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Abstract
Sex-determining region Y-box 2 (SOX2), a well-known stemness biomarker, is highly expressed in a variety of cancers,
including human highly invasive bladder cancer (BC). However, the role of SOX2 may vary in different kinds of
malignancy. In the present study, we discovered that ChlA-F, a novel conformation derivative of isolate Cheliensisin A
(Chel A), remarkably inhibits the invasive ability of human invasive BC cells through downregulation of SOX2 protein
expression. We found that ChlA-F treatment dramatically decreases SOX2 protein expression in human high-grade
invasive BC cells. Ectopic expression of SOX2 reversed ChlA-F inhibition of cell invasion ability in human bladder
cancer cells, suggesting that SOX2 is a major target of ChlA-F during its inhibition of human BC invasion. Mechanistic
studies revealed that ChlA-F downregulates SOX2 at both the protein degradation and protein translation levels. Further
studies revealed that ChlA-F treatment induces HuR protein expression and that the increased HuR interacts with USP8
mRNA, resulting in elevation of USP8 mRNA stability and protein expression. Elevated USP8 subsequently acts as an
E3 ligase to promote SOX2 ubiquitination and protein degradation. We also found that ChlA-F treatment substantially
increases c-Jun phosphorylation at Ser63 and Ser73, initiating miR-200c transcription. The increased miR-200c directly
binds to the 3′-UTR of SOX2 mRNA to suppress SOX2 protein translation. These results present novel mechanistic
insight into understanding SOX2 inhibition upon ChlA-F treatment and provide important information for further
exploration of ChlA-F as a new therapeutic compound for the treatment of highly invasive/metastatic human BC
patients.

Introduction

Worldwide, bladder cancer (BC) is the ninth most com-
mon cancer, with more than 79,030 novel cases and 16870
deaths in the USA in the year 2017 [1]. Initially, 70% of
all cases are diagnosed as non-muscle-invasive bladder
cancer (NMIBC), with 20–30% of tumors progressing
into more aggressive and potentially lethal forms, and the
remaining 30% as muscle-invasive bladder cancer
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(MIBC) [2]. MIBC is a life-threatening disease, which is
responsible for almost 100% of death from this disease.
Therefore, it is of extreme importance to identify new
molecular targets that specifically regulate the pathologi-
cal process of BC invasion for improving management of
invasive BC patients.

Cheliensisin A (Chel A), a styryl-lactone isolated from
Goniothalamus cheliensis Hu, has been shown to possess
potent antitumor activities both in vitro and in vivo [3, 4].
The tendency to hydrolyze and poor water solubility
limits the possibility of Chel A becoming a potential drug
candidate. To address these issues, ChlA-F, a novel C8
fluoride conformation-derivative of Chel A, is synthesized
and has been identified as being appropriate for a drug-
gable candidate with preferable anticancer potency [5].
Our recent studies reveal that ChlA-F possesses the sig-
nificant potency on anchorage-independent growth inhi-
bition through induction of autophagy in a Sestrin-2
(SESN2)-dependent fashion in human high-grade invasive
bladder cancer (BC) cells [5]. The current study aimed to
evaluate the effect of ChlA-F on human BC cell invasion
and elucidate the molecular mechanism(s) underlying this
action.

Cancer cells are considered to be capable of limitless
proliferation and self-renewal, similar to stem cells. More-
over, a small number of cancer cells express stem cell
markers and possess the stem cell-like ability to maintain
tumor growth and metastasis [6]. Stemness-associated genes
such as SOX2, Nanog, Oct-4, and CD44 are involved in the
maintenance of embryonic stem cell stemness, and more
recent studies have demonstrated their expression in certain
kinds of human tumors, where they regulate tumorigenesis
and metastasis [7]. SOX2 has been described as an essential
embryonic stem cell marker and necessary factor for
induced cellular reprogramming [8, 9]. Recently, research
about SOX2 has switched from focusing on embryogenesis
and development to focusing on its function in disease,
especially in cancer. These studies have strongly suggested
that SOX2 promotes invasion, migration, and metastasis in
squamous cell carcinoma, melanoma, colorectal cancer,
glioma, gastric cancer, ovarian cancer, and hepatocellular
carcinoma [7, 10–14]. Although the involvement of SOX2
in BC stem-like properties have been reported in several
studies [8, 9, 15], the inhibition of SOX2 in the mediation of
ChlA-F attenuating human BC cell invasion has not been
examined to the best of our knowledge. Given our most
recent studies show that stem-like property is associated
with human BC cell invasion [16], we explored the poten-
tial effect of ChlA-F, a new compound with high activity on
the inhibition of human high invasive BC cells, on SOX2
expression and cell invasion in human high invasive
BC cells.

Materials and methods

Plasmids and reagents

The c-Jun dominant negative mutant (TAM67) was
described in our previous studies [17, 18]. The GFP-HUR
expression vector was a generous gift from Dr. Imed-
Eddine Gallouzi (McGill University Health Center, McGill
University, Montreal, Canada). shRNA constructs against
human USP8 (RMM4431-2004108) and HuR were pur-
chased from Open Biosystems (Pittsburg, PA, USA). The
SOX2 overexpression construct pSin-EF2-SOX2, the miR-
200c overexpression construct, the miR-145 inhibitor and
miR-200c inhibitor were purchased from Addgene (Cam-
bridge, MA, USA). The human miR-200c promoter (−1771
to −9) was cloned into the pGL3-basic luciferase reporter.
The human SOX2 mRNA 3'-UTR luciferease reporter
and SOX2 3′-UTR mutant luciferase reporter (miR-200c
binding site mutated) were cloned into the pMIR luciferase
reporter. Plasmids were prepared using the Plasmid Pre-
paration/Extraction Maxi kit from QIAGEN (Valencia, CA,
USA). Antibodies specific against p-c-Jun S63 (2361S),
p-c-Jun Ser73 (3270S), total-JUN (9165S), c-Fos (2250S),
c-Jun(D) (5000S), Elk-1 (9182S), E2F1 (3742S), GAPDH
(5174S), GFP (2956S), and SOX2 (23064S) were pur-
chased from Cell Signaling Technology (Beverly, MA,
USA). Antibodies specific against Sp1 (sc-H225) and HuR
(sc-5261) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibody against HNRPD/AUF1
(ARP40238_T100) was purchased from Aviva (San Diego,
CA, USA). Antibodies against β-Actin (A5441) and
Nucleolin (N2662) were obtained from Sigma-Aldrich
Corporation (St. Louis, MO, USA). Bafilomycin A1
(BAF) (sc-201550) was purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Actinomycin D (Act
D) (50-76-0) was purchased from Fisher Scientific (Pitts-
burgh, PA, USA). The chemicals cycloheximide (CHX) and
MG132 were purchased from Calbiochem (San Diego, CA,
USA). The inhibitor SP600125 was bought from Calbio-
chem (San Diego, CA, USA).

General information for chemical procedures

ChlA-F with purity >99% was prepared according to a
developed protocol (see Patent ZL201310034985.5 and
PCT/CN2014/071751). Briefly, a solution of cheliensisine A
(548 mg, 2 mM) in DCM (5mL) at −78 °C under N2 was
added drop-wise to a solution of BF3·OEt2 (202 μL) in
DCM. The mixture was stirred at this temperature for 0.5 h
until no starting material was detected. The mixture was
then quenched by a saturated aqueous NaHCO3 solution.
The aqueous phase was extracted with dichloromethane
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(30 mL × 3). Combined organic layers were washed with
brine, dried over anhydrous Na2SO4, and concentrated. The
crude product was purified by flash chromatography on
silica gel to produce ChlA-F as white foam (53%). Mass
spectra and high-resolution mass spectra were performed on
a VG Auto Spec-3000 or a Finnigan MAT 90 instrument.
1H-nuclear magnetic resonance (NMR) and 13C-NMR
experiments were performed on Bruker AM-400 DRX-500
and DRX-600 NMR spectrometers at ambient temperature.

To perform in vitro experiments, ChlA-F was dissolved
in dimethyl sulfoxide (DMSO, Sigma-Aldrich Corporation,
67-68-5) to make an 8 mM stock concentration and further
diluted in DMEM/Ham’s F12 medium with a final DMSO
concentration of 0.1% (v/v) for cell culture experiments.
The same amount of DMSO was used as a vehicle control
in all experiments.

Cell culture and transfections

Human BC cell lines T24T and U5637 were described in
our previous studies [17, 19]. T24T cells were cultured
at 37 °C in a 5% CO2 incubator in a 1:1 mixture of
DMEM/Ham’s F12 medium supplemented with 5% FBS,
2 mmol/L L-glutamine, and 25 mg/mL gentamycin.
U5637 cells were cultured in RPMI 1640 supplemented
with 10% FBS, 2 mmol/L L-glutamine, and 25 mg/mL of
gentamycin. Cell lines were authenticated every
6–12 months by verifying viability, recovery, growth,
morphology and chemical response as well as testing STR
loci and sex using the PowerPlex® 16 HS System pro-
vided by Genetica DNA Laboratories (Burlington, NC
27215 USA), as described in our previous studies
[17, 20]. Transfections were carried out with specific
plasmid constructs using PolyJet™ DNA in vitro Trans-
fection Reagent (SignaGen Laboratories, Gaithersburg,
MD) according to the manufacturer’s instructions. Stable
transfection selection of SOX2, shUSP8, shHuR,
TAM67, miR-145 inhibitor, miR-200c inhibitor, and
miR-200c in T24T cells was performed with puromycin
(0.2–0.3 μg/mL) or G418 (500–1000 μg/mL), depending
on the antibiotic resistance plasmid transfected, and sur-
viving stable transfectants were pooled as a stable mass
culture, as described in our previous studies [17, 20].

Western blot

T24T and U5637 cells and their transfectants were extracted
with cell lysis buffer (10 mmol/L Tris-HCl, pH 7.4, 1%
SDS, and 1 mmol/L Na3VO4), and protein concentrations
were determined using a NanoDrop 2000 spectro-
photometer (Thermo Scientific, Waltham, MA, USA). Cell
extracts were subjected to SDS-PAGE and then transferred
to polyvinylidene fluoride membranes (Bio-Rad, Hercules,

CA, USA). The protein band specifically bound to the
primary antibody was detected by Typhoon FLA 7000 (GE
Healthcare, Chicago, IL, USA) using an alkaline
phosphatase-linked secondary antibody and an enhanced
chemifluorescence. The Western blotting system was
described in our previous studies [21].

RT-PCR and quantitative real-time PCR

Total RNA was extracted with TRIzol reagent (Invitrogen)
after ChlA-F treatment according to the manufacturer’s
instructions, and cDNAs were synthesized with the
Thermo-Script RT-PCR system (Invitrogen). mRNA
amounts were measured by quantitative real-time PCR. The
primers for human SOX2 were 5′-CAT GCA CCG CTA
CGA CGT GAG-3′ (Forward) and 5′-TGG GAG GAA
GAG GTA ACC ACA GG-3′ (Reverse). The primers for
human USP4 were 5′-GCC TTT ACC TGA TGA GTT TG-
3′ (Forward) and 5′-TGC TCT TTG CCT TCT TCC TG-3′
(Reverse). The primers for human USP8 were 5′-GGT TCT
GGA CCA GCT CTT AC-3′ (Forward) and 5′-CTG CCA
CTT CAC CTT TAT GC-3′ (Reverse). The primers for
human USP22 were 5′-GAC TGC CTG CGA CGA TTC
A-3′ (Forward) and 5′-TGG CTG AGT GTT CAA ATC
G-3′ (Reverse). PCR products were separated on 2%
agarose gels, stained with ethidium bromide, and imaged
under UV light with the Alpha Innotech SP Image system
(Alpha Innotech Corporation, San Leandron, CA, USA).

Total microRNA was extracted using the miRNeasy
Mini Kit (Qiagen, Valencia, CA, USA). Analysis of miR-
429, miR-200b, miR-21, miR-200c, miR-182, and miR-129
expression was conducted using the miScript PCR Starter
Kit (Qiagen, Valencia, CA, USA) and miScript PCR kit II
RT Kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s protocol, with U6 used as the endogenous
normalizer. Initial activation was performed at 95 °C for 15
min, followed by 40 cycles of denaturation at 95 °C for 15 s,
annealing at 55 °C for 30 s, and extension at 70 °C for 30 s.
Cycle threshold (CT) values were determined, and the
relative expression of microRNAs was calculated by using
the values of 2−△△CT, as described in our publications
[22, 23].

Luciferase reporter assay

Cells were transfected with the indicated luciferase reporter
in combination with the pRL-TK vector (Promega, Fitch-
burg, WI, USA) as an internal control and subjected to
ChlA-F (4 or 8 μM) for the indicated time. Luciferase
activity was determined with a microplate luminometer, as
described in previous studies [22–24]. All experiments
were performed in triplicate, with results expressed as the
mean ± standard error.

634 X. Hua et al.



Cell invasion assay

The invasion assay was performed using the BD BioCoat™
Tumor Invasion System (BD Falcon, NY, USA) according
to the manufacturer’s instruction. Briefly, cells (3 × 104)
were simultaneously seeded onto chamber inserts coated
with Matrigel™ matrix (invasion) or uncoated (migration)
in triplicate in 400 μL of a serum-free, 1:1 mixture of
DMEM/Ham’s F12 medium. Inserts were placed into wells
containing 1 mL of medium supplemented with 10% FBS.
Cells were incubated for 24 h, and then cells on both the
inside and outside of the chamber were fixed with 3.7%
formalin for 5 min, washed twice, treated with 100%
methanol for 20 min, washed twice again, and then stained
with Giemsa (1:20 in PBS) for 30 min in the dark. The
number of migrated cells attached to the other side of the
insert was counted under a light OLYMPUS CKX41
microscope in three random fields at 200× magnification.
The number of migrated and invasive cells per image was
determined using Image J software. Data are presented as
the percentage of invasion through the BD Matrigel™
matrix and membrane relative to the migration of cells
through the uncoated membrane. Data shown are repre-
sentative of three independent experiments.

RNA-IP assay

Transient transfectants of 293T (pEGFP-C1, GFP-HuR)
cells were cultured in 10-cm dishes until 80–90% confluent.
Culture medium was replaced with DMEM containing 0.1%
FBS for 12 h, and cells were then lysed in Polysome Lysis
Buffer (10 mM HEPES pH 7; 100 mM KCl; 5 mM MgCl2;
25 mM EDTA; 0.5% IGEPAL; 2 mM DTT; 50 units/mL
RNase OUT; 50 units/mL SUPERase-In; 0.2 mg/mL
heparin; and complete proteinase inhibitor) on ice. The
lysate was incubated with normal IgG/Protein A/G plus-
agarose or anti-GFP agarose (Santa Cruz Biotechnology,
Inc.) at 4 °C for 12 h. Agarose beads were collected by
centrifugation, washed three times with NET2 buffer,
extracted with Trizol, and subjected to RT- PCR.

[35S]-methionine pulse assays

T24T cells were seeded into 10-cm dishes and cultured for
24 h. Cells were exposed to ChlA-F (8 μM) for the indicated
time and then incubated with methionine–cysteine-free
DMEM (Gibco-BRL, Grand Island, NY) containing 2%
FBS (Gibco-BRL, Grand Island, NY) for 30 min. Next, we
pretreated the cells with MG132 (10 μM) for 30 min and
then incubated with 2% FBS methionine–cysteine-free
DMEM containing [35S]-labeled methionine/cysteine
(250 μCi/dish, Trans 35S-label; Perkin Elmer, Boston, MA)
for the indicated time periods. Cells were extracted with

lysis buffer (Cell Signaling, Beverly, MA) containing
complete protein inhibitor mixture (Roche, Branchburg, NJ)
on ice for 10 min. Five hundred milligram of total lysate
was incubated with the anti-SOX2 monoclonal antibody
(Cell Signaling Technology) for 2 h at 4 °C. Next, Protein
A/G plus-agarose beads (Santa Cruz Biotechnology, Inc.)
that were pre-cleared by 20 mg/mL BSA for 2 h were added
to the mixture and incubated with agitation for an additional
2 h at 4 °C. The immunoprecipitated samples were washed
with cell lysis buffer five times, incubated at 100 °C for
5 min, and then subjected to SDS-PAGE analysis. [35S]-
labeled SOX2 protein was detected with the Phosphor-
Imager Typhoon FLA 7000 (GE, Pittsburgh, PA).

Statistical analysis

The Student’s T-test was used to determine significant dif-
ferences, and p < 0.05 was considered as a significant dif-
ference between compared groups.

Results

ChlA-F blocks BC cell invasion through
downregulation of SOX2 expression

Given our most recent studies show that stem-like property
is associated with human BC cell invasion [16], we
explored the potential effect of ChlA-F on SOX2 expression
and cancer cell invasion in human high invasive BC cells.
To this end, T24T and U5637 cells were treated with the
indicated dose of ChlA-F for 24 h, which resulted in
downregulation of SOX2 (Fig. 1a). To further evaluate the
contribution of SOX2 downregulation to ChlA-F inhibition
of BC, T24T, and U5637 cells were transfected with a
SOX2 overexpression construct (Fig. 1b). As shown in
Fig. 1c, ChlA-F treatment dramatically inhibited both exo-
genous and endogenous SOX2 protein expression both in
T24T and U5637 cells.

Cell migration is an essential cellular process refers that
cells move from one location to another location [25], while
cell invasion defines the ability of cells to become motile
and to navigate through the extracellular matrix within a
tissue or to infiltrate neighboring tissues [26]. Cancer cells
that become invasive disseminate to secondary sites and
form metastases [26]. To test whether ChlA-F was able to
inhibit either migration and/or invasion in human BC cells,
the BD BioCoat™ Tumor Invasion System was employed
to evaluate the effects of ChlA-F on both migration and
invasion. Consistent with the inhibition of SOX2 protein
expression, ChlA-F profoundly inhibited cell invasion
without showing the observable effect on cell migration in
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Fig. 1 ChlA-F inhibits invasion through downregulation of SOX2
protein expression in bladder cancer cells. a T24T and U5637 cells
were treated with ChlA-F at the indicated concentrations for 24 h.
SOX2 protein expression was determined by Western blot. b, c T24T
and U5637 cells stably transfected with SOX2 plasmid were seeded
into 6-well plates and treated with or without 8 µM ChlA-F for 24 h.
d, e The invasion abilities of T24T (Vector) and T24T (SOX2) cells
treated with or without 8 µM ChlA-F were evaluated by using a BD
BioCoat TM Matrigel TM Invasion Chamber. The scale bar was 200
μM. f, g The invasion abilities of U5637 (Vector) and U5637 (SOX2)
cells treated with or without 8 µM ChlA-F were evaluated by using a
BD BioCoat TM Matrigel TM Invasion Chamber. The scale bar was

200 μM. The asterisk (*) indicates a significant difference between
cells treated with or without 8 µM ChlA-F. h The whole cell lysate of
T24T(KOSOX2) cells and T24T (Vector) cells that were treated with
or without ChlA-F at the indicated concentrations for 24 h were sub-
jected to Western blot to determine SOX2 protein expression. i, j The
invasion abilities of the indicated cells were subjected to transwell
invasion assay by using a BD BioCoat TM Matrigel TM Invasion
Chamber. The scale bar was 200 μM. The asterisk (*) indicates a
significant decrease from T24T(Vector) cells treated with 8 µM ChlA-
F. The symbol (#) indicates a significant decrease from T24T(Vector)
cells treated with vehicle control
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both T24T(Vector) and T24T cells overexpressing SOX2,
T24T(SOX2), cells (Fig. 1d, e). This finding was also
observed in U5637(Vector) and U5637 cells overexpressing
SOX2, U5637(SOX2), cells (Fig. 1f, g). Moreover, we also
knocked out the SOX2 gene using CRISPR/Cas9 systems in
T24T cells to mimic the biologic effects of ChlA-F treat-
ment. As shown in Fig. 1h, the stable SOX2 knockout
transfectant T24T(KOSOX2) was identified for comparing
the invasion abilities of the stable transfectants. The
knockout of SOX2 remarkably decreased the T24T cell
invasion abilities, but not migration, in comparison to its
vector transfectants (Fig. 1i, j), indicating that knockout of
SOX2 could mimic the inhibitory effect of ChlA-F on BC
cell invasion. These results strongly reveal that ChlA-F
specific inhibits invasion without affecting migration
accompanied by attenuation of both endogenous and exo-
genous SOX2 expression in both human BC T24T and
U5637 cells.

ChlA-F downregulates SOX2 expression at the level
of protein degradation by increasing USP8 protein
expression

To investigate the underlying mechanisms of SOX2 reg-
ulation, we examined the effect of ChlA-F on SOX2 mRNA
expression. As shown in Fig. 2a, ChlA-F treatment did not
show a noticeable effect on SOX2 mRNA expression both
in T24T and U5637 cells. This result was inconsistent with
the result obtained for SOX2 protein and suggested that
ChlA-F inhibition of SOX2 protein expression occurs at the
level of protein degradation or translation. Given that CHX
is a commonly used protein synthesis inhibitor, it was
employed to block new protein synthesis, which allowed us
to determine the degradation of synthesized proteins in the
cells. To determine if the regulation of SOX2 by ChlA-F
occurs at the protein degradation level, T24T cells were
treated with CHX alone or in combination with ChlA-F at
indicated time periods. We observed that SOX2 protein
degradation rates were markedly increased when cells were
co-incubated with ChlA-F plus CHX in comparison to cells
incubated with CHX alone (Fig. 2b). In eukaryotic cells, the
ubiquitin-proteasome pathway and lysosomal proteolysis
mediate protein degradation. We first examined if autop-
hagy could induce SOX2 protein degradation, and the
results showed no apparent differences in SOX2 protein
expression between cells co-treated with ChlA-F and BAF
and cells treated with ChlA-F alone (Fig. S1), suggesting
that ChlA-F-mediated SOX2 protein degradation might
occur through the ubiquitin-proteasome pathway. To test
this possibility, MG132, a proteasome inhibitor, was
employed. The inhibition of proteasome-dependent axis by
MG132 reversed ChlA-F inhibition of SOX2 protein,
revealing that the proteasome-dependent pathway is

participating in ChlA-F-inhibited SOX2 protein degradation
(Fig. 2c). Given that UBE2S has been reported to regulate
SOX2 protein ubiquitination [27], we first evaluated the
potential effect of ChlA-F on UBE2S expression and the
result was negative as shown in Fig. S2. Ubiquitin-like
domain of ubiquitin Specific Peptidase 4 (USP4) could bind
to the catalytic domain of ubiquitination enzyme, by which
USP4 can inhibit ubiquitination enzyme activity [28],
whereas USP8 can remove conjugated ubiquitin from pro-
teins and therefore plays an important regulatory role at the
level of protein turnover by preventing degradation [29].
USP22 has also been reported to regulate SOX2 expression
[30]. To determine which is the upstream regulator med-
iating SOX2 protein degradation by ChlA-F, USP4, USP8,
USP22 mRNA level were first evaluated following ChlA-F
treatment. As shown in Fig. 2d, USP8 mRNA was upre-
gulated in T24T cells following ChlA-F treatment, whereas
USP4 and USP22 mRNA showed only minimal alterations.
We also detected USP8 protein expression by Western Blot.
Consistent with mRNA results, USP8 protein expression
was remarkably upregulated after treatment with ChlA-F
(Fig. 2e). To test the relationship of USP8 induction with
SOX2 downregulation following ChlA-F treatment, we
used shRNAs to knockdown USP8 expression in human
BC T24T cell lines and evaluated the effect on SOX2
protein expression. We found that knockdown of USP8
increased the basal levels of SOX2 protein and reversed
ChlA-F-induced downregulation of SOX2 (Fig. 2f).
Accordingly, SOX2 protein degradation was inhibited in
T24T (shUSP8) cells compared with T24T (Nonsense) cells
following ChlA-F treatment (Fig. 2g). Besides, to determine
the role of USP8 induction in ChlA-F inhibition of BC cell
invasion, we evaluated cell invasion in T24T (Nonsense)
and T24T (shUSP8) stable transfectants. Knockdown of
USP8 attenuated ChlA-F inhibition of BC cell invasion but
did not affect BC cell migration (Fig. 2h, i). Taken together,
our results demonstrated that ChlA-F induces USP8
expression, promoting SOX2 protein degradation and
leading to inhibition of human BC cell invasion.

ChlA-F increases HuR protein expression to enhance
USP8 mRNA stability

The upregulation of USP8 expression by ChlA-F treatment
might occur at the transcriptional, post-transcriptional, or
translational level. To further investigate the potential
mechanisms underlying USP8 accumulation, Actinomycin
D (Act D) was used to block new mRNA synthesis and thus
facilitates to evaluate the already synthesized RNA degra-
dation or RNA stability [31, 32]. To further determine if
ChlA-F regulates USP8 expression at the mRNA stability
level, T24T cells were treated with Act D (20 μg/mL) with
or without ChlA-F for the indicated different time periods,
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and real-time PCR was used to evaluate USP8 abundance,
normalized to that of the relatively stable GAPDH mRNA.
The results indicated that treatment of T24T cells with
ChlA-F in the presence of Act D led to an increase in the
USP8 mRNA stability (half-life≈24 h) in comparison to
cells treated with Act D alone (half-life≈10 h) (Fig. 3a),
indicating that ChlA-F positively promotes USP8 mRNA
stability.

Several RNA-binding proteins, such as Nucleolin,
AUF1, and HuR, have been reported to bind to their target
mRNAs and regulate their stability [33–35]. To test the
potential contribution of these RNA-binding proteins to
ChlA-F upregulation of USP8 mRNA stability, the effects
of ChlA-F on the protein expression of Nucleolin, AUF1,
and HuR were evaluated in both T24T and U5637 cells. As
shown in Fig. 3b, ChlA-F treatment led to the accumulation

Fig. 2 ChlA-F attenuates SOX2 protein expression through accumu-
lating USP8 expression. a T24T and U5637 cells were treated with 4
or 8 µM ChlA-F for 24 h. The cells were then used to extract total
RNA using Trizol reagent. Real-time PCR was carried out to detect
SOX2 mRNA expression. b Cycloheximide (CHX) (50 µg/mL) with or
without ChlA-F (8 µM) was added to the culture medium and incu-
bated for the indicated time. SOX2 protein expression was determined
by Western blot. β-Actin was used as an internal control. c T24T cells
were treated with or without 8 µM ChlA-F and with or without 10 µM
MG132 for 24 h. SOX2 protein levels were assessed by Western blot.
d The mRNA expression levels of USP4, USP8, and USP22 were
determined by real-time PCR after T24T cells treated with 4 µM or
8 µM ChlA-F for 12 h. e T24T cells were treated with ChlA-F (µM) at
the indicated doses for 24 h, and USP8 protein levels were determined
by Western blot. f T24T (shUSP8) and T24T (Nonsense) cells were
exposed to 8 µM ChlA-F for 24 h. USP8 and SOX2 protein expression
were determined by Western blot. g T24T (shUSP8) and T24T

(Nonsense) cells were treated with 8 µM ChlA-F, then analyzed for
SOX2 protein degradation rates in the presence of cycloheximide
(CHX) (50 µg/mL) over different time periods. The middle panel,
same with top panel, was separated two parts derived from two cell
transfectants to make the data easily comparable between two trans-
fectants. h The invasion abilities of T24T (Nonsense) and T24T
(shUSP8) cells treated with or without 8 µM ChlA-F were evaluated by
using a BD BioCoatTM MatrigelTM Invasion Chamber. Migration
ability was determined using the empty insert membrane without the
matrigel, while invasion ability was evaluated by using the same
system with Matrigel applied. Scale bar was 200 μM. i The invasion
rate was normalized to the insert control according to the manu-
facturer’s instructions. Results were presented as T24T (Nonsense)
cells relative to T24T (shUSP8) cells, which were exposed to 8 µM of
ChlA-F for 24 h. The asterisk (*) indicates a significant difference
between the cells
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of HuR protein in a dose-dependent manner, whereas it
did not show an observable effect on the expression of
Nucleolin or AUF1. To further determine the role of HuR in
the regulation of USP8 mRNA stability, an shRNA speci-
fically targeting human HuR was used to knockdown
HuR expression in T24T cells (Fig. 3c). HuR knockdown
abolished the upregulatory effects of ChlA-F on the
expression of USP8 mRNA and protein and reversed ChlA-
F-induced downregulation of SOX2 expression in
T24T cells (Fig. 3c, d). Moreover, RNA-IP assays showed
that HuR could specifically bind to USP8 mRNA (Fig. 3e).
Thus, our results suggest that HuR directly binds to USP8
mRNA and increases its stability.

The induction of miR-200c, not miR-145, is crucial
for ChlA-F inhibition of SOX2 protein translation and
BC cell invasion

To determine if effects on translation explain the decreased
SOX2 protein levels in T24T cells treated with ChlA-F, a
[35S]-methionine short-term pulse-labeling assay was per-
formed to examine the SOX2 protein translational process.

As shown in Fig. 4a, the incorporation of [35S]-methionine/
cysteine into newly synthesized SOX2 protein was reduced
in T24T cells following ChlA-F treatment, indicating that
synthesis of SOX2 protein was impaired by ChlA-F. Sev-
eral studies have suggested that miRNAs repress gene
expression by binding to complementary sequences in the 3′
untranslated region (3′-UTR) of their target mRNAs to
inhibit the initiation step of translation [36, 37]. To elucidate
the mechanisms involved in ChlA-F inhibition of SOX2
protein translation, a SOX2 3′-UTR luciferase reporter was
transiently co-transfected with pRL-TK into T24T and
U5637 cells. The transfectants were used to test the
potential effect of ChlA-F on SOX2 mRNA 3′-UTR activ-
ity. We found that ChlA-F treatment leads to a marked
reduction of SOX2 mRNA 3′-UTR activity in a dose-
dependent manner in both T24T and U5637 cells. (Fig. 4b).
Based on these results, we used the TargetScan and miR-
code databases to screen for potential miRNA binding sites
in the 3′-UTR regions of SOX2 mRNA. As shown in
Fig. 4c, this analysis indicated that miR-200b, miR-200c,
miR-429, miR-145, miR-21, miR-182, and miR-129 have
potential binding sites in the 3′-UTR regions of SOX2

Fig. 3 ChlA-F enhances USP8 mRNA stabilization by promoting HuR
expression. a T24T cells were treated with Act D (20 μg/mL) for the
indicated time periods with or without ChlA-F (8 μM). Total RNA was
isolated and subjected to real-time PCR analysis for USP8 mRNA
expression. b T24T and U5637 cells were treated with ChlA-F(µM) at
the indicated doses, and cell extracts were subjected to Western blot to
determine Nucleolin, AUF1, and HuR protein levels. β-Actin was used
as an internal control. c T24T (shHuR) and T24T (Nonsense) cells
were treated with or without 8 µM ChlA-F for 24 h. Cell extracts were
subjected to Western blot to determine HuR, USP8 and SOX2 protein
levels. β-Actin was used as an internal control. d USP8 mRNA

expression was determined by real-time PCR in T24T (shHuR) and
T24T (Nonsense) cells treated with or without 8 µM ChlA-F for 24 h.
The symbol “#” indicates a significant difference between Vector
transfectant and shHuR stable transfectant following ChlA-F treatment
(p < 0.05). e 293T cells were seeded into 10-cm dishes. After cell
density reached 70–80%, the cells were transient transfected with
either GFP-vector or GFP-HuR constructs as indicated. 48 h after
transfection, the transfectants were extracted for an RNA-IP with anti-
GFP antibody to assay HuR binding to USP8 mRNA, as described in
“Materials and methods”. XIAP [56] and β-Actin were used as positive
control and negative control respectively for HuR binding
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mRNA. To identify which of these miRNAs was respon-
sible for regulation of SOX2 translation, we evaluated their
expression via real-time PCR in T24T cells treated with
ChlA-F. We found that ChlA-F treatment specifically
induces the expression of miR-200c and miR-145 (Fig. 4d),
indicating that they might be involved in downregulation of
SOX2 translation followed ChlA-F treatment.

To test if miR-200c and/or miR-145 inhibit SOX2
translation, T24T cells were first stably transfected with
miR-145 inhibitor. Unexpectedly, inhibition of miR-145
expression by its inhibitor slightly decreased SOX2 level,
suggesting that miR-145 inhibitor was not able to increase
SOX2 protein expression. This result, together with the data

showing that miR-145 overexpression showed no obser-
vable effect on SOX2 protein expression in T24T cells
(Fig. S5), promoted us to exclude the possible involvement
of miR-145 in the inhibition of SOX2 translation. Since
miR-200c was induced by ChlA-F in both T24T and U5637
cells (Fig. 4d, e), the point mutation at miR-200c binding
site in wild-type SOX2 mRNA 3′-UTR luciferase reporter
was constructed as displayed in Fig. 4f. Both WT and
mutant of SOX2 mRNA 3′-UTR luciferase reporter were
then transfected into T24T cells, respectively. As shown in
Fig. 4g, ChlA-F treatment profoundly inhibited WT SOX2
mRNA 3′-UTR luciferase reporter activity, whereas muta-
tion of miR-200c binding site impaired the reporter activity

Fig. 4 ChlA-F inhibits SOX2 protein translation by increasing miR-
200c levels. a After treatment with or without ChlA-F (8 µM),
T24T cells were treated with MG132 (10 µM) for 30 min. Newly
synthesized SOX2 protein was monitored by a pulse assay using 35S-
labeled methionine/cysteine. b A SOX2 3′-UTR-driven luciferase
reporter and a TK reporter were transiently transfected into T24T cells
treated with or without ChlA-F (4 or 8 µM). The luciferase activity of
each transfectant was evaluated, and the bars show mean ± SD from
three independent experiments. The asterisk (*) indicates a significant
decrease compared with control transfectants (p < 0.05). c Potential
microRNA binding sites in SOX2 mRNA 3′-UTR were predicted using
the TargetScan, Pictar, and miRcode databases. d Quantitative real-
time PCR was used to measure miRNA expression. The bars show
mean ± SD from three independent experiments. The asterisk (*)
indicates a significant increase in comparison with T24T control cells

(p < 0.05). e Quantitative real-time PCR was employed to evaluate
miR-200c expression in U5637 cells. The bars show mean ± SD from
three independent experiments. The asterisk (*) indicates a significant
increase in comparison with U5637 control cells (p < 0.05). f Sche-
matic of the miR-200c binding sites and its mutant of the pMIR-report-
SOX2 3′-UTR luciferase reporter. g Attenuation of ChlA-F inhibition
of SOX2 mRNA 3′-UTR activity in the miR-200c binding site mutant
of pMIR-report-SOX2 3′-UTR transfectants in comparison to ChlA-F
inhibition of SOX2 mRNA 3′-UTR reporter activity in wild-type
reporter transfectants. The asterisk (*) indicates a significant decrease
in comparison with the vehicle control group. The symbol “&” indi-
cates a significant difference between WT SOX2 3′UTR transfectant
and Mutant SOX2 3′UTR transfectant upon ChlA-F treatment
(p < 0.05)
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in response to ChlA-F treatment, indicating that miR-200c
binding site is required for ChlA-F inhibition of SOX2
mRNA 3′-UTR activity. Therefore, miR-200c and its inhi-
bitor were stably transfected into T24T cells, respectively,
and the levels of miR-200c were evaluated by real-time
PCR, as shown in Fig. 5a, c. As expected, ectopic over-
expression of miR-200c dramatically decreased SOX2
protein expression (Fig. 5b) and the introduction of miR-
200c inhibitor reversed ChlA-F downregulation of SOX2
protein expression (Fig. 5d). Consistently, the miR-200c
inhibitor attenuated ChlA-F inhibition of cellular invasion
without affecting their migration in T24T cells (Fig. 5e–g).
Taken together, our results revealed that ChlA-F treatment
induces miR-200c expression, resulting in reduced SOX2
protein expression and mediating inhibition of the invasive
ability of human BC cells.

JNK pathway activation is responsible for ChlA-F-
mediated miR-200c transcription

miRNA biogenesis is regulated at multiple levels, including
transcription, maturation by Drosha and Dicer, modification

by RNA editing, RNA methylation, uridylation, adenyla-
tion, Argonaute-loading, and RNA decay [38]. Therefore,
we transfected a wild-type, miR-200c-promoter-driven
luciferase reporter into T24T cells to evaluate the effect of
ChlA-F on miR-200c transcription. As expected, ChlA-F
treatment led to a distinct increase in miR-200c promoter
transcription in a dose-dependent manner (Fig. 6a). To
identify the transcription factor(s) involved in ChlA-F-
induced miR-200c transcription, bioinformatics analysis of
the miR-200c promoter was performed. We found several
potential transcription factors binding sites, including E2F-
1, AP-1, Elk-1, SOX2, and SP1, in the miR-200c promoter
region, as shown in Fig. 6b. To identify the specific tran-
scription factor(s) involved in the modulation of miR-200c
transcription, the effect of ChlA-F on related transcription
factor protein abundance/activation was determined. We
found that ChlA-F treatment specifically induced c-Jun
phosphorylation at Ser63 and Ser73, whereas it did not lead
to any observable increases in c-Fos, E2F-1, SP1, or Elk-1,
suggesting that c-Jun activation is involved in the tran-
scriptional activity of the miR-200c promoter following
ChlA-F treatment (Fig. 6c). SOX2 also has binding sites in

Fig. 5 miR-200c plays an vital role in the downregulation of SOX2
protein by ChlA-F. a, b Overexpression of miR-200c in T24T cells
was evaluated by real-time PCR, and SOX2 protein expression was
determined by Western blot. c miR-200c inhibitor lentivirus was used
to infect T24T cells, and knockdown efficiency was determined by
real-time PCR. Results are presented as the mean ± SD of triplicates.
The asterisk (*) indicates a significant decrease as compared to Vector
control (p < 0.05). d T24T (Vector) and T24T (miR200c inhibitor)
cells were treated with or without 8 µM ChlA-F. SOX2 protein
expression was determined by Western blot. β-Actin was used as a

protein loading control. e The invasion abilities of T24T (Vector) and
T24T (miR200c inhibitor) cells treated with or without 8 µM ChlA-F
were evaluated by using a BD BioCoat TM Matrigel TM Invasion
Chamber. Migration ability was determined by using the empty insert
membrane without Matrigel. Invasion ability was assessed by using
the same system with Matrigel applied. The scale bar was 200 μM.
f, g The invasion and migration rates were normalized with the insert
control according to the manufacturer’s instructions. The asterisk (*)
indicates a significant difference between cells treated with or without
8 µM ChlA-F
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the miR-200c promoter region, so we tested if SOX2 could
regulate miR-200c transcription. As shown in Fig. 6d,
knockout of SOX2 decreased miR-200c levels, which is
inconsistent with the fact that ChlA-F downregulated SOX2
but increased miR-200c expression. Thus, a stable trans-
fectant of the dominant-negative mutant JUN (TAM67) was
used to address the role of c-Jun in ChlA-F-induced miR-
200c transcription and expression. TAM67 is a truncation
mutant of c-Jun that lacks the major transactivation domain
of c-Jun (amino acids 1–122) but retains the DNA-binding
and leucine zipper domains, and therefore a TAM67 het-
erodimer binds DNA but does not activate transcription of
c-Jun [39]. Expectedly, blockage of JUN activation by

ectopic expression of TAM67 abolished the upregulatory
effects of ChlA-F on miR-200c promoter activity (Fig. 6e)
and expression (Fig. 6f), as well as abolishing the inhibitory
effects of ChlA-F on SOX2 protein expression (Fig. 6g).
Mitogen-activated protein kinases (MAPKs) are widely
expressed in multicellular organisms, with critical roles in
multiple biological processes, such as cell proliferation,
death, differentiation, migration, and invasion. Multiple
extracellular stimuli can activate MAPKs and lead to a
broad intracellular response through the MAPK signaling
pathway [40]. Therefore, we analyzed the activation of
kinases upstream of c-JUN upon ChlA-F treatment. As
shown in Fig. 6h, activation of JNK, MEK, and ERK was

Fig. 6 ChlA-F increases miR-200c expression by promoting the
expression of c-Jun. a The miR-200c promoter-driven luciferase
reporter and TK reporter were transiently transfected into T24T cells
treated with various concentrations of ChlA-F (µM) for 12 h. The
luciferase activity of each transfectant was evaluated, and the bars
show mean ± SD from three independent experiments (p < 0.05).
b Schematic representation of transcription factor binding sites in the
human miR-200c promoter region from −1771 to −9. c T24T cells
were treated with ChlA-F at the indicated doses for 24 h, and the cell
extracts were subjected to Western blot to determine transcription
factor expression. β-Actin was used as an internal control. d miR-200c
expression was determined by real-time PCR in T24T SOX2 knockout
cells and T24T(vector) cells. e, f Stable transfectants of TAM67 and its
scramble vector were treated with 8 µM ChlA-F. miR-200c promoter
activity was evaluated by a luciferase assay (e). miR-200c expression
was determined by real-time PCR (f). The symbol “#” indicates a
significant difference in comparison with scramble Vector transfectant

upon ChlA-F treatment (p < 0.05). g Cells stably transfected with
Vector or TAM67 cells were treated with or without 8 µM ChlA-F, and
cell extracts were subjected to Western blot to determine the expres-
sion of c-Jun and SOX2. h Activation of JNK, MEK, and ERK in the
MAPK signaling pathway was determined in accordance with c-Jun
activation following ChlA-F treatment in T24T and U5637 cells.
i T24T cells were treated with or without 8 µM ChlA-F and with or
without SP600125 (25 μM) for 24 h. The cell lysates were subjected to
Western blot assay for determination protein levels using specific
antibodies as indicated. j Co-transfectants of the miR-200c promoter
and TK in T24T cells were treated with or without 8 µM ChlA-F and
with or without SP600125 (25 μM) for 24 h. Then miR-200c promoter
activity was evaluated by a luciferase assay. The symbol “#” indicates
a significant difference between with or without SP600125 following
ChlA-F treatment (p < 0.05). k Schematic summary of molecular
mechanisms underlying the anticancer activity of ChlA-F on human
bladder cancers
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observed in accordance with c-Jun activation following
ChlA-F treatment in both T24T and U5637 cells. Since JNK
is a well-known an upstream kinase responsible for c-Jun
phosphorylation and activation [41], we employed JNK
inhibitor SP600125 to evaluate its effect on miR-200c
transcription and SOX2 expression. The results indicated
that treatment of cells with JNK inhibitor SP600125
markedly attenuated the phosphorylated level of JNKs and
c-Jun induced by ChlA-F (Fig. 6i), and such inhibition of c-
Jun activation reversed ChlA-F inhibition of SOX2
expression (Fig. 6i). Consistently, the inhibition of JNK and
c-Jun by SP600125 also abolished miR-200c promoter
activity (Fig. 6j). Collectively, these results suggest that
JNK pathway activation is responsible for ChlA-F-mediated
miR-200c transcription.

Discussion

ChlA-F was recently found to have an anticancer effect,
although the mechanism remains unclear. Our studies
recently demonstrated that treatment with ChlA-F sig-
nificantly inhibits anchorage-independent growth of human
BC cells by induction of autophagy in a Sestrin2-dependent
fashion [5]. Furthermore, ChlA-F inhibits the invasive
ability of human BC cells via attenuation of MMP2
expression. These studies indicated that ChlA-F possesses
remarkable anticancer activity in cancer cells. In the present
study, we showed that ChlA-F treatment dramatically
decreases SOX2 expression at both the protein degradation
and translation levels in human high-grade invasive BC
cells, inhibiting human BC cell invasion. ChlA-F treatment
induced expression of HuR protein, increasing HuR inter-
action with USP8 mRNA and resulting in elevation of
USP8 mRNA stability and subsequent SOX2 protein
degradation. ChlA-F treatment profoundly increased c-Jun
phosphorylation at Ser63 and Ser73, promoting transcrip-
tional induction of miR-200c by ChlA-F treatment and in
turn suppressing SOX2 protein translation by directly tar-
geting the SOX2 mRNA 3′-UTR. Collectively, our results
present novel mechanistic insight into an essential role of
SOX2 in human BC invasion as diagrammed in Fig. 6k and
further suggest a potential role for SOX2 in BC prognosis
and treatment.

SOX2, a self-renewal transcription factor crucial to
maintaining pluripotency in embryonic stem cells, has been
reported to play an important role in the development of
numerous malignancies [14, 42–46]. SOX2 is involved in
many oncogenic biological processes, including cancer cell
proliferation, migration, and invasion. Although the role of
SOX2 in human BC cell invasion remains unclear, a rela-
tionship between SOX2 expression and invasion has been
documented in other malignancies. Recently, it has been

reported that SOX2 targets fibronectin1 or phosphorylates
Src kinase to promote cell migration and invasion in ovarian
cancer [14, 42]. In prostate cancer cells, both acute and
chronic exposure to hypoxia can result in elevated expres-
sion levels of SOX2, thereby promoting cell invasion and
sphere formation [43]. In cervical squamous cell carcinoma,
SOX2 is overexpressed and contributes to cervical cancer
cell migration and invasion in vitro [45]. Furthermore, loss
of miR-638 in vitro promotes cell invasion and a
mesenchymal-like transition by directly targeting SOX2 in
colorectal carcinoma cells [46]. Here, we found that ChlA-F
treatment decreases both endogenous and exogenous SOX2
protein expression in human BC cells. Mechanistic studies
showed that ChlA-F specifically triggers expression of the
RNA-binding protein, stabilizing USP8 mRNA and pro-
moting SOX2 protein degradation. Further, treatment with
ChlA-F activated the MAPK/JNK/c-Jun cascade and
increased miR-200c transcription, mediating SOX2 protein
translation inhibition. The mechanism described above
mediates ChlA-F downregulation of SOX2 protein expres-
sion, inhibiting BC cell invasion.

The ubiquitin-specific protease (USP) family, with ~85
members, is the largest family of deubiquitination enzymes
(DUBs) [47]. USP8 has been reported to accelerate degra-
dation of epidermal growth factor receptor (EGFR) [48]
upon EGF stimulation. Although USP8 has been previously
reported to be implicated in the regulation of ubiquitin
dynamics, its connection to the ChlA-F anticancer activity
has never been explored. The results obtained from analysis
of the normalized TCGA database revealed that USP8
expression was significantly downregulated in BCs
(Fig. S6), while ChlA-F treatment remarkably increased
USP8 protein expression, revealing that USP8 induction
might be associated with anticancer activity of ChlA-F
compound. This notion was greatly supported by our find-
ings that knockdown of USP8 increased SOX2 protein
stability and abolished the inhibition of cancer cell invasion
by ChlA-F treatment. Given that USP8 is an endosome-
associated deubiquitinating enzyme and regulates ubiquiti-
nation status and degradation of several plasma membrane
proteins [29, 49], we anticipate that USP8 might indirectly
downregulate SOX2 following ChlA-F treatment in human
BC cells.

miRNAs were recently reported to regulate BC cell
invasion and metastasis [50, 51]. miR-200c is considered to
be an important regulator of suppression of tumorigenesis
and cancer metastasis. For example, miR-200c induces
epithelial differentiation and suppresses EMT by inhibiting
translation of the EMT-activators ZEB1 and ZEB2 in
intrahepatic cholangiocellular carcinoma, a type of primary
liver cancer [52]. Moreover, miR-200c expression is lost
and expression of its target genes ZEB1/ZEB2 is increased
in highly invasive MDA-MB-231 breast cancer cells,
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facilitating cell invasion and distant metastasis [53]. Con-
versely, ZEB1 links activation of EMT and maintenance of
stemness by suppressing stemness-inhibiting miRNAs, such
as miR-200c, in pancreatic and colorectal cancer cells [54].
A similar negative feedback loop of miRNA target genes
also appears in the regulation of miR-200c and its target
gene SOX2 [55]. It has been shown that miR-200c nega-
tively regulates SOX2 by binding the SOX2 3′UTR. In turn,
SOX2 binds to specific transcription factor-binding sites of
the miR-200c promoter and inhibits its transcription [55].
Here, we found that miR-200c directly binds to the SOX2 3′
UTR and inhibits SOX2 protein translation following ChlA-
F treatment. However, miR-200c was unexpectedly reduced
in SOX2 knockout cells. This result is inconsistent with our
finding that SOX2 was reduced and miR-200c was upre-
gulated after ChlA-F treatment. Thus, our results suggest
that SOX2, a downstream gene of miR-200c, is responsible
for ChlA-F inhibition of BC cell invasion.
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