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Abstract

Carcinoembryonic antigen (CEA) is highly expressed in embryo and colorectal cancer
(CRC) and has been widely used as a marker for CRC. Emerging evidence has dem-
onstrated that elevated CEA levels promote CRC progression. However, the mecha-
nism of the increased CEA expression in patients with primary and recurrent CRC
is still an open question. In this study, we showed that c-KIT, ELK1, and CEA were
hyperexpressed in patients with CRC, especially patients with recurrent disease.
From bioinformatics analysis, we picked ELK1 as a candidate transcription factor (TF)
for CEA; the binding site of ELK1 within the CEA promoter was confirmed by chro-
matin immunoprecipitation and dual luciferase reporter assays. Overexpression of
ELK1 increased CEA expression in vitro, while knockdown of ELK1 decreased CEA.
Upregulated ELK1 promoted the adhesion, migration, and invasion of CRC cells,
however knockdown of CEA blocked the activities of ELK1-overexpressed CRC cells.
Furthermore, we explored the role of c-KIT-ERK1/2 signaling in activation of ELK1.
Blocking c-KIT signaling using Imatinib or ISCKO3 reduced p-ELK1 expression and
consequently decreased CEA levels in CRC cells, as did blocking the ERK1/2 pathway
by U0126. Compared with wild type littermates, the c-kit loss-of-functional Wads™'™
mice showed lowered c-KIT, ELK1, and CEA expression. In conclusion, our study re-
vealed that ELK1, which was activated by c-KIT-ERK1/2 signaling, was a key TF for
CEA expression. Blocking ELK1 or its upstream signaling could be an alternative way
to decelerate CRC progression. Besides being a biomarker for CRC, CEA could be
used for guiding targeted therapy.
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1 | INTRODUCTION

Colorectal cancer (CRC) ranks third and second, respectively, in
terms of incidence and mortality worldwide.® There has been
great advancement in the diagnosis and treatment of CRC, un-
fortunately many patients with CRC still suffer from tumor re-
currence or metastasis after standardized treatment, resulting
in a poor prognosis.2 In recent years, a series of targeted thera-
peutic drugs has been approved for oncotherapy and these have
shown promising effects. Targeted drugs aim to specifically in-
hibit or block precise oncogenes, therefore the aim in applying
targeted drugs is to find out the precise oncogene(s) in a partic-
ular cancer.

Adhesion molecules play an important role in tumor progres-
sion and metastasis of CRC.% Carcinoembryonic antigen (CEA;
also known as CEACAMS5 or CDé6e) is an intercellular adhesion
molecule and a founding member of the CEACAM family, which
is highly expressed in embryonic gut and CRC tissues. The piv-
otal roles of CEA in cellular biological events have been reviewed
thoroughly, including inhibition of differentiation programs, anoi-
kis and apoptosis, the disruption of cell polarization and tissue ar-
chitecture, and facilitation of invasiveness by CRC.% In addition,
CEA acts in the liver through its interaction with its receptor on
Kupffer cells and causes activation and production of pro- inflam-
matory and anti-inflammatory cytokines, including IL-1, IL-10, IL-6,
and TNF-a. These cytokines protect CRC cells from cytotoxicity
by nitric oxide (NO) and other reactive oxygen radicals, and thus
increase the survival of metastatic cells, which exhibit enhanced
metastasis.> Although many studies have shown that CEA can pro-
mote CRC progression, the upstream regulatory signaling of CEA
has not been well demonstrated. Due to their tumor-promoting
effects, antibodies and vaccines that target CEA have been de-
veloped, but there is still much debate as to their sensitivity and
effectiveness.®? Here, we propose that, instead of targeting CEA
itself, blocking upstream signaling that regulates CEA expression
could be an alternative in order to decrease CEA and slow down
CRC progression.

Transcriptional regulation is a fundamental step in gene ex-
pression and involves TF binding to specific promoter regions of
target genes. Based on a TF binding site algorithm, ELK1, a member
of the TCF subfamily of ETS-domain TFs, was selected as a can-
didate for CEA expression in this study. ELK1 functions through
phosphorylation and can be regulated by the mitogen-activated
protein kinase (MAPK) pathway.'®!! Interestingly, ELK1 is highly
expressed and hyperactivated in some cancers, including gastric
cancer,'? urothelial carcinoma,*® hepatocarcinoma,14 and cervical
and endometrial carcinomas.'® A global analysis of TFs suggested
that ELK1 is an important TF, involved in CRC progression, and
might be a potential biomarker for CRC treatment.'® Therefore,
special interest was paid to the function of ELK1 in CRC devel-
opment and whether it was able to transcriptionally regulate its
potential target CEA.

2 | MATERIALS AND METHODS
2.1 | Bioinformatics analysis

The University of California, Santa Cruz (UCSC) database was used
to search for sites 2000 bp upstream and 100 bp downstream of
the CEA TSS.Y Potential TFs able to bind to the CEA promoter were
predicted by PROMO software.'®? CEA and ELK1 expression levels
in patients with CRC with or without recurrence were analyzed using
The Cancer Genome Atlas (TCGA) data from cBioPortal.?%?* mRNA
expression in CEA and ELK1 in CRC and normal tissues, as well as the
correlation between these 2 genes was analyzed using the GEPIA2

server.??

2.2 | Tissue samples and clinicopathological
information

In total, samples from 30 patients with CRC and the correspond-
ing adjacent normal tissues were obtained from Beijing Friendship
Hospital, Capital Medical University. All patient cases were reviewed
by a pathologist and diagnosed as CRC based on histopathological
evaluation. Clinicopathological information for 349 patients from
January, 2005 to December, 2012 was obtained from the Beijing
Friendship Hospital.

2.3 | Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using TRIzol (Sigma-Aldrich, USA), in
accordance with the manufacturer's instructions. qRT-PCR was
performed on an RT-PCR 7500 system (ABI Company, USA) using
the Powerup SYBR Master Mix (Thermo Scientific, USA). The
oligonucleotide sequences of the qRT-PCR primers are listed in
Table 1.

TABLE 1 Primers

Gene qRT-PCR primer sequences

CEA Forward: 5'-TTACCTTTCGGGAGCGAACC-3'
Reverse: 5'-TGTTGCTGCGGTATCCCATT-3'

ELK1 Forward: 5'-ACGCTACACACAGGTACCCC-3'
Reverse: 5-TCTTGTTCTTGCGTAGCCCC-3'

c-KIT Forward: 5'-CAGGCAACGTTGACTATCAGT-3’

Reverse: 5'-ATTCTCAGACTTGGGATAATC-3'

GAPDH Forward: 5'-CCTGCACCACCAACTGCTTA-3'
Reverse: 5'-AGTGATGGCATGGACTGTGG-3'
ChIP-gPCR primer sequences

CEA promoter Forward: 5-TGACCCACGTGATGCTGAGA-3’

Reverse: 5-GTCAAGGCTGCTGTGACTGT-3’
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2.4 | Western blot

Total protein was extracted from radioimmunoprecipitation assay
(RIPA) lysate (Applygen, Beijing, China). Primary antibodies included
mouse monoclonal anti-CEA (#2383, CST, USA), ELK1 (sc-365876,
Santa Cruz, USA) and p-ELK1 (sc-8406, Santa Cruz), rabbit mono-
clonal anti-c-KIT (#3074, CST), p-KIT (#3391, CST), ERK1/2 (#9102,
CST) and p-ERK1/2 (#9101, CST). Anti-p-actin (sc-47778, Santa
Cruz) was used as the internal control. Immunoblotting bands were
detected using ECL chemiluminescence (Thermo Scientific) and

viewed under a Fusion FX Vilber Lourmat imager (France).

2.5 | Immunohistochemical staining

Paraffin sections were provided by the Beijing Friendship Hospital,
Capital Medical University. Sections were incubated with mouse
monoclonal anti-ELK1 (sc-365876, Santa Cruz) or CEA (#2383,
CST) at 4°C overnight. Staining detection was performed using
the UltraSensitive™ SP (Mouse/Rabbit) IHC Kit (KIT-9710, MXB,
Fuzhou, China) in accordance with the manufacturer's instruc-

tions; 0.1% BSA was used as the negative control throughout.

2.6 | Cell culture and treatment

CRC cell lines (HT-29, LS174T and Caco-2) and the HEK293T cell
line were used in this study. All cells were cultured in DMEM (Gibco,
USA) and supplemented with 10% FBS, (Biological Industries, Israel),
100 U/mL of penicillin-streptomycin (Gibco) and 1% of mycoplasma
removal agent Myco-3 (AppliChem, German). Cells were grown at
37°C in the presence of 5% CO, in air.

Reagents included 50 ng/mL recombinant human stem cell fac-
tor (rhSCF, 255-SC, R&D Systems, USA) added for 15 min, 1 pmol/L
12-O-tetradecanoylphorbol 13-acetate (TPA) (P8139, Sigma-Aldrich)
added for 2.5 h, 10 pmol/L U0126 (#9903, CST) added 2.5 h,
2 pmol/L Imatinib (STI571, S1026, Selleck, Shanghai, China) added
for 2.5 h and 30 pmol/L ISCKO3 (ab145066, Abcam) added for 2.5 h

2.7 | Chromatin immunoprecipitation

ChlIP assay was performed in accordance with the manufacturer’s in-
structions (EZ-Magna ChIP™ A Kit, #17-408, Merck-Millipore, USA).
Chromatin was immunoprecipitated for 24 h at 4°C using rabbit mon-
oclonal anti-ELK1 (ab-32106, Abcam). Primers are shown in Table 1.

2.8 | Dual luciferase reporter assay
CEA promoter luciferase reporter plasmids containing a predicted

WT ELK1 binding site (5-CTCAGGGCAGAGGGAGGAAGGACAGCA
GACCA-3') and its mutant (MUT, 5-CTCAGGGCAGAATACATCGAGA
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CAGCAGACCA-3') were constructed by support from Genechem
(Shanghai, China). The reporter plasmids were co-transfected with
ELK1 overexpression plasmid (Genechem) into HEK293T cells using
Lipofectamine™ 2000 (Thermo Scientific). At 48 h after transfection,
firefly and Renilla luciferase activities were measured using the Dual
Luciferase Assay System (72050, Promega, USA) in a Multiskan FC
photometer (Thermo Scientific). The ratio of firefly/Renilla activity was
calculated.

2.9 | Upregulation and downregulation assays in vitro

An ELK1 overexpression plasmid was constructed by Genechem
and transfected into CRC cells using Lipofectamine™ 2000.
Overexpression of c-KIT was achieved by the introduction of len-
tivirus and constructed by Genechem. For knockdown of ELK1, the
shELK1 lentivirus was introduced into CRC cells by support from

Genechem. The vector structures are shown in Figure S1.

2.10 | Cell adhesion evaluation by crystal
violet staining

Cells were seeded into a 96-well plate, with the bottom of each well cov-
ered by 1% Matrigel (BD, USA) prepared in serum-free medium. After a
40-min incubation at 37°C in the presence of 5% CO, in air, the medium
was removed and the cells were fixed in 4% para-formaldehyde for 30 min
on a shaker. Cells were stained with crystal violet for 15 min. Photographs
were taken and viewed under a microscope (Leica BME, Germany).

Adhesive cells were counted using ImageJ software (NIH, USA).

2.11 | Cell migration and invasion detection by RTCA

RTCA (ACEA Biosciences, USA) was used to monitor cellular migra-

tion and invasion as previously described.®

2.12 | Wound healing assay

Cell monolayers were scratched in the center using a 10 plL pipette
tip to create a 1 mm cell-free area. Wound areas were visualized
under a microscope (Nikon ECLIPSE 80i, Japan) at time points O and
24 h. Cell migratory capability was evaluated by measuring the gap

closure and analyzed by ImageJ software.

2.13 | Cell proliferation detection by cell counting
kit-8 (CCK-8) assay

Cell proliferation was detected by CCK-8 (Dojindo Laboratories,
Japan) in accordance with the manufacturer's protocol. Absorbance

was measured at 450 nm using a Multiskan FC photometer.
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2.14 | Cell cycle detection by flow cytometry (FCM)

Cells were fixed in 70% ethanol for 2 h at 4°C, followed by RNase
treatment (50 pg/mL) for 30 min at 37°C. Cells were stained with
propidium iodide (PIl; 500 pg/mL, Beyotime Biotechnology, China)
for 30 s in the dark. Cell cycle was analyzed by measuring the DNA
contents in Coulter EPLCS XL (Beckman Coulter, USA).

2.15 | Cell apoptosis detection by FCM

The PE Annexin V Apoptosis Detection Kit with 7-AAD
(Biolegend, USA) was used in accordance with the manufacturer's

@,

—_
o

~

-

o
3

12 £

10

CEA mRNA level

instruction. Cell apoptosis was analyzed on a Coulter EPICS XL
spectrometer.

2.16 | c-kitloss-of-functional mutant mice
(Wads™'™)

Five c-kit loss-of-functional mutant mice (Wads™™) and 5 WT litter-
mates were used, both of which were on the C57BL/6 background
and used in a previous study.?* Animal studies were carried out strictly
under protocols approved by the Animal Care and Use Committee of
Capital Medical University. Every effort was made to minimize the
number of mice used as well as their suffering.
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in patients with CRC and associated
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tissues. C, CEA protein levels were also
markedly increased in the 30 CRC tissues
compared with adjacent normal tissues.
Left: Representative western blot bands
for CEA with p-actin as control. Right:
Statistical analysis on 30 samples. D,
Representative immunohistochemical
staining images of CEA in CRC tissues
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with recurrent CRC (n = 272) compared
with that in patients with no recurrent
disease (n = 256) after radical operation
as illustrated by TCGA database. *P < .05,
**P <.01
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TABLE 2 Clinicopathological characteristics in patients with CRC with different s-CEA levels

Low Medium High
s-CEA s-CEA s-CEA
Clinicopathological indexes (<5.00) ng/mL (5.00-13.11) ng/mL (13.11-325.06) ng/mL P
Age (y) <65 67 60 46 .029
>65 58 65 78
Sex Male 61 67 69 .539
Female 64 58 55
Tumor size (cm) <5 69 51 34 <.001
25 56 74 90
Tumor differentiation 1l 74 & 22 <.001
11 42 71 65
Tumor location Colon 70 89 92 .005
Rectum 55 36 32
Distant metastasis stage MO 116 110 87 <.001
M1 9 15 37
Tumor recurrence Yes 14 23 57 <.001
No 111 102 67
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FIGURE 2 ELK1 is highly expressed in patients with CRC especially patients with recurrent disease and positively correlated with CEA
expression. A, Predicted transcription factors (TFs) that have the capability to bind to the CEA promoter, using bioinformatics analysis. The
maximum matrix dissimilarity is set as zero, and with 18 output TFs. B, ELK1 mRNA levels in CRC tissues (n = 275) were significantly higher
compared with normal tissues (n = 349) based on analysis from the GEPIA2 database. C, ELK1 mRNA in the recurrent patients with CRC

(n = 272) maintains high compared with patients with no recurrent disease (n = 256) after radical operation as assessed by TCGA database.
D, ELK1 mRNA expression in the diagnosed 30 CRC in Beijing Friendship Hospital, Capital Medical University is increased compared with
corresponding adjacent normal tissues. E, ELK1 protein as well as its active form, the p-ELK1, is clearly increased in the 30 CRC tissues

in comparison with adjacent normal tissues. Left: Representative western blot bands for ELK1 and p-ELK1 with p-actin as control. Right:
Statistical analysis on the 30 samples. F, Representative immunohistochemical staining images of ELK1 in CRC tissues and adjacent normal
tissues. ELK1 staining is more intensive in CRC tissues, and was mainly located in the cytoplasm and nucleus. The framed views in the
upper panel are magnified in the lower panel. G, ELK1 mRNA expression is positively correlated with the CEA mRNA analyzed on GEPAI2
database. *P < .05, **P < .01, ***P < .001
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2.17 | Statistics

Results were presented as the mean + SEM T test, ANOVA,; chi-
square test analyses were performed using GraphPad Prism 5 and
SPSS23.0 software. A P-value of .05 or less was considered statisti-

cally significant.

3 | RESULTS

3.1 | CEAis highly expressed in patients with CRC
especially those with recurrence

From analysis of the GEPIA2 data, we found that CEA was highly
expressed in tumors compared with normal mucosa (Figure 1A).
Consistent with the GEPIA2 analysis, the CEA mRNA and pro-
tein were highly expressed in CRC tissues compared with that
in the corresponding adjacent normal tissues from 30 patients
with CRC at the Beijing Friendship Hospital, Capital Medical
University (Figure 1B-D). We further collected the clinical in-
formation of 349 patients with CRC from the Beijing Friendship
Hospital, Capital Medical University. Based on their serum CEA
(s-CEA), patients were divided into 3 groups: low s-CEA (<5 ng/
mL, lower than the clinical diagnostic criterion), medium s-CEA
(5.00-13.11 ng/mL) and high s-CEA (13.11-325.06 ng/mL).
Compared with the low and the medium s-CEA groups, the high
s-CEA group had larger tumor sizes and worse differentiation
(Table 2). Significantly, patients with CRC with the high s-CEA
were apt to suffer from metastasis and recurrence, but there was
no difference between the low s-CEA and medium s-CEA groups
(Table 2). A follow-up study suggested that the patients in the
high s-CEA group had a shorter survival time compared with the
other groups (Figure 1E). CEA mRNA levels were significantly
higher in patients with CRC with recurrence (Figure 1F). These
results indicated that higher expression of CEA might indicate
CRC progression and relapse.

3.2 | ELK1 is highly expressed in CRC and
associated with tumor recurrence

To find out the key TF that could promote CEA transcription, we
performed bioinformatics analysis using the UCSC and PROMO da-
tabases, which predicted ELK1 as a potential TF for CEA transcrip-
tion as ELK1 was likely to bind to the CEA promoter (Figure 2A). As
for CEA, ELK1 expression prominently increased in patients with
CRC (Figure 2B) and in those who had relapsed (Figure 2C), indicated
by GEPIA2 and TCGA data. ELK1 mRNA and protein levels were
hyperexpressed in the 30 CRC tissues compared with correspond-
ing adjacent normal tissues collected from the Beijing Friendship
Hospital, Capital Medical University (Figure 2D-F). Significantly,
there was a positive correlation between ELK1 and CEA mRNA lev-
els (Figure 2G).

3.3 | ELK1 can bind to CEA promoter to raise
CEA expression

The predicted binding site for ELK1 within the CEA promoter is lo-
cated within the region 95-103 bp upstream of the TSS (Figure 3A). To
confirm this binding, we performed ChIP assay following TPA (ERK1/2
agonist) treatment to activate ELK1. As expected, the result verified
that ELK1 could bind to the CEA promotor (Figure 3B). Next, based

on the sequence of the ELK1 binding site, we designed a mutated
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FIGURE 3 The binding site of ELK1 in CEA promoter was
confirmed by ChIP and luciferase assays. A, Predicted binding site

and sequence of ELK1 within the CEA promoter using UCSC and
PROMO databases. The ATG sequence marked in blue indicates

the transcription start site (TSS). B, ChIP assay was performed on

the LS174T cells treated with DMSO or 1 pmol/L of TPA for 3 h.
Compared with DMSO group, the binding of ELK1 to the CEA
promoter is evidently increased in the TPA-treated cells, in which

ELK1 is hyperactivated. AcH3 is used as a positive control and IgG as a
negative control. C, Luciferase activity of the WT CEA promoter-driven
luciferase reporter is significantly increased by the co-transfected ELK1
plasmid. ELK1 plasmid transfection is unable to increase the luciferase
activity of the MUT CEA promoter-driven luciferase reporter. **P < .01
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FIGURE 4 ELK1 upregulates CEA (A) HT-29 Caco-2 LS174T (B)
expression in vitro. A, Basic expression 8-

N - - 3 Control
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sequence for use in a dual luciferase reporter assay, which also showed
that ELK1 was able to bind to the WT CEA promoter and accelerate
its transcription but not that of the MUT CEA promoter (Figure 3C).
Upon upregulation of ELK1 in Caco-2 cells, which have rela-
tively low expression of ELK1 and CEA (Figure 4A), mRNA and
protein levels for CEA both increased (Figure 4B,C). Conversely,

knockdown of ELK1 using a specific shRNA in HT-29 and LS174T
cells, which have relatively high expression levels of ELK1 and
CEA (Figure 4A), resulted in the decrease of CEA (Figures 4D, E
and S2).

These results strongly indicated that ELK1 can bind to the CEA

promoter and promote the expression of CEA in CRC cells.
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3.4 | ELK1 could promote CRC progression by
enhancing CRC cell adhesion, migration, and invasion

by increasing CEA expression

Although it has been reported that ELK1 is hyperexpressed in
CRC and could be a marker for prognosis of CRC, there has been
very limited evidence demonstrating its role in CRC development.
In this study, we used in vitro upregulation and downregulation

(A)

Caco-2

Control

v e

[

%

s P

2%
o :M:
L ]

o | =

% & s

100 ym o o
— o

(B)

LS174T

shControl

©,,

= “ | @control Caco-2

2 1.0} ®ELK1

p

D 08

[3

‘s 06

x

T

&

= 02

3

e ]

0 10 20 30 40 50 60 70
Time (in Hours)
Caco-2

(D)
Control

ELK1

(E) 1.8

[ #Control -2

-% 41 eELKI Gace

g 12

‘.—=_ 10

M

3 os

£

= o4

g .

0 10 20 30 40 50 60 70

Time (in Hours)

MA ET AL

Adhesive cell number

Adhesive cell number

Slope (0~70 hr)

Relative width

Slope (0~70 hr)

strategies to investigate the role of ELK1 in CRC cell activities.
As shown in Figure 5, upregulation of ELK1 enhanced the adhe-

sive ability of CRC cells, while downregulation of ELK1 reduced it

(Figure 5A,B). Similarly, the abilities for migration and invasion in-
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creased in ELK1-overexpressed CRC cells (Figure 5C-E). However,
we did not observe significant changes in cell proliferation, the
cell cycle, or apoptosis when ELK1 was upregulated in CRC cells
(Figure S3).

FIGURE 5 ELK1 accelerates CRC cell
adhesion, invasion, and migration. A,
Overexpression of ELK1 clearly promotes
the adhesive capacity of Caco-2 cells,
indicated by more crystal violet-stained
cells. Left: Representative images for
crystal violet staining for 15 min. Right:
Statistical analysis on 6 repeats. B, In
contrast, knockdown of ELK1 decreased
the adhesion capacity of LS174T cells,
indicated by reduced numbers of crystal
violet-stained cells. Left: Representative
images for crystal violet staining for

15 min. Right: Statistical analysis on

6 repeats. C, Overexpression of ELK1
significantly promotes migration of Caco-2
cells monitored by RTCA for a successive
70 h period. Left: Recorded image. Right:
Statistical analysis on 4 repeats. D,
Wound healing migration assay further
confirms that overexpression of ELK1
does promote cell migration, suggested by
the decreased gap 24 h after the scratch.
Left: Images visualized under an inverted
microscope. Right: Statistical analysis

on 4 repeats. E, Overexpression of ELK1
significantly promotes invasion of Caco-2
cells monitored by RTCA for a successive
70 h period. Left: Recorded image. Right:
Statistical analysis on 4 repeats. **P < .01,
**p <.001
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FIGURE 6 ELK1 promotes CRC
progression through increasing CEA
expression. A, Knockdown of CEA in
LS174T cells decreases cell adhesion,
indicated by the reduced numbers

of crystal violet-stained cells. Left:
Representative images for crystal violet
staining for 15 min. Right: Statistical
analysis on 6 repeats. B, Migratory
ability of LS174T cells is inhibited when
CEA is knocked down. Left: Recorded
image by RTCA for a 80 h period. Right:
Statistical analysis on 4 repeats. C, The
invasive ability is equally well inhibited

in CEA knocked-down LS174T cells.

Left: Recorded image by RTCA for 80 h.
Right: Satistical analysis on 4 repeats.

D, The number of adhesive cells stained
by crystal violet is decreased in ELK1
overexpressed Caco-2 cells (Caco-2F-K?)
upon introduction of shCEA. Left:
Representative images for crystal violet
staining for 15 min. Right: Statistical
analysis on 6 repeats. E, F, CEA knocked-
down Caco-25" cells display impaired
migratory (E) and invasive (F) abilities
compared with Caco-25K! cells. Left:
Recorded image by RTCA for 70 h. Right:
Statistical analysis on 4 repeats. *P < .05,
**P < .01, ***P <.001

To explore whether the tumor-promoting role of ELK1 was by
induction of CEA expression, we detected activities in CRC cells that
had been treated with shCEA. Results showed that cell adhesion,
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migration, and invasion of LS174T cells were significantly inhibited
upon knockdown of CEA (Figure 6A-C), confirming that CEA played

a promoting role in CRC cell motility. Furthermore, ELK1-transfected
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Caco-2 cells (Caco-2F¢Y)

displayed decreased adhesive, migratory,
and invasive abilities when CEA was knocked down (Figure 6D-F).
These results suggested that highly ELK1 expression promoted

the progression of CRC through increasing CEA expression.

3.5 | c-KIT-ERK1/2-ELK1 signaling upregulates CEA

In light of previous studies and Kyoto Encyclopedia of Genes and
Genomes (KEGG) database analysis, we concentrated on the recep-
tor tyrosine kinase (RTK)-RAS-MAPK signaling pathway that prob-
ably regulates ELK1 activation in CRC.%>2% c-KIT (also known as KIT
or CD117), a type Ill RTK receptor, is highly expressed and activated
in most patients with CRC.?” Activated c-KIT promotes CRC cell
proliferation, survival, migration, and invasion by activating multiple
downstream pathways including the MAPK pathway.'”?%28 Here,
we found that c-KIT mRNA and protein were highly expressed in
CRC tissues (Figure 7A,B) which was consistent with previous re-
ports. Activation of c-KIT by lentiviral mediation and addition of
rhSCF, the ligand for c-KIT, induced upregulation and activation of
ERK1/2 and ELK1 in CRC cells, as well as increased CEA expres-
sion (Figure 7C). Imatinib, an RTK inhibitor, and ISCKO3, a specific
¢-KIT inhibitor that blocks SCF-induced c-KIT phosphorylation,??%°
could inactivate c-KIT and subsequently inhibit phosphorylation of
ERK1/2 and ELK1 and CEA expression (Figure 7D). Treatment with
U0126, a MEK inhibitor, also decreased p-ERK1/2, p-ELK1 and CEA
expression (Figure 7D). Furthermore, we used c-kit loss-of-functional
mutant mice (Wadsr“/m) and their WT littermates to detect the activ-
ity of the downstream ERK1/2-ELK1 pathway. Wads™™ mice harbor
a unique T-to-C transition mutation in the c-kit gene that results in a
Phe-to-Ser substitution at amino acid 856 within a highly conserved
tyrosine kinase domain and they displays the phenotype of white,
anemia, deaf, and sterile and therefore, are an optimal model to in-
vestigate the function and downstream pathway of c-KIT signaling.
The result showed that with loss of ¢c-KIT activity in Wads™™ mice,
the downstream ERK1/2-ELK1 pathway was significantly inhibited
(Figure 7E). CEA bands were not detect in either mice strains, pos-
sibly because both were tumor free and adult, with minute CEA ex-
pression levels. These results suggested that c-KIT-ERK1/2 signaling

could activate ELK1 and elevate CEA expression in CRC cells and
provided evidence that blocking this signaling could decrease activa-
tion of ELK and CEA expression in patients with CRC.

4 | DISCUSSION

In the present study, in addition to the implication that higher CEA lev-
els were associated with CRC deterioration, we also explored if CEA
expression was under the control of the c-KIT-ERK1/2-ELK1 axis.
CEA has been widely used as a CRC marker. Although, over recent
years, researchers have paid attention to the biological roles of CEA in
CRC development, there have been few studies on its transcriptional
regulation. A few reports have implied that Upstream stimulatory fac-
tor 1 (USF), Sp1, Spil-like, and other unidentified TFs, were probably
responsible for CEA transcription.* With the rapid development of
bioinformatics, it has become easier to screen TF candidates for genes
with known promoter sequences. Here, we chose ELK1 based on the
following reasons: (i) ELK1 is hyperexpressed in CRC and positively cor-
related with CEA mRNA levels; (i) ELK1 is related to CRC differentia-
tion, suggesting a potentially important transcriptional or biochemical
role®?; and (jii) the predicted ELK1 binding site is around 100 bp up-
stream of the TSS within the CEA promoter and which is covered by the
core promoter region.33 As expected, we confirmed binding of ELK1 to
the CEA promoter using ChlP and dual luciferase reporter assays. ELK1
functions by stimulating its target genes. In bladder cancer, ELK1 pro-
moted tumorigenesis by triggering its downstream molecules, including
c-Fos and a proto-oncogene.?* ELK1 also promoted clear cell renal cell
carcinoma and breast cancer progression by upregulating NDUFA4L2
and PAI-1, respectively.35'36 However, the role of ELK1 in CRC has
not been reported. Our results disclosed that hyperactivated ELK1
(p-ELK1) facilitated CRC cell adhesion, migration, and invasion. ELK1-
driven activities was partly inhibited following knockdown of CEA in
CRC cells, indicating that induction of CEA expression could be a crit-
ical way in which ELK1 elicited its CRC-promoting effect. Accordingly,
blocking ELK1 activation might be a strategy for CRC treatment. One
publication in 2018 in a murine model demonstrated that a transactiva-
tor of a transcription peptide (TAT-DEF-ELK1 peptide; TDE) that spe-

cifically impeded ERK and ELK1 molecular interaction and subsequent

FIGURE 7 C-KIT-ERK1/2 signaling activates ELK1 and upregulates CEA expression in CRC. A, c-KIT mRNA levels from 30 patients
diagnosed with CRC at the Beijing Friendship Hospital, Capital Medical University were increased compared with the corresponding
adjacent normal tissues. B, c-KIT protein is also clearly increased in the tissue samples from 30 patients with CRC compared with adjacent
normal tissues. Left: Representative western blot bands for c-KIT with p-actin as control. Right: Statistical analysis on the 30 samples. C,
c-KIT is overexpressed in LS174T cells following lentiviral mediation. Upon additional treatment with 50 ng/mL of rhSCF for 15 min, c-KIT
and its downstream ELK1/2 are hyperactivated in c-KIT overexpressed LS174T cells, with activation of ELK1 and increased expression of
CEA. Left: Representative western blot bands with p-actin as control. Right: Statistical analysis on 3 repeats. D, c-KIT overexpressed LS174T
cells (LS174TT) are treated with 10 pmol/L U0126, 2 pmol/L Imatinib or 30 pmol/L ISCKO3 for 2.5 h and 50 ng/mL of rhSCF for another
15 min. Compared with the DMSO control group, cells in the U0126 groups have decreased p-ERK1/2, p-ELK1, and CEA expression levels.
In addition, both Imatinib and ISCKO3 could significantly inhibit c-KIT phosphorylation which inhibits downstream p-ERK1/2 and p-ELK1
as well as CEA expression. Left: Representative western blot bands with p-actin as control. Right: Statistical analysis on 3 repeats. E, c-kit

loss-of-functional Wads™™

mice are used to further verify the role of c-KIT signaling in ELK1 expression in vivo. Compared with their WT

littermates, the Wads™™ mice had decreased c-KIT, ERK1/2 and ELK1 activities. Left: Representative western blot bands with p-actin as
control. Right: Statistical analysis on 5 mice. *P < .05, **P < .01, ***P < .001
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FIGURE 8 Scheme of c-KIT-ERK1/2-ELK1 signaling pathway
that upregulates CEA expression and promotes CRC. Upon
activation of c-KIT signaling, downstream ERK1/2 and ELK1 are
activated. P-ELK1 elevates CEA transcription, which promotes CRC
cell adhesion, migration, and invasion

ELK1 activation by interfering with the DEF-docking domain, had the
advantage of treating depression.37 Future studies are necessary to
explore whether this means is also efficient for treating CRC. Most pa-
tients with CRC have concomitant anxiety, and the anxiety may aggra-
vate CRC progression.>® We proposed that blocking ELK1 activation
might alleviate anxiety, and would be beneficial for treatment of pa-
tients with CRC. As ELK1 is involved in multiple diseases, it should have
many targets in vivo that deserve further investigations.

Nuclear ELK1 is mainly regulated and activated by the MAPK path-
way,” which is a key pathway downstream of c-KIT. We have previ-
ously shown that hyperactivated c-KIT signaling promoted CRC cell
proliferation, migration, and invasion.?® Here, we revealed that c-KIT
could increase CEA expression through the ERK1/2-ELK1 pathway
to promote CRC progression. Some RTK or c-KIT targeted drugs have
been approved for the clinic and have displayed marked effects. For
example, Imatinib and its analogs were firstly used to treat CML and
gastrointestinal stromal tumors (GIST) associated with constitutive ac-
tivation of BCR-ABL and c-KIT, respectively.*® Human CRCs hyperex-

press c-KIT, especially in the most aggressive subtype, the consensus

molecular subtype 4 (CMS4), which has the highest chance of disease
recurrence. A proof-of-concept study shed light on the biological ef-
fects of Imatinib intervention on CMS4 tumors and should form the
basis for design of future trials with subtype-targeted therapy in pa-
tients with CRC.*! According to the present results that c-KIT signaling
upregulates CEA, we suggest that CEA might be an indicator for apply-
ing c-KIT and/or ELK1 inhibitors to CRC treatment.

In conclusion, we demonstrated that ELK1 was a key TF to ele-
vate CEA expression in CRC, and was under c-KIT-ERK1/2 signaling
regulation (Figure 8). The hyperactivated c-KIT-ERK1/2-ELK1-CEA
axis accelerated CRC progression. Blocking ELK1 or its upstream
signaling could be an alternative way to decelerate CRC progression.
In addition to a biomarker for CRC diagnosis, CEA could also be a
marker to guide targeted drug selection for CRC treatment.

ACKNOWLEDGMENTS

This study was supported by the National Natural Science Foundation
of China (31771332 and 81572322), Beijing Natural Science
Foundation (5172008 and 7172021), Natural Science Foundation
of Capital Medical University (PYZ19069), and Support Project of
High-level Teachers in Beijing Municipal Universities in the Period
of 13th Five-Year Plan (IDHT20170516). We thank the Clinical Data
and Biobank Resource of Beijing Friendship Hospital, Capital Medical
University for supplying human samples and paraffin sections.

DISCLOSURE

We have no conflicts of interest to declare.

ORCID
Jian Ma https://orcid.org/0000-0001-6921-5278
REFERENCES

1. Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A.
Global cancer statistics 2018: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J Clin. 2018;68(6):394-424.

2. Sveen A, Kopetz S, Lothe RA. Biomarker-guided therapy for
colorectal cancer: strength in complexity. Nat Rev Clin Oncol.
2020;2020(17):11-32.

3. Boesch M, Spizzo G, Seeber A. Concise review: aggressive colorec-
tal cancer: role of epithelial cell adhesion molecule in cancer stem
cells and epithelial-to-mesenchymal transition. Stem Cells Transl
Med. 2018;7(6):495-501.

4. Beauchemin N, Arabzadeh A. Carcinoembryonic antigen-related
cell adhesion molecules (CEACAMSs) in cancer progression and me-
tastasis. Cancer Metastasis Rev. 2013;32(3-4):643-671.

5. Thomas P, Forse RA, Bajenova O. Carcinoembryonic antigen
(CEA) and its receptor hnRNP M are mediators of metastasis
and the inflammatory response in the liver. Clin Exp Metastasis.
2011;28(8):923-932.

6. Blumenthal RD, Hansen HJ, Goldenberg DM. Inhibition of adhe-
sion, invasion, and metastasis by antibodies targeting CEACAM6
(NCA-90) and CEACAMS5 (Carcinoembryonic Antigen). Cancer Res.
2005;65(19):8809-8817.

7. Bogen JP, Hinz SC, Grzeschik J, et al. Dual function pH responsive
bispecific antibodies for tumor targeting and antigen depletion in
plasma. Front Immunol. 2019;10:1892.


https://orcid.org/0000-0001-6921-5278
https://orcid.org/0000-0001-6921-5278

MA ET AL

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Gatti-Mays ME, Strauss J, Donahue RN, et al. A phase | dose-es-
calation trial of BN-CV301, a recombinant poxviral vaccine target-
ing MUC1 and CEA with costimulatory molecules. Clin Cancer Res.
2019;25(16):4933-4944.

Gonzalez-Exposito R, Semiannikova M, Griffiths B, et al. CEA ex-
pression heterogeneity and plasticity confer resistance to the
CEA-targeting bispecific immunotherapy antibody cibisatamab
(CEA-TCB) in patient-derived colorectal cancer organoids. J
Immunother Cancer. 2019;7(1):101.

Sharrocks AD. Complexities in ETS-domain transcription factor
function and regulation: lessons from the TCF (ternary complex
factor) subfamily. The Colworth Medal Lecture. Biochem Soc Trans.
2002;30(2):1-9.

Shaw PE, Saxton J. Ternary complex factors: prime nuclear tar-
gets for mitogen-activated protein kinases. Int J Biochem Cell Biol.
2003;35(8):1210-1226.

Huang B, Chang C, Wang BL, Li H. ELK1-induced upregula-
tion of INcRNA TRPM2-AS promotes tumor progression in gas-
tric cancer by regulating miR-195/ HMGA1 axis. J Cell Biochem.
2019;120(10):16921-16933.

Inoue S, Ide H, Fujita K, et al. Expression of phospho-ELK1 and its
prognostic significance in urothelial carcinoma of the upper urinary
tract. Int J Mol Sci. 2018;19(3):777.

Yan Q, Lou G, Qian Y, et al. SPAG9 is involved in hepatocarcinoma
cell migration and invasion via modulation of ELK1 expression.
Onco Targets Ther. 2016;9:1067-1075.

Pallai R, Bhaskar A, Sodi V, Rice LM. Etsl and Elk1 transcription
factors regulate cancerous inhibitor of protein phosphatase 2A ex-
pression in cervical and endometrial carcinoma cells. Transcription.
2012;3(6):323-335.

Pradhan MP, Prasad NK, Palakal MJ. A systems biology approach to
the global analysis of transcription factors in colorectal cancer. BMC
Cancer. 2012;12:331.

Kent WJ, Sugnet CW, Furey TS, et al. The human genome browser
at UCSC. Genome Res. 2002;12(6):996-1006.

Messeguer X, Escudero R, Farré D, Nufez O, Martinez J,
Alba MM. PROMO: detection of known transcription regula-
tory elements using species-tailored searches. Bioinformatics.
2002;18(2):333-334.

Farré D, Roset R, Huerta M, et al. Identification of patterns in bio-
logical sequences at the ALGGEN server: PROMO and MALGEN.
Nucleic Acids Res. 2003;31(13):3651-3653.

Cerami E, Gao J, Dogrusoz U, et al. The cBio cancer genomics por-
tal: an open platform for exploring multidimensional cancer genom-
ics data. Cancer Discov. 2012;2(5):401-404.

Gao J, Aksoy BA, Dogrusoz U, et al. Integrative analysis of com-
plex cancer genomics and clinical profiles using the cBioPortal. Sci
Signal. 2013;6(269):pl1.

Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a web server for
cancer and normal gene expression profiling and interactive analy-
ses. Nucleic Acids Res. 2017;45(W1):W98-W102.

Yang S, Li W, Sun H, et al. Resveratrol elicits anti-colorectal cancer
effect by activating miR-34c-KITLG in vitro and in vivo. BMC Cancer.
2015;2015(15):969.

Li G, Yang S, Shen P, et al. SCF/c-KIT signaling promotes mucus se-
cretion of colonic goblet cells and development of mucinous col-
orectal adenocarcinoma. Am J Cancer Res. 2018;8(6):1064-1073.
Sanchez-Vega F, Mina M, Armenia J, et al. Oncogenic signaling path-
ways in the cancer genome atlas. Cell. 2018;173(2):321-337.e10.
Kanehisa M, Sato Y. KEGG Mapper for inferring cellular functions
from protein sequences. Protein Sci. 2020;29(1):28-35.

Chen EC, Karl TA, Kalisky T, et al. KIT signaling promotes growth of
colon xenograft tumors in mice and is up-regulated in a subset of

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cancer Science Byl e

human colon cancers. Gastroenterology. 2015;2015(149):705-717.
e2.

Tan J, Shu 'Y, Ping S, et al. C-kit signaling promotes proliferation and
invasion of colorectal mucinous adenocarcinoma in a murine model.
Oncotarget. 2015;6(29):27037-27048.

Na YJ, Baek HS, Ahn SM, Shin HJ, Chang IS, Hwang JS. [4-t-bu-
tylphenyl]-N-(4-imidazol-1-yl phenyl)sulfonamide (ISCKO3) inhibits
SCF/c-kit signaling in 501mel human melanoma cells and abolishes
melanin production in mice and brownish guinea pigs. Biochem
Pharmacol. 2007;74(5):780-786.

Hirano T, Yoshikawa R, Harada H, Harada Y, Ishida A, Yamazaki T.
Long noncoding RNA, CCDC26, controls myeloid leukemia cell growth
through regulation of KIT expression. Mol Cancer. 2015;14:90.

Hauck W, Stanners CP. Transcriptional regulation of the carcinoem-
bryonic antigen gene. ldentification of regulatory elements and
multiple nuclear factors. J Biol Chem. 1995;1995(270):3602-3610.
Morris JF, Sul JY, Kim MS, et al. Elk-1 phosphorylated at threonine-417
is present in diverse cancers and correlates with differentiation grade
of colonic adenocarcinoma. Hum Pathol. 2013;44(5):766-776.

Cao G, Kuriyama S, Gao J, et al. Comparison of carcinoembryonic
antigen promoter regions isolated from human colorectal carci-
noma and normal adjacent mucosa to induce strong tumor-selec-
tive gene expression. Int J Cancer. 1998;78(2):242-247.

Inoue S, Ide H, Mizushima T, Jiang G, Kawahara T, Miyamoto H.
ELK1 promotes urothelial tumorigenesis in the presence of an acti-
vated androgen receptor. Am J Cancer Res. 2018;8(11):2325-2336.
Wang L, Peng Z, Wang K, et al. NDUFA4L2 is associated with clear
cell renal cell carcinoma malignancy and is regulated by ELK1. PeerJ.
2017;2017(5):e4065.

Wyrzykowska P, Stalinska K, Wawro M, Kochan J,Kasza A. Epidermal
growth factor regulates PAI-1 expression via activation of the tran-
scription factor Elk-1. Biochim Biophys Acta. 2010;1799(9):616-621.
Apazoglou K, Farley S, Gorgievski V, et al. Antidepressive effects of
targeting ELK-1 signal transduction. Nat Med. 2018;24(5):591-597.
Buccafusca G, Proserpio |, Tralongo AC, Rametta Giuliano S,
Tralongo P. Early colorectal cancer: diagnosis, treatment and survi-
vorship care. Crit Rev Oncol Hematol. 2019;136:20-30.

Hollander D, Donyo M, Atias N, et al. A network-based analy-
sis of colon cancer splicing changes reveals a tumorigenesis-fa-
voring regulatory pathway emanating from ELK1. Genome Res.
2016;26(4):541-553.

Blay JY, Le Cesne A, Alberti L, Ray-Coquart |. Targeted cancer ther-
apies. Bull Cancer. 2005;2005(92):E13-18.

Ubink I, Bloemendal HJ, Elias SG, et al. Imatinib treatment of poor
prognosis mesenchymal-type primary colon cancer: a proof-of-
concept study in the preoperative window period (ImPACCT). BMC
Cancer. 2017;17:2017, 282.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Ma J, Liu X, Chen H, et al. c-KIT-
ERK1/2 signaling activated ELK1 and upregulated
carcinoembryonic antigen expression to promote colorectal
cancer progression. Cancer Sci. 2021;112:655-667. https://doi.
org/10.1111/cas.14750



https://doi.org/10.1111/cas.14750
https://doi.org/10.1111/cas.14750

