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ABSTRACT
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Cells through Inhibition of STAT3 Signaling
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Under the supervision of Professor Young-Joon Surh
Department of Pharmacy
The Graduate School
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Signal transducers and activators of transcription 3 (STAT3), a member of the
Janus kinase (JAK)/STAT signaling pathway, is a transcription factor that plays
important roles in many aspects of cancer aggressiveness including migration,
invasion, survival, self-renewal, angiogenesis, and tumor cell immune evasion by
regulating the expression of multiple downstream target genes. In the previous
study, a series of analogues of deguelin, a natural rotenoid present in several plants,
were synthesised to develop novel STAT3 inhibitors. Among them, an electrophilic
analogue SH48 bearing an α,β-unsaturated carbonyl group was found to inhibit
STAT3 phosphorylation, dimerization, nuclear translocation and transcriptional
activity. In this study, I confirmed the direct binding of SH48 to the STAT3 C328,
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C367 and C687 residues by mass spectrometric analysis. Then, I investigated the
mode of SH48-induced MCF10A-RAS cell death with special focus on autophagy.
p62 and STAT3 interact each other, which may facilitate the degradation of p62.
SH48 inhibits interaction between p62 and STAT3, thereby maintaining the
stability of p62 in MCF10A-RAS cells. In conclusion, the deguelin analogue SH48
inhibits STAT3 signaling by direct interaction with the C328, C367 and C687
residues of STAT3.

Keywords: Signal transducer and activator of transcription 3 (STAT3), Deguelin,
SH48, Autophagy, p62/SQSTM1, Atg8/LC3-II.
Student Number: 2013-21581
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Introduction

Growing attention has been focused on the application of natural flavonoids in the
chemoprevention and chemotherapy of malignant diseases. Several plant rotenoid
compounds, such as rotenone, deguelin and tephrosin, have previously been
reported to be effective against tumorigenesis, metastasis and invasion [1-3].
Deguelin is one of natural rotenoids isolated from several plants, including Derris
trifoliata Lour (Leguminosae), Mundulea sericea (Leguminosae) and Tephrosia
vogelii Hook.f (Leguminosae) [4]. It has been known as a promising preventive and
therapeutic agent for diverse cancers including head and neck, breast, colon and
pancreatic cancer [5]. Deguelin directly binds to the ATP-binding pocket of heat
shock protein (HSP)-90 and induces suppression of signal transduction mediated
by HSP-90 client proteins. These include, PI3K-Akt, IKK-IκBα-NF-κB, AMPKsmTOR-survivin, p27-cyclinE-pRb-E2F1 and HIF-1α-VEGF which are important
for the cellular response to stress and maintenance of cellular homeostasis [6-7].
Recently, suppression of a STAT3 signal pathway by deguelin was also reported in
T-cell leukemia [8]. However, undesired side effects of deguelin at high doses limit
its chemotherapeutic use as a potential anticancer agent [9].
In our previous study, a synthetic deguelin analogue SH48 was found to have an
ability to inhibit STAT3 signaling. SH48 has an electrophilic α,β-unsaturated
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carbonyl group in its structure. The compound is anticipated to interact with
various biological molecules through Michael addition with nucleophilic thiol
groups.
STAT3 is a member of the Janus kinase (JAK)/STAT signaling pathway [10]. It
is an important regulator of many biological processes including proliferation,
survival, inflammation, and immune responses. It responds to the ligands such as
growth factors (e.g., EGF, PDGF, etc.) or cytokines (e.g., IL-6, IFN-γ, etc.) or nonreceptor tyrosine kinases such as Src [11-13]. Activation of STAT3 involves
phosphorylation at Tyr705 and dimer formation between two monomers via
reciprocal phosphoTyr(pTyr)-SH2 domain interactions. Then, the STAT3 dimer
translocates to nucleus and binds to a specific DNA site, thereby regulating the
transcription of target genes [14]. Under physiological conditions, STAT3
activation is rapidly and transiently controlled by a negative feedback mechanism
(e.g., SOCS, PIAS, etc.) to prevent dysregulated gene transcriptions [15]. However,
constitutively activated STAT3 protein has been found in various types of tumors,
including leukemia and cancers of the breast, head and neck, melanoma, prostate
and pancreas [16]. This aberrantly activated STAT3 is believed to contribute to
malignant transformation at several levels including uncontrolled proliferation
through activation of several cell-cycle regulators, (e.g., cyclin D1 and c-Myc) as
well as evasion of apoptosis by inducing the expression of antiapoptotic proteins
(e.g., Bcl-xL, Bcl-2, Mcl-1 and surviving). STAT3 also mediates the expression of
proteins involved in other hallmarks of cancer, such as invasion and metastasis
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(e.g., expression of MMP) and angiogenesis (e.g., expression of VEGF) [14].
Therefore, STAT3 is considered to be an important target for the development of
cancer therapeutic agents.
Autophagy is a homeostatic, catabolic degradation process whereby cellular
proteins and organelles are engulfed by autophagosomes, digested in lysosomes,
and recycled to sustain cellular metabolism [16]. It is thought to have a tumor
suppressive or a tumor promoting functions depending on the tumor type, the stage
and genetic context of cancer [17]. There are three types of autophagy including (1)
macroautophagy (often simply called autophagy) in which cytoplasmic contents
and organelles are encompassed in double or multimembrane autophagosomes, and
subsequently delivered to the lysosome (2) microautophagy, where cytoplasm is
directly engulfed by lysosomal membrane and (3) chaperone-mediated autophagy,
where proteins with a specific signal sequence are transported to the lysosomal
lumen by a receptor-mediated process [18]. However, only macroautophagy has
been associated with caspase-independent type 2 cell death [19].
The initiation of autophagy is controlled by the ULK1 kinase complex, which
integrates stress signals from mTORC1. When mTORC1 kinase activity is
inhibited, autophagosome formation can occur from the phagophore. This involves
Vps34, a class III PI3K that forms a complex with Beclin 1. Beclin 1 interacts with
factors (Ambra, Bif1, and Bcl-2) that modulate its binding to Vps34, whose lipid
kinase activity is essential for autophagy. In addition to these 2 complexes,
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autophagosome formation requires the participation of 2 ubiquitin-like protein
conjugation systems (Atg12 and LC3) that are essential for the formation of the
phagophore [20]. In addition, the LC3 system is required for autophagosome
transport and maturation. Matured autophagosomes fuse their external membranes
with those from lysosomes to degrade their cargo and recycle essential
biomolecules [17].
In autophagy, STAT3 inhibits PKR kinase activity and LC3 expression in human
cancer cells [21-22]. Therefore, inhibition of STAT3 may potently stimulate the
autophagic flux and thereby affects the fate of cells [22]. Autophagy flux can be
checked by its known markers p62/ SQSTM1, LC3-II, beclin1, atg5-atg12 and so
on [23]. But, previous study, only p62/ SQSTM1 and LC3-II were affected by
SH48. So we have focused on relation between STAT3 inhibition and p62 flux that
induced by SH48.
p62/ SQSTM1 (sequestosome 1, and herein referred to as p62) is known as a
multi-domain adaptor protein that contains different kinds of protein–protein
interaction motif [24]. p62, as a receptor for ubiquitinated proteins, delivers them
selectively into the autophagosomes [25-28]. It functions as a scaffold protein for
several signal transductions through interaction with various signaling proteins
such as RIP, TRAF6, ERK, aPKC and caspase-8 [29]. p62 binds to polyubiquitin
on autophagy cargo via its ubiquitin-associated (UBA) domain and the
autophagosome protein light chain 3 (LC3; also known as MAP1LC3A) via its
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LC3-interacting region (LIR) domain, which directs cargo to autophagosomes for
degradation [30].
Atg8/LC3-II is lipidated form of LC3B which recruits lipid molecules to expand
the autophagosome membrane. LC3B proteins are specifically cleaved at their Ctermini by the ATG4 proteases to expose a C-terminal glycine producing the form I
of the ATG8 molecule (e,g., LC3-I) [31]. This glycine residue is then conjugated to
PE. The resulting PE-conjugated form II of ATG8 proteins (e,g., LC3-II) is tightly
bound to the autophagosomal membranes and serves as an autophagic marker
protein [32].
In this research, I investigated the possibility of interaction between SH48 and
STAT3 and the association between inhibition of STAT3 signaling and induction
of autophagy by SH48. This study suggests p62/SQSTM1 (sequestosome 1) as an
important mediator of SH48- induced autophagy.
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MATERIALS AND METHODS

Chemicals
SH48, SH42, SH43, SSI-1204 and SSI-1205 were obtained from Prof. Young-Ger
Suh`s lab (College of Pharmacy, Seoul National University). Dulbecco’s modified
Eagle’s medium (DMEM)/Ham’s nutrient mixture F-12 (1:1). Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum and horse serum were obtained from
Gibco BRL (GrandIsland, NY, USA). Cholera toxin, hydrocortisone, insulin,
human epidermal growth factor (h-EGF) and MTT [3-(4,5-dimethyl thiazol-2-yl)2,5-diphenyl tetrazolium bromide] were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). Antibodies against P-STAT3, p62, JAK2, P-AKT, P-ERK and
PIAS were obtained from Cell Signaling (Cell Signaling Technology, Beverly, MA,
USA). Antibodies against STAT3 and agarose immunoprecipitation reagent were
products of Santa Cruz Biotechnolgies Co. (SantaCruz, CA, USA). Secondary
antibodies, p62 short interfering RNA (siRNA), negative control siRNA, and
lipofectamin. RNAi-MAX reagent were purchased from Invitrogen Life
Technologies, Inc. (Carlsbad, CA, USA). All other chemicals used were of
analytical or the highest purity grade available.
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Cell culture
MCF10A-RAS cells were cultured in DMEM/F-12 medium supplemented with 5%
heat-inactivated horse

serum, 10 μg/mL insulin, 100 ng/mL cholera toxin, 0.5

μg/mL hydrocortisone, 20 ng/mL h-EGF, 2 mmol/L L-glutamine, and 100 units/mL
penicillin/streptomycin. Cell lines were grown at 37ºC in a humidified air/CO2
(19:1) atmosphere. The cells were plated at an appropriate density according to
each experimental scale.

MTT reduction assay
Cells were plated at a density of 5 x 10^4 cells/100 μl in 24-well plates, and the
cell viability was determined by the MTT reduction assay. After incubation, cells
were treated with the MTT solution (final concentration, 1 mg/ml) for 2h. The dark
blue formazan crystals formed in intact cells were siRNA knockdown of p62. The
human STAT3 siRNA duplex and negative control siRNA were purchased from
KDR, Inc. The sequences of each siRNA were as follows: p62 siRNA-1 (sense, 5"UGUUCUCUGAGACCCAUGAdTdT-3";

antisense,

5"-

UCAUGGGUCUCAGAGAACAdTdT-3"). Dissolved with dimethyl sulfoxide
(DMSO) and the absorbance at 570 nm was read using a microplate reader. Results
were expressed as the percentage of MTT reduction obtained in the treated cells,
assuming that the absorbance of control cells was 100%.
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Western blot analysis
MCF10A-RAS cells were lysed in lysis buffer [250 mmol/L sucrose, 50 mmol/L
Tris-HCl (pH 8.0), 25 mmol/L KCl, 5 mmol/L MgCl2, 1

mmol/L EDTA, 2

mmol/L NaF, 2 mmol/L sodium orthovanadate, and 1 mmol/L PMSF (phenyl
methyl sulfonyl fluoride)] for 15 min on ice followed by centrifugation at 13,000 g
for 15 min. The protein concentration of the supernatant was measured by using the
BCA reagents (Pierce, Rockfold, IL, USA). Protein (30 μg) was separated by
running through 8 % SDS-PAGE gel and transferred to the PVDF membrane
(Gelman Laboratory, Ann Arbor, MI, USA). The blots were blocked with 5 %
nonfat dry milk PBST buffer (PBS containing 0.1 % Tween-20) for 1 h at room
temperature. The membranes were incubated for 2 h at room temperature with
1:1000 dilution of one of the antibodies of P-STAT3, P-STAT1, P-JAK2, P-AKT,
P-ERK, PIAS, SQSTM1/p62, (Cell Signaling Technology, Beverly, MA, USA) or
STAT3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Equal lane loading was
assured using actin (Sigma Chemical Co., St. Louis, MO). The blots were rinsed
three times with PBST buffer for 10 min each. Washed blots were treated with
1:5000 dilution of the horseradish peroxidase conjugated-secondary antibody
(Pierce Biotechnology, Rockford, IL, USA) for 1 h and washed again three times
with PBST buffer. The transferred proteins were visualized with an enhanced
chemiluminescence detection kit (Amersham Pharmacia Biotech, Buckinghamshire,
UK).
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Immunoprecipitation
MCF10A-RAS cells were treated with biotinylated SH48 for 24 h, and cells were
lysed in 250 mmol/L sucrose, 50 mmol/L Tris-HCl (pH 8.0), 25 mmol/L KCl, 5
mmol/L MgCl2, 1 mmol/L EDTA, 2 mmol/L NaF, 2 mmol/L sodium orthovanadate
and 1mmol/L PMSF (phenyl methyl sulfonyl fluoride). Total protein (500 μg)
was subjected to immunoprecipitation by shaking with p62 primary antibody at
4°C for 12 h. followed by the addition of protein A/G-agarose bead suspension (25 %
slurry, 20 mL) and additional shaking for 2 h at 4°C. After centrifugation at 10,000
rpm for 1 minute, immunoprecipitated beads were collected by discarding the
supernatant and washed with cell lysis buffer. The immunoprecipitate was then
resuspended in 8 μL of 6x SDS electrophoresis sample buffer and boiled for 5
minutes. Supernatant (48 μL) from each sample was collected by centrifugation
and loaded on SDS-polyacrylamide gel. The incorporation of p62 into
immunoprecipitated proteins was visualized by use of STAT3 antibody. In
advanced research, SH48 show most potent STAT3 inhibitory and antiproliferative
activities among the deguelin anaogues tested.
Mass spectrometer analysis
Recombinant STAT3 was purchased from Active motif. Ten μl of recombinant
STAT3 protein was mixed well with 0.5 mM SH48 and 40 μl optimized buffer
AM1 (20 mM Tris-Cl (pH 8), 20 % glycerol, 100 mM KCl, 1 mM DTT and 0.2
mM EDTA). The mixtures were then subjected to mass spectrometry.
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RESULTS

Concentration dependent inhibition of phosphorylation of STAT3 by SH48 in
MCF10A-RAS cells.
SH48 that has modified deguelin chemical structure was prepared (Fig. 1).
Protein expression of P-STAT3, STAT3, P-STAT1, P-JAk2, and actin was tested
by Western blot to determine the effects of SH48 on STAT3 signaling in rastransformed human mammary epithelial MCF10A-RAS cells. P-STAT3 protein
expression is decreased depending on SH48 concentrations. Moreover, STAT3 and
P-JAk2 protein expression in MCF10A-RAS cells was decreased by 10 μM of
SH48. SH48 did not affect P-STAT1, P-AKT and P-ERK protein expression in
MCF10A-RAS cells (Fig. 2).

Time dependent inhibition of phosphorylation of STAT3 after SH48 treatment in
MCF10A-RAS cells.
To find out elapse time that SH48 effectively suppresses phosphorylation of
STAT3 in MCF10A-RAS cells, I tested the protein expression of P-STAT3 in
MCF10A-RAS cell after 6 h, 12 h, 18 h and 24 h treatment of SH48 and DMSO
(control). P-STAT3 is decreased in a time dependent manner but STAT3 and PJAk2 protein expression was not affected. In addition PIAS expression was
increased 6 h but decreased after that hour (Fig. 3).
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The α,β unsaturated carbonyl moiety is essential for inhibition of STAT3
phosphorylation by SH48
MCF10A-RAS cells were treated 5 μM of SH48, SH42, SH43, SSI-1204 or SSI1205 for 24h. SH42 has substitution in a double bond with hydrogen in comparison
with SH48. SH43 has a single bond, while SSI-1204 has substitution in the methyl
group. SSI-1205 has substitution in the carbonyl group and some addition in a
benzene ring (Fig. 4A). Then, protein expression of P-STAT3, STAT3 and actin
was measured by Western blot analysis. P-STAT3 expression was decreased by
SH48 and SSI-1204 treatment. Total STAT3 expression was not affected by SH48
treatment (Fig. 4B).

SH48 binds to C328, C367 and C687 residues of STAT3
computer structure modeling program shows cysteine 259 residue of STAT3 as a
putative target for SH48 binding. However, mass spectrometric analysis indicates
interaction between SH48 and C328, C367 or C687 residue of STAT3. Their
peripheral

amino

sequences

are

QPCMPMHPDRPLVIK,

(Fig.

7-1),

IKVC*IDKDSGDVAALRGSR, (Fig. 7-2) and YCRPESQEHPEADPGSAAPYLK
(Fig. 7-3), respectively. Among those sites, C328 and C367 belong to the DNA
binding domain, and C687 is located in the SH2 domain of STAT3 (Fig. 5).
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SH48 induces cell death through accumulation of p62.
In a previous study, the induction of autophagy markers LC3-II and p62 was
determined in MCF10A-RAS cells. Their expression was increased by SH48 and
autophagic cell death was also increased in a concentration dependent manner. So I
checked dependence of p62 on SH48 induced autophagy using a MTT assay.
Transient knockdown of p62 abolished SH48- induced MCF10A-RAS cell death
(Fig. 8).

p62 and STAT3 interact each other, and SH48 inhibits their binding.
In an attempt to determine the association between inhibition of STAT3 signaling
and induction of autophagy by SH48, I examined first interaction between p62 and
STAT3 by immunoprecipitation. As shown in Fig. 9, I found novel binding
between STAT3 and p62 in MCF10A-RAS cells. SH48 treatment suppressed this
interaction in a concentration-dependent manner. Moreover, accumulation of p62
was detected in total cell extract. Treatment of the thiol reducing agent DTT
abolish its accumulation (Fig. 10).
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(A)

(B)

Figure. 1. Structural formulae of deguelin and its analogue SH48.
(A) The chemical structure of deguelin (C23H22O6). The IUPAC name is
(7aS,13aS)-13,13a-dihydro-9,10-dimethoxy-3,3-dimethyl-3H
bis[1]benzopyrano[3,4-b:6’,5’-3]pyran-7(7aH)-one. (B) Structural formula of
analogue SH48.
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(A)

SH48 (24h)
0

1

2

5

10
P-STAT3 Y705
STAT3
P-STAT1 Y701
P-JAK2
Actin

(B)

SH48 (24h)
0

1

2

5

10

P-AKT
P-ERK
Actin

Figure. 2. Effects of the SH48 on expression of P-STAT3, STAT3, P-STAT1, PJAK2, P-AKT and P-ERK in MCF10A-RAS cells. (A) MCF10A-RAS cells
were treated with indicated concentrations of SH48 for 24 h, and expression of P STAT3, STAT3, P-STAT1 and P-JAK2 was measured by Western blot analysis. (B)
MCF10A-RAS cells were treated with indicated concentrations of SH48 for 24 h,
and expression of P-AKT and P-ERK was measured by Western blot analysis.
Actin was measured for the confirmation of equal amount of protein loaded.
ㅍ
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SH48 (h)
0

6

12

18

24
P-STAT3 Y705
STAT3
P-JAK2
PIAS
Actin

Figure. 3. Effects of SH48 on expression of P-STAT3, STAT3, P-JAK2 and
PIAS in MCF10A-RAS cells. MCF10A-RAS cells were treated with 10 μM of
SH48 for indicated time periods and expression of P-STAT3, STAT3, P-JAK2 and
PIAS was measured by Western blot analysis. Actin was measured for the
confirmation of equal amount of protein loaded.

15

(A)

SH48

SH42

SSI-1204

SH43

SSI-1205

(B)

P-STAT3 Y705
STAT3
Actin

Figure. 4. The α,β unsaturated carbonyl moiety is essential for inhibition of
STAT3 phosphorylation by SH48. (A) Structural formulae of deguelin analogues
SH42, SH43, SH48, SSI-1204 and SSI-1205. (B) MCF10A-RAS cells were treated
with 5 μM of SH48 SH42, SH43, SSI-1204 and SSI-1205 for 24 h, and expression
of P-STAT3 and STAT3 was measured by Western blot analysis. Actin was
measured for the confirmation of equal amount of protein loaded.
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Figure. 5. Cysteine residues of STAT3. A STAT3 dimer formed by inter-chain
disulphide bridging during oxidative stress. Adopted from Biochem. Biophys. Res.
Commun, 24;322(3):1005-11 (2004)
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Figure. 6. Putative interaction between the 259 cysteine residue of STAT3 and
SH48 determined by the computer modeling
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Figure. 7-1. SH48 binds to C328 residue of STAT3. Recombinant STAT3 was
purchased from Active motif. Ten μl of recombinant STAT3 protein was mixed
well with 0.5 mM SH48 and 40 μl optimized buffer AM1 (20 mM Tris-Cl (pH 8),
20% glycerol, 100 mM KCl, 1 mM DTT and 0.2 mM EDTA). The mixture was
then subjected to mass spectrometry. SH48 binds to C328 site. Peripheral amino
sequence is QPCMPMHPDRPLVIK.
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Figure. 7-2. SH48 binds to C367 residue of STAT3. Recombinant STAT3 was
purchased from Active motif. Ten μl of recombinant STAT3 protein was mixed
well with 0.5 mM SH48 and 40 μl optimized buffer AM1 (20 mM Tris-Cl (pH 8),
20% glycerol, 100 mM KCl, 1 mM DTT and 0.2 mM EDTA). The mixture was
then subjected to mass spectrometry. SH48 binds to the C367 site. Peripheral
amino

sequence

is

IKVC*IDKDSGDVAALRGSR.

modification.
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*SH48

(+380.1624)

Figure. 7-3. SH48 binds to C367 residue of STAT3. Recombinant STAT3 was
purchased from Active motif. Ten μl of recombinant STAT3 protein was mixed
well with 0.5 mM SH48 and 40 μl optimized buffer AM1 (20 mM Tris-Cl (pH 8),
20% glycerol, 100 mM KCl, 1 mM DTT and 0.2 mM EDTA). The mixture was
then subjected to mass spectrometry. SH48 binds to C367 site. Peripheral amino
sequence is VCIDKDSGDVAALR.
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Figure. 7-4. SH48 binds to C687 residues of STAT3. Recombinant STAT3 was
purchased from Active motif. Ten μl of recombinant STAT3 protein was mixed
well with 0.5 mM SH48 and 40 μl optimized buffer AM1 (20 mM Tris-Cl (pH 8),
20% glycerol, 100 mM KCl, 1 mM DTT and 0.2 mM EDTA). The mixture was
then subjected to mass spectrometry. SH48 binds to C687 site. Peripheral amino
sequence is YCRPESQEHPEADPGSAAPYLK.
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Figure. 8. SH48-induced autophagy is mediated by p62.

MCF10A-RAS cells

were transiently transfected with si-p62 or si-control for 6 h, followed by treatment
with 10 μM of SH48 for 24 h, and viability of MCF10A cells was measured by the
MTT assay.
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Figure. 9. p62 and STAT3 interact each other, and SH48 inhibits their binding.
(A) MCF10A-RAS cells were treated with indicated concentrations of SH48 for 24
h. Protein lysates were immunoprecipitated with STAT3 antibody and analyzed by
Western blot analysis with anti-p62 antibody.
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Figure. 10. p62 protein expression is associated with STAT3 inhibition by
SH48. MCF10A-RAS cells were treated with 5 μM of SH48 for 24 h, and DTT
was treated for 4 h. The expression of P-STAT3, STAT3, and p62 was measured by
Western blot analysis.
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DISCUSSION

Constitutively activated STAT3 is found frequently in a wide variety of human
tumors [33]. STAT3 regulates the expression of various genes involved in
proliferation, apoptosis, angiogenesis, invasion and metastasis by regulating
expression of various genes and actively participates in tumor formation and
progression [34]. Therefore, inhibition of STAT3 provides a rational strategy to
block cancer development [35].
Currently two major strategies are used to inhibit the STAT3 signaling pathway.
At first, direct inhibition of STAT3 protein with inhibitors targeting one of three
structural domains of STAT3, namely SH2 domain, DNA binding domain and Nterminal domain, which suppresses processes related to STAT3 signaling and its
functional role by blocking phosphorylation, dimerization, nuclear translocation
and DNA binding or by indirectly blocking the upstream regulators of STAT3
pathway [35].
The inhibition of aberrant STAT3 activity by genetic or pharmacological
approaches include small molecular weight inhibitors and compounds, protein
inhibitors, dominant-negative STAT3 mutants, antisense RNA and interference
oligonucleotides (RNAi). Natural products and their synthetic analogues have been
known as important sources in developing STAT3 inhibitors [36]. For instance,
curcumin, betulinic acid, capsaicin, caffeic acid, celastro, cucurbitacins,
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guggulsterone, diosgenin and honokiol are known as natural STAT3 inhibitors [37].
In a similar context, a series of analogues of deguelin were synthesized to develop
novel STAT3 inhibitors. Among them, an electrophilic analogue SH48 bearing an
α,β unsaturated carbonyl group was found to inhibit phosphorylation, dimerization,
nuclear translocation and transcriptional activity of STAT3. However, the
mechanisms underlying SH48-induced STAT3 inhibition were not fully elucidated.
It is possible that SH48 may also inhibit STAT3 indirectly. Therefore, I intended to
conduct an experiment to confirm previous study of STAT3 inhibition by SH48 and
determined the effects of SH48 on expression of P-STAT3, P-STAT1, P-JAK2, PAKT and P-ERK in MCF10A-RAS cells. The carbonyl group of SH48 was
postulated to bind thiol groups of any cysteine residues in various signaling
proteins. SH48 is also anticipated to affect HSP90 client proteins (P-STAT3, PJAK2, P-AKT and P-ERK). However, only P-STAT3 was affected by SH48.
Additional mechanistic studies are needed to elucidate its specific influence on
STAT3 phosphorylation.The critical functional moiety of SH48 involved in its
inhibition of STAT3 signaling was assessed by comparison with SH42, SH43,
SH48, SSI-1204 and SSI-1205 analogues. As a results, it was found that the α,β
unsaturated carbonyl moiety is essential for inhibition of STAT3 phosphorylation
by SH48. SSI-1205 showed a similar inhibitory effect on phosphorylation of
STAT3. However, it was excluded because it did not show significant inhibitory
effect on viability of MCF10A-RAS cells. The methyl group of SH48 may also be
important in its inhibition of STAT3 phosporylation.
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Then, specific interaction between SH48 and the cysteine 259 residue of STAT3
was anticipated based on the fact that this amino acid is located in the short loop
between helices a2 and a3 of the amino-terminal four-helix bundle of STAT3
which lies against the core b-barrel of the monomer. Therefore, cysteine 259 is
exposed in the surface of tertiary structure of STAT3 and considered to be prone to
disulfide bridge formation upon oxidative stress [38].
The possible interaction between SH48 and Cys259 of STAT3 was assessed by
mass spectral analysis. However, mass-spectral data indicate that the binding sites
are C328, C367 or C687 residues of STAT3. Although the function of these
cysteine residues of STAT3 was not reported yet, the binding of SH48 to STAT3
can be influenced by their localization in STAT3. C328 or C367 are located in the
DNA binding domain and C687 exists in the SH2 domain of STAT3. Each site is
likely to be related to transcriptional activity as well as phosphorylation and
dimerization of STAT3.
Inhibition of STAT3 signal was reported to cause cell death [39]. In this study
STAT3 inhibition by SH48 caused reduction of cell viability. However, SH48 did
not induce apoptosis as determined by cleavage of PARP and reduction in the
levels of the anti-apoptotic protein Bcl-xL. Therefore, SH48-induced cell death is
unlikely to be mediated by apoptosis. Notably, protein expression of LC3-II and
p62 which are autophagy markers was increased. In addition, increased
autolysosome formation was detected in an experiment using a fluorescent
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acidotropic probe LysoTracker Red.
Many drugs are known to block the activation of the transcription factors by
inducing autophagy [40]. Therefore, I conducted additional experiments to confirm
the mode of SH48-induced MCF10A-RAS cell death with special focus on
autophagy and tried to determine the association between inhibition of STAT3
signaling and induction of autophagy by SH48. SH48 induced LC3-I to LC3-II
conversion and p62 protein expression. I found a noble binding between STAT3
and p62 and this interaction was inhibited by SH48. Therefore, the interaction
between SH48 and STAT3 is speculated to facilitate the accumulation of free p62,
which may account for autophagy induction by SH48.
As mentioned earlier, p62 acts as a signaling hub through its ability to recruit and
oligomerize important signaling molecules in cytosolic speckles to control cell
survival and apoptosis [41]. p62 is also considered as a cargo adapter for
ubiquitinated proteins that can be degraded by autophagy [42].
In the cancer cell, p62 acts either as a pro-oncogene or as a tumor suppressor
protein. Based on the presence of multiple interacting domains in p62/SQSTM1,
this protein is also able to positively modulate either the NFκB pathway by binding
to the IKK activator TRAF6 or the mTOR pathway by interacting with Raptor [43].
In contrast to its pro-oncogenic activity, p62 can also exert tumor suppressive
activity by promoting inactivation of the Wnt pathway via an autophagic process
[44]. Therefore, p62 is considered as a central player in the life and death decisions
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of the cancer cell.
The existence of autophagic cell death in mammalian cells also remains
controversial. Auophagy can be upregulated or suppressed by cancer therapeutics,
and upregulation of autophagy in cancer therapies can be either pro-survival or prodeath for tumor cells [40].
In summary, the synthetic deguelin analogue SH48 inhibits phosphorylation,
DNA-binding activity, and transcriptional activity of STAT3 possibly by direct
interaction with the C328, C367 or C687 cysteine residue of STAT3 in MCF10ARAS cells. Its direct binding with STAT3 induces autophagy through accumulation
of p62.
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Figure. 11. Proposed mechanism for p62 protein accumulation and induction
of autophagy as a consequence of STAT3 inhibition by SH48. p62 binds to
STAT3 in normal condition. SH48 binds to cysteine residues of STAT3. SH48
inhibits interaction between p62 and STAT3 and may facilitate accumulation of
p62.
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국문초록

JAK/STAT 신호전달 체계에서 STAT3 (Signal Transducer and Activator of
Transcription 3)는 종양 미세환경 내 악성 세포의 증식과 생존, 침윤,
혈관신생과

만성염증을

조절

하는

중요한

전사인자이다.

기존의

연구에서 새로운 STAT3 저해제 개발을 위해 식물유래 천연 로테노이드
(rotenoid)의 한 종류인 deguelin으로부터 일련의 유도체들을 합성하였으며,
이들 합성 유사체중 SH48이 STAT3의 인산화와 이합체화 (dimerization)
그리고 핵내 이동 및 전사활성을 저해함을 확인 하였으며 또한 p62와
LC3-II 단백질 발현증가를 통한 세포자식 작용 유도를 확인하였다. 이어
본 연구에서는 질량 분석법을 통해 SH48과 STAT3의 328, 367, 687번
시스테인 잔기 간의 직접적인 결합을 확인하였으며 SH48이 p62에
의존적으로 자식작용을 유도함을 확인하였고 STAT3와 p62사이의 직접적
결합을 확인 하였으며 SH48에 의한 이들 결합의 저해와 p62단백질의
발현 증가를 확인 하였다.
따라서 본 연구는 SH48과 STAT3사이의 직접적인 결합에 의해
STAT3활성화와 p62단백질과 STAT3사이의 결합이 억제되고 이를 통한
p62 단백질의 축척이 MCF10A-RAS cell의 세포자식 작용을 유발함을
시사한다.

주요어 (Keywords): Signal transducer and activator of transcription 3 (STAT3),
deguelin, SH48, Autophagy, p62/SQSTM1, Atg8/LC3-II.
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