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Abstract

Background: Cancer stem cells (CSCs) play an important role in tumor invasion and metastasis. CD44 is the most
commonly used marker of CSCs, with the potential to act as a determinant against the invasion and migration of
CSCs and as the key factor in epithelial-mesenchymal transition (EMT)-like changes that occur in colorectal cancer
(CRQ). Runt-related transcription factor-2 (RUNX2) is a mesenchymal stem marker for cancer that is involved in stem
cell biology and tumorigenesis. However, whether RUNX2 is involved in CSC and in inducing EMT-like changes in CRC
remains uncertain, warranting further investigation.

Methods: We evaluated the role of RUNX2 in the invasion and migration of CRC cells as a promoter of CD44-induced
stem cell- and EMT-like modifications. For this purpose, western blotting was employed to analyze the expression of
differential proteins in CRC cells. We conducted sphere formation, wound healing, and transwell assays to investigate
the biological functions of RUNX2 in CRC cells. Cellular immunofluorescence and coimmunoprecipitation (co-IP)
assays were performed to study the relationship between RUNX2 and BRG1. Real-time quantitative PCR (RT-gPCR)
and immunohistochemistry (IHC) were performed to analyze the expressions of RUNX2, BRG1, and CD44 in the CRC
tissues.

Results: We found that RUNX2 could markedly induce the CRC cell sphere-forming ability and EMT. Interestingly, the
RUNX2-mediated EMT in CRC cell may be associated with the activation of CD44. Furthermore, RUNX2 was found to
interact with BRG1 to promote the recruitment of RUNX2 to the CD44 promoter.

Conclusions: Our cumulative findings suggest that RUNX2 and BRG1 can form a compact complex to regulate the
transcription and expression of CD44, which has possible involvement in the invasion and migration of CRC cells.
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Background possesses the ability for self-renewal as well as to differ-
Cancer stem cell (CSC) is a group of tumor cells that entiate among different phenotypes. CSC shares similar
characteristics with stem cells, and has been attributed as
the root cause of tumor recurrence, metastasis, and treat-
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adhesion protein with a key role in the invasion and
metastasis of cancer [4].

Tumor metastasis requires a series of interactions
between cells and extracellular matrix (ECM) or among
cells. As a transmembrane hyaluronic acid receptor
and the most commonly used marker of CSCs, CD44 is
recognized as a potential determinant against the abil-
ity of invasion and metastasis in cancer [5]. As a result,
it has received much attention in gastrointestinal tumor
research [4, 6, 7]. The epithelial-mesenchymal transition
(EMT) is a crucial biological process for the epithelial
cancer cells to acquire the ability of migration and inva-
sion [8]. In general, EMT is incomplete and reversible;
hence, referring to this transition process as “EMT-like
changes” is more appropriate [9]. For most gastroin-
testinal tumors, EMT-like changes have been reported
[10, 11] to decrease the expression of epithelial markers
such as E-cadherin, and increase the expression of mes-
enchymal markers such as N-cadherin [12]. This change
in the expression level is occasionally accompanied with
an increase in the CD44 expression [13]. CD44-overex-
pressing cells have been reported to increase EMT-like
changes in vitro and decrease the E-cadherin expression,
while inducing the expression of EMT markers in colon
cancer cells [13].

The process of occurrence and development of colo-
rectal cancer (CRC) involves multiple genes. Cells with
increased oncogenic functions and the loss of tumor-sup-
pressor gene functions demonstrate uncontrolled inhibi-
tion of proliferation, differentiation, and apoptosis [14,
15]. Therefore, we aimed to determine more highly spe-
cific CRC-related genes in clinical practice so as to pro-
vide the basis for the diagnosis, targeted treatment, and
prognosis risk assessment of CRC through the combined
detection of multiple genes. It is presently believed that
the abnormal expression of RUNX2 is involved in the
CRC progression [16]. RUNX2 is one of the important
members of the RUNX transcription factor family, and
involved in the regulation of cell proliferation and differ-
entiation [17]. RUNX2 is highly expressed in pancreatic
cancer, liver cancer, and other malignant tumor tissues;
hence, the knockdown of RUNX2 expression can inhibit
its malignant biological behavior in cell experiments
[18, 19]. As a mesenchymal stem marker for cancer [20],
RUNX2 is involved in stem cell biology and tumorigen-
esis [21], and, possibly, in the regulation of CSC [22].
Moreover, it has been suggested that RUNX2 can pro-
mote the invasion and metastasis of non-small cell lung
cancer through EMT-related pathways [23]. However,
whether RUNX2 is involved in CSC and in producing
EMT-like changes in CRC remains uncertain, warranting
further investigation.
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In this study, we comprehensively analyzed the possi-
ble mechanism of RUNX2 in the invasion and migration
of CRC cells and attempted to ascertain whether RUNX2
monitors the sphere-forming ability and EMT of CRC
cells by targeting CD44. In addition, RUNX2 can interact
with brahma-related gene 1 (BRG1)—a key regulator of
CD44 and a major transcriptional regulator [24, 25]—to
promote the invasion and migration processes via the
regulation of CD44 in CRC cells. The outcomes of clinical
cases and analysis of the cBioPortal for Cancer Genomics
database also demonstrated the significant positive cor-
relation among RUNX2, BRG1, and CD44 expressions in
colon cancer tissues. Further understanding of the role of
RUNX2 in tumor development is expected to promote
the progress of strategies of multigene combined diagno-
sis and treatment for CRC.

Materials and methods

Human colorectal specimens

The CRC and adjacent tissues were obtained from the
Shandong Cancer Hospital and Institute, Shandong First
Medical University and Shandong Academy of Medical
Sciences during 2010-2013. All samples were stored in
liquid nitrogen at —80 °C immediately after collection.

Cell culture and transfection

Human colon cancer RKO and HT115 cell lines were
sourced from the European Collection of Cell Cultures
(ECACC; Salisboury, UK), while HT29, SW620, and
SW480 cells were sourced from ATCC (Manassas, VA,
USA). HEK293T cells were purchased from the Kunming
Cell Bank, Chinese Academy of Sciences (Kunming,
China). Dulbecco’s Modified Eagle Medium (DMEM;
Hyclone, Logan, UT) was used as the cell culture medium
for RKO, HT115, and HEK293T, while McCoy’s 5a
Medium Modified (Gibco, USA) was used for HT-29. Lei-
bovitz’s L-15 Medium (Gibco, USA), supplemented with
penicillin (100 U/mL; Solarbio, Beijing, China), strepto-
mycin (100 pg/mL; Solarbio, Beijing, China), and heat-
inactivated 10% fetal bovine serum (FBS; Gibco, USA)
was used as the feed medium for SW620 and SW4380. The
CRC cells were cultured at 37 °C under the atmosphere
of 5% CO, and 95% humidity, with the fusion rate main-
tained at>80%. The cells were harvested as described in
the next section.

Small-interfering RNA (siRNA) duplexes were trans-
fected to CRC cells up to 30-50% confluency with Lipo-
fectamine 3000 (Invitrogen Life Technologies, USA).
siRNA specific for human RUNX2 was obtained from
Santa Cruz Biotechnology (sc-37145). RUNX2 siRNA
(h) is a pool of 3 different siRNA duplexes, A-sense: CCA
UAACCGUCUUCACAAALtt, UUUGUGAAGACGGUU
AUGGtt (antisense); B-sense: CCUUCCACUCUCAGU
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AAGAtt, UCUUACUGAGAGUGGAAGGtt (antisense);
C-sense: and CACUCCAUAUCUCUACUAUtt, AUA
GUAGAGAUAUGGAGUGtt (antisense). The siRNA-
specific sense strands for human BRG1 is given else-
where [26]: siRNA-1: 5-GGGUACCCUCAGGACAAC
ATT-3' and siRNA-2: 5-CGACGUACGAGUACAUCA
UTT-3'. For CD44 knockdown, the sense sequences for
CD44 siRNA were prepared as described previously [27].
CD44 siRNA (a pool of two): 5-CAGAAACTCCAG
ACCAGTT-3' and 5-AATGGTGCATTTGGTGAAC-3'.
The BRG1 and CD44 siRNAs were synthesized by the
Shanghai Heyuan Company. RUNX2 (NM_001024630)
Human-Tagged ORF Clone (CAT #RC212884) and BRG1
(SMARCA4) (NM_001128849) Human-Tagged ORE
Clone (CAT #RG226420) were purchased from OriGene
(OriGene, USA).

Sphere formation assay

The sphere-formation assay was performed as described
elsewhere [28]. Briefly, after removing the serum-con-
taining medium, the well-grown RKO and HT115 cells
were digested, centrifuged, and washed twice with ster-
ile phosphate-buffered saline (PBS) (pH 7.3). These cells
were then resuspended in 1 X serum-free B27 supple-
ment DMEM/F-12 medium containing 20 mg/L epider-
mal growth factor and 20 mg/L basic fibroblast growth
factor. The cells were cultured in 6-well ultra-low attach-
ment plate (Corning, Kraemer, CA) at a density of 5000
cells/well and incubated at 37 °C under the atmosphere of
5% CO, for 7-10 days. The tumors spheres were pictured
and quantified under a microscope (Olympus; Tokyo,
Japan). The number and diameter of the spheres were
calculated using the Image Pro Plus version 6.0.

Western blotting

The cells from each group that were cultured for 48 h
after siRNA or plasmid transfection were lysed in RIPA
buffer (C1053; Applygen Technologies Inc., Beijing,
China) containing a protease inhibitor cocktail (Roche,
Switzerland) and phenylmethane-sulfonyl fluoride
(PMSF) (Sigma, USA). The protein concentration was
determined using a BCA protein assay kit (Thermo Sci-
entific, USA). Protein samples were separated by 8-12%
sodium dodecyl sulfate—polyacrylamide gel electropho-
resis (SDS-PAGE) depending on the molecular weight
of the protein of interest with the SDS-PAGE Running
Buffer (B1005; Applygen Technologies Inc., Beijing,
China). Proteins were transferred onto polyvinylidene
fluoride membranes and incubated at 4 °C overnight with
primary antibodies. Thereafter, the membranes were
incubated with horseradish peroxidase-containing goat
anti-rabbit or goat anti-mouse IgG antibody (Cell Signal-
ing Technology, USA) for 1 h at the room temperature.

Page 3 of 13

The proteins were developed with an enhanced chemi-
luminescence solution (Key GEN Bio TECH, China)
through the AI600 Images System (General Electric
Company, USA). In addition, B-actin (Cell Signaling
Technology, USA) was used as the internal control. The
specific antibody information is listed in Additional file 1.
Table S1.

The transwell invasion assay

After transfection for 48 h, the transwell assay was per-
formed in a modified Boyden chamber fitted with 8-um
pore filters. Briefly, CRC cells (5 x 10* cells/well) treated
under different conditions were added to the upper
chamber, and the cell culture medium was added to the
lower chamber, the chambers were then incubated at
37°C under the atmosphere of 5% CO, and 95% humid-
ity for 24 h. After 24-h incubation, the cells were passed
through the Matrigel-coated membrane, stained, and,
finally, fixed. The cells from randomly selected fields were
counted under the microscope. The assay was repeated
thrice.

Wound healing assay
Cells treated under different conditions were plated at an
equal density into 6-well plates and cultured to 80% con-
fluency at 37 °C in a 5% CO, humidified chamber. A few
cells were scratched from the plate with gentle scratching
using a small sterile pipette tip. The detached cells were
then washed twice in PBS solution and supplemented
with fresh medium. The new plates were incubated at
37 °C under 5% CO, humidified chamber for 48 h. The
degree of cell migration was quantified based on their
ability to close the artificially created gaps and record
the same under an optical microscope. The change in the
scratch area with time and the wound healing percent
were calculated based on the initial scratch area, as given
below:

Wound healing (%)= The ratio of the area healed at
48 h (the initial scratch area—the scratch area after 48 h)/
the initial scratch area.

Cellular immunofluorescence

RKO and HT115 cells were seeded onto coverslips placed
into a 6-well plate at a concentration of 2 x 10*/mL, fol-
lowed by incubation at 37 °C under 5% CO, humidified
atmosphere for 48 h and then washing the adherent cells
with sterile PBS thrice. Next, the PBS was discarded
and 4% paraformaldehyde was added to each well for
20 min at the room temperature. The cells were washed
three more times with sterile PBS, and the slides were
blocked with methanol containing 3% hydrogen perox-
ide for 10 min. The samples were then rinsed thrice with
PBS, permeabilized with 0.25% Triton X-100 (9002931;
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AMRESCO, USA) in PBS for 10 min, and blocked with
5% normal goat serum (ZLI-9056; ZSGB-bio) in PBS for
60 min. After blocking, the cells were incubated with the
corresponding primary antibodies RUNX2 (ab76956;
Abcam, UK) and BRG1 (21634-1-AP; Proteintech,
USA) overnight at 4 °C, followed by treatment with anti-
mouse-Alexa Fluor 594 and anti-rabbit-Alexa Fluor 488
secondary antibody, respectively, for 1 h at the room tem-
perature. Next, 4/,6-diamidinophenyl-indole (DAPI) was
used to stain the cell nuclei for 5 min, and the slides were
observed under a confocal microscope (TCS-SP5; Leica,
Mannheim, Germany). The specific antibody information
is provided in Additional file 1. Table S1.

Coimmunoprecipitation (co-IP) assay

The CRC RKO cells or transfected HEK293T cells were
harvested and lysed in IP lysis buffer (C1054; Applygen
Technologies Inc.) with PMSF (ST506; Beyotime Bio-
technology, Shanghai, China) and protease inhibitor
cocktail (Roche, Switzerland) for 30 min on an ice bath.
Next, 100uL of the sample was used as the Input, and the
other sample for the subsequent co-IP. The sample was
centrifuged at 14,000 rpm at 4 °C for 15 min to remove
the insoluble materials.

The supernatants were incubated with 1 pg of anti-
RUNX2 or anti-BRG1 antibodies/mg protein for the
extracted cells and with 1 pg of anti-Myc or anti-GFP
antibodies/mg protein for protein extraction from the
transfected HEK293T cells with a gentle rotation on the
rotary table at 4 °C for 8—12 h. Then, the supernatants
were collected on Protein A/G immunoprecipitation
beads at 4 °C for 3-5 h, followed by extensive washing
on the rotary table. IP with rabbit (3900S, Cell signaling
Technology, USA) or mouse (sc-2025, Santa Cruz Bio-
technology, USA) IgG (IgG-IP) was used as the negative
control. The specific antibody information is provided in
Additional file 1. Table S1.

Chromatin immunoprecipitation (CHIP) assay

The CHIP Assay Kit (56383; Cell Signaling Technology,
USA) was used to perform the CHIP assay as instructed
by the manufacturer. Rabbit polyclonal anti-RUNX2
antibodies (12556S; Cell Signaling Technology, USA) or
rabbit anti-IgG antibodies (3900S; Cell Signaling Tech-
nology, USA) was used for precipitation, and the IP was
purified on protein A/G immunoprecipitation beads. The
DNA purified from CHIP was ligated with the adapter
and subjected to PCR amplification as per the manufac-
turer’s instructions (Illumina; San Diego, CA, USA). We
used the ConSite service based on the JASPAR data-
sets for this purpose. Transcription binding site predic-
tion of RUNX2 to the CD44 promoter was performed
as described elsewhere [29]. The primer set used to
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amplify the promoter regions of CD44 was: 5'-GGACAG
ATGGGAAATGAGTGGA-3' (sense) and 5-TTCATC
CAACCACACACCTTTT-3' (antisense). The specific
antibody information is provided in Additional file 1.
Table S1.

Real-time quantitative PCR (RT-qPCR)

The CRC tissues were extracted with the TRIzol reagent
(Invitrogen Life Technologies; Chicago, USA). RT-qPCR
was performed with specific primers (Qiagen; Hilden,
Germany) and the SYBR-Green PCR Master Mix Kit
(Takara, Japan) on the ABI 7500 System (Applied Biosys-
tems; Foster City, CA, USA). The primers of CD44 and
BRG1 were used as suggested in previous studies [24, 30].
CAPDH was used for gene expression normalization. All
primers were sourced from the Sangong Biotech (Shang-
hai, China). The primers used in this study are listed in
Additional file 1. Table S2.

Immunohistochemistry (IHC)

The expression patterns of RUNX2, BRG1, and CD44 in
the CRC tissues and paracancerous tissues were assessed
by the IHC method, as reported by Wu et al. [31]. IHC
staining for RUNX2 (ab76956; Abcam, UK), SMARCA4/
BRG1 (21634-1-AP; Proteintech, USA), and CD44
(BBA10; R&D Systems, USA) was performed on the CRC
paraffin sections. Dewaxed tissue arrays and antigens
were retrieved under high pressure. Blocking of endog-
enous peroxidases was performed with 3% hydrogen
peroxide for 10 min at the room temperature. The slides
were then washed twice with PBS and then blocked with
5% BSA for 20 min at the room temperature. The tissues
were then incubated with the primary antibody at 4 °C
overnight, followed by washing thrice with PBS. The sec-
ondary antibody was incubated at 37 °C for 30 min, fol-
lowed by washing thrice with PBS. Then, the sections
were incubated with horseradish peroxidase complex for
30 min at 37 °C and visualized with diaminobenzidine
(DAB). All immunohistochemical images were captured
by the Olympus B x 51 microscope (Olympus, Tokyo,
Japan) and the DP 50 Camera (Olympus). Images were
processed using the DPC Controller Software (Olympus).
In the tissue section, all dark brown stained cells were
strongly positive, brown-yellow stained cells were moder-
ately positive, light-yellow stained cells were weakly posi-
tive, and blue stained cells were negative. Then, the areas
of strong-positive, moderate-positive, weak-positive, and
negative (unit: pixel), the percent of positive cells, and the
final histochemistry score (H-score) were obtained via
the histological scoring method for analyzing the immu-
nohistochemistry data. The number of positive cells and
their staining intensity in each section were transformed
into the corresponding values for semi-quantitative
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staining, as given below: H-score=3 (PI x I)=(percent
of cells of peak intensity x 1) + (percent of cells of model
intensity x 2) + percent of cells of strong intensity x 3).
Where PI percent of positive cells among total cells in a
particular section and I=staining intensity. The specific
antibody information is provided in Additional file 1.
Table S1.

Statistical analysis

Statistical analyses were performed using the GraphPad
Prism 5.01 Software (GraphPad Software, La Jolla, CA).
Data were expressed as the mean & SE and were analyzed
using Student’s t-tests. P<0.05 indicated statistically sig-
nificant values.

Results

RUNX2 contributes to stem-like properties of CRC cells

In CRC, the expression of RUNX2 is upregulated and
closely associated with the clinical stages and liver
metastases [16]. In addition, RUNX2 knockout could
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significantly reduce the capabilities of CRC proliferation,
migration, and invasion in SW480 and DLD-1 cells [16].
Based on the present knowledge, CSCs play a key role
in the initiation and growth of cancer. They also play an
important role in determining the formation, recurrence,
and metastasis of cancer. CD44 is a commonly used and
extensively studied marker of CSCs in CRC [5, 13].

Whether RUNX2 participates in the regulation of CSC
characteristics in CRC remains unclear. To explore this
point, we first tested the protein expression of RUNX2
in several CRC cell lines (Fig. 1a). Our data revealed that
the lowest expression of RUNX2 was in the HT115 cells
among the 5 CRC cell lines and that the RUNX2 expres-
sion in RKO cells was higher than that in other cell lines
(Fig. 1a). Therefore, we selected RKO and HT115 cells for
the further studies.

Next, we transfected RUNX2 si-RNA and RUNX2 over-
expression plasmids into RKO and HT115 cells, respec-
tively, in order to inhibit and overexpress RUNX2. Our
results suggested that the knockdown of RUNX2 could
markedly inhibit the sphere-forming ability of RKO cells
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(Fig. 1b) and cause a marked downregulation of CD44 in
RKO cells (Fig. 1d). On the contrary, the overexpression
of RUNX2 could markedly enhance the sphere-forming
ability of HT115 cells (Fig. 1c) and increase the expres-
sion of CD44 in HT115 cells (Fig. 1d). These results indi-
cate that RUNX2 possibly monitors the sphere-forming
ability of CRC cells by targeting CD44.

RUNX2 promotes CD44-induced CRC cell EMT

RUNX2 affects the biological behavior of cells by regu-
lating several downstream target genes’ expressions. In
the recent years, several researches have indicated that
changes in the RUNX2 expression are closely associ-
ated with the occurrence and development of malignant
tumors [32-34]. The EMT is the key to tumor invasion
and metastasis [35]. However, it remains unclear whether
RUNX2 contributes to EMT of CRC cells. To explore this
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point, we ran experiments wherein RUNX2 was inhib-
ited and overexpressed in RKO and HT115 cells sepa-
rately. As shown in Fig. 2a, b, the results of transwell and
wound healing assays suggested that RUNX2 knockdown
in RKO could sufficiently abate the cells invasiveness and
migratory ability, and vice versa in HT115 cells (Fig. 2c,
d). In addition, the inhibition of RUNX2 could increase
the E-cadherin expression and decrease the N-cadherin
expression in these cells relative to those in untreated
cells; this observation is consistent with that for EMT
progression (Fig. 2e). Moreover, an opposite result was
observed after the overexpression of RUNX2 in HT115
cells (Fig. 2f). These cumulative results suggest that
RUNX2 could promote EMT in CRC cells.

Furthermore, as a transmembrane glycoprotein, CD44
plays the key role in CRC cell adhesion, migration, and
metastasis [4] as well as in the EMT-like modifications in

of RUNX2

HT115
Fig. 2 RUNX2 promotes CD44-induced EMT in CRC cells. a, ¢ The number of invading cells was determined by using the transwell assay in
RKO and HT115 cells. b, d The wound healing rate of RKO and HT115 cells was measured by the wound healing assay. @ Knockdown of RUNX2
promoted E-cadherin expression and inhibited N-cadherin expression in RKO cells. f Overexpression of RUNX2 inhibited E-cadherin expression and
promoted N-cadherin expression in HT115 cells. g Knockdown of CD44 increased E-cadherin expression and decreased N-cadherin expression in
RUNX2-overexpressed HT115 cells. Data are shown as means & SE; *P<0.05, **P<0.01; NC negative control, si short interfering, RUNX2 overexpression
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colon cancer cells [36]. These facts support that RUNX2
probably interacts with CD44, suggesting that CD44
mediates the RUNX2 regulation of EMT in CRC cells. To
confirm whether RUNX2 can promote EMT in CRC cells
via the CD44 pathway, we used siRNA to knock down
CD44 while overexpressing RUNX2 in HT115 cells.
Western blotting confirmed that the expression levels of
E-cadherin increased with CD44 knockdown (Fig. 2g).
As a result, the ability of RUNX2 to promote N-cadherin
upregulation in these cells also markedly reduced with
the CD44 knockdown (Fig. 2g).

RUNX2 interacts with BRG1 to promote CD44 transcription
As the key regulator of CD44, BRG] is known to pro-
mote the expression of CD44 and play a crucial role in
the invasion and migration of cancer cells [24, 37]. Con-
sistent with this fact, our results showed that the knock-
down of BRG1 with si-BRG1 (Fig. 3a) could decrease the
CD44 expression (Fig. 3b) and inhibit the sphere-forming
ability of RKO cells (Fig. 3c), which in turn indicated the
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necessity of BRG1 for the transcription and expression
of CD44. In addition, as a component of the SWI/SNF
chromatin-remodeling complex, BRG1 is involved in the
transcriptional activity and is, in fact, a major regulator
of transcription [38].

A previous study reported that BRG1 is markedly
increased in CRC, thereby promoting the occurrence and
development of CRC [39]. However, whether BRG1 inter-
acts with the transcription factor RUNX2 to increase the
transcriptional activity of CD44 to promote the invasion
and migration of CRC cells remains unclarified. To clarify
this point, we knocked down BRG1 while overexpressing
RUNX2 in HT115 cells. Western blotting revealed that
the knockdown of BRG1 offset the ability of RUNX2 to
promote the expression of CD44 (Fig. 3d). Furthermore,
in CHIP assays, we first found that RUNX2 could bind
to the fragment of CD44 promoter, which contained the
binding sites of RUNX2 (Fig. 3e; left panel). The knock-
down of BRG1 could block the binding of RUNX2 to the
CD44 promoter (Fig. 3e; right panel). In summary, the
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cumulative observations suggest that BRG1 contributes
to the recruitment of RUNX2 to the CD44 promoter.

RUNX2 coimmunoprecipitates with BRG1 from CRC cells
and an expression system

Next, we aimed to investigate whether RUNX2 and BRG1
interact physically. For this purpose, we first analyzed
the expression and localization of RUNX2 and BRG] in
RKO and HT115 cells through confocal microscopy. The
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confocal microscopy revealed both the proteins were
expressed in the nucleus of CRC cells, thereby indicating
the position condition of their interaction (Fig. 4a).

In order to clarify the interaction between RUNX2 and
BRG1, exogenous co-IP experiments were conducted in
RUNX2-Myc-DDK- and/or BRGI1-GFP-overexpressing
HEK293T cells (Fig. 4b). This experiment confirmed the
RUNX2-BRG1 interaction by immunoprecipitation assays
in HEK293T cells with exogenously expressing tagged
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Fig. 4 RUNX2 interacts with BRG1. a Confocal microscopy results showing that both RUNX2 and BRG1 were expressed in the nucleus of RKO and
HT115 cells. b Co-IP experiments were performed with cell lysates of HEK293T expressing RUNX2-Myc and/or BRG1-GFP. The transfected constructs
are indicated in the top panel. Anti-GFP (GFP-IP; left panel) or anti-Myc (Myc-IP; right panel) antibody was used for the immunoprecipitation assay.

The antibodies used for WB are described on the left panel. ¢ Co-IP experiments were performed on RKO cell lysates. The immunoprecipitation
assay of RKO cell lysates with RUNX2, BRG1, or control (IgG) antibody. RUNX2 or BRG1 was detected by WB using the indicated antibody
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(See figure on next page.)

Fig. 5 RUNX2 positively correlates with BRG1 and CD44 in cancer tissues. a Representative images of IHC staining for RUNX2, BRG1, and CD44 in
human CRC tissue samples (magnification, 200 x , 400 x). b Semi-quantitative results of RUNX2, BRG1, and CD44 expression levels in CRC tissues
(n=9 pairs). ¢ The expression of RUNX2, BRG1, and CD44 in different tissues by RT-PCR (n= 30 pairs). d The correlation among RUNX2 and BRG1,
CD44 in different colorectal tissues (n =30 pairs), and the analysis of correlation among them based on the CRC data of cBioPortal for Cancer
Genomics database (n=942). e The correlation between BRG1 and CD44 in different colorectal tissues (n= 30 pairs) and the analysis of correlation
between them in the CRC data of cBioPortal for Cancer Genomics database (n=942). Data are shown as means = SE. *P<0.05, **P<0.01, ***P<0.001

proteins. To clarify whether the interaction between
RUNX2 and BRG1 also occur in CRC cells, we used RKO
cells to perform endogenous co-IP experiments. Consistent
with the exogenous results, the endogenous test also dem-
onstrated that RUNX2 and BRG1 form a compact complex
(Fig. 4c). Together, these results demonstrated that RUNX2
and BRG1 can form a compact complex in CRC cells.

RUNX2 positively correlates with BRG1 and CD44 in CRC
Next, we attempted to investigate the relationship among
RUNX2, BRG1, and CD44 in human CRC tissues. For
this purpose, we first evaluated the levels of RUNX2,
BRG], and CD44 in the CRC tissues in comparison with
those in the paracancerous tissues. We found that both of
them were markedly increased (Fig. 5a, b) by using IHC
assay (n=9 pairs). To verify this result, we detected the
gene expressions of RUNX2, BRG1 and CD44 in CRC
and paracancerous tissues by RT-qPCR. The expres-
sion levels of RUNX2, BRG1, and CD44 were markedly
increased in the CRC tissues in comparison with those in
the paracancerous tissues (Fig. 5¢; n=30 pairs).
Moreover, we analyzed the correlation among the
mRNA expression of RUNX2, BRG1, and CD44. We noted
no significant correlation among them in the paracancer-
ous groups (Fig. 5d; left panel). However, a significant posi-
tive correlation was noted among them in the cancerous
groups (Fig. 5d; middle panel). To validate this finding,
we used the corresponding RNA-Seq data to analyze the
correlation among RUNX2, BRG1, and CD44. The analy-
sis of 942 cases of cancer tissues revealed a significant
positive correlation among RUNX2, BRG1, and CD44
(Fig. 5d; right panel). Similarly, we analyzed the correlation
between BRG1 and CD44 found a significant positive cor-
relation between the expression levels of BRG1 and CD44
in the cancerous groups (Fig. 5e). Corresponding RNA-
Seq data were obtained from the cBioPortal for Cancer
Genomics database (https://www.cbioportal.org/) [40].

Discussion

Tumor recurrence and metastasis are major causes
of death for cancer patients. The 5-year survival rate
of advanced CRC patients with distant metastasis is
extremely low [41]. The key to the prevention and treat-
ment of recurrence and metastasis of CRC is to explore
the mechanisms of tumor invasion and metastasis.

Accumulating evidences have confirmed the oncogenic
role of RUNX2 in several cancers, and it has also been
associated with the prognosis of patients with recurrence
and metastasis [42—-46]. Therefore, we investigated the
potential role of RUNX2 in human CRC. Interestingly,
we identified a new function of RUNX2 in regulating
CSCs, as well as revealed a novel mechanism of RUNX2
in monitoring cell invasion and migration in CRC cells.
Thus, CSCs are the key factors involved in tumor recur-
rence and metastasis. Our results demonstrated that the
knockdown of RUNX2 inhibited the expression of CD44
and markedly reduced the sphere-forming ability in RKO
cells. In contrast, the overexpression of RUNX2 exerted
the opposite effects in HT115 cells. These findings
together provide novel evidence supporting the contribu-
tion of RUNX2 to the regulation of CSCs in CRC.

EMT is an important biological process involved in the
maintenance of the stemness of CSCs as well as in the
invasion and metastasis. The typical biological changes
in EMT are the decreased expression of epithelial marker
E-cadherin and the increased expression of mesenchymal
marker N-cadherin [35].

The transwell and wound healing experiments conducted
in this study suggested that the knockdown of RUNX2 was
sufficient to reduce the invasiveness and the migratory abil-
ity of RKO cells (Fig. 2a, b) and vice versa in HT115 cells
(Fig. 2c, d). Meanwhile, the knockdown of RUNX2 pro-
moted the upregulation of E-cadherin (epithelial marker)
and the downregulation of N-cadherin (mesenchymal
marker) in RKO cells and vice versa in HT115 cells (Fig. 2e,
f). In addition, as the major marker of CSCs, CD44 is
involved in the EMT regulation of CRC cells [36]. To fur-
ther prove that CD44 plays an important role in the regula-
tion of RUNX2-mediated EMT in CRC cells, we knocked
down CD44 while overexpressing RUNX2 in HT115 cells.
The knockdown of CD44 while overexpressing RUNX2
promoted the E-cadherin expression but inhibited the
N-cadherin expression, while a simple overexpression of
RUNX2 in HT115 cells was associated with CD44-depend-
ent EMT-like changes (Fig. 2g). Together, our observations
and findings indicate that RUNX2 can promote the EMT
through the CD44 pathway, suggesting that this is the key
mechanism by which RUNX2 promotes CRC progression.

RUNX2 acts as a transcription factor and regulates
the biological activities of tumors depending on their
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interacting proteins [47]. BRG] is the central catalytic
subunit of several chromatin-modifying enzyme com-
plexes that use the energy generated by ATP hydrolysis
in order to destroy the chromatin structure of the target
promoter [48]. It is extremely important to balance the
chromosomal remodeling activity for the cell growth
response to the surrounding environmental factors so
as to prevent the malignant transformation of normal
cells [49]. The role of BRG1 may differ in different tis-
sues, albeit the structural or functional changes of BRG1
can influence the increase or decrease of the binding of
a transcription factor to chromatin [25, 50-52]. Previ-
ous studies have shown that BRG1 is required to enable
the expression of CD44 in tumor cells as well as to pro-
vide a mechanism for the activation of CD44 expression
depending on the chromatin remodeling activity medi-
ated by BRG1 [24]. Consistent with the past findings,
our results revealed that BRG1 can regulate the CD44
expression as well as the sphere-forming ability of CRC
cells. Moreover, we first found that RUNX2 can bind to
BRG1 and that the knockdown of BRG1 could mark-
edly inhibit the RUNX2-mediated upregulation of the
CD44 expression, suggesting that RUNX2 promotes the
CD44 expression and EMT depending on the interac-
tion between RUNX2 and BRG1 in CRC cells. In addi-
tion, the results of the CHIP-qPCR assays revealed that
the knockdown of BRGI1 could block the binding of
RUNX2 to the CD44 promoter, which in turn indicates
that BRG1 contributes to the recruitment of RUNX2 to

the CD44 promoter. Some studies also have shown that
BRG1 is involved in the regulation of CD44 demeth-
ylation [53], however, whether RUNX2-BRG1 complex
regulates the CD44 expression and EMT is related to the
BRG1-mediated gene demethylation remains to be fur-
ther studied. Thus, along with the finding that RUNX2
can promote the EMT through the CD44 pathway, our
cumulative findings suggest that RUNX2 synergizes with
BRG1 for promoting the CD44 expression as well as for
enhancing the EMT process. The present report is the
first demonstration of the interaction of the transcription
factor RUNX2 with BRGL for the regulation of the CD44
expression toward promoting the invasion and migration
in CRC cells (Fig. 6).

Meanwhile, we also analyzed the protein and mRNA
expressions of RUNX2, BRG1, and CD44 in the CRC tis-
sues and found that their protein and mRNA levels were
more elevated in the CRC tissues than in the adjacent
cancer tissues. Their correlational analysis at the mRNA
expression level suggested the existence of a significant
positive correlation among RUNX2, BRG1, and CD44 as
well as that between BRG1 and CD44. The cBio Cancer
Genomics Portal (https://cbioportal.org) is an open plat-
form for the interactive exploration of multidimensional
cancer genomics data sets [40]. We employed the cor-
responding RNA-Seq data from cBioPortal for Cancer
Genomics database to analyze the correlation among the
mRNA expressions of RUNX2, BRG1, and CD44 support-
ing the above observations. Of course, our research still
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has some limitations. First of all, in the study of clinical
samples, we only included cases from 2010 to 2013, and
there is no relevant analysis of survival and prognosis. In
addition, this is just an in vitro mechanism study, which is
still lack of in vivo validation, and we will further improve
the pertinent research content in subsequent studies.

In general, we found that RUNX2 can promote the for-
mation of stem cells and the invasion and migration in CRC
cells. Further research suggested that RUNX2 could inter-
act with BRG1 by forming a compact complex for the reg-
ulation of the transcription and expression of CD44. This
research provides a new clue for regarding the mechanism
of RUNX2 promoting the invasion and metastasis of CRC,
thereby providing a new research target for the prevention
and treatment of CRC recurrence and metastasis.

The tumorigenesis and progression of CRC involves mul-
tiple genes. With the increase in the oncogenic functions
and the loss of tumor suppressor gene functions, the cells
demonstrated uncontrolled inhibition of proliferation, dif-
ferentiation, and apoptosis [14, 15]. Therefore, we com-
mitted to identifying highly specific CRC-related genes in
clinical practice to provide the basis for the diagnosis, tar-
geted treatment, and prognosis risk assessment of CRC
through the combined detection of multiple genes.

Conclusion

The present study revealed that RUNX2 is critical for the
sustenance of the stem cell-like properties of CRC cells as
well as for the promotion of CD44-induced EMT in CRC
cells. In addition, RUNX2 can interact with BRG1 by
forming a compact complex to regulate the transcription
and expression of CD44, which has possible involvement
in the invasion and migration of CRC cells. We believe
that our present findings would add to the current under-
standing of RUNX2-mediated carcinogenesis in CRC as
well as provide a novel insight to multi-gene-combined
diagnosis and treatment of CRC.
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