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Small ubiquitin-related modifiers (SUMO) represent a class of
ubiquitin-like proteins that are conjugated, like ubiquitin, by
a set of enzymes to form cellular regulatory proteins, and play
key roles in the control of cell proliferation, differentiation,
and apoptosis. We found that ginkgolic acid (GA) can signifi-
cantly reduce cell vitality in a dose- and time-dependent manner
and can also accelerate cyto-apoptosis in both Tca8113 and Cal-
27 cells. Migration and wound-healing assays were executed to
determine the anti-migration effect of GA in oral squamous
cell carcinoma (OSCC) cell lines. GA represses transforming
growth factor-Bl1 (TGF-B1)-induced epithelial-mesenchymal
transition (EMT) markers in OSCC cell lines. This investigation
is the first evidence that GA suppresses TGF-B1-induced SU-
MOylation of SMAD4. We show that GA affects the phosphor-
ylation of SMAD2/3 protein and the release of SMAD4. In the
xenograft mouse model, the OSCC progression was reduced
by GA, effectively suppressing the growth of tumors. In addi-
tion, siSMAD4 improved cell migration and viability, which
was inhibited by GA in Tca8113 cells. GA suppresses tumorige-
nicity and tumor progression of OSCC through inhibition of
TGF-B1-induced enhancement of SUMOylation of SMADA4.
Thus, GA could be a promising therapeutic for OSCC.

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the sixth most
common cancer worldwide."”* Of all subtypes of oral malignancies,
90% constitute the oral squamous cell carcinoma (OSCC), which is a
locally aggressive tumor, and whose invasion and metastasis results
from the adaptation to a particular microenvironment.” Moreover, it
has been shown that the high rate of morbidity is due to both locore-
gional recurrence and distant metastasis. For this reason, the 5-year sur-
vival rate remains steady at approximately 50%-55%.>* A remarkable
phenotype plasticity of epithelial cells underlies morphogenesis, epithe-
lial repair, and tumor invasiveness. Members of the transforming
growth factor (TGF) family can initiate and maintain an epithelial-
mesenchymal transition in a variety of biological systems and patho-
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physiological contexts by activating major signaling pathways and tran-
scriptional regulators that are integrated into extensive signaling net-
works.” The purpose of this investigation was to review the distinct
physiological contexts of EMT and the underlying molecular signaling
networks controlled by TGF-B1.° TGF-B1 regulates its pleiotropic bio-
logical activities through the activation of the downstream SMAD
signaling pathways.”” Crucially, regulation of the SMAD4 tumor sup-
pressor, the central mediator of the TGF-/SMAD signaling pathway, is
common in malignant HNSCC. The importance of SMAD4 in HNSCC
was recently established by a study in which SMADA4 loss caused defects
in the Fanconi anemia/BRCA (FANC/BRCA) pathway, leading to
genomic instability in mice and spontaneous HNSCC."’

Protein modification by small ubiquitin-related modifiers (SUMOs)
controls a diverse array of cellular functions. In particular, the dysre-
gulation of SUMOylation or deSUMOylation processes has been
implicated in the development of cancer.'' SUMOylation is mediated
by an enzymatic cascade reaction similar to ubiquitination. These
enzymes include the E1 SUMO-activating enzyme, the E2-conjugating
enzyme Ubc9, and an E3 ligase, which promotes the transfer of SUMO
from Ubc9 to specific proteins.'*'* Post-translational conjugation of
small ubiquitin-related modifier proteins has been shown as one of the
major modifications that regulate various biological systems. In recent
years, it was shown that TGF-B1-induced SUMOylated PML/Pinl
activation in response to TGF-B1/SMAD signaling and contributes
significantly to myocardial fibrosis.'> Additionally, SMAD4 is the cen-
tral mediator of TGF-B/SMAD signaling and shuttling between the
cytoplasm and the nucleus.'”'” The SMAD4 protein is modified in
the post-translational level by SUMO proteins in the TGF-f signaling
pathway, whereby SMAD4 is SUMOylated, and SUMO-1 forms
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Figure 1. GA Inhibits Cell Viability and Induces Cyto-
apoptosis of OSCC
(A and B) Tca8113 cells (A) and Cal-27 cells (B) were incu-
bated with increasing concentrations of GA for 24 h. Relative
or percent cell viability was determined by CCK-8 assay and
based on the OD (optical density) values as indicated in the
Materials and Methods. Data are expressed as the mean +
e SEM of three independent experiments. Statistically signifi-
I-—-I lﬁl cant differences are marked with *p <0.05, **p <0.01, and
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determined by electron microscope analysis. Magnification:
x5,000. Scale bar, 2 um. (D) Apoptotic cells were determined
by TUNEL fluorescence staining on Tca8113 cells and Cal-
27 cells. The nuclei were stained blue with DAPI. Blue, DAPI;
red, TUNEL. Magnification: x200. Scale bar, 10 um. (E-F)
The rate of apoptotic positive cells in GA(10 **p <0.01 versus
control group.

blocking the formation of an E1-SUMO thioester
complex.'""'” Prior studies have also indicated that
GA could inhibit the proliferative effect of human
cancer cells through the induction of apoptosis.”
However, the role of GA as a SUMO scavenger for
impacting cancer cell migration has yet to be
explored, which is appealing given the possible
regulation of the TGF-B/SMAD pathway by
SUMOylation. Therefore, in this study, we screened
for inhibitors of protein SUMOylation from a botan-
ical extract library by using an in situ SUMOylation
screening system. We found the inhibitory activity
of protein SUMOylation in the extract of ginkgo bi-
loba leaves and identified GA as an inhibitor. GA
e and its structural analog inhibited SUMOylation
both in vitro and in vivo. The discovery of alow-mo-
lecular inhibitor of protein SUMOylation is particu-
larly useful for drug development.’

Abundance of apoptotic
positive cells(%)
Abundance of apoptotic

complexes with SMAD4. The accumulation of SUMO-1 is directly
related to SMAD4 SUMOylation; however, these findings indicate
an opposite effect of SUMOylation on SMAD4 activity, which can
play a positive or negative role in regulating TGF-B/SMAD
signaling.'® Thus, an in-depth analysis of SMAD4 targets is needed
to better understand the molecular mechanism by which the canonical
TGEF-B signaling pathway controls cell function.'®

Ginkgolic acid (GA) exists in leaves, nuts, and external seed coatings of
ginkgo. GA has been shown to exhibit various pharmacological
activities, such as antitumor, anti-depressant, anti-fungal, and anti-micro-
bial effects.”” >’ By directly binding to E1, GA impaired SUMOylation by

' RESULTS

GA Suppresses the Viability of OSCC Cell

Lines

Prior studies have indicated that GA could inhibit

the growth of various tumorigenic cell lines.”* To
analyze the effect of GA against Tca8113 and Cal-27 cells, we treated
the cells with various concentrations (2, 5, 10, 20, and 40 uM) for 24 h
and then assessed cell viability using the cell counting kit-8 (CCK-8)
assay. Treatment of cells with GA led to growth inhibition in a dose-
dependent manner in both cell lines. Tca8113 cell viability decreased
by approximately 31.23% and 41.79% in cells incubated with GA
(5 pM and 10 pM, respectively) for 24 h. Meanwhile, GA (5 uM
and 10 pM) inhibited Cal-27 cell viability by approximately 31.13%
and 53.53%, respectively (Figures 1A and 1B). The results demon-
strate that the historicity of the GA ICs, value is less than or equal
to a 10 pM concentration (Figures 1A and 1B). Therefore, all
in vitro migration studies were performed below the 10 uM dose level.
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Figure 2. GA Represses Migration of OSCC Cell Lines
(A) Migration capacity of oral squamous cancer cells
(Tca8113 and Cal-27) cultured with TGF-B1 and treated
with GA was determined by the in vitro transwell migration
system. Representative photographs of migratory cells on
the membrane are shown. Scale bar, 10 um. (B) GA
significantly suppressed the migration of Tca8113 cells and
Cal-27 cells as reported by the wound-healing assay. Scale
bar, 100 um. (C and D) Averaged data (mean + SEM, n = 3)
from transwell migration assay showing the concentration-
dependent suppression of migration. Statistically significant
differences are marked with *p < 0.05, #p < 0.01, and **#p
<0.001 by one-way ANOVA Tukey's test, compared with
TGF-B1. (E and F) Statistical quantification of the wound
~ healing assays. The results shown are the mean + SEM of
’ £ : three independent experiments. *p < 0.05, compared to

GA(UM)+TGF-B1
10

control; ##p <0.001, compared with TGF-B1.

provide an alternative indication of apoptosis.
As demonstrated in Figure 1C, GA resulted in mi-
cro-structure alterations of the cell, such as cell
shrinkage, nuclear condensation fragmentation,
and formation of separated apoptotic bodies, at
24 h. Subsequently, we used the TUNEL assay
to measure apoptosis after treating the OSCC
cells with GA. As depicted in Figure 1D, the treat-
ment of OSCC cells with 10 uM GA for 24 h
induced significant cell apoptosis. GA at a con-
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promotion of apoptosis in Tca8113 and Cal-27
cells, respectively (Figures 1C-1F). The extent
of TUNEL-positive cells also increased as
compared to the control.

GA Represses Migration of OSCC Cell Lines

The potential effects of GA on cancer cell inva-
sion and migration are not fully understood,
nor are the possible molecular mechanism(s)

6\\ N
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GA can significantly reduce cell proliferation in both Tca8113 and
Cal-27 cells in a dose- and time-dependent manner.

GA Induces Cyto-apoptosis in OSCC Cell Lines

Previous reports have demonstrated that GA might have an anti-pro-
liferative effect against human cancer cells through the induction of
apoptosis.”> GA treatment might cause apoptosis that inhibits
Tca8113 and Cal-27 cell survival. As shown in Figures 1C and 1D,
a significant accumulation of apoptosis cells is induced by GA at
10 uM. We also examined the micro-morphological changes induced
by GA using an electron microscope at a magnification of 10,000 to
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. regulating the PI3K/Akt/mTOR pathway. GA
s N could inhibit invasion and migration, and
TOFHI+GAIM) EMT in lung cancer cells, suggesting that GA
exerts both antimetastatic and/or anti-EMT
effects.”* Therefore, a Transwell migration assay
was performed to determine the anti-migration effect of GA in
Tca8113 and Cal-27 cells. As depicted in Figure 2A, GA significantly
inhibited the migration activity of Tca8113 and Cal-27 cells.
Additionally, we investigated whether GA reduces the migration
of Tca8113 and Cal-27 cells using a wound-healing assay. Figure 2B
demonstrates that Tca8113 and Cal-27 cells migrated faster than
the cells treated with GA (5 uM, 10 uM). In particular, GA at a
concentration of 5 pM and 10 pM led to an inhibition of migration
in TGF-induced Tca8113 cells of 66.3% and 96.1%, respectively.
Meanwhile, GA at a concentration of 5 uM and 10 uM led to a

29.55% and 55.89% inhibition of migration in TGF-induced
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Cal27 cells, respectively, in a concentration-dependent manner
(Figure 2A).

GA Represses TGF-B1-Induced EMT in OSCC Cell Lines

It has been well established that EMT is a critical process for the
aggressive metastatic dissemination of carcinomas. EMT undergoes
multiple and dynamic transitional states from epithelial to mesen-
chymal phenotypes.”” Decreases in the mesenchymal markers
N-cadherin and Vimentin and increases in epithelial markers
E-cadherin and o-catenin indicate dampening of EMT and vice
versa.”® Following TGF-B1 and GA treatment, both Tca8113 and
Cal-27 cells showed morphological changes. The GA-only treat-
ment induced more cobblestone-shaped cells than the control.
Treatment of TGF-B1 resulted in many more fusiform-shaped cells
than the control. In addition, GA decreased the ratio of fusiform-
shaped cells that was caused by the treatment of TGF-B1, as more
cobblestone-shaped cells were present (Figure 3A). We then
explored whether EMT plays a role in mediating the anti-metastasis
property of GA by measuring the expression changes of these
biomarkers using western blot analysis. As illustrated in Figures
3B and 3C, the GA only treatment showed inhibition of EMT.
Notably, GA treatment reversed TGF-B1 (10 ng mL™)-induced
EMT at 5 uM, as indicated by the downregulation of N-cadherin
and Vimentin expression, and induced a concomitant upregulation
of E-cadherin and a-catenin expression in Tca8113 and Cal-27 cells
(Figures 3D-3K). Immunofluorescent staining also demonstrated
that when GA was applied to OSCC cells 1 h before TGF-p1
(10ng mL™?) treatment, which lasted for 48 h, there was a significant
decrease in Vimentin expression and an increase in E-cadherin
expression relative to the control (Figure 3B). As shown in Figures
3B-3K, the GA only treatment versus GA+TGF-B1 group compar-
ison confirmed that GA depended on TGF-B1 in the regulation of
EMT-related proteins.

GA Mediates TGF-B1-Induced SMAD4 SUMOylation in OSCC
Cells

SUMO represents a class of ubiquitin-like proteins that are conju-
gated by a set of enzymes to cellular regulatory proteins, much
like ubiquitin.”” Exogenous TGF-B1 induced the upregulation of
SUMOs in a time-dependent manner'”. To quantify the TGF-B1-
mediated SUMO upregulation and determine the optimal time of
TGF-B1 required to induce the maximal SUMOs expression in
OSCC, we conducted western blot analysis. The results indicated
that the addition of TGF-B1 induced SUMO protein expressions
in a dose- (10 ng mL™?) and time- (0, 4, 6, 12, 24, 48 h) dependent
manner (Figures 4A and 4B). The optimal dose of TGF-B1 was
10 ng mL" with a peaked protein expression at 12 h. Moreover,
TGF-B1 (10 ng mL™', 12 h) also induced the maximum protein
expression of SUMO-1 and SUMO-2/3 (Figures 4A and 4B). There-
fore, 12 h and 10 ng mL™" TGEF-B1 were adopted as the optimal
time point and dosage in the following experiments. Since GA is
involved in repressing migration and TGF-B1-induced EMT of
lung cancer cells through PI3K/AKT/mTOR inactivation,” we
investigated whether GA could regulate EMT through TGF-B/

SMAD/SUMOs in OSCC cells. If so, GA would provide evidence
of direct inhibition of the TGF-B-induced SUMOs upregulation in
the TGF-B/SMAD signaling pathways. As expected, GA eliminated
the TGF-B-induced SUMOs (Figure 4C). Meanwhile, the TGF-p1-
mediated phosphorylation of SMAD2/3 protein is also reduced
following the application of GA (Figure S1). On the contrary,
SMAD4 protein levels increased following the application of GA
(Figures 4C and S1). SMAD4, which is a substrate for ubiquitin
modification, is often modified by SUMOylation, raising the possi-
bility that TGF-B/SMADs could be targeted for SUMOylation.”®
To illustrate further this phenomenon, we used immunoprecipita-
tion (IP) to detect the interaction of SUMO-1 with SMAD4. As
anticipated, coIP experiments anti-SMAD4
antibodies were able to pull down associated proteins, and the GA
treatment reversed TGF-Bl-induced SUMOI conjunction to
SMAD#4 (Figure 4D). Of note, a clear interaction between the specific
SMAD4 isoform and SUMO-1 in a molecular mass of 80 kDa
to 100 kDa occurred, which is the most well-defined and extensively
studied isoform.” Consistent with the immunoblotting data
from SMAD4 SUMOylation, immunofluorescence analysis revealed
that after the addition of TGF-pB1, the levels of SMAD4 SUMOyla-
tion in the nucleus increased significantly (Figure 4E). 12 h after
TGF-B1 treatment (Figure 4A), SMAD4 SUMOylation accumulated
at the highest density during the 12 h of TGF-B1 application. Subse-
quently, GA treatment reversed TGF-B1-induced SUMO-1 conjunc-
tion to SMAD4 (Figures 4D and 4E), indicating that GA can
counteract TGF-B1-triggered SMAD4 SUMOylation in vitro.

confirmed that

GA Suppresses Tumor Growth of Tca8113 Cells in a Xenograft
Model

Based on the findings in vitro, we conducted a follow-up in vivo
experiment to confirm the effect of GA. The average tumor volume,
tumor weight, and body weight were measured twice a week.
Following a single dosage of 20 or 50 mg kg ' (body weight) by
oral gavage, both doses of GA effectively suppressed the growth
of tumors, showing greater antitumor activity than the control, which
showed no effect (Figures 5A-5D). GA effectively suppressed the
growth of tumors, GA with 50 mg kg' showing greater antitumor
activity (tumor weight IR% = 71.38%, tumor volume IR% =
68.51%) than 20 mg kg™' (tumor weight IR% = 17.25%, tumor volume
IR% = 30.42%; Figures 5A and 5B). The antitumor activities of GA
are summarized in Table 1. In a follow-up western blot study, the
epithelial marker E-cadherin was upregulated, while mesenchymal
markers, namely Vimentin and N-cadherin, were downregulated
by GA (20 or 50 mg kg'l, Figures 5E and S3). Mesenchymal and
epithelial markers have been demonstrated to promote tumor
progression and are implicated in EMT.” In this study, as shown
by western blot, the degradation of phosphorylated SMAD2/3/
SUMO-1/SUMO-2/3 proteins was inhibited by GA in the tumors
of the GA group. On the contrary, the SMAD4 protein level increased
after GA application (Figures 5F and S2). As expected, and consistent
with the coIP data in vitro, GA treatment significantly attenuated
SUMO-1 conjunction of SMAD4 compared with the control
(Figure 5G).
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Figure 3. GA Abolished TGF-B1-Induced EMT in OSCC Cell Lines
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(A) Effects of GA inhibition on TGF-B1-induced mesenchymal. Phenotype in OSCC cells by morphology analysis. TGF-B1 induced a marked mesenchymal spindle-like
morphology. The inhibition of GA markedly attenuated the TGF-B1-induced morphological changes. Scale bar, 10 um. (B) GA significantly upregulated E-cadherin and
downregulated Vimentin in OSCC cells by immunofluorescence assay. Blue, DAPI; red, E-cadherin; green, Vimentin. Scale bar, 10 um. (C) The protein levels of EMT markers
were compared and quantified in OSCC cells incubated with GA (5 uM) by western blot assay. (D-K) The histogram shows data from five independent western blot analyses
of epithelial and mesenchymal markers proteins, indicated as mean + SEM, normalized to GAPDH as a loading control. Data are presented as mean + SEM of 3 independent

experiments. *p < 0.01, *p < 0.01, **p < 0.001.

GA Moderately Affects the Proliferation and Migration of
Tca8113 Cell Line Induced by the Knockdown of SMAD4
Based on the data mentioned above, we postulated that SUMOylated
SMAD4 mediates migration by EMT. To test this hypothesis, we
investigated the possible regulation of migration by SMAD4 using
small interfering RNA (siRNA) oligonucleotides to knock down
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SMAD4 expression in Tca8113. Successful knockdown of SMAD4
into the cells was confirmed by western blot (Figures 6A and 6B).
The CCK-8 assay demonstrated that GA treatment particularly in-
hibited the accelerated Tca8113 cell proliferation promoted by the
knockdown of SMAD4. The GA only treatment could reduce cell
viability by 38.59% compared to the control. However, knockdown
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of SMAD4 attenuated the effect of GA on cell viability. The viability of
the cells in the siRNA group increased by 13.33% compared to the GA
group (Figure 6G). After TGF-B1 and GA treatment, transwell migra-
tion and wound-healing assays demonstrated that SMAD4 silencing
increased the migration of Tca8113 cells. GA treatment could reduce
cell migration by 62.30% compared to TGF-B1. However, knockdown
of SMAD4 attenuated the effect of GA on cell migration. The migra-
tion capacity of the cells in the siRNA group increased by 52.66%
compared to the GA group (Figures 6C-6F). Meanwhile, si-SMAD4
attenuated the GA-induced E-cadherin upregulation and Vimentin
downregulation in Tca8113 cells (Figures 6H and S4). Knockdown
of SMAD4 abolished the reducing viability of GA in Tca8113
(Figure 6G). These data suggest that TGF-Bl-induced SMAD4
SUMOylation is involved in OSCC cell proliferation and migration
(Figure 7). Moreover, GA reduces TGF-Bl-induced SMAD4
SUMOylation. Consequently, proliferation and migration were in-
hibited in the Tca8113 cell line.

DISCUSSION

The purpose of this investigation was to demonstrate, for the
first time, that TGF-Bl is a novel enhancer or inducer of
SMAD4 SUMOylation. Furthermore, TGF-B1 forms a passive
feedback loop in the TGF-B/SMAD signaling pathway and subse-
quently accelerates OSCC cell proliferation and migration
in vivo and in vitro. However, GA treatment significantly attenu-
ated TGF-Bl-induced SMAD4 SUMOylation. The dissociative
SMAD4 associates with SMAD2/3 and forms a heterooligomeric
complex, which translocates to the nucleus where it activates the
transcription of various target genes to reduce the proliferation
and migration of OSCC cells. GA has antitumor activities,
including the inhibition of the proliferation and migration of
OSCC cells.

Recently, the antitumor efficacy of GA has gained considerable
attention."””® Our detailed mechanistic study revealed that GA
had significant antitumor effects in both OSCC cell lines and a xeno-
graft nude mouse model. The inhibition of the expression of critical
genes involved in proliferation and migration could be the basis of
these effects induced by GA. Recent reports have demonstrated
that GA suppresses the proliferation, migration, and invasion, as
well as the de novo lipogenesis of cancer cells that are likely induced
by the activation of AMPK.”' Additionally, GA may negatively
regulate the TGF-B-induced PI3K/AKT/mTOR signaling pathway,
which results in inhibition of EMT-related protein synthesis and
therefore has antimetastatic and anti-EMT effects.”* Furthermore,
Zhou et al.”’> showed that GA reduced the viability of various
types of cancer cells by inhibiting division, reducing the progress
of the cell cycle, and inducing apoptosis without affecting the
viability of non-tumorigenic cells. The application of GA was
explored for antitumor effects on human colon cancer both
in vitro and in vivo. These findings suggest that GA reduced cell
viability, migration, and invasion in various cell lines of colon can-
cer. GA also induced apoptosis and autophagy in colon cancer cells
regulated by reactive oxidative stress.””

The cytotoxicity of GA (20 pM) in primary rat hepatocytes was
lower than in HepG2 cells. GA demonstrated less cytotoxicity in
4-day-cultured primary rat hepatocytes than in 20 h cultured cells.
HepG2 cells were more sensitive to the cytotoxicity of GA than
primary rat hepatocytes, and GA had time- and dose-dependent
cytotoxic and growth inhibitory effects on a human tongue squa-
mous carcinoma cell line.”” Cancer cell lines underwent growth ar-
rest after treatment with GA in doses equivalent to the ICs, values
of 20 uM.** Kim et al.** showed that GA (5 uM, 10 uM, and 30 pM)
inhibited SUMO-1 conjugations in a dose-dependent manner. Thus,
GA prevented the migration of breast cancer cell lines without
reducing cell viability after a 72 h treatment, and GA at a dose of
10 uM significantly inhibited SUMO-1 modifications.*

In the present investigation, the cytotoxicity of GA was assessed
using CCK-8 assays in a time- and dose-dependent manner,
and we found that this compound has the ability to reduce the
viability of OSCC cells. The historicity of the GA ICs, value is
less than or equal to a 10 pM concentration. GA treatment at
5 uM reversed the EMT induced by TGF-B1 (10 ng mL™), as indi-
cated by the downregulation of N-cadherin and Vimentin expres-
sion, and the concomitant upregulation of E-cadherin and o-cad-
herin expression in OSCC cell lines. We conclude that GA
revealed considerable anti-migratory activity at 5 pM concentra-
tions, indicating antimetastatic activity with low toxicity. Addition-
ally, a 10 uM GA treatment led to a significant accumulation of
apoptotic cells.

Earlier studies demonstrated that protein modification by SUMOs
controls a diverse array of cellular functions. Dysregulation of
SUMOylation or deSUMOylation processes have been implicated
in the development of cancer. The inhibition of protein SUMOyla-
tion both in vitro and in vivo by GA is explained by its direct
binding to E1, which prevents the formation of the E1-SUMO in-
termediate.'" Hamdoun et al.” revealed that GA inhibited NEMO
SUMOylation, leading to the inhibition of IkBo degradation and
consequently a reduction in nuclear factor kB (NF-«B) activity.
This led to the downregulation of metastasis-related genes,
including uPA, PAI-1, CXCR4, and MMP-9. Interestingly, Qiu
et al.'"* proposed an anti-fibrotic effect of GA and an underlying
mechanism that may involve the downregulation of the TGF-B1
pathway, which may at least partially inhibit PML SUMOylation.
Our data provide direct evidence that GA eliminated TGF-B1-
induced SUMOs elevation. Our results indicate that GA reverses
TGF-B1-triggered SMAD4 SUMOylation, and, consequently, re-
duces the proliferation and migration of OSCC cells in vitro and
in vivo.

It has recently been demonstrated that the TGF-B/SMAD signaling
pathway is altered by a genetic mutation that contributes to the
carcinogenesis of HNSCC.”® Numerous studies have revealed that
TGE-B1 stimulates the EMT process in certain epithelial cells.””
TGF-B1 drives cancer progression by inducing EMT; epithelial
cells acquire a mesenchymal phenotype, leading to their enhanced
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A TGF-p1 B TGF-g1 Figure 4. GA Regulates TGF-B1-Induced SMAD4
4h  6h 12h 24h _Ctl_4h_6h 12h 24h 48h SUMOylation in OSCC Cells
4 3 (A and B) Western blot was performed to detect the
Sumo-1 Sumo-1 expression of SUMOylation proteins in OSCC cell lines.
Representative western blots and their densitometries from
three independent experiments. (C) The western blotting
Sumo-2/3 Sumo-2/3 analysis demonstrates that GA increased the SMAD4 protein
‘ level but reduced the TGF-B1-mediated phosphorylated
S SMADZ2/3 protein expressions. Averaged data (mean + SEM)
GAPDH GAPDH ' ! D § » from 3 independent experiments. (D) The amount of the
Tca8113 Cal-27 SUMO and SMAD4 binding was markedly decreased in
Tca8113 cells by colP analysis after GA administration. (E) GA
c TGF-p1 — + + o+ D treatment reversed TGF-B1 induced SUMO-1 conjunction of
GA(5EM) - - IP:Smad4 SMAD4 by immunofluorescence assay. Blue, DAPI; red,
GA(10pM) - - _ 'z>° & GA(pM)+T SUMO-1; green, SMAD4. Scale bar, 10 um.
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motility and invasiveness. TGF-B1 directly activates the expression
of EMT transcription factors, which are induced by TGF-B/SMAD
signaling and play critical roles in TGF-B1-induced EMT.***’

SMAD4, a downstream mediator of the TGF-B/SMAD signaling
pathway, was first described in 1996 by Hahn and colleagues.*
SMAD4 was originally thought to regulate pancreatic cell prolifera-
tion and apoptosis via the TGF-B pathway.*"** Furthermore, a loss
of SMAD4 expression is observed in about half of all patients diag-
nosed with pancreatic cancer, and SMAD4 inactivation is associated
with a worse prognosis and with the pattern of disease recurrence/
metastatic progression in localized pancreatic cells.*> More specif-
ically, SMAD4 is a critical transcriptional factor of TGF-P signaling

44
and acts as a tumor suppressor.
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tion. The activities of the receptor-activated
SMAD:s are controlled by post-translational modi-
fications such as SUMOylation.”® SIRT1 downre-
gulation by hypoxia in a SUMOylation-dependent
manner promotes EMT and eventually leads to tu-
mor metastasis."> Here we show that SMADA4 is
modified by SUMOylation. SUMO represents a
class of ubiquitin-like proteins that can regulate
the function of a protein by changing its subcellular
localization, protein-protein interactions, onco-
genes, and tumor suppressor genes, all of which
play key roles in the control of cell growth, differ-
entiation, and apoptosis. Lin et al.”’ revealed that
the SUMOs dysfunction of SMAD4 plays a critical
role in carcinogenesis, whereas the involvement of
SUMOylation of SMAD4 in the tumor migration and proliferation of
OSCC remains largely unknown. The present investigation provides
the first evidence that exogenous TGF-B1 induces the upregulation of
SUMOs in a time-dependent manner. To quantify the TGF-B1-medi-
ated SUMO upregulation and determine the optimal time required
for TGF-B1 to induce the maximum SUMOs expression in OSCC,
we adopted an optimal dose of TGF-B1 at 10 ng mL™ with the peaked
time for protein expression at 12 h. TGF-B1 (10 ng mL™, 12 h) also
induced the maximum protein expression of SUMO-1 and SUMO-
2/3 (Figures 4A and 4B). GA treatment reversed TGF-B1-induced
SUMOs/p-SMAD2/3 increasing and SUMO-1 conjunction to
SMAD4 (Figure 4D, bottom panel), indicating that GA presumably
reverses the TGF-B1-triggered SMAD4 SUMOylation and releases
SMADA4. Finally, the transwell migration and wound-healing assay
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Table 1. Antitumor Activity of GA on Postsurgical Residual Tumor Xenografts of Human Oral Squamous Cancer Cell in Nude Mice

Drug Administration Toxicity Anticancer Activity
Group Dose (mg-kg™") Schedule Route  Average Body Weight Death  Tumor Weight (g) IR (%) Tumor Volume IR (%)
(g X+s) (mm?)
start stop
Control — QD x 21 ig. 226 +09 24+ 0.7 0/8 0.48 +0.27 - 522.77 + 228.39 —
GA 20 QD x 21 ig. 22612 228+ 1.0 0/8 0.4 +0.16 17.25 363.74 + 118.99 30.42
GA 50 QD x 21 ig. 224+ 15 20.1+29 0/8 0.14 + 0.09** 71.38 164.63 + 93.29*** 68.51

**p < 0.01, **p < 0.001. The significance of differences (versus control) was determined by one-way ANOVA and Student’s t test. QD, every day; IR, inhibitory rate; i.g. represents

gastric gavage daily. n = 8,X + 5.

demonstrated that siSMAD4 improved cell migration and viability,
which was inhibited by GA in Tca8113 cells. At the same time, siS-
MAD4 attenuated GA-induced E-cadherin upregulation and Vimen-
tin downregulation in Tca8113 cells.

OSCC is a highly recurrent and aggressive metastatic tumor that
requires a better understanding of the complex molecular pathways
and its various regulatory molecules.’® It is worth noting that a
large number of studies in the last decade have shown the role
of the SUMOylation system in several types of tumors other
than OSCC, such as the function of Piasy (one of the SUMOylation
factors) in human skin squamous cell carcinoma (SCC).*” Ka-
tayama et al.*® reported that SUMO-1 was expressed at much
higher levels in OSCC tissue and OSCC cell lines than in normal
oral epithelium. Transfection of the anti-SUMO-1 antisense oligo-
nucleotide to OSCC cells significantly reduced the proliferation of
the cells. Ding et al.*’ clarified the relationship between overex-
pression of SUMO-1 and SENP5 in OSCC. The relationship be-
tween overexpression of SUMO-1 and SENP5 in the maintenance
of mitochondrial morphology in OSCC has also been described
previously. As mentioned above, our reports indicate that SUMOs
play a crucial role in modifying tumorigenesis and tumor progres-
sion in OSCC.

Collectively, these results suggest that the effects of GA in vitro are
reproducible in xenograft studies in both preventive and treatment
regimens, showing an inhibition of OSCC tumor xenograft growth
in nude mice, which was associated with high levels of damage and
a marked induction in migration and proliferation of tumor cells.
Overall, our results demonstrate that GA has a strong antagonistic ef-
fect on the migration and proliferation of OSCC in vitro and in vivo.
More specifically, GA produces these inhibitory effects on OSCC via
its selective ability to induce migration-inhibition and apoptosis.
Importantly, the anticancer effects of GA and all associated mecha-
nisms are a consequence of the SUMOylation status of SMAD4,

which is one of the primary causes of cellular migration and prolifer-
ation in OSCC. However, how SMAD4 promotes angiogenesis and
lymph node metastasis in OSCC remains unknown and needs further
study. Considering these findings, more studies to evaluate both anti-
cancer and chemo-preventive efficacy of GA in relevant preclinical
models are warranted to establish its potential usefulness against hu-
man OSCC.

MATERIALS AND METHODS

Cell Lines, Culture Conditions, and Reagents

OSCC cell lines of human origin (Tca8113, Cal-27) were procured
from the Chinese Academy of Science Shanghai Cell Bank
(Shanghai, China). All cells were cultured in RPMI 1640 medium
or DMEM (HyClone Laboratories, Logan, UT, USA), and both
were supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA), 100 U/mL penicillin, and 100 pg/mL streptomycin
in a humidified chamber of 5% CO, at 37°C. After adjusting cell
density to 80%, OSCC cells were then treated with TGF-B1
(#AF-100-21C; PeproTech, Rock Hill, NJ, USA) for 12 h after star-
vation in the serum-free medium. GA (MedChem Express, Mon-
mouth Junction, NJ, USA) was dissolved in DMSO and diluted
with normal saline (final concentration of DMSO: 0.1%), and a
specific SUMOs inhibitor was applied to OSCC cells 30 min before
the TGF-B1 treatment.

Cell Viability by CCK-8 Assay

Tca8113 and Cal-27 cells were plated in 96-well plates at a density of
4-8 x 10° per well. After the cells reached about 80% confluency, they
were starved overnight. The cells were then exposed to different con-
centrations of GA (2, 5, 10, 20, and 40 pM) for 24 h, and RPMI 1640
medium was used as a negative control. After incubation, CCK-8
(10 pL/well) was added and the plates were incubated for 1.5 h.
The absorbance was then measured at 490 nm using a PowerWave
HT microplate spectrophotometer (BioTek, USA). The data were
normalized to the negative control in each group.

Figure 5. GA Retards Tumor Growth of Tca8113 Cells In Vivo

(A) Photographs of Tca8113 residual tumor xenografts treated with saline or GA (20 mg kg™ and 50 mg kg™') by oral gavage. Scale bar, 1 cm. (B-D) Tumor growth curve is
showing the suppression of growth of Tca8113 residual tumor xenograft tumors by GA. The average tumor volumes in the GA groups were reduced, and the tumor weight
was decreased by GA. **p < 0.01 and ***p < 0.001 by one-way ANOVA; Dunnett, compared with control. (E) The protein levels of EMT markers were compared and quantified
in Tca8113 residual tumor xenograft tumors by western blot assay. (F) GA increased the SMAD4 protein level but reduced the phosphorylated SMAD2/3 protein expressions
in the Tca8113 residual tumor xenograft tumors. (G) colP analysis indicated GA treatment reversed SUMO1 conjunction of SMAD4.
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Electron Microscopy

Tca8113 and Cal-27 cells were cultured in the presence of GA
(10 uM) for 24 h and were then harvested and fixed in 2.5% glutaral-
dehyde (pH 7.4) overnight. Then, cells were immersed in 0.1 M caco-
dylate buffer with 1% osmium tetroxide for 1 h. Samples were dehy-
drated with a concentration gradient of ethanol and then embedded
in Epon medium and dissected into 60-70 nm sections. After being
stained with uranyl acetate and lead citrate, sections were observed
with a JEOL 1200 electron microscope (JEOL, Tokyo, Japan).

TUNEL Assay

Tca8113 and Cal-27 cells cultured in the presence of GA (10 pM) for
24 h were analyzed for apoptosis with TUNEL assay by using the In
Situ Cell Death Detection Kit (Cat. No. 11684817910, Roche, Man-
nheim, Germany) according to the manufacturer’s instructions. Cells
were fixed with 4% paraformaldehyde, penetrated with 0.1% Triton
X-100, and incubated with TUNEL Reaction Mixture for 1 h at 37°C
in the dark. After a 10 min DAPI (4’,6-diamidino-2-phenylindole)
counterstain at room temperature, cells were photographed with a
fluorescence microscope. The assay was then repeated five times
(Zeiss, Jena, Germany).

Wound-Healing Assay

Tca8113 and Cal-27 cells were seeded onto a 6-well plate at a density
of 5 x 10°/mL until they reached full confluency. OSCC cells were
then treated with TGF-B1 (#AF-100-21C; PeproTech, Rock Hill,
NJ, USA) at 12 h after starvation in the serum-free medium. GA
(MedChem Express, Monmouth Junction, NJ, USA) was dissolved
in DMSO and diluted with RPMI 1640 medium (final concentration
of DMSO: 0.1%) that was applied to OSCC cells 30 min before TGF-
B1 treatment. The cells were cultured for 24 h in the presence of
varying concentrations of GA. RPMI 1640 medium was used as a
negative control. In another experiment, Tca8113 cells transfected
with a siSMAD4 expression vector or a control vector were seeded.
Photographs were captured by a digital single-lens reflex camera
(Canon, Japan) at 0 h and 24 h. The migration gap area of the cells
was measured by Image] software (https://imagej.nih.gov/ij/; Center
for Information Technology, National Institute of Health, Bethesda,
MA, USA). Each measurement was repeated five times.

Transwell Migration Assay
Tca8113 and Cal-27 cells (4-5 x 10*/well) were seeded on upper
chambers (6.5 mm Transwell with 8.0 um Pore Polycarbonate Mem-
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brane Insert, Corning, NY, USA) in serum-free medium with 0.1%
BSA. Other transwell assays using a siSMAD4 expression vector or
the control vector-transfected Tca8113 cells were carried out using
the same procedure. A total of 600 uL medium containing 10% FBS
was added to the lower chambers. After incubation for 24 h, non-
migrating cells were gently removed by a cotton swab. The cells
were then fixed with methanol for 30 min and stained with 0.1% crys-
tal violet for another 20 min. The area of dyed pores was calculated
under a microscope at a magnification of 400x. Five views were
selected randomly for analysis. Each measurement was repeated
five times.

Western Blot Analysis

Whole-cell lysates were extracted by Radio Immunoprecipitation
Assay (RIPA) lysis buffer (Beyotime, China) with protease (Roche,
USA). Phosphatase inhibitors (Roche, USA) were added for primary
antibodies against p-SMAD2/3. Protein samples of 70 ug per lane
were loaded onto 10% SDS-PAGE gels and transferred onto nitrocellu-
lose membranes (PALL, Germany) for 90 min. For immunodetection,
the membranes were incubated with primary antibodies at 4°C over-
night: E-cadherin (ab76055, Abcam, Cambridge, UK) at 1:1,000 dilu-
tion, a.-catenin (ab52227, Abcam, Cambridge, UK) at 1:10,000 dilution,
Vimentin (HPA001762, Sigma-Aldrich, USA) at 1:250 dilution, N-cad-
herin (C3865, Sigma-Aldrich, USA) at 1:500 dilution, SMAD4 (sc-
7966, Santa Cruz, USA) at 1:200 dilution, p-SMAD2/3 (sc-11769, Santa
Cruz, CA, USA) at 1:200 dilution, or SMAD2/3 (sc-133098, Santa Cruz,
CA, USA) at 1:200 dilution, SUMO-1 (#sc-9060; Santa Cruz Biotech-
nology, CA, USA) at a 1:200 dilution, or SUMO-2/3 (#ab3742; Abcam,
Cambridge, MA, USA), at a 1:500 dilution. After incubation with a
secondary antibody and gentle shaking at room temperature for
30-60 min, the membranes were scanned using an Odyssey Infrared
Imaging System (Li-COR, USA). All experiments were done at least
five times. The values of protein band densities were normalized to
those of the solution or blank control group.

Immunofluorescent Staining for E-cadherin, Vimentin, SMAD4,
and SUMO-1

Tca8113 and Cal-27 cells were plated onto a 24-well plate, and GA
was dissolved in DMSO and diluted with RPMI 1640 medium, which
was applied to OSCC cells 30 min before treatment with TGF-B1. The
cells were cultured for 24 h in the presence of varying concentrations
of GA (5 uM). The cells were washed with cold sterilized PBS for five
times, fixed in 4% paraformaldehyde for 1 h, penetrated by 0.5%

Figure 6. Knockdown of SMAD4 Attenuates the Inhibition of Migration and Viability Caused by GA in Tca8113

(A) Si-SMAD4 and negative-control expression vectors were transfected into Tca8113 cells. (B) Western blot assay showing a successful SMAD4 knockdown of Tca8113
cells compared with control. **p < 0.01 and ***p < 0.001 by one-way ANOVA. (C) After TGF-B1 and GA treatment, wound-healing assay demonstrated that SMAD4 silencing
increased the number of Tca8113 cells migration compared with control. Scale bar, 100 um. (D) Transwell migration assay showed that the SMAD4 knockdown promoted
the migration ability of Tca8113 cells compared with control. Scale bar, 10 um. (E) Averaged data (mean + SEM, n = 3) from wound-healing assay showing the acceleration of
migration by si-SMAD4. *p < 0.05, compared with control. ##p <0.001, compared with TGF-B1. (F) Averaged data (mean + SEM, n = 3) from transwell migration assay
showing the acceleration of migration by si-SMAD4. ***p <0.001, compared with control. #*p <0.001, compared with TGF-p1. (G) Knockdown SMAD4 of Tca8113 cells
were incubated with GA (10 uM) for 24 h. Relative or percent cell viability was determined by CCK-8 assay. Data are expressed as the mean + SEM of 3 independent
experiments. Statistically significant differences are marked with ***p <0.001 compared with control, ###5 <0.001 compared with GA (10 pM). (H) The protein levels of EMT
markers by knockdown SMAD4 were compared and quantified in OSCC cells incubated with GA (5 uM) by western blot assay. TGF-B1 increased N-cadherin and Vimentin
protein levels and decreased E-cadherin protein levels compared with the control. Data are presented as mean + SEM of 3 independent experiments.
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Triton X-100 (Sigma-Aldrich, MO, USA) for 15 min, and blocked
with 0.1% bovine serum albumin (BSA) for 1 h. The cells were incu-
bated at 4°C overnight with E-cadherin (ab76055, Abcam, Cam-
bridge, UK) at 1:200 dilution, Vimentin (HPA001762, Sigma-Aldrich,
MO, USA) at 1:200 dilution, SMAD4 (sc-7966, Santa Cruz, CA, USA)
at 1:50 dilution, and SUMO-1 (1:50; #sc-9060; Santa Cruz Biotech-
nology, CA, USA). The samples were incubated with goat anti-mouse
IgG (H+L) Highly cross-adsorbed secondary antibody, Alexa Fluor
488 (Invitrogen, Thermo Fisher, USA), or goat anti-rabbit IgG
(H+L) highly cross-adsorbed secondary antibody, Alexa Fluor 594
(Invitrogen, Thermo Fisher, USA) at 1:200 dilution for 1 h. Nuclei
were stained with DAPI (Beyotime, China) at room temperature
for 5 min. The samples were visualized under a fluorescence micro-
scope (Nikon 80i, Japan).

ColP

Lysates were incubated with specific antibodies and then conjugated
with protein A/G agarose beads. After centrifugation, the beads were
collected and rinsed gently. The samples were denatured and then
analyzed using SDS-PAGE to detect the interaction between two pro-
tein partners.

Transfection of siRNA

SMADA4 inhibitor (siSMAD4) and the SMAD4 negative control (NC)
were synthesized by Shanghai GenePharma (China). siSMAD4: sense,
5'-GCU CCU AGA CGA AGU ACU UTT-3'; anti-sense, 5'-AAG
UAC UUC GUC UAG GAG CTT-3'. Tca8113 cells were plated
onto a 6-well plate at 5 x 10* in 2 mL culture medium overnight until
they achieved the desired density of 50%-70% confluency. Then, they
were transfected with siRNA and NC the using X-tremeGENE siRNA

~

smad2/3(P. smad4

P T TP A e TP L™

Figure 7. Mechanism of GA Inhibiting SUMOylation of
SMAD4 and Inhibiting Proliferation and EMT of OSCC
TGF-B1 is probably a novel enhancer or inducer of SMAD4
SUMOylation and forms a passive feedback loop in the
TGF-B1/SMAD signaling pathway and subsequently ac-
celerates the proliferation and migration of OSCC cells
in vivo and in vitro. However, GA treatment significantly
attenuated TGF-B1-induced SMAD4 SUMOylation.
Meanwhile, GA released SMAD4, which associates with
SMAD2/3 to form a heterooligomeric complex that is then
translocated to the nucleus where it activates the tran-
scription of various target genes to reduce proliferation and
migration of OSCC cells.

Transfection Reagent (Roche, USA) following
the manufacturer’s instructions. Transfection ef-
ficiency was assessed by western blot.

In Vivo Animal Experiment

Our protocol for animal use was approved by the

Institution Animal Care and Use Committee of

Harbin Medical University, and all animal exper-

iments were carried out according to the Guide

for the Care and Use of Laboratory Animals,
and in strict accordance with the People’s Republic of China Legisla-
tion Regarding the Use and Care of Laboratory Animals. All studies
involving animals follow the ARRIVE guidelines for reporting exper-
iments involving animals.

In Vivo Tumor Growth Inhibition by GA in Xenografts

Adult female athymic BALB/c nude mice (18-20 g of 4-week-old
mice were purchased from Beijing Vital River Laboratory Animal
Technology (Certificate No. SCXK [Jing] 2016-0011; No.
11400700161156). The animals were housed in a controlled envi-
ronment at 23°C + 2°C and 40%-70% humidity under a 12 h
dark/light cycle with free access to irradiated food and sterile wa-
ter. They were housed in individually ventilated cages: five per
cage, with 4-6 mm of corncob bedding after °°Co radiation disin-
fection. The Tca8113 tumor cells (over 5 x 107/mL) were har-
vested and washed with sodium chloride. A cell suspension of
1 x 10° in 0.2 mL was injected subcutaneously into the right axil-
lary of all mice to establish the traditional tumor xenograft nude
mouse model. After 1 week, animals were randomly divided into
three groups, the first group received vehicle (100 pL saline) by
oral gavage (control group, n = 8); another two groups were
administered with GA (suspended in saline, 20 mg kg™, 50 mg
kg') via gastric gavage daily for 4 weeks (GA group, n = 8). The
tumors’ dimensions were monitored with Vernier calipers every
2 days throughout the experiment, and tumor volume was calcu-
lated using the following formula: V (tumor volume) = d (shorter
diameter) 2 x D (longer diameter) x 0.5. At the end of the 4-week
experimental period, the mice were euthanized and individual
tumor weights were measured. The tumor samples were fixed
with 4% paraformaldehyde and embedded in paraffin.
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Statistical Analysis

Statistical comparisons between two groups were made with a Stu-
dent’s t test and multiple groups were determined by one-way analysis
of variance (ANOVA) followed by the Tukey post hoc analysis for
comparisons of mean values (p < 0.05 was considered statistically sig-
nificant). Results are expressed as mean =+ the standard error of the
mean (SEM).

Survival curves were plotted with the Kaplan-Meier technique and
compared with the log-rank test. Results are expressed as the mean
of at least five times or more determinations. Statistical analysis was
performed by using GraphPad Software 5.0 (GraphPad Software,
San Diego, CA, USA).
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