Yerushalmi, B.; Gurkan, O.E.; et al.
EPCAM mutation update: Variants associated with congenital tufting enteropathy and Lynch syndrome. Hum. Mutat. 2019, 40,
142-161. [CrossRef]

Liang, K.H.; Tso, H.C.; Hung, S.H.; Kuan, LL; Lai, ] K,; Ke, FY.; Chuang, Y.T,; Liu, L].; Wang, Y.P.; Chen, R.H.; et al. Extracellular
domain of EpCAM enhances tumor progression through EGFR signaling in colon cancer cells. Cancer Lett. 2018, 433, 165-175.
[CrossRef] [PubMed]

Chen, H.N,; Liang, K.H.; Lai, ] K.; Lan, C.H.; Liao, M.Y.; Hung, S.H.; Chuang, Y.T.; Chen, K.C.; Tsuei, WW.; Wu, H.C. EpCAM
Signaling Promotes Tumor Progression and Protein Stability of PD-L1 through the EGFR Pathway. Carncer Res. 2020, 80, 5035-5050.
[CrossRef] [PubMed]

Gires, O. EGFR-Dependent Regulated Intramembrane Proteolysis of EpCAM-Letter. Cancer Res. 2017, 77, 1775-1776. [CrossRef]
[PubMed]

Hsu, Y.T.; Osmulski, P.; Wang, Y.; Huang, YW.,; Liu, L.; Ruan, J; Jin, V.X.; Kirma, N.B.; Gaczynska, M.E.; Huang, T.H. EGFR-
Dependent Regulated Intramembrane Proteolysis of EpCAM-Response. Cancer Res. 2017, 77,1777. [CrossRef]

Pan, M.; Schinke, H.; Luxenburger, E.; Kranz, G.; Shakhtour, ].; Libl, D.; Huang, Y.; Gaber, A.; Pavsic, M.; Lenarcic, B.; et al.
EpCAM ectodomain EpEX is a ligand of EGFR that counteracts EGF-mediated epithelial-mesenchymal transition through
modulation of phospho-ERK1/2 in head and neck cancers. PLoS Biol. 2018, 16, e2006624. [CrossRef]


http://doi.org/10.1097/JTO.0b013e31823c5c16
http://www.ncbi.nlm.nih.gov/pubmed/22173704
http://doi.org/10.1373/clinchem.2015.249706
http://www.ncbi.nlm.nih.gov/pubmed/26896446
http://doi.org/10.1016/j.tig.2018.03.007
http://doi.org/10.1016/j.molcel.2018.07.017
http://doi.org/10.1164/ajrccm/142.6_Pt_2.S20
http://doi.org/10.1038/nature13385
http://doi.org/10.1038/sj.onc.1202349
http://doi.org/10.1038/s41467-019-13331-x
http://doi.org/10.1074/jbc.C115.637918
http://doi.org/10.1124/jpet.113.203471
http://doi.org/10.1038/onc.2015.299
http://www.ncbi.nlm.nih.gov/pubmed/26300007
http://doi.org/10.1038/onc.2014.318
http://www.ncbi.nlm.nih.gov/pubmed/25284582
http://doi.org/10.1136/jitc-2019-000294
http://www.ncbi.nlm.nih.gov/pubmed/32461344
http://doi.org/10.1172/jci.insight.144394
http://doi.org/10.18632/oncotarget.9221
http://doi.org/10.4049/jimmunol.2100046
http://doi.org/10.3389/fimmu.2020.01731
http://doi.org/10.1186/s13045-019-0760-3
http://doi.org/10.1002/humu.23688
http://doi.org/10.1016/j.canlet.2018.06.040
http://www.ncbi.nlm.nih.gov/pubmed/29981429
http://doi.org/10.1158/0008-5472.CAN-20-1264
http://www.ncbi.nlm.nih.gov/pubmed/32978170
http://doi.org/10.1158/0008-5472.CAN-16-2456
http://www.ncbi.nlm.nih.gov/pubmed/28330930
http://doi.org/10.1158/0008-5472.CAN-16-3440
http://doi.org/10.1371/journal.pbio.2006624

	Introduction 
	Materials and Methods 
	Public Data Mining 
	Mouse and Tumor Cells 
	Immunoblotting Analysis 
	FACS Analysis 
	RT-PCR Analysis 
	Statistical Analysis 

	Results 
	EpCAM Expression Is Upregulated in Primary Lung Cancer 
	Gene Amplification Induces EpCAM Expression in Primary Lung Cancer 
	Promoter Hypomethylation Induces EpCAM Expression in Primary Lung Cancer 
	EpCAM Expression Is Downregulated in Metastatic Lung Cancer 
	Epigenetic Drugs Restore EpCAM Expression in Highly Metastatic Lung Cancer Cells 
	Macrophage-Derived TGF Represses EpCAM Expression in Lung Cancer Cells 

	Discussion 
	Conclusions 
	References

