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Crumbs3 is expressed in oral squamous cell
carcinomas and promotes cell migration and
proliferation by affecting RhoA activity
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Abstract. Despite the recent progression of treatments,
the 5-year survival rate of patients with oral squamous cell
carcinoma (OSCC) is still poor. One of the most critical
factors affecting prognosis is tumor metastasis. Developing
novel molecular targeted therapies by analyzing the
molecular pathway of OSCC metastasis is an urgent issue.
The present study aimed to characterize the expression
and function of crumbs3 (Crb3) in OSCC cell migration.
Immunohistochemistry and immunoblotting revealed that
Crb3 was expressed in tissues from patients with OSCC
and OSCC cell lines. The motility of OSCC cell lines was
decreased by knockdown of Crb3 without affecting prolif-
eration. However, Crb3-knockout (KO) clones exhibited
decreases in both cell migration and proliferation. The
expression of epithelial-mesenchymal transition markers was
not altered in Crb3-KO clones compared with parent cells.
A xenograft mouse model of lung metastasis revealed that
the metastatic potential of Crb3-KO clones was reduced.
As seen with Crb3-KO clones, the motility of OSCC cells
was decreased by treatment with inhibitors of RhoA activa-
tion. Serum-induced activation of RhoA in OSCC cells was
evaluated by comparing the amount of GTP-bound RhoA
using affinity matrices, revealing that RhoA activation was
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decreased in Crb3-KO clones. To the best of our knowledge,
the present study was the first to demonstrate that Crb3 was
expressed in squamous cell carcinoma tissues and promoted
cell migration and proliferation, which was associated with
RhoA activation in OSCC cells.

Introduction

Head and neck carcinoma is the seventh most common cancer
by worldwide incidence (1). Cancers of this type develop in
the craniocervical region, including the oral cavity, nasal
cavity, pharynx, and larynx. Approximately 90% of lesions are
histopathologically diagnosed as head and neck squamous cell
carcinoma (HNSCC) (1,2). In recent decades, HNSCC treat-
ments such as surgical and radiotherapeutic techniques, along
with combined modality therapies, have improved remarkably,
and disease-free survival of patients has been dramatically
extended. However, the five-year survival rate of patients with
HNSCC has remained 50-60% with no significant change, in
part because of tumor cell invasion followed by metastasis (3,4).
The largest studies have reported that the incidence of distant
metastases in HNSCC patients is approximately 3% at
initial presentation (5,6). However, distant metastasis during
the course of the disease varies between 9 and 38% (7-9).
Autopsy studies have revealed an even higher incidence of
distant metastasis (10,11). Overall survival at 24 months after
diagnosis of distant metastases is only 4-26.2% (12,13), and
the median time from distant metastasis to death is only
3.3-10 months (12-14). Thus, epidemiological data indicate
that the control of invasion and metastasis is an urgent issue
for therapy of HNSCC.

Rho-family GTPases are small guanine nucleotide-binding
proteins (G-proteins) that serve as critical regulators of cell
adhesion, migration, and spreading, exerting their effects
by modulating cytoskeletal dynamics through downstream
effector proteins (15). The activity of small G-proteins is
switched by guanine-nucleotide binding. The GTP-bound form
activates effector proteins. However, when GTP is cleaved,
the protein transitions to a GDP-bound form that cannot acti-
vate effectors. Guanine nucleotide exchange factors (GEFs)
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facilitate the exchange of GDP to GTP on small G-proteins,
while GTPase-activating proteins (GAPs) and GDP disso-
ciation inhibitors (GDIs) negatively regulate the activity of
small G-proteins. Another factor affecting the activity of
Rho-family GTPases is phosphorylation. Phosphorylation at
Ser-188 on RhoA by cAMP/cGMP-dependent kinase nega-
tively regulates RhoA activity by enhancing interaction with
GDI (16). The correlation between expression or activation of
Rho-family GTPases and tumor progression is context depen-
dent. However, RhoA is overexpressed in 80% of HNSCCs
compared with adjacent non-neoplastic epithelial tissues (17).
In addition, cortactin-dependent expression and activation
of RhoA has been shown to promote cell cycle progression
in the hypopharyngeal squamous cell carcinoma cell line
FaDu (18). Similarly, activation and serine-phosphorylation of
RhoA are associated with cell motility and invasion under the
regulation of protein kinase C (PKC) ¢ in UMSCCI1A and
UMSCC36 cell lines (19). Epidermal growth factor receptor
(EGFR) and the hyaluronan receptor CD44 are known to
form a complex that promotes growth and cell migration via
leukemia-associated RhoGEF (LARG), a RhoA specific GEF,
in the HNSCC cell line HSC-3 (20). Vav guanine nucleotide
exchange factor 2 (VAV2) is another Rho-specific GEF that
is overexpressed in HNSCCs and has been shown to asso-
ciate with regenerative proliferation in a RhoA-dependent
manner (21). Considered together, these findings support
the hypothesis that activation of RhoA promotes HNSCC
progression.

Crumbs (Crb)-family single-transmembrane proteins are
expressed in normal epithelial tissues, where Crb molecules
contribute to the establishment of apicobasal cell polarity.
The mammalian crumbs3 (Crb3) protein is a homolog of the
Drosophila Crb protein, and Crb3 seems to be expressed
in epithelial tissues (22). Crb3-knockout (KO) mice show
defects in the formation of glandular epithelium in lung,
kidney, and colon tissues (23,24). The expression and func-
tion of Crb3 in normal squamous epithelium (including skin,
esophagus, and oral tissues) have not (to our knowledge)
been examined. Our recent study demonstrated that Crb3
is strongly expressed in colon adenocarcinomas, especially
in metastatic foci, in comparison with non-neoplastic colon
epithelium, where the protein promotes invasion and metas-
tasis by activating fibroblast growth factor receptor (FGFR)
signaling (25). However, the expression and function of Crb3
in other carcinomas remains poorly elucidated. In the present
study, we revealed that Crb3 is endogenously expressed
in HNSCC tissues. HNSCC consists of heterogeneous
subgroups that arise from the oral cavity, larynx, oropharynx,
and hypopharynx. Oral squamous cell carcinoma (OSCC) is
the largest subgroup that constitutes approximately 40% of
all HNSCC. Functional analyses of Crb3 were performed
by either knock-down or knock-out of Crb3 in OSCC cell
lines. Our results suggested that Crb3 is expressed in OSCC
cell lines and promotes cell migration. To investigate how
Crb3 regulates the motility of OSCC cells, the activity of
RhoA was evaluated. A RhoA activation assay revealed that
the GTP-bound form of RhoA is significantly depleted in
Crb3-KO OSCC cell lines. This result represents the first
evidence that Crb3 promotes cell migration and RhoA acti-
vation in squamous cell carcinomas.

Materials and methods

Cell lines. Human OSCC cell lines Ca9-22, HSC-2, and
HSC-3 were obtained from the JCRB (Japanese Collection of
Research Bioresources) Cell Bank. The primary normal human
dermal fibroblast (NHDF) cell was obtained from ATCC
(#PCS-201-012, American Type Culture Collection). Crb3-KO
derivatives of OSCC cell lines were created by targeting a
genomic sequence (CCGTTCCTGCTGGCCCGCTG) in the
Crb3 allele using CRISPR-Cas9-based technology (25). The
isolation of single-cell clones of Crb3-KO cells was performed
by serial dilution. Deficiency of Crb3 protein was confirmed
by immunoblotting. All cell lines were cultured in RPMI-1640
medium (#189-02025, FUJIFILM Wako Chemicals) supple-
mented with 10~15% fetal bovine serum (FBS) (Hyclone,
#SH30071, Cytiva) and Penicillin-Streptomycin Solution
(#168-23191, FUJIFILM Wako Chemicals) at 37°C in a
humidified 5% CO, incubator. All the OSCC cell lines used
in this study were authenticated by STR analysis employing
the GenePrint 10 System (Promega) as shown in a previous
project (26) The patterns of STR markers of Ca9-22, HSC-2,
and HSC-3 used in this study were 100% identical with
JCRBO0625 (Ca9-22), JCRB0622 (HSC-2), and JCRB0623
(HSC-3), respectively.

Immunohistochemistry and absorption test. Immunohistological
experiments using tumor tissues surgically obtained from
patients with HNSCC were approved by the Research Ethics
Committee of Niigata University (approval no. 2019-0101). The
patients >20 years old who were diagnosed with HNSCC by
two pathologists and underwent radical surgical treatment at the
Niigata University Hospital from April 1,2017 to March 31,2019
were included. All participants provided informed consent to
participate in this study. The patient who refused to participate
in the study were excluded. A total of fourteen cases of primary
OSCC tissue (5 cases from tongue, 3 cases from oral floor,
3 cases from pharynx, 2 cases from larynx, and 1 case from
gingiva) and 3 cases of paired cervical lymph node metastatic
lesions from consecutive patients were analyzed. TNM staging
was determined according to the 8th edition of the Union for
International Cancer Control TNM classification. For the
immunohistochemistry, paraffin-embedded sections were
deparaffinized, and antigen retrieval was performed in 10 mM
sodium citrate buffer (pH 6.0) using a Pascal Pressure Chamber.
Antigen-retrieved sections were incubated overnight at 4°C with
anti-human Crb3 monoclonal antibody in phosphate-buffered
saline (PBS) containing 1% bovine serum albumin (BSA), then
stained using a Histofine DAB (diaminobenzidine) substrate kit
(#425011, Nichirei Bioscience). The anti-human Crb3 monoclonal
antibody (anti-Crb3 antibody) was obtained as described previ-
ously (25). The DAB-stained sections were counterstained with
Mayer's hematoxylin (#30004, Mutoh Pure Chemical Industries).
For the absorption test, 2.0 ug of anti-Crb3 antibody and 0.75 ug
of the epitope peptide (NH2-VGARVPPTPNLKLPPEERLI,
1:25 molar ratio) were mixed in 1.2 ml of PBS containing
1% BSA and incubated for 15 min at room temperature before
initiating the primary antibody reaction.

Immunoblotting. Commercially obtained antibodies employed
in this study were as follows: anti-B-tubulin (1/2,000 dilution;
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#PMO054-7, Medical & Biological Laboratories), anti-RhoA
(1/250 dilution; #ARHOS5, Cytoskeleton, Inc.), anti-SNAIL2
(1/1,000 dilution; #12129-1-AP, Proteintech), and
anti-E-cadherin (1/1,000 dilution; #610181, BD Biosciences).
Antibody dilutions and reactions were performed using
Can Get Signal Solution 1 (#NKB-201, Toyobo). Freshly
cultured cells were washed in PBS and lysed by adding
1X Laemmli sample buffer. After incubation at 95°C for
3 min, protein samples were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
using Tris-glycine buffer. For immunoblotting using Crb3
antibody, blocking of protein-bound PVDF membranes was
performed using 0.2% BSA (#017-25771, FUJIFILM Wako
Chemicals). For immunoblotting using anti-RhoA antibody,
blocking of membranes was performed using TBST (10 mM
Tris, pH 7.2, 0.05% Tween-20) containing 1% skimmed
milk. For immunoblotting with all other primary antibodies,
blocking of membranes was performed with PBST (PBS,
0.05% Tween-20) containing 1% skimmed milk. All blocking
reactions consisted of a 30-min incubation. The reactions with
horseradish peroxidase (HRP)-conjugated secondary antibody
and membrane washing were conducted in PBST or TBST.
Immunoreactivity was visualized using ImmunoStar® Zeta
(#291-72401, FUJIFILM Wako Chemicals) or ImmunoStar®
LD (#296-69901, FUJIFILM Wako Chemicals) and detected
using the ChemiDoc Touch MP Imaging System (#17001402JA,
Bio-Rad).

Immunofluorescence. Freshly cultured cells were fixed in
4% paraformaldehyde for 10 min at room temperature. Fixed
cells were washed twice in PBS and permeabilized in PBST for
10 min at room temperature. Permeabilized cells were blocked
in PBST containing 1% BSA for 30 min at room temperature.
Immunoreaction with anti-Crb3 antibody or anti-RhoA
antibody (1:1,000) diluted in PBS was carried out overnight
at 4°C on a reciprocal shaker. Immunoreaction of fluorescent
dye-conjugated secondary antibody was performed for 30 min
at room temperature. Counterstaining with Hoechst 33342
(#H-3570, Thermo Fisher Scientific) was performed simul-
taneously with the secondary antibody reaction. Fluorescent
images were acquired using an inverted fluorescence micro-
scope (IX71, Olympus).

Transfection of siRNA. Crb3 gene silencing in OSCC cells
was performed using Silencer Select pre-designed siRNAs
(Thermo Fisher Scientific). The product number and target
sequence of siRNAs used to knock-down Crb3 were as
follows: siCrb3-1 (#s40936, CAGGGAAGAAGGUACUUC
A), siCrb3-2 (#s195567, AGUGCUUAAUAGCAGGGAA).
Silencer select Negative Control No. 1 siRNA (#4390843,
Thermo Fisher Scientific) was used as a control. siRNAs (10 nM
final concentration) were transfected using ScreenFect™
siRNA (#299-75001, FUJIFILM Wako Chemicals) and a
forward transfection protocol.

MTT assay. Cells (1x10* per well) were seeded into 24-well
plates in RPMI-1640 medium supplemented with 10% FBS
(10% FBS/RPMI-1640); plates were incubated at 37°C in
a 5% CO, incubator. Cell growth was assessed using MTT
reagent (Cell Count Reagent SF, #07553-44, Nacalai Tesque)

starting 24 h after seeding, and analysis was repeated every
24 h thereafter by measuring the absorbance at 450 nm
using an iMark microplate reader (#1681135JA, Bio-Rad).
To assess the effect of RhoA inhibitors, culture medium was
replaced with fresh medium containing 15 yM Y16 #Y-12649,
MedChemExpress, NJ, USA) or 20 yuM Rhosin (#555460,
Merck, NJ, USA) at 24 h after seeding the cells.

Transwell migration assay. To evaluate cell migration ability,
1x10° OSCC cells suspended in 200 ul Opti-MEM were
loaded into the upper compartment of a Transwell chamber
(#3422, Corning, Inc.). The lower chamber was loaded with
500 p1 of Opti-MEM supplemented with 10% FBS. At 24-48 h
after seeding, the cells in the upper chamber were removed
with a cotton swab, and the remaining cells (those that had
migrated through the Transwell membrane) were stained
with Hoechst 33342. Fluorescent images were captured using
an inverted fluorescence microscope (IX71). The number
of nuclei was counted in three different fields using ImagelJ
software (version 1.52a, https://imagej.net/). To investigate
whether RhoA inhibitors affect cell migration, the cells were
pretreated with 10% FBS/RPMI-1640 containing 15 uM Y16
or 20 M Rhosin for 24 h. Y16 or Rhosin was added to the
growth medium in both the upper and lower chambers to
ensure consistent exposure.

Xenograft model of OSCC lung metastases. All procedures
were in accordance with the protocols approved by the Animal
Care and Use Committee of Niigata University School of
Medicine (approval number: SA00875). Six immunodeficient
mice (SHO-Prkdc*“ Hr'") were obtained from Charles River
Laboratories International, Inc.. The animals were maintained
at 22-24°C and 40-60% humidity under a light-dark (12-12 h)
cycle of ad libitum feeding in a specific pathogen-free envi-
ronment. Suspensions of wild-type or Crb3-KO HSC-2 cells
(1x10%/200 ul PBS) were injected into tail veins of 10-week-old
female mice using 29-gauge insulin syringes. The average
weight was 28.5 gram/mouse at the start of the experiment.
Wild-type (n=3) and Crb3-KO (n=3) cell-injected mice were
sacrificed concurrently between 61-75 days after injection.
20% of body weight reduction from baseline or the defined
period of 75 days were used to determine the endpoint of the
experiment. Cervical dislocation was conducted for euthanasia
of mice. The animals were anesthetized by intraperitoneal
injection of combination anesthetic (0.3 mg/kg of medetomi-
dine, 4.0 mg/kg of midazolam, and 5.0 mg/kg of butorphanol)
before euthanasia. Isolated lung specimens were fixed with
10% buffered formalin for 48 h and embedded in paraffin.

Detection of serum-induced activation of RhoA. Cells
(1x10°) were seeded in a 35-mm dish and incubated for 24 h.
Cells then were washed twice with PBS and serum-starved
for 2 h in Opti-MEM at 37°C in 5% CO,. Next, cells were
stimulated for 30 min in RPMI-1640 containing 10% FBS
at 37°C in 5% CO,. Isolation of activated RhoA protein
from the cell lysate was performed using the Rho Activation
Assay Biochem Kit (# BK036-S, Cytoskeleton) according to
the manufacturer's instructions. The protein samples were
subjected to 15% SDS-PAGE followed by immunoblot analysis
using anti-RhoA-specific antibody.
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Statistical analysis. The data from MTT and Transwell assays
are presented as the mean + SD of triplicate experiments.
Statistical significance was determined using a one-way
ANOVA followed by Bonferroni's post hoc test. BellCurve for
Excel (version 3.23), a statistical add in software was purchased
(https://bellcurve jp/ex/, Social Survey Research Information
Co., Ltd.) and used by adding into Microsoft Excel 2013 to
conduct statistical analyses. P<0.05 was considered to indicate
a statistically significant difference.

Results

Crb3 is expressed in HNSCC patient tissues. Immuno-
histochemistry was performed on formalin-fixed
paraffin-embedded tissue sections from fourteen patients with
HNSCC using a monoclonal anti-Crb3 antibody (Figs. 1, S1
and S2; Table SI). Absorption tests were performed in parallel
to evaluate the specificity of the antibody and the level of
background staining (Figs. SI1 and S2). All of the primary
HNSCC tissues and metastatic lesions in cervical lymph nodes
showed positive staining for Crb3; the absorption tests did not
detect background staining, confirming the specificity of the
antibody (Figs. 1, SI and S2). HNSCCs appeared to display
stronger Crb3 staining than did adjacent non-neoplastic
squamous epithelial tissues (Fig. S1). Most Crb3-positive cells
were observed in the prickle cell layer, with Crb3 protein
exhibiting apically distributed localization in juxtanuclear
cytoplasm in non-neoplastic tissues (Fig. S1).

Crb3 is expressed in OSCC cell lines. Next, the endog-
enous expression of Crb3 protein in OSCC cell lines Ca9-22,
HSC-2, and HSC-3 was evaluated by immunoblotting using
a monoclonal anti-Crb3 antibody. Cell lysates from the colon
cancer cell line DLD-1 and normal human dermal fibroblasts
(NHDFs) were employed as positive and negative controls,
respectively. Expression of Crb3 was detected in Ca9-22,
HSC-2, and HSC-3. Although Crb3 is predicted to have a
molecular mass of approximately 13 kDa, immunoblotting
detected the protein as multiple smeary bands in the 25- to
45-kDarange (Fig. 2A). These data suggested that Crb3 protein
is modified by N-glycosylation in OSCC cells, as had been
reported in adenocarcinoma cells and MDCK cells (27,28).
In addition, immunofluorescent staining of OSCC cell lines
was performed. Crb3 localized primarily in cytoplasmic gran-
ules in HSC-2 and HSC-3 cells, while Ca9-22 cells showed
dispersed localization of Crb3 in the cytoplasm and partly in
the plasma membrane (Fig. 2B). These subcellular localization
patterns of Crb3 were commonly observed in OSCC cells in
patient tissues (Figs. 1, SI and S2).

OSCC cells with Crb3 knock-down exhibit decreased cell
motility. Because Crb3 is involved in colon adenocarcinoma
cell migration and metastasis, Crb3 function in OSCC cell
migration was investigated by siRNA-based knock-down
(KD) of Crb3. Crb3 expression in Ca9-22 and HSC-2 cells
was knocked down using two siRNAs (siCrb3-1 and siCrb3-2)
that target different sites on the Crb3 transcript. The effi-
ciency of knock-down by siRNAs was evaluated by detecting
endogenously expressed Crb3 protein using immunoblotting
(Fig. 2C and F). Ca9-22 cells treated with siCrb3-1 or siCrb3-2

displayed 92 and 75% reduction in cell motility, respectively,
compared to control siRNA-treated cells (Figs. 2D and S3A).
Similarly, HSC-2 cells treated with siRNAs showed 65% and
55% reduction compared to controls (Figs. 2G and S3B).
Although the small difference in proliferation of siCrb3-2
treated Ca9-22 cells was observed at 96 h (Fig. 2E), siCrb3-1
treated cells did not show such difference. The proliferation
was not significantly affected by knocking down Crb3 in
HSC-2 cells (Fig. 2H).

Knockout of Crb3 affects both cell motility and proliferation
in OSCC cells. To assess whether the siRNA experimental
results were due to off-target effects, Crb3-KO cell clones
were established using the CRISPR-Cas9 system. Crb3-KO
clones derived from Ca9-22 or HSC-2 were isolated by serial
dilution. The deficiency of Crb3 protein in Crb3-KO clones
of Ca9-22 (Fig. 3A) or HSC-2 (Fig. 3E) was confirmed by
immunoblotting. The motility of parent and Crb3-KO clones
of OSCC cell lines was examined by a Transwell cell migra-
tion assay. Compared to parent Ca9-22 cells, Crb3-KO clones
(CKO#1 and CKO#2) exhibited 60 and 97% reduction in cell
migration (Figs. 3B and S3C). Similarly, Crb3-KO clones
(HKO#1 and HKO#?2) showed more than 90% reduction in
migration compared to parent HSC-2 cells (Figs. 3F and S3D).
However, unlike Crb3-KD cells, the proliferation of Crb3-KO
OSCC clones was slightly suppressed (CKO#1: 29%, CKO#2:
36%, HKO#1: 28%, HKO#2: 28%) compared to that of the
respective parent cells (Fig. 3C and G). To investigate whether
Crb3 promotes migration via the epithelial-mesenchymal
transition (EMT) mechanism in OSCC cells, the expression
of EMT markers was evaluated. Immunoblotting revealed that
E-cadherin was expressed in both parent and Crb3-KO cells at
different expression levels. In addition, the expression of EMT
inducer snail family transcriptional repressor-2 (SNAI2) was
not dramatically altered in Crb3-KO cells compared to parent
cells for either cell line (Fig. 3D and H).

Crb3-KO OSCC cells show a significant reduction of lung
metastases. The metastatic potentials of parent and Crb3-KO
cells were evaluated using a xenograft model of hematogenous
lung metastases (Fig. 4). Parent or Crb3-KO HSC-2 cells
were injected into the tail veins of SCID Hairless Outbred
(SHO-Prkdc*““ Hr'") mice. As a result, no metastases were
observed in Crb3-KO HSC-2 cell-injected mice during the
study period (n=3), whereas parent cell-injected mice devel-
oped multiple metastases in the lungs (n=3). These results
indicate that Crb3 plays a key role in OSCC metastasis to the
lung.

RhoA activation contributes to OSCC cell migration and
proliferation. Rhosin is a small molecule inhibitor of RhoA
activation. Rhosin contacts RhoA within the GEF-binding
pocket, in proximity to tryptophan 58 of RhoA, to block the
interaction of general Rho-GEFs with RhoA (29). To investi-
gate whether the RhoA pathway is involved in the malignant
behavior of OSCC, cell proliferation was analyzed by MTT
assay using unmodified Ca9-22 or HSC-2 cells. Cell prolifera-
tion of both cell lines was partially inhibited in the presence
of higher concentrations of Rhosin (Fig. 5A and E). Y16,
another inhibitor of RhoA activation, specifically blocks the
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Figure 1. Crb3 is widely expressed in tissues from patients with head and neck squamous cell carcinoma. Immunohistochemical analyses were performed
using squamous cell carcinoma tissues of the head and neck region, including the tongue, gingiva, oral floor, oropharynx, hypopharynx and larynx. Left panels
display HE staining. Center panels indicate immunohistochemistry using an anti-Crb3 antibody with hematoxylin counterstaining. Right panels show higher
magnification images of the dashed-line squares in the center panels. Crb3, crumbs3.
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Figure 2. Knockdown of Crb3 suppresses motility in OSCC cells. (A) Crb3 expression in cells was evaluated by immunoblotting. Cell lysates from NHDF and
the DLD-1 colon adenocarcinoma cell line were used as negative and positive controls, respectively. (B) Subcellular localization of Crb3 (red) in OSCC cell
lines was analyzed by immunofluorescence. Cells were counterstained with Hoechst 33342. Bottom panels indicate Crb3 staining merged with Hoechst 33342
(blue) and phase contrast. Scale bar, 20 ym. Crb3 protein expression in (C) Ca9-22 or (F) HSC-2 cells treated with siRNAs was evaluated by immunoblots.
Motility of (D) Ca9-22 or (G) HSC-2 cells treated with siRNAs was examined by Transwell migration assays. Proliferation of (E) Ca9-22 or (H) HSC-2 cells
treated with siRNAs was assessed by MTT assays. Asterisks indicate statistically significant differences ('P<0.01). Crb3, crumbs3; NHDF, normal human
dermal fibroblast; OSCC, oral squamous cell carcinoma; si/siRNA, small interfering RNA.

interaction between RhoA and regulator G-protein-signaling
RhoGEFs (RGS-RhoGEFs) (30). As with Rhosin, the addition
of 25 uM Y16 inhibited the proliferation of Ca9-22 and
HSC-2 (Fig. 5B and F). In addition, Transwell chamber assays
revealed that the cell migration of Ca9-22 (Figs. 5C and S3E)
and HSC-2 (Figs. 5G and S3F) was significantly inhibited in
the presence of 20 M Rhosin or 15 yM Y16 without affecting
proliferation.

RhoA activation is abrogated in Crb3-KO cells. Rho-family
small GTPases are major regulators of the cytoskeleton and
are related to biological processes including cell migration.

To address whether Crb3 affects the RhoA signaling pathway,
the amount of activated RhoA in parent and Crb3-KO OSCC
clones was examined. Endogenously expressed GTP-bound
Rho-family GTPases were captured biochemically from lysates
of serum-stimulated OSCC cells using rhotekin Rho-binding
domain (RBD)-immobilized beads. Total cell lysates and
RBD-captured samples were analyzed by immunoblotting
using an anti-RhoA-specific antibody. Immunoblot analysis
showed that GTP-bound RhoA is significantly depleted in
Crb3-KO clones in both Ca9-22 and HSC-2 (Fig. 5D and H),
suggesting that Crb3 functions as an upstream regulator of the
RhoA pathway in OSCC cell migration.
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Figure 3. Knockout of Crb3 in oral squamous cell carcinoma cells reduces cell motility without affecting EMT markers. Crb3 protein expression in Crb3-KO
clones of (A) Ca9-22 or (E) HSC-2 cells was examined by immunoblotting. Motility of wild-type (parent) and Crb3-KO clones of (B) Ca9-22 or (F) HSC-2
was evaluated by Transwell migration assays. Proliferation of wild-type and Crb3-KO clones of (C) Ca9-22 or (G) HSC-2 was assessed using an MTT
assay. EMT-related markers expressed in wild-type and Crb3-KO clones of (D) Ca9-22 or (H) HSC-2 were evaluated by immunoblotting. Asterisks indi-
cate statistically significant differences ('P<0.01). Crb3, crumbs3; Crb3-KO, crumbs3-knockout; CKO, Ca9-22 Crb3-KO clone; E-cad, E-cadherin; EMT,
epithelial-mesenchymal transition; HKO, HSC-2 Crb3-KO clone; SNAI-2, snail family transcriptional repressor 2; WT, wild-type.
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Figure 4. Crb3-knockout oral squamous cell carcinoma cells exhibit reduced lung metastases. Excised lungs (top panels) and HE-stained lung sections
are presented. Visible metastatic tumors (yellow arrowheads) were observed on the surfaces of excised lungs from wild-type HSC-2 cell-injected mice.
Low-magnification images show multiple metastatic lesions (black arrowheads) inside of the lungs from wild-type HSC-2 cell-injected mice, whereas lung
metastases were not detectable in Crb3-KO HSC-2 cell-injected mice. Blue arrowheads indicate the regions observed at higher magnification. Crb3, crumbs3;
Crb3-KO, crumbs3-knockout.
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Figure 5. Crb3 promotes cell migration and proliferation by activating the RhoA pathway in oral squamous cell carcinoma cells. Proliferation of (A) Ca9-22
or (E) HSC-2 cells treated with Rhosin was analyzed by MTT assays. Proliferation of (B) Ca9-22 or (F) HSC-2 cells treated with Y16 was analyzed by MTT
assays. Motility of (C) Ca9-22 or (G) HSC-2 cells treated with 15 xM Y16 or 20 M Rhosin was examined by Transwell migration assays. Serum-induced acti-
vation of RhoA was assayed. GTP-bound RhoA expressed in wild-type and Crb3-KO cell clones of (D) Ca9-22 and (H) HSC-2 was isolated using recombinant
RhoA binding domain of Rhotekin-conjugated beads and analyzed by immunoblotting using an anti-RhoA antibody. Asterisks indicate statistically significant
differences ("P<0.01). Crb3, crumbs3; Crb3-KO, crumbs3-knockout; CKO, Ca9-22 Crb3-KO line; DMSO, dimethyl sulfoxide; GTP, guanosine triphosphate;
HKO, HSC-2 Crb3-KO clone; RhoA, ras homolog family member A; WT, wild-type.

Discussion

Despite advances in multimodal therapy, the long-term survival
of patients with HNSCC has not been meaningfully improved.
Distant metastasis is one of the major factors adversely
affecting the prognosis of such patients. Finding practical
diagnostic markers and developing molecular targets against
tumor metastasis based on biological analysis of HNSCC are
urgent issues. Our study sought to assess a novel regulatory
molecule involved in malignant behaviors in OSCC, a cell
type that constitutes the largest subgroup of HNSCCs (1).

Crb originally was discovered as an essential fly gene
employed by Drosophila for ectodermal embryogenesis.
Three Crb paralogs have been identified in the human genome,
and Crb3 likely is expressed in all human epithelial cells. In a
previous study, we showed that a novel monoclonal antibody
raised against a C-terminal peptide unique to isoform A of
human Crb3 successfully detects endogenously expressed
Crb3 in colon adenocarcinomas and adjacent non-neoplastic
tissues (25). However, the expression and function of Crb3 in
human tissues remain poorly understood.

Immunostaining revealed that Crb3 is expressed in
OSCC cell lines and tissues from patients with HNSCC.
Subcellular localization of Crb3 was observed predominantly
as cytoplasmic granules in most HNSCC tissues, but a diffuse

staining pattern typically was observed in the cells of neigh-
boring tissues (Fig. 1). Staining of HSC-2 and HSC-3 showed
a cytoplasmic granule pattern, whereas a more diffuse pattern
was observed in Ca9-22 cells (Fig. 2B). These differences in
subcellular localization of Crb3 may reflect differences in the
character of the originating tissues. However, tumor-adjacent
non-neoplastic tissues displayed much weaker staining
compared to OSCC tissues (Fig. S1). Crb3-KO mice exhibit
severe defects in ductal epithelia in the intestine, kidney,
and lung without gross anatomical defects at the body
surface (23,24). These results may indicate that Crb3 is not
essential for the development of the normal squamous epithe-
lium. In contrast, the results of the present study indicated that
OSCC cell migration was inhibited either by the knock-down or
knock-out of Crb3, implying that Crb3-dependent cell migra-
tion occurs only in cancer cells in squamous epithelial tissues.
EMT markers were not significantly altered by a deficiency of
Crb3, suggesting that EMT is not a major downstream process
by which Crb3 enhances the motility of OSCC cells. Crb3-KO
OSCC clones were viable, albeit while displaying impaired
cell growth; in contrast, knock-down of Crb3 did not appear
to affect proliferation in OSCCs. Crb3 heterozygous mutant
mice do not show apparent defects (23,24), suggesting that
low-level expression of Crb3 is sufficient to drive proliferation
of Crb3-KD cells.
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The Rho family of GTPases comprises 20 members, which
are involved in divergent cellular processes including cell
migration and proliferation; these effects are mediated by the
regulation of downstream effector molecules. The knock-down
or knock-out of RhoA triggers compensatory changes in the
expression of other Rho family genes; for instance, the induction
of RhoB and RhoC has been reported under such condi-
tions (31,32). To exclude the effect of compensation, analysis
of the RhoA function in OSCC cell migration was demon-
strated using inhibitors rather than knock-down or knock-out
of RhoA. Specifically, 20 puM Rhosin and 15 yM Y16 were
employed in assays demonstrating that the inhibition of RhoA
activation affects cell migration without affecting prolifera-
tion. However, we note that exposure of cells to 50 #M Rhosin
or 25 uM Y16 inhibits cell proliferation (Fig. 5A, B, E and F),
suggesting that RhoA plays a bifunctional role in OSCC cells
in an activity-dependent manner.

To assess whether Crb3 affects RhoA signaling, the acti-
vation of RhoA was assayed using parent cells and Crb3-KO
clones. Crb3-KO clones of Ca9-22 and HSC-2 demonstrated
decreased serum-induced activation of RhoA compared to that
in the respective parent cells. However, RhoA activation was
not decreased by knock-down of Crb3 using siRNAs. Similarly,
the proliferation of Ca9-22 and HSC-2 was not decreased
significantly by knock-down of Crb3 (Fig. 2E and H), whereas
Crb3-KO clones exhibited impaired proliferation. These
results may indicate that depletion of Crb3 by siRNA treat-
ment is not sufficient for inactivation of RhoA and reduction of
proliferation, or it may indicate that Crb3-dependent activation
of RhoA is coupled to proliferation rather than cell migration
in OSCC cells.

Members of the RGS-RhoGEF family of proteins, which
includes LARG, PDZ-RhoGEF, and p115-RhoGEEF, are regu-
lated by the Ga.,,,,; subunits of heterotrimeric G-proteins (33).
Transwell cell migration assays indicated that the migration of
OSCC cells was reduced significantly not only by the general
RhoA inhibitor Rhosin but also by the RGS-RhoGEF-specific
inhibitor Y16, suggesting that Crb3 affects RhoA activation in
a RGS-RhoGEF-dependent manner.

There are two limitations of this study. First, the detailed
molecular mechanism of RhoA activation was not clarified. The
intracellular domain of Crb3 protein contains the PDZ-domain
binding motif (PBM) and the FERM-domain binding motif
(FBM). Intriguingly, LARG and PDZ-RhoGEF contain the
PDZ-domain in their N-terminal regions. Therefore, the
molecular interaction between the PBM of Crb3 and RhoGEFs
should be investigated. The other limitation is that the number
of samples analyzed by immunohistochemistry was still
small. Although The Cancer Genome Atlas dataset of HNSCC
cohorts displays no apparent correlation between Crb3 mRNA
expression and tumor malignancy or patient prognosis (data
not shown), analyses of protein expression may be more appro-
priate to assess the clinical significance of Crb3 in HNSCC.
Accordingly, further pathological investigations along with
immunohistochemistry should be performed using larger
tissue samples.

This study showed, for the first time (to our knowledge),
that Crb3 is expressed in HNSCC patient tissues and OSCC
cell lines. Additionally, functional analyses of Crb3, using
knock-down or knock-out cells, demonstrated that Crb3 is

involved in cell migration and proliferation, and that these
effects are mediated by changes in RhoA activity in OSCC
cells. These findings reveal novel aspects of Crb3 function,
an insight that has potential value for the identification of
molecular targets with activity against OSCC metastasis.
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