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ARTICLE INFO ABSTRACT

Keywords: We herein combined experimental and computational efforts to delineate the mechanism of action through
Silibinin which the flavonolignan silibinin targets STAT3. Silibinin reduced IL-6 inducible, constitutive, and acquired
STAT3 feedback activation of STAT3 at tyrosine 705 (Y705). Silibinin attenuated the inducible phospho-activation of
I(\:/Ii:;:asis Y705 in GFP-STAT3 genetic fusions without drastically altering the kinase activity of the STAT3 upstream ki-

nases JAK1 and JAK2. A comparative computational study based on docking and molecular dynamics simulation
over 14 different STAT3 inhibitors (STAT3i) predicted that silibinin could directly bind with high affinity to both
the Src homology-2 (SH2) domain and the DNA-binding domain (DBD) of STATS3. Silibinin partially overlapped
with the cavity occupied by other STAT3i in the SH2 domain to indirectly prevent Y705 phosphorylation, yet
showing a unique binding mode. Moreover, silibinin was the only STAT3i predicted to establish direct inter-
actions with DNA in its targeting to the STAT3 DBD. The prevention of STAT3 nuclear translocation, the
blockade of the binding of activated STAT3 to its consensus DNA sequence, and the suppression of STAT3-
directed transcriptional activity confirmed silibinin as a direct STAT3i. The unique characteristics of silibinin as
a bimodal SH2- and DBD-targeting STAT3i make silibinin a promising lead for designing new, more effective
STAT3i.

1. Introduction

The aberrant activation of signal transducer and activator of tran-
scription 3 (STAT3) contributes to cancer initiation and progression in a
multi-faceted manner via promotion of cell proliferation/survival, in-
vasion/migration, angiogenesis, and immune-evasion (Chang et al.,
2013; Sansone and Bromberg, 2012; Yu et al., 2009, 2014). Feedback
activation of STAT3 additionally mediates tumor resistance to a broad
spectrum of cancer therapies, including radiotherapy, conventional
chemotherapy, and modern targeted therapies (Lee et al., 2014; Poli
and Camporeale, 2015; Tan et al., 2014; Zhao et al., 2016). STAT3
activation associates also with the generation and maintenance of

cancer stem cells (CSC), a particularly aggressive type of malignant cell
defined in terms of functional traits including tumor/metastasis-in-
itiating capacity and therapy resistance (Kroon et al., 2013; Misra et al.,
2018; Schroeder et al., 2014; Wang et al., 2018). Not surprisingly, the
activation status of STATS3 is a strong predictor of poor prognosis and is
an independent risk factor for tumor recurrence and post-therapy pro-
gression (Chen et al., 2013; Liu et al., 2012; Tong et al., 2017; Wu et al.,
2016). These observations have motivated great efforts over the last
decade to clinically exploit the beneficial effects of inhibiting STAT3 in
human malignancies. Accordingly, a large number of STAT3 inhibitors
(STAT3i) have been developed as potential cancer therapeutics (Fagard
et al., 2013; Furtek et al., 2016a; b; Jin et al., 2016; Miklossy et al.,
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2013; Siveen et al., 2014; Yue and Turkson, 2009).

STAT3i can be classified as indirect or direct according to their
mode of action. Indirect STAT3i interfere with cytokine- and growth
factor receptor-activated upstream kinases such as the Janus kinases
(JAK) that phosphorylate STAT3. Direct STAT3i bind to STAT3 protein
domains critically involved in STAT3 activation/dimerization (Src
homology 2 domain, SH2) or DNA binding (DNA-binding domain,
DBD). The usage of broad-spectrum indirect STAT3i (e.g., JAK in-
hibitors), however, often results in undesirable off-target effects.
Research into direct STAT3i has focused mainly on targeting the SH2
domain, the protein-protein interface responsible for the formation of
STAT3 dimers by reciprocal phosphotyrosine-SH2 interactions fol-
lowing activation of the tyrosine 705 (Y705) residue. Unfortunately,
only a limited number of direct, SH2-targeted STAT3i have reached pre-
clinical and clinical trials. This is due mostly to the intrinsic difficulty in
developing small molecules capable of efficaciously disrupting protein-
protein interactions over a large surface such as those involving SH2-
mediated STAT3 dimerization, while maintaining drug-like properties
in vivo. Moreover, the sole blockade of active STAT3 dimers might not
be sufficient to fully abrogate STAT3 signaling (Nkansah et al., 2013;
Timofeeva et al., 2012). Although targeting of the STAT3 DBD and
disruption of its DNA binding activity has the potential to circumvent
the transcriptional activation of STAT3 irrespective of its activation/
dimerization status (Huang et al., 2016), very few small molecules have
been reported to date as STAT3 DBD inhibitors. This is mainly due to
the previously thought undruggable nature of the DBD and potentially
limited selectivity (Huang et al., 2016), and also the lack of adequate
assay systems (Furtek et al., 2016a; b). Furthermore, there are only
three crystal structures available [PDB ID: 4E68 (Nkansah et al., 2013),
3CWG (Ren et al., 2008), and 1BG1 (Becker et al., 1998)] of the mouse
but not human core STAT3 fragment containing the SH2 and DBD do-
mains in the Protein Data Bank (http://www.rcsb.org), and co-crystal
structures of STAT3i bound to STAT3 are lacking.

There is ever-growing evidence that the flavonolignan silibinin, the
major bioactive constituent of the seed extract of the plant Milk thistle
(Silybum marianum) (Agarwal et al., 2006; Cufi et al., 2013a,b; Gazak
et al., 2007), possesses drug-like properties with proven clinical activity
via inhibition of STAT3 signaling (Chittezhath et al., 2008; Cuyas et al.,
2016; Shukla et al., 2015; Singh et al., 2009). Although initial clinical
experiences with silibinin supplementation in cancer patients have been
disappointing (Flaig et al., 2010; Hoh et al., 2006; Siegel et al., 2014),
new silibinin formulations with improved water solubility, absorption,
and bioavailability appear to translate into proven therapeutic benefits
(Bosch-Barrera et al., 2014, 2016). Unfortunately, whereas the possi-
bility of providing oncologists with new silibinin formulations or sili-
binin derivatives capable of functioning as STAT3i in a clinical setting
may broaden their therapeutic armamentarium (Bosch-Barrera and
Menendez, 2015; Bosch-Barrera et al., 2017), the precise mechanism
through which silibinin targets STAT3 remains unknown. Here, we
aimed to combine experimental and in silico efforts to clearly delineate
the molecular bases of the silibinin-STAT3 interaction.

2. Materials and methods
2.1. Reagents

Recombinant IL-6 (Cat. No. 7270-IL-25) was obtained from R&D.
ONE-Glo™ Luciferase Assay System (Cat. No E6110) and the pGL4.47
(luc2P/STAT-3 inducible element [SIE]/Hygro) vector (Cat. No E4041)
were purchased from Promega (Madison, WI, USA). TransAM~
Transcription Factor ELISA (Cat. No 45196) was obtained from Active
Motif (Carlsbad, CA, USA). Antibodies against total STAT3 (124H6, Cat.
No 9139) and phospho-STAT3 Tyr705 (D3A7, Cat. No 9145S) were
purchased from Cell Signaling Technology (Beverly, MA, USA). H2228
and H2228/CR cells were generously provided by Daniel B. Costa
(Division of Hematology/Oncology, Beth Israel Deaconess Medical
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Center, Boston, USA).

2.2. LanthaScreen STAT3 GripTite inhibitor screen

To characterize the STAT3 inhibitory potency of silibinin, ICs, de-
terminations for phospho-STAT3Y7%> were outsourced to Invitrogen
(Life Technologies) using the LanthaScreen STAT3 GripTite inhibitor
screen service. Briefly, cells were thawed and resuspended in Assay
Medium (OPTI-MEM, 1% csFBS, 0.1 mmoL/L NEAA, 1 mmoL/L sodium
pyruvate, 100 U/mL/100pg/mL Pen/Strep) to a concentration of
625,000 cells/mL. Thirty-two microliters of the cell suspension were
added to each well of a white tissue culture-treated assay plate
(20,000 cells/well) and incubated for 16-26 hat 37 °C/5% CO, in a
humidified incubator. Then, 4 uL of the control inhibitor JAK Inhibitor I
or silibinin was added to the appropriate assay wells followed by the
addition of 4 uL of Assay Medium. The assay plate was incubated for
30-60 min at 37 °C/5% CO- in a humidified incubator. Then 4 pL of a
10 x control activator, IFN-a or IL-6 at the pre-determined ECgq con-
centration, was added to wells containing the control inhibitor or sili-
binin. The assay plate was then incubated as before for 30 min. Next,
the assay medium was aspirated from the wells and 20uL of
LanthaScreen Cellular Assay Lysis Buffer containing 5nmoL/L of
LanthaScreen Tb-anti-STAT3Y”%° antibody was added. The assay plate
was incubated for 60 min at room temperature and then read with a
fluorescent plate reader.

2.3. Z’-LYTE JAK kinase activity assay

To characterize the JAK1/JAK2 kinase inhibitory potency of sili-
binin, ICso determinations for JAK1/JAK2 kinase activity were out-
sourced to Invitrogen (Life Technologies) using the FRET-based Z-
LYTE™ SelectScreen Kinase Profiling Service. The 2 X JAK1/Tyr 06 or
JAK2/Tyr 06 mixture was prepared in 50 mmoL/L HEPES pH 6.5,
0.01% BRI1J-35, 10 mmoL/L MgCl2, 1 mmoL/L EGTA, and 0.02% NaNs.
The final 10 uL Kinase Reaction consisted of 21.2-91.5ng JAK1 (or
JAK2) and 2 umoL/L Tyr 06 in 50 mmoL/L HEPES pH 7.0, 0.01% BRIJ-
35, 10 mmoL/L MgCl,, 1 mmoL/L EGTA, and 0.01% NaN;. After in-
cubation for 1 h, 5L of a 1:128 dilution of Development Reagent A was
added.

SelectScreen Kinase Profiling Service uses XLfit software from ID
Business Solutions (UK). The dose response curve is fitted to model
number 205 (sigmoidal dose-response model). If the bottom of the
curve does not fit between —20% and 20% inhibition, it is set to 0%
inhibition. If the top of the curve does not fit between 70% and 130%
inhibition, it is set to 100% inhibition.

2.4. Computational modeling of human STAT3

The homology-modeling software tools SWISS-MODEL and I-
TASSER were employed to generate a computational homology model
of human STAT3. The human amino acidic sequence [UniprotID
P40763] was extracted from Uniprotkb and, in both cases, the three-
dimensional crystal structure of the mouse STAT3 homodimer bound to
DNA [PDB ID 1BG1 (Becker et al., 1998)] was employed as template.
Whereas SWISS-MODEL generated a homology model that failed to
cover a few residues on the SH2 domain, I-TASSER employed 1BG1 and
other templates including 4E68 (unphosphorylated mouse STAT3 core
protein binding to double-stranded DNA (Nkansah et al., 2013)), 3CWG
(unphosphorylated mouse STAT3 core fragment (Ren et al., 2008)), and
1YVL (unphosphorylated mouse STAT1 (Mao et al., 2005)) to cover a
larger extent of the protein. All the PDB entries used to generate
structures were constructed as monomers and then assembled as dimers
using 1BG1 as template.
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2.5. Docking calculations

All docking calculations were performed using Itzamna and Kin
(www.mindthebyte.com), classical docking, and blind-docking soft-
ware tools. Protein structures from RSCB PDB as well as the above-
mentioned human homology models were directly employed for
docking calculations using the SH2 and DBD cavities defined in the
literature as STAT3 binding regions. Two runs were carried out for each
calculation to avoid false positives.

2.6. Molecular dynamics (MD) simulations

Docking post-processing allowing conformational selections/in-
duced fit events to optimize the interactions were performed via short
(1 ns) MD simulations using NAMD version 2.10 over the best-docked
complexes, which were selected based on the interaction energy. The
Ambers99SB-ILDN and the GAFF forcefield set of parameters were
employed for STAT3 and STAT3i including silibinin, respectively. The
GAFF parameters were obtained using Acpype software, whereas the
STAT3 structures were modeled using the leap module of Amber Tools.
Simulations were carried out in explicit solvent using the TIP3P water
model with the imposition of periodic boundary conditions via a cubic
box. Electrostatic interactions were calculated by the particle-mesh
Ewald method using constant pressure and temperature conditions.
Each complex was solvated with a minimum distance of 10 A from the
surface of the complex to the edge of the simulation box. Na™ or Cl~
ions were also added to the simulation to neutralize the overall charge
of the systems. The temperature was maintained at 300K using a
Langevin thermostat, and the pressure was maintained at 1 atm using a
Langevin Piston barostat. The time step employed was 2 fs. Bond
lengths to hydrogens were constrained with the SHAKE algorithm.
Before production runs, the structure was energy minimized followed
by a slow heating-up phase using harmonic position restraints on the
heavy atoms of the protein. Subsequently, the system was energy
minimized until volume equilibration, followed by the production run
without any position restraints.

2.7. Binding free energy analysis

Molecular Mechanics/Generalized Borne Surface Area (MM/GBSA)
calculations were performed to calculate the alchemical binding free
energy (AGping) of silibinin and direct STAT3i against STAT3. MM/
GBSA rescoring was performed using the MMPBSA.py algorithm within
AmberTools. The snapshots generated in the 1 ns MD simulation were
imputed into the post-simulation MM/GBSA calculations of binding free
energy. Graphical representations were prepared using PyMOL program
and PLIP version 1.3.0.

2.8. Interaction analysis

The predicted binding site residues of silibinin to the SH2 and DBD
domains of STAT3 were defined using evidence-based interaction
analyses of known STATS3 inhibitors with well-defined binding residues
in the SH2 and DBS sites.

2.9. Indirect immunofluorescence microscopy

Cells seeded on a glass plate were fixed with methanol and in-
cubated with the respective antibodies against STAT3 and phospho-
STAT3 Tyr705. Antibody binding was localized with either a goat anti-
rabbit IgG (H + L) secondary antibody, Alexa Fluor® 594 conjugate or a
goat anti-mouse IgG (H + L) secondary antibody, Alexa Fluor’ 488
conjugate (both from Invitrogen). Nuclei were counterstained with
Hoechst 33342. Images were obtained with a Nikon Eclipse 50i fluor-
escence microscope including NIS-Elements imaging software.
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2.10. STATS3 luciferase reporter assay

Luciferase activities of HEK293T cells transfected with the pGL4.47
reporter, in which five copies of the STAT3 DNA binding site-containing
the SIE drives transcription of the luciferase-reporter gene luc2P
(Photinus pyralis, 2), were measured using a Dual-Luciferase Reporter
Assay System (ONE-Glo™, Promega).

2.11. STAT3 TransAM™ enzyme-linked immunosorbent assay

The STAT3 DNA-binding assay was performed using the TransAM™
Transcription Factor ELISA. Briefly, nuclear extracts from IL-6-stimu-
lated cells containing activated STAT3 were directly added with graded
concentrations of silibinin and complete binding buffer to microtiter
wells coated with the STAT3 consensus sequence (5-TTCCCGGAA-3")
for 3hat room temperature. The wells were washed three times with
1 x wash buffer, and incubated with STAT3 antibody for 1 h. The wells
were then washed as before and incubated with a horseradish peroxide-
conjugated secondary antibody at room temperature for 1h. After
washing again, 100 pL of developing solution was added to the wells,
which was quenched with 100 pL of stop solution, and the absorbance
was measured at 450 nm.

2.12. Statistical analysis

All statistical analyses were performed using XLSTAT 2010
(Addinsoft™). For all experiments, at least three independent biological
replicates were performed with n = 3 technical replicates per experi-
ment. No statistical method was used to predetermine sample size.
Investigators were not blinded to data allocation. Experiments were not
randomized. Data are presented as mean * S.D. Two-group compar-
isons were performed using Student's t-test for paired and unpaired
values. Comparisons of means of =3 groups were performed by
ANOVA, and the existence of individual differences, in case of sig-
nificant F values at ANOVA, were tested by Scheffé's multiple contrasts.
Pvalues < 0.05 were considered to be statistically significant (denoted
as *). All statistical tests were two-sided.

3. Results
3.1. Silibinin inhibits Y705 STAT3 phosphorylation in cell-based assays

We initially assessed the ability of silibinin to interfere with the
three known activating modes of Y705 STAT3 phosphorylation, namely
IL-6-inducible, constitutive, and acquired (feedback hyperactivation),
in a panel of non-small cell lung carcinoma (NSCLC) cell lines (Fig. 1A).
H460 and PC9 cell lines, which do not express persistently hyperpho-
sphorylated STAT3, were used to determine whether silibinin could
inhibit Y705 STAT3 phosphorylation induced by the pro-inflammatory
cytokine IL-6. Immunoblotting procedures revealed that silibinin
treatment completely prevented the capacity of IL-6 to induce the
phosphorylation of Y705 STAT3 in H460 cells (Fig. 1B). Moreover, the
ability of IL-6 to augment by 4.0-fold the phosphorylation of Y705
STAT3 in PC9 cells was reduced to 2.1-fold in the presence of silibinin
(Fig. 1B). This prevention of IL-6-inducible Y705 STAT3 phosphoryla-
tion was accompanied by a rapid and noteworthy reduction in the
protein level of the key STAT3 target gene c-MYC in H460 and PC9 cells
(Fig. 1B).

Treatment with graded concentrations of silibinin dose-dependently
abrogated Y705 STAT3 phosphorylation in the H2228 cell line, which
exhibits constitutive hyperphosphorylation of STAT3 (Fig. 1C). Silibinin
also suppressed, in a dose-dependent manner, the acquired feedback
hyperactivation of Y705 STAT3 in H3122CR cells, which has been
shown to occur as a non-genetic mechanism of acquired resistance to
the ALK-tyrosine kinase inhibitor crizotinib in ALK-rearranged H3122
parental cells (Cuyas et al., 2016) (Fig. 1D).
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Fig. 1. Silibinin inhibits phosphorylation of STAT3 Y705. A. Baseline levels of STAT3 and P-STAT3™'7% in various NSCLC cell lines were detected by im-
munoblotting using specific antibodies (S: short exposure; L: long exposure) B. Silibinin inhibits STAT3 Y705 phosphorylation induced by IL-6. H460 and PC-9 cells
were serum-starved overnight, and then left untreated or treated with 100 umoL/L silibinin. After 3 h, the untreated and silibinin-treated cells were stimulated with
IL-6 for 1h to induce phosphorylated Y705 STAT3 (a). Alternatively, overnight serum-starved cells were left untreated or stimulated with IL-6. After 1h, the
untreated and IL-6-stimulated cells were treated with silibinin for 3 h (b). C. Silibinin inhibits constitutively active STAT3 Y705 phosphorylation. H2228 cells were
serum-starved overnight and treated with graded concentrations of silibinin (0, 25, 50, and 100 umoL/L) for 48 h. D. Silibinin inhibits acquired phospho-activation of
STAT3 at Y705. Crizotinib-responsible H2228 cells (low phospho-STAT3Y”%® at baseline) and crizotinib-resistant H2228/CR derivatives (high, acquired phospho-
STATY7°%) were serum-starved overnight and treated with graded concentrations of silibinin (0, 25, 50, and 100 pmoL/L) for 48 h. Figures show representative
immunoblots and densitometric analyses of multiple (n = 3) independent experiments.

3.2. Silibinin inhibits Y705 STAT3 phosphorylation in a JAK1/JAK2-
independent manner

We used the LanthaScreen” STAT3 GripTite™ HEK293 human cell
line that constitutively expresses a GFP-STAT3 fusion protein to confirm
the STAT3 inhibitory activity of silibinin. Because the activation state of
the tyrosine kinases JAK1 and JAK2 is considered to be the main ef-
fector mechanism for Y705 STAT3 phosphorylation (Chang et al., 2013;
Sansone and Bromberg, 2012; Yu et al., 2009), and given that the JAK/
STAT3 signaling pathway is functionally intact in the STAT3 GripTite™
cell line, the GFP-STATS3 fusion protein serves as a direct substrate for
assessing IL-6- and IFN-a-inducible STAT3 phosphorylation. We pre-
incubated serum-starved STAT3 GripTite™ HEK293 cells with graded
concentrations of silibinin for 1 h prior to stimulation with IL-6 or IFN-a
(for 30 min) at the pre-determined ECg, effective concentration for
optimized JAK-mediated GFP-STAT3 phosphorylation. A lytic im-
munoassay was then developed in which the phosphorylation state of
GFP-STAT3 was detected in cell lysates using a terbium-labeled anti-
pY705-STAT3 antibody in a time-resolved FRET (TR-FRET) readout
(Supplementary Fig. S1A). The IL-6 stimulation/silibinin inhibitor
screen provided a Z’ factor of 0.74, which indicated good signal se-
paration and plate uniformity, whereas the IFN-a stimulation/silibinin
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inhibitor screen provided a Z’ factor of 0.57, which was acceptable by
high-throughput screening standards. Both assays showed a dose-de-
pendent decrease in the TR-FRET signals with ICsq values of 320 umoL/
L for IL-6-stimulated phosphorylation of Y705 STAT3 and 182 pmoL/L
for IFN-a-stimulated phosphorylation of Y705 STAT3 (Fig. 2A). We
then used the FRET-based Z-LYTE™Kinase Assay to detect and char-
acterize the ability of silibinin to directly operate as a JAK1/JAK2 ki-
nase inhibitor (Supplementary Fig. S1B). When ten concentrations of
silibinin over five logarithmic decades were selected, we failed to detect
any significant inhibitory activity of silibinin towards the kinase ac-
tivity of JAK1 and JAK2 (Fig. 2B).

3.3. Generation of a computational homology model of the human STAT3
protein: A comparative study of silibinin and multiple STAT3i

To test whether the inhibitory mode of action of silibinin against
STAT3 might involve its direct binding to the STAT3 protein, we gen-
erated a computational homology model of human STAT3 protein (see
the Material and methods section for details).

Fig. 3A depicts all the STAT3i included in our comparative in silico
analysis of the binding of silibinin to STAT3, including Stattic (Schust

et al., 2006), S31-M2011 (Furgan et al., 2013), TPCA-1 (Nan et al.,
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Fig. 2. Silibinin inhibits phospho-activation of
STAT3 without targeting the STAT3 kinase JAK1/
JAK2. A. Graphs shows the 520/490 nm emission
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2014), OPB-31121 (Brambilla et al., 2015), LLL-12 (Lin et al., 2010),
InS3-54A18 (Zhao et al., 2016), HO-3687 (Rath et al., 2014), BP5-087
(Eiring et al., 2015), STX-0119 (Matsuno et al., 2010), ISS610 (Shahani
et al., 2011), SH-4-054 (Ali et al., 2016), S31-1757 (Zhang et al., 2013),
Compound 50 (Lai et al., 2015), and Compound 24 (Lai et al., 2015).
When classical docking calculations were performed against cavities of

A

Sttle ssrH2001 Teoa1

silibinin [umol/L]

both the SH2 domain and the DBD (Fig. 3B-D), we observed that all the
STAT3i as well as silibinin were placed in the middle of the corre-
sponding regions of each domain by sharing residues between both
chains. Although this behavior reproduced a plausible binding mode
capable of disrupting the STAT3 dimer, as previously reported for some
STATS3i, it is acknowledged that the majority of STAT3i have been

Y,rgm o8, o %é,

53
N

Human Homology Model 1

Fig. 3. Silibinin is computationally predicted to behave as a direct STAT3i. A. Chemical structures of the direct STAT3i included in a comparative computational
study of silibinin as a direct STAT3i. B, C, and D. Overall structures and views of the interactions between direct STAT3i with the monomeric SH2 binding region (A),
the binding region between SH2 dimers (B), and the DBD domain at STAT3 DBD domain-DNA complex (C) assembled from PDBIDs 4E68 and 1BG1, or human
homology model 1, as specified.
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Human Homology Model 1

Monomeric SH2 domain

Dimeric SH2 domain

DBD domain
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Fig. 4. Mode of binding of silibinin to SH2 activation/dimerization and DNA binding (DBD) domains of STAT3. Figure shows in sticks all the pharmacophoric
interaction residues involved in the in silico binding of silibinin to the SH2 and DBD domains of STAT3, using PLIP. Orange dashed lines represent hydrogen bond
interactions; grey dashed lines represent hydrophobic interactions. The main residues involved in silibinin interaction with the protein backbone are shown in black;
the residue numbers shown correspond to the original PDB file numbering. Left panels correspond to binding poses resulting from simple, rigid docking studies; right
panels correspond to self-docking poses under molecular dynamics (MD) simulations modeling the backbone and ligand (silibinin) flexibility. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

suggested to bind the corresponding SH2 or DBD domain solely in one
of the monomers, without sharing residues with the other one. To ex-
plore in more detail the latter behavior, we performed docking simu-
lations to the monomeric structures, to mimic the desired binding of
known STAT3i. The binding energies obtained from in silico binding
experiments using rigid docking calculations, which were run twice to
avoid false positives, are summarized in Table S1 (SH2 domain of
monomeric structures), Table S2 (SH2 domain of dimeric structures),
and Table S3 (DBD of dimeric structures). This approach predicted the
ability of silibinin to directly bind the mouse and human STAT3
structures, with energy values ranging from —5.9kcal/mol to
—8.5 kcal/mol when using the mouse crystal structures 1BG1, 3CWG,
4E68, and from —5.6kcal/mol to —9.0kcal/mol when using the
human homology models 1 and 2.

To add protein flexibility to the analysis and to better test the sta-
bility of the silibinin-STAT3 complexes, we carried out short MD si-
mulations of 1 ns and applied MM/GBSA calculations to estimate more
reliable binding energies, which are summarized in Table S4, S5, and
S6. For MD simulations and MM/GBSA calculations, we selected mouse
4E68 and human homology model 1 to investigate the interactions with
the SH2 domain, whereas mouse 1BG1 and human homology model 1
were selected to investigate the interactions with the DBD. Such ap-
proaches predicted the capacity of silibinin to bind mouse and human
STATS3 structures with energy values ranging from —24.5797 kcaL/mol
to —40.5752 kcaL/mol when using the mouse crystal structures 1BG1
and 4E68, and from —20.0086 kcaL/mol to —36.4145 kcal./mol when
using the human homology model 1.
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3.4. Silibinin is predicted to bind to the SH2 and the DBD domains of
STAT3

The binding modes of well-characterized direct STAT3i were sig-
nificantly shared between the mouse PDB crystal structures and the
human homology models, highlighting a high degree of conservation of
the SH2 and DBD domains between mouse and human STAT3 proteins.
The evaluation of the binding mode of silibinin to the monomeric form
of the SH2 domain revealed a common group of predicted interacting
residues shared with other direct STAT3i (Table S7); namely, M660,
E638, K626, 7620, P639, V637, Y657, W623, and T714 in the mouse
crystal structure 4E68, and S613, K626, P639, Q635, W623, and E638
in the human homology model 1. Silibinin was predicted not to share
any interacting residue with S31-757 in the human homology model 1
of the monomeric form of the SH2 domain.

When evaluating the binding of silibinin to the dimeric form of the
SH2 domain, we observed that silibinin was predicted to place differ-
ently to the remainder of the direct STAT3i (Table S8). Accordingly,
silibinin was predicted to share with other direct STAT3 inhibitors a
significant number of interacting residues in the human homology
model 1 (K1658, M655, 11711, P1715, K709, V713, E652, V1713,
L1666, 1711, L666), but only a few interacting residues in the mouse
crystal structure 4E68 (Q4644, E4638, and M648). Silibinin was pre-
dicted not to share any interacting residues with S31-M2001 and STX-
0119 in the human homology model 1 of the dimeric form of the SH2
domain.

The evaluation of the binding mode of silibinin to the DBD revealed
a common group of putative interacting residues shared with other



S. Verdura et al.

direct STAT3i (Table S9); namely, R423, K383, G419, R382, V432, and
E415 in the mouse crystal structure 1BG1, and G419, G422, K383,
G390, Q416, and R423 in the human homology model 1. Silibinin was
predicted not to share any interacting residues with Stattic, S31-M2001,
In53-5418, S31-1757, and Compound 24 in the mouse crystal structure
1BG1, or S31-M2011, In53-54A18, STX-0119, Compound 50, and
Compound 24, in the human homology model 1.

3.5. The predicted binding mode of silibinin to STAT3 domains is different
to other STAT3i

Silibinin was predicted to establish hydrogen bond interactions with
S613, K626, E638, and M660 within the binding pocket of the mono-
meric SH2 domain of STAT3 (Fig. 4). Silibinin was predicted to ad-
ditionally establish hydrophobic interactions with T620, W623, Q635,
V637, E638, P639, Y657, and T714 (Fig. 4). The binding and putative
inhibitory capacity of silibinin against the SH2 domain of STATS3 is
underscored by the fact that it was predicted to share a significant
number of interacting residues (W623, K626, Q635, V637, E638, Y657,
and T714), or interact with those placed nearby or adjacent to those
that were identified upon an extensive bibliographic search for key
interacting residues employed by existing SH2-targeted STAT3i (F588,
1589, S590, K591, E594, R595, R609, S611, E612, W623, K626, Q635,
S$636, V637, E638, Y657, 1659, C687, Y705, T714, P715, T716, T717,
and S727) (Fig. 4).

Silibinin was predicted to establish hydrogen bond interactions with
S649, F710, and C722 (a chain), and T641 (B chain) within the binding
pocket of the dimeric SH2 domains of STAT3 (Fig. 4). Silibinin was
predicted to additionally establish hydrophobic interactions with
M648, S649, L666, T708, F710, 1711, and V713 (a chain) and with
E638, P639, Y640, K658, 1711, and V713 (B chain) (Fig. 4). Although
most of these residues were placed nearby or adjacent to the above-
mentioned key interacting residues employed by existing SH2-targeted
STATS3 inhibitors (Supplementary Fig. S2), E638 was identified as the
sole key interacting residue shared with silibinin, thus supporting the
notion that direct STAT3i including silibinin might employ the binding
pocket within the monomeric, but not the dimeric, SH2 domain of
STAT3.

Silibinin was predicted to establish hydrogen bond interactions with
R382, K383, G419, G422, R423, and G380 within the DBD of dimeric
STAT3 (Fig. 4). Silibinin was predicted to additionally establish hy-
drophobic interactions with R382, K383, E415, R423, and V432. It
should be noted that all these residues were included in the list of key
interacting DBD residues that were identified upon an extensive bib-
liographic search of direct STAT3i; namely, Q326, P327, P330, M331,
H332, K340, T341, V343, F345, T412, E415, N420, R423, 1431, V432,
S465, N466, 1467, Q469, M470, W474, and N485. Moreover, despite
the fact that DNA was complexed in the 1BG1 crystal structure for all
the docking and MD simulations, silibinin was the sole STAT3i that was
predicted to establish a hydrogen bond interaction with DT1005
(Fig. 4).

3.6. Silibinin prevents nuclear accumulation of activated STAT3

Since Y705 phosphorylation and dimerization of STAT3 is a pre-
requisite for its cytokine-induced nuclear translocation, we would ex-
pect a direct STAT3 SH2 domain inhibitor such as silibinin to inhibit IL-
6-induced nuclear translocation of phospho-active STAT3. To test this,
PC9 cells were seeded on coverslips and stimulated for 24 h with IL-6 in
the absence or presence of silibinin. In untreated conditions, immuno-
fluorescence microscopy showed that STAT3 was uniformly distributed
between the cytoplasm and nucleus in PC9 cells; conversely, a greater
number of STAT3 molecules appeared to be more prominently nuclear
following IL-6 stimulation (Fig. 5A). The presence of silibinin failed to
significantly alter the distribution pattern of total STAT3 in the absence
of IL-6 stimulation; however, silibinin co-treatment suppressed IL-6-
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induced nuclear accumulation of STAT3. Moreover, when cells were
stained for phosphorylated Y705 STAT3, we confirmed that IL-6-
mediated nuclear accumulation of STAT3 is a molecular event largely
dependent on the Y705 phosphorylation, which permits STAT3 to form
dimers and enter the nuclei. Such IL-6-induced conspicuous STAT3
Y705 phosphorylation and translocation into the nucleus was com-
pletely prevented in the presence of silibinin (Fig. 5A).

3.7. Silibinin blocks transcriptional activity of STAT3

We then examined whether silibinin suppresses the transcriptional
activity of STAT3 after IL-6 stimulation using a dual-luciferase assay
system. HEK293 cells were transiently transfected with a reporter
plasmid containing the STAT3-binding response element driving the
expression of the luciferase gene. The STAT3-luciferase reporter con-
struct responded exquisitely, in a dose-dependent manner, to graded
concentrations of IL-6 (Fig. 5B). A concentration of silibinin as low as
100 umoL/L completely prevented the transcriptional activity of STAT3
after stimulation with graded concentrations of IL-6. Moreover, when
cells transiently transfected with the STAT3-luciferase reporter con-
struct were stimulated with an optimal STAT3 activating concentration
of IL-6 (50 ng/mL) in the presence of graded concentrations of silibinin,
we confirmed the ability of silibinin to dramatically inhibit STAT3-
dependent luciferase activity in a dose-dependent manner, with ICsq
values lower than 25 umoL/L (Fig. 5B).

3.8. Silibinin reduces the DNA binding activity of STAT3

Such a potent inhibitory effect of silibinin on the transcriptional
activity of STAT3 might reflect not only its ability to influence tyrosine
phosphorylation and nuclear accumulation of STAT3, but also the in
silico predicted capability of silibinin to establish direct interactions
with DNA in its inhibitory targeting to the DBD of STAT3. To evaluate
the hypothesis that silibinin might also alter STAT3 retention via DNA
binding, we employed the ELISA-based TransAM™ method to quanti-
tatively evaluate the ability of the STAT3 residing in cellular nuclear
extracts to bind its corresponding DNA consensus sequence (im-
mobilized on the 96-well plate) when exposed to silibinin
(Supplementary Fig. S1C). Nuclear extracts from IL-6-stimulated H460
and PC9 cells containing Y705-phosphorylated STAT3 were incubated
with increasing concentrations of silibinin to directly determine the
potency of silibinin to inhibit the DNA-binding activity of STAT3. A
dose-dependent reduction in the DNA-binding activity of STAT3 was
observed in the presence of silibinin (up to 60% at 200 pmoL/L sili-
binin; Fig. 6). When nuclear extracts obtained from H2228 cells, which
exhibit constitutive activation of STAT3, were incubated in the pre-
sence of graded concentrations of silibinin, their STAT3 DNA binding
activity was similarly reduced by up to 60% at 200 pmoL/L silibinin
compared with vehicle-treated controls (Fig. 6).

4. Discussion

Although silibinin is known to be an inhibitor of STAT3 signaling, it
remained to be clarified whether silibinin should be classified as an
indirect STAT3i via kinase inhibition of the JAK/STAT pathway or as a
direct STAT3i capable of binding and interfering with specific domains
of the STAT3 protein. As with many other plant-derived secondary
metabolites including cucurbitacin, curcumin, indirubin, cryptotan-
shinone, resveratrol, flavopiridol, and galiellalactone (Schust et al.,
2006), silibinin has repeatedly been shown to inhibit STAT3 signaling
in cancer cells (Jin et al., 2016; Bosch-Barrera and Menendez, 2015).
While some of these natural products might operate as STAT3i through
unknown targets, or have been shown to inhibit kinases upstream of
STAT3 (JAK1/2, Src), others have been suggested to directly bind to
STAT3 functional domains; for example, the SH2 domain, blocking
STAT3 dimerization, or the STAT3 DBD, preventing sequence-specific
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Fig. 5. A. Silibinin impedes nuclear ac-
cumulation of phospho-active
STAT3Y7%5. PC9 cells stimulated with IL-6
(50 ng/mL) in the absence or presence of
silibinin (100 uymoL/L). After 24h, cells
were fixed with ice-cold methanol and
stained for total STAT3 or phospho-
STAT3Y705, followed by Alexa Fluor’-con-
jugated secondary antibody and Hoechst
counterstaining. Figure = shows  re-
presentative immunofluorescence micro-
photographs of at least 3 independent ex-
periments performed in triplicate. B.
Silibinin impedes the transcriptional ac-
tivity of STAT3. HEK293 cells were trans-
fected with STAT3-LUC. At 24h after
transfection, cells were left untreated or
treated with IL-6 in the absence or presence
of silibinin for an additional 3 or 24 h. The
cells were then harvested and assayed for
luciferase activity. Relative luciferase ac-
tivity represents the ratio of Firefly and
Renilla luciferase activities for each experi-
mental condition. Columns and error bars
represent mean values and S.D., respec-
tively. Data are representative of at least
three independent experiments.

Relative STAT3/DNA binding (%)

25 50 100 200

silibinin [umol/L]

Fig. 6. Silibinin inhibits the DNA-binding activity of STAT3. The nuclear extracts from cells stimulated with IL-6 for 3 h were subjected to TransAM™ assays in
microtitre wells coated with the STAT3 consensus sequence in the absence or presence of graded concentrations of silibinin for 3 h (see Supplementary Fig. S1C for
schematic description of details concerning TransAM™ assays). Columns and error bars represent mean values and S.D., respectively. Data are representative of at least

three independent experiments.
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Fig. 7. Silibinin is a bimodal SH2- and
DBD-targeted STAT3i. A. Global view of
the STAT3 homodimer structure containing
DNA (human homology model 2) and lo-
cation of silibinin at the SH2 activation/di-
merization and DNA-binding domains. B.
Silibinin targeting of the SH2 domain of
STAT3 monomers might prevent binding of
STAT3 to activated cell surface receptors
but also block dimerization (and subsequent
trans-phosphorylation) of STAT3 molecules
in the cytosol, thereby impeding nuclear
accumulation of phospho-active STATS3.

Silibinin additionally establishes direct in-
teractions with DNA in its direct targeting
of the DBD of STAT3, resulting in a sig-
nificant inhibitory effect on STAT3-DNA
binding. The bimodal SH2- and DBD-tar-
geted behavior of silibinin might explain
the proven therapeutic activity of silibinin
in areas of unmet clinical need such as
STAT3-dependent lung cancer and mela-
noma brain metastasis.
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DNA binding ability and STAT3 transactivation activity. We now report
that silibinin appears to work synergistically on STAT3 function
through a bimodal mechanism of action involving blockade of the
function of the STAT3 SH2 domain, which is crucial for both STAT3
activation and nuclear translocation, and of STAT3 transcriptional ac-
tivity, which might involve not only disruption of STAT3 dimerization,
but also a direct inhibition of the ability of STAT3 to bind DNA
(Fig. 7A).

The STAT3 inhibitory activity of silibinin was not influenced by the
pre-existing phosphorylation status of STAT3, as significant inhibitory
effects were observed in cells with inducible, constitutive, and acquired
phosphorylation at the Y705 site. LanthaScreen™-based cellular pro-
filing assays revealed that silibinin attenuates the induced phospho-
activation of Y705 in GFP-STAT3 genetic fusions without drastically
altering the in vitro kinase activity of the STAT3 upstream kinases JAK1
and JAK2. Although these findings are consistent with the notion that
silibinin exerts its pY705 STAT3 inhibitory effects by directly pre-
venting the activating kinases from binding to the STAT3 SH2 domain,
we acknowledge that further experimentation testing the direct effects
of silibinin against other up-stream STAT3 kinases (e.g., SRC, ABL) and
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non-canonical STAT3 activators is needed before unambiguously con-
cluding that silibinin exclusively operates as a direct STAT3i.

When we modeled the atomic details for the silibinin-driven in-
hibition of the activating phosphorylation Y705 on the SH2 domain, our
first-in-class computational homology model of the human STAT3
protein allowing comparative docking and molecular dynamics simu-
lation studies over fourteen different STAT3i, predicted that silibinin
should molecularly behave as a direct STAT3i capable of establishing
high-affinity interactions with the SH2 domain of STAT3. Using the
binding site of the direct STAT3i OPB-31121, for which we dispose of
detailed structural information explaining its inhibitory activity on the
STAT3 SH2 domain (Brambilla et al., 2015), one could visualize the
predicted ability of silibinin to interact with up to 60% of all the re-
sidues involved in the binding mode of a wide variety of structurally
diverse STAT3i (Fig. 7A). The predicted ability of silibinin to bind the
SH2 activation/dimerization domain therefore appears to rely on its
capacity to overlap with the same cavity occupied by the majority of
direct STAT3i to indirectly prevent Y705 phosphorylation in the
monomeric SH2 domain of STAT3, but showing a unique binding mode.

Silibinin treatment is known to diminish nuclear DNA binding of
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constitutively active STAT3 homodimers (Agarwal et al., 2007). Be-
cause Y705 phosphorylation is required for STAT3 to bind to specific
DNA target sites but nuclear import of STAT3 takes place constitutively
and independently of tyrosine phosphorylation (Liu et al., 2005; Reich
and Liu, 2006), we employed immunofluorescence microscopy to vi-
sualize whether the in silico predicted ability of silibinin to operate as a
direct STAT3i of the SH2 activation/dimerization domain translated
into an altered intracellular localization of STAT3/phospho-active
STAT3 in cellulo. The ability of silibinin to prevent the nuclear con-
centration of unphosphorylated STAT3 and Y705-phosphorylated
STATS3 in response to IL-6 stimulation occurred without apparent ac-
cumulation of STAT3 in the cytoplasmic compartment. Although fur-
ther work is needed to unambiguously exclude any indirect effect of
silibinin in the importins-driven STAT3 trafficking to the nucleus (Liu
et al., 2005; Cimica et al., 2011), our findings are compatible with a
mechanism of action involving direct targeting of silibinin to the SH2
domain of STAT3 monomers, capable of preventing not only binding of
STATS3 to activated cell surface receptors, but also to block dimerization
(and subsequent trans-phosphorylation) of STAT3 molecules in the
cytosol, thereby impeding nuclear accumulation of phospho-active
STAT3.

To further evaluate the physiological role of silibinin on STAT3-
mediated transactivation, we examined whether silibinin-driven
changes in the sub-cellular accumulation of STAT3 correlated with
changes in its transcriptional regulatory activity. Silibinin treatment
was found to elicit the complete suppression of the IL-6-stimulated
STATS3 transcriptional activity in living cells and, remarkably, such
strong capability of silibinin to block STAT3-driven luciferase expres-
sion was evident even at concentrations that failed to completely
shutdown the activating phosphorylation Y705 at the SH2 dimerization
domain. Moreover, although in vitro experiments based on the detection
of an STAT3 epitope that is accessible only when STAT3 is activated
and bound to its DNA consensus binding site confirmed the in silico
prediction of the capacity of silibinin to establish direct interactions
with DNA in its targeting to the DBD of STAT3, once again the STAT3
DNA-binding inhibitory activity of silibinin took place at significantly
higher concentrations than those needed to inhibit STAT3-driven
transcriptional activity. Because parallel immunoblotting experiments
with IL-6-stimulated nuclear extracts showed that silibinin can block
the binding of activated STATS3 to its consensus DNA sequence in iso-
lated nuclear extracts without altering the phosphorylation status of
Y705 (data not shown), these findings altogether suggest that the
ability of silibinin to inhibit STAT3-directed transcription in living cells
does not rely exclusively on the SH2 domain-related inhibition of
STAT3 dimerization in the cytosol, but also involves direct inhibition of
STATS3 via binding to the DBD regardless of the STAT3 dimerization
status. Nevertheless, the unique behavior of silibinin as a bimodal SH2-
and DBD-STATS3i that strongly disrupts STAT3 transcriptional activity is
definitively supported by the fact that cells engineered to overexpress a
constitutively active form of STAT3 (Bromberg et al., 1999), which
dimerizes spontaneously, binds to DNA and activates transcription,
remain largely unresponsive to the inhibitory effects of silibinin in key
transcriptional targets of STAT3 (Shukla et al., 2015; Priego et al.,
2018). The so-called STAT3C mutant, in which the SH2 domain A661
and N663 residues are substituted with cysteine residues allowing a
disulfide bond to form between two unphosphorylated STAT3 mono-
mers, still requires Y705 phosphorylation for functional activation via
promotion of maximal DNA binding affinity, slower off-rate, and pro-
tection from inactivation from phosphatases, resulting in the accumu-
lation of transcriptionally active STAT3 dimer complexes (Liddle et al.,
2006). We recently reported that the decreased ability of silibinin to
bind the STAT3C mutant translates into refractoriness of STAT3C-ex-
pressing cells to silibinin (Priego et al., 2018), demonstrating the
STAT3-dependency on the phenotypic effects of silibinin.

Beyond common issues in the development of other anti-cancer
drug families such as rapid degradation, lack of cell penetrance or lack
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of binding specificity, the observation that inhibition of active STAT3
dimers alone via targeting to the SH2 domain may not be sufficient in
efficaciously preventing STAT3 activity (Huang et al., 2016) together
with the preliminary support to the notion that targeting the DBD may
prove more efficient in abrogating STAT3 activity than targeting the
SH2 domain in cellular systems (Furtek et al., 2016b), can largely ex-
plain why the majority of direct STAT3i have yet to enter clinical
evaluation. We have recently reported that silibinin-driven STAT3
blocking translates into proven therapeutic activity in areas of unmet
clinical need such as lung cancer and melanoma brain metastasis,
which portend a poor prognosis and have few therapeutic options
(Bosch-Barrera et al., 2016; Priego et al., 2018). We now report the
unique characteristics of silibinin as a promising lead of a new gen-
eration of bimodal SH2- and DBD-targeting STAT3i (Fig. 7B) that may
transform the clinical management of secondary brain tumors.

5. Conclusion

To the best of our knowledge, this is the first report establishing that
the flavonolignan silibinin is a novel direct STAT3i. Our systematic
approach performed at multiple levels of integration including in vitro,
in silico computational modeling, and in cellulo experimentation, de-
monstrates that: a.) silibinin could directly bind the SH2 domain of
STATS3 to prevent Y705 phosphorylation-related STAT3 activation and
dimerization; b.) silibinin could establish direct interactions with DNA
in its targeting to the STAT3 DNA-binding domain (DBD); and c.) sili-
binin impedes the activation, dimerization, nuclear translocation, DNA-
binding, and transcriptional activity of STAT3. Our findings showing
the unique features and putative direct modes of action of silibinin
against STAT3 will be highly relevant for further development and
design of new, more effective silibinin-based STAT3i.
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