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SORBSI1 serves a metastatic role via suppression
of AHNAK in colorectal cancer cell lines
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Abstract. Cbl-associated protein (CAP) is encoded by the
sorbin and SH3 domain-containing 1 (SORBS1) gene. CAP
has been reported to be associated with the actin cytoskeleton,
receptor tyrosine kinase signaling and cell adhesion through
interactions with various proteins. It may be hypothesized
that SORBS1 has numerous unknown functions, which
may include providing a favorable condition for metastasis.
Although CAP has been demonstrated to possess a number
of functions, the role of this protein has only been reported
in metabolic signaling pathways and its function in cancer
remains to be elucidated. In the present study, SORBSI
expression was detected in colorectal cancer cell lines divided
into the primary group and the metastatic group by reverse
transcription-quantitative PCR and western blot analysis.
In addition, SORBSI expression was manipulated by vector
transfection and lentivirus transduction. The metastatic role
of SORBSI, as determined by assessing its effects on cell
proliferation and migration, was determined by colony forma-
tion assay, cell cycle analysis and Boyden chamber assay. To
elucidate the SORBSI-binding protein, immunoprecipitation
was performed. Co-localization of SORBS1 and AHNAK
nucleoprotein (AHNAK) was identified by confocal micros-
copy. Notably, the protein expression levels of CAP were
higher in SNU-769A and SW480 cells than in SNU-769B
and SW620 cells. In addition, the number of colonies in the
SORBSI1-overexpressing group was significantly increased
compared with that of the control group, as determined using
the colony formation assay; the SORBSI overexpression
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group formed >8-fold more colonies than the control group.
The proliferative ability of the SORBSI overexpression group
was also significantly increased compared with the control
group over the entire incubation period. Cell migration assays
revealed that the number of migrated SORBS1-knockdown
cells was reduced compared with the control in both HCT-116
and SNU-C4 cell lines; migration area was decreased to
31 and 26% in HCT-116 and SNU-C4 cell lines, respec-
tively. Consequently, it was confirmed that SORBSI could
form a complex with AHNAK, which functions as a tumor
suppressor through inhibition of phosphorylated-ERK and
Rho-associated coiled-coil containing protein kinase 1. In
conclusion, SORBS1 may serve a crucial role in cancer growth
and migration via inhibition of AHNAK expression.

Introduction

Cbl-associated protein (CAP) is encoded by the sorbin and
SH3 domain-containing 1 (SORBSI1) gene. CAP contains
a conserved Sorbin homology (SoHo) domain and three
SH3 domains. Upon insulin stimulation, CAP and c-Cbl are
recruited by adapter protein with pleckstrin homology and
Src homology 2 domains to the insulin receptor, and c-Cbl
is phosphorylated by tyrosine (1). CAP-c-Cbl complexes are
then recruited to rafts by means of an interaction of the SoHo
domain of CAP with Flot-1, which is involved in a specific
signaling pathway associated with glucose transporter 4
(GLUT4) translocation (2). Translocation of GLUT4 is patho-
logically associated with diabetes mellitus (DM). Type 2 DM
is a type of metabolic disease in which hyperglycemia exists
for a prolonged period. Metformin is generally recommended
to treat type 2 DM, this drug works by increasing sensitivity
to insulin and decreasing the hepatic production of glucose.
The function of metformin, including increasing sensitivity
to insulin, is speculated to regulate GLUT expression on the
tissue surface. A potential mechanism by which metformin
might increase sensitivity to insulin is by regulating CAP (3.4).

CAP is an adaptor protein that is associated with the actin
cytoskeleton, receptor tyrosine kinase signaling and cell adhe-
sion via three SH3 domains (5). These three SH3 domains
(referred to as SH3-A, -B and -C) are in the C-terminus of
CAP and have different functions (6). The SH3-B domain has
been reported to bind with ¢-Cbl and focal adhesion kinase,
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whereas the SH3-A and SH3-B domains are mediated by inter-
action with vinculin (7,8). SORBSI expression in metastatic
colorectal cancer cell lines has been reported to be higher than
that in primary colorectal cancer cell lines (9). It is possible
that SORBSI provides favorable conditions for metastasis,
including cell viability, proliferation and motility. Although
CAP has been reported to possess a number of functions, this
protein has only been reported in the specific field of signaling
pathways (2,10) and its role in cancer remains to be elucidated.

c-Cbl is the 120-kDa cellular homolog of the transforming
v-Cbl oncogene (11,12). c-Cbl is phosphorylated in response to
activation by numerous tyrosine kinases, including v-Abl and
Ber-Abl (13). c-Cbl is composed of a long proline-rich region
in the C-terminus that binds the SH3 domains of the adapters
Grb2 and Nck, and Fyn and Lck tyrosine kinases (14-17). These
results suggest that c-Cbl may have an important role in signal
transduction of tyrosine kinases. Therefore, it is possible that
the CAP-Cbl complex is associated with other oncoproteins
related to tyrosine kinases, including receptor tyrosine kinase.

This study hypothesized that CAP may have diverse roles,
not only in complexing with c-Cbl but also with binding other
signaling molecules. Therefore, this study aimed to elucidate
the role of CAP in colorectal cancer by binding to proteins
with functions related to cancer metastasis.

Materials and methods

Cell culture. The cells used in this study were obtained from
the Korean Cell Line Bank. All colorectal cancer cell lines
(SNU-61, SNU-81, SNU-175, SNU-283, SNU-407, SNU-503,
SNU-769A, SNU-769B, SNU-1033, SNU-1040, SNU-1197,
SNU-CI1, SNU-C2A, SNU-C4, SNU-1047, SNU-C5, CaCo2,
Colo0201, Col0205, Colo320, DLDI, HCT-15, HCT-116, HT29,
Lovo, Ls174T, NCI H716, SW403, SW480, SW620, SW116 and
WiDr), and MDA-MB-231 and MCF7 cells were routinely
cultured in RPMI1640 media (Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and
100 pug/ml streptomycin (Gibco; Thermo Fisher Scientific,
Inc.). All cell lines were cultured in a humidified incubator
at 37°C containing 5% CO, and 95% air. WiDr is a derivative
of HT?29 cells; therefore, both cell lines were authenticated by
STR profiling.

Cell treatment. Insulin solution (200 nM; 11.5 mg/ml;
cat. no. 19278; Merck KGaA) was used to treat HT29 cells
at 37°C for 1, 4 and 8 h. Metformin (cat. no. S1950; Selleck
Chemicals) was used as a GLUT activator. Briefly, | mM
metformin was used to treat HT29 cells at 37°C for 2 h in
an atmosphere containing 5% CO, and 95% air. HCT116 and
SNU-C4 cells were treated with a serial dilution (0-15 mM)
of 5-fluorouracil (5-Fu; cat. no. S1209; Selleck Chemicals) for
72 h at 37°C in an atmosphere containing 5% CO, and 95% air.

Cloning and transfection of SORBSI. SORBS1-pENTR
221 clone containing the open reading frame (ORF) and
control empty vector [pcDNA3.1 (+) vector] were purchased
from Invitrogen; Thermo Fisher Scientific, Inc. The ORF of
SORBSI (ID: IOH27642; Thermo Fisher Scientific, Inc.) was
amplified by reverse transcription (RT)-PCR using i-Taq™
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DNA polymerase (cat. no. 25022; Intron Biotechnology, Inc.,)
and primers (forward, 5'-CCGCTCGAGATGAGTTCTGAA
TGTGATGG-3', reverse, SCCCAAGCTTTTATAGATACAA
AGGTTTT?3'; Bioneer Corporation) containing the restric-
tion enzyme sites HindIIl and Xhol (New England Biolabs),
respectively. These two primers were designed based on the
SORBSI sequence. The conditions for PCR were as follows:
Denaturation at 94°C for 1 min, annealing at 60°C for 1 min and
extension at 72°C for 1 min. The SORBS1 ORF and pcDNA3.1
(+) vector were cut with HindIIl and Xhol, and ligated. The
ligated SORBS1-pcDNA3.1 vector was then transformed into
DH50. competent cells (1.5x10° cells; Thermo Fisher Scientific,
Inc.) for isolation of the SORBSI recombinant DNA plasmid.
HT29 cells were seeded at 1.5x10° cells/well in 6-well plates
for 24 h prior to transfection. The SORBSI recombinant DNA
plasmid, at a final concentration of 40 nM in Opti-MEM
(Thermo Fisher Scientific, Inc.), was transfected into cells
using Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) for 24 h at 37°C in an atmosphere containing
5% CO, and 95% air. Subsequently, the medium was replaced
with an equal volume of RPM11640 medium.

Knockdown of SORBSI by small interfering RNA (siRNA)
and short hairpin RNA (shRNA). HT29 cells were seeded at
1.5x10° cells/well in 6-well plates for 24 h before siRNA trans-
fection. Scrambled siRNA (AccuTarget™ Negative control
siRNA; cat. no. SN-1011) and SORBSI siRNA were purchased
from Bioneer Corporation (SORBSI1 siRNA: Forward,
5'-CAUUCAUGAACCGAUCUUU-3', reverse, SAAAGAU
CGGUUCAUGAAUG-3"). SW620 cell lines were transfected
with SORBSI siRNA, at a final concentration of 40 nM in
Opti-MEM, for 6 h using Lipofectamine® 2000, at which time
the medium was replaced with an equal volume of RPMI1640
medium.

293FT cells (5.0x10% Korean Cell Line Bank), cultured in
Opti-MEM at 37°C in an atmosphere containing 5% CO, and
95% air, were transfected with SORBS1 shRNA. The protocol
for SORBSI shRNA transfection was the same as the protocol
for SORBSI siRNA transfection proceed. Empty control vector
(MISSION® shRNA Plasmid DNA) and SORBS1 shRNA
plasmid DNA (5'-CCGGCCGGAACACTGAGAGATCAA
ACTCGAGTTTGATCTCTCAGTGTTCCGGTTTTTG-3")
were purchased from Merck KGaA. Lentiviruses containing
SORBSI shRNA or shRNA control were harvested from the
culture medium of transfected 293FT cells. Subsequently, the
HCT-116 and SNU-C4 cells were seeded at 1x10° cells/well in
12-well plates for 24 h before shRNA transduction. HCT-116
and SNU-C4 cells were transduced with lentivirus using vira-
ductin (cat. no. LTV-201; Cell Biolabs, Inc.), according to the
manufacturer's instructions.

RT-PCR. For the analysis of mRNA expression, RNA was
extracted using the RNeasy kit (Qiagen, Inc.). cDNA was
generated from RNA using a RT kit (cat. no. 205313; Qiagen,
Inc.). Briefly, 1 ug RNA was added to the mixture contacting
4 ul RT buffer (5X), 1 ul RT primer mix and 1 pl reverse tran-
scriptase; the mixture was incubated at 42°C for 50 min and
at 95°C for 2 min. cDNA was amplified in a 15-1 PCR mix
containing 1.5 ul cDNA, 1 pM/ul primers and 1.5 units i-Taq™
DNA polymerase (cat. no. 25022; Intron Biotechnology, Inc.).
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PCR amplification was performed with cDNA primers specific
for a 550-bp amplicon of SORBSI (forward, 5"-TCAAGAGGT
CGGCCACACTA-3" and reverse, 5'-AAGCTAGTGAGA
TCCCCAGG-3") and a 301-bp amplicon of (3-actin (forward,
5'-GACCACACCTTCTACAATGAG-3' and reverse, 5'-GCA
TACCCCTCGTAGATGGG-3"). The PCR amplification was
performed according to the following conditions: Initial
denaturation for 2 min at 94°C; 25 cycles of denaturation at
94°C for 30 sec, annealing at 54°C for 30 sec and extension
at 72°C for 1 min; followed by a final extension step for 5 min
at 74°C. PCR amplification was performed in a programmable
thermal cycler (PCR system 9700; Thermo Fisher Scientific,
Inc.). The amplified DNA fragments were fractionated on a
1.5% agarose gel and stained with ethidium bromide (final
concentration 0.2-0.5 pg/ml; Bio-Rad Laboratories, Inc.).

Western blot analysis. Cells were lysed with RIPA lysis
buffer (ATTO Corporation) and protein concentrations
were determined using the SMART™ Micro BCA Protein
Assay kit (Intron Biotechnology, Inc.). Proteins (10 ug) were
loaded on Mini-PROTEAN® TGX Precast Gels (Bio-Rad
Laboratories, Inc.) with 2X SDS buffer and transferred to
PVDF membranes using the Trans-Blot Turbo™ Transfer
Pack (Bio-Rad Laboratories, Inc.). The membranes were
blocked at room temperature for 1 h with 2% skim milk in
TBS-0.05% Tween (BD Biosciences) and were then exposed
to primary antibodies for 1-2 h at room temperature against
SORBSI (cat. no. HPA027559; 1:250; Merck KGaA), AHNAK
nucleoprotein (AHNAK; cat. no. sc-134252; 1:200; Santa Cruz
Biotechnology,Inc.), ERK (cat.no.9102; 1:1,000; Cell Signaling
Technology, Inc.), phosphorylated (p)-ERK (cat.no.9101; 1:250;
Cell Signaling Technology, Inc.), Rho-associated coiled-coil
containing protein kinase 1 (ROCKI; cat. no. ab45171; 1:500;
Abcam), Lamin B (cat. no. sc-374015; 1:100; Santa Cruz
Biotechnology, Inc.), and B-actin (cat. no. sc-47778; 1:100;
Santa Cruz Biotechnology, Inc.). Subsequently, membranes
were incubated with anti-mouse IgG (H+L) secondary
antibody, HRP (cat. no. G-21040; 1:5,000; Thermo Fisher
Scientific, Inc.) and anti-rabbit IgG (H+L) secondary antibody,
HRP (cat. no. G-21234; 1:5,000; Thermo Fisher Scientific,
Inc.). ECL reagent (Pierce™ ECL Western Blotting Substrate;
cat. no. 32106; Thermo Fisher Scientific, Inc.) was used for
visualization. In addition, nuclear and cytosolic proteins were
isolated from the cells using the Nucleus Cytosol Fractionation
kit (cat. no. AKR-171; Cell Biolabs, Inc.), according to the
manufacturer's protocol. Nuclear and cytosolic proteins also
underwent western blotting. Lamin B was used as a nuclear
marker, indicating that cytoplasmic proteins did not contami-
nate the amount of AHNAK, which is known to be a nuclear
protein. 3-actin was used as a loading control for each lane.

Cell migration assay. HCT116 and SNU-C4 cell suspen-
sions containing 5x10° cells/ml, were prepared in serum-free
RPMI 1640 medium. MDA-MB-231 cells were analyzed as a
positive control and MCF7 cells were analyzed as a negative
control. Complete medium (500 ul) was added to the lower
chamber of the migration plate (24-well plate) and a 300-ul
cell suspension solution was added to the upper chamber,
which contained a 24-well insert (polycarbonate membrane;
pore size, 8.0 ym; Cell Biolabs, Inc.). The cells were
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incubated for 24 h in a cell culture incubator, after which,
the cells attached to the insert in the upper chamber were
removed using a cotton-tipped swab. The lower side of the
insert membrane was stained with crystal violet for 10 min at
room temperature. The insert was then washed several times
in water and air-dried. Finally, the insert was transferred to
an empty well and 200 pl dimethyl sulfoxide was added at
room temperature for 15 min, after which, a 100-ul aliquot
of dimethyl sulfoxide was transferred to a 96-well plate and
the absorbance was measured at 560 nm. ImagelJ (ver. 64-bit
Java 1.8.0_112; National Institutes of Health) was used for
accurate identification of migrated cells.

Cell proliferation assay. A total of 2x10* cells were seeded in
each well of a 96-well plate and incubated for 24 h at 37°C in
an atmosphere containing 5% CO, and 95% air. Insulin solution
(200 nM; 11.5 mg/ml; cat. no. 19278; Merck KGaA) was used
to treat HT29 cells at 37°C for 1, 4 and 8 h. Cell growth was
measured via a colorimetric assay using water-soluble tetrazolium
(WST-1; Dongin Biotech Co., Ltd.). Briefly, 10 x1 WST-1 reagent
was added to cells and incubated for 2 h at 37°C in an atmosphere
containing 5% CO, and 95% air. The colorimetric optical density
(OD) value of cell growth was measured at 450 nm. To confirm
the direct proportion between OD value of cells and the number
of cells, the WST-1 OD value was compared with the number of
cells obtained by manual cell counting.

Colony formation assay. Cells were harvested using tryp-
sinization and washed with PBS. Cells (50-100 cells/well)
were then suspended with 4% agarose gel (pre-warmed;
cat. no. 18300012; Thermo Fisher Scientific, Inc.) and seeded
in a 96-well plate. Cells were incubated in RPMI 1640
media supplemented with 10% FBS, 100 U/ml penicillin and
100 pg/ml streptomycin for 96 h at 37°C in an atmosphere
containing 5% CO, and 95% air. Subsequently, medium was
removed and 0.5% crystal violet (cat. no. V5265; Merck KGaA)
was added for 30 min at 37°C in an atmosphere containing 5%
CO, and 95% air. The plates were rinsed with water and the
number of colonies was counted.

Cell viability assay. Cell proliferation was measured via a
colorimetric WST-1 assay. A total of 4x10* cells were seeded
into each well of a 96-well plate and incubated at 37°C in
an atmosphere containing 5% CO, and 95% air for 24 h.
The seeded cells were then treated with a serial dilution
(0-15 mM) of 5-Fu (cat. no. S1209; Selleck Chemicals) for
72 h at 37°C in an atmosphere containing 5% CO, and 95%
air. Subsequently, cells were treated with 10 u1 WST-1 reagent
and incubated for 2 h at 37°C in an atmosphere containing
5% CO, and 95% air. The cell viability was measured based
on the colorimetric OD value at 450 nm. The OD value of
the cells treated with O xM drug was set at 100. The viability
of cells under the drug treatment condition was calculated
as ODdrug/ODcontrol x100. The half maximal effective
concentration was calculated using GraphPad Prism version
5.03 (GraphPad Software, Inc.).

Immunocytochemistry. HCT-116 and SNU-C4 cells
(5x10° cells/ml; 0.5 ul) were placed on rounded glass cover-
slips and incubated for 24 h. Subsequently, the cells were fixed
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Figure 1. Analysis of SORBSI expression by RT-PCR and western blotting.
(A) SORBSI mRNA expression levels were analyzed by RT-PCR analysis in
32 colorectal cancer cell lines. (B) SORBSI protein expression levels were
analyzed by western blot analysis in 20 colorectal cancer cell lines. RT-PCR,
reverse transcription-PCR; SORBSI, sorbin and SH3 domain-containing 1.

with 3.7% formaldehyde at room temperature for 15 min and
were permeablilized with 0.25% Triton X-100. PBS-0.1%
Tween-20 containing 1% bovine serum albumin (Thermo
Fisher Scientific, Inc.) was added to the fixed cells for 30 min
at 4°C. After this blocking step, the cells were incubated with
primary antibodies against SORBSI1 (cat. no. HPA027559;
1:100; Merck KGaA) and AHNAK (cat. no. sc-134252; 1:50;
Santa Cruz Biotechnology, Inc.) for 2 h at room tempera-
ture, and Alexa Fluor® 488 (cat. no. A32731; 1:500) and 568
(cat. no. A11031, 1:500) antibodies (Thermo Fisher Scientific,
Inc.) were then added to the cells. Finally, the cells were incu-
bated with 1X DAPI solution for 20 min at room temperature.
A confocal microscope (LSM800; Zeiss AG) was used to
identify the stained cellular proteins.

Cell cycle analysis. HT29 and SW620 cells (1x10° cells/ml;
2 ml) were trypsinized and fixed in cold 70% ethanol for 30 min
at 4°C. The cells were centrifuged (500 x g) at 4°C for 5 min
and the supernatant aspirated to avoid cell loss. To remove
RNA and ensure that only DNA was stained, PBS containing
50 ul 100 ug/ml RNase stock (cat. no. EN0531; Thermo Fisher
Scientific, Inc.) was added to the cells and 250 pg/ml prop-
idium iodide was added. After staining, cells were analyzed by
flow cytometry (FACS Canto IT; BD Biosciences) to determine
the percentage of cells in each of the different cell phases. The
absorbance of dyed cells was measured at an OD of 605 nm.

Immunoprecipitation. Immunoprecipitation was performed
using the Immunoprecipitation kit (cat. no. K286; BioVision,
Inc.), according to the manufacturer's instructions (18). Briefly,
HCT-116 and SNU-C4 cells were rinsed with ice-cold PBS and
lysed in 500 pl RIPA lysis buffer. To pre-clear the cell lysate,
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100 pul protein A or G beads were incubated with the cell lysate
at 4°C for 30 min with gentle agitation; the protein A or G
beads were removed by centrifugation at 14,000 x g at 4°C
for 10 min. Pre-cleared lysates were immunoprecipitated with
primary anti-SORBSI1 antibody (3 ug; cat. no. HPA027559;
Merck KGaA) overnight at 4°C, and the immunoprecipitation
complexes with beads were collected and washed with washing
buffer three times. The beads were neutralized by washing
two times with 150 pl RIPA lysis buffer and 20-40 ul 2X
SDS buffer (cat. no. LC2676; Thermo Fisher Scientific, Inc.)
was added at 95°C for 5 min. For western blotting to confirm
immunoprecipitation, PVDF membranes (Trans-Blot Turbo™
Transfer Pack; cat. no. 1704156; Bio-Rad Laboratories, Inc.)
were probed with SORBSI (cat. no. HPA027559; 1:250; Merck
KGaA) and AHNAK (cat. no. sc-134252; 1:200; Santa Cruz
Biotechnology, Inc.) antibodies. The western blotting protocol
was the same as aforementioned.

Liquid chromatography-mass spectrometry/mass spec-
trometry (LC-MS/MS) analysis and database search.
Immunoprecipitation products of HCT-116 and SNU-C4
cells were analyzed by LC-MS/MS. LC-MS/MS was
conducted according to a previously described protocol (19).
Tryptic-digested peptides were analyzed using the Q
Exactive™ Hybrid Quadrupole-Orbitrap™ mass spectrometer
(Thermo Fisher Scientific, Inc.) coupled with an Ultimate™
3000 RSLCnano system (Thermo Fisher Scientific, Inc.).
The tryptic-digested peptides (0.2 ug/ul, 3 ul) were loaded
onto a trap column (100 ym x2 cm) packed with Acclaim
PepMapl00 C18 resin and were eluted with a linear gradient
of solvent B from 5-30% (0.1% formic acid in acetonitrile)
for 120 min at a flow rate of 300 nl/min. The eluted peptides
separated by the analytical column (75 gm x15 cm) were
sprayed into a nano-electrospray ionization source with an
electrospray voltage of 2.4 kV. The Q Exactive™ Hybrid
Quadrupole-Orbitrap™ mass spectrometer was operated
using a top 10 data-dependent method. Full MS scans were
acquired over a m/z range of 300-2,000 with a mass resolution
of 70,000 (at m/z 200). The automatic gain control target value
was 1.00E+06. The 10 most intense peaks with a charge state
>2 were fragmented in the higher-energy collisional dissocia-
tion collision cell with a normalized collision energy of 25%,
and tandem mass spectra were acquired in the Orbitrap mass
analyzer with a mass resolution of 17,500 at m/z 200.

Database searching of all raw data files was performed
using Proteome Discoverer 1.4 software (Thermo Fisher
Scientific, Inc.). MASCOT 2.3.2 (Matrix Science, Inc.) and
SEQUEST (Comet, release 2018.01 rev. 3; http://comet-ms.
sourceforge.net/) were used for database searching against
the Uniprot database (UniRefl100; https://www.uniprot.
org/uniref/). Database searching against the corresponding
reversed database was also performed to evaluate the false
discovery rate (FDR) of peptide identification. The database
searching parameters included up to two missed cleavages for
full tryptic digestion, a precursor ion mass tolerance of 10 ppm,
a fragment ion mass tolerance of 0.02 Da, fixed modification
for carbamidomethyl cysteine and variable modifications
for methionine oxidation, and N/Q deamination. An FDR of
<1% was obtained on the peptide level and filtered with high
peptide confidence.
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Figure 2. Construction of SORBS1 recombinant DNA and influence of SORBS1 on HT29 cell growth. (A) Design of pcDNA3.1 (+) vector encoding the human
SORBSI gene. (B) HT29 cells were transfected with the control pcDNA3.1 (+) vector and SORBSI recombinant DNA. The protein expression levels in trans-
fected cells were measured by western blot analysis. SORBS1 was identified as a band of 94 kDa. (C) Colony-forming ability of the SORBSI-overexpressing
HT29 cell line was observed by soft agar assay [HT29_control, pcDNA3.1 (+) vector transfected HT29 cells; HT29_SORBSI, SORBSI1-overexpressing HT29
cells]. Images of colonies were captured after 3 weeks of incubation. Representative images are shown. (D) Number of colonies was counted and the results are
presented as the average number of colonies from three wells. “P<0.05. SORBSI, sorbin and SH3 domain-containing 1.

Statistical analysis. SORBSI was the key word searched for
using The Human Protein Atlas (https:/www.proteinatlas.org)
database, which was used to confirm SORBSI expression and
its association with survival rate according to cancer type (20).
Data were analyzed using Microsoft Excel 2016 (Microsoft
Corporation) and GraphPad Prism version 5.03 and are
expressed as the mean + standard deviation. Data were analyzed
with a two-tailed unpaired t-test. All experiments were repeated
three to five times. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

SORBSI is expressed at various levels in a number of
colorectal cancer cell lines. SORBSI expression was analyzed
by RT-PCR and western blotting in 32 colorectal cancer cell
lines. The results demonstrated that the mRNA and protein
expression levels of SORBSI varied in all of the cell lines,
even though they were derived from the same colorectal cancer
type (Fig. 1A). Additionally, the protein expression levels were
similar between the cell lines derived from primary cancer and

metastatic cancer (Fig. 1B). Both SNU-769A and SNU-769B,
and SW480 and SW620 are primary-metastasis sets of cancer
cell lines. The protein expression levels of CAP (encoded by
SORBSI) were higher in SNU-769A and SW480 cells than in
SNU-769B and SW620 cells.

Overexpression of SORBSI increases cell proliferation.
SORBSI expression in the HT29 cell line was lower than
in the other cell lines (Fig. 1B). A 1,880-bp portion of the
SORBSI gene was inserted into pcDNA 3.1 (+) (Fig. 2A). The
manipulated vector was used to overexpress SORBS1-encoded
protein in HT29 cells (Fig. 2B). The number of colonies in
the SORBSI1-overexpressed group, as determined using the
colony formation assay, was significantly increased compared
with the control group (Fig. 2C and D); the overexpression
group formed >8-fold more colonies than the control group.
Moreover, the proliferative ability was increased in the
SORBSI overexpression group compared with the control
group. The proliferative ability of the overexpression group
was significantly increased over the entire incubation time
(Fig. 3A). The proportion of cells in S phase of the cell cycle
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Figure 3. Regulation of cell proliferation and cell cycle progression by SORBSI. (A) Proliferation of SORBS1-overexpressing HT29 cells was observed at
0,24, 48,72 and 96 h. The number of cells was measured after repeating the experiment three times. "P<0.05 vs. HT29_control. (B) Cell cycle analysis was
conducted on SORBSI-overexpressing HT29 cells. "P<0.05 vs. HT29_control. (C) SORBSI expression was suppressed with siRNA in the SW620 cell line.
SORBSI expression was successfully decreased. Following inhibition of SORBSI expression, cell proliferation was decreased. "P<0.05 vs. control siRNA.

siRNA, small interfering RNA; SORBSI, sorbin and SH3 domain-containing 1.

was increased in the SORBS1-overexpressed group compared
with the control group. Conversely, the proportion of cells in
G,/M phase was reduced in the SORBSI1-overexpressed group
compared with the control group (Fig. 3B). These findings
indicated that SORBSI overexpression induced an increase in
cells at S phase and activation of S phase may induce accelera-
tion of cell proliferation.

Furthermore, the proliferation of cells in the
SORBSI-overexpressed group was significantly higher than
that of the control group following treatment with 200 nM
insulin, a known SORBSI activator (Fig. 4A-C).

Suppression of SORSI decreased cell proliferation. Transient
knockdown of SORBSI in HT29 cells using siRNA for
96 h inhibited cell proliferation. Cell proliferation in the
SORBSI-knockdown group was reduced compared with

that in the control group. The difference was significant
between the knockdown group and the control group at all
incubation time points, with the exception of 72 h (Fig. 3C).
To elucidate the effect of consistent SORBSI1 suppression
on cell functions, HCT-116 and SNU-C4 cell lines were
transduced with shRNA. SORBSI1 expression was reduced
in the knockdown group compared with the control group
in both cell lines (Fig. 5A). Cell migration assays revealed
that the number of migrated cells was reduced in the
SORBSI-knockdown groups compared with in the control
groups in both HCT-116 and SNU-C4 cell lines (Fig. 5B-E).
The migration area of SORBSI-knockdown HCT-116 and
SNU-C4 cells was decreased by 31 and 26%, respectively
(Fig. 5F). Additionally, following treatment with 5-Fu, there
was no significant difference in cell viability between the
control and SORBS1-knockdown groups (Fig. S1).
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Figure 4. Effects of insulin on cell proliferation. The SORBS1-overexpressing HT29 stable cell line was treated with 200 nM insulin. (A) SORBSI expression
was validated by western blotting after insulin treatment. (B) Proliferation of control HT29 cells was measured after insulin treatment. (C) Proliferation of
SORBS1-overexpressing HT29 cells was measured after insulin treatment. "P<0.05 vs. HT29_SORBS1. SORBSI, sorbin and SH3 domain-containing 1.

SORBSI-AHNAK complex regulates cell proliferation
and migration. AHNAK protein was detected by immu-
noprecipitation and was shown to be a promising candidate
protein with numerous SORBS1-binding proteins (Table I).
Co-localization between SORBS1 and AHNAK was
confirmed using a co-immunoprecipitation assay (Fig. S2).
Immunocytochemistry revealed that SORBS1 and AHNAK
were co-localized in the cytoplasm (Fig. 6). Metformin did
not affect ROCK1 expression, but it induced expression of
SORBSI in the control group of both cell lines (Fig. 7A).
Both p-ERK and ROCKI1 were inhibited by suppression of
SORBSI1. SORBSI was increased by metformin treatment,
which induced ERK phosphorylation; however, the expression
of AHNAK was decreased as SORBSI expression increased.
AHNAK expression was negatively associated with SORBS1
expression, regardless of metformin treatment of whole cell
lysates (Fig. 7A). AHNAK expression was enhanced by
SORBSI knockdown and this enhancement originated from
the nucleus (Fig. 7B).

Nuclear SORBSI expression was greater than cytoplasmic
SORBSI expression. AHNAK, a nucleoprotein, is localized
in the nucleus. The nuclear expression of AHNAK was also
greater than cytoplasmic AHNAK expression. The nuclear
expression levels of AHNAK in the SORBSI-knockdown
group were higher than in the control group, regardless of
metformin treatment (Fig. 7B). The expression levels of
SORBSI1 and AHNAK were also negatively associated in both
the cytoplasmic and nuclear extracts. These findings indicated
that SORBSI may inhibit AHNAK.

Discussion

CAP is encoded by SORBSI and is a member of the SoHo
family of proteins. SoHo proteins interact with various

signaling molecules involved with cell migration (2,7,21,22),
and have been implicated in numerous cellular processes,
including insulin-stimulated glucose transport (2,23).

SORBSI has been reported to be differentially expressed in
newly established cell lines derived from patients with primary
colorectal cancer compared with in metastatic colorectal
cancer cells through microarray analysis. In this previous
study, variable expression of SORBSI was observed in a
number of colorectal cancer cell lines derived from primary
cancer and metastatic cancer (9). The mRNA expression levels
of SORBSI in Caco2 cells were very low, whereas the protein
expression levels of SORBSI in this cell line were very high.
mRNA and protein expression levels were often inconsistent
in this study, and the present results revealed that SNU-C4
had lower mRNA expression levels than SNU-769A; however,
protein expression levels were higher in SNU-C4 cells than
in SNU-769A cells. The discrepancy between the mRNA
and protein expression levels in these cells may be due to
post-transcriptional modification. To elucidate the endogenous
role of SORBSI, the expression of SORBS1 was manipulated
in several colorectal cancer cell lines. Colony formation ability
and proliferation were enhanced by overexpression of SORBS1
in the HT29 cell line. Conversely, the transient suppression
of SORBSI inhibited cell proliferation. Furthermore, the
constant suppression of SORBSI in the HCT-116 and SNU-C4
cell lines impeded cell migration. These findings suggested
that SORBSI suppression decreased important properties
involved in cancer cell proliferation and migration, indicating
that SORBSI may have an important role in sustaining cell
proliferation and in cancer metastasis.

Since SORBSI is known as an adaptor protein (1,6),
immunoprecipitation of SORBS1 was performed to search for
numerous binding components that may affect proliferation
and migration. The results identified AHNAK as a convincing



CHO et al: METASTATIC EFFECT OF SORBS1 ON COLORECTAL CANCER CELL LINES

HCT-116 shSORBS1
SNU-C4 shSORBS1

HCT-116 Control
SNU-C4 Control

SORBS1 — -' -

_—

o

*

F
’:p=0.00761
e

60
50
g
L] *
[ =
5 o *p=0.00889
k=)
E
= 30
§
£ 20
S
feH]
& 10
e o € -
@ o) 2 o
= @ S 2
= 7] % B
Q = & 3
I - :
5 =
Q 5}
B
Cell lines

1147

Figure 5. Effects of SORBSI suppression on cancer cell migration. To compare migration between the control and SORBS1-knockdown groups, a Boyden chamber
assay was used. Cells were seeded on the top of the insert with serum-free media, while complete medium was placed in the chamber below. Migratory cells passed
through the polycarbonate membrane and adhered to the bottom of the insert. (A) SORBS1 knockdown was confirmed in HCT-116 and SNU-C4 cells. Red images
indicate the cells analyzed by ImagelJ. (B) HCT-116 control group; (C) HCT-116 SORBS1 knockdown group; (D) SNU-C4 control group; (E) SNU-C4 SORBSI1
knockdown group. (F) Migratory ability of HCT-116 and SNU-C4 cells was decreased by SORBS1 knockdown. ‘P<0.05 vs. control shRNA. sh, short hairpin

RNA; SORBSI, sorbin and SH3 domain-containing 1.

candidate protein that may bind to SORBSI. Several studies
have reported that AHNAK functions as a cell cycle regu-
lator by binding to specific signaling molecules, including
TGFp/Smad (24-27).

Notably, SORBSI suppression simultaneously reduced
p-ERK expression, downregulated ROCK1 and upregulated
AHNAK. As aforementioned, SORBS1 and AHNAK were
co-localized through direct interaction; therefore, it may
be hypothesized that SORBS1 and AHNAK can bind each
other as a protein complex. Furthermore, AHNAK, a known
nucleoprotein was abundantly activated when SORBS1 was
suppressed. It has previously been reported that AHNAK
was a negative regulator of cell growth and acted as a tumor
suppressor via modulation of the TGFf/Smad signaling
pathway (26). Additionally, ROCK1 may regulate cell

migration ability (28). Indeed, in the present study, AHNAK
was increased in response to SORBS1 knockdown, and ERK
phosphorylation and ROCK1 expression were inhibited. These
findings indicated that AHNAK may inhibit the characteristics
associated with cancer metastasis.

The protein expression of SORBSI was relatively high
in SNU-C4 cells. Therefore, the expression of AHNAK was
difficult to observe due to the high expression of SORBSI.
Notably, more clear results were obtained from HCT-116
cells compared with SNU-C4 cells. It was revealed that the
expression levels of SORBS1 and AHNAK were negatively
associated in HCT116 and SNU-C4 cell lines. AHNAK
suppression might activate ERK phosphorylation and ROCK1
expression. Cell proliferation and migration could subsequently
be induced by p-ERK and ROCKI, respectively (29,30).
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Figure 6. Expression and subcellular location of endogenous CAP and AHNAK. Endogenous CAP and AHNAK were observed by confocal microscopy. CAP
and AHNAK were located in the cytoplasm in the HCT-116 control group. CAP and AHNAK were simultaneously located in not only the cytoplasm but also
in the nucleus. Nucleus (blue); CAP (green); AHNAK (red). AHNAK, AHNAK nucleoprotein; CAP, Cbl-associated protein.
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Figure 7. Protein expression of cancer metastasis-associated proteins in response to SORBSI1 knockdown. Protein expression was detected by western blotting.
Cells were treated with 1 mM metformin and the expression levels of SORBSI-related proteins were measured after 2 h. (A) Whole cell lysates, and (B) cyto-
plasmic and nuclear protein fractions were assessed. AHNAK, AHNAK nucleoprotein; p, phosphorylated; ROCK1, Rho-associated coiled-coil containing
protein kinase 1; sh, short hairpin RNA; SORBSI, sorbin and SH3 domain-containing; 1 t, total.

SORBSI1 knockdown decreased cell proliferation and  Protein Atlas results (http://www.proteinatlas.org) for patients
migration; this may be because SORBSI could no longer act  with colorectal cancer, the high SORBSI expression group
as an AHNAK inhibitor. Additionally, according to the Human  (n=120) had a lower survival rate than the low expression
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group (n=477). These results are consistent with the present
findings that SORBSI1, which inhibits AHNAK, may increase
proliferation and migration of colorectal cancer cells through
ERK phosphorylation and ROCK1 activation.

In conclusion, these results indicated that SORBS1 was
normally complexed with AHNAK. AHNAK may function
as a tumor suppressor through the inhibition of p-ERK and
ROCKI. Therefore, SORBSI could serve a key role in cancer
cell growth and migration via inhibition of AHNAK expres-
sion. Taken together, it was hypothesized that SORBS1 may be
a potential therapeutic target, the suppression of which could
inhibit metastasis of colorectal cancer.
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