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A Novel Small Molecule, LLL12,
Inhibits STAT3 Phosphorylation
and Activities and Exhibits Potent
Growth-Suppressive Activity in

Human Cancer Cells’?

Abstract

Constitutive activation of signal transducer and activator of transcription 3 (STAT3) signaling is frequently detected
in cancer, promoting its emergence as a promising target for cancer treatment. Inhibiting constitutive STAT3 sig-
naling represents a potential therapeutic approach. We used structure-based design to develop a nonpeptide,
cell-permeable, small molecule, termed as LLL12, which targets STAT3. LLL12 was found to inhibit STAT3 phosphor-
ylation (tyrosine 705) and induce apoptosis as indicated by the increases of cleaved caspase-3 and poly (ADP-ribose)
polymerase in various breast, pancreatic, and glioblastoma cancer cell lines expressing elevated levels of STAT3
phosphorylation. LLL12 could also inhibit STAT3 phosphorylation induced by interleukin-6 in MDA-MB-453 breast
cancer cells. The inhibition of STAT3 by LLL12 was confirmed by the inhibition of STAT3 DNA binding activity
and STAT3-dependent transcriptional luciferase activity. Downstream targets of STAT3, cyclin D1, Bcl-2, and survivin
were also downregulated by LLL12 at both protein and messenger RNA levels. LLL12 is a potent inhibitor of cell
viability, with half-maximal inhibitory concentrations values ranging between 0.16 and 3.09 uM, which are lower than
the reported JAK2 inhibitor WP1066 and STAT3 inhibitor S3I-201 in six cancer cell lines expressing elevated levels
of STAT3 phosphorylation. In addition, LLL12 inhibits colony formation and cell migration and works synergistically
with doxorubicin and gemcitabine. Furthermore, LLL12 demonstrated a potent inhibitory activity on breast and glio-
blastoma tumor growth in a mouse xenograft model. Our results indicate that LLL12 may be a potential therapeutic
agent for human cancer cells expressing constitutive STAT3 signaling.
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Introduction

Cancer is the second leading cause of death in the United States, being
attributed to one in four deaths. Approximately one in two men and
one in three women will have their conditions diagnosed as an in-
vasive cancer in their lifetime [1]. Breast cancer is the leading type
of cancer affecting women. It is estimated that breast cancer accounts
for just more than a quarter of all newly diagnosed cancer cases in
women [1]. Pancreatic cancer is the fourth leading cause of cancer
deaths in the United States. Diagnosis is followed by a poor prognosis,
with a 5-year survival rate of only 5% [1]. Worldwide, the survival rate
for pancreatic cancer is only 1% [2]. Gliomas, a type of brain cancer,
account for more than 75% of all primary malignant brain tumors [3].
The most common type of glioma, glioblastoma, is also the most se-
vere. It is a highly aggressive cancer and continues to have a poor sur-
vival rate, with most cases becoming fatal within 2 years of diagnosis
[4,5]. The large number of cases and poor survival rates under current
therapies necessitates the search for novel target therapies for cancer.

The signal transducer and activator of transcription (STAT) pro-
teins are transcription factors that participate in relaying signals from
cytokines and growth factors [6-8]. Constitutive activation of STATs
has been found to contribute to oncogenesis [6,9]. STAT3, in partic-
ular, is constitutively active in a wide variety of human malignancies,
including breast and pancreatic cancer and glioblastoma [6-8]. STAT3
is considered to be an oncogene owing to its ability to promote ma-
lignancy [7,9,10]. Experiments have shown that constitutively active
STATS3 is sufficient for inducing cellular transformation [10]. Further
support comes from a resistance to transformation seen in STAT3-
deficient fibroblasts [11,12]. Constitutively active STAT3 has also
been shown to have the potential to alter the phenotype of nonmalig-
nant cells into one that is similar to malignant cells [13].

Persistent activation of STAT3 has been implicated in both the
induction of cancer and the processes promoting the survival of
cancer. STAT3 activation occurs when the tyrosine 705 (Tyr705) res-
idue is phosphorylated, leading to dimerization and translocation
from the cytoplasm to the nucleus [9,14,15]. In the nucleus, STAT3
binding to target genes induces the transcription and up-regulation
of proliferation and antiapoptotic associated proteins [7,9,10,16].
Therefore, constitutive STAT3 signaling is involved in stimulating
cell cycle progression and preventing apoptosis which contributes
to malignant progression [7,9]. It has also been found to promote
angiogenesis [6,17]. In addition, persistently activated STAT3 plays
a role in impairing both innate and adaptive immune responses by
enhancing immunologic tolerance and enabling cancer cells to evade
immune surveillance [18]. Further, the survival of these tumors
seems to depend on the presence of STAT3 signaling [6,11].

The implications of constitutive STAT3 signaling in tumors have
presented it as a possible target for cancer treatment. Experiments
aimed at blocking STAT3 signaling using dominant-negative STAT3,
RNA interference, and STAT3 antisense oligonucleotides have pro-
vided further evidence of the potential of STAT3 as a target for
treating cancer [6,8,19,20]. Inhibiting STAT3 using the stated ap-
proaches has been successful, resulting in an inhibition of growth
and the induction of death in tumors. It was also determined that
in normal cells, blocking STAT3 is neither harmful nor toxic to the
cells [6,11]. Given the oncogenic functions of STAT3 and the prom-
ise of inhibiting it, directly targeting STAT?3 signaling represents a po-
tential therapeutic approach to treating cancer.

Using a structure-based drug design, we developed a novel STAT3
inhibitor, named LLL12. Computer models with docking simulation

showed that LLL12 binds directly to the phosphoryl tyrosine 705
(pTyr705) binding site of the STAT3 monomer. We assessed the in-
hibitory effects of LLL12 in cancer cells. We demonstrated that
LLL12 inhibits STAT3 phosphorylation (Tyr705) and STAT3 ac-
tivities; downregulates STAT3 downstream targets; inhibits prolifer-
ation, colony formation, and cell migration; and induces apoptosis in
various human breast and pancreatic cancer cells as well as in glio-
blastoma cells. We also demonstrated that LLL12 has minimal apop-
totic effects on normal human cells.

Materials and Methods

Computational Binding Studies of LLL12

Computational docking program AutoDock4 was use to dock our
designed nonpeptide small molecules and to predict their binding
modes and approximate binding free energies to STAT3 SH2 dimer-
ization site [21]. The small molecule LLL12 was docked using the
Lamarckian Genetic Algorithm. The docking procedure involved
the preparation of the ligand and macromolecule, the assignment of
Gasteiger charges, and the identification of the torsional root and
the three rotatable bonds of the ligand. An AutoGrid map was then
precomputed for all atom types in the ligand set. After 10 million
energy evaluations were completed, all the resulting conformations
of the ligand in the binding pocket of the macromolecule were clus-
tered into groups according to their conformations with a root mean
square deviation threshold of 1.5 A. A major lowest energy cluster was
identified with 24% conformers and binding energy of -7.8 kcal/mol.

Synthesis of LLL12

Chemicals and reagents.  Chemicals (except 3-hydroxy-2-pyrone,
which was purchased from Tyger Scientific, Ewing, NJ) and silica
gel were purchased from Sigma-Aldrich Chemical Co. (Milwaukee,
WI). The chemicals were checked for purity by thin layer chroma-
tography and nuclear magnetic resonance (NMR). Melting points
were determined on a Thomas Hoover capillary melting point ap-
paratus and were uncorrected. Proton nuclear magnetic resonance
spectra were obtained with a Bruker Avance 300 (300 MHz) spectro-
photometer (Billerica, MA).

Synthesis of compound 2. Naphthalene sulfonyl chloride 1 (1 g,
4.41 mmol) was dissolved in acetone (52 ml) and was stirred at 0°C
for 30 minutes. Ammonium hydroxide (52 ml) was cooled to 0°C
and was added to the above mixture and stirred at room temperature
for 3 hours. The acetone was then removed at reduced pressure. The
residue was dissolved in dichloromethane (100 ml) and washed with
water (2 x 100 ml). The organic layer was collected and evaporated
under reduced pressure. The residue was purified by silica column
chromatography (hexane—ethyl acetate, 3:1) yielding compound 2
(750 mg, 82.1%); melting point (m.p.) 147 to 149°C (literature
150°C) [22].

Synthesis of compound 3. Compound 2 (500 mg, 2.41 mmol)
was dissolved in glacial acetic acid (5.0 ml). Chromium trioxide
(1.08 g, 10.85 mmol) was dissolved in a mixture of water—glacial
acetic acid (1:1, 2 ml) and added to the solution of compound 2
in glacial acetic acid and was stirred under reflux for 15 minutes.
The solution was cooled to 0°C and water (25 ml) was added, and
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the resulting solution was stirred overnight at room temperature. The
reaction mixture was diluted with water (500 ml) and extracted with
ether (3 x 100 ml). The organic layer was collected, dried under re-
duced pressure, and purified with silica column chromatography ethyl
acetate—hexane (2:3) to yield compound 3 (88 mg, 15.4%); m.p.
(187-188°C); 'H NMR (300 MHz, dimethyl sulfoxide [DMSO])
5723 (2H, d, J = 9 Hz), 7.43 (2H, S), 8.11 (IH, ¢, / = 9 H),
8.34 (1H, d, / = 9 Hz), 8.515 (1H, d, / = 9 Hz). Mass spectrom-
etry (M + Na]" 260.7).

Synthesis of LLL12. A solution of compound 3 (200 mg, 0.843 mmol)
in chloroform (14 ml) was stirred at -20°C for 10 minutes followed
by the addition of triethylamine (0.01 ml) and stirring continued at
-20°C for an additional 15 minutes. 3-Hydroxy-2-pyrone (86 mg,
0.767 mmol) dissolved in chloroform (1 ml) was added to the reaction
mixture and stirred at room temperature for 1 hour. The solvent was
removed under reduced pressure. The resulting residue was diluted
with water (50 ml), and the aqueous solution was extracted with ethyl
acetate (3 x 50 ml). The organic layer was separated, dried (brine), and
evaporated. The crude product was purified by silica column chroma-
tography (hexane—ethyl acetate, 4:1) yielding LLL12 (50 mg, 20%).
m.p. (179-181°C); '"H NMR (300 MHz, DMSO) § 7.42-7.85
(5H, m), 8.11 (1H, m), 8.56 (2H, m), 12.05 (1H, s). Mass spectrome-
try (M + Na]* 326.1).

The synthesis of LLL12 began with the reaction of sulfonyl chlo-
ride 1 with ammonium hydroxide to form 2. Oxidation of 2 yielded
the naphthoquinone 3 with chromium (VI) oxide. Base-catalyzed
Diels-Alder reactions of 3-hydroxy-2-pyrone with compound 3 at
-20°C yield LLL12 and are regioisomer in a ratio of 98:2.

Cell Lines

Human breast cancer cell lines (MDA-MB-231, MDA-MB-453, and
SK-BR-3), human pancreatic cancer cell lines (HPAC and iPANC-1),
glioblastoma cell line (U87), human hepatocytes (HHs), and normal
human lung fibroblasts (WI-38) were purchased from the American
Type Culture Collection (Manassas, VA). Human glioblastoma cell line
(U373) was kindly provided by Dr. Sean Lawler (The Ohio State Uni-
versity). Human mammary epithelial cells (HMECs) were purchased
from Lonza Walkersville, Inc. (Walkersville, MD), and maintained in
Ham’s F12 medium (Mediatech, Manassas, VA) supplemented with
5 pg/ml insulin, 1 pg/ml hydrocortisone, 10 pg/ml epidermal growth
factor, 100 pg/ml cholera toxin, 5% fetal bovine serum (FBS). Immor-
talized human pancreatic duct epithelial (HPDE) cells were provided by
Dr. Ming-Sound Tsao at the University of Toronto and maintained in
CnT-07CF epidermal keratinocyte medium (CELLnTEC Advanced
Cell Systems, Bern, Switzerland) supplemented with 0.07 mM CaCl,.
The HHs were maintained in hepatocyte medium (ScienCell, Carlsbad,
CA) plus hepatocyte growth supplement and 5% FBS. All other cell
lines were maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% FBS, 4.5 g/L L-glutamine, sodium pyruvate,
and 1% penicillin/streptomycin. All cell lines were stored in a humidi-

fied 37°C incubator with 5% CO,.

JAK2 and STAT3 Inhibitors

LLL12, a STAT3 inhibitor, and WP1066 [23], a JAK2 inhibitor,
were synthesized in Dr. Pui-Kai Li’s laboratory (College of Pharmacy,
The Ohio State University). The powder was dissolved in sterile DMSO

to make a 20-mM stock solution. Aliquots of the stock solution were

stored at -20°C. S31-201 [24], a STAT3 SH2 inhibitor, was pur-
chased from Calbiochem (Gibbstown, NJ).

Cell Viability Assay

Human breast cancer cell lines (MDA-MB-231 and SK-BR-3), hu-
man pancreatic cancer cell lines (PANC-1 and HPAC), and glioblas-
toma cell lines (U87 and U373) were seeded in 96-well plates at a
density of 3000 cells per well. Different concentrations of LLL12 (0.1-
10 pM), WP1066 (1-10 uM), or S31-201 (1-100 uM) were added
in triplicate to the plates in the presence of 10% FBS. The cells were
incubated at 37°C for a period of 72 hours. 3-(4,5-Dimethylthiazolyl)-
2,5-diphenyltetrazolium bromide (MTT) viability assay was done ac-
cording to manufacturer’s protocol (Roche Diagnostics, Mannheim,
Germany). The absorbance was read at 595 nm. Half-maximal inhibi-

tory concentrations (ICso) were determined using Sigma Plot 9.0 Soft-
ware (Systat Software, Inc., San Jose, CA).

Western Blot Analysis

Human breast cancer cell lines (MDA-MB-231 and SK-BR-3), hu-
man pancreatic cancer cell lines (HPAC and PANC-1), human glio-
blastoma cell lines (U87 and U373), and human normal cells lines
(HPDE, HMEC, HH, and WI-38) were treated with LLL12 (5 or
10 pM) or DMSO at 60% to 80% confluence in the presence of
10% FBS for 24 hours, lysed in cold radio immunoprecipitation assay
lysis buffer containing protease inhibitors, and subjected to SDS-
PAGE. Membranes were probed with a 1:1000 dilution of antibodies
(Cell Signaling Technology, Beverly, MA) against phosphospecific
STAT3 (Tyr705), phosphospecific extracellular signal-regulated kinase
(ERK)1/2 (threonine 202/tyrosine 204), phosphospecific Src (tyro-
sine 416), phosphospecific the mammalian target of rapamycin (mTOR)
(serine 2448), cleaved poly (ADP-ribose) polymerase (PARP), cleaved
caspase-3, cyclin D, Bcl-2, surviving, and glyceraldehyde-3-phosphate de-
hydrogenase. Membranes were analyzed using Enhanced Chemilumines-
cence Plus reagents and scanned with the Storm Scanner (Amersham
Pharmacia Biotech, Inc., Piscataway, NJ).

IL-6 Induction of STAT3 Phosphorylation

MDA-MB-453 breast cancer cells were seeded in 10-cm plates
and allowed to adhere overnight. The following night, the cells were
serum-starved. The cells were then left untreated or were treated with
LLL12 (0.5-2 uM) or DMSO. After 2 hours, the untreated and
LLL12-treated cells were stimulated by IL-6 (25 ng/ml). The cells
were harvested at 30 minutes and analyzed by Western blot.

STAT3 and STATI DNA Binding Activity

MDA-MB-231, SK-BR-3, HPAC, and U87 cancer cells at 60% to
80% confluence were treated with LLL12 (5 or 10 uM) or DMSO
in the presence of 10% FBS for 24 hours. A nuclear extract kit
(Clontech, Inc., Mountain View, CA) was used to obtain nuclear ex-
tracts. The nuclear extracts were analyzed for STAT3 and/or STAT1
DNA binding activity using STAT3 or STAT1 Transcription Factor
Kits (Clontech, Inc.), which provide an ELISA-based method to de-
tect DNA binding by transcription factors.

STAT3-Dependent Transcriptional Luciferase Activity
STAT3-dependent transcriptional luciferase activity was measured
using MDA-MB-231—cloned cells that stably integrate the STAT3-
dependent luciferase reporter construct, pLucTKS3 [25]. The cells
were grown in six-well plates until semiconfluent and treated in 5% FBS
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growth-suppressive activity. Thus, LLL12 has the potential to be a
therapeutic agent for the treatment of human breast and pancreatic
cancer as well as glioblastoma with constitutively activated STAT3.
We also observed that LLL12 is a potent inhibitor of STAT3 phos-
phorylation and DNA binding activity in cancer cells from other can-

cer types such as colorectal and liver cancers (data not shown).
Therefore, LLL12 should be capable to have extended application
to inhibit other types of cancer cells that have constitutively activated
STAT3. LLL12 shows potential as a cancer therapeutic and is de-
served for further exploration of its use as a potential agent in the

treatment of cancer.
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