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1  | INTRODUC TION

Oral squamous cell carcinoma (OSCC) is the most common malig-
nancy of the head and neck mucosa, and over 300,000 new cases 
are reported each year. Currently, the main treatment modalities for 
OSCC include surgical resection combined with radiochemotherapy 
(Siegel,  2018). Unfortunately, the 5-year survival rates for patients 
with OSCC have remained less than 50% due to the high incidence 
of treatment resistance, with subsequent tumor recrudescence and 

metastasis to the lymph nodes (Ali et  al.,  2017). Therefore, the de-
velopment of novel, effective therapeutic approaches for overcoming 
treatment resistance and metastasis has become a primary objective.

Gene expression profiling and other methods have identified 
gene expression changes related to the epithelial–mesenchymal 
transition (EMT) as significant factors in the development and/or 
progression of OSCC (Kurth et al., 2015). The EMT is a strictly reg-
ulated process during cancer progression, whereby epithelial cells 
lose their polarity and cell–cell adhesion, and acquire capabilities for 

 

Received: 31 October 2020  |  Revised: 1 March 2021  |  Accepted: 9 March 2021

DOI: 10.1111/odi.13860  

O R I G I N A L  A R T I C L E

4sc-202 and Ink-128 cooperate to reverse the epithelial to 
mesenchymal transition in OSCC

Xi Yang |   Tianyu Sun |   Yajing Zhao |   Shuying Liu |   Xueyi Liang

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2021 The Authors. Oral Diseases published by Wiley Periodicals LLC.

Xi Yang and Tianyu Sun contributed equally.  

Department of Periodontics, Stomatological 
Hospital, Southern Medical University, 
Guangzhou, China

Correspondence
Xueyi Liang, Department of Periodontics, 
Stomatological Hospital, Southern Medical 
University, No. 366 Jiangnan Avenue South, 
Guangzhou, Guangdong 510280, China.
Email: dr_liang@smu.edu.cn

Funding information
Guangdong Medical Scientific Research 
Fund, Grant/Award Number: A2020182

Abstract
Treatment of oral squamous cell carcinoma remains a challenge due to a high inci-
dence of treatment resistance, which is followed by tumor recrudescence and metas-
tasis to the lymph nodes. Thus, it is important to explore novel inhibitors of OSCC. 
Here, we aimed to identify drugs that may cooperate with histone deacetylase inhibi-
tors to reverse the EMT, inhibit EMT and cell migration and invasion, and contribute 
to therapeutic efficacy. We found that treatment with 4sc-202 potently reversed the 
EMT and thereby inhibited cell migration and invasion in vitro, in part by inducing 
expression of the FoxO1 tumor-suppressor gene. Furthermore, 4sc-202 also syner-
gized with Ink-128 to inhibit tumor migration and invasion in vitro. Mechanistically, 
4sc-202 induced FoxO1 expression, whereas Ink-128 promoted nuclear translocation 
of FoxO1. Our findings indicated that FoxO1 might reverse the EMT by interacting 
with Twist1 in OSCC. In conclusion, we identified an effective combination therapy 
involving class I histone deacetylase and mammalian target of rapamycin complex 
1/2 inhibition that effectively blocked the EMT of tumor cells by upregulating FoxO1 
expression to inhibit Twist1 transcription. These data have implications for develop-
ing new targets for early diagnosis and treatment of OSCC.
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migration and metastasis (Pastushenko et al., 2018). Many groups 
have confirmed that EMT promotes cancer cell migration and in-
vasion, metastasis to the lymph nodes, and enrichment for a stem 
cell-like cell phenotype (Pradella et al., 2017). Therefore, preventing 
the EMT is a key to curing OSCC and improving patient outcomes.

Post-translational modification of chromatin histones is re-
lated to tumor progression and drug resistance in OSCC (Castilho 
et  al.,  2017). Histone deacetylases (HDACs) repress gene tran-
scription by removing acetyl moieties from histones and, thus, 
they represent promising targets for anti-cancer therapy (Malone 
et al., 2017). For OSCC, aberrant overexpression of class I HDACs 
is associated with poor prognosis (Chang et  al.,  2009), and inhi-
bition of class I and II HDAC can effectively reduce invasion and 
metastasis (Liang et al., 2019). Consequently, HDAC inhibitors play 
inhibitory roles in cancer by reversing the EMT in many types of 
tumors (Fu et al., 2016; Pinkerneil et al., 2016; Zhijun et al., 2016). 
However, one of the potential limitations of single-drug treatments 
in cancer is the development of chemotherapy resistance; the cur-
rent view is that cancer treatments usually require combinations 
of targeted therapeutics to be effective in circumventing tumor 
resistance.

We therefore endeavored to identify other drugs that may co-
operate with HDAC inhibitors to reverse the EMT, inhibit OSCC 
cell migration and invasion, and contribute to therapeutic efficacy. 
The drugs Ink-128 (also known as mTORi) and 4sc-202 (also known 
as HDACi) can effectively inhibit tumor growth. Here, we investi-
gated the synergistic effect of combination treatment with both of 
these drugs in inducing FoxO1 and repressing Twist1 expression 
and thereby inhibiting EMT and tumor regression. The results of this 
study suggest a promising new combination therapy approach for 
OSCC and reveal a cooperative mechanism of action that could be 
more widely applied to develop other therapies.

2  | MATERIAL S AND METHODS

2.1 | Cell lines, primary human tumor tissues, and 
compounds

The human OSCC cell line HSC6 was kindly provided by J. Silvio 
Gutkind (NIH, Bethesda, MD, USA). The resistant cell line CAL27R 
was kindly provided by Jingsong Li (Second Affiliated Hospital of Sun 
Yat-sen University). Cell lines were identified by autosomal short-
tandem repeat profiling at either the ATCC or IDEXX Radil and were 
cultured in the recommended media. 4sc-202 and Ink-128 were pur-
chased from Selleckchem.

2.2 | Cell lysis and western blotting

Following appropriate culturing, proteins were extracted from whole 
cell lysates or cytoplasmic/nuclear lysate and analyzed by western 

blotting using polyclonal or monoclonal antibodies. All primary anti-
bodies were used at 1:1,000–1:5,000 dilutions. The full scans of the 
western blots were visualized with a chemiluminescent and fluores-
cent imaging system. The relative quantities of protein were normal-
ized to that of GAPDH, α-tubulin, or H3. Information related to the 
antibodies used in this study is presented in Table S1.

2.3 | Migration and invasion assay

Cell was resuspended in 500 µl of appropriate serum-free medium 
at a concentration of approximately 1–2 × 105 cells/ml and inocu-
lated in the upper chambers of 24-well plates that were precoated 
with or without 200 µl of BD Matrigel (250 µg/ml); 500 µl medium 
containing 10% fetal bovine serum was added to the lower cham-
bers. After a 24-hr incubation, the cells remaining in the upper in-
serts were removed gently using a cotton swab. The migrated and 
invading cells were fixed with 100% methanol for 10 min, stained 
with 0.1% crystal violet for 10 min, and quantified under a Zeiss 
microscope at 100× magnification in five randomly photographed 
fields.

2.4 | Real-time quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) analysis

Total RNA was extracted from cells in lysis buffer (Invitrogen) and 
reverse transcribed to complementary DNA using the Transcriptor 
First Strand cDNA Synthesis Kit (Roche), according to the manufac-
turer's instructions. qRT-PCR was performed using SYBR Green I 
Master Mix (Roche) with a Light Cycler 480 system (Roche), as previ-
ously described(Wang et al., 2017). All results were normalized to 
GAPDH expression. Information regarding the specific primers used 
for qRT-PCR is shown in Table S2.

2.5 | Dual-luciferase reporter assay

A luciferase reporter vector with a Twist1 promoter (Shanghai 
GenePharma) was used to test whether Twist1 was a direct target of 
FoxO1. The Twist1-luciferase reporter, GP-miRGLO, was constructed 
with either wild-type or mutated FoxO1-binding sites and trans-
fected into cells. Luciferase activities were detected using the Dual-
Luciferase Reporter Assay System (Promega) with a Lumat LB 9507 
luminometer (Promega), as previously described (Liang et al., 2019).

2.6 | HDAC activity assay

The classⅠHDAC activity was measured by using Human 
Histonedeacetylase (HDAC) Elisa Kit according to the manufactur-
er's instructions.
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2.7 | Transfection with oeRNA or siRNA

Cells were transfected with the pGL3-FOXO1 plasmid, the si-
FoxO1 plasmid, or a corresponding control plasmid using RNAiMAX 
(Invitrogen), according to the manufacturer's instructions. The me-
dium was changed after transfection with the pGL3-FOXO1 plasmid, 
the si-FoxO1 plasmid, or a corresponding control plasmid for 16 hr. 
The RNA-oligonucleotide and DNA-decoy sequences were synthe-
sized by Sangon Biotech.

2.8 | ChIP assay

ChIP assays were performed using a ChIP Assay Kit (Millipore, USA), 
as described previously (Zhuang et  al.,  2017). Briefly, cells were 
cross-linked with 1% formaldehyde (in phosphate-buffered saline) 
for 10 min at room temperature, lysed in lysis buffer, and sonicated 
using a VCX130 device (SONICS) at a power level of 25% with 5-s 
pulse at 9-s intervals. Agarose gel electrophoresis revealed that the 
resulting DNA fragments were between 200 and 1,000 bp in length. 
The chromatin extract was immunoprecipitated overnight at 4°C 
with protein A/G-agarose beads, using an antibody against Twist1 or 
an isotype-matched control immunoglobulin G (IgG). For qPCR anal-
ysis, 2.5 µl of the immunoprecipitated DNA or 2% of the reference 
material was used as the template. The PCR results were normalized 
using the input DNA. The sequences of the primers used for ChIP-
qPCR are shown in Table S3.

2.9 | RNA-Sequencing analysis

RNA fragments of 50 nucleotides (subjected to paired-end read-
ing) were analyzed using a poly(A)-based library (BGI, Shenzhen, 
China). Using the RSEM software package, the RNA levels were 
quantified in terms of the reads per kilobase of transcript, per mil-
lion mapped reads. For genome analysis, we used TopHat 2.0.1 
software to detect differential expression of the transcripts 
(Cuffdiff/Cufflink 2.2.0). Transcripts with a >2-fold change in ex-
pression were analyzed using the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database to determine their functions or 
pathway associations. A heat map was generated using R software 
(https://www.r-proje​ct.org/).

2.10 | Statistical analysis

GraphPad Prism 5.0 software (La Jolla, CA, USA) was used for all 
statistical analysis. All data are presented as means  ±  standard 
deviations for at least triplicate samples, unless stated otherwise. 
Statistical significance was analyzed using Student's t test, or Tukey's 
test after ANOVA, as appropriate. A p-value of <.05 was considered 
to reflect a statistically significant difference.

3  | RESULTS

3.1 | 4sc-202 blocked the invasion and migration 
capabilities of OSCC cells

To investigate the therapeutic potential of 4sc-202 against OSCC, we 
utilized CAL27R and HSC6 cell lines, which possess relatively high 
metastatic abilities. Our transwell assay results showed that 4sc-202 
inhibited the migration of CAL27R and HSC6 by 67.7% and 49.3%, 
respectively, and inhibited the invasion by these cells by 63.6% and 
51.6%, respectively (Figure 1a,b). Similar effects were observed in 
other five OSCC cell lines: CAL33, SCC25, SCC15, SCC9, and UM1 
(Figure S1a–f). In addition, 4sc-202 showed increased expression of 
epithelial cell markers (e.g., E-cadherin and claudin1) and decreased 
expression of stromal phenotype markers (e.g., N-cadherin and vi-
mentin) (Figure 1c,d). Therefore, these results indicate that 4sc-202 
blocked OSCC invasion and migration in vitro.

3.2 | FoxO1 was induced by 4sc-202 and could 
reverse OSCC EMT

To examine the molecular mechanism underlying the anti-cancer 
capacity of 4sc-202, we analyzed the transcriptome of HSC6 cells 
treated with 4sc-202. We identified 611 upregulated and 2,423 
downregulated genes with a >1.5-fold increase after 4sc-202 treat-
ment (Figure  2a). KEGG analysis revealed significant enrichment 
for mRNAs involved in signaling networks, including the NF-kappa 
B signaling pathway, the FoxO1 signaling pathway, and the TNF 
signaling pathway (Figure 2b). We observed dramatic upregulation 
in the expression of FoxO1, which coordinates EMT-related path-
ways and EMT-related transcription factors (EMT-TFs), and thereby 
modulates the EMT process. Since 4sc-202 belongs to class I HDAC 
inhibitors which upregulate target genes through promoting histone 
acetylation near the target gene transcription start site (Figure 2c), 
we speculated that 4sc-202 activates FoxO1 via histone acetylation. 
Our research revealed that4sc-202 treatment induced the levels of 
acetylated histones (H3 and H4) (Figure 2d,e).

To test whether FoxO1 levels affect the efficacy of 4sc-202 
on OSCC EMT, we transfected OSCC cells with a negative control 
small-interfering RNA (si-NC) or si-FoxO1 (Figure 3a). As shown in 
Figure  3b, 4sc-202 induced FoxO1 expression in si-NC transfec-
tants, which was attenuated by knocking down FoxO1 expression. 
After 24 hr, si-FoxO1 significantly reduced the sensitivity to 4sc-202 
in terms of the invasive and migratory capacities of OSCC, compared 
with si-NC (Figure 3c,d). To test whether FoxO1 was sufficient for 
blocking OSCC EMT, we used a plasmid encoding the full-length 
FoxO1 to transiently overexpress FoxO1 in OSCC cells (Figure 3e). 
After 24 hr, FoxO1-expressing HSC6 cells showed a 63.5% decrease 
in migration and a 62.4% decrease in invasion, when compared to 
control cells (Figure 3f,g). These data indicate that FoxO1 induction 
promoted 4sc-202-mediated inhibition of OSCC EMT.

https://www.r-project.org/
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3.3 | Co-treatment with 4sc-202 and Ink-128 
synergistically induced FoxO1 and blocked EMT in 
OSCC cells

FoxO1 phosphorylation promotes its translocation to the cytoplasm, 
which can be modulated by the AKT-mTOR pathway (Ma et al., 2018). 

Previous research showed that an antagonist of this pathway, Ink-
128, inhibited OSCC metastasis (Wang et al., 2017). The finding that 
treatment with 4sc-202 and Ink-128 both restrained OSCC EMT 
and increased FoxO1 activity (4sc-202 promoted FoxO1 expression 
and Ink-128 accelerated nuclear FoxO1 translocation) suggests that 
FoxO1 is a crucial determinant of OSCC EMT regulation.

F I G U R E  1   4sc-202 inhibited OSCC cell invasion and migration in vitro. (a, b) CAL27R and HSC6 cells were cultured for 24 hr in the 
absence or presence of 4sc-202 at a dose (1 µM) that was far below the 50% lethal inhibition concentration (IC50) (CAL27R IC50: 1.65 μM, 
HSC6 IC50: 2.29 μM), and the migratory and invasive abilities were examined by performing Transwell assays. Representative migrated or 
invaded pictures to the lower surface (a) and the mean number of migrated or invaded cells were shown (b). (c, d) EMT-associated markers, 
E-cadherin, claudin-1, N-cadherin, and vimentin were examined by western blotting after cells were treated with or without 1 μM 4sc-202 
for 24 hr (c), and the relative expression intensities compared to the GAPDH internal control are shown (d)
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In addition, the observation that both 4sc-202 and Ink-128 pro-
moted FoxO1 nuclear translocation through different mechanisms 
increases the likelihood that they might synergistically suppress 
OSCC metastasis. We evaluated the effects of combined 4sc-202 
and Ink-128 treatment on FoxO1 expression and phosphorylation in 
OSCC cells to test this possibility. Treatment with 4sc-202 increased 
the protein levels of FoxO1 and acetylated histones (H3 and H4) 
(Figure  4a,b). Following induction by 4sc-202, the FoxO1 protein 
showed a high degree of phosphorylation. The mTOR inhibitor, Ink-
128, did not increase the absolute expression level of FoxO1, but 
it accelerated FoxO1 accumulation in the nucleus, which was en-
hanced by 4sc-202 (Figure 4a–c). Ink-128 also suppressed the phos-
phorylation of mTOR and 4EBP1, which are known target genes of 
the mTOR signaling pathway. Therefore, 4sc-202 and Ink-128 coop-
eratively triggered FoxO1 dephosphorylation in OSCC cells.

Because FoxO1 dephosphorylation increased its nuclear local-
ization, we tested whether the combined effect of 4sc-202 with Ink-
128 could promote FoxO1 nuclear translocation. HSC6 were treated 
with 4sc-202, Ink-128, or a combination of both drugs for 24 hr, and 
then, the respective cytoplasmic and nuclear levels of FoxO1 were 
measured. As observed by western blotting (Figure 4d,e), combined 
treatment with 4sc-202 and Ink-128 led to increased FoxO1 nuclear 
accumulation, when compared with control cells or cells treated with 

either drug alone. These data suggest that 4sc-202 and Ink-128 syn-
ergistically led to increased FoxO1 protein dephosphorylation and 
promoted FoxO1 activation.

The synergistic effect of 4sc-202 and Ink-128 observed at the 
biochemical level suggests that 4sc-202 and Ink-128 might synergis-
tically inhibit OSCC EMT. To test this possibility, we treated HSC6 
with 4sc-202, Ink-128, or a combination of both drugs. Both drugs 
cooperated to reduce invasion and migration more than treatment 
with either 4sc-202 or Ink-128 alone (Figure 4f,g). These data sug-
gest that 4sc-202 and Ink-128 synergistically inhibited OSCC cell 
metastasis.

3.4 | FoxO1 inhibited EMT by negatively 
regulating the transcription factor, Twist family bHLH 
transcription factor 1 (Twist1)

FoxO1 proteins orchestrate the activities of EMT-TFs, thereby mod-
ulating the EMT process. Snail, Snail, ZEB1, ZEB2, and Twist1 are key 
regulators of the EMT program. We searched for FoxO1-regulated 
genes using transcription factor-prediction programs, including 
hTHtarget (http://bioin​fo.life.hust.edu.cn/hTFta​rget/) and JASPAR 
(http://jaspar.gener​eg.net/). We identified two transcription factors, 

F I G U R E  2   Expression profiling identifies FoxO1 as a target of 4sc-202 in OSCC. (a) Unsupervised hierarchical clustering of genes 
differentially expressed between HSC6 cells treated with or without 1 μM 4sc-202 for 24 hr. Each row represents an individual differentially 
expressed gene (fold change ≥1.5; p < .05). (b) KEGG analysis was performed to generate a list of enriched pathways affected by 4sc-202 
treatment in HSC6 cells. (c) The lower HDAC enzyme activity is observed upon 4SC-202 treatment compared to control. (d, e) Expression 
levels of FoxO1, ac-H3, and ac-H4 in HSC6 cells transfected with si-NC or si-FoxO1 were detected by western blotting (d), and the relative 
expression intensities compared to the α-tubulin internal control are shown (e)

http://bioinfo.life.hust.edu.cn/hTFtarget/
http://jaspar.genereg.net/
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Snail and Twist1, as potential key mediators of FoxO1-induced 
mRNA level changes. Following combined treatment with Ink-128 
and 4sc-202, the Twist1 protein level decreased, when compared 
with cells treated with control cells or cells treated with either drug 
alone. However, 4sc-202 had no effect on the expression of Snail 
(Figure 5a and Figure S2a).

We examined the expression levels of these transcription 
factors and their potential interactions with FoxO1 during EMT. 
Knocking down FoxO1 expression resulted in a moderate increase 
in Twist1 mRNA levels (Figure 5b,c; Figure S2b), whereas FoxO1 
overexpression resulted in decreased Twist1 mRNA expression 
(Figure 5d,e; Figure S2c) compared with control. Snail expression 

was not noticeably affected (Figure 5b–e). These findings suggest 
that FoxO1 might reverse EMT by interacting with Twist1 in HSC6 
cells. The activity of the Twist1 promoter was then assessed, 
using reporter constructs. We compared the effects of a DNA 
binding-defective mutant of FoxO1 and overexpression of wild-
type FoxO1 on Twist1 promoter activity. As shown in Figure 5f, 
FoxO1 overexpression reduced luciferase reporter activities. 
However, mutations in the FoxO1-binding sites completely re-
stored the luciferase activity, suggesting that FoxO1 suppressed 
Twist1 transcription by directly binding to the Twist1 promoter. 
In agreement with our reporter construct results, chromatin 
immunoprecipitation-quantitative polymerase chain reaction 

F I G U R E  3   FoxO1 levels affected the efficacy of 4sc-202 against OSCC EMT. (a–d) HSC6 cells transfected with si-NC or si-FoxO1. (a) 
mRNA expression levels of FoxO1 were measured by qRT-PCR. (b) Cells were treated with DMSO or 4sc-202 for 24 hr, and FoxO1 mRNA 
levels were measured by qRT-PCR. (c, d) Cells are treated with the indicated concentrations of 4sc-202 for 24 hr, and their migratory and 
invasive abilities were examined by performing transwell assays. Representative images showing migration or invasion to the lower surface 
(c) and the mean number of migrated or invaded cells were shown (d). (e–g) HSC6 cells transfected with an empty plasmid or a vector 
encoding oe-FoxO1. (e) FoxO1 expression levels were measured by qRT-PCR. (f) The migratory and invasive abilities were examined by 
performing transwell assays. Representative images showing migration or invasion to the lower surface (f) and the mean number of migrated 
or invaded cells were shown (g)
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(ChIP-qPCR) analysis revealed that the binding activity of FoxO1 
at the Twist1 gene locus decreased upon combined treatment with 
the 4sc-202 and ink-128 (Figure 5g). Similarly, FoxO1-expressing 
HSC6 cells showed an 84.4% decrease in Twist1 promoter activity 
compared with control cells (Figure  5h). In summary, the results 
clearly indicated that FoxO1 was crucial for inhibiting Twist1 pro-
moter activity.

4  | DISCUSSION

Cancer metastasis and relapse are responsible for the poor prognoses 
of patients with OSCC (Smith et  al., 2013) and represent significant 
challenges in cancer management. A promising new therapeutic strat-
egy is urgently needed. In this study, we developed a novel strategy for 
reversing EMT and treatment resistance by targeting FoxO1 in OSCC.

F I G U R E  4   4sc-202 synergized with Ink-128 to activate FoxO1 and suppress tumor cell survival. (a) HSC6 cells treated with 4sc-202, 
Ink-128, or a combination of both for 24 hr. Cell proteins were analyzed by western blotting, with GAPDH expression used as a loading 
control. (b, c) Relative amounts of total FoxO1 (b) and phosphorylated FoxO1 (p-FoxO1) (c) were calculated by normalizing their expression 
levels to GAPDH and comparing the effects of each treatment with those in DMSO-treated cells. (d) Cells treated with 4sc-202, Ink-128, or a 
combination of both for 24 hr. Nuclear and cytoplasmic fractions were analyzed by western blotting. GAPDH and nuclear H3 were detected 
as loading controls for the cytoplasmic and nuclear fractions, respectively. (e) Relative amounts of nuclear FoxO1 were calculated by 
normalizing to H3 expression levels and comparing the normalized FoxO1 levels after each treatment with the levels with those in DMSO-
treated cells. (f, g) HSC6 cells treated with 4sc-202, Ink-128, or a combination of both for 24 hr. The migration and invasion abilities were 
examined by performing transwell assays. Representative images of migration or invasion to the lower surface (f) and the mean numbers of 
migrated or invading cells (g) are shown
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We found that 4sc-202 exhibited antitumor activity by inhibiting 
proliferation and promoting apoptosis and could block invasion and 
migration of OSCC cell lines (Pinkerneil et al., 2016). RNA expression 
analysis revealed that 4sc-202 markedly reduce FoxO1-targeted genes 
in OSCC cells. Furthermore, 4sc-202 significantly increased the FoxO1 
mRNA and protein levels. There are several mechanisms whereby 4sc-
202 might induce FoxO1. As mentioned above, FoxO1 mRNA expres-
sion decreased during OSCC formation (Zheng et al., 2019), suggesting 
that high FoxO1 levels may be adverse for tumor growth. FoxO1 might 
restore E-cadherin expression and reverse EMT by inhibiting the in-
teraction between miR-9 and E-cadherin mRNA (Ma et al., 2018) or by 
suppressing the TGF-β1–Smad3–ILK pathway (Du et al., 2016).

FoxO1 serves a necessary function in HDAC inhibitor-based sup-
pression of larynx carcinoma invasion and metastasis by blocking 
MMP7 (Ding et  al.,  2014) or by binding the ZEB2 promoter and re-
versing ZEB2-induced EMT (Dong et al., 2017). However, FoxO1 ac-
tivated by ERK2 can promote the migratory and invasive potential of 
tumor cells by inducing EMT, but can also inhibit tumor proliferation 
(Shin et al., 2019). In addition, FoxO1 is phosphorylated via the AKT-
mTOR pathway, which accelerates its nuclear translocation from the 
cytoplasm and results in decreased FoxO1 transcriptional activity (Ma 
et al., 2018). Our findings that FoxO1 upregulation was necessary for 
4sc-202-dependent suppression of OSCC invasion and metastasis, and 
that FoxO1 downregulation lowered the responses to 4sc-202, suggest 

F I G U R E  5   FoxO1 inhibited EMT by negatively regulating the EMT-induced transcription factor Twist1. (a) Expression of the EMT-
associated proteins E-cadherin, claudin-1, N-cadherin, vimentin, Twist1, and Snail was examined by western blotting after HSC6 cells 
were treated with 4sc-202 or/and Ink-128 for 24 hr. B, C HSC6 cells transfected with si-NC or si-FoxO1. (b) Twist1 and Snail mRNA levels 
measured by qRT-PCR. (c) Expression levels of FoxO1, Twist1, and Snail detected by western blotting. GAPDH expression was detected 
as an internal control. (d, e) HSC6 cells transfected with an empty plasmid or a vector encoding oe-FoxO1. (d) Twist1 and Snail mRNA 
levels measured by qRT-PCR. (e) Expression levels of FoxO1, Twist1, and Snail were detected by western blotting. GAPDH expression was 
detected as an internal control. (f) The effects of Twist1 mimics in HSC6 cells on the luciferase activities of a reporter construct encoding 
the wild-type 3′-untranslated region (UTR) sequence or a mutant 3′-UTR sequence. G ChIP-qPCR analysis identified FoxO1 at the Twist1 
gene locus after 4sc-202 or/and Ink-128 for 24 hr treatment. H ChIP-qPCR analysis identified FoxO1 at the Twist1 gene locus after FoxO1-
overexpressing
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that the FoxO1 pathway plays an important role in 4sc-202-mediated 
OSCC inhibition. It should be noted that 4sc-202 can activate multiple 
pathways in OSCC simultaneously; thus, other proteins besides FoxO1 
may participate in 4sc-202-mediated growth inhibition.

Data from many ongoing clinical trials suggest that HDAC in-
hibitors comprise a promising group of targeted anti-cancer agents 
(D’Souza & Saranath, 2015). However, the benefits of 4sc-202 alone 
are limited in many cancers (Fu et al., 2016; Pinkerneil et al., 2016; 
Zhijun et al., 2016), and the full potential of 4sc-202 for treating can-
cer is probably better realized in combination with other molecules 
(Liang et al., 2019). 4sc-202 can induce FoxO1 expression, and Akt–
mTOR pathway activation can promote FoxO1 phosphorylation and 
prevent it from entering the nucleus (Ma et al., 2018). Data from our 
previous studies showed that inhibitors of the Akt–mTOR pathway 
also restrain OSCC EMT (Wang et al., 2017). We hypothesize that 
co-treatment with mTOR antagonists and 4sc-202 might synergisti-
cally reverse OSCC EMT.

Our results suggest that combined treatment with 4sc-202 and 
ink-128 synergistically activated FoxO1 and reversed OSCC EMT in 
vitro. The fact that both types of agents can effectively upregulate 
FoxO1 activity in patients with OSCC (4sc-202 increased expres-
sion FoxO1; Ink-128 promoted nuclear translocation of FoxO1) sug-
gests that FoxO1 is crucial for sensitizing OSCC cells to combination 
treatment with 4sc-202 and Ink-128. Furthermore, the fact that the 
agents modulate FoxO1 activity through different molecular mech-
anisms increases the likelihood that these agents could cooperate to 
trigger robust tumor regression.

Cancer metastasis is a key factor leading to poor prognosis (Ma 
et  al.,  2016). The fact that EMT is a vital step for promoting can-
cer metastasis has been widely documented. FoxO1 can coordinate 
EMT-related pathways and EMT-TFs, thereby regulating the EMT 
process (He et  al.,  2017). The mechanisms underlying the FoxO1-
associated EMT process are complex and little is known regarding 
these mechanisms in OSCC. To our knowledge, this is the first report 
to show that the transcription factor Twist1 plays a role in FoxO1-
mediated metastasis inhibition, and our findings provide new clues 
for understanding EMT regulation. The results of this study are con-
sistent with previous reports demonstrating that FoxO1 inhibited 
Twist1 mRNA expression in cancer cells (Jie et al., 2020). In addition, 
Twist1 was previously found to be highly expressed in lung meta-
static nodules originating from OSCC cells (Yochum et  al.,  2019), 
and Twist1 overexpression is related to OSCC recurrence (Wei 
et  al.,  2015). Twist1 can bind directly to the E-cadherin promoter 
and strongly inhibit E-cadherin expression, indicating that Twist1 
promotes tumor cell invasion and metastasis (Fukusumi et al., 2018). 
In the present work, we demonstrated that FoxO1 and Twist1 inter-
acted with each other. Our data from ChIP experiments suggest that 
FoxO1 inhibited the invasion and metastasis of tumor cells by tran-
scriptionally regulating the Twist1 promoter. This is the first report 
to demonstrate a relationship between FoxO1 and Twist1.

In summary, our findings provide evidence that combination 
treatment with the HDAC inhibitor 4sc-202 and the mTOR inhibitor 
Ink-128 effectively reduced EMT by simultaneous inducing FoxO1 

and repressing EMT inducers (Twist1) in OSCC cells. These findings 
suggest this drug combination as a promising new therapeutic strat-
egy for OSCC, although further clinical investigation is necessary to 
verify this hypothesis.
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