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Abstract: STAT3 belongs to the signal transducers and acti-
vators of transcription (STAT) family. It has been demon-
strated that STAT3 is constitutively activated in many
tumors, playing a role in carcinogenesis and tumor progres-
sion. For this reason, it has being considered a potential
target for cancer therapy. In this context, we have de-
signhed, synthesized and evaluated 1,4-dimethyl-carbazole
derivatives, targeting the STAT3 protein. Moreover, MTT

assay performed on A375 and Hela, showed significant an-
tiproliferative activity of some of synthesized compounds
(3-5). The same compounds (3-5) considerably reduced
STAT3 expression, as demonstrated by Western blot analy-
sis. Our multidisciplinary approach shows that 1,4-dimethyl-
carbazoles are potential building blocks to develop more
affinity ligands of STAT3.
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1 Introduction

The protein family of signal transducers and activators of
transcription (STAT), whose members include STAT1-STAT4,
STAT5A, STAT5B and STAT6, are activated by extracellular
signals such as cytokines, growth factors and hormonal fac-
tors. These factors bind to cell-surface receptors leading to
autophosphorylation of a tyrosine residue. STAT proteins
contain a SH2 domain, which recognizes the receptor phos-
photyrosine, and in this way are recruited from the cytosol
and associate with the activated receptor. This recruitment
is followed by STAT3 phosphorylation on a carboxy-termi-
nal tyrosine, either directly by the receptor or by a recep-
tor-associated JAK kinase. Tyrosine phosphorylation of
STATs induces their dimerization and translocation to the
nucleus, where they bind to specific promoter sequences in
target genes inducing their expression." In particular, the
SH2 domain of STAT3 is responsible of the dimerization, by
recognition of Pro-pTyr-Leu-Lys-Thr-Lys sequence of the
other monomer."* Recently, it has been demonstrated that
the constitutively unphosphorylated STAT3 (uSTAT3) s
active in gene control,” and its involvement in oncogenesis
and biological function in tumor cells has already report-
ed.”? These new data highlight uSTAT3 as a new practica-
ble target for small molecules in cancer therapy.

In human tumors, a high frequency of STAT1, STAT3, and
STAT5 activation is seen. Classified as oncogene, STAT3 is
widely recognized as a master regulator of molecular and
biological events leading to the generation of cancer phe-
notypes.'"” The constitutive activation of STAT3 is frequent-
ly detected in primary human breast carcinoma cells, and
elevated levels of STAT3 phosphorylation have been corre-
lated with tumor invasion, nodal metastasis, and staging
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(P <0.05).""2 Moreover, the inhibition of STAT3 induces the
death of tumor cells."'? Thus, these evidences suggest
STAT3 as an attractive molecular target for the develop-
ment of novel cancer therapeutics. The disruption of onco-
genic STAT3 signaling may theoretically be accomplished
through various approaches, involving direct and indirect
strategies. Many attempts have been done to develop
STAT3 inhibitors,"™ including: peptidomimetics™'” and
non-peptide inhibitors!'®2?? of STAT3-SH2 domain, inhibitors
of the DNA-binding domain of STAT3.%*?¥ |t is also been re-
ported a strategy to indirectly block STAT3 by using modu-
lators of the upstream components of the STAT3 path-
way.""*~%¥ Despite many efforts to develop STAT3 inhibitors,
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there are no small molecules targeting this protein ap-
proved by the FDA so far.

In this context, we have tried to identify new chemical
fragments to develop more druggable STAT3 modulators.
Our strategy has focused on the design of non-peptidic
small building blocks, which present a better ADME proper-
ties respect to peptides and peptidomimetics.

It is noteworthy that carbazole derivatives show different
biological profiles, such as: inhibition of proinflammatory
cytokine biosynthesis; antiproliferative effect on SVR
(murine endothelial cells) cells;*" cytotoxic activity against
human solid cancer cells (PC3, DU145, and PA-1),5% murine
leukemia L1210 cell line,*® human leukemic topoisomerase
Il sensitive (HL60N) and resistant (HL60 MX2) cell lines,*”
SK-N-SH human neuroblastoma (NB) cells.*™ Due to these
multi-biological activities, the carbazole scaffold is consid-
ered a privileged structure,*” thus, able to bind different
classes of macromolecules with high affinity depending on
the appropriate pattern of chemical substitutions. These
premises make the carbazole scaffold very attractive for
lead discovery of new agents against different tumor cells.

Recently, some of us have proposed some complex car-
bazoles as lead compounds for STAT3 inhibition.***” Qur
aim is to get more druggable STAT3 inhibitors with respect
to the previously proposed lead compounds®® (11 and 12,
Figure S1) presenting a quite high molecular weight
(~500 u.a.). For this reason, any further modifications, by in-
troducing new substituents, should improve the affinity for
the macromolecule to the detriment of bioavailability.
Moreover, in the previous work® the chemical features of
the substituents for an efficient decoration of the carbazole
scaffold have not been delineated. On this premise, being
the carbazole an easily obtainable privileged chemical core
with a potential biological activity, we designed new simpli-
fied 1,4-dimethyl-carbazoles showed in Figure 1 (1-10). In
particular, our starting point (see below) was the 1,4-di-
methyl-carbazole (1) from which we tried to get more
structural information about the minimum structural ele-
ments responsible for the binding to the macromolecular
target to develop new STAT3 inhibitors with improved bio-
activities and bioavailability.

2 Material and Methods
2.1 Computational Studies

All ligands (1-10) were sketched using the graphical inter-
face Maestro version 6.0, Schrédinger, LLC, New York, NY,
2003, and their geometries optimized through Macro-
Model 858 by using the MMFFs force field®” and the
Polak—Ribier conjugate gradient algorithm (maximum de-
rivative less than 0.001 kcal/mol). A GB/SA (generalized
Born/surface area) solvent treatment®® was used, mimick-
ing the presence of H,0 in the geometry optimization.

The crystal structure of STAT3 homodimer bound to
DNA (PDB ID: 1BG1)2” was used as macromolecule in the
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theoretical studies. By graphical interface Maestro the pro-
tein was prepared for the docking calculations: the DNA
and water molecules were deleted, all hydrogens were
added, bond order and missing atoms were checked
through visual inspection, and the charges of side chains
were attributed according to their pKa.

Molecular docking studies were performed using Auto-
Dock 4.2 software.*” To get a representative conformation-
al space during the docking calculations and taking into ac-
count the variable number of active torsions, 10 calcula-
tions consisting of 256 runs were performed, obtaining
2560 structures for each ligand (1-10). The Lamarckian ge-
netic algorithm was employed for dockings, along with an
initial population of 700 randomly placed individuals. The
maximum number of energy evaluations and of genera-
tions was set up at 6x 10° and 7 x 10°, respectively. A muta-
tion rate of 0.02, a crossover rate of 0.8, and the local
search frequency of 0.26 were used. Results differing by
less than 2 A in positional root-mean-square deviation
(rmsd) were clustered together and ranked by free energy
of binding. For all the docked structures, all bonds were
treated as active torsional bonds. The grid box was sized at
64 x64x64 number of points, by using 0.375 A between
the grid points. The x, y, and z coordinates of grid center
were: 96.616, 73.201 and 68.027.

2.2 Chemistry

All reagents and solvents were purchased from Sigma-Al-
drich s.rl. (Milan, Italy). The elemental analyses for C, H and
N were recorded on a ThermoFinnigan Flash EA 1112 series
and performed according to standard microanalytical pro-
cedures. '"H NMR, 'HCOSY and *C NMR spectra were re-
corded at 298 K on a Bruker Avance 300 Spectrometer op-
erating at 300 MHz ('H) and 75 MHz (*C) and referred to in-
ternal tetramethylsilane.

2.2.1 General Procedures for the Synthesis of Compounds
1-5%1

5-substituted-1H-indole (6.60 mmol) was dissolved in etha-
nol (20 mL) and stirred at room temperature. To this solu-
tion hexan-2,5-dione (8.18 mmol) and 4-methylbenzenesul-
fonic acid (8.24 mmol) were added. The mixture was stirred
under reflux for 4 h. After the reaction, the solution was
cooled, and the solvent was evaporated, poured into water
and extracted with diethyl ether (3 x 30 mL). The organic
layer was dried over anhydrous MgSO,, filtered and the sol-
vent removed by evaporation. The resulting residue was
purified on a silica gel column chromatography in hexane/
ethyl acetate (7 : 3).

All NMR data are in according to literature ones.

Synthesis of 5,8-dimethyl-9H-carbazole-3-sulfonyl chloride
(18)

1,4-dimethyl-9H-carbazole (1) (2.56 mmol) was dissolved
in chloroform (20 mL). The solution was cooled to 0 °C. To
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Figure 1. 2D panel representing interactions between 1 and STAT3, and molecular structures of compounds 1-10. The blue, green and red
arrows indicate the chemical modification positions on compound 1 to obtain the derivatives (1-10, accordingly colored), respectively:
2-6;7 and 8; 9 and 10.
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this solution chlorosulfonic acid (9.76) was added and the
mixture was stirred at room temperature for 30 min. After
the reaction the solution was cooled, poured into water
and extracted with chloroform (3x30 mL). The organic
layer was dried over anhydrous MgSO,, filtered and the sol-
vent removed by evaporation to give a white solid.

'H NMR (8, CDCl; 250 MHz): 2.57 [(CIOOS-CeH5-CeH,-
(CH;),-NH  3H,s]; 2.89 [(CIOOS-C4H;-CeH,~(CH;),-NH  3H,s];
6.96-7.42 [(CIOOS-C4H;-C4H,-(CH;),-NH 5H,m]; 8.01 [(CIOOS-
CeH3-CeH,-(CH3),-NH 1H,s].

*C NMR (8, THF-ds 689 MHz): 16.55 [(CIOOS-CeH;-CeH,-
(CH;),-NH];  20.46 [(CIOOS-C4H;-CeH,-(CH;),-NH];  110.37-
137.28 [(CIOOS-C4H;-CyH,~(CH5),-NH].

Elemental analysis: calcd. for C;,H,,CINO,S (%): C, 57.24;
H, 4.12; N, 4.77. Found (%): C, 57.81; H, 4.15; N, 4.81.

Synthesis of 5,8-dimethyl-9H-carbazole-3-sulfonamide (6)

5,8-dimethyl-9H-carbazole-3-sulfonyl chloride (18)
(4.68 mmol) was dissolved in 15 mL of tetrahydrofuran. To
this solution 0.08 mL of a 2 M ammonia solution in ethanol
was added. The mixture was stirred at room temperature
for 2 h. After the reaction the solution was evaporated and
purified on a silica gel column chromatography in hexane/
ethyl acetate (8:2).

'H NMR (8,,,,,, THF-dg 250 MHz): 2.51 [(NH,005-CH;-C¢H,-
(CH;),-NH 3H,s]; 2.79 [(NH,00S-C4H;-CeH,-(CH;),-NH 3H,s];
6.80-7.44  [(NH,00S-C4H;-C4H,-(CH3),-NH  5H,m];  8.12
[(NH,00S-CgH;-CH,-(CH5),-NH  1H,s]; 10.18 [(NH,00S-C¢H;-
CHy-(CH5),-NH 1H,s].

BC NMR (8,,, THF-d3 689 MHz): 16.55 [(NH,005-CcH,-
C¢H,-(CH;),-NH]; 2046 [(NH,00S-C4H;-CqH,-(CH;),-NH];
110.37-139.58 [(NH,00S-C4H;-C4H,-(CH5),-NH].

IR (KBr) (cm™"): 3482 [(NH,00S5-C4H;-C4H,~(CH;),-NHI;

Elemental analysis: calcd. for C;,H;,N,0,S (%): C, 61.29; H,
5.14; N, 10.21. Found (%): C, 61.90; H, 5.19; N, 10.29.

Syntehsis of 6-methoxy-1,4-dimethyl-3-nitro-9H-carbazole
(7)

1,4-dimethyl-9H-carbazole (1) (2.22 mmol) was dissolved
in 20 mL of acetic anhydride and then cooled to 0-5°C. To
this solution fuming HNO; 100% (2.22 mmol) was added
dropwise to give a dark solution. The reaction mixture was
stirred at room temperature overnight. Then the mixture
was filtered and dried in vacuum and then washed with di-
ethyl ether (3x10 mL) to give an orange solid.

'H NMR (,,, CDCl; 250 MHz): 2.57 [(CH;0-CoHs-CeH,-
(CH;),-NO,-NH, 3H, s]; 3.05 [(CH;0-C4H;-CgH,-(CH;),-NO,-NH,
3H, sl; 4.01 [(CH;0-C4H;-CeH,-(CH5),-NO,-NH, 3H, s]; 7.89-
8.18 [(CH;0-C4H;-CeH,-(CH;3),-NO,-NH, 4H, m]; 9.97 2.57
[(CH;0-C¢H3-C4H,-(CH;),-NO,-NH, 1H, s].

C NMR(®,,» CDCl; 689 MHz): 14.5 [(CH;0-CoH;-CeH,-
(CH;),-NO,-NH]; 15.3 [(CH;0-C4H5-CH,-(CH,;),-NO,-NH]; 55.8
[(CH;0-C¢H;-C¢H,-(CH;),-NO,-NH]; 103.0-162.3 [(CH;0-C,H;-
CsH,-(CH5),-NO,-NH].

Elemental analysis: calcd. for C,sH,,N,0; (%): C, 66.66; H,
5.22; N, 10.36. Found (%): C, 67.32; H, 5.27; N, 10.46.

Synthesis of ethyl-5,8-dimethyl-9H-carbazole-3-nitro-carbox-
ylate (8)
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The synthesis of 8 was carried out with the same proce-
dure used for 7 by reacting ethyl-5,8-dimethyl-9H-carba-
zole-3-carboxylate with fuming HNO; in stoichiometric
amount.

'H NMR (8, CDCl; 250 MHz): 2.57 [(CH3-CH,-O0C-C¢Hs-
C¢H,-(CH;),-NO,-NH, 3H, s]; 3.05 [(CH;0-C¢H;-CoH,-(CH;),-
NO,-NH, 3H, s]; 4.01 [(CH;0-C¢H;-C¢H,-(CH;),-NO,-NH, 3H, s];
7.89-8.18 [(CH;0-C4H;-C4H,-(CH5),-NO,-NH, 4H, m]; 9.97 2.57
[(CH;0-C¢H;-C4H,-(CH,),-NO,-NH, 1H, s].

3C NMR(5,,, CDCl; 689 MHz): 14.5 [(CH;-CH,-O0C-C¢H;-
CeH,-(CH;),-NO,-NH];  15.3 [(CH5-CH,-O0C-C¢H;-C4H,-(CH;),-
NO,-NH]; 18.2  [(CH;-CH,-O0C-C4H;-CoH,-(CH5),-NO,-NH];
60.9 [(CH;-CH,-O0C-C¢H;-C¢H,-(CH;),-NO,-NH]; 103.0-169.5
[(CH;-CH,-00C-C¢H;-CgH,-(CH;),-NO,-NH].

Elemental analysis: calcd. for C,gH;oN,O, (%): C, 66.04; H,
5.85; N, 8.56. Found (%): C, 66.56; H, 5.90; N, 8.64.

Synthesis of 6-methoxy-1,4,9-trimethyl-carbazole (9)

1,4-dimethyl-9H-carbazole (1) (1.82 mmol) was dissolved
in anhydrous dimethylformamide and stirred at room tem-
perature for 10 min. To the solution at 0 °C sodium hydride
(60% dispersion in mineral oil) (2.72 mmol) was added. The
solution was warmed up to room temperature and 0.37 mL
of iodomethane (5.47 mmol) were added and stirred at
room temperature for 1 h. Then the mixture was poured
into water and extracted with ethyl acetate (3x30 mL). The
organic layer was dried over anhydrous MgSO,, filtered and
the solvent removed by evaporation to give a white solid.

'H NMR (9,,, CDCl; 250 MHz): 2.51 [(CH;0-CoH;-CeH,-
(CH;),-N-CH;  3H,s];  2.79  [(CH;0-C¢H;-CgH,-(CH;),-N-CH,
3H,s]; 3.83 [(CH;0-C4H;-CgH,~(CH5),-N-CH; 3H,s]; 4.1 [(CH;0-
CeH3-CeH,-(CH;),-N-CH; 3H,s]; 6.86-7.34 [(CH;0-C¢H;-CgH--
(CH5),-N-CH; 5H,m].

*C NMR (8,,, CDCl; 689 MHz): 16.55 [(CH;0-C4H;-CcH,-
(CH;),-N-CHs]; 20.47 [(CH;0-CgH;-C¢H,-(CH;),-N-CH;1; 55.34
[(CH;0-C¢H5-CgH,-(CH,)-N-CH.l; 443 [(CH;0-CgH5-CgH,-
(CH5),-N-CH;];  105.44-153.65  [(CH;0-C¢H;-CgH,-(CH,),-N-
CH,].

Elemental analysis: calcd. for C;sH,;NO (%): C, 80.30; H,
7.16; N, 5.85. Found (%): C, 81.02; H, 7.23; N, 5.91.

Synthesis of 6-methoxy-1,4-dimethyl-9-ethyl-carbazole (10)

The synthesis of 10 was carried out with the same proce-
dure used for 9.

'H NMR (9,,,, CDCl; 250 MHz): 2.51 [(CH;0-CoH;-CeH,-
(CH;),-N-CH,-CH, 3H,s]; 2.79 [(CH;0-C4H;-CgH,-(CH;),- N-CH,-
CH; 3H,s]; 3.83 [(CH;0-C¢H;-CgH,-(CH;),- N-CH,-CH; 3H,s];
4.4 [(CH;0-C¢H;-C4H,-(CH,),- N-CH,-CH5 3H,s]; 2.3 [(CH50-
CeH3-CeH,-(CH;),- N-CH,-CH; 3H,s] 6.86-7.34 [(CH;0-CgHs-
CeH,-(CH5),- N-CH,-CH; 5H,m].

BC NMR (8., CDCl; 689 MHz): 14.7 [(CH;0-C4H;-CeH,-
(CH;),-N-CH,-CH,];  20.47  [(CH;0-CgH;-CgH,~(CH5),-N-CH,-
CH;1;16.55 [(CH;0-C¢H;-CgH,-(CH;),-N-CH,-CH,1; 20.47
[(CH;0-C¢H;-C4H,-(CH;),-N-CH,-CH,]; 55.34 [(CH;0-CgH5-CoH,-
(CH;),-N-CH,-CHs]; 44.3 [(CH;0-CgH;-C¢H,-(CH;),-N-CH,-CH,];
105.44-153.65 [(CH;0-C¢H;-CgH,-(CH;),-N-CH,-CH,].

Elemental analysis: calcd. for C;;H;;NO (%): C, 80.60; H,
7.56; N, 5.53. Found (%): C, 80.68; H, 7.63; N, 5.58.
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2.3 Pharmacology
2.3.1 Antiproliferative Activity

Human melanoma (A375) and human epithelial cervix ade-
nocarcinoma (Hela) cell lines (3.5x104 cells/well) were
plated on 96-well microtiter plates and allowed to adhere
at 37 °Ciin a 5 % CO, atmosphere for 2 h.

Thereafter, the medium was replaced with 50 mL of fresh
medium and a 75 mL aliquot of serial dilution of each test
compound was added and then the cells incubated for
72 h. In some experiments, serial dilutions of cis-platin were
added. Mitochondrial respiration, an indicator of cell viabili-
ty, was assessed by the mitochondrial-dependent reduction
of [3-(4,5-dimethylthiazol-2-yl)-2,5-phenyl-2H-tetrazolium
bromide] (MTT) to formazan and cells viability was assessed
accordingly to the method previously described (JPP).

Briefly 25 mL of MTT (5 mg/mL) were added and the cells
were incubated for additional 3 h. Thereafter, cells were
lysed and the dark blue crystals solubilised with 100 mL of
a solution containing 50% (v:v) N,N-dimethylformamide,
20% (w:v) SDS with an adjusted pH of 4.5. The optical den-
sity (OD) of each well was measured with a microplate
spectrophotometer (Titertek Multiskan MCC/340) equipped
with a 620 nm filter. The viability of each cell line in re-
sponse to treatment with tested compounds and Doxorubi-
cin, used as positive control drug, was calculated as: %
dead cells=100—(OD treated/OD control) x 100.

2.3.2 Western Blot Analysis

A375 and Hela cells (7x10°) were plated and allowed to
adhere for 4 hours in DMEM 10% FBS. Designed com-
pounds (50 puM) were monitored for 24, 48 or 72 hours.
Total intracellular proteins were extracted from the cells by
freeze/thawing in lysis buffer (Tris—HCl 50 mM pH 7.4) con-
taining 10 mM NaF, 150 mM NaCl, 1% Nonidet P40, 1 mM
phenylmethylsulfonylfluoride, 1 mM sodium orthovanadate,
leupeptin (10 ug/mL) and trypsin inhibitor (10 pg/mL). Pro-
tein content was estimated according to Bio-Rad protein
assay (BIO-RAD, Milan Italy) and 50 pug protein/lane were
loaded onto an acrylamide gel and separated by SDS-PAGE
in denaturing conditions. Blots were incubated with pri-
mary antibody anti-STAT3 (1:200), anti-pSTAT3 (1:200),
anti-JAK2 (1:500), and anti Bcl2 (1:200). Primary antibody
anti-GAPDH (1:3000) was used as loading control (Santa
Cruz Biotechnology, DBA ltaly). After incubation period
with the primary antibodies and washing in TBS/0.1%
Tween, the appropriate secondary antibody, (anti-rabbit for
STAT3, mouse for pSTAT3, JAK2 and Bcl2, either 1:5000)
was added for 1h at room temperature. Immunoreactive
protein bands were detected by chemiluminescence using
enhanced chemilumunescence reagents (ECL) in LAS 4000
(GE Healthcare).
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3 Results and Discussion

3.1 Computer-Aided Design of 2-10

Our aim is to discover new ligands of SH2 domain of
STAT3, as this domain is responsible of the protein dimeri-
zation, where a monomer recognizes the Pro-Tyr/pTyr-Leu-
Lys-Thr-Lys sequence of its partner. In the recognition pro-
cess a key role is played by Tyr705/phosphor Tyr705
(pY705). Thus, for our virtual screening, we have considered
the protein region accommodating the Pro-Tyr/pTyr-Leu-
Lys-Thr-Lys sequence and specially the interactions involv-
ing the Tyr705/pTyr705. In particular, the superimposition
of uSTAT3 and pSTAT3 revealed that the two resolved struc-
tures are completely aligned (0.43 A, Figure S2 Supporting
Information).” Compared to pTyr705, it was observed
a 2.0 A shift of the unphosphorylated tyrosine side chain
away from the phosphate binding pocket forming less con-
tacts with its partner (Figure S3 Supporting Information).®
Moreover it reported a lower binding affinity for uSTAT3:u-
STAT3 formation compared to pSTAT3 dimer® To design
the compounds 2-10 (Figure 1), we used the compound
1 as our starting scaffold. By means of molecular docking,
we obtained a three dimensional 1-STAT3 model, in order
to get structural suggestions to decorate the scaffold 1.
From the docked pose of 1, we observed that the position
6 of carbazole ring (Figure 1) faces the cavity accommodat-
ing the Tyr705/pTyr705 (pY705, Figure 1). In details, the
Tyr705/pY705 is accommodated in a small cavity, making
crucial interactions with the side chains of Lys591, Arg609,
Ser611, Glu612 and Ser613 (Figure S3,4 Supporting Informa-
tion). Thus, we designed compounds 2-6 inserting at C-6
a hydrogen bond acceptor to mimic the key interactions
observed for Tyr705/pTyr705, responsible for the protein-
protein association. Taking into account the structural re-
quirement and the synthetic feasibility, we introduced dif-
ferent substituents (2-6, Figure 1) to explore the influence
on the interactions with the macromolecular counterparts.
We inserted a hydroxyl, a methoxy, an ethyl ester groups,
and a chlorine and a sulfonamide function (Figure 1). In ad-
dition to C-6 position, we observed that the position 3 of
carbazole is close to the side chain of Arg595 (Figure 1).
Thus, we decided to investigate the C-3 position to further
improve the binding to the protein. For this purpose, we
designed the compounds 7 and 8, considering the easy in-
troduction of a nitro group able to interact with Arg595
(Figure 1).

Beyond the fundamental interaction of the side chain of
Tyr705/pTyr705, the Pro-Tyr/pTyr-Leu-Lys-Thr-Lys sequence
donates a H-bond using NH of Leu706 to the backbone C=
O of Ser636. The Leu706 also establishes van der Waals
contacts with side chain of Trp623 and Val637. Thus, while
in the design of compounds 2-8 we aimed to mimic the H-
bond formed by Leu706 by NH of carbazole moiety, in 9
and 10 we tried to increase the contacts with STAT3
through van der Waals interactions by introducing alkyl

Mol. Inf. 2015, 34, 689-697 693
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Figure 2. Superimposition in the STAT3 SH2 domain: a) 1-6; b) 3, 4, 7 and 8; c) 3, 9 and 10. The protein is represented by white molecular
surface and tube (coloured: C, green; polar H, white; N, blue; O, red). All ligands are depicted by sticks (1, black; 2, cyan; 3, dark-blue; 4,
indigo; 5, pink; 6, purple; 7, forest green; 8, khaki; 9, orange; 10, grey) and balls (coloured by atom type: polar H, white; O, red; N, blue; S,
yellow; Cl, light green). The C atoms of the 1-10 are coloured as for the sticks. The yellow dashed lines indicate the hydrogen bonds be-
tween ligands and protein. The figure highlights the common and different interactions made by 1-10 with STAT3 SH2 domain.

groups on the nitrogen (Figure 1) to the detriment of hy-
drogen bond. The designed compounds 2-10 were docked
into the binding cavity of STAT3 (Figure 2, S5-S10 Support-
ing Information). The docked poses of 2-10 result well ac-
commodated into protein binding cavity and seem to re-
spect the predicted interactions from our design.

3.2 Chemistry

Compounds 1-5 were synthesized according to the Cron-
well and Saxton reaction (see Scheme 1).*" Compounds 18
was synthesized starting from compound 1 by reaction
with chlorosulfonic acid at 0°C (see Scheme 2). Compound
6 was obtained from 18 by reaction with a stoichiometric
amount of a 2M ammonia solution in ethanol (see
Scheme 2). Compounds 7 and 8 were synthesized starting
from compound 3 by reaction with sodium hydride at 0°C
in DMF and iodomethane to obtain compound 7 and with
sodium hydride at 0°C in DMF and iodoethane to obtain
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7. R= OCHj; R,= NO,
8. R= OCHj; R,= NO,

9. R= OCH3, R1= CH3
10. R= OCHg; Ry= CH,CHs

Scheme 1. Synthetic route for the preparation of compounds: 1-
5;7-10.
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Scheme 2. Synthetic route for the preparation of compounds 6 and 18.

compound 8 (See Scheme 1). Compound 9 and 10 were
synthesized by reaction of compound 3 and 4 with a stoi-
chiometric amount of fuming nitric acid in acetic anhy-
dride®? (see Scheme 1).

As revealed by NMR spectroscopy and elemental analy-
sis, the synthesized compounds (see Experimental Section)
were in accordance with the proposed molecular formulas.

3.3 Pharmacology

In order to analyze the biological activity of our new set of
carbazole derivatives, antiproliferative assays have been
carried out on all synthesized compounds (1-10). The
growth inhibition activities of compounds 1-10 have been
evaluated on human melanoma (A375) and human epithe-
lial cervix adenocarcinoma (HelLa) cell lines, which constitu-
tively express STAT3. The IC;, value, expressed as uM, is the
concentration of compound that affords a 50% reduction
in cell growth as compared to control cells (Table 1). Doxor-
ubicin is also included as reference compound.

Compound 1 presents a comparable antiproliferative ac-
tivity to doxorubicin on A375 and does not inhibit the
growth of the remaining cell line. The small molecule 2 in-
hibits the cell growth of A375 similarly to the doxorubicin.
On the Hela cell line, the compound 2 shows a lower in-
hibition of cell growth with respect to doxorubicin. As
shown in Table 1, compounds 3 and 5 show a comparable

Table 1. The ICy, values (uM) for 1-10 against A375 and Hela cell
lines are reported. The doxorubicin was used as reference com-
pound. Results are expressed as mean 4+ SEM from at least three in-
dependent experiments, each performed in triplicate. Data were
analyzed by Student’s t test. [a] denotes P < 0.005 and [b] denotes
P <0.001 vs. doxorubicin on the same cell lines.

Compound Cell line

A375 Hela
1 80.0£2.1 >100
2 90.0+3.0 80.0+1.5
3 50.0£2.6 [b] 70.0+1.2
4 90.0+3.9 60.0+3.7
5 60.0+1.9 [a] 60.0+0.98
6 >100 >100
7 >100 > 100
8 80.0+4.6 90.0+5.1
9 >100 > 100
10 80.0+1.9 > 100
Doxorubicin 87.0+3.3 48.0+3.1

inhibitory activity on Hela cells respect to doxorubicin, and
better profile than reference on A375. In particular, 3 and 5
perform better than doxorubicin against A375 cell line.
Compound 4 presents a similar antiproliferative activity to
doxorubicin vs. A375. Compounds 6, 7 and 9 have no anti-
proliferative activity: ICs,> 100 pM against two cell lines.
Concerning 8, we only observed a very low inhibition activ-
ity on A375 cells. Comparable cell growth inhibition activi-
ties to doxorubicin are shown by 10 on A375 cells, and
presents a two-fold increase in ICy, with respect to doxoru-
bicin on Hela cells.

In order to verify the effect on STAT3 signaling pathways
by our compounds, Western blot (see also Supporting In-
formation) analysis was performed on cell lines A375 and
Hela. In particular, we selected the most interesting com-
pounds (3-5) as emerged by MTT assay, along with the
parent carbazole 1. As negative control, we tested com-
pound 7, which has a nitro group in position 3. The com-
pounds 3-5 showed a significant inhibition of STAT3 ex-
pression (Table 2) compared to the control cells, and the
best inhibitory effect on the expression of STAT3 was ob-
served after 72 hours. On the contrary, as expected, 1 and
7 do not look to interfere with STAT3, confirming the data
obtained with MTT assay. Under the same experimental
conditions, we evaluated the activity of these compounds
on the expression of pSTAT3, JAK2 and Bcl2 but no signifi-
cant results were obtained (Table 2). Compounds 3-5 sig-
nificantly reduce STAT3 expression (>90%) in A375 cell line
(Table 2). On Hela cell line no significant inhibition was ob-
served for compound 3, while 4 and 5 showed an impor-
tant inhibitory effect (45%) on STAT3 expression, even
though at lesser extent respect to the data on A375 cells

Table 2. The percentage of STAT3 inhibition vs. control was calcu-
lated for the selected compounds. A375 and Hela cell lines were
treated with the selected compounds, (1, 3-5, 7) and STAT3 ex-
pression was evaluated by Western blot analysis. Data for pSTAT3,
JAK2 and Bcl2, not reported, as no significant activity was obtained
(1-3%) even at higher concentrations (100 uM). Results are ex-
pressed as mean+SEM of percentage of inhibition of STAT3 ex-
pression of three independent experiments.

Compound A375 Hela

1 2.0+1.1 1.20+0.75
3 94.33+3.50 3.53+1.80
4 90.66+1.76 45.0+2.64
5 91.0+26 45.04+2.88
7 1.33+0.80 14409
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(Table 2). These outcomes could agree with very recently
reported data™ showing that the dimerization of two uS-
TAT3 monomers is energetically less favored compared with
the binding of the pSTAT3 monomers. Thus, our weak li-
gands could negatively modulate uSTAT3. It is noteworthy
that our simplified 1,4-dimethyl-carbazoles present a com-
parable inhibitory activity (> 90%) towards STAT3 respect
to the previously reported compounds 11 and 12 (Figure
S1 Supporting Information).””

4 Conclusions

We have shown that the simplified 1,4-dimethyl-carbazoles
are suitable scaffold to develop STAT3 inhibitors. Our analy-
sis suggests that the chlorine, methoxyl, ethyl ester are op-
timal substituents at C-6 to mimic to Tyr705/pTyr705. On
the other hand, while our theoretical analysis also suggests
the sulfonamide group as suitable for interacting with the
macromolecular counterpart, a minor influence on the bio-
logical activity has been revealed by the experimental data.
New studies are in progress to further evaluate the interac-
tions of sulfonamide and other substituents with STAT3
also exploring different positions on the carbazole scaffold.
Our outcomes show the relevant role, for the binding to
the protein, of the hydrogen bond formed by NH and
Ser636, suggesting the presence of a H-bond donor in posi-
tion 9. Moreover, substituents at C-3 could be inserted to
give other important interactions with Arg595, improving
the binding affinity for STAT3. Even though 1-10 showed
a modest potency, our aim was to simplify the carbazole
core, in the context of our ongoing project to develop
more potent and druggable inhibitors of STAT3. Moreover,
the Western blot analysis highlights a relevant inhibition of
STAT3 and not of pSTAT3, prompting us to further improve
the biological activity of carbazole-based compounds.
These results are in agreement with the reported evidence
of a weaker protein-protein binding affinity between
USTAT3 monomers compared to phosphorylated ones.
Thus, our weak binders could interfere with the unphos-
phorylated STAT3. Our data are the first example of un-
phosphorylated STAT3 modulation by small molecules,
opening a new and complementary strategy to inhibit
STAT3. It is noteworthy that the used chemical scaffold can
be easily substituted in different positions, such as 1,3,4,8
allowing the chemical diversity exploration and increasing
the possibility to obtain more promising STAT3 ligands. On
the next generations of higher affinity ligands we will
extend the evaluation of their STAT3 inhibitory activity in
vivo.
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