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KEY WORDS Abstract Homo- or heterodimeric compounds that affect dimeric protein function through interaction
between monomeric moieties and protein subunits can serve as valuable sources of potent and selective

activator of drug candidates. Here, we screened an in-house dimeric natural product collection, and panepocyclinol A
transcription 3; (PecA) emerged as a selective and potent STAT3 inhibitor with profound anti-tumor efficacy. Through
STAT3 inhibitor" cross-linking C712/C718 residues in separate STAT3 monomers with two distinct Michael receptors,
Anaplastic large T cell PecA inhibits STAT3 DNA binding affinity and transcription activity. Molecular dynamics simulation
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phoma in vitro and in vivo, especially those with constitutively activated STAT3 or STAT
summary, our study describes a distinct and effective di-covalent modification for the dimeric compound
PecA to disrupt STAT3 function.

reveals the key conformation changes of STAT3 dimers upon the di-covalent binding with PecA that abol-
ishes its DNA interactions. Furthermore, PecA exhibits high efficacy against anaplastic large T cell lym-

3Y640F. In
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1. Introduction

Dimerization of proteins often serves as an essential mechanism
for their functional activation, most notably in disease-associated
receptors or transcription factors'. For example, proteins of the
Signal transducer and activator of transcription (STAT) family
form either homo- or hetero-dimers following tyrosine phos-
phorylation, thus initiating nuclear translocation of STAT proteins
for the regulation of target gene transcription that modulates cell
proliferation, survival, migration and so on>. STAT3, one of seven
STAT family members, has been found aberrantly activated in a
broad range of cancer types. In particular, abnormal dimerization
caused by STAT3 mutations has been linked to poor prognosis of
hematopoietic malignancies®®. Distinct strategies have been
employed to develop inhibitors to block STAT3 signaling and
activity in the past two decades. Among them, disrupting STAT3
dimerization by targeting the SH2 domain yields effective STAT3
inhibitors such as stattic” and S31-201%. However, despite a large
amount of effort that has been put into seeking selective and
potent STAT3 inhibitors, there has been no STAT3-targeted drug
approved for clinical application”.

Diverse homo- or heterodimeric compounds arising from
identical or similar monomers can potentially affect the function
of dimeric proteins via binding between individual monomers and
protein subunits'®. Such dimeric compounds have been shown to
exhibit high potency and selectivity towards their respective
dimerized protein targets, sometimes through new mechanisms
of action''". For example, FK1012 and its derivatives have
been developed as a tool kit for precise control of biological
processes such as signaling transduction or transcriptional
regulation by bringing chimeric proteins containing the
FKBPI12 domain into proximity'>"'7. MK-1454, a heterodimer of
two nucleotides that binds to the interface of dimeric STING to
activate the STING signaling pathway, is now in clinical trials as
an immuno-oncology therapeutic'®'®. Therefore, structurally
complex and diverse dimeric compounds that modulate protein
dimerization can play a prominent role in the discovery of
chemical probes and drug candidates®*?'.

In this study, we screened an in-house collection of dimeric
compounds and revealed a selective STAT3 inhibitor, pan-
epocyclinol A, that targets a pocket formed at the STAT3 dimer
interface, resulting in an irreversible di-covalent modification that
blocks STAT3 dimer transcription activity. Additionally, pan-
epocyclinol A exhibits profound anti-proliferative activity against
ALCL neoplasms with constitutively activated STAT3. Taken
together, our study provides a mechanistic framework for STAT3
targeting that is markedly different from that of other STAT3
inhibitors.

2. Materials and methods
2.1.  Reagents

Panepocyclinol series compounds were isolated from the fungus
Panus rudis FO1315%. In brief, the fungus Panus rudis FO1315
was cultured on potato-dextrose agar (PDA) medium at 28 °C for
18 days. The fermented agar cakes were diced and extracted with
EtOAc—MeOH—AcOH (v/v/v, 80/15/5). After the removal of
solvents under vacuum, the crude extract was suspended in EtOAc
and washed with H>O. The EtOAc layer was then concentrated
and resuspended in MeOH and petroleum ether. The MeOH layer
was concentrated to give the defatted extract. A series of chro-
matographic methods, including medium-pressure liquid chro-
matography (MPLC), Sephadex LH-20, HPLC XDB C18 were
used to afford panepoxyquinols. STAT3 inhibitors Stattic (Cat.#
HY13818), C188-9 (Cat# HY112288), BP-1-102 (Cat.# HY-
100493), S3I-201 (Cat# HY-15146) were purchased from
MedChemExpress, Shanghai, China.

2.2.  Cell culture

Anaplastic Large Cell Lymphoma cell lines Karpas299 and SU-
DHL-1 were purchased from Cobioer Biosciences Co., Ltd., Nanjing,
China. Cell lines were cultured in RPMI-1640 medium (BasalMedia,
Shanghai, China) supplemented with 10% fetal bovine serum,
100 U/mL penicillin, and 100 pg/mL streptomycin. All cell lines
were tested for mycoplasma contamination and were found to be
negative.

2.3.  Animals

BALB/c nu/nu mice and NOD SCID mice at 4—6 weeks of age
were purchased from Charles River, Beijing, China. Experiments
were performed in accordance with the guidelines from the
Institutional Animal Care and Use Committee at the Experimental
Animal Centre (approval no. XMULAC20190032). Mice were
maintained in the 12-h light/12-h dark cycles with free access to
food and water.

2.4.  Cell viability assay

Cells were seeded at a density of 5 x 10? cells (adherent cells) or
2 x 10 cells (suspension cells) per well in 96-well plates. Com-
pounds were serially diluted in the growth medium, and then added in
triplicate to 96-well plates and incubated for 48 h. Cell viability was
determined using MTS (Promega, WI, USA), according to the
manufacturer’s instructions. Results were analyzed by GraphPad
Prism 5 (GraphPad Software Inc., Boston, MA, USA).
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2.5.  Transcription factors (TF) activation profiling

Karpas299 cells were treated with DMSO or 10 pmol/L PecA
for 8 h. Cells were then harvested and suspended in 100 pL Buffer
A (10 mmol/L HEPES (pH 7.9), 10 mmol/L KCI, 0.1 mmol/L
EDTA, 0.1 mmol/L EGTA, 0.15% NP-40) containing 1% protease
inhibitor, followed by incubation for 15 min. Homogenates
were centrifuged at 12,000xg for 30 min at 4 °C (Eppendorf,
5417R, Germany). The pellet was washed 3 times with 1 mL Buffer
A, resuspended in 150 pL Buffer B (20 mmol/L HEPES (pH 7.9),
0.4 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 0.5% NP-40)
containing 1% protease inhibitor, and sonicated. The supernatant
was used as the nuclear fraction. The nuclear extracts were then
incubated with biotin-labeled probes and the TF activities were
determined according to the manufacturer’s instructions of TF
Activation Profiling Plate Array I (FA-1001, Signosis, CA, USA).

2.6.  Protein expression and purification

Full-length of mouse STAT3 and truncated STAT3 (127—688 aa)
were cloned into pFastBac HTA vector fusion with a 6*His tag and
TEV site (Invitrogen). Transfection, virus generation, and amplifi-
cation were carried out in sf9 insect cells according to the official
protocol of the Bac-to-Bac Baculovirus expression system (Invi-
trogen). Sf9 insect cells expressing indicated proteins were sus-
pended and lysed by sonication in lysis buffer (20 mmol/L Tris-HCI,
150 mmol/L NaCl, 5 mmol/L KCl, 20 mmol/L imidazole, I mmol/L
tris(2-carboxyethyl) phosphine hydrochloride, pH 8.0) supple-
mented with protease inhibitor mixture. After centrifuging at
20,000 rpm (Beckman, Avanti JXN-30, IN, USA) for 1 hat4 °C, the
supernatant was incubated with Ni-NTA Sepharose beads (GE
Healthcare, USA). The beads were washed with wash buffer
(20 mmol/L Tris-HCl, 500 mmol/L NaCl, 1% Glycerol, 1 mmol/L
TCEP, 20 mmol/L imidazole, pH 8.0) and then the protein was
eluted with the same buffer supplemented with 300 mmol/L imid-
azole. The proteins were then dialyzed in stocking buffer (20 mmol/
L Tris-HCl, 500 mmol/L NaCl, 1% Glycerol, 1 mmol/L TCEP, pH
8.0) and then frozen in —80 °C before use.

2.7.  Fluorescence polarization assay

Proteins (1 pmol/L), fluorescent-labeled peptides (25 nmol/L) and
series concentrations of compounds diluted in FP buffer
(50 mmol/L NaCl, 10 mmol/L Hepes (pH 7.5), 1 mmol/L EDTA,
0.1% Nonidet P-40, and 1 mmol/L dithiothreitol) were incubated
in black 96-well microtiter plates for 1 h at RT. Millipolarization
units (mP) were determined using an Ultra Evolution 96-well plate
reader Tecan Spark. 5-FAM-GpYLPQTV-NH, was used for
STAT3 and 5-FAM-GpYDKPHVL-NH, was for STAT1 detec-
tion. Inhibition curves were fitted using GraphPad Prism 5
(GraphPad Software Inc., Boston, MA, USA).

2.8.  Chromatin immunoprecipitation-sequencing (ChlP-seq)

Chromatin IP was performed using a Chromatin IP Kit (Cat# 9003,
Cell Signaling Technology). Briefly, cells were fixed with formal-
dehyde and lysed, and chromatin was fragmented by partial
digestion with micrococcal nuclease. Chromatin immunoprecipi-
tations were then performed using anti-STAT3 antibody (Cat# 9139,
Cell Signaling Technology) and ChIP-Grade Protein G Magnetic
Beads. After the reversal of protein and DNA cross-links, the DNA

was purified using DNA purification spin columns. Sequencing was
performed by Novogene Co., Ltd. (Beijing, China).

2.9.  Western blot

Cells were harvested and lysed in lysis buffer (50 mmol/L Tris-
HCL, 150 mmol/L NaCl, 1% Triton X-100, 5% glycerol, 1 mmol/L
phenylmethylsulfonyl fluoride, pH 7.5). Total protein concen-
trations were measured by BCA analysis (Beyotime, Shanghai,
China). 4xLDS sample buffer with DTT (final concentration of
100 mmol/L) was added into each sample and then heated for
10 min. For immunoblotting, equal amounts of protein were
resolved by SDS-PAGE, and then electrophoretically transferred
to the Immobilon-P PVDF membrane (PALL, MI, USA). Proteins
were detected with appropriate primary antibodies and
peroxidase-conjugated secondary antibodies. Immunoreactive
protein bands were detected by the enhanced chemiluminescence
reagent, according to the manufacturer’s instructions (Advansta,
CA, USA). Antibody against STAT3 (Cat# 9139), phospho-STAT3
(Tyr705) (Cat# 9131), STAT1 (Cat# 14994), STAT2(Cat# 72604),
STAT4 (Cat# 2653), STATS (Cat# 9363S), STAT6 (Cat# 5397)
were purchased from Cell Signaling Technology (CST) and used
in a dilution of 1:1000, G-actin (Cat# A5316) was from Sigma-—
Aldrich and used in a dilution of 1:5000.

2.10.  Electrophoretic mobility shift assay (EMSA)

STAT3 consensus oligonucleotides were synthesized and labeled
with biotin at both ends. EMSA was carried out with a LightShift
Chemiluminescent EMSA Kit (Cat# 20148, Thermo Scientific)
according to the manufacturer’s protocols.

STAT3 consensus oligo (5'-3'), GAT CCT TCT GGG AAT
TCC TAG ATC; STAT3 mutant oligo (5'-3"), GAT CCT TCT
GGG CCG TCC TAG ATC.

2.11.  Realtime-PCR

RNA was isolated by an RNA isolation kit (Cat# DP419, Tiangen,
Beijing, China). cDNA was synthesized by using Hifair III 1st
Strand cDNA Synthesis kit (Cat# 11141ES60, Yeasen, Shanghai,
China) according to the manufacturer’s protocol. Real-time PCR
was performed using Sybr Green-based detection in the Rotor-
Gene according to the manufacturer’s instructions. ACTB levels
were used as normalization controls.

The primers were as bellow (5'-3'): ACTB-F, CAGCCTTCCTT
CCTGGGCATG; ACTB-R, ATTGTGCTGGGTGCCAGGGCAG;
TLR6-F, TAGTGAACATGATTCTGCCTGG; TLR6-R, TCGTAAT
GGCACCACTCACT; II4R-F, CATTGTCATCCTGGCCGTCT;
1[4R-R, TGCTCCAGAAAACAGGGCAA; CDK2-F, CCCTGGAT
GAAGATGGACGG; CDK2-R, GATGGGGTACTGGCTTGGTC;
MYC-F, GTCAAGAGGCGAACACACAAC; MYC-R, TTGGAC
GGACAGGATGTATGC; MCLI-F, GTGCCTTTGTGGCTAAA-
CACT; MCLI-R, AGTCCCGTTTTGTCCTTACGA; BCL2LI-F,
GACTGAATCGGAGATGGAGACC; BCL2LI-R, GCAGTTCAA
ACTCGTCGCCT; IRF4-F, GCGGTGCGCTTTGAACAAG:; IRF4-
R, ACACTTTGTACGGGTCTGAGA.

2.12.  Analysis of cross-linking spectra
Purified full-length STAT3 protein was incubated with PecA at

room temperature for 1 h. The mixture was then applied to SDS-
PAGE gel followed by commassie blue staining. The dimer
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STAT3 bands and untreated STAT3 bands were subjected to LC—
MS/MS. The raw data were analyzed by pLink2.0*. Potential
cross-linking spectra presented in dimer samples but not in un-
treated control samples were shown.

2.13.  Xenograft models

Cells were filtered through 70 um cell strainers (BD, NJ, USA)
and then suspended in media without serum. Xenografts were
initiated by subcutaneous injection of cancer cells into the right
flank near the axillary fossa of mice. For Karpas299 cells, each
NOD SCID mice were subcutaneously injected with 5 x 10° cells.
For Jeko-1 cells, BALB/c nu/nu mice were subcutaneously
injected with 1 x 107 cells. The tumor volume was monitored
once per day using the standard Eq. (1):

V = Length x Width® x 0.5 )

When tumors were grown to approximately 100—150 mm?,
mice (half males and half females) were randomly assigned into
each experimental group and treated by tail vein injection with
vehicle [10% (w/v) Kolliphor HS 15 (Sigma) in normal saline] or
PecA formulated in vehicle at indicated doses daily for a week.
The injection volume was 0.1 mL per 10 g. Mouse body weights
were monitored daily. At 6 h post the final dose, mice were
euthanized and tumor tissues were separated, weighed, and sub-
jected to immunoblotting, immunohistochemistry, TUNEL stain-
ing, and routine histopathological examination.

2.14.  Hematoxylin and eosin (H&E) staining

Tumor tissues were fixed in 4% paraformaldehyde, embedded in
paraffin, cut into 4 pm thick sections, and applied to slides.
Standard staining with hematoxylin and eosin using an H&E kit
(Cat# AR1180, Boster, Wuhan, China) was performed on 4 pm
thick sections from each slide.

2.15. TUNEL staining

TUNEL staining was performed using the DeadEnd Fluorometric
TUNEL System (Promega, WI, USA) following manufacturer in-
structions. Briefly, 4 pm thick paraformaldehyde-fixed, paraffin-
embedded tissue sections were deparaffinized and rehydrated. The
tissue was fixed with 4% paraformaldehyde and permeabilized with
proteinase K solution. Then, the tissue was refixed with para-
formaldehyde and equilibrated with an equilibration buffer.
Following these, sections were incubated with TdT reaction mixture
at 37 °C for 60 min in a humidified chamber, immersed in 2 x SSC
for 15 min to stop the reaction, mounted and counterstained with
VECTASHIELD + DAPI (Vector Lab, Burlingame, CA, USA) for
15 min at room temperature. Negative controls: sections incubated
with rTdT incubation buffer (without rTdT enzyme). Positive con-
trols: sections treated with DNase I to cause DNA fragmentation.

2.16.  Genome-scale CRISPR-Cas9 knockout (GeCKO)

The methodology employed was largely in accordance with the
established GeCKO screening protocol?*. Human CRISPR KO Li-
brary (GeCKO v2), containing 123411 sgRNAs targeting 19050
genes, was purchased from Addgene (Cat# 1000000049).
Anaplastic Large Cell Lymphoma cell lines Karpas299 and SU-

DHL-1 were transduced with the GeCKO library at a MOI of 0.3,
followed by puromycin selection (500 ng/mL) for 7 days. On Day 7,
3 x 107 cells were frozen down for genomic DNA analysis as a
baseline. The remaining cells were split into six replicates, three
replicates were cultured in supplemented with 1 pmol/L PecA, while
an equivalent volume of DMSO was used in the other three replicates
as a control. After screening for 14 days, a minimum of 3 x 107 cells
were harvested for genomic DNA sequencing. NGS data were
subsequently processed and analyzed using Python scripts.

2.17.  MD simulation details

The two STAT3 protein-DNA complexes without and with covalent
inhibitors, denoted as the STAT3 and STAT3_ligand models, were
constructed from the crystal structure (PDB ID:1BG1) using the
PyMOL software (Schrodinger, LLC, New York, NY, USA)*. The
missing residues in the STAT3 complexes were added using the
protein preparation module*® of the Schodinger software (Schro-
dinger, LLC, New York, NY, USA)27. In the STAT3_ligand model,
the covalent molecule PecA was manually docked to the binding site
located at the interface of the chains A and B of STAT3. The two
active C atoms of PecA were covalently connected with the two S
atoms of the CYS712 residues on the chains A and B, respectively.

In order to perform MD simulation of the STAT3 complex, we
have developed the force fields of the PecA molecule by calculating
its RESP charge®® using the B3LYP***%6-311G(d,p) method in the
Gaussian 09 software (Gaussian Inc., Wallingford, CT, USA)3'. Its
bonded and van der Waals parameters were generated from the
GAFF force fields*. The AMBER ff19SB force fields*® were used
to describe the proteins, while the OL15 force fields were used for
the DNA fragments in the complexes. The PecA molecule was
treated as a nonstandard residue in the AMBER {f19SB force fields.
The STAT3 and STAT3_ligand models were further immersed in
cubic water boxes full of the TIP3P*** water molecules The Na™*
ions were added to neutralize the whole systems. The STAT3 and
STAT3_ligand protein-DNA systems contain a total number of
266,572 and 266,620 atoms, respectively.

The MD simulations of the two complex systems were carried
out in the AMBER20 software (University of California, San
Francisco, CA, USA)36. To start MD simulations, we first con-
ducted energy minimizations of whole systems with 10,000 steps
and then heated them to the temperature of 300 K for 1 ns. The
SHAKE algorithm®” was applied to constrain the bonds involving
H atoms. The cutoff for van der Waals interactions was set to
10 A, and the long-range electrostatic interaction was estimated
using the Particle Mesh Ewald method®®. The Langevin thermo-
stat®® and Berendsen barostat*® were used to keep the systems at a
temperature of 300 K and a standard atmosphere pressure,
respectively. Finally, each system was equilibrated for 500 ns and
the simulated trajectories were used for data analysis later. The
binding energies of the proteins and DNAs in the complexes with
and without covalent inhibitors were evaluated with the Molecular
Mechanics Poisson-Boltzmann Surface Area (MM-PBSA)
method*'*? based on the simulated 500 ns trajectories.

2.18. KINOMEscan

PecA was profiled against a panel of 468 kinases using
KINOMEscan technology*® an active site-dependent competition
binding assay at 10 pmol/L (Supporting Information Table S3). The
results were reported as percent of control DMSO (ctrl%), in which
lower numbers represent higher affinity binding as shown in Eq. (2):
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Ctrl (%) = (Test compound signal — Positive control signal)/
(Negative control signal — Positive control signal) x 100 (2)

where the negative control was set at 100%, and the positive
control compound was set at 0%.

2.19.  Statistical analysis

Data were expressed as mean =+ standard error of mean (SEM) or
mean + standard deviation (SD). Differences between the two
groups were assessed by a two-tailed unpaired Student’s #-test and
multiple group comparisons were assessed by a one-way or two-
way ANOVA followed by Tukey-Kramer test with GraphPad
Prism 5 (GraphPad Software Inc., Boston, MA, USA).

3. Results
3.1.  Panepocyclinol A inhibits STAT3 signaling

To discover dimeric compounds that have potential anti-tumor ef-
ficacy, we screened an in-house collection of 83 dimeric natural
products against six cancer cell lines, including melanoma A375,
anaplastic large cell lymphoma Karpas299, gastric cancer BGC-
823, hepatoma HepG2, osteosarcoma U20S, and breast cancer
MCF7. All compounds were tested at 10 pmol/L, with cell viability
determined using an MTS assay (Fig. 1A). This screen of cancer
cell lines indicated that panepocyclinol A (PecA) (Fig. 1B) had
promising anti-proliferative activity, with a survival rate of about
1.22% and 7.69% in A375 cells and Karpas299 cells, respectively
(Supporting Information Table S1). The panepocyclinol-type
compounds (structures in Table S1), which feature a densely
functionalized core scaffold consisting of a 6/6/6/5-fused tetracy-
clic carbon skeleton, were dimers originated from monomeric
epocyquinol®.  Structure-activity relationship (SAR) analysis
showed that the anti-proliferative potency decreased in the order
PecA/PecH/PecB and PecA/PecE/PecD, suggesting that the o-
chloro unsaturated ketone and the «,(-epoxide ketone functioned as
the pharmacophoric elements of the epoxyquinol dimers
(Table S1). We also found that PecH was less stable than PecA,
which may partially account for its lower bioactivity.

In light of its best inhibitory effects on cancer cell prolifera-
tion, we then selected PecA for further detailed analyses of its
biological effects. Assays with an expanded panel of 31 diverse
cancer cell lines indicated that PecA exerted potent anti-
proliferative activity, with ICso values below 10 pmol/L against
most of the tested cell lines, and lower than 1 umol/L for several
lymphoma and melanoma cell lines in particular (Supporting
Information Table S2). We then applied a Genome-scale
CRISPR-Cas9 knockout (GeCKO)** in Anaplastic Large Cell
Lymphoma (ALCL) cell lines Karpas299 and SU-DHL-1 to
screen for genes whose depletion correlated to PecA resistance.
High throughput sequencing revealed ~ 1200 depleted genes that
contributed to PecA resistance to varying extents (Supporting
Information Fig. S1A). Further gene ontology (GO) analysis
suggested that the greatest enrichment was for genes involved in
transcription and intracellular signal transduction (Fig. S1B).

We then performed transcription factor (TF) activation
profiling to identify the regulatory networks that participated in
response to PecA (Fig. 1C). Among the differentially regulated
TFs, we noticed signal transducer and activator of transcription
(STAT) family proteins exhibited widely varying transcriptional
activity under PecA treatment in Karpas299 cells. In particular,

STAT3 activity was the most significantly suppressed, whereas
STAT1 was also slightly down-regulated, and other members were
not significantly affected (Fig. 1C). Moreover, PecA suppressed
STAT3 activation of the luciferase reporter in a dose-dependent
manner (Supporting Information Fig. S2A). STAT family TFs,
especially STAT3, are known to play important regulatory func-
tions in immunity, inflammation, and tumorigenesis, and they are
activated by cytokines and growth factors through kinase-
mediated tyrosine phosphorylation and dimerization>**. Thus,
we next tested whether PecA suppressed STAT3 through a ca-
nonical upstream kinase, such as JAK1/2, Src, or others. Kinome
scan assays indicated that none of the 466 human kinases were
targeted by PecA at 10 pmol/L concentration (Supporting
Information Table S3), indicating that PecA did not affect
STAT3 transcription activity through its upstream kinases.

Subsequent in vitro fluorescence polarization assays using a
fluorescent probe specific to STAT3 suggested the occurrence of
robust interactions between PecA and purified STAT3 protein,
with an ECs value of ~1 pmol/L. However, PecB and PecC, with
carried modifications on the a-chloro unsaturated ketone, showed
diminished binding affinity with STAT3, with ECsy > 100 pmol/L
(Fig. 1D). Moreover, PecA exhibited negligible interaction with
purified STAT1 protein, with EC5o > 10 pumol/L (Fig. S2B).
STAT3 knockout in Karpas299 and SU-DHL-1 cells, in which
endogenous STAT3 is constitutively active®, led to significant
resistance to PecA, while STAT1 knockout had no obvious in-
fluence on sensitivity (Figs. S2C and S2D). Together, these data
indicated that PecA directly interacts with STAT3 but not STATI,
and that the inhibitory effects of Panepocyclinol analogs towards
STAT3 are positively correlated with their anti-cancer activity.

We next investigated the impacts of PecA on STAT3 signaling
by RNA-seq in Karpas299 cells treated with or without PecA.
Gene set enrichment analysis (GSEA) utilizing the
GSE21670_STAT3_KO_VS_WT_CD4_TCELL_UP gene set,
comprising 197 genes up-regulated in STAT3 knockout CD4 T
cells versus wild-type CD4 T cells, indicated concordant differ-
ences between PecA treatment and STAT3 knockout in CD4 T
cells.  Consistently, =~ GSEA  analysis employing the
DAUER_STAT3_TARGETS_UP gene set also suggested that the
top 50 genes up-regulated in STAT3 overexpressing cells were
down-regulated upon PecA treatment (Fig. 1E). Overall, the
expression levels of STAT3 downstream target genes were
negatively correlated with PecA treatment. Further chromatin
immunoprecipitation sequencing (ChIP-seq) using antibody tar-
geting STAT3 showed that differentially expressed genes (DEGs)
were predominantly enriched with genes involved in immune
system, inflammatory response, and cell fate determination in
PecA-treated cells compared with untreated ALCL control cells
(Fig. 1F). For example, TLR6, IL4R, and IRF4, which play
essential roles in innate immunity, and MCLI, CDK2, and
RIPKI, which participate in cell fate control, are all STAT3
downstream target genes that were differentially suppressed
under PecA treatment (Fig. 1G). Collectively, these data indi-
cated that PecA specifically targets STAT3 and down-regulates
its signaling activity.

3.2. PecA selectively induces the formation of a STAT3 covalent
homodimer

To investigate the mechanism by which PecA acts on STAT3, we
first detected STAT3 expression in ALCL cell lines treated with
PecA. Immunoblotting for STAT3 by standard SDS-PAGE
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Figure 1

PecA inhibits the transcription activity of STAT3. (A) Cell viability screen of an in-house dimer compound collection. After treatment

with 10 pmol/L compounds for 48 h, cell viabilities were triplicate tested by MTS and then normalized to the value of the DMSO-treated group.
(B) Structure of PecA. (C) Transcription factors activation profiling was used to analyze the activities of indicated transcription factors in
Karpas299 cells upon DMSO or 10 pmol/L PecA treatment. Data are presented as mean £ SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
(D) Fluorescence polarization assay measured the affinity of diverse compounds for purified full-length STAT3. (E) GSEA analysis for the RNA-
seq results of Karpas299 and SU-DHL-1 cells upon DMSO or 10 pmol/L PecA treatment. (F) The genome-wide profiles of STAT3 ChIP-seq
peaks in Karpas299 cells upon DMSO or 10 pmol/L PecA treatment. Gene ontology analysis for the significantly reduced genes upon PecA
treatment was shown (fold change <0.5). (G) ChIP-seq tracks in DMSO or PecA-treated Karpas299 cells along the indicated gene loci.

revealed a STAT3-related band with molecular weight (MW) of
~200 kD, nearly double that of STAT3 monomer (~ 100 kD,
exact MW 88 kD), which increased in a dose-dependent manner
with PecA concentration in both Karpas299 and SU-DHL-1 cells
(Fig. 2A). STAT3 phosphorylation at Y705 is a hallmark of its
activated state. We found that Y705 phosphorylation was
decreased in the ~100 kD STAT3 band, but increased in the

~200 kD, also in a PecA dose-dependent manner (Fig. 2A). This
~200 kD STAT3 band was unique in PecA-treated
Karpas299 cells, and couldn’t be observed in other well-known
STAT?3 inhibitors such as stattic, S31-201, BP-1-102 and C188-9
(Fig. 2B). Moreover, this putative 200 kD STAT3 complex was
also observed in vitro under purified STAT3 incubation with a
concentration gradient of PecA (Fig. 2C).
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Since proteins are generally denatured and reduced by SDS-
PAGE, the appearance of this specific ~200 kD band at
approximately double the MW of STAT3 indicated that PecA
induced the formation of a STAT3 homodimer. The addition of
extra DTT into cell samples prior to SDS-PAGE could not abolish
~200 kD band comprised of either STAT3 or p-STAT3Y’%°
homodimers, suggesting that the formation of the larger STAT3
complex was not mediated by reducible disulfide bonds, but in
an irreversible manner (Supporting Information Fig. S3A).
Moreover, PecA specifically induced dimer formation by STAT3,
but no other STAT family members (Fig. 2D), although all seven
STAT members dimerized under disuccinimidyl suberate (DSS)
treatment, a bifunctional amide cross-linker*® (Fig. S3B). Simi-
larly, no dimer was observed in the in vitro incubation of PecA
with purified full-length STAT1 protein (Fig. S3C). Taken
together, these data indicated that PecA specifically triggers irre-
versible crosslinking, resulting in STAT3 homodimerization.

Given that PecA bears multiple electrophilic groups, we hy-
pothesized that it could induce crosslinking between two STAT3
monomers through di-covalent attachment. Since the a-chloro un-
saturated ketone (A ring) and «,3-epoxide ketone (C ring) are key
structural features for cytotoxicity (Table S1), it was reasonable to
speculate that these two potentially reactive sites were responsible
for PecA-STAT3 conjugation. To verify this assumption, we tested
STAT3 dimer formation under treatment with PecA, a-methoxy-
substituted PecB, the C ring epoxide-opened panepocyclinol D
(PecD), or C ring a-chloro, $-hydroxyl-substituted panepocyclinol
E (PecE). The results indicated that PecB could not induce STAT3
dimerization, suggesting that the a-chloro unsaturated ketone in the
A ring served as the reactive site. Additionally, PecE treatment led
to a weakened STAT3 dimer band, STAT3 failed to dimerize under
PecD treatment, indicating that the «,3-epoxide ketone in the C ring
served as another conjugative site (Fig. 2E). These data thus
revealed that PecA forced STAT3 dimerization through its A ring a-
chloro unsaturated ketone and the C ring «, §-epoxide ketone.

Canonical STAT3 activation involves Y705 tyrosine phos-
phorylation, followed by dimerization, and then nuclear trans-
location to activate target gene transcription. Thus, dimerization
plays a vital role in STAT3 biological function. Historically,
blocking STAT3 dimerization was an effective strategy for the
discovery of STAT3 inhibitors*”*%. Thus, we sought to determine
how PecA could induce STAT3 dimerization while also repressing
its transcriptional regulatory activity. To this end, we treated
Karpas299 cells with 20 umol/L PecA for different time periods,
which revealed that both the dimer and monomer p-STAT3Y"%
bands decreased with time of exposure to PecA until undetectable
at 4 h of treatment (Fig. 2F). In addition, EMSA assays showed
that the affinity between the purified full-length STAT3 protein
(STAT3 FL) and a biotin-conjugated DNA probe was dramatically
decreased by pre-incubation with PecA (Fig. 2G). However, a
truncated STAT3 variant (127-688 amino acids) with abolished
dimerization under PecA treatment (Fig. S3D) could interact with
the DNA probe and was largely insensitive to PecA (Fig. 2G).
These data demonstrated that PecA-mediated STAT3 dimerization
blocked its phosphorylation level and also reduced its DNA
binding affinity, ultimately impairing its transcriptional activity.

3.3.  PecA crosslinks STAT3 monomers via Cys712 and Cys718
residues

To identify the specific amino acids in STAT3 cross-linked by
PecA, full-length STAT3 treated with PecA was subjected to SDS-

PAGE, and the band containing the STAT3 dimer complex was
excised for LC-MS/MS analysis. Using pLink2.0, a search engine
for cross-linked peptides™, two potential cross-link spectra were
identified, formed via cross-linked C712-C712 and C718-C718.
This data indicated that the C712 and C718 residues likely
mediated cross-linking between PecA and STAT3 monomers
(Fig. 3A), and the PecA-induced STAT3 dimerization was
completely abolished in a C712A/C718A STAT3 double mutant
(Fig. 3B). ALCL cells harboring this STAT3 C712A/C718A (CA)
double mutant had approximately six-fold higher ICs, values to
PecA than that of cells expressing wild-type (WT) STAT3
(Fig. 3C). Furthermore, the expression of STAT3 target genes
were largely unaffected upon PecA treatment in Karpas299
(Fig. 3D) and SU-DHL-1 cells (Fig. 3E) carrying the STAT3
C712A/C718A double mutant. In addition, the C712 and C718
residues positioned in the bottom of the pocket are unique to
STAT3 and absent in all other STATs (Supporting Information
Fig. S4), further explaining PecA selectivity for STAT3. These
cumulative results demonstrated that C712 and C718 of STAT3
were required for direct covalent modification by PecA.

3.4.  Molecular dynamics simulation of STAT3 dimer

Since our attempts to obtain the co-crystal structure of STAT3-
PecA haven’t succeeded, we used molecular dynamics (MD)
simulation to discriminate the conformational difference of the
covalently inhibited STAT3_ligand and STAT3 systems using a
published STAT3 dimer crystal structure comprising residues
136—716 of STAT3 (PDB: 1BGl). In the STAT3_ligand model,
the covalent molecule PecA was manually docked to the binding
site located at the interface of the chains A and B of STATS3, as
shown in Fig. 4A. The two active carbon atoms of PecA were
covalently connected with the two sulfur atoms of the C712 res-
idues on the chains A and B, respectively. Cys718 is located in the
disordered region of C terminus which is absent in this model. We
then developed the force fields of the PecA molecule. The STAT3
and STAT3_ligand models were further immersed in cubic water
boxes full of the TIP3P***> water molecules (Fig. 4B).

The MD simulations of the two complex systems were then
carried out in the AMBER?20 software>°. To start MD simulations,
we first conducted energy minimizations of whole systems with
10,000 steps and then heated them to the temperature of 300 K for
1 ns. Finally, each system was equilibrated for 500 ns (Fig. 4C)
and the simulated trajectories were used for data analysis later.
The binding energies of the proteins and DNAs in the complexes
with and without covalent inhibitors were also evaluated based on
the simulated 500 ns trajectories.

We conducted clustering analysis on the 500 ns trajectories and
obtained their representative structures. The percentages of the top
3 representative structures of the STAT3 system are 38.0%, 26.8%,
and 20.5%, and these of the STAT3_ligand system are 32.0%,
24.0%, and 17.5%, respectively. Fig. 4D presents a comparison of
the secondary structures of the first representative structures of the
STAT3 and STAT3_ligand. It can be seen that the conformations
of the proteins and DNA have changed remarkably after the
STAT3 was covalently connected with the PecA molecule. It
seems that the leg-like o-helices of the protein dimer in the
structure of the STAT3_ligand complex clamped a little tighter
than the green counterparts of the STAT3 complex. Similar
conformational changes in the a-helices of the complexes have
also been observed in other clustered representative structures
(Fig. 4D).
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Figure 2 PecA selectively induces covalent homodimer of STAT3. (A) Karpas299 (upper) and SU-DHL-1 (lower) cells were treated for
different concentrations of PecA for 2 h. Cell lysates were subjected to SDS-PAGE gel for Western blot. (B) Karpas299 cells were treated with
various STAT3 inhibitors for 4 h. STAT3 and p-STAT3 were analyzed by Western blotting. (C) Purified full-length STAT3 protein (20 nmol/
sample) was incubated with a series concentration of PecA at room temperature for 1 h. The mixture was then applied to SDS-PAGE gel followed
by commassie blue staining. (D) Karpas299 cells were treated with 30 pmol/L of PecA or its analogs for 2 h. Cell lysates were then subjected to
SDS-PAGE for Western blot. (E) Karpas299 cells upon PecA treatment were lysed for Western blot. Appropriate antibodies were used as
indicated. (F) Karpas 299 cells were treated with 20 umol/L of PecA for a time course. (G) Full-length STAT3 or truncated STAT3 (127—688 aa)
proteins were incubated with series concentration of PecA for 1 h. A biotin-labeled DNA probe was used to detect the DNA binding affinity for
STAT3 by EMSA. Mutant probe to STAT3 (mut) was used as a negative control.
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Figure 3

Cysteins 712 and 718 of STAT3 are responsible for the covalent modifications of PecA. (A) The dimer bands and untreated STAT3

bands were analyzed by LC-MS/MS. The raw data were analyzed by pLink2.0. Potential cross-linking spectra presented in dimer samples but not
in untreated control samples were listed. (B) Karpas299 cells harboring different STAT3 mutations were treated with 20 pmol/L PecA for 2 h. Cell
lysates were then subjected to SDS-PAGE. (C) STAT3 wildtype or a C712A/C718A mutant (CA) was stably introduced into Karpas299 or SU-
DHL-1 cells by Crispr-Cas9. ICs, values of PecA were measured by MTS assay. (D, E) Karpas299 (D) or SU-DHL-1 cells (E) harboring wildtype
or C712A/C718A mutant STAT3 were treated as indicated concentrations of PecA for 4 h. The mRNA levels of STAT3 target genes were
quantified by real-time PCR. Data are presented as mean + SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, NS, not significant.

We also speculate that the conformation change of the a-he-
lices of the protein dimer of STAT3_ligand is caused by the
interaction of PecA and STAT3 dimer. Fig. 4E presents a com-
parison of the binding sites with and without PecA. In the STAT3
complex, it was found that the two loops of the chains A and B
stayed in the closed conformations. In contrast, the red loops at the
binding site of the STAT3_ligand complex remain open since
PecA has occupied the site due to covalent inhibition. Our results

of MD simulations indicate that the covalent inhibition might
cause the conformational change of the binding site of the
STAT3_ligand complex, and lead to correlated conformational
changes of the a-helices of the protein dimer, as well as the DNA
fragment clamped between two monomers (Fig. 4F). The calcu-
lated binding free energies of the DNAs and proteins of the STAT3
and STAT3_ligand complexes using the MM-PBSA methods are
—0.1 and 10.7 kcal/mol, respectively. Comparison of the relative
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Figure 4

MD simulation of the STAT3-PecA complex. (A) A scheme illustrates the covalent connection of the two carbon atoms of the PecA to

the two sulfur atoms of the C712 residues on the chains A and B of the STAT3_ligand complex. The covalently connected PecA is shown in the
ball-and-stick representation. (B) An illustration of the STAT model immersed in a cubic water box. (C) Calculated RMSD curves of the STAT3
and STAT3_ligand complexes from 500 MD simulation trajectories. (D) A comparison of top 3 representative structures of the STAT3 and
STAT3_ligand model derived from clustering analysis of simulated trajectories. (E) Comparison of the major conformations of the complexes
shows that the loops at the binding sites of the STAT3 and STAT3_ligand complexes maintain closed and open conformations, respectively. The
PecA bound at the binding site of the STAT3_ligand complex was colored in purple. (F) A comparison of the conformations of the DNAs in the
STAT3 and STAT3_ligand complexes. The binding free energies of the two complexes were calculated.

binding free energies of two complexes indicates that the covalent
binding of PecA has made the STAT3-DNA complex less stable
than the PecA-free state by 10.8 kcal/mol, resulting in significant
repression of STAT3 functions, which is consistent with that
observed in experiments.

3.5.  PecA suppresses ALCL cells with STAT3 Y640F mutant
in vitro and in vivo

STAT3 is reportedly found in a predominantly activated state
and/or carrying mutations in hematopoietic malignancies such as

anaplastic large T cell lymphoma (ALCL), T-cell large granular
lymphocytic leukemia (T-LGL), diffuse large B cell lymphoma
(DLBCL), and others*>*’. We noticed that recurrent mutations
in STAT3 are mainly located in the SH2 domain, which is
responsible for dimerization®®. We therefore hypothesized that
PecA exhibits its inhibitory effects by mediating covalent
dimerization through cysteines outside of the SH2 domain, sug-
gesting that PecA binding could potentially override the effects
of recurrent STAT3 mutations associated with hematopoietic
malignancies. To test this possibility, we individually introduced
a set of STAT3 mutants previously found in patients with
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hematopoietic malignancies into Karpas299 cells (Supporting
Information Fig. S5A). Cell viability assays showed that PecA
exhibited a range of potencies against cells harboring Y640F,
N6471, and A662V mutations since they exhibited comparable
sensitivity to that of WT STAT3 (Fig. 5SA and Fig. S5B).
Consistent with this result, PecA induced dimerization of
STAT3Y**" and STAT3"**"" similar to its effect in WT STAT3
(Fig. 5B and C), whereas STAT3 D661 mutants (including
D661V, D661Y, and D661H ) showed nearly 2-fold higher ICs to
PecA compared to WT control cells (Fig. 5A), as well as
decreased dimerization upon PecA treatment (Fig. 5B).

Since Y640F, which increases STAT3 transcriptional activity, is
reportedly the most frequently recurring STAT3 mutation, accounting
for 40%—70% of total mutations®>, we performed gPCR assays to
quantify the expression of STAT3 target genes in Karpas299 and SU-
DHL-1 cells harboring STAT3™ " or STAT3 Y% treated with PecA.
The results indicated that STAT3 target gene expression was reduced
in both WT and Y640F-expressing cells, thus confirming that PecA
suppressed STAT3 transcription regulatory activity (Fig. SD and E).
These data suggested that PecA inhibition of STAT3 could override
the effects of WT STAT3 or STAT3Y%F hyperactivity.

We next evaluated the in vivo anti-tumor efficacy of PecA in
lymphoma Jeko-1 xenograft mouse models. Administration of

Figure 5

20 mg/kg PecA once daily or twice daily for 7 days resulted in
significant tumor growth inhibition compared to controls as shown
by the tumor volumes and tumor weights (Fig. 6A-C). No
obvious body weight loss or gross signs of toxicity in PecA-
treated groups were observed (Supporting Information
Fig. S6A). We further conducted xenograft mice harboring tu-
mors with either WT STAT3 overexpression or Y640F mutant
Karpas299 cells and then administered vehicle or 20 mg/kg of
PecA twice daily. We found that tumor growth was substantially
lower in mice treated with PecA compared to controls (Fig. 6D),
without significant loss of body weight in either the WT or Y640F
groups (Fig. S6B). After 7 days treatment of PecA, tumors were
significantly smaller in PecA-treated groups than of vehicle
groups (Fig. 6E and F). Furthermore, forced dimerization of
STAT3 was also observed in PecA-treated tumor samples. STAT3
signaling was abrogated by PecA as indicated by reduced Y705
phosphorylation levels in STAT3 (Fig. 6G). We also observed
significantly higher cancer cell death under PecA treatment
through TUNEL staining (Figs. S6C and S6D) and Hematoxylin
and eosin staining (Fig. 6H). Taken together, these results
demonstrated that PecA exhibits profound anti-tumor efficacy
in vivo against ALCL neoplasms with constitutively activated
STAT3 or STAT3Y**F,

PecA is efficacious against STAT3™ and STAT3Y**°F ALCL. (A) Karpas299 cells with STAT3 mutations were treated with series

concentrations of PecA for 48 h. Cell viability was tested by MTS. (B) Karpas299 cells harboring different STAT3 mutations were treated with
PecA. STAT3 dimerization was analyzed by Western blot. (C) Karpas299 cells harboring wildtype STAT3 or STAT3 Y640F mutations were
treated with 20 pmol/L PecA for 2 h. Cell lysates were then subjected to SDS-PAGE. (D, E) Wildtype STAT3 or STAT3 Y640F mutations
engineered Karpas299 (D) or SU-DHL-1 cells (E) were treated with 20 pmol/LL PecA for 4 h. The mRNA levels of STAT3 target genes were
quantified by real-time PCR. Data are presented as mean = SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6  PecA suppresses tumor growth in xenograft models of STAT3™ and STAT3Y**F lymphoma. (A-C) Lymphoma Jeko-1 xenograft
tumor models were administrated with the vehicle, 20 mg/kg PecA once daily (qd) or twice daily (bid) by tail vein injection. Data are presented as
mean + SEM (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001, NS, not significant. The tumor volumes were monitored daily (A). Tumors were
separated. Weights of tumors (B) and representative photos (C) for each experimental group are shown. (D—H) xenograft mouse models harboring
wildtype or Y640F STAT3 transfected Karpas299 cells were treated with vehicle or 20 mg/kg PecA twice a day by tail vein injection. The tumor
volumes and body weights were measured every day (D). The tumors were harvested 7 days after drug treatment. Weights of tumors (E) and
representative photos (F) for each experimental group are shown. The levels of STAT3 and p-STAT3 were analyzed by Western blot (G). H&E
staining was shown (H), scale bar = 50 pm.

4. Discussion characterized by a densely functionalized core scaffold consisting
of a 6/6/6/5-fused tetracyclic carbon skeleton. This scaffold
Novel chemotypes may result in unexpected, and possibly un- originates from the syn-[442] Diels—Alder cyclo-addition of

precedented bioactivity or can identify previously unrecognized monomeric epoxyquinols, and could then be decorated through
mechanisms of action. The panepocyclinol-type compounds are chlorination, methylation, acetylation, or hydration reactions,
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thereby diversifying the panepocyclinol scaffold into pan-
epocyclinols A-H. In our previous work, we revealed the
biosynthetic route of epoxyquinol-based dimeric compounds and
demonstrated their diverse biological activities, such as promoting
embryonic stem cell (ESCs) differentiation, suppressing inflam-
matory effect, and so on”?. In the present study, we delved into the
molecular mechanism of PecA’s anti-tumor activity and revealed
the di-covalent modification of STAT3 by PecA. Having reactive
moieties of a-chloro unsaturated ketone and «, $-epoxide ketone,
PecA covalently interacts with separate STAT3 monomers in the
pocket formed by the SH2 domain of STAT3 dimers. This unique
di-covalent modification on STAT3 dimers stems from the
inherent dimeric nature of PecA, which further illustrates that
structurally complex and diverse dimeric compounds can play a
prominent role in the discovery of chemical probes and drug
candidates.

Many disease-associated proteins require higher-order assem-
bly to activate their function. Previous strategies to disrupt
protein-protein interaction (PPI) have long been applied in drug
discovery. In the last ten years, the field of PPI modulation has
rapidly expanded to a new direction of molecular glues or PPI
stabilization. For example, Wojtaszek et al.’' demonstrated JH-
RE-06 acted as a dimerization inducer of REV1, thus disrupting
the REV1—REV7 interaction and DNA polymerase zeta recruit-
ment to sensitize the tumor to cisplatin. Li et al.>® reported that
NVS-STG2 elicited potent STING-mediated immune responses in
cells and antitumor activities by inducing high-order oligomeri-
zation of STING. Together, molecular glue-like small molecules
have the ability to target dynamic and seeming featureless protein
interfaces, especially those “difficult to drug” or “yet to be
drugged” targets via traditional approaches.

PecA induced STAT3 dimers formation via di-covalent modi-
fication, exerting a molecular glue-like feature. This mechanism of
action by PecA is distinct from that of known SH2 domain-
targeting STAT3 inhibitors which disrupt STAT3 dimerization,
such as Stattic’, STA-2153, and S31-201%. Our data also showed
that PecA exhibited the most potent inhibition among the tested
STAT3 inhibitors. These findings suggest the potential thermo-
dynamical advantage of molecular glues, especially covalent
molecular glues, since they usually induce the most stable ternary
complex.

Targeting unique PPI interfaces also provides the possibility to
improve drug selectivity. In our case, the unique binding pocket
within STAT3 dimer results in high selectivity for PecA, but not
other STAT family proteins. Numerous strategies have emerged
for the identification of selective and potent STAT3 inhibitors for
clinical use, including STAT3 degraders™ and so on. However, no
STAT3-targeted drugs have been approved to date. Our work thus
contributes a distinct approach to disrupting STAT3 function.
Since PecA has shown profound in vivo anti-tumor efficacy
against STAT3-driven ALCL neoplasms, our results indicate that
PecA can serve as a promising starting point for de novo design of
STAT3-targeted small molecule drugs.

By MD simulation, we found that di-covalent modification of
STAT3 dimer by PecA changed the conformations of the a-helices
of STAT3, thus impeding interaction between STAT3 and DNA.
However, the precise binding mode was not yet defined, particu-
larly since C718 is situated within a highly flexible region that is
not represented in the available crystal structure of STAT3. Our
attempts to obtain the co-crystal structure of STAT3 and PecA
have also failed. Therefore, the exact binding mode of STAT3-
PecA remains further investigation.

5. Conclusions

In summary, our work reveals that dimeric natural product pan-
epocyclinol A (PecA) emerged as a selective STAT3 inhibitor.
PecA inhibits binding between STAT3 and DNA by cross-linking
C712/C718 residues in separate monomers with two distinct
Michael receptors, resulting in a unique di-covalent modification
of the STAT3 dimer. PecA exhibits profound anti-tumor efficacy
in vitro and in vivo against ALCL neoplasms with constitutively
activated STAT3 mutants discovered in clinic. Our work thus
contributes a distinct approach for disrupting STAT3 function and
indicates PecA can serve as a promising starting point for de novo
design of STAT3-targeted small molecule drugs.
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