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A thiazole-derived oridonin analogue exhibits antitumor
activity by directly and allosterically inhibiting STAT3
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Constitutive activation of signal transducer and activator of
transcription 3 (STAT3) occurs in ~70% of human cancers, and
STAT3 is regarded as one of the most promising targets for can-
cer therapy. However, specific direct STAT3 inhibitors remain
to be developed. Oridonin is an ent-kaurane plant-derived diter-
penoid with anti-cancer and anti-inflammatory activities. Here,
using an array of cell-based and biochemical approaches,
including cell proliferation and apoptosis assays, pulldown and
reporter gene assays, site-directed mutagenesis, and molecular
dynamics analyses, we report that a thiazole-derived oridonin
analogue, CYD0618, potently and directly inhibits STAT3. We
found that CYD0618 covalently binds to Cys-542 in STAT3 and
suppresses its activity through an allosteric effect, effectively
reducing STAT3 dimerization and nuclear translocation, as
well as decreasing expression of STAT3-targeted oncogenes.
Remarkably, CYD0618 not only strongly inhibited growth of
multiple cancer cell lines that harbor constitutive STAT3 acti-
vation, but it also suppressed in vivo tumor growth via STAT3
inhibition. Taken together, our findings suggest Cys-542 as a
druggable site for selectively inhibiting STAT3 and indicate that
CYDO0618 represents a promising lead compound for develop-
ing therapeutic agents against STAT3-driven diseases.

Signal transducer and activator of transcription 3 (STAT3)?
is a member of the STAT family, which transduces signals from
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a series of cytokines and growth factors. Once ligands such as
interleukin 6 (IL-6) and epidermal growth factor (EGF) bind to
their receptors, STAT3 can be phosphorylated by the Janus
kinases (JAKs), receptor tyrosine kinases (e.g. EGFR), or nonre-
ceptor tyrosine kinases (e.g. Src) at tyrosine 705 (Tyr-705).
Phosphorylation in turn triggers the dimerization of STAT3 via
the interaction of pTyr—Src homology 2 (SH2) domain. The
STAT3 dimer then translocates to the nucleus where it binds
specific DNA sequences and induces gene expression involved
in proliferation, differentiation, survival, and immune response
(1, 2). In contrast to the controllability and transience of phys-
iological STATS3 signaling in normal cells, constitutive activa-
tion of STAT3 contributes to malignant transformation and
occurs in ~70% of human cancers, including breast, prostate,
ovary, and liver (2, 3). Interestingly, numerous lines of evidence
have revealed that the survival of many cancer cells depends on
the constitutive activation of STAT3, whereas normal cells can
tolerate aloss of STAT3 function (4). Thus, the STAT3 pathway
is considered a promising target for the development of novel
anticancer agents.

Ovarian cancer represents the most lethal among gynecolog-
ical malignancies worldwide because of the late diagnosis at an
advanced stage, widespread metastasis, and high recurrence
rate (5, 6). Despite considerable advances in chemotherapy;, it
only offers limited clinical outcomes in patients with advanced
or more aggressive tumors (7). The overall 5-year survival rate
for patients with advanced-stage ovarian cancer is only about
20% (6). Hence, there is an urgent need to develop novel effec-
tive strategies for the treatment of ovarian cancer. A series of
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clinical and experimental data indicate that constitutively acti-
vated STAT3 levels are associated with the high-grade ovarian
carcinoma specimens and acquired drug resistance (8, 9).
Therefore, inhibition of STAT3 signaling might represent an
attractive strategy for ovarian cancer treatment.

Several approaches have been proposed to target the multi-
ple steps of the STAT3 activation cascade for inhibition of its
oncogenic activity. For instance, some inhibitors indirectly
attenuate STAT3 activation by disrupting the binding of
growth factor receptors and their ligands (10, 11) or by sup-
pressing the activity of upstream kinases (12, 13). Because mul-
tiple oncogenic signals converge on STAT3, direct inhibition of
STAT3 may reduce the chance of acquired resistance com-
pared with indirect strategies (14—16). Therefore, several
inhibitors directly interact with the different domains of
STAT3, including the SH2 domain and the DNA-binding
domain (DBD), thereby disrupting phosphorylation, dimeriza-
tion, nuclear translocation, and/or DNA binding of STAT3
(14-16). However, the difficulties in targeting SH2 domain—
mediated protein—protein interaction, combined with the lack
of an effective screening system to quantitatively evaluate
STAT3 DBD inhibitors, led to the slow progress of direct
STAT3 inhibitor development in the clinic (14). Hence, there
has been a growing interest in targeting other domains of
STATS3, including coiled-coiled domain and linker domain
(17, 18).

Compounds derived from nature have historically been a
main source of anticancer agents because of their relative
advantages, including safety, efficacy, availability, and molecu-
lar diversity (19). Oridonin, an ent-kaurane diterpenoid isolated
from Rabdosia rubescens, exhibits multiple biological activities
such as anti-cancer and anti-inflammation (20, 21). Although
oridonin possesses attractive safety and bioactivities, its clinical
applications have been hampered by its relatively moderate
potency, limited oral bioavailability, rapid plasma clearance,
and unclear mechanisms of action (22, 23). Recently, Zhou and
co-workers (20, 24) designed and synthesized a series of ring
A-based thiazole-fused oridonin analogues with an addi-
tional nitrogen-containing side chain in order to improve
both anti-cancer potency and aqueous solubility. Although
they further revealed that induction of death receptor-5 was
a key mechanism by which this oridonin analogue induces
extrinsic apoptosis in triple-negative breast cancer (TNBC)
cells (24), the underlying mechanisms and direct targets are
still unknown. In this study, we synthesized a ring A-based
thiazole-fused oridonin analogue (CYDO0618) and biotiny-
lated CYDO0618, according to Zhou and co-workers’ method.
We then found that CYD0618 could directly target STAT3 to
exert its inhibition on ovarian cancer. On covalently binding
to Cys-542, CYD0618 blocked the Tyr-705 phosphorylation
of STAT3 and the subsequent dimerization, leading to an
effective suppression of a series of STAT3-targeted onco-
genes. These findings not only uncover that CYD0618 is a
potent direct STAT3 inhibitor, but also revealed that Cys-
542 in the linker domain is a druggable binding site for selec-
tively targeting STAT3.
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Results

CYDO0618 exhibits a potent inhibitory activity in human
ovarian cancer cells

To assess the inhibitory activity of CYD0618 (Fig. 14) on
ovarian cancer, we examined the impact of CYD0618 on four
human ovarian cancer cell lines, including A2780, OVCARS3,
OVCARS, and SKOV3 via sulforhodamine B (SRB) staining
(25). CYDO0618 treatment for 72 h exhibited dose-dependent
inhibitory effects on these four ovarian cancer cell lines with an
IC,, value of ~0.75-2.08 uMm (Fig. 1B), respectively. After treat-
ment with CYDO0618, the cells shrank, became round, devel-
oped pyknosis, and formed small buds around the nuclear
membrane; 4’,6-diamidino-2-phenylindole (DAPI) staining
showed that CYD0618 treatment caused significantly elevated
nuclear fluorescence, chromatin condensation, and nuclei frag-
mentation (Fig. S1). To further test whether CYD0618 inhibits
cell growth, we performed a tumor cell clonogenic assay.
CYDO0618 treatment remarkably decreased the clonalities of
A2780, OVCARS, and SKOV3 cells (Fig. 1C). Furthermore,
CYDO0618 treatment also induced cell cycle G,/M phase arrest
in a dosage-dependent manner (Fig. 1D). Because pro-apopto-
sis is one of the main strategies in cancer therapy (26), we then
characterized the apoptotic response to CYD0618 treatment in
human ovarian cancer cells. CYD0618 dose-dependently
increased the proportions of annexin V-positive apoptotic cells
in both A2780 and OVCARS cells (Fig. 1E). Consistent with the
flow cytometry assay, CYD0618 treatment also resulted in
accumulation of cleaved PARP and reduction of PARP in ovar-
ian cancer cells (Fig. 1F). Additionally, the migration of ovarian
cancer cells was obviously repressed by CYD0618 treatment for
24 h (Fig. 1G). Taken together, CYD0618 exhibits a significant
anti-cancer efficacy in human ovarian cancer cells in vitro.

CYDO0618 directly binds to STAT3 oncoprotein

Although oridonin and its analogues possess an obvious anti-
cancer efficacy, their precise molecular mechanisms remain to
be further elucidated (22). To identify the functional targets of
CYDO0618 that are responsible for its potent anti-cancer action,
we prepared a chemical probe for affinity purification. The
chemical probe biotin-tagged CYD0618 (biotin—CYD0618)
was designed on the basis of structure—activity relationship
information (20, 22). The «,B-unsaturated carbonyl unit was
shown to be essential for the anti-cancer activity of CYDO0618,
as indicated by the inactive analogue CYD-NC witha C16 -C17
single bond (Fig. S2). Thus, we prepared a biotin linker to the
amino group to yield biotin—-CYDO0618, which retained most of
the anti-tumor activity of CYD0618 in A2780 ovarian cancer
cells (Fig. 24).

To identify cellular proteins that interact with CYD0618,
we performed a pulldown assay by incubating the A2780 cell
lysates with biotin—CYDO0618 or free biotin in the absence or
presence of excess unlabeled CYDO0618 (10-fold). The
CYDO0618-bound proteins were precipitated by streptavidin-
agarose beads, followed by SDS-PAGE and silver staining.
A clear band observed at around 90 —100 kDa was specifically
precipitated by biotin—-CYDO0618 but not by free biotin. Fur-
thermore, this band could be competed off by excess
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Figure 2. CYD0618 directly binds to STAT3 oncoprotein. A, chemical structure of biotinylated CYD0618 (biotin-CYD0618). B, biotinylation modifica-
tion does not attenuate the growth inhibition of CYD0618 in A2780 cells. The A2780 cell lysates were incubated with biotin or biotin—-CYD0618 in the
absence or presence of unlabeled CYD0618 (10-fold) at 4 °C overnight, followed by pulldown with streptavidin-agarose beads. The precipitates were
then resolved by SDS-PAGE, followed by silver staining. The indicated bands were excised and analyzed by MS (B) or detected by Western blotting for
STAT3 protein as indicated (C). D, CETSA using A2780 cell lysates, which were exposed to CYD0618 (20 um) or DMSO. Statistical results from four
independent experiments are shown. E, recombinant His-STAT3 was incubated with biotin-CYD0618 in the absence or presence of excess unlabeled
CYD0618 or CYD-NC for 1 h at 37 °C. IB, immunoblot. F, recombinant His—=STAT3 was incubated with biotin—-CYD0618 for the indicated times at 37 °C.
After streptavidin-agarose pulldown, the mixtures were blotted for His antibody. Data are expressed as mean * S.D., n = 4.*, p < 0.05 versus vehicle
control.

Figure 1. CYD0618 exhibits a potent inhibitory activity in human ovarian cancer cells. A, chemical structure of CYD0618. B, human ovarian cancer
cells (5000 cells/well) were treated with the indicated concentrations of CYD0618 for 72 h. The cell growth was then assessed using SRB staining, and IC5,
values were calculated. C, ovarian cancer cells were treated with CYD0618 (0.3 and 1 um) for 24 h. Cells were then washed, allowed to form colonies for
additional 12 days, stained with crystal violet, and then counted. D, CYD0618 alters the cell cycle distributions of ovarian cancer cells. Representative
cell-cycle analysis is shown for A2780 and OVARS cells treated with DMSO or CYD0618 as indicated for 24 h using flow cytometry. E, cells were treated
with CYD0618 for 24 h and then subjected to apoptosis analysis using annexin V/PI staining by flow cytometry. F, CYD0618 induces PARP cleavage in
ovarian cancer cells. Whole-cell lysates from vehicle- or CYD0618-treated cells were analyzed by Western blotting using the indicated antibodies. G,
wound-healing assay was performed for evaluating the anti-metastatic effect of CYD0618. Confluent monolayers of A2780 and SKOV3 cells were
scarred, and the repair was monitored microscopically after 24 h of treatment CYD0618. Data are expressed as mean = S.D.,n = 3. %, p < 0.05; **, p <
0.01; and ***, p < 0.001 versus vehicle control.
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CYDO0618 (Fig. 2B). Mass spectrometry (MS) analysis re-
vealed that the potential CYD0618-bound protein is STAT3
(Table S1). We further used immunoblotting to monitor the
presence of STAT3 in biotin—-CYDO0618-bound precipitates.
Indeed, STAT3 was effectively pulled down by biotin—
CYDO0618 in cell lysates (Fig. 2C). Moreover, cellular thermal
shift assays (CETSA) (27) demonstrated that incubation of
A2780 cells with CYDO0618 for 2 h significantly decreased the
thermal stability of STAT3, confirming the binding of
CYDO0618 to STAT3 in cells (Fig. 2D). Furthermore, as
shown in Fig. 2, E and F, biotin—CYD0618 also effectively
bound the recombinant His—STAT3(127-722) protein, a
core fragment of STAT3 with four major domains (28); this
binding was competitively abolished by excess CYD0618, but
not the inactive analogue CYD-NC (Fig. 2E), further sup-
porting the essential role of C16=C17 double bond of
CYDO0618 in its binding with STAT3. Interestingly, biotin—
CYDO0618 could also precipitate STAT5, another well-
known oncoprotein in the STATs family (Fig. S3) (29). How-
ever, the amount of retained STAT5 was not affected upon
the addition of 10-fold unlabeled CYD0618, suggesting that
the binding between STAT5 and CYD0618 was not specific
(Fig. S3). These data suggest that CYD0618 directly binds to
STATS3 protein, which may contribute to its anti-tumor
effect in ovarian cancer cells.

CYDO0618 specifically suppresses the tyrosine phosphorylation
of STAT3

To test whether the direct binding of CYD0618 to STAT3
results in an inhibition of STAT3 signaling, we further mea-
sured the activation of STAT3 in CYDO0618-treated ovarian
cancer cells. CYD0618, but not the inactive analogue CYD-NC,
strongly inhibited IL-6 —induced STAT3-responsive luciferase
activity in a concentration-dependent manner in 293T cells,
further supporting the notion that CYD0618’s C16=C17 dou-
ble bond contributes to its binding with STAT3 (Fig. 3A).
Moreover, CYD0618 dose- and time-dependently blocked the
constitutive pTyr-705-STAT3 in A2780 and OVCARS cells
(Fig. 3, B and C); however, the pSer-727-STAT3 and unphos-
phorylated STAT3 remained unchanged in the same treatment
(Fig. 3B). Additionally, we also found that CYD0618 attenuated
IL-6-, EGF-, or interferon-y (IFN-7y)-induced pTyr-705—
STAT3 in A2780 cells (Fig. 3D). In addition to these cancer
cells, CYD0618 also dose-dependently inhibited IFN-y—
induced pTyr-705-STAT3 in primary mouse peritoneal
macrophages (Fig. S4). Given the role of STAT3 in chemother-
apy resistance (9), we wondered whether CYD0618 can repress
the A2780/Taxol cells. As expected, CYDO0618 obviously
enhanced the sensitivity to paclitaxel in A2780/Taxol cells (Fig.
3F) accompanied by a notable reduction of pTyr-705-STAT3
(Fig. 3E). In addition to ovarian cancer, constitutively-activated
STAT3 is also observed in a high percentage of other gyneco-
logical malignancies, such as cervical carcinoma and breast
cancer (2, 14). As shown in Fig. 3, E and G, CYD0618 treatment
also caused a significant inhibition in both the pTyr-705—
STATS3 and cell growth in HeLa cervical cancer cells, MDA-
MB-231 TNBC cells, and MDA-468 TNBC cells, respectively,
whereas CYDO0618 showed relatively low growth inhibitory

SASBMB

potency on other cancer cells with a low level of activated
STATS3, such as human HT29 colon adenocarcinoma cells
(IC5o = 7.73 uMm), A431 squamous epithelial carcinoma cells
(ICs, = 6.96 um), and PC3 prostatic cancer cells (IC;, = 6.01
uM) (Fig. S5) (30). These results also confirm the important role
of STAT3 in CYD0618-mediated action.

Our results revealed the direct binding of CYDO0618 to
STATS3; next, we assessed the specificity of CYD0618 on the
STAT family. Interestingly, CYD0618 treatment did not change
IEN-y—induced tyrosine phosphorylation of STAT1 and
STATS5, two other members of the STAT family (Fig. S6A).
Moreover, the activation of JAKI, JAK2, EGFR, and Src
remained unchanged in CYD0618-treated A2780 cells (Fig. S6,
Band C), suggesting that upstream kinases do not contribute to
the STAT3 inhibition by CYD0618. Protein-tyrosine phospha-
tases (PTPs), including Src homology region 2 domain-contain-
ing phosphatase-1/2 (SHP1/2), are also responsible for the
dephosphorylation of pTyr-705-STAT3 (31). However,
CYDO0618 treatment did not show obvious influence on the
expression and PTP activity of SHP1 and SHP2 (Fig. S6, D and
E). These results demonstrate that CYD0618 specifically sup-
presses the tyrosine phosphorylation of STAT3, but it has little
effect on several of its upstream kinases or phosphatases or
related proteins.

CYDO0618 represses the function of STAT3

The tyrosine phosphorylation leads to STAT3 dimerization
and translocation into the nucleus where it regulates target
genes involved in cell proliferation and survival (2). Thus, we
further assessed the effect of CYD0618 on these processes. We
first constructed green fluorescent protein (GFP)-tagged and
FLAG-tagged STATS3 plasmids, which were transiently co-ex-
pressed in A2780 cells. The co-immunoprecipitation (co-IP)
assay showed that CYDO0618 significantly disrupted IL-6-—
induced interaction between GFP-STAT3 and FLAG-STAT3
(Fig. 4, A and B), suggesting that CYD0618 inhibited the forma-
tion of STAT3 homodimer. Furthermore, we found that
CYDO0618 also significantly impeded the STAT3-STAT1 het-
erodimer (Fig. S7). To regulate its target gene expression,
dimerized STAT3 must translocate from the cytosol to the
nucleus. We found that CYDO0618 treatment pronouncedly
blocked IL-6—induced STAT3 nuclear translocation in A2780
cells via immunofluorescence (Fig. 4C) and cytoplasmic/nu-
clear fractionation (Fig. 4D). Next, the protein expression of
several STAT3 target genes, including Bcl-2, survivin, cyclin
D1, c-myc, matrix metalloproteinase 2 (MMP2), and MMP9,
was markedly inhibited when exposed to CYD0618 for 24 h in
A2780 and OVCARS cells (Fig. 4E). In conclusion, our results
demonstrate that CYDO0618 inhibits the function of STAT3 in
human ovarian cancer cells.

Cys-542 is critical for CYD0618’s inhibition on STAT3 tyrosine
phosphorylation

CYDO0618 lost its binding ability on STAT3 protein when the
a,B-unsaturated ketone was saturated (Fig. 2E), suggesting that
this unsaturated moiety in CYDO0618 is most likely a reactive
Michael acceptor and responsible for forming a covalent bond
with the cysteine residues of its target proteins. Furthermore,
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Figure 3. CYD0618 specifically suppresses the activation of STAT3. A, HEK293T/STAT3-luciferase reporter cells were pre-treated with CYD0618 or CYD-NC
attheindicated concentrations for 2 h. The luciferase activity was then assessed following stimulation with IL-6 (50 ng/ml) for 4 h. Band C, CYD0618 depresses
the constitutive activation of STAT3. A2780 and OVCARS cells were treated with the indicated concentrations of CYD0618 for 24 h (B) or treated with CYD0618
for the indicated times (C). Whole-cell extracts were processed for Western blot analysis with the indicated antibodies. D, CYD0618 represses the inducible
activation of STAT3. A2780 cells were pre-treated with CYD0618 at the indicated concentrations for 2 h, followed by stimulation with IL-6 (10 ng/ml), EGF (20
ng/ml), and IFN-y (20 ng/ml) for 15 min. Whole-cell lysates from treated cells were measured by Western blotting using the antibodies as indicated. £, CYD0618
inhibits the constitutive activation of STAT3 in paclitaxel-resistant ovarian cancer cells (A2780/T) and other gynecological tumor cell lines (HeLa, MDA-MB-231,
and MDA-MB-468). F and G, SRB staining assay showed that CYD0618 suppresses the growth of A2780/T, HeLa, MDA-MB-231, and MDA-MB-468 cells in vitro.
Data are expressed as mean = S.D., n = 3-6. %, p < 0.05; **, p < 0.01; and ***, p < 0.001 versus vehicle control.

the inhibitory activity of CYD0618 on STAT3 activation was
almost completely abolished by the reduction of C16=C17
double bond (Fig. 34), indicating that such a bond results in
inactivation of the targeting proteins. We therefore speculated
that the cysteine residues in STAT3 might be the binding sites
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of CYDO0618. To evaluate which cysteine residue was attacked
by CYDO0618, we incubated the recombinant STAT3 protein
with or without CYDO0618, followed by LC-MS/MS analysis.
The results showed that seven cysteine residues were covalently
modified by CYDO0618, including Cys-251, Cys-328, Cys-367,
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Figure 4. CYD0618 represses the function of STAT3. A and B, CYD0618 inhibits dimerization of STAT3. Hela cells transfected with FLAG and GFP-tagged
STAT3 plasmids were treated with CYD0618 at the indicated concentrations for 2 h, followed by incubation with IL-6 (10 ng/ml) for 30 min, then subjected to
immunoprecipitation (/P), and immunoblotted (/B) with GFP (A) or FLAG (B) antibodies. C, A2780 cells cultured on coverslips were pre-treated with vehicle or
CYD0618 for 3 h followed by stimulating with IL-6 (10 ng/ml) for 30 min. Anti-STAT3 antibody (red) was used to locate endogenous STAT3. Cell nuclei were
stained with DAPI. Bar = 10 um. D, A2780 cells were pre-treated with CYD0618 for 3 h, followed by stimulating with IL-6 (10 ng/ml) for 30 min, and the
cytoplasmic and nuclear components were then subjected to immunoblotting to detect the distribution of STAT3. Statistical results of nuclear location of
STAT3 are presented. , cells were treated with CYD0618 for 24 h. Cells were then lysed and applied to immunoblotting with the indicated antibodies. GAPDH
was used as a control. Data are expressed as mean = S.D., n = 27-30. ***, p < 0.001 versus vehicle control or IL-6.

Cys-418, Cys-426, Cys-468, and Cys-542 (Table S2). To assess
which cysteine was critical for the binding of CYD0618, we then
individually mutated each of these seven cysteine residues of
STAT3 into serine residues. However, all these STAT3 mutants
still retained high-affinity binding for CYD0618 in HeLa cells,
suggesting that CYD0618 can bind to more than one cysteine
residue in STAT3 (Fig. S8). To identify which cysteine residue
was most critical for the inhibitory activity of CYD0618 on
STATS3 activation, we analyzed the effects of these mutations
on the CYD0618-induced inhibition of pTyr-705-STAT3 in
HeLa cells. CYD0618 remarkably inhibited the phosphoryla-
tion of the endogenous, the transfected wildtype (WT), as well
as all of these six transfected Cys—to—Ser mutant STATS3s,
except that of the Cys-542—to—Ser-542 mutant (C542S) STAT3
(Fig. 5A). Cys-542 islocated in the linker domain of STAT3, and
sequence alignment reveals that Cys-542 is unique in STAT3

SASBMB

among the STAT family (Fig. 58). This result is consistent with
the observation that CYDO0618 did not change the phosphory-
lation levels of STAT1 and STATS5, while it inhibited Tyr-705
phosphorylation of STAT3. We further performed a molecular
docking on the interaction of CYD0618 with STAT3 (PDB code
1BG1). The binding mode shows that a stable C—S bond forms
between the Michael acceptor C17 carbon of CYD0618 and the
thiol group of Cys-542; CYD0618 also showed several hydro-
phobic effects with Pro-535, Val-537, and Tyr-539, as well as a
hydrogen bond between the C14 hydroxyl and the Leu-533
main-chain carbonyl group (2.86 A) in STAT3 (Fig. 5C).
CYDO0618 likely modifies STAT3 through the Michael addi-
tion at Cys-542. To further verify the functional significance of
this binding event, we then performed a STAT3 dimerization
analysis in HeLa cells. CYD0618 pre-treatment blocked IL-6 —
induced dimerization of GFP-WT-STAT3 and FLAG-WT-
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Figure 5. Cysteine 542 of STATS3 is critical for the inhibition of STAT3 by CYD0618. A and B, HeLa cells were transfected with plasmids encoding the
GFP-tagged WT, C251S, C328S, C367S, C418S, C426S, C468S, and C542S mutation of STAT3 for 24 h, respectively. The cells were then pre-treated with CYD0618
(3 um) for 2 h before stimulation with IL-6 (10 ng/ml) for 15 min. Whole-cell lysates were processed for Western blot analysis with the indicated antibodies. B,
sequence comparison of all human STATSs proteins showing that the Cys-542 of STAT3 is unique (highlighted in red). C, molecular docking of the interaction
between CYD0618 and STAT3. The crystal structure of STAT3 was obtained from PDB (code 1BG1). The covalent bond between the «,B-unsaturated carbonyl
and the thiol of Cys-542 and the hydrogen bond between CYD0618 and Leu-533 are indicated. D, HeLa cells transfected with FLAG and GFP-tagged WT-STAT3
or C542S-STAT3 vectors were pre-treated with CYD0618 for 2 h, followed by stimulating with IL-6 (10 ng/ml) for 30 min. The cell extracts were subjected to
immunoprecipitation, and immunoblotted with the indicated antibodies. E, HeLa cells were transfected with CRISPR-Cas9 plasmids targeting STAT3 or empty
vector (vector). Endogenous protein levels in the polyclonal population were analyzed by immunoblotting. F and G, STAT3-knockout Hela cells were trans-
fected with GFP-WT-STAT3 vector or GFP-C542S-STAT3 vector for 24 h, followed by CYD0618 treatment for 24 h. Cells were then lysed and applied to
immunoblotting with FLAG antibody and immunoblotted with the indicated antibodies (E) or measured by SRB staining (F). Data are expressed as mean = S.D.,
n=6.*p<0.01;and ***, p < 0.001 versus control.

STAT3 but not GFP-C542S-STAT3 and FLAG-C542S-
STAT3 (Fig. 5D). To further demonstrate Cys-542 as the key
targeting site of CYD0618, we generated HeLa cells that lacked
STAT3 expression, using CRISPR-Cas9 technology (Fig. 5E).
These STAT3-knockout cells were transfected with plasmids
encoding GFP-WT-STAT3 or GFP-C542S5-STATS3 (Fig. 5F).
Compared with the vehicle, CYD0618 markedly inhibited the
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expression of Bcl-2 and cyclin D1 (Fig. 5F) as well as cell growth
(Fig. 5G) in cells expressing exogenous GFP-WT-STATS3.
However, expression of GFP—C542S—-STAT?3 abrogated CYD0618-
mediated inhibition on the expression of Bcl-2 and cyclin D1
(Fig. 5F) as well as cell growth (Fig. 5G). Finally, it should be
noted that GFP-C5425-STAT3 did not completely abolish
CYDO0618-mediated action, consistent with CYD0618 in other
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targeted proteins in cells (Fig. 5, F and G, and Table S1). These
data indicate that STAT3 is a potential target for CYD0618-
mediated anti-cancer effect, and Cys-542 is critical for
CYDO0618’s inhibition on STAT3 activation and function.

CYDO0618 covalent modification of Cys-542 disturbs the
function of STAT3-SH2 domain

STATS3 can be phosphorylated at Tyr-705 by its tyrosine-
phosphorylated upstream kinases, including JAKs, EGFR, and
Src (14). Furthermore, CYDO0618 did not result in an obvious
change in the phosphorylation of these kinases (Fig. S6, B
and C). We thus tested whether CYD0618 impaired the phos-
phorylation of STAT3 by its upstream activating kinases in an
invitro kinase assay, using purified FLAG-JAK1, FLAG-EGER,
and FLAG-Src as the kinase, and recombinant His—
STAT3(127-722) as the substrate. As depicted in Fig. 64,
CYDO0618 remarkably disturbed JAK1-, EGER-, or Src-induced
Tyr-705 phosphorylation in STAT3 in vitro. To examine
whether CYDO0618 impedes the interaction between STAT3
and its kinases, we performed a co-IP assay. IL-6—induced
bindings of pTyr—JAK2 to STAT3 and EGF-induced associa-
tion of pTyr—EGFR or pTyr—Src with STAT3 were almost com-
pletely abolished by pre-treatment of CYD0618 for 2 h (Fig. 6, B
and C). Thus, CYD0618 blocks Tyr-705 phosphorylation in
STATS3, likely by disturbing the interaction between STAT3
and its activating kinases.

Kinase-induced Tyr-705 phosphorylation of STAT3 depends
on the recognition and binding of STAT3-SH2 domain to the
kinases’ tyrosine-phosphorylated peptide sequences (32). Re-
cently, it has been reported that mutations in the linker domain
affect STAT3 activation and function via interfering with the
SH2 domain (33). Cys-542 is located in the linker domain,
which is implicated in the regulation of STAT3 activation and
function. Moreover, Butturini et al. (34) reported that S-gluta-
thionylation at Cys-542 impairs Tyr-705 phosphorylation of
STATS3. We therefore speculated that CYD0618 covalent mod-
ification or S-glutathionylation at Cys-542 may disturb the SH2
domain and suppress kinase-induced Tyr-705 phosphorylation
of STAT3. Whereas WT STATS3 dissociated from pTyr—EGFR
in a co-IP assay upon CYD0618 treatment, mutation of Cys-542
into serine in STAT3 restored the association (Fig. 6D). To test
whether CYDO0618 impairs the binding properties of purified
STAT3, we performed a pulldown assay using recombinant
His—STAT3 and a biotinylated phosphopeptide fragment of
the gp130 receptor (biotin-GGS-GGS-pY-LPQTV-NH,) that
can potently bind to the STAT3-SH2 domain (35). Consistent
with published results, the biotinylated phosphopeptide could
robustly retain WT-STAT3 (Fig. 6E). In contrast with
WT-STAT3 that completely dissociated with the phosphopep-
tide upon CYDO0618 treatment, C542S—-STAT3 could still be
significantly retained under the same condition. Similarly, we
also found that glutathione (GSH)/diamide-induced S-gluta-
thionylation at Cys-542 completely abolished the binding of
biotin-GGS-GGS-pY-LPQTV-NH, to His—WT-STAT3, but
not His—C542S-STAT3 (Fig. S9). Furthermore, C542S muta-
tion further attenuated CYDO0618-mediated inhibition on
pTyr-705 STAT3 using an in vitro kinase assay (Fig. 6F). Hence,
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Cys-542 is a critical site that can allosterically regulate the func-
tion of the SH2 domain and the activity of STAT3.

To explore how CYDO0618 covalent modification or S-gluta-
thionylation at Cys-542 disturbs the function of STAT3-SH2,
we performed molecular dynamics (MD) simulations starting
from the crystal structure of STAT3 (36). The STAT3 dynamics
in the absence or presence of GSH is focused due to the avail-
ability of the high-accuracy GSH force field (37). Based on our
100-ns MD simulation results, the binding of GSH leads to sig-
nificant conformational changes to the phosphotyrosine-bind-
ing site in the STAT3—-SH2 domain (Fig. 6, G and H). In partic-
ular, three out of four residues that are known to recognize the
phosphotyrosine, Lys-591, Arg-609, and Ser-613 (38), undergo
conformational changes, especially the side chain of Lys-591
leaving the binding pocket and facing outward in the presence
of GSH (supporting Movies S1 and S2), resulting in a state
unable to facilitate binding with phosphorylated tyrosine. Col-
lectively, these data indicate that Cys-542 covalent modifica-
tion of CYDO0618 disturbs the function of STAT3-SH2 domain,
thereby blocking kinases-induced tyrosine phosphorylation of
STATS.

CYDO0618 suppresses tumor growth and the STAT3 pathway in
a xenograft model of ovarian cancer

To determine whether CYD0618 exhibits an anticancer
activity in vivo, we established an A2780 xenograft model
through subcutaneous injection in female nude mice. When
tumors were palpable, mice were intraperitoneally admini-
stered CYDO0618 (10 mg/kg) or vehicle for 21 days. We found
that CYDO0618 significantly inhibited the tumor growth in a
xenograft model of ovarian cancer (Fig. 7, A and B). Further-
more, compared with vehicle control, the tumor weight was
obviously decreased in CYD0618-treated mice (Fig. 7C). To
further confirm the results obtained from in vitro experiments,
we analyzed the expression of some oncoproteins in tumor tis-
sues via immunohistochemistry and Western blotting assays.
As depicted in Fig. 7, D and E, when compared with the control
group, CYDO0618-treated tumor tissues showed a marked
reduction in pTyr-705-STATS3, Bcl-2, cyclin D1, and the pro-
liferation biomarker Ki67, respectively. Additionally, TUNEL
assay showed that CYD0618 treatment resulted in a clear ele-
vation in apoptotic cells (marked as green) in tumor tissues (Fig.
7D). Furthermore, hematoxylin and eosin (H&E) staining was
used to assess whether CYD0618 treatment causes any patho-
logical changes in several important organs. As shown in Fig.
S10, CYDO0618-treated nude mice remained healthy through-
out the treatment time, and no notable CYD0618-induced dif-
ferences in body weight, heart, liver, spleen, lung, kidney, and
stomach were evident. Taken together, these results indicated
that CYD0618 potently suppresses the growth of human ovar-
ian cancer in nude mice, without affecting normal tissues in
nude mice.

Discussion

STAT3 is a master regulator of oncogenesis and tumor pro-
gression as well as the acquired resistance in multiple cancer
types. Hence, pharmacological targeting of STAT3 holds prom-
ise to the targeted cancer therapy (39). Here, we demonstrate
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Figure 6. CYD0618 disturbs the function of STAT3-SH2 domain via covalent modification of Cys-542. A and F, recombinant His-WT-STAT3 or
His—C542S-STAT3 was treated with DMSO or CYD0618 for 1 h at room temperature. The mixtures were then incubated with the indicated purified FLAG
kinases for 1 h at room temperature. Immunoblotting (/B) using the pTyr-705 STAT3 antibody reflects the effects of CYD0618 on kinase-induced
phosphorylation of WT-STAT3 (A) or C542S5-STAT (F) in vitro. Band C, CYD0618 inhibits the association of upstream kinases and STAT3. A2780 cells were
pre-treated with CYD0618 (3 um) for 2 h before stimulation with IL-6 (10 ng/ml) or EGF (20 ng/ml) for 30 min. Afterward, the whole-cell extracts were
subjected to immunoprecipitation (/P) and immunoblotted with the indicated antibodies. D, C542S mutation regains the association of EGFR and STAT3.
Hela cells transfected with WT-STAT3 or C542S-STAT3 vector were pre-treated with CYD0618 for 2 h, followed by incubation of EGF (20 ng/ml) for 30
min. The whole-cell lysates were subjected to immunoprecipitation and immunoblotted with the indicated antibodies. E, effects of CYD0618 on the
binding of Ac-pYLPQTV-NH, to WT-STAT3 or C5425-STAT3 using the pulldown assay. Following incubation of CYD0618 for 1 h at room temperature, the
recombinant His-WT-STAT3 or His-C542S-STAT3 was incubated with biotinylated Ac-pYLPQTV-NH, (PPB) or biotinylated Ac-YLPQTV-NH, (PB) and
streptavidin beads for 1 h at room temperature. The mixtures were then subjected to immunoblotted with His antibody. G, representative global view
of the GSH-mediated allosteric effect of STAT3 protein (PDB code 4E68). STAT3 protein alone is shown by the gray cartoon model; GSH-STAT3 complex
is shown by the orange model. The disulfide bond between GSH and Cys-542 is identified and indicated by yellow line. H, representative view of the
conformation change of the SH2 domain in STAT3 protein. The STAT3 protein alone is shown in gray, and GSH-STAT3 complex is shown in orange. The
critical residues Lys-591, Arg-609, Ser-611, and Ser-613 are identified and indicated. The interaction between these two residues and pTyr-705 (stick
model) of other STAT3 protein is also indicated.
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Figure 7. CYD0618 suppresses A2780 xenograft tumor growth in nude mice. A, nude mice bearing A2780 cells were administered vehicle or CYD0618 (10
mg/kg) via once daily intraperitoneal injections for 21 days. Examination of the tumor volumes (A and B) and tumor weights (C) was used to evaluate the effect
of CYD0618 on A2780 cells in a xenograft model. Data are expressed as mean = S.D., n = 6.*, p < 0.05 versus control. D, representative images of pTyr STAT3,
Ki67, and Bcl-2 immunostaining as well as the TUNEL-positive cells (green) in tumor tissues. Bar = 50 um. E, tumor tissues were extracted in RIPA buffer, and
Western blotting assay was then performed to assess the expression of pTyr-705 STAT3, STAT3, Bcl-2, cyclin D1. GAPDH was used as a control. f, proposed
molecular action model of CYD0618-mediated anti-cancer effect in cancer cells. On covalently binding to Cys-542, CYD0618 blocks the phosphorylation of
STAT3 at Tyr-705 via disturbing the binding of STAT3-SH2 domain to the tyrosine-phosphorylated peptide sequences of upstream kinases, leading to an

effective suppression on the activation and function of STAT3.

that CYDO0618, an oridonin analogue, selectively targets and
inhibits STAT3 but not other members of the STAT family.
Mechanistically, CYD0618 allosterically regulates the activity
of STATS3. By covalently binding to Cys-542, a nonconservative
residue in the linker domain, CYD0618 disturbs the interaction
between the STAT3-SH2 domain and upstream kinases, lead-
ing to an effective suppression on STAT3 activity. Our results
suggest that targeting Cys-542 and the linker region represents
fresh opportunities to selectively inhibit the STAT3 pathway
and to treat multiple types of cancer as well as STAT3-related
inflammatory diseases.

The currently available strategies of neutralizing STAT?3 sig-
naling include targeting the upstream kinases and directly dis-
turbing the SH2 domain (14, 32). However, progress using
either strategy has been limited. First, targeting one of the
upstream activators of the STAT3 cascade, such as EGFR, is
unlikely to be sufficient for the treatment of cancer, because of
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the existence of redundant signals (40). Second, the highly-con-
served property of the SH2 domain in STAT proteins along
with the difficulties in targeting the SH2-mediated protein—
protein interaction are the main obstacles that will require
further exploration of diverse strategies for disrupting the
STAT3-SH2 domain (14). Our results indicate a physiologi-
cally important role of the Cys-542 in regulating function of the
SH2 domain. C542S mutation in STAT3 remarkably abolished
CYDO0618-induced inhibition on the tyrosine kinases—STAT3
interaction and the subsequent tyrosine phosphorylation
and dimerization of STATS3. Interestingly, Cys-542 located
in linker domain is unique in the STAT3 protein, which may
be responsible for the selective inhibition of CYD0618 on
STAT3. Therefore, covalent modification of the noncanoni-
cal Cys-542 site may provide an alternative approach for
therapeutic targeting of STAT3 in cancers by indirectly dis-
turbing the SH2 domain.
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Previously, Wu et al. (24) and Kadioglu et al. (41) have both
reported that oridonin and its analogues could inhibit the
STAT3-signaling pathway in various cancer cells; however, the
direct targets and precise mechanisms of CYD0618 are largely
unexplored. Here, we showed that CYDO0618 directly targeted
the Cys-542 in STATS3 to block the tyrosine phosphorylation
and dimerization of STATS3, leading to an effective suppression
in the expression of STAT3 target genes (Fig. 7F). Our results
commendably explain the previous observations. In addition to
cell proliferation, evasion of apoptosis, and migration, STAT3
also functions as a potent immune checkpoint for multiple anti-
tumor immune responses through the up-regulation of a series
of immunosuppressive genes, including cyclooxygenase 2
(COX2) (42) and programmed death-ligand 1 (PD-LI) (43).
Thus, we speculate that CYD0618 might contribute to enhance
the host anti-tumor immunity by inhibiting the expression of
COX2 and PD-L1. Likewise, growing evidence indicates that
the hyperactivation of STAT3 signaling contributes to the
development of several autoimmune diseases (like rheumatoid
arthritis, inflammatory bowel disease, and psoriasis) (44 —46)
and fibrotic diseases (such as renal and pulmonary fibrosis) (47,
48). Our results also support the application of CYD0618 in the
treatment of the above-mentioned diseases via inactivation of
STAT3 signaling.

Recently, there is a resurging interest in covalently targeting
the oncoproteins in cancer therapy; the cysteine’s thiol, exhib-
iting enhanced reactivity, is the preferred choice of nucleo-
philes (49). Indeed, compared with the noncovalent orthosteric
agents, covalent allosteric inhibitors possess several advan-
tages, including prolonged residence time, increased potency,
enhanced selectivity, and improved toxicity profiles (50).
Hence, increasing numbers of covalent drugs have been
approved by the United States Food and Drug Administration
(51). Herein, we discovered Cys-542 as a covalent allosteric reg-
ulatory site for STAT3 inhibition. The small molecules target-
ing Cys-542, such as CYD0618, can be used as a lead compound
to develop new therapeutics for human ovarian cancer or other
STAT3-driven cancers.

Experimental procedures
Chemical synthesis

The syntheses of CYDO0618, the negative control CYD-NC,
and the probe of CYD0618 (biotin—CYD0618), were carried out
according to Figs. S11 and S12. The NMR spectra of related
compounds are shown in Figs. S$13-S22.

Reagents

SRB, crystal violet, Na;VO,, dithiothreitol (DTT), phenyl-
methylsulfonyl fluoride (PMSF), ATP, RNase A, DAP], biotin,
GSH, and diamide were from Sigma (Shanghai, China). Pacli-
taxel was obtained from Selleck (Shanghai, China). Human
IL-6, EGF, and IFN-+y as well as murine IFN-+y were purchased
from Novus (Littleton, CO). Apoptosis detection kit was
bought from Dojindo (Shanghai, China). Protease/phosphatase
inhibitors, anti-FLAG affinity gel, and protein A/G beads were
provided by Bimake (Shanghai, China). Streptavidin beads were
supplied by Sangon Biotech (Shanghai, China). Mut-Express II
Fast Mutagenesis kit was from Vazyme (Nanjing, China). Lipo-
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fectamine 2000 was obtained from Invitrogen. Luciferase assay
kits and pGL4.26-3 X STAT3-luciferase reporter plasmid were
from Promega (Madison, WI). TUNEL assay kit was the prod-
uct of Roche Applied Science (Basel, Switzerland). Plasmid
information is shown in Table S3.

Antibodies

Phospho-STAT1 (Tyr-701), phospho-STAT3 (Tyr-705),
phospho-STAT3 (Ser-723), phospho-STATS5 (Tyr-694), phos-
pho-JAK1 (Tyr-1034), phospho-JAK2 (Tyr-1007), phospho-
EGFR (Tyr-1068), phospho-Src (Tyr-418), STAT1, STATS3,
STATS5, JAK1, JAK2, EGFR, Src, Bcl-2, cyclin D1, c-Myc, sur-
vivin, MMP2, and MMP9 antibodies were from Signalway
Antibody (Baltimore, MD). PARP, SHP1, SHP2, GAPDH, GFP,
FLAG tag, and His tag antibodies, as well as the horseradish
peroxidase (HRP)-conjugated secondary antibody were pro-
vided by ProteinTech (Wuhan, China).

Cell cultures and transfection

A2780, OVCAR3, OVCARS, and SKOV3 ovarian cancer cell
lines, HeLa cervical cancer cells, MDA-MB-231 and MDA-MB-
468 breast cancer cells, HT29 colorectal cancer cells, A431 epi-
dermoid carcinoma cells, PC3 prostatic cancer cells, and
human embryonic kidney HEK293T cells were purchased from
the ATCC (Manassas, VA) and Cell Bank of Chinese Academic
of Sciences (Shanghai, China), respectively. A2780/Taxol cells
were generously contributed by Dr. Xiang Gao (West China
Hospital, Sichuan University). These cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100
pg/ml streptomycin (Hyclone, Beijing, China) in a humidified
incubator at 37 °C in an atmosphere of 5% CO.,.

For the transient transfection, subconfluent HeLa cells or
HEK293 cells were cultured in fresh medium at 37 °C for 2 h.
Specific plasmids were transfected into cells by using GenJet™
(IT) transfection reagent (SignaGen, Jinan, China; 2 ug of plas-
mids mixed with 5 ug of transfection reagent). After 6 h, the
transfection complex was replaced with fresh medium. The
transfected cells were then used for subsequent studies after
24 h.

STAT3-knockout HeLa cells were generated using lentiviral
CRISPR/Cas9 system and STAT3-specific guide RNA (5'-GCA
GGA AGC GGC TAT ACT GC-3'). 24 h after transfection, the
medium was replaced with selective medium containing 4
pg/ml puromycin for 24 h. The cells were then recovered in
nonselective medium for 3 days, and fresh medium was sup-
plied every day. These cells were then used for immunoblotting
or transfection.

Preparation of peritoneal macrophages

Briefly, C57 mice were intraperitoneally injected with 3%
thioglycollate broth medium (2 ml/mouse, Sangon Biotech,
Shanghai, China). Mice were then euthanized by cervical dislo-
cation after 3 days of injection. Next, 10 ml of ice-cold DMEM
was injected into the peritoneal cavity. Gentle massaging of the
peritoneal cavity was performed for 1 min. The peritoneal fluid
was collected using a syringe. After centrifugation at 1000 rpm
for 5 min, the cell pellets were suspended in DMEM supple-
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mented with 10% FBS, 100 units/ml penicillin, and 100 units/ml
streptomycin. Next, 5 X 10° cells/ml of cells were seeded into a
6-well plate and then allowed to adhere for 3 h at 37 °C. Non-
adherent cells were removed by washing twice with PBS, and
fresh DMEM was added.

Cell proliferation assay via SRB staining

Cells (5000-7500 per well) were seeded into 96-well plates.
Seventy two hours post-CYDO0618 exposure, cells were fixed
with 10% TCA and stained with 0.4% SRB in 1% acetic acid.
After washing five times, the bound SRB dye was dissolved in 10
mM Tris-base, and the OD values were determined at 570 nm.

Colony formation assay

Tumor cells were seeded into a 6-well plate (500 per well).
After 24 h of incubation, the cells were treated with various
concentrations of CYD0618 for 24 h, and then the tested com-
pounds were removed and further incubated for an additional
12 days. Finally, cells were fixed and stained with 0.5% crystal
violet in PBS. The colony number was counted manually.

Cell cycle and apoptosis analysis

Cancer cells were seeded in 6-well plates and treated with the
indicated concentrations of CYD0618 or DMSO for 24 h. The
cells were then fixed in 70% ethanol at 4 °C overnight and
stained with propidium iodide (PI) buffer (0.1 mg/ml PI, 1
mg/ml RNase A) in the dark for 30 min at 37 °C. The cells were
then analyzed with Guava EasyCyte flow cytometry (Millipore,
Boston). To further confirm the induction of CYD0618 on apo-
ptosis, CYD0618- or DMSO-treated cells were harvested,
washed, and then stained with 5 ul of FITC—annexin-V and 5 ul
of PI for 15 min in the dark at room temperature and subjected
to analysis via Guava EasyCyte flow cytometry.

Wound-healing assay

Wound-healing assay was performed to measure the anti-
migration effects of CYD0618 in A2780 and SKOV3 cells. Cells
were seeded into 6-well plates and cultured overnight. Wounds
were made by scratching the cell layer with sterile 200-ul plastic
pipette tips. After washing with PBS, cells were treated with
CYDO0618 for 24 h. 0 and 24 h after drug treatment, the images
were acquired by microscopy (Olympus, Tokyo, Japan).

Pulldown and MS analysis of CYD0618-bound proteins

A2780 cells were lysed with RIPA buffer containing 1% pro-
tease/phosphatase inhibitors. The lysates were then incubated
with streptavidin beads and biotin or biotin—CYDO0618 in the
absence or presence of unlabeled CYD0618 overnight at 4 °C.
Next, the beads were washed three times with RIPA buffer. The
bead-bound proteins were then separated by SDS-PAGE and
visualized by silver staining. The protein-containing band in the
gel was excised, followed by in-gel digestion and analysis by
LC-MS.

To assess the effect of CYD0618 on the binding of His—
STAT3 to Ac-pYLPQTV-NH,, a phosphopeptide fragment of
the gp130 receptor to potently bind the STAT3-SH2 domain,
we performed a pulldown assay. The biotinylated phosphory-
lated peptide biotin-GGS-GGS-pY-LPQTV-NH,, (PPB) and
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biotinylated nonphosphorylated peptide biotin-GGS-GGS-Y-
LPQTV-NH, (PB) were synthesized (Sangon, Shanghai, China)
(Fig. S22). After treatment of CYD0618 for 1 h at room temper-
ature, His—STAT3 was incubated with PPB or PB in the present
of streptavidin beads for 1 h at room temperature. The bead-
bound proteins were then subjected to Western blotting assay.

Cellular thermal shift assay (CETSA)

CETSA was performed according to the protocol previously
described (27). Briefly, A2780 cells (about 1 X 107) were incu-
bated with 20 um CYD0618 or DMSO at 37 °C for 1 h, respec-
tively. Then, cells were harvested and resuspended in 500 ul of
cold-PBS (1% protease inhibitors), and lysed by three cycles of
freezing in liquid nitrogen. The cell lysates were centrifuged at
20,000 X g for 15 min at 4 °C. Next, the supernatants were
equally divided between seven tubes, heated at the indicated
temperatures for 3 min, and kept at room temperature for 3
min. The soluble fractions were isolated for immunoblotting
analysis.

STAT3-luciferase reporter assay

The pGL4.26 -3 XSTAT3-luciferase reporter plasmid (Pro-
mega, Madison, WI) was used to detect the inhibition of
CYDO0618 on STATS3 activation. Briefly, cells were transfected
with STAT3-luciferase plasmid using Lipofectamine 2000 for
24 h. Then, transfected cells were treated with test compounds
for 2 h followed by stimulation with IL-6 (50 ng/ml) for 4 h.
Luciferase activity was determined using the Promega lucifer-
ase assay kits according to the manufacturer’s instruction.

Preparation of recombinant WT and site-directed mutated
STAT3

Human STAT3(127-722) was cloned into pET16 vector
containing a His, tag sequence at the N-terminal region. Site-
directed mutagenesis was performed with the Mut-Express II
Fast Mutagenesis kit using pET16-STAT3(127-722) as a tem-
plate. These proteins were expressed in the E. coli strain BL21
and purified.

Western blotting assay

Cells were lysed with RIPA buffer containing 1% protease/
phosphatase inhibitors. The lysates were equally loaded onto
SDS-PAGE, electrophoresed, and transferred to polyvinylidene
difluoride membranes (Millipore, Bedford, MA). After block-
ing with 5% BSA, the membranes were incubated with the indi-
cated antibodies (1:1000) overnight at 4 °C and followed by
incubation with HRP-linked secondary antibody (1:5000) for
1 h at 25 °C. Detection was performed with the Immobilon™"
Western substrates (Millipore, Billerica, MA).

Immunofluorometric assay

A2780 cells were treated with CYDO0618 for 4 h and followed
by stimulation with IL-6 (20 ng/ml) for 30 min. Then, cells were
fixed with 4% paraformaldehyde followed by permeabilization
with 0.25% Triton X-100 for 10 min. After incubation with
STATS3 antibody (1:300) overnight at 4 °C, cells were incubated
with FITC-labeled secondary antibody (1:1000) for 1 h at 25 °C
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and then stained with DAPI in the dark and visualized using a
confocal microscope (Olympus FV1000, Tokyo, Japan).

Cytoplasmic and nuclear fractionation

After treatment, A2780 cells were washed with cold PBS and
treated with 0.1% EDTA-free trypsin for 5 min. Cells were har-
vested by centrifugation at 200 X g for 3 min at 4 °C, washed
with PBS, and subjected to a second round of centrifugation.
The extraction of cytoplasmic and nuclear proteins was per-
formed using the Nuclear and Cytoplasmic Protein Extraction
Kit (Beyotime, Shanghai, China) according to the manufactu-
rer’s instructions.

Co-immunoprecipitation assay

After treatment, A2780 or HeLa cells were lysed with IP lysis
buffer, and equal amounts of protein were then incubated with
special antibodies overnight at 4 °C. Inmunoprecipitates were
incubated with protein A/G-agarose beads, and the nonspe-
cific proteins were removed by IP lysis buffer.

In vitro kinase assay

In brief, the bacterially-purified recombinant STAT3 (10
png/ml) was pre-treated with CYD0618 at 37 °C for 30 min, and
the small molecules were then removed by a desalting column.
Next, the pre-treated STAT3 proteins were incubated with
immunopurified kinases (including JAK1, EGFR, and Src, 10
pg/ml) with kinase buffer (50 mm Tris-HCl, pH 7.5, 100 mm
KCl, 50 mm MgCl,, 1 mm NazVO,, 1 mm DTT, 1 mum PMSF, 5
mM ATP) in 100 ul at 25 °C for 1 h. The reaction mixtures were
then subjected to Western blotting.

MD assay

The STAT3B-GSH complex structure was modeled with
Autodock Vina (52), using the unphosphorylated STAT3B core
protein domain (PDB code 4E68, residues 136-—688) as the
starting STAT3B conformation. The first two models of the
docking were retained as the initial configurations for molecu-
lar dynamics simulations.

The monomeric STAT3B (chain A of PDB code 4E68, resi-
dues 136 —688) and the two above built STAT3B/GSH struc-
tures were next processed with visual molecular dynamics (53)
to construct the simulation systems. The hydrogen atoms were
first added, and then the systems were solvated in rectangular
water boxes with TIP3P water model, finally 0.15 m KCl was
added to neutralize the systems and maintain the ion concen-
tration. Each of the three final systems contains ~92 K atoms in
total.

Energy minimizations and molecular dynamics simulations
were carried out under periodic boundary conditions with
NAMD (54) software package using the CHARMMS36 force
field for proteins (55). For each system, a four-step energy min-
imization was performed as follows: 1) fixed all heavy atoms; 2)
fixed protein backbone atoms; 3) fixed protein Ca atoms; and 4)
freed all atoms. The energy-minimized systems were then
equilibrated and underwent ~100-ns production simulations.
The simulations were performed with 2-fs time steps under
rigid bond algorithms, and the temperature of the systems was
maintained at 310 K with Langevin dynamics, and the pressure
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was controlled at 1 atm with the Nosé-Hoover Langevin piston
method. Particle Ewald Mesh summation was used for electro-
static calculation, and a 12-A cutoff was used for short-range
nonbounded interactions.

Detection of phosphatase activity

The method was used according to the method previously
described by Igbe et al. (56). The effects of CYD0618 on the
activity of SHP2 and SHP1 were detected using the fluorogenic
6,8-difluoro-4-methylumbelliferyl phosphate (DiIFMUP, Thermo
Scientific, Rockford, IL) as the substrate. Briefly, 20 nm SHP1 or
SHP2 protein was incubated with CYD0618 or DMSO for 30
min at 37 °C in total volume of 100 ul of reaction buffer (25 mm
MOPS, pH 7.0, 50 mm NaCl, 0.05% Tween 20, 1 mm DTT, 20
um DiIFMUP, 10 nM microcystin LR). The reaction was then
initiated by the addition of DiIFMUP and incubated for 30 min
at 37 °C. The fluorescence signal was measured at an excitation
wavelength of 355 nm and an emission wavelength of 460 nm
with a plate reader.

Tumor xenografts

Female BALB/c athymic nude mice (SPF grade, 16-18 g, 6
weeks) were obtained from Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd. Animals were housed in the barrier
facility of the Laboratory Animal Center, Sichuan University.
Animal experiments have been reviewed and approved by the
Animal Investigation Committee of the West China Second
University Hospital, Sichuan University.

For the xenograft model of human ovarian cancer, freshly
harvested OVCARS cells (2 X 10° per mouse, resuspended in
100 ul of PBS) were injected subcutaneously near the third
mammary fat pad of the mice. After 7 days, mice were randomly
divided into two groups and received intraperitoneal injection
of CYD0618 (10 mg/kg/day) or vehicle (10% DMSO, 20% PEG
400, and 70% sterile PBS) for 21 days. The body weights and
tumor volumes were measured every 7 days, and the tumor
volumes (0.5 X length X width?) were calculated. Finally, mice
were sacrificed, and the tumors were then resected and
weighed. After fixation and embedding, the tumor tissues were
cut into 4-um sections and stained with indicated antibodies
(1:500) or TUNEL reagents. Furthermore, the heart, liver, lung,
kidney, spleen, and stomach were also fixed and paraffin-em-
bedded. The sections were subjected to H&E staining.

Statistical analysis

All experiments were repeated at least three times, and the
representative results are presented. The data were expressed
as mean = S.D. and compared by one-way analysis of variance
using GraphPad Prism 5.0 (La Jolla, CA). The differences were
considered statistically significant when p < 0.05.
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