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ARTICLE INFO ABSTRACT

Keywords: Epithelial-to-mesenchymal transition (EMT) is associated with an invasive phenotype in colo-
YAP rectal cancer (CRC). Here, we examined the roles of YES-associated protein (YAP) and syndecan-2
?JDICZ ' (SDC2) in EMT-related progression, invasion, metastasis, and drug resistance in CRC. The
Moet(:si:ts?s cancer expression levels of YAP and SDC2 in CRC patient tumor tissue were quantified by PCR and

western blotting. EMT-associated characteristics were assessed using Transwell assays and
immunohistochemistry. Co-immunoprecipitation, glutathione S-transferase pull-down, and
luciferase reporter assays were used to assess interactions between YAP and SDC2. YAP was found
to be highly expressed in tumor tissue from 13/16 CRC patients, while SDC2 was highly expressed
in the tumor tissue of 12/16 CRC patients. Overexpression of YAP in colon cancer cells led to
increased cell viability, invasion, migration, and oxaliplatin resistance demonstrating that YAP
plays a role in EMT. In addition, overexpression of YAP led to decreased expression of the large
tumor suppressor kinase 1 (LATS1) and mammalian sterile 20-like kinases (MST1/2). Decreased
LATS]1 expression was associated with increased levels of cell proliferation. Knockdown of YAP by
shRNA interference led to decreased cell invasion, migration, and drug resistance in colon cancer
cells and reduced tumorigenesis in a mouse xenograft model. Finally, we established that YAP
interacted with SDC2, and demonstrated that SDC2 mediated the YAP pathway through the EMT-
related factors BMP4, CTGF and FOXM1.

Drug resistance

1. Background

The incidence of colorectal cancer (CRC), a major malignant disease, is increasing in low to middle-income countries [1,2]. The
epigenetic and genetic alterations associated with CRC include methylation, loss of genetic integrity, chromosomal instability related
to the activation of proto-oncogenes and inactivation of tumor suppressor genes, and microsatellite instability [3]. CRC is derived from
rapidly dividing intestinal stem cells that have an increased susceptibility to mutation [4]. Approximately 20% of patients with CRC go
on to develop metastasis, especially in the lungs and liver. At present, the latent cancer stem cells that become metastatic tumors are
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unresponsive to therapy [5].

Epithelial-to-mesenchymal transition (EMT), the process by which epithelial cells acquire mesenchymal phenotypes, promotes
tumor progression, invasion, and metastasis and is modulated by a number of pathways including transforming growth factor-beta
(TGF-p) and WNT/B-catenin pathways [6,7]. During cancer progression, the wound healing process results in the infiltration of im-
mune cells, which is associated with EMT [8]. The upregulation of EMT during chronic illnesses such as cancer results in fibrosis and
contributes to metastasis [9]. The upregulation of EMT-promoting factors in CRC is associated with a more invasive phenotype
whereby cells with polarized epithelial characteristics transform into a migratory mesenchymal phenotype [10]. The mesenchymal
phenotype is associated with reduced levels of E-cadherin and the overexpression of mesenchymal markers such as fibronectin and
vimentin [11].

The YES-associated protein (YAP) is involved in the regulation of a number of pathways including the Hippo, TGF-p, PI3K/AKT,
p53, and WNT/B-catenin signaling pathways, and has been implicated in the activation of EMT in several cancers [12-14]. The
dephosphorylated form of YAP accumulates in the nucleus of rapidly dividing cancer cells where it participates in cell division and
tumorigenesis [15]. Detachment of a cell from the extracellular matrix leads to the upregulation of the large tumor suppressor kinase
1/2 (LATS1/2) and subsequent phosphorylation and inhibition of YAP, which leads to apoptosis under normal conditions [16].
Migrating cancer cells have reduced levels of LATS1/2 and, therefore, elevated levels of YAP. Genes encoding the mammalian sterile
20-like kinases (MST1/2) also negatively regulate YAP by activating LATS kinases through phosphorylation [17].

Syndecan-2 (SDC2) is a transmembrane (type I) heparan sulfate proteoglycan that contains a receptor for ECM proteins and
participates in cell-matrix interactions [18]. SDC2 is thought to play a role in metastasis through its association with EMT and has been
implicated in several malignancies including CRC [19,20]. Recent studies have shown that aberrant methylation of the SDC2 gene and
other genes may contribute to tumorigenesis and act as a potential noninvasive marker in CRC [21,22]. Transcription factors that are
known to associate with the SDC2 gene and are involved in cell cycle progression include those activated by bone morphogenetic
protein 4 (BMP4) and connective tissue growth factor (CTGF), as well as forkhead box M1 (FOXM1). BMP4 is a member of the TGF-p
pathway that regulates the SMAD family of transcription factors by encoding a ligand that binds to TGF-p receptors [23]. CTGF is
associated with wound healing and fibrosis and is thought to induce sustained fibrosis through interactions with TGF-§ [24]. FOXM1
plays a key role in cell cycle progression and is thought to promote the growth and metastasis of CRC through activation of the
B-catenin signaling pathway [25].

In this study, we investigated the molecular mechanisms of SDC2 in relation to YAP and its associated proteins LATS1, MST1, and
MST2. We examined the role of YAP in the migration, invasion, and drug resistance of CRC cells by assessing EMT-associated char-
acteristics. Finally, we examined the association between YAP and SDC2, and determined how this interaction affected the EMT-
related factors BMP4, CTGF, and FOXM1.

2. Materials and methods
2.1. Ethics statement

Human colon tissue samples were collected from patients after obtaining written informed consent. The study was approved by the
Institutional Review Committee of The 989th Hospital of The Joint Logistics Support Force of PLA. The ethical approval number was
989H-20190708011.

2.2. Patient samples

Tumor and paired adjacent normal tissues were collected from colon cancer patients who received treatment at The 989th Hospital
of The Joint Logistics Support Force of PLA, immediately sectioned and stored in RNAlater (Ambion, Austin, TX, USA). Samples were
then analyzed by quantitative real-time PCR (qRT-PCR), western blotting, and immunohistochemistry. None of the patients had
received neoadjuvant therapy. This study was approved by the Ethics Committee of The 989th Hospital of The Joint Logistics Support
Force of PLA and in accordance with the ethical standards outlined in the Declaration of Helsinki. All participants gave their written
informed consent. Collected samples were used for western blotting, qRT-PCR, and immunohistochemical analyses.

2.3. Cell lines and culture

All cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA), including the human colonic
epithelial cell lines (HCoEpiC), colon cancer cell line (HCT116) and CRC cell line (HT29). All cell lines were passaged in our laboratory
for less than six months and maintained according to the supplier’s instructions. The cell lines were found to be free of mycoplasma
infection and their authenticity was verified by DNA fingerprinting before use.

2.4. Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from samples using a RNeasy Mini Kit according to the manufacturer’s instructions (Qiagen, Hilden,
Germany). RNA was reverse transcribed using a Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) and qPCR was
performed on the cDNA using SYBR green reagent (Applied Biosystems) and gene-specific primers. Endogenous p-actin was used to
normalize the data. The following PCR conditions were used: 40 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s and
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elongation at 72 °C for 120 s. The following primers were used: YAP, forward: 5-TGACCCTCGTTTTGCCATGA-3, reverse: 5'-
GTTGCTGCTGGTTGGAGTTG-3’; SDC2, forward: 5-~AAACGGACAGAAGTCCTAGC-3/, reverse: 5-GATAAGCAGCACTGGATGGT-3'; and
B-actin, forward: 5-GTCATTCCAAATATGAGATGCGT-3, reverse: 5- GCTATCACCTCCCCTGTGTG-3'.

2.5. Transwell chamber assays

Transwell assays were used to assess the invasive and migratory characteristics of transfected cells. For invasion assays, 1 x 10°
cells in serum-free media were seeded into the Matrigel-coated Transwell upper chamber (BD Biosciences, San Jose, CA, USA), while
medium containing 10% FBS was placed in the lower chamber. The cells were incubated for 24 h and cells invading the lower chamber
were stained with 0.1% crystal violet and photographed. For migration assays, 5 x 10* cells in serum-free media were placed in the
upper chamber without Matrigel, while medium containing 10% FBS was placed in the lower chamber. The cells were incubated for 16
h. Then, the average number of cells that had migrated to the lower chamber was determined in five fields.

2.6. Colony formation assay

The ability of cells to proliferate was assessed using the colony formation assay. Briefly, 500 cells were seeded into culture dishes
and incubated at 37 °C in 5% CO, for 14 days. Cells were fixed in paraformaldehyde and stained with Giemsa solution. The number of
colonies were counted and the plates were photographed. In addition, cells were resuspended in 0.3% soft agar in medium containing
10% FBS. After 14 days incubation, cells were stained with 0.005% crystal violet and photographed. The average number of colonies
from five separate fields was determined.

2.7. CCK-8 assay

Cell viability was measured using a Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan). Cells were seeded into 96-well
plates at a density of 1 x 10%/well. After the indicated treatments, CCK-8 solution was added to the medium at a dilution of 1:10 and
cells were incubated at 37 °C for 4 h. Absorbance was measured at 450 nm using a microplate reader (Bio-Rad, Sunnyvale, CA, USA).

2.8. Western blot analysis

Protein was extracted from samples using RIPA buffer and quantified using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA).
B-actin was used as an internal loading control. Proteins were separated by polyacrylamide gel electrophoresis and then transferred to
polyvinylidene fluoride membranes. Membranes were blocked, then incubated overnight at 4 °C with primary antibodies, followed by
incubation with secondary antibodies for 1 h at room temperature the following day. Protein signals were detected on membranes by
enhanced chemiluminescence (Millipore, Burlington, MA, USA) and images were captured using a ChemiDoc XRS imaging system.
Quantity One image software (Bio-Rad) was used for densitometry analysis.

2.9. Immunofluorescence staining

HT29 cells were fixed in 4% paraformaldehyde in PBS for 20 min, and the endogenous peroxidase activity was quenched with 3%
hydrogen peroxide. Samples were permeabilized with 0.3% Triton X-100 in PBS for 15 min on ice, pre-blocked for 60 min with bovine
serum albumin at room temperature, then incubated with primary antibodies overnight at 4 °C. Staining was detected with the
corresponding fluorescein-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA, USA). Slides were mounted
and examined using a confocal microscope (Zeiss Instruments).

2.10. Immunohistochemical staining

Tissue slides were first blocked with goat serum for 15 min at room temperature, then incubated with anti-F4/80 antibody (Santa
Cruz Biotechnology, CA, USA) overnight at 4 °C. Following washing with PBS, slides were incubated with horseradish peroxidase
-conjugated secondary antibodies at 37 °C for 30 min, followed by chromogenic detection using diaminobenzidine tetrahydrochloride
as the substrate. Sections were counterstained with hematoxylin. Stained sections were observed under a light microscope (DP73;
Olympus).

2.11. In vivo nude mouse xenograft model

All animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) of The 989th Hospital of The Joint
Logistics Support Force of PLA. Standard animal care and laboratory guidelines were carried out according to the IACUC protocol.
Four-week-old female BALB/c nude mice were injected subcutaneously with 2 x 10° CT29 cells (10 mice per group) and treated with
intratumoral injection (40 pL) of Scr, YAP overexpression (YAP OE), or YAP shRNA (shYAP) vectors. Tumor volumes were calculated
by the formula: volume = length x (width/2)?. Immunohistochemical staining was performed using anti-YAP (ab205270; Abcam,
Austin, TX, USA), anti-SDC2 (ab191062; Abcam), and anti-Ki-67 (ab8191; Abcam) antibodies. Mice were housed at a temperature of
21 + 2 °C and 30-70% humidity with a 12 h light/dark cycle, and free access to food and water. Mice were anesthetized by
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intraperitoneal injection of 10% chloral hydrate (300 mg/kg) and no signs of peritonitis, pain or discomfort were observed following
the injection. Decreased limb tension and corneal reflex indicated the depth of anesthesia. During the 30 day study period, data were
collected at specific time points. Every effort was made to reduce the pain of the animals, as well as the number of animals used. A total
of 30 mice were used in this experiment. The health of the mice was monitored at the indicated time points (every three days). The
humanitarian end point was complete loss of appetite or inability to eat and drink by oneself within 24 h, or depression due to hy-
pothermia (<37 °C) without anesthesia or sedation. The mice were humanely killed by cervical dislocation after samples had been
collected. Complete cardiac arrest and dilated pupils were an indication of death.

2.12. Plasmids, lentivirus production, and stable cell line selection

The YAP overexpression and YAP shRNA constructs were generated using SDCPGMLV-CMV-YAP-EF1-ZsGreen1-T2A-Puro and
PGMLV-hU6-YAP-CMV-ZsGreenl-PGK-Puro plasmids (Genomeditech, Shanghai, China), respectively. The SDC2 overexpression and
SDC2 shRNA constructs were generated using PGMLV-CMV-SDC2-EF1-ZsGreen1-T2A-Puro and PGMLV-hU6-SDC2-CMV-ZsGreenl-
PGK-Puro plasmids, respectively. Lentiviral particles were produced by transfecting the psPAX2 and pMD2. G plasmids into
HEK293T cells using Lipofectamine 2000 (Invitrogen, Waltham, MA, USA) according to the manufacturer’s protocol. Stable cell lines
were obtained by infection with the lentiviral particles followed by puromycin selection. The following shRNA sequences were used:
SDC shRNA: 5-GAAACCACGACGCUGAAUATT-3; YAP shRNAl: 5-GGTCAGAGATACTTCTTAAAT-3’; YAP shRNA2: 5-
GGGCCTCTTCCTGATGGATGG-3’; YAP overexpression: 5-CTGAGCCAACAGTGGTAGTA-3’; and SDC2 overexpression: 5'-
GATCCCCTGACGATGACTACG-3’. The transfection efficiency was determined by western blotting.

2.13. Immunoprecipitation

Colon cell lysates were prepared using a lysis buffer containing 50 mM Tris (pH 7.4), 150 mM NacCl, 1% Triton X-100, and 1 mM
EDTA. Lysates were incubated with protein A agarose-immobilized antibody for 2 h at 4 °C. Following immunoprecipitation, the
immunocomplexes were washed with lysis buffer three times and eluted with 2 x SDS sample buffer.
2.14. GST pull-down assay

For the YAP-GST pull-down assay, the YAP-GST fusion protein was expressed in E. coli BL21 cells, purified overnight at 4 °C, then

immobilized on the glutathione agarose 4B column. HEK-293T cells transfected with Flag-SDC2 were treated as shown in. Then, the
cells were lysed with protease inhibitor in NETN buffer, cultured with sepharose, and fixed with the designated YAP-GST protein at
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Fig. 1. The expression of YAP and SDC2 in human CRC and normal tissue. (A) Out of 16 CRC patient tissue samples, YAP and SDC2 expression was
found in 13 and 12 samples, respectively. (B-C) qRT-PCR was used to assess YAP (B) and SDC2 (C) mRNA expression in human tissues. (D-E)
Immunohistochemical analysis of YAP and SDC2 in human tissues. (F-G) The GEPIA database was used to determine the overall survival (OS) of
patients based on YAP and SDC2 gene expression levels. ***p < 0.001.
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4 °Cfor 8 h. GST beads (Sigma, MO, USA) were used to pull down the YAP/SDC2 complex. Protein bands were detected by Western blot

analysis.

2.15. Transient transfection and luciferase assays

Cells were seeded into 12-well plates and transfected with 1 pg of the indicated luciferase vector using Fugene 6. The quantity of
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Fig. 2. YAP enhances the cell viability, migration, invasion and drug resistance of HCT116 and HT29 cells. (A) Western blot analysis was used to
verify the transfection efficiency of YAP. (B-C) The cell viability of HCT116 (B) and HT29 (C) cells was determined using the CCK-8 assay. (D-F)
HCT116 and HT29 cell migration was assessed using the Transwell assay. (G-I) The invasiveness of HCT116 and HT29 cells was measured using the

Matrigel Transwell assay. (J) Colony formation assay of HCT116 and HT29 cells. n = 3. *p < 0.05, ***p < 0.001.
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total DNA was kept constant. Six hours after transfection, the cells were washed and transduced with the indicated adenovirus. The
cells were lysed with Passive Lysis Buffer, and the transcriptional activity was determined using a luciferase assay system (Promega,
Madison, WI, USA).

2.16. Statistical analysis

Statistical analysis was conducted using SPSS 18.0 software, and all values are presented as mean + SEM. Statistical analysis was
conducted using a two-tailed Student t-test or one-way analysis of variance, while multiple group comparisons were conducted using
one-way analysis of variance and Tukey’s post hoc test. A p value of <0.05 is considered statistically significant.

3. Results
3.1. Expression of YAP and SDC2 in human tissue

The Western blot data showing YAP and SDC2 protein expression levels in tissue samples from 16 CRC patients are shown in
Fig. 1A. Increased YAP expression was observed in 13 tumor tissue samples, while significantly higher SDC2 expression levels were
found in 12 tumor tissues. In addition, QqRT-PCR revealed significantly higher YAP and SDC2 mRNA expression levels in CRC tissue
(Fig. 1B and C; p < 0.001). Immunohistochemical analysis revealed more intense staining of YAP and SDC2 in the CRC tumor tissue
than normal tissue (Fig. 1D and E). The GEPIA database was used to determine the overall survival (OS) of patients based on YAP and
SDC2 gene expression levels (Fig. 1F and G). High expression of YAP and SDC2 was associated with a significantly decreased OS. Taken
together, our results demonstrate that YAP and SDC2 are upregulated in CRC.
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Fig. 3. YAP promotes epithelial-to-mesenchymal transformation (EMT) in colon cancer cell lines. (A) Detection of EMT-related proteins by western
blotting. (B) Representative immunofluorescence images showing N-cadherin (red) and E-cadherin (green). (C) Western blot analysis of YAP
pathway-related proteins. n = 3. ***p < 0.001.
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3.2. YAP enhances cell viability, migration, invasion and drug resistance in colon cancer cell lines

To determine the role of YAP in CRC, we transfected the colon cancer cell lines HCT116 and HT29 with either the YAP over-
expression vector or YAP shRNA. After confirming the transfection efficiency (Fig. 2A), the effects of YAP overexpression and
knockdown on cell viability were determined (Fig. 2B and C). Overexpression of YAP was found to increase the cell viability of both
HCT116 and HT29 cells, while knockdown of YAP led to a decrease in cell viability. Overexpression of YAP was also found to
significantly increase migration, invasion, and colony formation (Fig. 2D-J), whereas YAP knockdown had the opposite effect. These
results demonstrate that YAP promotes proliferation and transformation into a more invasive phenotype in colon cancer cells.

3.3. YAP promotes EMT in colon cancer cell lines

Next, we sought to determine whether YAP drives EMT by examining the expression of EMT-related proteins in cells overexpressing
YAP (Fig. 3A and B). A common indicator of ongoing EMT and progression to a metastatic phenotype is the loss of E-cadherin
expression and concomitant increase in N-cadherin expression levels. Here, overexpression of YAP led to an increase in N-cadherin and
decrease in E-cadherin expression levels, signifying increased EMT. Similarly, overexpression of YAP resulted in increased vimentin
expression. In contrast, knockdown of YAP led to an increase in E-cadherin expression with a decrease in N-cadherin expression levels.
Next, we examined the effects of YAP overexpression and knockdown on LATS1 and MST1/2, which are associated with the YAP
pathway (Fig. 3C). Overexpression of YAP led to downregulation of its upstream factors LATS1 and MST1/2, whereas knockdown of
YAP resulted in increased LATS1 and MST1/2 levels. These findings indicate that YAP may be involved in promoting EMT in CRC cells
and demonstrate that other components of the YAP pathway may also influence the expression levels of YAP. Specifically,

A B
800
Con T .
é 600
[
YAP OE 5 o
>
- *
shYAP g 20
]
R EE Y LY
Days
C
Con YAP OE ShYAP

YAP

kie7

Fig. 4. The effects of YAP knockdown and overexpression in a nude mouse xenograft model. HT29 cells transfected with control (Scr), YAP
overexpression (OE), or YAP interference (shYAP) vectors were injected into nude mice to form subcutaneous tumors. (A) Representative images
showing the tumors in different treatment groups. (B) Tumor volumes of the different treatment groups. (C) Immunohistochemical analysis of YAP,
SDC2, and Ki-67 expression in the subcutaneous tumor tissue from the different treatment groups. n = 10. *p < 0.05.
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downregulation of LATS1 and MST1/2 may increase expression of YAP, thereby activating EMT and promoting a more invasive
phenotype.

3.4. The effects of YAP overexpression and knockdown in a nude mouse xenograft model

We constructed a nude mouse xenograft model to examine the effects of YAP overexpression and knockdown on the growth of
subcutaneous tumors (Fig. 4A). Knockdown of YAP led to a significant improvement in tumor volume (Fig. 4B), while overexpression
of YAP resulted in the largest tumor volume and lowest survival rate. Inmunochemical staining revealed that SDC2 and Ki-67, a cell
division marker, were upregulated in tumors overexpressing YAP, while silencing YAP expression led to a reduction in SDC2 and Ki-67
levels compared to the control (Fig. 4C). These results provide further evidence that YAP promotes cell division and tumorigenesis.

3.5. EMT, cell invasion, migration, and drug resistance are modulated by YAP through SDC2

To further understand the relationship between YAP and SDC2, we next asked whether overexpression of SDC2 could compensate
for knockdown of YAP (Fig. 5A and B). Overexpression of SDC2 in the absence of YAP resulted in increased N-cadherin expression,
although not to the same extent as in cells expressing normal levels of YAP, as well as a significant reduction in E-cadherin expression
levels. Overall, our findings suggested that YAP has a greater effect on EMT than SDC2. However, overexpression of SDC2 resulted in a
significant increase in the migration and invasion of colon cancer cells, even in the absence of YAP (Fig. 5C and D). Similarly,
overexpression of SDC2 in the absence of YAP led to increased colony formation and resistance to oxaliplatin (L-OHP) (Fig. 5E).
Overall, these results indicate that EMT, cell invasion, migration, and drug resistance are mediated by YAP through SDC2.
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Fig. 5. YAP mediates its effects on epithelial-to-mesenchymal transformation (EMT), cell invasion, migration, and drug resistance through SDC2.
(A) Overexpression of SDC2 reverses the effects of YAP knockdown on EMT-related protein expression levels. (B) Representative immunofluores-
cence images showing N-cadherin (red) and E-cadherin (green) expression in HCT116 and HT29 cells. (C) HCT116 and HT29 cell migration was
assessed using the Transwell assay. (D) The invasiveness of HCT116 and HT29 cells was assessed using the Matrigel Transwell assay. (E) Colony
formation in HCT116 and HT29. n = 3. *p < 0.05, **p < 0.01 vs Scr, #p < 0.05 vs SDC2 OE.
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3.6. Regulation of YAP by transcription factors of SDC2

We next sought to determine whether SDC2-induced transcription factors affected YAP expression. As shown in Fig. 6A, YAP was
localized to the nucleus, whereas SDC2 appeared to be localized to the cell membrane when overexpressed. Knockdown of SDC2
resulted in significantly lower YAP expression, while SDC2 overexpression had the opposite effect (Fig. 6B). Similarly, SDC2 knock-
down and overexpression led to decreased and increased BMP4, CTGF, and FOXM1 expression levels, respectively (Fig. 6C-E). In
addition, knockdown of YAP also decreased BMP4, CTGF, and FOXM1 expression levels in a similar way to SDC2 knockdown.
However, overexpression of SDC2 in the absence of YAP significantly increased BMP4, CTGF, and FOXM1 expression levels

(Fig. 6F-H). These findings suggest that SDC2 can modulate the expression of YAP, while SDC2-induced transcription factors can also
affect YAP expression.

3.7. YAP enhances the transcriptional activity of SDC2

The effects of SDC2 on YAP pathway-related proteins were assessed by western blotting (Fig. 7A). Overexpression of SDC2 led to
reduced levels of phosphorylated YAP and increased levels of unphosphorylated YAP, while SDC2 silencing had the opposite effect.
Similarly, overexpression of SDC2 in HCT116 cells resulted in lower LATS1, MST1, and MST2 expression levels, while in HT29 cells,
MST1 was found to be less affected by SDC2 overexpression. These findings suggested that YAP pathway-related proteins were
modulated by SDC2 overexpression. Next, we established that YAP and SDC2 were localized in the nucleus (Fig. 7B). Furthermore, we
demonstrated that YAP was immunoprecipitated with a SDC2 antibody in mouse colon epithelial cells (Fig. 7C). Recombinant GST-
YAP and myc-SDC2 were used to confirm the direct interaction between YAP and SDC2 (Fig. 7D). In addition, we used a SDC2-
luciferase reporter gene assay driven by three canonical SDC2 response elements, LATS1, MST1, and MST2 to show that YAP
enhanced the transcriptional activity of SDC2 in a dose-dependent manner (Fig. 7E). Our findings demonstrated that YAP and SDC2

were localized in the nucleus and that endogenous YAP associated with SDC2 in colon epithelial cells to enhance the transcriptional
activity of SDC2.

4. Discussion

CRC progression and patient outcome is influenced by the extent of EMT and metastasis [26,27]. Thus, a greater understanding of
these processes would further the development of improved therapeutic and management strategies. In this study, we found
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Fig. 7. YAP interacts directly with SDC2 to enhance the transcriptional activity of SDC2. (A) Western blot analysis of p-YAP and YAP pathway-
related proteins. (B) YAP and SDC2 are localized in the nucleus. (C) Nude mouse colon epithelial cell lysates were immunoprecipitated with
SDC2 antibody or control IgG to examine the interaction between SDC2 and YAP. Representative immunoblots of the input lysate controls (5% of
inputs) are also shown. (D) Recombinant GST-YAP and myc-SDC2 were used to examine the direct interaction between YAP and SDC2. (E) Colon
epithelial cells were co-transfected with 1 pg SDC2-luc vector and the indicated expression vectors for 48 h, then the luciferase activity was
measured. YAP enhances the transcriptional activity of SDC2. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 vs. empty vector.

upregulation of both YAP and SDC2 in the tumor tissue of CRC patients. Since both YAP and SDC2 are associated with EMT, we next
examined their effects on EMT in CRC cells in vitro and on tumorigenesis in vivo.

First, we examined the effects of YAP and SDC2 on cell viability, invasion, and migration in HCT116 and HT29 cells in vitro. We
found that cells overexpressing YAP or SDC2 exhibited EMT characteristics, which resulted in a more invasive and drug-resistant
phenotype. However, knockdown of YAP ameliorated drug resistance in these cells. Several studies have reported that upregula-
tion of the YAP pathway can promote drug resistance [28-30]. Furthermore, the survival and relapse of CRC patients receiving 5-fluo-
rouracil were worse in tumors expressing high levels of YAP target genes [30]. Silencing or inhibiting YAP or factors associated with
the Hippo pathway has previously been shown to increase cell sensitivity to chemotherapeutics [31,32].

In this study, we monitored subcutaneous tumors overexpressing or silencing the expression of YAP in a nude mouse xenograft
model. The largest tumor volume and highest cell division rates were found in mice injected with cells overexpressing YAP. Inter-
estingly, we found that SDC2 expression was also upregulated with the overexpression of YAP and downregulated when YAP was
silenced, suggesting that YAP may promote cell division and tumorigenesis through SDC2.

YAP is a transcriptional coactivator of the Hippo pathway, which controls a cascade of kinases that regulate cell proliferation and
apoptosis [33]. Therefore, we next examined the expression of genes related to the YAP pathway including LATS1, MST1, and MST2.
We found that overexpression of YAP led to increased N-cadherin and decreased E-cadherin expression levels, whereas knockdown of
YAP had the opposite effect. Furthermore, we found that YAP overexpression resulted in reduced LATS1 and MST1/2 expression levels,
whereas YAP silencing led to increased expression levels. Thus, our findings demonstrated that LATS1 and MST1/2 were negatively
correlated with YAP expression. Inactivation of LATS1 by promoter methylation has been described in several cancers, including CRC.
In addition, demethylation or overexpression of LATS1 has been shown to decrease YAP expression, resulting in increased apoptosis
and inhibition of cell proliferation [34]. Similar results have been found with MST1/2, although MST1/2 appears to have less effect on
YAP expression [35]. Previously, activation of LATS1/2 by MST1/2 was shown to negatively regulate the function of YAP1 by inducing
phosphorylation of YAP1 on Ser 127 and Ser 358 [36], suggesting that downregulation of LATS1 and MST1/2 may elevate levels of
YAP and promote a more invasive phenotype. In our study, SDC2 expression levels also influenced the expression of LATS1, MST1, and
MST2, and decreased expression of these proteins was observed following SDC2 overexpression. Several studies have reported that
SDC2 methylation is associated with CRC [21,37,38]. In one study, an extremely high level of aberrant SDC2 methylation was found in
97.8% of primary tumors in patients with CRC [37]. Thus, SDC2 methylation may have an important role in promoting the EMT
phenotype. Further studies are required to elucidate the precise mechanisms through which SDC2 methylation regulates the YAP
pathway.

Since multiple studies have implicated SDC2 in the progression of cancer through increased EMT [19], we next examined the
expression of genes that are involved in the regulation of SDC2 and also participate in EMT, namely, BMP4, CTGF, and FOXM1. We
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found that knockdown or overexpression of SDC2 affected BMP4, CTGF, and FOXM1 expression levels in a similar way. Moreover,
silencing of YAP also led to a reduction in BMP4, CTGF, and FOXM1 expression levels. BMP4 has recently been associated with
YAP-dependent regulation of EMT [39]. The progression of SMAD1-driven EMT in cancer has been found to rely on matrix rigidity and
YAP through interactions with CDK8/19. Serrao et al. found that inhibiting CDK8/19 led to changes in YAP nuclear localization, as
well as levels of tumor cell invasion, EMT-associated transcription factors, and E-cadherin expression [39]. YAP1 has also been found
to influence the expression of CTGF in CRC [40]. Similar to our results with SDC2, FGF8 has been found to fully induce the nuclear
localization of YAP1 to enhance the transcriptional expression of CTGF [40]. Likewise, we found that phosphorylated YAP localized to
the nucleus where it enhanced the transcriptional activity of SDC2 and CTGF. The transcriptional activation of FOXM1 was also
enhanced by nuclear localization of YAP. Our findings are consistent with previous reports in other types of cancer that found that
deregulation of the Hippo pathway led to elevated YAP and FOXM1 levels and a more invasive phenotype [41]. FOXM1 is thought to
directly interact with the YAP transcriptional complex [41,42].

To conclude, in the current study, we demonstrate that YAP and SDC2 are highly expressed in CRC. Silencing the expression of YAP
and SDC2 resulted in a less invasive phenotype and reduced tumorigenesis. SDC2 expression influenced that the expression of LATS1,
MST1, and MST2, which are components of the Hippo pathway, and have been shown to regulate the nuclear localization of YAP.
Overexpression of SDC2 reversed the inhibition of EMT-related proteins caused when YAP expression is silenced. YAP and SDC2 were
found to colocalize in the nucleus, and co-immunoprecipitation assays confirmed that endogenous YAP associated with SDC2.
Although previous studies have examined the role of YAP or SDC2 in CRC, our study is the first to examine YAP and SDC2 in com-
bination. Our data have highlighted the significance of the interaction between YAP and SDC2 in EMT and CRC progression, and have
identified YAP and SDC2 as potential therapeutic targets for CRC. Overall, our findings have not only furthered the understanding of
the complex interactions involved in the regulation of EMT by the YAP/Hippo pathways but will also be beneficial for the development
of prognostic markers and more effective therapeutics against metastatic drug-resistant CRC.
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