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Abstract

The transcription factor STAT3 is constitutively active in many cancers, where it
mediates important biological effects including cell proliferation, differentiation, survival, and
angiogenesis. The N-terminal domain (NTD) of STAT3 performs multiple functions such as
cooperative DNA binding, nuclear translocation and protein-protein-interactions. However, it is
unclear which subsets of STAT3 target genes depend on the NTD for transcriptional regulation.
To identify such genes, we compared gene expression in STAT3-null mouse embryonic
fibroblasts (MEFs) stably expressing wild-type or NTD-deleted STAT3. NTD deletion reduced
cytokine-induced expression of specific STAT3 target genes by decreasing STAT3 binding to
their regulatory regions. To better understand potential mechanisms of this effect, we
determined the crystal structure of the STAT3 NTD and identified a dimer interface responsible
for cooperative DNA binding in vitro. We also observed a Ni**-mediated oligomer with as yet
unknown biological function. Mutations on both dimer and Ni**-mediated interfaces affected
cytokine induction of STAT3 target genes. These studies shed light on the role of the NTD in the
transcriptional regulation by STAT3 and provide a structural template to design STAT3 NTD

inhibitors with potential therapeutic value.
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Introduction

Signal transducer and activator of transcription (STAT) proteins are a family of latent
transcription factors activated by cytokines and growth factors (1). Mammals contain seven
STAT proteins, each highly conserved across species. Of these, STAT3 is a multi-functional
member involved in acute-phase response, development, cell growth and differentiation,
immunity, hematopoiesis, and tumor survival. Upon stimulation by cytokines such as
interleukin-6 (IL-6), STAT3 is phosphorylated by Janus-family kinases (JAKs) at Tyr705,
dimerizes and translocates into the nucleus to regulate gene expression. While normal cells
display transient physiologic STAT3 activation due to tight regulation by inhibitory molecules
(1), many cancer cells depend on constitutive activation of STAT3 for survival; and ectopic
expression of STATS3 is sufficient for cell transformation (2-5). Given its necessity and
sufficiency for tumorigenesis, STAT3 represents a promising target for cancer therapy (6, 7).

STATS3 is composed of an N-terminal domain (NTD) and a “core domain” comprising a
coiled-coil domain for protein-protein interactions (PPI), a DNA-binding domain, a linker
region, an SH2 domain for dimerization, and a C-terminal domain for transactivation. Structures
of the “core domain” have already been determined (8-10). However, the structure of the NTD
is yet unknown. Its function can be summarized into three main categories (Supplemental
Table ST1). First, the NTD mediates tetramerization of two Y705-phosphorylated STAT3 (P-
STATS3) dimers to cooperatively bind closely-spaced STATS3 sites in gene promoters (11-13).
This cooperativity is critical for STAT3 to recognize weaker binding sites, potentially
broadening the pool of its target genes. However, the full complement of target genes dependent
on STAT3 NTD has not been determined. Second, the NTD mediates dimerization of

unphosphorylated STAT3 (U-STAT3) and is essential for its nuclear accumulation (14-16),
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DNA binding (17), chromatin remodeling (17-19), and regulation of gene expression (18). A
point mutation in the NTD (L78R) that disrupts U-STAT3 dimerization has been identified in
inflammatory hepatocellular adenoma (IHCA) (20, 21). The NTD is also necessary for U-
STATS3 to suppress pro-apoptotic genes, which drives the proliferation and survival of breast
cancer cells (22). Finally, STAT3 NTD binds other proteins to form functional complexes in
transcriptional regulation and anti-viral response. Many of these interactions require post-
translational modifications of the STAT3 NTD (23-29). Besides these three main functions,
other properties of STAT3 might also involve the NTD. These include the oligomerization of U-
STATS3 in the cytosol (30), direct regulation of STAT3 by metal ions (31-33), and non-genomic
functions of STAT3 in microtubule stabilization (34) and mitochondrial metabolism (35).

Despite the extensive studies of STAT3 NTD functions, a systematic understanding of
the genes regulated by the STAT3 NTD is lacking, and the atomic structure of the STAT3 NTD
remains unknown. In this study, we identified genes regulated by the STAT3 NTD by
comparing gene induction in STAT3-null mouse embryonic fibroblasts (MEFs) stably expressing
wild-type or NTD mutant STAT3. We also determined the crystal structure of the STAT3 NTD
to elucidate functional interfaces. This study provides novel insight into transcriptional

regulation by STAT3 and structural hints to design STAT3 NTD inhibitors.

Materials and Methods
Generation of stable cell lines

Wild-type mouse embryonic fibroblasts (MEFs) and STAT3-null MEFs (received from
Valeria Poli, University of Turin, Italy) (36, 37) were maintained in Dulbecco’s modified Eagle

medium (DMEM) containing 10% fetal bovine serum. STAT3-null MEFs were stably



(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

transfected with pPCMV6-hSTAT3a using Lipofectamine 2000 (Invitrogen, Grand Island, NY)
and selected for 2 weeks in 500 pg/mL G418 (Life Technologies, Grand Island, NY). Individual
clones were picked with 5 mm cloning disks (Bel-Art, Wayne, NJ). All cells were maintained in

a humidified incubator at 37 °C with 5% CO,.

Cytokine stimulation
MEFs were stimulated with leukemia inhibitory factor (EMD Millipore Corporation,
Billerica, MA), 10 ng/mL unless otherwise indicated, for 15 min for protein analyses, 30 min for

mRNA analyses, and 15 min for chromatin immunoprecipitation (ChIP) analyses.

RNA isolation for RNA-Seq analysis

Total RNA was isolated from 5x10° cells using TRIzol (Invitrogen) reagent as per the
manufacturer’s instructions. Quality, quantity, and integrity of total RNA were evaluated using a
NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA) and a Bioanalyzer
2100 (Agilent Technologies, Santa Clara, CA). Library preparation (ribosomal depletion-
RNASeq method) and sequencing were performed by the Dana-Farber Cancer Institute Center
for Computational Biology. The cDNA library of good quality was PCR amplified and

sequenced on an [llumina HiSeq 2000 System with a paired-end, 50-cycle flow cell.

RNA-Seq data analysis
Quality of reads was checked using FASTQC
(http://www .bioinformatics.babraham.ac.uk/projects/fastqc/). Available reads were aligned to

the UCSC Mus musculus reference genome (mm9) using Tophat 2 (http://tophat.cbcb.umd.edu/)
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and gene expression levels in FPKM quantified using Cufflinks 2
(http://cufWTinks.cbcb.umd.edu/). All alignment statistics are reported in Supplemental Table
ST2.

Htseq-count (http://www-huber.embl.de/users/anders/HTSeq/doc/count.html) was used to count
the number of reads for each transcript followed by analysis using the Bioconductor package

edgeR (http://www.bioconductor.org/packages/release/bioc/html/edgeR.html). This package,

with default parameters, was used to filter out genes expressed at low levels, with a CPM (count
per million) < 3 and to remove batch effects. Differentially expressed genes were calculated
using the following groups:

e STAT3-null MEFs + WT unstimulated vs. STAT3-null MEFs + WT LIF-stimulated

e STAT3-null MEFs + WT, Trp’’Phe, or ANTD unstimulated vs. STAT3-null MEFs +

WT, Trp’’Phe, or ANTD LIF-stimulated.

STAT3 binding site analysis

All available murine STAT3 ChIP-seq datasets were downloaded from the Gene
Expression Omnibus (GEO): GSM288353, GSM494687, GSM494690, GSM494691,
GSM494694, GSM580756, GSM686673. Each gene was checked for the presence of STAT3
peaks in a window of 5 kb centered at the transcription start site using Cistrome Finder
(http://cistrome.org/finder/). Each gene was also checked for the presence of a STAT3 motif

(MAO0144.1) from JASPAR MOTIF database (http://jaspar.genereg.net/) in a window of 5 kb

centered at the transcription start site using FIMO (38) software

(http://meme.nber.net/meme/fimo-intro.html) with default parameters and p-value of 1x10™.
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JASPAR contains transcription factor binding profiles derived from experimentally defined

binding sites in eukaryotes presented as position-specific scoring matrices.

RT-PCR

Total RNA was extracted using RNeasy Mini kits (Qiagen, Valencia, CA) and reverse
transcribed with TagMan kits (Applied Biosystems, Foster City, CA). Quantitative PCR (qPCR)
was performed in triplicate using SYBR select master mix (Applied Biosystems) on a 7300 or
7500 real-time PCR system (Applied Biosystems) with 40 cycles of: 95 °C for 30 sec, 55 °C for
30 sec, and 72 °C for 30 sec. Specificity of amplification was confirmed by melt curve analysis.
Cycle threshold (Cr) values for target isoforms were normalized to an endogenous reference
gene (HPRT). Primer sequences given in Supplemental Table ST4 were designed from UCSC

genome browser reference transcript sequences using Primer3 software.

Chromatin immunoprecipitation

ChIP was performed as previously described (39). Briefly, cells (1 x 107) were fixed in
1% formaldehyde for 10 min, sonicated using a Fisher Scientific Sonic Dismembranator Model
500 PDQ on setting 15 in 15 sec pulses, and lysates immunoprecipitated overnight at 4 °C with
an antibody for STAT3 (sc-482) from Santa Cruz Biotechnology, Inc. (Dallas, TX). Quantitative
PCR was performed using primers listed in Supplemental Table ST4. Results were expressed

as % of input.
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Immunoblot analyses

Cells were lysed on ice for 15 minutes in EBC lysis buffer [SO mM Tris (pH 8.0), 250
mM NaCl, 0.5% NP40] supplemented with phosphatase and complete protease inhibitors
(Roche, Indianapolis, IN). Blots were probed with antibodies to STAT3 (sc-482) from Santa
Cruz Biotechnology; phospho-STAT3 (Y705) (9131) from Cell Signaling Technology, Inc.
(Danvers, MA); and tubulin (T5168) and actin (A5316) from Sigma-Aldrich Corp. (St. Louis,
MO). Nuclear and cytoplasmic fractionations were performed according to the manufacturer’s

instructions (Active Motif, Carlsbad, CA).

Protein production

Various constructs including different truncations and solubilization tags of human
STAT3 NTD (which has the same sequence as mouse) were tested for optimal expression and
purification. We found that deleting the first two residues of STAT3 NTD (Metl and Ala2)
dramatically improved the soluble expression of the protein. Thus we cloned residues 3-120, 3-
124, 3-126, 3-130, 3-135, and 3-138 into a custom vector derived from pET-series vectors (EMD
Millipore) for recombinant expression in E. coli. Each insert was preceded by a 6xHis tag
followed by a recognition site (“LEVLFQGP”) of PreScission protease (GE Healthcare). The
plasmids were transformed into BL21 (DE3) (Life Technologies). Single colonies were
inoculated into 10 mL of Terrific Broth (TB) medium (Teknova) supplemented with 30 mg/L
kanamycin and grown at 37°C overnight. The next day the overnight culture was amplified into
1 L of TB medium with 30 mg/ml kanamycin. The culture was grown at 37 °C for 3-4 hr until
OD A600 reached 2.0, induced with isopropyl-beta-D-thiogalactoside (IPTG) to 0.4 mM to

induce expression, and grown at 16 °C overnight. The cells were harvested by centrifugation at
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5,000 g for 20 min. The pellet was resuspended in binding buffer (50 mM Tris-HCI (pH 8.0),
500 mM NaCl, 1 mM TECP, 10% glycerol) supplemented with complete protease inhibitors
(Roche, Indianapolis, IN) and 0.1 mg/mL deoxyribonuclease I from bovine pancreas (Sigma) per
50 mL of lysis buffer, then lysed by passing through a Microfluidizer (Microfluidics) two times.
The lysate was cleared by centrifugation at 25,000 g for 1 hr. Talon resin (Clontech) was then
added to the supernatant for batch binding overnight at 4 °C. The next day the resin was packed
into a column, washed with binding buffer plus 20 mM imidazole, and eluted with binding buffer
plus 300 mM imidazole. The eluted protein was supplemented with PreScission protease (100
pg per 10 mg of target protein) and dialyzed in binding buffer at 4 °C overnight. The mixture
was concentrated using Amicon Ultra (EMD Millipore) and loaded onto a HiLoad 16/60
Superdex 200 (GE Healthcare) size-exclusion column equilibrated in 20 mM Tris-HCI (pH 7.5),
150 mM NaCl, and 1 mM dithiothreitol (DTT). Peak fractions were analyzed by SDS-PAGE,
pooled, and concentrated for crystallization.

Wild-type STAT3 (mouse B isoform, residues 1-722, UniProt number P42227) was
cloned into pET-SUMO vector (Life Technologies) with a PreScission recognition site inserted
between the 6xHis-SUMO tag and STAT3. The plasmid was transformed into TKB1 (DE3)
(Agilent) or BL21 (DE3) to produce Y705-phosphorylated or non-phosphorylated STATS3,
respectively. Protein expression, affinity chromatography, and tag cleavage were the same as in
the production of STAT3 NTD. After tag cleavage, the mixture was bound back to 1 mL
HisTrap HP column (GE Healthcare) and eluted with an imidazole gradient (0 — 300 mM). Pure
full-length STAT3 (OD A260/A280 ratio ~ 0.55) was eluted at about 20 mM imidazole. The
protein was then concentrated and loaded onto a HilL.oad 16/60 Superdex 200 size-exclusion

column equilibrated in 20 mM Tris-HCI (pH 8.0), 500 mM NaCl, 5% glycerol, and 1 mM DTT.
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Peak fractions were analyzed by SDS-PAGE, pooled, and concentrated for assays. Mutant full-
length STAT3 was produced in the same way as wild-type STAT3. The STAT3 core domain
(residues 127-722 of mouse STAT3 B isoform) was also produced in the same way, except that
the protein mixture after tag cleavage was loaded onto a HiTrap Q HP column (GE Healthcare)
instead of the HisTrap column, and eluted with 20 mM — 1M NacCl gradient in 50 mM Tris-HCI
pH 8.0, 10% glycerol and 1 mM TCEP. Size exclusion coupled with multi-angle static light
scattering (SEC-MALS) of non-phosphorylated full-length STAT3 was performed on a DAWNR®
HELEOS® II multi-angle static light scattering detector (WYATT) connected to a Superdex 200
10/300 GL size-exclusion column (GE Healthcare). Data were analyzed using Dynamics 7

program (WYATT).

Crystallization and structure determination

All truncations of STAT3 NTD were screened for crystallization, and only residues 3-138
produced crystals. Crystals were grown by hanging drop vapor diffusion. One pL of STAT3
NTD at 8.5 mg/mL was mixed with 1 pL of reservoir solution containing 20% (w/v) PEG3350
and 0.2 M magnesium formate. The drop was immediately streaked with a needle touched to the
small crystals grown from the same condition in the screening plate, and equilibrated against 500
pL of the same reservoir solution at 4 °C. The crystal grew to a size of 200 um x 50 um x 50 um
in 3 days. The crystals were then transferred to reservoir solution containing additional 20%
ethylene glycol and flash cooled in liquid nitrogen. Diffraction data were collected at beamline
17-ID at the Advanced Photon Source (Argonne National Laboratory, USA), and processed and
scaled using XDS (40). The structure of the STAT3 NTD was solved by molecular replacement

using Phaser (41) with the structure of the STAT4 NTD (PDB ID: 1BGF) as a search model.

10
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The final model was built in COOT (42) and refined with Phenix (43), CNS (44) and Buster
(Global Phasing, LTD) (45). Statistics of the data and model are summarized in Table 1. The

structure has been submitted to the Protein Data Bank (PDB ID: 4ZIA).

Sze-Exclusion Chromatography — Small Angle X-ray Scattering (SEC-SAXS)
SEC-SAXS experiments were performed at BioCAT (beamline 18-ID, Advanced Photon

Source at Argonne National Labs) (46). The set-up included a focused 12 KeV (1.03 A) x-ray
beam, a 1.5 mm quartz capillary sample cell, a sample to detector distance of ~2.5 m, and a
Marl165 CCD detector. The g-range sampled was ~ 0.0065 — 0.3 A™. In order to ensure sample
monodispersity, we used an in-line SEC setup, which included an AKTA-pure FPLC unit and a
Superdex-200 10/300 GL column (GE Healthcare Life Sciences). The column outlet was
directly connected to the SAXS sample cell. One-second exposures were collected every 5 sec
during the gel-filtration chromatography run. Exposures before and after the elution of the
sample were averaged and used as the buffer curve, and the exposures during elution (co-
incident with the UV peak on the chromatogram) were treated as protein+buffer curves. Data
were corrected for background scattering by subtracting the buffer curve from protein+buffer
curves. Data from the frame corresponding to the UV peak with S greater than 0.2 A were
analyzed using PRIMUS, GNOM, DAMMIF, DAMMIN, CRYSOL, DAMAVER and
SUPCOMB of the ATSAS package (47) (Supplemental Figure S4). Molecular envelopes were
generated by averaging 20 bead models generated by DAMMIF, with DAMAVER to use as a
starting model for DAMMIN, applying 2-fold symmetry. The radii of gyration, R,, determined

by Guinier analysis or by GNOM were similar (21.20 £ 0.09 A and 21.35 + 0.09 A respectively).

11
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The maximum particle diameter Dy, as determined by PRIMUS, was 74.7A. The crystal

structure models were fitted to the envelope using SUPCOMB.

Electrophoretic mobility shift assay (EMSA)

DNA probes with 5-TAMRA™ (Azide) modifications at the 5> ends were purchased
from Integrated DNA Technologies (DNA probe sequences listed in the corresponding figures).
The protein-DNA mixture (10 uL) for EMSA consisted of 100 nM of DNA probe, STAT3
protein at the indicated concentrations, 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM DTT, 1
mg/mL bovine serum albumin (BSA, Roche, Indianapolis, IN), and 50 pg/mL salmon sperm
DNA (R&D Systems). The sample was incubated on ice for 30 min, while 10-well DNA
Retardation gels (6% polyacrylamide gel, Life Technologies) were pre-run in 0.5X TBE buffer at
200 V for 30 min at 4 °C. The sample was then added with 2 pL of 50% (v/v) glycerol to 10%,
loaded onto the gel, and run in 0.5X TBE at 200 V for 45 min at 4 °C. The gel was scanned on a

Typhoon 9410 fluorescence scanner at the TAMRA™ excitation and emission wavelengths.

Fluorescence polarization

Samples for fluorescence polarization (20 uL for 384-well plate) were prepared by
mixing 2 nM of DNA probe (as described for EMSA) and STATS3 protein at a series of
concentrations (serial dilution from 500 nM (STAT3 ANTD) or 150 nM (STAT3 FL and its
mutants) by 1.5 fold for 23 iterations) in PBS supplemented with 1| mM DTT, 1 mg/mL BSA
(Roche, Indianapolis, IN), and 50 pug/mL salmon sperm DNA (R&D Systems). The fluorescence
polarization signal was recorded on an EnVision Multilabel plate reader (PerkinElmer) equipped

with Optimized Bodipy TMR FP Dual Emission Label. Data were fit using GraphPad Prism

12
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with the following “log(agonist) vs. response -- Variable slope” equation to generate Kp and Hill
slope:

Y = Bottom + (Top-BOttom) / (1+10(LogKD—X) : HillSlope))

Satistical analyses

Two-tailed T tests for paired samples were performed with Graphpad Prism 6 Software
(La Jolla, CA). Data are presented as means =+ SD for the indicated number of independent
experiments (Figure 5B, Supplemental Figure S1C) or means = SEM for one representative

replicate (Figure 2A&B, Figure 3C, Figure 4B, Figure 12B).

Results
| dentification of STAT3 NTD-dependent target genes

To identify transcripts whose expression is regulated by STAT3 NTD, we performed
ribosomal depletion RNA-Seq on STAT3-null mouse embryonic fibroblasts (MEFs) stably
expressing wild-type (WT) human STAT3 or a deletion mutant of the entire N-terminal domain
(residues 1-126; ANTD), which were then stimulated with leukemia inhibitory factor (LIF) to
induce STAT3 activation. Single clones expressing WT and ANTD STAT3 were chosen for
having similar STAT3 protein levels as the levels of endogenous STAT3 in wild-type MEFs, and
for showing comparable STAT3 phosphorylation in response to LIF stimulation (Figure 1).
Stimulation conditions were optimized in wild-type MEFs and STAT3-null MEFs stably
expressing WT STAT3. Relative mRNA levels of known STAT3 target genes, including EGRI1,
SOCS3, JUNB, KLF4, and STAT3 (which positively regulates its own expression), were used to

choose an induction time point of 30 minutes and a LIF concentration of 10 ng/mL (Figure 2).

13
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STAT3 mRNA is detectable in this system because these STAT3-null MEFs were generated via
partial rather than complete deletion of STAT3 that produces a frame-shifted mRNA unable to
encode functional protein (36, 37). These time point and cytokine concentration conditions were
used for RNA-Seq analyses.

We initially focused on the 100 genes most upregulated by LIF in STAT3-null MEFs
expressing WT STATS3 as detected by RNA-Seq. Many of these genes are known transcriptional
targets of STAT3 (including EGR1, STAT3, JUNB, and |ER3 (48-51)), confirming that LIF
induced STAT3 transcriptional activity in these cells. These genes are likely to be STAT3-
dependent since LIF does not induce the transcription of known STAT3-regulated genes in
STAT3-null MEFs (Supplemental Figure S1). Among the top 100 LIF-induced genes, the
smallest gene induction observed was 1.48-fold for PACSL and the largest gene induction was
4.34-fold for EGR1 (Supplemental Table ST3). Significantly, 83 of these 100 genes showed at
least a twenty percent decrease in induction in MEFs carrying ANTD compared to WT STAT3
(Figure 3A&B left), indicating that they were likely directly regulated by STAT3 and that the
NTD was responsible for important functional effects on gene induction. However, we
considered the possibility that expression of ANTD STAT3 might decrease gene expression
through a non-specific effect. Thus, we repeated this analysis for 100 genes selected from those
that did not show any significant change with LIF stimulation in STAT3-null MEFs expressing
WT STATS3. In cells expressing ANTD STAT3, only 12 of these genes showed a decrease of at
least 20% compared to cells expressing WT STAT3 whereas 76 showed no change in induction
and 12 showed an increase of at least 20% (Figure 3A&B right), indicating that ANTD STAT3

did not affect gene expression non-specifically. From the 20 most highly LIF-induced genes, we

14
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selected 4 for independent validation with qRT-PCR, and confirmed reduced induction of all of
these genes with STAT3 containing deletion of the NTD (Figure 3C).

We next considered the hypothesis that the NTD might play an especially critical role in
STATS3 transcriptional activity when Y705-phosphorylated STAT3 (P-STAT3) is present in
lower amounts by helping it bind to weak sites through cooperativity. To test this hypothesis, we
first transiently expressed WT or ANTD STAT3 in STAT3-null MEFs to achieve comparable
levels of total STAT3 and then stimulated the cells with a range of LIF concentrations to
determine the effect of NTD deletion on STAT3 tyrosine phosphorylation at low cytokine levels
(Figure 4A). We selected a concentration of LIF (0.5 ng/mL) for mRNA analyses because this
low dose induced observable PY-STAT3 levels in the MEFs. We then examined eight genes,
three previously validated to be dependent on the STAT3 NTD by qRT-PCR (EGR1, FOSB,
ERRFI1) and five others that had independent evidence of STAT3-dependency. In cells with
ANTD STATS3, gene expression was not increased upon LIF induction but was in fact decreased
in all eight of these genes (Figure 4B), suggesting ANTD STAT3 may act as a dominant
inhibitory form under these low cytokine stimulation conditions. These analyses clearly indicate

a role for the NTD in the expression of a subset of STAT3-dependent genes.

NTD deletion reduces STAT3 recruitment to target genes

To elucidate the mechanism by which NTD deletion reduces LIF-induced transcription of
STATS3 target genes, we investigated STAT3 binding to NTD-dependent genes using chromatin
immunoprecipitation (ChIP). If the NTD is essential for STAT3 cooperative DNA binding, then
we predicted that genes whose regulatory regions have tandem STAT3 binding motifs might

show less STAT3 DNA binding with the ANTD form of STAT3 compared to WT STAT3 (11,
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13). To identify candidates among the 100 most LIF-upregulated genes with regulatory regions
containing tandem STAT3 binding sites, we utilized published STAT3 ChIP-Seq data sets with
experimental evidence of STAT3 binding and also a sequence-based algorithm (52) to predict
STATS3 binding sites. Using both approaches, we searched the promoters of NTD-dependent
genes for the presence of at least two proximal STAT3 consensus motifs (TTCN3;GAA) and
identified 6 candidate genes (Figure 5A). NTD deletion reduced STAT3 recruitment to sites in
all of these genes (Figure 5B), directly correlating with the observed decreases in mRNA
transcript levels (Figure 5C) and supporting a role for the NTD in modulating STAT3
transcriptional activity at the level of DNA binding. The lack of full correlation between
reduction in STAT3 DNA binding measured with ChIP and gene expression measured with
RNA-Seq seen at this single time point is likely due to the rapid and transient nature of both
STAT3 chromatin recruitment and STAT3 target gene expression in response to LIF (Figure
2A&B, Supplemental Figure S2).

Based on recent evidence of the role of single-site cooperativity in activity of the related
transcription factor STAT1 (53), we considered the possibility that STAT3 NTD-mediated
cooperativity may not be restricted to genes with tandem binding sites. To test this hypothesis,
we analyzed the top 100 LIF-upregulated genes to identify genes that possess only a single
predicted STAT3 binding motif within a window 5 kb upstream and downstream of the
transcription start site. Of these 100 genes, only 4 had a single STAT site, which suggests that
binding to tandem sites may be generally important for STAT3-dependent gene regulation. We
then used ChIP to evaluate LIF-induced STAT3 DNA binding to these predicted motifs. Of the
4 genes with a single predicted STAT3 motif, only 2 (SNORD87 and ZFP184) showed LIF-

induced STAT3 DNA binding in STAT3-null MEFs stably expressing WT STAT3. For these

16



(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

two genes, NTD deletion did not significantly reduce LIF-induced STAT3 binding to the
predicted motif (Supplemental Figure S3). Although this reflects the findings from only two
genes, these results are consistent with the hypothesis that NTD-mediated cooperative binding of
STATS3 occurs only with STAT3 binding to tandem sites.

Given the contribution of the NTD to STAT3 binding to tandem sites, we considered the
hypothesis that NTD-dependent genes have more STAT3 binding motifs than NTD-independent
genes. We compared the total number of STAT3 binding motifs in the regulatory regions of
NTD-dependent vs. NTD-independent genes in a window 5 kb upstream and downstream of the
transcription start site (TSS). We did not find any significant difference in the number of
binding motifs, either upstream or downstream of the transcription start site, between NTD-
dependent and NTD-independent genes (Supplemental Figure S4), suggesting that the spacing
or relative binding strength of STAT3 sites, rather than the total number of sites, might be the

key determinant of cooperativity.

Crystal structure of the STAT3 NTD

To better understand the structure-function relationship of the STAT3 NTD, we
determined its crystal structure. The overall structure of the STAT3 NTD is similar to that of
STAT1 (54) and STAT4 NTD (55, 56). Eight a-helices fold into a triangle “hook” (Figure 6A),
starting with a ring of four small helices (a1-a4), linked by a short a5 to a coiled-coil (a6 and
a7), and ending with a long helix (a8) perpendicular to the coiled-coil. Five copies of the
STAT3 NTD constitute the asymmetric unit of the crystal (Figure 7A). There are two
significant protein-protein interfaces: a “handshake” dimer interface and a Ni*"-mediated

tetramer interface (Figure 6B).
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The “handshake” dimer buries ~960 A” of surface area per monomer (~13% of the total

1”” and Leu’) inserting into the four-

surface area) and is formed by the tip of the coiled-coil (Va
helix ring of another monomer (Figure 6C). The resulting interface is further stabilized by
multiple hydrogen bonds (H-bonds). Across the three copies of “handshake” dimers in the
asymmetric unit (one of them formed with a monomer from the neighboring asymmetric unit),
the Val”’/Leu’®-ring interaction remains the same while several of the H-bonds are broken in
some copies (e.g. G1u16-Arg70, His"-His®', not shown here), consistent with the essential role of
Val”"/Leu’® in the dimerization of STAT NTDs (54, 57-61).

The Ni*" interface is formed by four coiled-coil segments (from four monomers)
centering a metal ion, designated Ni*" (Figure 6D), since STAT3 NTD is purified by Ni**-NTA
and Ni** shifts the STAT3 NTD from dimer to higher oligomer in size exclusion
chromatography (Supplemental Figure S5). Although the Ni*" is likely introduced in the
purification process, it may reflect a physiologically relevant interaction at this site. The Ni*" jon
sits on a crystallographic 2-fold symmetry axis perpendicular to the non-crystallographic
symmetry (NCS) 2-fold axis and is coordinated in a square planar geometry by four histidine
residues (His’®). Therefore, the Ni*" links four “handshake” NTD dimers into an octamer
(Figure 6D). This interface buries ~730 A? of surface area per monomer (~10% of the total
surface area) and has a network of H-bonds between coiled-coil helices (Figure 6D). The Trp37
residue, previously reported to interfere with STAT tetramerization and cooperative DNA-
binding (11, 55, 62, 63), happens to lie at the center of this interface and forms an H-bond to

Glu®. Interestingly, the X-ray scattering data and ab initio envelopes indicate good agreement

with both “handshake” dimer and half of the Ni*'-tetramer interface (chi values 0.77 and 1.79,
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respectively; NSD values after SUPCOMB alignment 0.91 and 1.00, respectively)
(Supplemental Figure S6).

To further assess the functional importance of both interfaces, we performed sequence
alignment of the NTD for all STAT family members. The “handshake” dimerization interface of
the STAT3 NTD, which has been shown to mediate tetramerization of STAT proteins (54, 57-
61), is structurally conserved in STAT1 and STAT4 (Figure 8A). The “Ni*™ interface also
appears in the STAT4 NTD structure, with Trp®’ in the middle of the interface. The Ni*'-
coordinating His*® in STAT3 overlays with GIn>® in the STAT4 interface, with the side-chain
pointing in a similar orientation (Figure 8A).

We then compared the STAT3 NTD across species. Cross-species alignment of STAT3
NTD showed 90% sequence identity from zebrafish to human, precluding the functional
evaluation of individual residues. STAT family alignment showed that the “handshake”

. . s
interface is more conserved than the “Ni’™

interface (Figure 8B), especially at the N-terminal
four-helical ring region (Figure 8C). Several regions of interest are apparent in the sequence
alignment: 1) In the Val”’/Leu’® tip of the “handshake” interface, Leu’® is completely conserved,
and residues at the Val’’ position are always hydrophobic; 2) In the N-terminal helical ring
holding Val”"/Leu’®, both the hydrophobicity of the cavity (e.g. Trp*, Leu'®, Leu'®, Met™®, Phe®®)
and the ability to form H-bonds with the Val”'/Leu” backbone (e.g. GIn®, His'’, GIn™) are
conserved; 3) Trp®’ in the middle of the Ni*" interface is completely conserved, its H-bond
acceptor Glu® is Glu/GIn/His in the alignment; and 4) His™® coordinating the Ni*" is only

conserved in STAT1, STAT3 and maybe STAT?2 (a Phe residue is at this position, but a His

residue is next to it).
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Role of STAT3 NTD in cooperative DNA binding in vitro

Although NTD interactions are thought to mediate cooperative binding of STAT3 to
tandem sites in gene promoters (11-13), there has not been sufficient evidence of cooperativity
using purified, full-length Y705-phosphorylated STAT3 (P-STAT3), probably due to difficulty
generating this protein. We purified recombinant full-length P-STAT3 (mouse 3 isoform) with
the help of an N-terminal SUMO fusion (cleaved subsequently) and co-expression with Elk1
tyrosine phosphatase (TKB1 (DE3) strain that has been used to produce P-STAT3 core domain
(8)). The Tyr'® phosphorylation and dimerization of P-STAT3 were confirmed by intact mass
LC-MS, peptide mapping, and size exclusion chromatography combined with multi-angle light
scattering (SEC-MALS) (Supplemental Figure S7).

We then investigated STAT3 NTD-dependent cooperative DNA binding using
electrophoretic mobility shift assay (EMSA) with a 39 bp dsDNA probe from the well-
characterized a2-macrogobulin (a2M) promoter, which contains one “weak” and one “strong”
STATS3 binding site (11, 12), each predicted to bind to a dimer of P-STAT3. We evaluated
STATS3 cooperativity under conditions when STAT3 protein levels were greater than or less than
that of the a2M probe. When STAT3 protein levels were less than that of the DNA probe, the
majority of WT P-STAT3 was bound to both sites and migrated as a tetramer suggesting a
cooperative interaction between DNA-bound P-STAT3 dimers (Figure 9A). Under the same
binding conditions, ANTD P-STAT3 migrated mainly as a dimer and only as a tetramer when
STATS3 protein levels were increased. This implies that cooperativity of P-STAT3 on tandem
promoter sites is mediated by the NTD. We further confirmed that these complexes represented
dimers and tetramers, respectively, by analytical size exclusion experiments (Supplemental

Table ST5). This approach also excluded the possibility that STAT3 tetramers were forming on
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a single strong site, as has been suggested for STAT1. To further understand the effect of the
NTD on cooperative DNA binding, we investigated the effect on cooperativity of mutations in
the “handshake” dimer interface of the STAT3 NTD domain. STAT3 with point mutations in
this interface (Val’’Ala or Leu78A1a) did not form DNA-bound tetramers on the a2M probe until
levels of STAT3 protein were increased to stoichiometric excess (Figure 9A).

To assess the importance of the order of STAT3 binding sites on tetramer formation, we
swapped the positions of the “strong” and “weak” sites in the a2M probe and found that this did
not impact the cooperativity effect (Figure 9B). In fact, when a DNA probe with two “weak”
sites was used, the cooperativity effect appeared to be enhanced. Conversely, when two “strong”
sites were used, the cooperativity effect was slightly less evident. As a control, we used a DNA
probe containing a single “strong” site, which did not show DNA-bound tetramers on EMSA.

To quantify the cooperativity observed with EMSA experiments, we performed
fluorescence polarization (FP) assays in which the output is a Hill coefficient that describes the
degree of cooperativity. A Hill coefficient of 1 indicates completely independent binding
whereas values greater than 1 indicate positive cooperativity. Using the same a2M probe from
EMSA analyses, WT STAT3 showed cooperative DNA binding with a Hill coefficient of 2.1
while ANTD abolished cooperativity resulting in a Hill coefficient of 1.1 (Figure 10A). The
binding affinity of WT STAT3 for the DNA probe was also slightly stronger than that of ANTD
STAT3 (Kp= 8.2 nM and 25.2 nM, respectively). Point mutations in the “handshake” interface
also disrupted cooperativity, with Hill coefficients ~1, and decreased binding affinity (Kp) to a
similar extent as did the NTD deletion mutation. In contrast, a negative control mutation
Lys'*Met (64) and a mutation in the Ni**-interface (His**Ala) which is not involved in

tetramerization had no effect on the Hill coefficient or Kp. It has been reported that STAT3
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cooperativity is promoter-specific, as it is not necessary for transcription of all genes with
multiple STAT3 motifs. For example, the SOCS3 promoter has tandem sites but does not require
STATS3 tetramerization on its promoter for transcription (65). Consistent with this, FP assays
performed using a probe from the SOCS3 promoter showed a negligible effect of NTD deletion
on the Hill coefficient and Kp compared to WT STAT3 (Figure 10A). In addition, NTD
deletion did not abrogate LIF-induced transcription of SOCS3 in our RNA-Seq experiment
(Figure 10B). Although LIF only slightly induced SOCS3 mRNA at the time point used for
RNA-Seq, analysis by RT-PCR of SOCS3 mRNA over a time course revealed that the
expression of SOCS3 is robustly induced yet tightly regulated over a relatively short timeframe,
consistent with its biological function in negative feedback regulation of STAT3 signaling

(Figure 2A&B).

Evaluation of the NTD interfaces in transcriptional activity of STAT3

To understand the relevance of the observed NTD interfaces in STAT3 transcriptional
activity, we investigated the effect of point mutations in these interfaces on LIF-induced STAT3
transcriptional activity. Using information from our determination of the STAT3 NTD crystal
structure, we evaluated Val”’Ala/Leu’®Ala, a double point mutation in the NTD “handshake”
dimer interface, and Trp’’Phe, a point mutation in the Ni*"-interface. The Trp’’Phe point
mutation was chosen for its conservation in the structure of the STAT4 NTD and because it was
previously reported to play a role in STAT tetramerization and cooperative DNA binding (11,
55, 62, 63). We stably expressed these two point mutants of the NTD in STAT3-null MEFs and

performed RNA-Seq.
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We compared the effect of these interface mutations and ANTD on induction of the top
100 LIF-upregulated genes in MEFs expressing WT STAT3 (Figure 11A). This global
induction profile analysis showed that NTD deletion reduced the induction of the largest number
of these genes (82%), followed closely by the Ni*'-interface mutant Trp*’Phe (76%), while the
“handshake” interface mutant Val’’Ala/Leu’®Ala reduced a significantly smaller number of
genes (44%) (Figure 11B). Next we evaluated the overlap in STAT3 target genes showing
reduced induction with these different NTD mutations. Thirty-six genes were in common for all
3 mutations, with the deletion and Trp’’Phe mutants showing extensive overlap (67 genes in
common) (Figure 11C). Although the Val”’Ala/Leu’® Ala mutation resulted in a relatively
smaller proportion of genes with decreased induction compared to WT, the majority of those
genes (38 of 44) that did show reduction were found in common with the NTD deletion mutant.
Interestingly, the “handshake” interface mutant also enhanced a significant portion (17%) of
STATS3 regulated genes, suggesting a role for this surface in STAT3 mediated gene suppression.

Decreased STAT3 target gene induction was confirmed in a transient expression system
with low concentrations of LIF. We first confirmed that a low concentration of LIF (0.5 ng/mL)
was sufficient to induce STAT3 tyrosine phosphorylation in this system (Figure 12A), and then
examined 6 LIF-upregulated genes from RNA-Seq that were previously validated by qRT-PCR
or had independent evidence of STAT3-dependency. All of these genes showed suppressed
induction of mRNA expression in MEFs expressing NTD-mutant compared to WT STAT3
(Figure 12B).

Given that STAT3 can also mediate gene repression, we examined the top 100 genes
from RNA-Seq whose expression was downregulated following LIF treatment in STAT3-null

MEFs expressing WT STAT3. LIF repressed the mRNA levels of these 100 genes by 30-55%.
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We then evaluated the effect of NTD mutations on the fold change of mRNA expression (LIF vs.
unstimulated) of these genes. Both point and deletion mutations in the NTD relieved the
suppression of a majority of these LIF-downregulated genes (Figure 13). These findings
indicate that the STAT3 NTD may be equally important in mediating gene repression as well as
induction.

Collectively, these studies show that deletion and point mutations in the STAT3 NTD
known to disrupt cooperative DNA binding alter STAT3 regulation of its target genes, including
genes whose expression is normally either upregulated or downregulated by STAT3. In our
studies, the W37F point mutant was more similar to the NTD deletion mutant in the proportion
of LIF-upregulated genes affected, whereas the V77A/L78A point mutant reduced the induction
of a smaller percentage of LIF-upregulated genes. These data identify genes that are regulated by
the NTD and specific protein-interacting surfaces and will enable gene-specific mechanisms of

regulation to be elucidated.

Discussion

STATS3 is one of the most multi-faceted members of the STAT transcription factor
family, involved in diverse biological processes from development to immune response (1).
Importantly, it represents a promising target for anti-cancer therapy since it drives both the
proliferation and immune evasion of tumor cells (66-70) and is required by more than a dozen
types of human cancers for survival (2, 4). STAT3 performs the majority of its functions
through protein-protein-interactions, many of which depend on the NTD (Supplemental Table
ST1). Selective inhibition of the NTD has anti-tumor efficacy in vivo (7, 18, 71), further

implicating the role of this domain in STAT3-driven oncogenesis. Despite these promising data
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supporting the STAT3 NTD as a therapeutic target in cancer, a comprehensive list of NTD-
dependent genes was lacking and the structure of the NTD remained unknown.

To identify STAT3-regulated genes dependent on the NTD, we stably expressed STAT3
constructs with or without the NTD in STAT3-null MEFs, selected clones with approximately
equal levels of total STAT3 and LIF-induced P-STAT3 protein levels, and used RNA-Seq to
investigate genome-wide changes in gene transcription. Although the ANTD mutant had similar
levels of STAT3 phosphorylation in response to LIF activation, it decreased induction of many
STAT3-regulated genes. The dependence of these genes on the NTD was further confirmed
using transient expression systems, in which WT and ANTD STATS3 protein levels were
stringently controlled to rule out potential differences arising during generation of the stable cell
lines. We found that the effect of NTD deletion was particularly prominent under low cytokine
concentrations when there are lower amounts of activated STAT3, consistent with a role of the
NTD in facilitating STAT3 binding to “weak” STAT3 sites (11-13). Furthermore, deletion of
the NTD reduced STAT3 occupancy at target genes with tandem STAT3 binding motifs, where
cooperative binding to DNA is thought to be most important. Together, these data indicate that
the NTD is necessary for maximal transcription of a subset of STAT3 target genes.

At a single time point, there was not always a full correlation between the reduction in
STAT3 DNA binding and STAT?3 target gene expression upon NTD deletion. These findings
likely reflect the tightly-regulated kinetics of LIF-induced STAT3 activation, and thus can better
be appreciated in examining both of these processes over time (Figure 2A&B, Supplemental
Figure S2). The NTD could modulate the effect of LIF stimulation on STAT3 function via
several mechanisms including nucleo-cytoplasmic shuttling, chromatin remodeling or recruiting

transcriptional proteins that affect the basal levels of STAT3 DNA binding or gene expression.
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A subset of these affected genes may be regulated by cooperative STAT3 binding to tandem
DNA motifs. Alternative mechanisms are also possible. For example, it was recently reported
that the STAT1 NTD mediates single-site cooperativity (53), which has been attributed to
stronger protein-protein interactions within the STAT1 complex than between STAT1 and its
target gene regulatory regions. The STAT3 NTD shares a high degree of structural homology
with the STAT1 NTD (18), including the fact that amino acid 77 in the “handshake” interface
playing a critical role in tetramer formation. However, analytical size exclusion analyses found
that STAT3 tetramers did not form on single binding sites, only tandem sites (Supplemental
Table ST5). Furthermore, when we examined the effect of NTD deletion on STAT3 recruitment
to target genes with single STAT3 binding sites, we did not observe a significant reduction of
STAT3 DNA binding upon NTD deletion. Although our analysis was limited by the few genes
with single STAT3 sites among the top 100 LIF-upregulated genes, these findings suggest that
there may be differences in NTD-dependent interactions among STATS that contribute to
differential effects on cooperativity and transcriptional activity. Indeed, a small-molecule
inhibitor of the STAT3 NTD selectively binds the STAT3 NTD, but not the highly homologous
STAT1 NTD (18).

A global sequence analysis of the promoter regions of STAT3 NTD-dependent genes did
not reveal a significant dependence on the total number of STAT3 motifs, raising the possibility
that the STAT3 NTD can regulate STAT3 target gene expression via mechanisms such as
binding to other transcription factors. Indeed, the STAT3 NTD is known to modulate the ability
of STAT3 to form transcriptional enhanceosomes with other proteins (23-29). For example, the
02M promoter has a canonical binding site for the transcription factor c-Jun and mutations in the

NTD reduce the interaction between STAT3 and c-Jun, thus preventing maximal cytokine-
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induced transcription (11). The STAT3 NTD also enables STAT3 binding to the pioneer factor
FoxP3, which induces epigenetic modifications that increase the access of STAT3 to adjacent
gene promoters (23). Thus, the STAT3 NTD confers broader gene-specific effects on the
function of STAT3 via discreet gene-specific mechanisms involving protein-protein interactions.

In addition to its importance in gene induction, we found that the NTD also plays a role
in STAT3 gene repression, consistent with previous findings (18). Indeed, a pharmacological
inhibitor of the STAT3 NTD, ST3-H2A2, activated the expression of 147 genes normally
repressed by STAT3 and selectively induced the apoptotic death of cancer cells (18). Thus,
interactions mediated by the NTD can contribute to both increases and decreases in gene
expression mediated by STAT3.

In order to characterize, at a molecular level, how the NTD affects gene regulation, we
determined the crystal structure of STAT3 NTD, which revealed two interfaces critical for
oligomerization. The “handshake” dimer interface, believed to be the functional unit of the
NTD, is structurally similar to that of the STAT1 and STAT4 NTDs (54-56) and is mediated by
interactions between Val’’/Leu’® and the N-terminal four-helix ring (Figure 6C). The second
oligomerization in the STAT3 NTD crystal structure was formed around a Ni*" ion linking four
“handshake” dimers into an octamer. Although the Ni*" in the structure was likely introduced in
the purification process through the use of Ni**-NTA, it may reflect a physiologically important
mechanism. STAT3 forms higher order oligomers, such as para-crystals and nuclear bodies (72,
73), to serve as active reservoirs resistant to dephosphorylation. Ni*" has been reported to
activate inflammatory transcription factors like NF-kB (74), while metal ions have been shown
to directly regulate STAT3 (31-33), another established pro-inflammation factor (75). Thus this

Ni*"-oligomer hints at a possible role of STAT3 in Ni**-mediated inflammation. We further
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showed that the STAT3 NTD mediates cooperativity via the conserved “handshake” dimer
interface (Figure 8B&C) rather than the “Ni*" interface, consistent with reported mutagenesis
data for STAT family members (13, 20, 54, 56-61). Data suggest a structural model of two
STAT3 dimers on tandem DNA sites, “holding hands” by NTD dimerization, in a Syn geometric
arrangement (Figure 7C), which agrees with the near-one-turn inter-site spacing optimal for
cooperativity (11).

The crystal structure of STAT3 NTD may be used to provide novel drug design concepts.
For example, the helical ring encompassing Val”’/Leu’® (Figure 6C) is a good candidate small
molecule pocket. Indeed, a peptide mimetic of the 02 helix in the “handshake” interface induced
apoptosis of breast and prostate cancer cells but not normal cells (7, 18, 71). A somatic mutation
in this interface (Leu’*Arg) has been found in inflammatory hepatocellular adenoma, where it
disrupts homotypic interactions between unphosphorylated STAT3 dimers (20). This suggests
that targeting the NTD “handshake” interface may selectively inhibit the expression of a subset
of genes normally regulated by unphosphorylated STAT3. We compared the effect of mutations
on these NTD surfaces with an NTD-deleted protein on those genes most affected by LIF
induction. We found that the “Ni*" interface (Trp*’Phe) more closely reproduced the NTD
deletion mutant effect on LIF-upregulated genes than the “handshake” interface (V' A/L7*A)
mutant. Importantly, our data show that the NTD interaction surfaces that mediate gene
regulation may have numerous, perhaps concomitant, functional roles and any putative
cooperative DNA binding may be difficult to characterize at the cellular level.

STAT3 cooperative binding to DNA has been proposed as an NTD-mediated regulatory
mechanism (11, 12, 65, 76). To fully characterize this effect in vitro, we performed EMSA and

fluorescence polarization assays on full-length purified P-STAT3 with DNA probes containing
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tandem STAT3 motifs. Cooperative binding only occurred in the presence of the NTD and was
most pronounced with adjacent “weak” STAT3 motifs. Besides STAT3, STATS can also form
tetramers through its NTD. As with STAT3-regulated genes, some STATS target genes such as
IL-2Ro have pairs of “weak” binding sites in their promoter that require STATS cooperative

binding for transcriptional activation (77).

In summary, we identified STAT3 target genes that require the NTD for optimal
expression, which may include genes affected by cooperative DNA binding. We also
determined the crystal structure of the STAT3 NTD, and proposed the key residues in NTD
interfaces important for cooperative DNA binding, formation of higher order oligomers, and
perhaps other protein-protein interactions. These results provide insight into the mechanism of

NTD-mediated STAT3 functions, and may serve as a structural template for inhibitor design.
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Figure legends

Figure 1. Characterization of STAT3-null mouse embryonic fibroblasts (MEFs) stably
expressing wild-type (WT) or NTD-mutant STAT3.

STAT3-null MEFs stably expressing WT, W37F, NTD-deleted (ANTD), and V77A/L78A
STAT3 were stimulated with LIF and analyzed by immunoblot. (-), negative control for STAT3

expression from parental STAT3-null MEFs. Tubulin serves as a loading control.

Figure 2. Optimization of time point and cytokine concentration for mRNA and ChIP analyses.
Wild-type MEFs and STAT3-null MEFs stably expressing wild-type (WT) STAT3 were
stimulated with (A) LIF (10 ng/mL) for a range of time points and (B) different concentrations of
LIF for 30 min then analyzed by qRT-PCR for expression of the indicated STAT3 target genes.

Data normalized to HPRT and then to mRNA expression in unstimulated cells.

Figure 3. NTD deletion reduces induction of LIF-upregulated genes.

(A) Induction of the top 100 LIF-upregulated genes and 100 non-LIF-regulated genes in STAT3-
null MEFs stably expressing wild-type (WT) or ANTD STAT3. (B) Percent of genes in (A) with
significantly altered induction (20% threshold) in ANTD relative to WT STAT3. (C) qRT-PCR
validation of select LIF-upregulated genes in STAT3-null MEFs stably expressing WT or ANTD

STAT3 (normalized to HPRT).

Figure 4. NTD deletion reduces induction of STAT3 target genes at low concentrations of LIF.
(A) STAT3-null MEFs transiently transfected with wild-type (WT) or ANTD STAT3 (0.2

pg/mL) for 24 h then stimulated with the indicated concentrations of LIF for 15 min were
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analyzed by immunoblot (actin serves as a loading control). (B) STAT3-null MEFs transiently
transfected with WT or ANTD STATS3 then stimulated with LIF (0.5 ng/mL) for 30 min were
analyzed by qRT-PCR for expression of the indicated STAT3 target genes (normalized to HPRT;

representative of N = 3).

Figure 5. NTD deletion reduces STAT3 DNA binding to target genes.

(A) Regulatory regions of LIF-induced genes containing tandem STAT3 binding motifs (Bold
blue underline, “strong” sites; Non-bold red underline, “weak” sites). Chromosome locations
given based on mm9 assembly. (B) STAT3-null MEFs stably expressing wild-type (WT) or
NTD-deleted (ANTD) STAT3 were stimulated with LIF then analyzed by chromatin
immunoprecipitation with an antibody for STAT3 followed by qRT-PCR using primers flanking
the STAT3 binding sites indicated in (A). Data expressed as fold change of % input in LIF-
stimulated vs. unstimulated cells (N = 3). (C) RNA-Seq transcript levels in STAT3-null MEFs
stably expressing WT or ANTD STAT3. Data expressed as fold change of mRNA expression in

LIF-stimulated vs. unstimulated cells.

Figure 6. Crystal structure of the STAT3 NTD.

(A) Overall structure of the STAT3 NTD monomer in two view-angles. (B) Two interfaces are
observed in the crystal structure: a “handshake” dimer interface and a Ni**-mediated tetramer
interface. (C) The two molecules of the “handshake” dimer are related by a 2-fold non-
crystallographic symmetry (NCS) axis. V77 and L78 dock into the opposing molecule in a
cavity created mainly by the three N-terminal helices. Multiple hydrogen-bonds also form on the

dimer interface. (D) Another 2-fold NCS is observed in the crystal which involves multiple
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hydrogen bonds between two long helices antiparallel to each other from two NTD molecules. A
Ni*" ion sits in the middle of the axis and is coordinated by four H58 residues, thus linking four
“handshake” STAT3 dimers into an octamer. Also shown are the C-terminus of each NTD

which links to the STAT3 core domain.

Figure 7. Model of cooperative binding between two STAT3 dimers.

(A) Asymmetric unit of STAT3 NTD crystal contains five copies of the molecules. Along with
one copy from the neighboring unit, they form three “handshake” dimers with similar
organization as shown from the superimposed image in (B). (C) A model of two STAT3 dimers

cooperatively binding to a tandem-site DNA with the help of NTD dimerization on each side.

Figure 8. Structural comparison and sequence alignment of the STAT3 NTD.

(A) STATI1 (PDB ID: 1YVL), STAT3, and STAT4 (1BGF) share similar “handshake”
dimerization interfaces of their NTDs. The Ni*'-interface observed in STAT3 is similar to a
second dimer interface observed in the crystal structure of the STAT4 NTD, both of which
contain W37 in the middle of the interface. The H58 that coordinates Ni** in STAT3
corresponds to an Asn residue in STAT4. (B) Sequence alignment of NTD across STAT
proteins. (C) The STAT3 NTD surface colored by conservation scores calculated by ConSurf
server based on the sequence alignment in (B). The “handshake” interface is more conserved

than the Ni*" interface.

Figure 9. NTD mutations disrupt STAT3 cooperative DNA binding in vitro.
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(A) Electrophoretic mobility shift assay (EMSA) of purified pY705 STAT3 (P-STAT3) binding
to an a2M DNA probe containing two STAT3-binding sites (5° —
AGCAGTAACTGGAAAGTCCTTAATCCITCTGGGAATTCT - 3°, STAT3 binding sites
underlined). The 5’ site is a “weak” binding site while the 3’ site is a “strong” binding site. (B)
EMSA of P-STAT3, NTD-deleted (ANTD) or wild-type (WT), on various DNA probes derived

from the a2M promoter (sequences listed).

Figure 10. (A) Fluorescence polarization assay of wild-type (WT) and NTD-mutant P-STAT3
binding to the indicated DNA probes. (B) Induction of SOCS3 mRNA levels (LIF vs.
unstimulated) in STAT3-null MEFs stably expressing wild-type (WT) or ANTD STAT3 from

RNA-Seq.

Figure 11. NTD interface mutations reduce induction of STAT3 target genes.

(A) Induction of the top 100 LIF-upregulated genes in STAT3-null MEFs stably expressing
wild-type (WT) or NTD-mutant STAT3. (B) Percent of genes with significantly altered
induction (20% threshold) in NTD mutants relative to WT STAT3. (C) Overlap of genes

affected by NTD point vs. deletion mutation.

Figure 12. NTD interface mutations reduce induction of LIF-upregulated genes at low
concentrations of LIF.
STAT3-null MEFs transiently transfected with WT or NTD-mutant STAT3 (0.2 pg/mL) for 24 h

then stimulated with (A) LIF (0.5 ng/mL) were analyzed by immunoblot (tubulin serves as a
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loading control) and with (B) the indicated concentrations of LIF were analyzed by qRT-PCR for

STATS3 target gene expression (normalized to HPRT; representative of N = 3).

Figure 13. Fold change of the top 100 LIF-downregulated genes in STAT3-null MEFs stably

expressing wild-type (WT) or NTD-mutant STAT3.
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Table 1. Crystallography statistics.

Data collection Statistics

Space group P4,22
Unit cell

a,b,c(A) 109.01, 109.01, 154.30
a, B,y (°) 90, 90, 90
Wavelength (A) 1.0
Resolution range (A) 20-2.7
Completeness (%) 100.0 (99.6)
Rsym (%) 7.5 (38.8)
<I>/oc 19.4 (5.5)
Redundancy 8.0(8.2)
Wison B factor (A%) 54.0
Refinement Statistics

Number of reflections

Working set 24803
Test set 1329
Number of atoms 5149
Rmsd Bonds (&) 0.009
Rmsd angles (°) 1.1

Ryork (%) 23.5

Riree (%0) 27.2

B factor (A%) 59.6
Ramachandran plot

Most favored (%) 96.8
Additionally allowed (%) 32
Disallowed (%) 0
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