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SNTB1 regulates colorectal cancer cell proliferation and metastasis through
YAP1 and the WNT/-catenin pathway
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ABSTRACT

Colorectal cancer is a common type of digestive tract cancer with a significant morbidity and
death rate across the world, partially attributing to the metastasis-associated problems. In this
study, integrative bioinformatics analyses were performed to identify genes that might contribute
to colorectal cancer metastasis, and 293 genes were dramatically increased and 369 genes were
decreased within colon cancer samples. Among up-regulated genes, top five genes correlated
with colorectal cancer patient’s prognosis were verified for expression in clinical samples and
syntrophin beta 1 (SNTB1) was the most up-regulated. In vitro, SNTB1 knockdown suppresses the
malignant behaviors of colorectal cancer cells, including cell viability, colony formation capacity,
as well as the abilities to migrate and invade. Furthermore, SNTB1 knockdown decreased the
levels of Wnt1, C-Jun, C-Myc, TCF7, and cyclin D1, and inhibited EMT in both cell lines. In vivo,
SNTB1 knockdown inhibited tumor growth and metastasis in nude mice models. SNTB1 positively
regulated Yes1 associated transcriptional regulator (YAP1) expression; YAP1 partially reversed the
effects of SNTB1 on colorectal cancer cell phenotypes and the Wnt/B-catenin/MYC signaling. In
conclusion, SNTB1 knockdown inhibits colorectal cancer cell aggressiveness in vitro and tumor
growth and metastasis in vivo through the Wnt/B-catenin/MYC signaling; YAP1 might mediate
SNTB1 functions on colorectal cancer.
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Introduction . . . . -
in cells with more invasive capabilities and

morphologies [6,7]. Key proteins that regulate
EMT include E-cadherin, N-cadherin, vimentin,
tight junction protein 1 (ZO-1) [8].

Colorectal cancer is a common type of digestive tract
cancer with a significant morbidity and death rate
across the world [1]. Metastasis has a significant  and

impact on the survival rate of patients, and metastasis-
associated problems constitute the leading cause of
cancer mortality [2]. About 15-25% of colorectal can-
cer patients develop hepatic metastases, resulting in
a worse prognosis [3]. Metastasis is a complex process
that involves the spread of a tumor or cancer to distant
parts of the body from its original site through the
blood or lymph system.

Numerous researchers have found the essential
role of epithelial-mesenchymal transition (EMT)
within the invasion and metastasis of colorectal
cancer [4,5]. During EMT, epithelial tumor cells
undergo unique morphological and phenotypic
alterations, such as loss of tight junctions, cell
polarity, and cytoskeletal rearrangement, resulting

Furthermore, zinc finger E-box-binding homeo-
box 1 (ZEB1) and SMAD family member 3
(SMAD3) may function as transcription factors
in the regulation of EMT [9]. Potential ways to
controlling CRC metastases include strategies for
precisely controlling the EMT process.

Signaling pathways, including nuclear factor-kappa
B (NF-kB) pathway [10], transforming growth factor 3
(TGE-P) pathway [11], Notch pathway [12], and Wnt/
B-catenin pathway [13] are known to be implicated in
the acceleration of EMT and tumor metastasis. Being
constitutively activated during cancer progression, the
canonical Wnt/p-catenin pathway has become one of
the most prominent molecular therapeutic targets for
colon cancer [14] because of its critical role in
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accelerating EMT and facilitating metastatic features
of colon cancer [15]. Following the Wnt signaling
activation, P-catenin translocates into and accumu-
lates in the nucleus [16], where {B-catenin binds to
T cell factor (TCF), subsequently trans-activating tar-
get genes through TCF-binding elements (TBEs)
[17,18]. Importantly, B-catenin accumulation in the
nucleus is observed in up to 80% of colon cancer
patients [15,19]. As a result, future research into new
regulators of Wnt/p-catenin pathway and underlying
processes may aid in the development of antimeta-
static treatments for colon cancer.

In this study, integrative bioinformatics analyses
were performed to identify differentially expressed
genes that represent risk factors for colorectal
cancer and SNTB1 was chosen. The in vitro effects
of SNTB1 upon the malignant behaviors of cancer
cells and in vivo effects of SNTB1 upon tumor
growth and metastasis in nude mice models were
investigated. Furthermore, the effects of SNTB1 on
the Wnt/p-catenin/MYC signaling and EMT mar-
kers were evaluated. Regarding downstream mole-
cular mechanism, SNTBI knockdown was
achieved in colorectal cancer HCT116 cells, RNA
sequencing was performed identifying correlated
genes that might mediate SNTB1 functions on
colorectal cancer phenotypes, and YAPI was
selected. SNTB1 regulation of YAPI and the
dynamic effects of SNTB1 and YAP1 on colorectal
cancer cells, the Wnt/B-catenin/MYC signaling,
and EMT markers were investigated. Collectively,
this study aims to provide a solid experimental
basis for identifying novel therapeutic targets for
metastatic colorectal cancer.

Materials and methods
Clinical sample collection

Ten pairs of colorectal cancer and matched adja-
cent non-cancerous tissue specimens were
obtained from colorectal cancer patients under-
going resection. After staining with hematoxylin
and eosin (H&E) for histopathological features, all
specimens were kept at —80°C until further use.
Informed consent form was signed by each patient
involved. The whole sample collection was con-
ducted under the approval of the Third Xiangya
Hospital of Central South University.

Hematoxylin and eosin (H&E) staining

Tissues were preserved in 4% paraformaldehyde
(PFA) overnight before being processed and
embedded in paraffin. Sections (5-pm in sickness)
were cut and stained as directed by the manufac-
turer’s protocols. A microscope (Olympus, Tokyo,
Japan) was applied to photograph the stained
slices.

Immunohistochemical staining (IHC)

After deparaffinization in xylene, tissue slices were
rehydrated in a graduated ethanol series. Slices
were immersed for 30 min in 0.3% H,0, in per-
oxidase-methanol solution to inactivate endogen-
ous peroxidase activity. Slices for antigen retrieval
were immersed in sodium citrate buffer, and
heated in a microwave for 15min at 100°C.
Tissue slices were hybridized overnight at 4°C
with anti-SNTB1 (AB242046, Abcam, Cambridge,
MA, USA), and an UltraVision Quanto Detection
System HRP DAB Kit (Thermo Scientific,
Shanghai, China) was utilized to perform further
steps per the manufacturer’s instructions. After
hematoxylin  counterstaining, a microscope
(Olympus, Tokyo, Japan) was employed to photo-
graph the slices. Expression densities of the SNTB1
protein were measured by Image] software.

Cell lineages and cell culture

The normal colon epithelial cell line NCM460
(M-C1287, CellBank. Australia) were cultured in
RPMI-1640 medium (30-2001, ATCC) containing
with 10% FBS (Gibco). A colon cancer cell line
SW480 (CCL-228, ATCC) cultivated in Leibovitz’s
L-15 Medium (30-2008, ATCC) containing 10%
FBS (Gibco). A colon cancer cell line HCT 116
(CCL-247, ATCC) cultivated in McCoy’s 5A
Medium (30-2007, ATCC) containing with 10%
FBS (Gibco). A colon cancer cell line HCT8(CCL-
244, ATCC) cultivated in RPMI-1640 medium
(30-2001, ATCC) containing with 10% FBS
(Gibco). A colon cancer cell line LoVo (ATCC,
CCL-229) cultivated in F-12K Medium (ATCC,
30-2004) containing with 10% FBS (Gibco).
A colon cancer cell line DLD-1 (ATCC, CCL-
221) cultivated in RPMI-1640 medium (30-2001,



ATCC) containing with 10% FBS (Gibco). All cell
types were cultivated at 37°C in a humidified
atmosphere containing 5% CO,.

Cell transduction

Short hairpin RNA targeting SNTB1 (sh-
SNTB1#1/2; GenePharma, Shanghai, China) was
transfected to achieve SNTB1 knockdown in tar-
get cells. Plasmid overexpressing YAP1 (YAPI;
GenePharma) was transfected to achieve YAP1
overexpression in target cells. Cells were trans-
fected wusing Lipofectamine 3000 reagent
(Invitrogen, Carlsbad, CA, USA). The transfec-
tion media was discarded 6 h following transfec-
tion. Forty-eight hours later, cells were harvested
for further investigation. The primers for vector
construction are listed in Table S1.

CCK-8 detecting cell viability

For cell viability determination, 3000 viable cells
per well were seeded onto 96-well plates for 48,
72h, then, 10pul Cell Counting Kit solution
(Beyotime, China) was supplemented, followed
by the incubation of the 96-well plates at 37°C
for 4h. The OD value at 490 nm was measured
by a microplate reader.

Plate clone formation assay

Target cells were cultured in a six-well plate (6 x
10 [2] cells/well) for 14 days. The cultured media
was refreshed every 4 days. After that, cells were
tixed in 4% formaldehyde and stained with crys-
tal violet. Cell clones were counted and
examined.

Wound healing assay for cell migration

Cells were cultured in a six-well plate until 70%
confluency was reached. The media in each well
was refreshed 4h following transduction. After
24 h, a scratch was made vertically at the center
of the well using a pipette tip. Wound regions
were photographed at 0 h, and the medium was
replaced on a regular basis for up to 48 h, when
the wound regions were photographed again.
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Wound regions were measured and compared
using the Image ] software.

Transwell assay for cell invasion and migration

Transwell was used to examine cancer cell inva-
sion (pre-coated with Matrigel) and migration
(non-coated with Matrigel). Matrigel (1:8 diluent
of 50 mg/L) was coated on the upper surface of the
bottom membrane of the Transwell chamber and
dried at 4°C for the invasion assay, and Transwell
chamber without pre-coated Matrigel was used for
the migration assay. Cell suspension (200 puL) was
obtained and placed into the Transwell chamber
(1 x 10 [5] cells in each chamber) and cultivated
for 24 h. Invaded or migrated cells on the lower
surface of the bottom chambers were fixed and
observed under an inverse microscope.

Immunofluorescence (IF) staining

Primary antibodies against E-Cadherin (ab231303,
Abcam), Vimentin (ab20346, Abcam) and FITC-
labeled goat anti-mouse or rabbit IgG as the sec-
ondary antibody were used in IF staining for
detecting the levels of E-cadherin and Vimentin.
Briefly, transfected cells were seeded on coverslips
for 24 h. Then, wash the cells with PBS, fix them in
4% paraformaldehyde, permeabilize the cells in
0.1% TritonX-100, and block in PBS buffer con-
taining 5% bovine serum albumin for 30 min at
room temperature. The cell coverslips were further
incubated with primary antibody (1:200, 4°C over-
night) and FITC-labeled secondary antibody
(1:400, room temperature for 2h). Finally, the
fluorescent signals were observed by fluorescence
microscope (Olympus).

Elisa

According to manufacturer instructions, corre-
sponding ELISA kits (all purchased from
RUIXIN Biotech, Quanzhou, China) were
employed to examine CXCL9, CXCL10, and
CXCR3 levels in the sh-NC or sh-SNTB1#1/2
transfected HCT116 and SW480 cells.
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Immunoblotting

RIPA was used to lyse the cells, and total protein
was collected. After electrophoresis with 10%
SDS-PAGE, the separated proteins (50 ug) from
the gel were transferred onto PVDF membranes,
and 5% skim milk in TBST was used to block
protein samples for 1 h at ambient temperature.
After that, the membranes were treated with pri-
mary antibodies against SNTB1 (AB242046,
Abcam), Wntl (abl15251, Abcam), C-jun
(ab40766,  Abcam), C-myc  (10828-1-AP,
Proteintech), TCF7 (CSB-PA004247, CSUBIO,
China), Cyclin D1 (abl6663, Abcam),
E-Cadherin (ab231303, Abcam), N-Cadherin
(ab76011, Abcam), Vimentin (ab20346, Abcam),
Snail (CSB-PA004123, CSUBIO), Slug (ab27568,
Abcam), MMP9 (ab283575, Abcam) and GAPDH
(ab8245, Abcam) and cultured at 4°C overnight,
followed by treatment with the secondary anti-
body for 1h at room temperature. An enhanced
chemiluminescence reagent (Beyotime) was
employed to visualize the blot bands. The gray
density was analyzed by Image] software
(NIH, USA).

gRT-PCR

Following the manufacturer’s directions, the
TRIzol Reagent (Invitrogen, Waltham, MA,
USA) was employed to extract total RNA from
target tissues and cells. mRNA levels were mea-
sured using PrimeScript RT reagent Kit with
gDNA Eraser and TB Green Premix Ex Taq II
(Takara, Dalian, China). GAPDH was used to
standardize all of the data. The relative expression
of mRNAs was calculated using the 274
method. The primers for qRT-PCR assay were
listed in Table S1.

Experimental animals

Five-week-old male BALB/c nude mice were pro-
cured from SLAC laboratory animal company
(Changsha). Mice were kept in specific-pathogen-
free conditions and permitted ad libitum access to
drinking water and food according to the Animal
Care Committee of the Third Xiangya Hospital of
Central South University.

Subcutaneous xenotransplanted tumor model in
nude mice

Stably transfected HCT-116 cells (infected with
Lv-sh-SNTB1#1/2) were injected into the mice’s
flank (n=6). The sizes of the xenografts were
gauged on a weekly basis (calculated volume =
shortest diameter2 *longest diameter/2). At day
25, the subcutaneous tumors were collected and
measured and weighed. Following that, tumor tis-
sues were paraffin-embedded for H&E staining,
IHC staining, and Immunoblotting.

In vivo metastasis assay

The nude mice were tail-vein injected with the
specified number of stably transfected HCT-116
cells (transfected with Lv-sh-SNTB1#1/2; 3 x 10%/
0.2 ml PBS). After 25 days, all mice were sacrificed
under anesthesia, and their lungs were surgically
dissected and collected. The lung tissues were par-
affin-embedded for H&E staining, IHC staining,
Immunoblotting, and statistical analysis of tumor
nodule number.

RNA sequencing

HCT116 cells were infected with sh-NC lentivirus
or sh-SNTB1#1 lentivirus for 48 h and collected
for RNA sequencing. Briefly, the total RNA was
isolated by Trizol (Invitrogen). The RNA concen-
tration and quality were determined by a Nano
Drop and Agilent 2100 Bioanalyzer (Thermo
Fisher, USA). The mRNA library construction
was performed on BGIseq500 platform according
to previous description [20]. The sequencing data
was filtered with SOAPnuke (v1.5.2) [21] then
clean reads were obtained and stored in FASTQ
format. The clean reads were mapped to the refer-
ence genome using HISAT2 (v2.0.4) [22]. Bowtie2
(v2.2.5) [23] was applied to align the clean reads to
the reference coding gene set, then expression level
of gene was calculated by RSEM (v1.2.12) [24].
The heatmap was drawn by R language clusterpro-
filer package [25] according to the gene expression
in different samples. The differernt expression
genes were analyzed using the DESeq2(v1.4.5)
[26] with log2fc > 0.4 or <-0.4 and Q value < 0.05.
To take insight to the change of phenotype, GO



(http://www.geneontology.org/) and  KEGG
(https://www.kegg.jp/) enrichment analysis of
annotated different expressed gene was performed
by Phyper (https://en.wikipedia.org/wiki/
Hypergeometric_distribution) based on
Hypergeometric test. The significant levels of
terms and pathways were corrected by Q value
with a rigorous threshold (Q value<0.05) by
Bonferroni [27].

Statistical analysis

The animal experiments were implemented six
independent times at lowest. The cell experiments
were implemented for three independent times at
lowest. The statistical tool SPSS version 21.0 (SPSS
Inc., New York, NY, USA) was used for all statis-
tical analyses. To compare differences between
groups, the two-tailed paired Student’s t-test was
utilized. Survival curves were plotted using the
Kaplan-Meier approach, and survival curves were
compared using the log-rank test. Survival data
were analyzed using univariate and multivariate
Cox regression models. A P-value of 0.05 or less
was judged statistically significant.

Results

Bioinformatics analyses screening for key
differentially expressed genes (DEGs) in
colorectal cancer

For identifying DEGs between colorectal cancer
and non-cancerous normal samples, four datasets
were downloaded and analyzed. GSE39582 con-
tains expression profiles of 566 colon cancer
cases and 19 normal intestinal mucosa samples;
22189 genes were detected and 2034 differential
genes were obtained, with 1082 genes decreased
(log2FC < -1, P<0.05) and 952 were increased
(log2FC>1, P<0.05) in tumor tissues. GSE8671
contains expression profiles of 32 colorectal ade-
nomas and normal mucosal samples; 22189 genes
were detected and 2388 differential genes were
obtained, with 1410 genes decreased (log2FC <
-1, P<0.05) and 978 genes increased in tumor
tissue (log2FC>1, P<0.05). GSE44076 contains
paired tumor samples and normal adjacent
mucosa from a cohort of 98 patients and 50
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healthy colon mucosae; 20034 genes were detected
and 2354 differential genes were obtained, with
1250 genes decreased (log2FC < -1, P<0.05) and
1104 genes increased in tumor tissues (log2FC > 1,
P<0.05). GSE9348 contains 70 samples from
patients with early colorectal cancer and 12 nor-
mal mucosal samples from healthy controls; 22189
genes were detected and 3540 differential genes
were obtained, with 1751 down-regulated
(log2FC < -1, P<0.05) and 1789 up-regulated in
tumor tissues (log2FC > 1, P <0.05) (Figure la-b).
Overlapped increased/decreased genes in colorec-
tal cancer according to the four datasets were
shown; 293 genes were dramatically increased
and 369 genes were decreased within cancer sam-
ples according to all four sets of datasets
(Figure 1c-d).

Moreover, as for correlated signaling pathways
and functions of these DEGs, KEGG signaling
enrichment annotation and PPI analysis were per-
formed. Up-regulated genes were enriched in
common tumor proliferation and apoptosis-
related pathways, microRNAs in cancer, cell
cycle, TP53 signaling pathway, and Interleukin 17
(IL-17)  family-mediated signaling pathways
(Figure 2a-b). IL-17 1is a pleiotropic pro-
inflammatory cytokine that promotes cancer-
induced inflammation and allows cancer cells to
undergo  immunosurveillance  escape  [28].
Downregulated genes were enriched in metabolic
pathways such as nitrogen metabolism, steroid
hormone biosynthesis, retinol metabolism, mineral
absorption, bile secretion, and pancreatic secretion
(Figure 2c-d), indicating the loss of colon func-
tions during colorectal cancer.

SNTB1 is up-regulated in colorectal cancer and
correlated with worse prognosis in patients

For identifying risk factors for colorectal cancer,
the Cox univariate regression analysis was per-
formed on 369 down-regulated genes and 293 up-
regulated genes with the Survival and SurvMiner
packages in the R language. Fig.3a shows that 31
up-regulated genes were linked to colorectal can-
cer patients’ overall survival, representing risk
factors (Hazard Ratio > 1, P<0.05). For narrow-
ing the range of risk factors, the expression levels
of the top five risk factors (FKBP10, SFTA2,
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Figure 1. Bioinformatics analyses screening for key differentially expressed genes (DEGs) in colorectal cancer (a) Volcano plots
showing differentially expressed genes between colorectal cancer and non-cancerous control samples according to GSE8671,
GSE9348, GSE39582, and GSE44076. (b) Hierarchical clustering heatmap showing differentially expressed genes between colorectal
cancer and non-cancerous control samples according to GSE8671, GSE9348, GSE39582, and GSE44076. (c-d) Overlapped up-
regulated/down-regulated genes in colorectal cancer according to the four datasets.

TIMP1, STCI1, and SNTB1) were examined in 10
pairs of colorectal cancer and matched adjacent
non-cancerous samples; Figure 3b shows that
FKBP10, TIMP1, STC1, and SNTB1 were remark-
ably increased in tumors, SNTB1 dramatically up-
regulated. According to TCGA-COADREAD,
GSE24514, GSE39582, GSE44076, GSE8671, and
GSE9348, the expression level of SNTB1 showed
to be markedly increased within tumors than
control samples (Figure 3c-d). According to
TCGA-COADREAD, SNTB1 expression was
higher in tumor samples in advanced N/M/T
stages and pathological stages (Figure 3e-h).

Therefore, SNTB1 was chosen for following
experimental analyses. Clinical colorectal cancer
and matched adjacent para-cancerous tissues
were collected and verified for the histopatholo-
gical features using H&E staining (Figure 3i).
SNTBI1 levels were significantly elevated in col-
lected clinical colorectal cancer samples com-
pared with the non-cancerous samples, as
revealed by IHC staining (Figure 3i). As further
evidence, qRT-PCR and Immunoblotting were
employed to examine SNTB1 mRNA and protein
expression within collected clinical samples,
respectively; Figure 3j-k shows that SNTBI
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mRNA and protein expression were remarkably  taking the median value as the cutoff and exam-
up-regulated within cancer samples than normal ined for the relationship between SNTBI level
samples. TCGA-COADREAD cases were allo- and the overall survival in patients using Cox
cated into high-/low-SNTB1 expression groups  univariate regression analysis. Figure 31 shows
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Figure 3. SNTB1 is up-regulated in colorectal cancer and correlated with worse prognosis in patients (a) Cox univariate regression
analysis was performed on 369 down-regulated genes and 293 up-regulated genes using the Survival and SurvMiner packages in the
R language. (b) Ten pairs of colorectal cancer and matched adjacent non-cancerous samples were collected and examined for the
expression of the top five risk factors using Qrt-PCR. (c-d) SNTB1 expression in cancer and non-cancerous samples according to
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that higher SNTB1 expression was associated with
colorectal cancer patients’ poorer overall survival.
Therefore, SNTB1 might serve as an oncogenic
factor in colorectal cancer.

Effects of SNTB1 knockdown on colorectal cancer
cell phenotypes

For investigating the specific effects of SNTBI
upon colorectal cancer cells, sh-SNTB1#1/2 was
transfected to achieve SNTB1 knockdown in target
cells, as confirmed by qRT-PCR (Figure 4a).
Subsequently, HCT116 and SW480 cells were
transduced with sh-SNTB1#1/2 and examined for
cell phenotypes. As speculated, SNTB1 knockdown
by sh-SNTB1#1/2 significantly inhibited colorectal
cancer cell viability (Figure 4b), colony formation
(Figure 4c), cell migration (Figure 4d-e), and cell
invasion (Figure 4f). Therefore, SNTB1 knock-
down suppresses the malignant behaviors of color-
ectal cancer cells.

SNTB1 modulates the Wnt/B-catenin/MYC
signaling and EMT

For identifying signaling pathways and factors
involved in SNTBI functions on colorectal cancer
cells, SNTB1 co-expressed genes were analyzed
based on 20,530 genes in the TCGA-
COADREAD expression matrix containing 434
samples was analyzed using the R language
PSYCH package and Pearson’s correlation analy-
sis. Fig 5a shows that SNTB1 co-expressed genes
were negatively enriched in inflammatory response
and immune regulation (interferon-a/y, IFN-a/y
response) (P<0.05), positively enriched in the
Wnt/B-catenin pathway and Hedgehog pathway
related to proliferation, and negatively enriched
in apoptosis-associated process. Figure 5b shows
that cell proliferation and migration-correlated
Wnt/B-catenin signaling, MYC_Targets_V1 path-
way, and MYC_Targets_V2 pathway were signifi-
cantly up-regulated, whereas the apoptosis
pathway was significantly down-regulated.
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Therefore, HCT116 and SW480 cells were
transduced with sh-SNTB1#1/2 and examined for
the alterations in the Wnt/B-catenin/MYC signal-
ing and migration-associated EMT. As for the
Wnt/B-catenin/MYC signaling, SNTB1 knock-
down by sh-SNTB1#1/2 significantly decreased
the levels of Wntl, C-Jun, C-Myc, TCF7, and
cyclin D1 in both cell lines (Figure 5c). As for
EMT markers, SNTB1 knockdown by sh-
SNTB1#1/2 significantly up-regulated E-cadherin
but down-regulated N-cadherin, Vimentin, Snail,
Slug, and MMP-9 (Figure 5d-f). In summary,
SNTBI inhibits the Wnt/p-catenin/MYC pathway
and EMT in colorectal cancer cells.

In vivo effects of SNTB1 on tumor growth and
metastasis in mice models

After confirming the in vitro effects of SNTBI,
we established subcutaneous xenotransplanted
tumor model and metastatic tumor model in
nude mice and investigated the in vivo effects
of SNTB1. HCT116 cells transduced with Lv-sh-
NC or Lv-sh-SNTB1#1/2, and the transfection
efficiency was measured using qRT-PCR
(Figure 6a). Then, the transfected HCT116 cells
were injected into the flank of the mice.
Figure 6b-c shows that SNTB1 knockdown dra-
matically reduced tumor volume and weight,
and the appearance of the tumors is shown in
Figure 6d. H&E staining was performed to
further confirm the histopathological features
(Figure 6e). Furthermore, IHC staining shows
that the levels of SNTB1 and Ki67 were signifi-
cantly decreased in tumor tissue samples
(Figure 6e). Regarding the Wnt/p-catenin/MYC
signaling, SNTB1 knockdown significantly
decreased Wntl, C-Jun, C-Myc, TCF7, and
cyclin D1 protein contents in tumor tissue sam-
ples (Figure 6f). These data indicate that SNTB1
knockdown inhibits tumor growth in subcuta-
neous xenotransplanted tumor models.
Metastatic tumor model was established by
tail vein injection of HCT116 cells transduced

SNTB1 in collected clinical samples were examined using Qrt-PCR and Immunoblotting, respectively. (I) Cox univariate regression
analysis was performed on TCGA-COADREAD cases identifying the correlation between SNTB1 expression and the overall survival in

patients.
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Figure 4. Effects of SNTB1 knockdown on colorectal cancer cell phenotypes (a) SNTB1 knockdown was achieved in target cells by
transfecting short hairpin RNA targeting SNTB1 (sh-SNTB1#1/2); SNTB1 expression was determined using Qrt-PCR for confirmation.
Subsequently, HCT116 and SW480 cells were transduced with sh-SNTB1#1/2 and examined for cell viability using CCK-8 assay (b);
colony formation (c); cell migration using wound healing assay (d); cell migration using Transwell assay (e); cell invasion using
Transwell assay (f).
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Figure 5. SNTB1 modulates the Wnt/B-catenin/MYC signaling and epithelial-mesenchymal transition (EMT) (a) the correlation
between SNTB1 expression and 20,530 genes in the TCGA-COADREAD expression matrix containing 434 samples was analyzed
using the R language PSYCH package. The statistical method was Pearson’s correlation analysis. (b) Gene set data were downloaded
from misgdb (https://www.Gsea-msigdb.Org/gsea/msigdb/index.jsp) and GSEA analysis was performed with the clusterProfiler
package using the cancer signature gene set hallmark (h.All.v7.2.entrez.gmt). Subsequently, HCT116 and SW480 cells were
transduced with sh-SNTB1#1/2 and examined for the protein levels of the Wnt/B-catenin/MYC signaling factors, Wnt1, C-Jun,
C-Myc, TCF7, and cyclin D1 using Immunoblotting (c); the protein levels of EMT markers, E-cadherin, N-cadherin, Vimentin, Snail,
Slug, and MMP-9 using Immunoblotting (d); the levels and distribution of E-cadherin and Vimentin using Immunofluorescent
staining (IF) (e-f).
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Figure 6. In vivo effects of SNTB1 on tumor growth and metastasis in mice models Subcutaneous xenotransplanted tumor model
was established in nude mice by injecting HCT116 cells transduced with Lv-sh-NC or Lv-sh-SNTB1#1/2 and examined for SNTB1
knockdown using Qrt-PCR (a); tumor volume and weight (b-c); tumor morphology (d); histopathological characteristics by H&E
staining and the levels of SNTB1 and Ki67 in tissue samples by IHC staining (e); the protein levels of Wnt1, C-Jun, C-Myc, TCF7, and
cyclin D1 in tissue samples using Immunoblotting (f). Metastatic tumor model was established by tail vein injection of HCT116 cells
transduced with Lv-sh-NC or Lv-sh-SNTB1#1/2 and examined for metastatic foci number in lungs (g); histopathological characteristics
by H&E staining (h); the protein levels of EMT markers, E-cadherin, N-cadherin, Vimentin, Snail, Slug, and MMP-9 using
Immunoblotting (i).
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Figure 7. YAP1 mediates SNTB1 functions on colorectal cancer cells HCT116 cells were transduced with sh-SNTB1#1/2 and applied
for RNA-sequencing identifying altered protein-coding RNAs. (a) the DEseq2 analysis package of the R language was used to analyze
DEGs based on detected protein-coding mRnas, and thresholds were set as log2FC> 0.4 or <-0.4 and P < 0.05. (b-c) the
Clusterprofiler package of the R language was used for functional enrichment analysis of up-regulated and down-regulated DEGs.
(d) Expression profiles from TCGA-COADREAD (Tcga.Coadread.samplemap_hiseqv2.gz) were used to identify SNTB1-associated genes
using the psych package of the R language and Pearson’s correlation analysis. (€) Diagram of screening process: among 842 down-
regulated genes in sh-SNTB1-transduced HCT116 cells, 46 genes exhibited a positive correlation with SNTB1 according to TCGA-
COADREAD. The top 10 genes that were significantly positively correlated with SNTB1 were obtained. (f) YAPT mRNA expression in
sh-SNTB1#1- or sh-NC-transduced HCT116 cells. (g) the correlation between YAP1 and SNTB1 expression in sh-SNTB1#1- or sh-NC-
transduced HCT116 cells. (H-) HCT116 and SW480 cells were transduced with sh-SNTB1#1/2 and examined for the mRNA expression
and protein levels of YAP1 using Qrt-PCR and Immunoblotting.

with Lv-sh-NC or Lv-sh-SNTB1#1/2. Figure 6g
shows that SNTB1 knockdown significantly
reduced the number of metastatic foci in lungs,
which was further evidenced by the histopatho-
logical characteristics revealed by H&E staining

(Figure 6h). Regarding EMT, the protein levels
of EMT markers were evaluated in metastatic
foci; Fig 61 shows that SNTB1 knockdown sig-
nificantly up-regulated E-cadherin but down-
regulated N-cadherin, Vimentin, Snail, Slug,
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Figure 8. Dynamic effects of SNTB1 and YAP1 on colorectal cancer cell phenotypes HCT116 and SW480 cells were co-transduced
with sh-SNTB1 and YAP1-overexpressing plasmid (YAP1) and examined for the protein levels of SNTB1 (a) and YAP1 (b) using
Immunoblotting; colony formation (c); cell migration using wound healing assay (d); cell invasion using Transwell assay (e); the
protein levels of Wnt1, C-Jun, C-Myc, TCF7, and cyclin D1 using Immunoblotting (f).



and MMP-9 protein contents. These data indi-
cate that SNTB1 knockdown suppresses color-
ectal cancer lung metastasis in mice models.

YAP1 mediates SNTB1 functions on colorectal
cancer cells

For investigating downstream molecular mechan-
ism, HCT116 cells were infected with lentivirus sh-
NC or sh-SNTB1 and applied for RNA-sequencing
identifying altered protein-coding RNAs. Among
17,061 detected genes, by using thresholds of
log2FC > 0.4 or <-0.4 and P < 0.05, 665 were mark-
edly increased and 842 were decreased within sh-
SNTB1-transduced HCT116 cells (Figure 7a). The
functional enrichment analysis of increased and
decreased DEGs was conducted using the
Clusterprofiler package of the R language. Gene
Ontology (biological process, BP) analysis shows
that increased genes were enriched in ER stress,
protein  synthesis, and RNA metabolism
(Figure 7b), while decreased related genes were
enriched in cell cycle regulation and DNA repair
(Figure 7c). In summary, SNTB1 exerts a crucial
effect on balancing tumor cell stress and cell cycle.

Furthermore, expression profiles from TCGA-
COADREAD (TCGA.COADREAD.
sampleMap_HiSeqV2.gz) were used to identify
SNTB1-associated genes using the psych package
of the R language and Pearson’s correlation analy-
sis. Fig 7d shows that 1155 genes exhibited
a negative correlation (r<-0.4, P <0.05), and 959
genes exhibited a positive correlation (r>0.4, P<
0.05) with SNTB1. Among 842 down-regulated
genes in sh-SNTB1-transduced HCT116 cells, 46
genes exhibited a positive correlation with SNTB1
and 33 genes exhibited a negative correlation with
SNTB1 according to TCGA-COADREAD
(Figure 7e). The topl0 genes that were signifi-
cantly positively correlated with SNTB1were listed
in Table S2. Among the 10 genes, YAP1 has been
reported to play a critical role in colorectal cancer
[29-32] therefore, YAP1 was chosen for following
investigations.

According to RNA-seq data and qRT-PCR ana-
lysis, YAP1 mRNA expression was significantly
down-regulated in  sh-SNTB1#1/2-transduced
HCT116 cells (Figure 8th). In sh-SNTB1#1- or sh-
NC-transduced HCT116 cells, YAP1 and SNTBI1
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were positively correlated (Figure 7g). Moreover,
according to TCGA-COADREAD, GSE8671,
GSE106582, GSE74602, GSE9348, GSE44076, and
GSE39582, YAP1 and SNTBI1 were positively cor-
related (Fig S1). Consistently, in sh-SNTBI1#1
/2-transduced HCT116 and SW480 cells, YAP1
protein levels were significantly decreased
(Figure 7i). These data indicate that in colorectal
cancer cells, SNTB1 positively regulates YAPI
expression.

Dynamic effects of SNTB1 and YAP1 on colorectal
cancer cell phenotypes

Considering the positive SNTB1 regulation of
YAPI, lastly, the dynamic effects of SNTB1 and
YAP1 were investigated on the phenotypes of
colorectal cancer cells. HCT116 and SW480 cells
were co-transduced with sh-SNTB1 and YAPI1-
overexpressing plasmid (YAP1) and determined
for SNTB1 and YAPI protein contents. Regarding
SNTB1 expression, SNTB1 protein levels were
decreased by sh-SNTB1 but not altered by YAP1
overexpression; in the meantime, in co-
transduced cells, YAP1 overexpression caused
no alterations on sh-SNTBl-caused SNTBI
knockdown (Figure 8a). Regarding YAP1 expres-
sion, sh-SNTB1 decreased, whereas YAPI
increased YAPI1 protein levels; furthermore, the
suppressive effects of sh-SNTB1 on YAP1 protein
levels were partially eliminated by YAPI1
(Figure 8b).

Regarding cellular functions, SNTB1 knock-
down inhibited, whereas YAP1 overexpression
promoted colorectal cancer cell colony formation
(Fig 9C), cell migration (Figure 8d), and cell inva-
sion (Figure 8e); the inhibitory effects of SNTBI
knockdown upon cancer cell aggressiveness were
partially eliminated by YAP1 overexpression
(Figure 8c-e). Regarding the Wnt/p-catenin/MYC
signaling, SNTB1 knockdown decreased, whereas
YAP1 overexpression increased Wntl, C-Jun,
C-Myc, TCF7, and cyclin D1 protein contents;
the inhibitory effects of SNTB1 knockdown upon
the Wnt/B-catenin/MYC pathway-related factors
were partially abolished by YAP1 overexpression
(Figure 8f). These data indicate that YAP1 med-
iates SNTB1 functions on colorectal cancer cells.
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Discussion

According to integrative bioinformatics analyses
based on four datasets, 293 genes were dramatically
increased and 369 genes were decreased within colon
cancer samples. Among up-regulated genes, top five
genes correlated with colorectal cancer patient’s prog-
nosis were verified for expression in clinical samples
and SNTB1 was the most up-regulated. In vitro,
SNTBI1 knockdown suppresses the malignant beha-
viors of colorectal cancer cells, including cell viability,
colony formation capacity, as well as the abilities to
migrate and invade. Furthermore, SNTB1 knockdown
decreased the levels of Wntl, C-Jun, C-Myc, TCF?7,
and cyclin D1, and inhibited EMT in both cell lines. In
vivo, SNTB1 knockdown inhibited tumor growth and
metastasis in nude mice models. SNTB1 positively
regulated YAP1 expression; YAP1 partially reversed
the effects of SNTB1 on colorectal cancer cell pheno-
types and the Wnt/[-catenin/MYC signaling.
Integrative bioinformatic analyses have been used
to identify promising therapeutic targets for cancer
treatment regiments, including colorectal cancer. In
this study, by performing DEG analysis based on
four online datasets, we demonstrated that 293
genes were remarkably increased and 369 genes
were decreased within colon cancer samples.
Notably, functional enrichment annotation indi-
cated the enrichment of increased genes in tumor
proliferation and apoptosis-related pathways, cell
cycle, TP53 signaling pathway, and IL-17 family-
mediated signaling pathways, which are correlated
with cancer cell apoptosis [33] and immunosurveil-
lance escape [28]. Downregulated genes were
enriched in metabolic pathways such as nitrogen
metabolism, steroid hormone biosynthesis, retinol
metabolism, mineral absorption, bile secretion, and
pancreatic secretion, indicating the loss of colon
functions during colorectal cancer. Among up-
regulated genes, SNTBI attracted attention because
its correlation with poor prognosis in patients and
dramatic elevated expression. Reportedly, the level of
SNTBI is elevated in colorectal cancer tissue, accord-
ing to a gene expression profile microarray including
DEGs between matched colorectal cancer and non-
cancerous tissues [34]. In the meantime, other stu-
dies also reported that SNTB1 levels were increased
within colorectal cancer tissue samples and cells. The

increase in SNTB1 exhibited a positive correlation
with the malignancy degree and worse prognosis in
colorectal cancer [35,36]. In this study, consistent
expression trend of SNTB1 was observed based on
integrative bioinformatics analyses on four datasets
that SNTB1 expression was dramatically up-
regulated in colorectal cancer samples, higher in
samples at advanced T/N/M and clinical stages.
Furthermore, experimental investigations also saw
up-regulated SNTB1 expression in colorectal cancer
samples and cell lines, suggesting its potential role in
colorectal cancer tumorigenesis.

SNTBI, which belongs to the syntrophin gene
family, is primarily expressed in skeletal and
smooth muscle, liver, and kidney, while low
expression of SNTBI1 is observed in a variety of
other tissues, including colon tissue [37]. Recent
research has linked SNTB1 functional variations to
a variety of illnesses, such as acute pancreatitis,
oral cancer, pulmonary cancer, and high myopia
[38-40]. Although reduced level of SNTB1 showed
to be linked to a poorer survival rate within lung
adenocarcinoma patients [40], SNTB1 acts as an
oncogene in a variety of tumors, including color-
ectal cancer. Obinata et al. [41] suggested that
knockdown of SNTBI significantly inhibited
migration of androgen and androgen receptor
(AR)-negative prostate cancer cells. Ji et al. [42]
found 21 fusion genes, including MCM4-SNTB1,
as the most frequent and significant in thymomas.
Liu et al. [36] demonstrated that SNTB1 enhances
CRC tumor progression and development, prob-
ably through decreasing PKN2 expression and
activating the ERK and AKT pathways. Liang
et al. [35] revealed that SNTB1 knockdown inhib-
ited tumor development and cancer cell stemness
in vitro, as well as carcinogenesis in vivo via reg-
ulating the [-catenin signaling. Consistently,
SNTB1 knockdown inhibited colorectal cancer
cell aggressiveness, including proliferation, inva-
sion, and migration. As aforementioned, colorectal
cancer mortality is mostly caused by treatment
failure and distant metastases [43]. In this study,
SNTB1 knockdown suppressed tumor growth and
lung metastasis in nude mice models, further indi-
cating the critical role of SNTB1 in colorectal
cancer tumorigenesis.



Tumor metastasis, one of the most promi-
nent malignant tumor hallmarks, is
a complicated and multistep process driven by
genetic and epigenetic alterations [44,45]. EMT
begins the first stage of tumor cell metastatic
dispersion by enhancing cell motility and inva-
siveness [7]. Notably, abnormal EMT activation
has been identified as the main program of
human colon cancer [46]. In this study,
SNTB1 knockdown also suppressed EMT
through up-regulating the expression of epithe-
lial markers like E-cadherin and down-
regulating the expression of mesenchymal mar-
kers like N-cadherin, Vimentin, Snail, Slug, and
MMP-9. Furthermore, SNTB1 knockdown sup-
pressed Wnt/p-catenin/MYC signaling activa-
tion, which has been reported as one of the
most prominent molecular therapeutic targets
for colon cancer [14] because of its critical
role in accelerating EMT and facilitating meta-
static features of colon cancer [15]. Regarding
the downstream molecular mechanism, YAPI1
was identified as one of the positively corre-
lated genes with SNTBI1. To govern cell growth
and organ size, the Hippo-YAP/TAZ signaling
has emerged as a hub integrating multiple
inputs such as mechanical and cytoskeletal sig-
nals, cellular adhesion, apico-basolateral polar-
ity, and mitogens [47,48]. Furthermore, YAP/
TAZ are important mediators of the alternative
Wnt pathway [49]. More importantly, a (-
catenin-YAP1-TBX5 complex was found to be
essential for (B-catenin-driven cancer transfor-
mation and survival [50]. For example, Deng
et al. [51] reported that YAP triggers the Wnt/
B-catenin pathway and promotes enterocyte
self-renewal, regeneration, and tumorigenesis
after DSS-induced injury. Kim et al. [52]
found that Wnt/p-catenin signaling activation
suppressed hepatocellular carcinoma formation
by inhibiting the positive feedback loop
between YAP/TAZ and Notch signaling. In
this study, SNTB1 positively regulated YAP1
expression but YAP1 overexpression failed to
alter SNTB1 expression, suggesting that YAPI
is downstream of SNTB1. Moreover, YAPI
overexpression significantly eliminated the anti-
tumor effects of SNTB1 knockdown on color-
ectal cancer «cell aggressiveness and Wnt
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signaling activation, indicating that YAP1 med-
iates the functions of SNTB1 on colorectal can-
cer [53-58].

In conclusion, SNTB1 knockdown inhibits col-
orectal cancer cell aggressiveness in vitro and
tumor growth and metastasis in vivo through the
Wnt/B-catenin/MYC signaling; YAP1 might med-
iate SNTB1 functions on colorectal cancer.
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