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Aberrant function of pathogenic STAT3 mutant
proteins is linked to altered stability of monomers and
homodimers
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STAT3 mutations, predominantly in the DNA-binding domain (DBD) and Src-homology 2

. domain (SH2D), cause rare cases of immunodeficiency, malignancy, and autoimmunity.

® Altered stability of
STATS3 protein is linked
to the molecular
pathogenesis of
diseases caused by
STAT3 SH2D LOF and
GOF mutations.

The exact mechanisms by which these mutations abrogate or enhance STAT3 function are
not completely understood. Here, we examined how loss-of-function (LOF) and gain-of-
function (GOF) STAT3 mutations within the DBD and SH2D affect monomer and homo-
dimer protein stability as well as their effect on key STAT3 activation events, including
recruitment to phosphotyrosine (pY) sites within peptide hormone receptors, tyrosine
phosphorylation at Y705, dimerization, nuclear translocation, and DNA binding. The DBD
LOF mutants showed reduced DNA binding when homodimerized, whereas the DBD GOF
mutants showed increased DNA binding. DBD LOF and GOF mutants showed minimal
changes in other STAT3 functions or in monomer or homodimer protein stability. How-
ever, SH2D LOF mutants demonstrated reduced conformational stability as either
monomers or homodimers, leading to decreased pY-peptide recruitment, tyrosine
phosphorylation, dimerization, nuclear localization, and DNA binding. In contrast, cancer-
causing SH2D GOF mutants showed increased STAT3 homodimer stability, which increased their DNA binding. Of
note, a small-molecule inhibitor of STAT3 that targets the tyrosine phosphopeptide-binding pocket within the STAT3
SH2D potently inhibited cell proliferation driven by STAT3 SH2D GOF mutants. These findings indicate that the
stability of STAT3 protein monomer and homodimer is critical for the pathogenesis of diseases caused by SH2D LOF
and GOF mutations and suggest that agents that modulate STAT3 monomer and/or homodimer protein stability may
have therapeutic value in diseases caused by these mutations.

® The STATS3 inhibitor
TTI-101 reduced
pY-peptide binding and
cell growth driven by
cancer-causing STAT3
SH2D GOF mutants.

within the SH2 subdomain, here referred to as the “loop.” The
loop promotes STAT3 homodimers through reciprocal loop-
SH2 interactions." Homodimerization drives nuclear accumula-

Introduction
STATS3 participates in the signal transduction pathways of many

cytokines, hormones, growth factors, and chemokines'? that
are central to multiple cellular processes, including cell growth
and survival, as well as adaptive and innate immunity.** The
duration, intensity, and location of STAT3 signaling are carefully
calibrated to meet the demands of the cell in response to its
environment. Dysregulation of STAT3 signaling has been
implicated in multiple diseases, including cancer and immune-
related disorders.

STAT3 is organized into 6 functional domains,” each of which
contributes to its signaling functions (Figure 1A). Adaptive
signal transduction depends on posttranslational modifications
of STAT3 at key residues, notably phosphorylation at Y705

tion and alters gene transcription.

In recent years, STAT3 mutations, particularly in the DNA-binding
domain (DBD) and Src-homology 2 domain (SH2D), have been
shown to disrupt the dynamic connection between the physio-
logic demands of a cell and STAT3 signaling. Monoallelic germ
line loss-of-function (LOF) mutations that reduce STAT3 signaling
cause a rare heritable form of primary immune deficiency known
as Job's syndrome or autosomal dominant hyper-IgE syndrome
(AD-HIES).® In contrast, monoallelic somatic or germ line gain-of-
function (GOF) STAT3 mutations that increase STAT3 signaling
have been identified in patients with lymphoproliferative disor-
ders and early-onset multiorgan autoimmunity, respectively.”""
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Figure 1. Effect of mutations on cytokine-induced STAT3 Y705 phosphorylation. (A) Schematic diagram of STAT3 depicting each domain: NTD, CCD, DBD, LD, SH2D,
TAD, and NRD. (B) Representative immunoblot analysis of lysates of STAT3™~ MEF cells reconstituted with WT or mutant STAT3 constructs and incubated without (top) or with
(bottom) IL&/sIL6R (100 ng/mL). Blots were probed with antibody against total (t) STAT3 or pY-STAT, as indicated. The red asterisk (*) indicates that the images are a composite
of 2 separate blots imaged simultaneously with equal exposure. (C) Bar graph showing the densitometry signal for pY-STAT3 normalized for total (t) STAT3 and the mean =
SEM of 3 immunoblots shown (*P < .05; Student t test). CCD, coil-coiled domain; LD, linker domain; NRD, nuclear retention domain; NTD, N-terminal domain; SEM, standard

error of the mean; TAD, transactivation domain.

Detailed examination of STAT3 mutations that affect its structure
and/or functions has provided some insights into the structure
and function of this critical signaling protein. We previously
showed that proper folding and conformational stability of STAT3
is critical for its function and that mammalian cells rely on several
chaperones to achieve this goal.'” Protein halflife studies
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confirmed that mutations predicted by computational modeling
to destabilize STAT3 reduced mutant protein half-life in B cells
derived from patients with AD-HIES. Importantly, we showed
increased STAT3 protein half-life and function in cells heterozy-
gous for structural and structural-functional STAT3 LOF mutations
that were treated with small-molecule proteostasis modulators."*
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Although several studies have provided biochemical insights
into the effect of mutations on STAT3 signaling,’*"? a detailed
understanding of how these mutations disrupt or enhance
STAT3 function is lacking. Using a combination of biochemical
and biophysical assays along with cell-based techniques, we
show that LOF and GOF mutations in the DBD of STAT3 lead to
decreased or increased DNA binding, respectively. In contrast,
LOF mutations within the SH2D affected the overall conforma-
tional stability of STAT3 monomers and homodimers, resulting in
decreased recruitment, tyrosine phosphorylation, dimerization,
nuclear accumulation, and DNA binding of STAT3. In contrast,
cancer-causing GOF mutations within SH2D increased the sta-
bility of STAT3 homodimers, leading to increased DNA-binding
activity. Of note, a small-molecule STAT3 inhibitor, TTI-101, that
targets the tyrosine phosphopeptide (pY-peptide)-binding
pocket within the STAT3 SH2D and has entered phase Il testing
in patients with cancer, potently inhibited cell proliferation driven
by GOF STAT3 mutants.

Material and methods

Site-directed mutagenesis and plasmid constructs
We used 2 STAT3 constructs: full-length STAT3a and a core
STAT3 construct (residues 127-722), described in Backer et al.?°
The full-length STAT3a construct was used in all cell-based
assays. Because the full-length STAT3a is not readily
amenable to solution-based biophysical and biochemical
studies, we used the core construct of STAT3 (127-722), which
contains the functional domains necessary to address the major
questions asked in this study.® For this study, we generated a
wild-type (WT) STAT3 construct and 15 STAT3 mutant constructs
that were disease-causing, of which 11 were LOF mutations that
caused AD-HIES, and 4 were GOF mutations that caused auto-
immunity or cancer (Figure 1A and supplemental Figure 1;
supplemental Table 1, available on the Blood website). Muta-
tions were selected based on their potential impact on the
structure and/or function of STAT3, as described in the
supplemental Methods. Full-length STAT3a constructs used for
mammalian expression were cloned into EX-Z2835-M02
(Genecopoea) or pAcGFP1-C1 (Takara). STAT3 (127-722) con-
structs used for bacterial expression were cloned into pET15b
(Novagen). Each mutant STAT3 construct was generated from
the WT construct using the QuikChange Il XL Site-Directed
Mutagenesis Kit following the manufacturer’s protocol (Agilent
technologies).

Cell culture, transfections, and treatments
STAT3-deficient murine embryonic fibroblasts (STAT3 ™~ MEF)*'
were cultured in Dulbecco’s modified Eagle medium containing
Glutamax (Thermo Fisher Scientific, MA), 10% Hi-FBS (Thermo
Fisher Scientific), and 1x Anti-Anti (Thermo Fisher Scientific) at
37°C in an atmosphere containing 5% CO; and 90% humidity.
STAT3™~ MEF cells (3.0 x 10°) were transfected with plasmid
(3 ug) containing STAT3 WT or mutant constructs using the
JetPRIME kit (Polyplus Transfection). STAT3™~ MEF cells trans-
fected with WT or each of the 15 mutant constructs expressed
STAT3 protein at similar levels. After 24 hours, cells were stim-
ulated with or without IL6 and ILésR (@ 100 ng/ml) for
30 minutes, washed with phosphate-buffered saline, and lysed as
indicated below. Protein concentrations were measured using a
Pierce BCA kit (Thermo Scientific).

MODE OF ACTION OF PATHOGENIC STAT3 MUTATIONS

Phosphotyrosine (pY) peptide pull-down assay
Lysates used for pY-peptide pull-down assays were generated
by sonication in a buffer containing 20 mM HEPES (pH7.4),
100 mM NaCl, 0.5% NP40, 1x protease inhibitor cocktail
(Roche), and 1x Phosphostop (Roche). N-terminal biotinylated
dodecapeptides based on and encompassing Y1068 within
the EGFR were synthesized with and without the phosphate
moiety at Y1068, immobilized onto neutravidin agarose
beads (Pierce), and analyzed as described in the supplemental
Methods.

STAT3 DNA-binding assay

Whole cell lysates were prepared in RIPA buffer containing
protease and phosphatase inhibitor cocktails (Roche), normalized
to total (t) STAT3 protein signal (~10 pg per well) determined by
immunoblotting or Luminex bead assays, and used to measure
DNA-binding activity using the TransAM STAT3 kit following the
manufacturer’s protocol (Active Motif, Carlsbad, CA).

Bioluminescence resonance energy transfer
(BRET) assay

Cells were transfected with NLuc-=STAT3-FIAsH (NSF) or control
construct (NS) and labeled with a fluorescein arsenical short
hairpin (FIAsH) probe using the TC-FIAsH Il In-Cell Tetracys-
teine Tag Detection Kit following the manufacturer’s protocol
(Thermo Fisher Scientific). Labeled cells were analyzed for BRET
signal in the presence or absence of IL6/IL6sR, as described in
the supplemental Methods.

Surface plasmon resonance (SPR) assays for
pY-peptide and DNA binding

A Biacore 3000 instrument (GE-Healthcare) was used to mea-
sure the binding affinities of recombinant monomer proteins
to immobilized phosphorylated EGFR peptide (pY1068)
pY-peptide and the binding affinities of recombinant homo-
dimers to hSIE DNA duplex DNA. The assay was performed as
published.”*** Additional methods for expression and purifi-
cation of all STAT3 proteins and the SPR binding assays are
provided in the supplemental Methods.

Fluorescence microscopy and image analysis
STAT3™~ MEF cells were seeded on CELLview slides (Greiner
Bio-One) and incubated for 12 hours before being transiently
transfected with Ac-GFP1 STAT3 WT and mutant constructs
using the JetPRIME kit (Polyplus Transfection) following the
manufacturer’s instructions. After 48 hours of incubation, the
cells were treated with IL6/IL6R (@ 100 ng/mL) for 30 minutes.
The cells were then washed with ice-cold phosphate-buffered
saline and fixed in 4% paraformaldehyde. Fluorescence images
for GFP, 4',6-diamidino-2-phenylindole (DAPI), and bright field
were acquired on the same field using the BZ-X700-All-in-One
fluorescence microscope (Keyence). DAPI images were used to
generate a mask for the nucleus using the FIJI package of
Image J; bright field images were used to segment and
generate a mask for the total cell area. The percent nuclear
fluorescence (% NF) was determined in 30 to 40 randomly
selected cells by dividing the fluorescence intensity in the
nucleus by the fluorescence intensity in the whole cell and
multiplying by 100. Each experiment was performed in
triplicate.
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TTI-101 inhibition of STAT3-dependent growth
STAT3™~ MEFs stably transfected with AcGFP1 WT-STAT3
construct (WT) or STAT3 SH2D GOF mutant D661Y construct
or empty vector were serum starved for 24 hours, then incubated
in DMEM media with reduced serum (0.5% fetal bovine serum
[FBS]) or no serum (0% FBS) without or with TTI-101 (0, 0.1,0.3, 1,
3, 10, and 100 pM) for 80 hours, and cell viability was assessed
by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide (MTT) assay. Relative cell growth was calculated by
dividing the optical density (OD) values after 80 hours by the OD
values after 24 hours of starvation (0 day or to). Relative % viability
was calculated as viability after treatment + viability of untreated
cells x 100. ICsq values were calculated using GraphPad.

Statistical analysis

Unless otherwise indicated, the results shown are mean *
standard deviation, and difference between means was deter-
mined using Student t test as a part of the Graph Pad Prism 8.0
and 9.0 software package.

Results

Effects of STAT3 mutations on Y705
phosphorylation

To dissect the effects of LOF and GOF mutations in the DBD
and SH2D of STAT3 on its functions, we first examined STAT3 ™~
MEF cells expressing either WT or mutant STAT3 to examine
the impact of each mutation on cytokine-stimulated phos-
phorylation of STAT3 at Y705. In the absence of IL6 stimulation,
basal levels of pY-STAT3 were higher in cells transfected with
each of the 4 STAT3 GOF mutants compared with WT STAT3
transfected cells (Figure 1B and supplemental Figure 2). Levels
of pY-STAT3 in ILé/soluble IL6 receptor (sIL6R)-stimulated cells
bearing LOF DBD mutations, R382W, F384S, H437P, R423Q,
and V463del, and the GOF DBD mutant, Q344H, were similar
to those in cells transfected with WT STAT3 (Figure 1B-C).
Except for N647D, the levels of pY-STAT3 in IL6/sIL6R-
stimulated cells transfected with LOF SH2 mutations, S636Y,
S668Y, T6221, Y657S, and V637M, were significantly reduced
compared with cells transfected with WT STAT3. Notably, levels
of pY-STAT3 in stimulated cells transfected with GOF SH2
mutants, Y640F, K658Y, and D661Y, were similar to those in
stimulated cells transfected with WT STAT3 (Figure 1B-C).
Levels of pY-STAT3 in STAT3™~ MEF cells coexpressing v-Src
and WT or mutant STAT3 constructs corresponded to levels
observed in each of their counterparts stimulated with I1L6/sIL6R
(supplemental Figure 3), indicating that mutation-induced alter-
ations in pY-STAT3 levels were not limited to IL6/sIL6R-mediated
STAT3 phosphorylation.

Effects of STAT3 mutations on STAT3 binding to
pY-peptide ligand

Next, we asked whether LOF mutations affected STAT3 phos-
phorylation at pY705 downstream of ILé/sIL6R or v-Src by
altering the ability of STAT3 to bind to phosphorylated sites on
cognate receptors. We performed a pull-down assay on lysates
of STAT3™~ MEF cells transfected with WT or mutant STAT3
constructs using neutravidin beads coated with either phos-
phorylated or unphosphorylated EGFR Y1068 biotinylated
peptides.”” Immunoblot analysis of the resulting eluates
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showed that STAT3 proteins containing either GOF or LOF
mutations within the DBD, Q344H, R382W, F384S, R423Q,
H437P, and V463del, bound to immobilized pY1068 peptide to
a similar extent as WT STAT3 (Figure 2A). However, nearly all
the STAT3 proteins with mutations within the SH2D, including
GOF mutations, Y640F and K658Y, and LOF mutations, T622I,
S636Y, V637M, N647D, and Y6575, showed less binding to the
pY1068 peptide compared with WT STAT3 (Figure 2A). These
data suggest that reduced phosphorylation at Y705 of STAT3
proteins containing mutations within their SH2D is because of
their decreased binding to pY-recruitment sites within activated
signaling complexes. To confirm these findings and to more
precisely quantify pY-peptide binding, we generated purified
recombinant monomeric WT and mutant core STAT3 protein
(residues 127-722) in bacteria (supplemental Figure 4) and
assessed the binding of each protein to immobilized pY-
peptide using SPR (Figure 2B and supplemental Figure 5A-B).
Compared with WT STAT3 protein, STAT3 proteins containing
either GOF or LOF mutations within the DBD, Q344H, R382W,
F384S, R423Q, H437P, and V463del, showed modest reduc-
tions in binding to pY1068 peptide. In contrast, except for
S668Y and N647D, the binding affinities of SH2D LOF mutants
to pY-peptide were markedly decreased relative to WT
(Figure 2B and supplemental Figure 5A-B). Similarly, the SH2D
GOF mutants, such as the DBD LOF mutants, showed small
reductions in binding affinities. Thus, diminished pY-peptide
binding is a likely contributor to the reduced tyrosine phos-
phorylation of STAT3 proteins containing SH2D LOF mutations.

Effects of STAT3 mutations on cytokine-induced
STAT3 homodimerization

Next, we developed a BRET-based assay to assess the effect of
STAT3 mutations on cytokine-induced homodimerization.”® For
this assay, we generated WT and mutant STAT3 cDNA reporter
constructs, NSF, and a negative control reporter construct,
NLuc-WT STAT3 (NS), each of which contained nano-luciferase
(NLuc), a highly stable and efficient luciferase enzyme,?® at the
N-terminus (Figure 3A). Except for the WT STAT3 negative
control (NS), each of the reporter constructs contained an
intramolecular FIAsH inserted immediately after residue 425
located within a loop in the DBD of STAT3. Based on the crystal
structure of STAT3 homodimer bound to DNA, ILé/sIL6-
induced homodimerization of the STAT3 WT NSF construct
would be expected to juxtapose NLuc and FIAsH, resulting in a
BRET signal (Figure 3B). We also generated 2 negative control
NSF constructs that contained STAT3 mutations known to
impair SH2-SH2 homodimerization: mutation R609K, which
does not bind pY-peptide, and mutation Y705F, which elimi-
nates canonical STAT3 Y705 phosphorylation.®?” When trans-
fected into MEF cells, none of the NSF constructs, including the
WT NSF construct, elicited a BRET signal in the absence of I1L6/
sIL6R (Figure 3C and supplemental Figure 6A). As expected,
however, the WT NSF construct generated a readily detectable
BRET signal in the presence of IL6/sIL6R, whereas the WT NS
negative control reporter construct and the 2 NSF negative
control mutation constructs, R609K and Y705, did not. STAT3
NSF constructs containing either DBD GOF or LOF mutations,
Q344H, R382W, F384S, H437P, V4é3del, and R423Q, pro-
duced a BRET signal, indicating that their ability to form
homodimers was similar to that of WT. In contrast, except
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Figure 2. Effect of mutations on STAT3 binding to pY1068 dodecapeptide. (A) Biotinylated phosphorylated (p) Y1068 peptide or biotinylated nonphosphorylated Y1068
peptide (control) were immobilized onto streptavidin agarose beads and incubated with lysates of STAT3™~ MEF cells reconstituted with either WT or mutant STAT3
constructs. Bound proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted with antibody against total STAT3. The red
asterisk (*) indicates that the images are a composite of 2 separate blots imaged simultaneously with equal exposure. (B) SPR analysis of binding of WT and mutant core STAT3
(127-722) proteins to pY1068 peptide. Kp values were determined by fitting data to a 1-site equilibrium-binding model and the results shown are the mean of 3 experiments.
Each Kp value was divided by the WT result of that experiment to determine the relative Kp value and the mean relative Kp of the 3 experiments shown; the dash (-) indicates

the relative Kp could not be calculated. NB, no binding detected.

for N647D, STAT3 NSF constructs containing SH2D LOF
mutations, S636Y, S668, T622l, Y6575, and V637M showed a
significantly reduced BRET signal in the presence of IL6/sIL6R
compared with WT STAT3. These data indicate that acquisition
of a LOF mutation in the SH2D not only resulted in a reduced
ability of STAT3 to be recruited to activated receptor com-
plexes, but LOF mutant acquisition also resulted in a reduced
ability to form homodimers. Intriguingly, although STAT3 SH2D
GOF mutants formed homodimers, they showed a ~50%
reduction in this ability compared with WT STAT3 (Figure 3C
and supplemental Figure 6A).

MODE OF ACTION OF PATHOGENIC STAT3 MUTATIONS

To exclude the possibility that the increased BRET signal
observed in the presence of IL6/sIL6R resulted from intra-
molecular rather than intermolecular interactions, we cotrans-
fected cells with the WT STAT3 NSF construct and increasing
amounts of the untagged WT STAT3 construct. We reasoned
that if the increase in BRET signal generated by the NSF
construct in response to IL6/sIL6R is owing to homodimer-
induced intermolecular energy transfer, then an increase in
untagged STAT3 should lead to a dose-dependent reduction in
the BRET signal, which is what we observed (supplemental
Figure 6B-D).
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Figure 3. Effect of mutations on STAT3 homodimeri-
A zation assessed using BRET reporter constructs. (A)
FIAsH STAT3 WT and mutant BRET constructs were generated
425 that contained (NLuc inserted at the N-terminus of STAT3
< and a FIAsH motif inserted within a flexible loop in the
nLuc-STAT3-FIAsH (NSF) NTD CCD (CSH2 @) DBD immediately after residue 425 (NSF). A control STAT3
130 320 465 585 688 770 WT construct (NS) was generated that contained the NLuc
but lacked the FIAsH motif. (B) A schematic of the mech-
nLuc-STAT3 (NS) NTD CCD @7 TAD anism for an increased BRET signal following STAT3 Y705
phosphorylation and homodimerization of an NSF
130 320 465 585 688 770 construct is shown. (C) MEF™~ cells transiently transfected
STAT3 (WT) NTD cCD @SB 4D with the indicated NSF construct or control WT construct
30 320 3 a8 0 (NS) were incubated without or with I1L6/sIL6R and used to
L 465 585 6 77 measure intracellular mBU in real time. The mean + SEM of
4 assays is shown (*P < .0001; Student t test). mBU, milli-
B BRET units.
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Effects of STAT3 mutations on cytokine-induced
nuclear localization of STAT3

To evaluate the effects of STAT3 LOF and GOF mutations in the
DBD and SH2D on STAT3 nuclear translocation, we determined
% NF in STAT3™~ MEF cells transfected with WT or mutant Ac-
GFP1-STAT3 constructs and incubated without or with L6/
sIL6R, as described.”® The %NF in IL6/sIL6R-stimulated cells
expressing the STAT3 GOF mutation, Q344H, or each of the
DBD LOF mutations, R382W, F384S, H437P, V463del, and
R423W, were indistinguishable from cells expressing WT STAT3
(Figure 4A-B), as was the %NF in IL6/sILé6R-stimulated cells
expressing each of the STAT3 SH2D GOF. However, except for
N647D, the %NF in IL6/sIL6R-stimulated cells expressing each
of the SH2D LOF mutants, T622l, S636Y, V637M, Y657S, and
S668Y, was reduced by 40% or more compared with WT STAT3
(Figure 4B). Thus, nuclear translocation correlated well with
levels of STAT3 Y705 phosphorylation and homodimerization.
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Effects of STAT3 mutations on STAT3 binding

to DNA

To evaluate the effects of STAT3 mutations on STAT3 binding
to DNA, we expressed and purified phosphorylated STAT3
(127-722) homodimer proteins from bacteria transformed
with either WT or mutant core STAT3 constructs. The dimeric
state of each protein was verified by gel chromatography,
native PAGE, and crosslinking experiments (supplemental
Figure 4A-D) before measuring DNA-binding affinity using an
SPR assay.’’ Each homodimer containing a LOF mutation,
regardless of its location within either the DBD or SH2D,
showed reduced affinity for duplex DNA compared with WT
(Figure 5A-B and supplemental Figure 7). Notably, the
DBD LOF mutants, R382W and V4é63del, and the SH2 LOF
mutant, Y657S, showed a complete loss of DNA-binding
activity. In contrast, the SH2D GOF mutants, Y640F, K658Y,
and D661Y, showed an increase in the DNA-binding affinity
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Figure 4. Effect of mutations on cytokine-induced nuclear localization of STAT3. (A) STAT3™~ MEF cells were transiently transfected with Ac-GFP1-tagged WT or mutant
STAT3 expression constructs and incubated without (left panels) or with (right panels) IL6/sIL6R. Cells were fixed, stained with DAPI, and examined by fluorescence micro-
scopy; representative fields are shown. (B) The % FN in cells was calculated for 30 to 40 cells incubated with 1L6/sIL6R and the mean = SEM of 3 assays is shown (*P < .005;

Student t test).

compared with the WT homodimer (Figure 5A-B and
supplemental Figure 7).

Next, we examined lysates of STAT3™~ MEF cells expressing
full-length STAT3 WT and mutant constructs for DNA-binding
activity following IL&/IL6R stimulation using an ELISA-based
DNA-binding assay (Figure 5C). Similar to the SPR results,
each of the LOF mutants, irrespective of their location within
the DBD or SH2D, showed reduced binding to DNA than WT
STAT3, whereas the SH2D GOF mutants, Y640F, K658Y, and
D661Y, showed markedly increased DNA binding than WT
STAT3.

Effects of STAT3 mutations on the conformational
stability of STAT3 monomers and homodimers

Although a protein’s specific functions are determined by its
3D structure, the strength and duration of its functions are

MODE OF ACTION OF PATHOGENIC STAT3 MUTATIONS

determined, at least in part, by its conformational stability. Our
previous results suggested that some LOF mutations reduce the
conformational stability of STAT3.”® To determine directly if
mutations in STAT3 affected protein stability, we determined
the thermal unfolding of WT and mutant STAT3 proteins using
differential scanning fluorometry.”” The peak of the first deriv-
ative of the fluorescent signal vs temperature (dF/dT) represents
the melting temperature (T.,) of the protein. A shift in the Ty, of
a mutant protein compared with WT protein indicates that the
mutant protein is either less stable (left shift) or more stable
(right shift) than WT protein. Examination of monomeric STAT3
WT and DBD LOF mutant proteins showed a small decrease in
T for mutants R382W and V463del but not mutant R423Q,
compared with WT (AT, = —0.3 to —2°C) indicating decreased
conformational stability of 2 of 3 of the DBD LOF STAT3 mutant
monomer proteins (Figure 6A-D and supplemental Figure 8). In
contrast, except for Y640F and N647D, STAT3 SH2D mutant
monomers showed a greater decrease in the T, than WT
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Figure 5. Effect of mutations on STAT3 homodimer binding to DNA. (A) WT or mutant pY-STAT3 homodimers that were expressed and purified from bacteria were

analyzed for binding to immobilized duplex hSIE DNA by SPR. Equilibrium RU values shown were calculated from sensograms shown in supplemental Figure 7 and plotted
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monomer (AT, = =2 to —8°C), regardless of whether they were
GOF or LOF mutants (Figure 6A-D).

We next assessed the effect of homodimerization on the ther-
mal unfolding of WT and mutant STAT3 proteins. The T, of WT
STAT3 homodimers (66°C) was 11°C higher than that of WT
STAT3 monomers (55°C), indicating that homodimerization
substantially increases the conformational stability of STAT3
(Figure 6A-D and supplemental Figure 8). Similarly, the T,, of
each homodimer of mutant STAT3 protein was higher than its
monomer counterpart by +2 to +11°C. However, homodimers
of SH2D LOF mutants showed a smaller increase in T,, than WT,
indicating less improvement in their conformational stability
with homodimerization compared with WT STAT3.

Importantly, instead of showing a single transition melting point
as seen with WT and protein homodimers, the unfolding curves
of the SH2D GOF mutant homodimers were biphasic with 2
transition melting points designated T,,1 and T,,2 (Figure 6A-D
and supplemental Figure 8) ranging from 55.3 to 59.0°C and 76
to 78°C, respectively. In addition, although the AT.,1 for GOF
SH2D mutant proteins ranged from —6.3 to =10.7°C, the AT,,2
for these mutants ranged from +10 to +12°C. These findings
strongly suggest that the predominant effect of SH2D GOF
mutations contributing to their enhanced DNA binding is the
increased conformational stability of their homodimers, but not
their monomers. In addition, it appears likely that homodimers
of SH2D GOF mutant STAT3 proteins unfold via a dimeric
intermediate.

A STAT3 inhibitor, TTI-101, blocks protein binding
to pY-peptide and cell growth driven by STAT3
GOF mutants

We previously identified TTI-101, a small-molecule STAT3 inhib-
itor that targets the pY-peptide—binding pocket within the STAT3
SH2D**#% TTI-101 is currently undergoing phase Il testing in
patients with cancer.’***" To determine whether STAT3 SH2D
GOF mutants identified in patients with lymphoma are sensitive to
the inhibitory effects of TTI-101 or if they have acquired resistance
to TTI-101 as a result of having a mutation within the same domain
targeted by TTI-101, we first performed SPR assays. TTI-101
reduced the binding to pY1068 dodecapeptide of 3 of the most
common STAT3 SH2D GOF mutant proteins, Y640F, K658Y, and
D661Y, with ICsq values of 1.78, 0.82, and 3.13 pM, respectively,
which were within 1.2- to 4.7-fold of the ICsg for TTI-101's inhibi-
tion of binding by WT STAT3 protein (0.66 uM; Figure 7A).

To determine if TTI-101 also inhibits cell growth driven by
STAT3 SH2D GOF mutants, STAT3™~ MEF cells were stably
transfected with empty pAcGFP1-C1 vector, or with pAcGFP1-
C1 vector encoding WT STAT3 or the D661Y GOF mutant
(supplemental Figure 9A). Under low-serum conditions (0.5%
FBS; supplemental Figure 9B) and no-serum conditions (data
not shown), the number of vector control cells did not increase,
whereas the number of cells stably expressing either WT STAT3
or STAT3 GOF mutant D661Y did increase. TTI-101 inhibited

cell growth driven by the D661Y mutant (ICsp = 0.9 = 0 pM) to
the same extent as it inhibited growth driven by WT STAT3
(ICso = 1.9 = 0.6 pM) in 0.5% FBS (Figure 7B), as well as
in 0% FBS (WT STAT3 ICs0 = 1.0 £ 0.8 pM; D661Y ICs50 = 0.7 %
0.1 puM, Figure 7C). These findings support the possibility of
using TTI-101 in the treatment of patients with cancers caused
by STAT3 SH2D GOF mutations.

Discussion

Our detailed biophysical, biochemical, and cellular analyses of
STAT3 mutants causing AD-HIES and cancer showed distinct
repertoires of alterations in critical STAT3 activation steps and
functions based on the domain location and classification of the
mutations as LOF or GOF (Table 1). Compared with WT STAT3,
DBD LOF mutants had impaired DNA binding and a minor
defect in pY-peptide binding that was uncovered in SPR assays
performed on the core STAT3 protein (127-688). The DBD GOF
mutant, Q344H, demonstrated increased DNA-binding affinity
in SPR assays, higher levels of constitutive tyrosine phosphor-
ylation, but slightly reduced pY-peptide binding in SPR assays,
similar to DBD LOF mutants. Compared with WT STAT3, SH2D
LOF mutants showed reduction in the following: (1) pY-STAT3
levels induced by IL6/sIL6R or v-SRC, (2) pY-peptide binding
in both pull-down and SPR assays, (3) homodimerization, (4)
nuclear accumulation, and (5) DNA binding in both SPR assays
and ELISAs. Compared with WT STAT3, SH2D GOF mutants
showed increased DNA binding by SPR (2/3 mutants) and by
ELISA (3/3 mutants). Importantly, mutation-induced changes in
conformational stability of mutant protein monomers, homo-
dimers, or both can explain the alterations in STAT3 activation
steps and/or functions observed in STAT3 SH2D mutants
causing AD-HIES or cancer. The reduced pY-peptide binding,
phosphorylation, homodimerization, nuclear localization, and
DNA binding observed in STAT3 SH2D LOF mutants that cause
AD-HIES are linked to the reduced global conformational sta-
bility of both their monomers and homodimers. In contrast, the
increased global conformational stability of their homodimers
explains enhanced DNA binding by STAT3 SH2D GOF mutants.

The reduced DNA binding observed in DBD LOF mutants does
not appear to be because of reduced global conformational
stability of their monomers and/or homodimers, rather, to
domain-limited structural alterations that reduce DBD-specific
functions. Reduced DNA binding of these mutants also was
dominant-negative, as DNA binding in cells that coexpressed a
STAT3 DBD LOF mutant protein and STAT3 WT protein was
decreased below the level expected from a dose-effect
reduction in fully functional STAT3 (supplemental Figure 10).
These results confirm a recent report™ that many, if not all, AD-
HIES mutations function as dominant negatives. The increased
DNA binding observed in the DBD GOF mutation, Q344H, is
not explained by improved stability of either its monomer and/
or homodimer but by enhancement of the electrostatic inter-
actions of mutant STAT3 homodimers with the DNA duplex
caused by substitution of the polar, but uncharged, Q with the
positively charged H (supplemental Figure 11).

Figure 5 (continued) against STAT3 protein concentration. (B) Kp values were determined by fitting the data to a 1-site equilibrium-binding model. The results shown are the
mean of 6 experiments. Each Kp value was divided by the WT result for that experiment to determine the relative Kp value and the mean relative Kp of the 6 experiments
shown; the dash (~) indicates the relative Kp could not be calculated. (C) Protein lysates of STAT3™~ MEF cells that expressed Ac-GFP1-tagged WT or mutant STAT3a and
incubated without or with IL6/sIL6R were examined using the TransAM STAT3 DNA-binding assays. The mean = SEM of 3 assays is shown (*P < .0001; Student t test).
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Figure 6. Effect of mutations on thermal stability of STAT3 protein monomers and homodimers. (A) Bacterially expressed and purified WT and mutant STAT3 proteins
were examined for thermal stability using the differential scanning fluorimetry assay; change in fluorescence (dF) is recorded with increasing temperature (dT). The first
derivative of each melting curve (dF/dT) is shown for WT and mutants organized into mutant categories and examined as monomers (right panels) or as homodimers (left
panels). The inflection point or T, for WT STAT3 monomers and homodimers is indicated by the vertical dashed line in each panel. (B-D) The calculated T,,, of each mutant
monomer, the primary T, (Ty1) and secondary T, (T2) of each GOF SH2D mutant homodimer, and the differences between the Ty, Ti1, or T2 of each mutant and the
corresponding T, of WT STAT3 (AT,,,) are shown in tabular form (B) and graphically (C-D).
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Figure 7. Effect of TTI-101 on pY-peptide binding in vitro and on STAT3-dependent growth in vivo of WT or STAT3 SH2D GOF mutants. (A) |Cso of TTI-101 inhibition of
binding of STAT3 WT or GOF mutant protein to pY1084-peptide measured by SPR. (B-C) Representative ICsy curves of 2 experiments each showing TTI-101 inhibition of
growth of STAT3 ™~ MEF cells stably transfected with WT (left) or the STAT SH2D GOF mutant, Dé61Y (right) and grown in medium with 0.5% FBS (B) or in media with 0%

serum (C).
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Table 1. Summary of results with WT and mutant STAT3 proteins

STAT3 protein WT R382W F384S H437P V463del R423Q Q344H S636Y S668Y T6221 Y657S V637M N647D Y640F K658Y D661Y
Domain NA DBD SH2D

Classification—LOF vs GOF [ NA LOF GOF LOF GOF
Classification—F, S, or S/F NA F S S S S/F NA F F S S S/F S/F NA NA NA
pY-STAT3—w/o ILé/sIL6R - - - - - - + - - - - - - + + +
pY-STAT3—with IL6/sIL6R +++ +++ +++ +++ +++ +++ +++ + ++ ++ ++ ++ +++ +4++ +++ +4++
pY-STAT3—with v-Src +++ +++ +++ +++ +++ +++ +++ + + + + + + +++ +++ +++
pY1068—pull-down +++ +++ +++ +++ +++ +++ +++ - ++ - + + ++ + + +++
pY1068—SPR +++ + ND ND ++ ++ + - ++ - - + + + + +
Homodimerization et et Arrp rar PP et tat - i 4 + + +++ ++ ++ ++
Nuclear accumulation ++ ++ ++ ++ ++ ++ ++ + + + + + ++ ++ ++ ++
DNA binding—SPR +++ - ND ND - - ++++ ++ ++ + - ++ ++ +++ ++++ ++++
DNA binding—ELISA ++ - - - - + ++ N - B B - - P A bt

F, functional; NA, not applicable; ND, not done; S, structural; S/F, structural-functional

1,22
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Our studies showed a small but consistent finding of reduced
pY-peptide binding in SPR assays of both the DBD LOF and
GOF mutants, suggesting that mutations in the DBD may have
a deleterious allosteric effect on this SH2D function, which
has been demonstrated for mutations that occur in other
domains of STAT3, notably the coil-coiled domain and linker
domain.**** Defects in STAT3 functions downstream of
pY-peptide binding, such as STAT3 Y705 phosphorylation,
homodimerization, and nuclear accumulation, however, were
not observed in DBD LOF mutants. As for DBD GOF mutants,
the reduced recruitment to pY-peptide would be expected to
be more than compensated for by the enhanced ability of these
mutants to bind DNA.

SH2D LOF mutation N647D demonstrated the fewest defects
among the SH2D LOF mutants, exhibiting only reduced
pY-peptide binding by pull-down and SPR and reduced DNA
binding by SPR and ELISA. Based on our previous in silico
analyses (supplemental Figure 11), mutations at residue
N647 were designated as structural-functional. However, data
generated here suggest that N647 plays a purely functional role
in dimer formation and has minimal contribution to the ther-
modynamic stability of STAT3.

Thermal stability curves indicated that, except for SH2D GOF
mutant proteins, each STAT3 monomer and homodimer protein
examined in this study unfolded in a single step with no inter-
mediates, which suggests their unfolding is cooperative.
Although the unfolding of monomers of the 3 SH2D GOF
mutant proteins also was monophasic, the unfolding curve of
each of their homodimers was biphasic, which suggests that
their homodimer unfolding is not cooperative and that it pro-
ceeds through an intermediate that likely is a dimer that has
increased stability. Increased stability of SH2D GOF STAT3
mutant proteins is associated with improved DNA-binding
activity (Figure 5), as well as higher levels of constitutive pY-
STAT3 (supplemental Figure 2) owing to the reduced rates of
dephosphorylation.

A unique aspect of STAT protein signaling is that its recruitment
to activated receptor complexes and its dimerization share the
same mechanism, that is, binding of the STAT SH2 domain to a
pY-peptide ligand. For the process of STAT signaling to pro-
ceed, homodimerization would be expected to be favored
energetically over receptor binding. Here, we show that the
STAT3 homodimer structure is more stable energetically than
the STAT3 monomer structure. The greater stability of STAT3
homodimer than monomer may drive the transition from STAT3
monomers to homodimers and, thus, be a major determinant of
STAT3 signal transduction. Greater stability of homodimers
than monomer would be expected to drive the signal trans-
duction pathways of other members of the STAT protein family.

We previously showed that small-molecule modulators of pro-
teostasis, including one currently in clinical use, have the
potential to restore STAT3 activity in cells containing STAT3
LOF mutants that cause AD-HIES."® Here, we show that TTI-
101, a small-molecule STAT3 inhibitor?*¢*’ that targets the
SH2D of STAT3 and has entered phase Il studies in patients
with cancer, blocked binding of cancer-causing STAT3 SH2D
GOF mutant proteins to pY-peptide, as well as reduced STAT3-
dependent cell growth of STAT3™~ MEF cells reconstituted

MODE OF ACTION OF PATHOGENIC STAT3 MUTATIONS

with STAT3 GOF mutant, D661Y. TTI-101's inhibition of cell
growth driven by this mutant likely results, in part, from its
ability to destabilize D661Y homodimers, leading to reduced
DNA binding. Thus, one of the principal implications of our
study is that STAT3 protein stability is a major determinant of
the pathogenesis of diseases caused by STAT3 SH2D LOF and
GOF mutations. Furthermore, agents that increase or decrease
STAT3 protein stability may be useful in the treatment of dis-
eases caused by STAT3 LOF or GOF mutations, respectively.
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