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Aberrant activation of the ubiquitous transcription factor STAT3 is a major driver of solid tumor progression and pathological
angiogenesis. STAT3 activity is regulated by numerous posttranslational modifications (PTMs), including Tyr’*® phosphoryla-
tion, which is widely used as an indicator of canonical STAT3 function. Here, we report a noncanonical mechanism of STAT3
activation that occurs independently of Tyr’®® phosphorylation. Using quantitative liquid chromatography-tandem mass spec-
trometry, we have discovered and characterized a novel STAT3 phosphoform that is simultaneously phosphorylated at Thr”"*
and Ser’”’ by glycogen synthase kinase 3& and - (GSK-3«/B). Both Thr”'* and Ser’*” are required for STAT3-dependent gene
induction in response to simultaneous activation of epidermal growth factor receptor (EGFR) and protease-activated receptor 1
(PAR-1) in endothelial cells. In this combinatorial signaling context, preventing formation of doubly phosphorylated STAT3 by
depleting GSK-3a/3 is sufficient to disrupt signal integration and inhibit STAT3-dependent gene expression. Levels of doubly
phosphorylated STAT3 but not of Tyr”*>-phosphorylated STAT3 are remarkably elevated in clear-cell renal-cell carcinoma rela-
tive to adjacent normal tissue, suggesting that the GSK-3a/3—STAT3 pathway is active in the disease. Collectively, our results
describe a functionally distinct, noncanonical STAT3 phosphoform that positively regulates target gene expression in a combi-

natorial signaling context and identify GSK-3a/3-STATS3 signaling as a potential therapeutic target in renal-cell carcinoma.

he signal transducers and activators of transcription (STATSs)

are a family of seven transcription factors that regulate numer-
ous physiological and pathophysiological processes, including im-
munity, angiogenesis, cellular survival, metastasis, and oncogen-
esis (1, 2). STATS3 is aberrantly activated in the vast majority of
human cancers and is a downstream target of several oncogenic
tyrosine kinases, including epidermal growth factor receptor
(EGFR), JAKs, and Src family kinases (SFKs) (3-5). Conse-
quently, much research has focused on understanding the role of
STATS3 in malignancies, and studies are ongoing to determine the
efficacy of STAT3 inhibition in treating human cancers (6, 7). It is
therefore critical to identify and characterize novel mechanisms of
STATS3 activation in order to elucidate unexplored opportunities
to inhibit its function.

A wide range of stimuli, including growth factors, oncogenic
kinases, and cytokines, can activate STAT3 (8). These stimuli
modulate STAT3 function by regulating a diverse set of posttrans-
lational modifications (PTMs), including tyrosine and serine
phosphorylation, lysine acetylation, and lysine and arginine meth-
ylation (9-16). Activation of receptor and nonreceptor tyrosine
kinases stimulates STAT3 Tyr’® phosphorylation to induce
dimerization and increase STAT3 DNA binding activity (8,13, 17,
18). Phosphorylation of Ser”?” is mediated by various serine ki-
nases (e.g., mitogen-activated protein kinases, cyclin-dependent
kinases, and protein kinase Cs), and this modification increases
STATS3 transcriptional activity by facilitating protein-protein in-
teractions with transcriptional coactivators (8, 15, 19-22). Acety-
lation of several lysine residues, most notably Lys®®>, has also been
reported to regulate STAT3 dimer formation and transcriptional
activity (1012, 23). STAT3 is methylated at Lys'* in response to
interleukin 6 (IL-6), and this modification can inhibit or enhance
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STAT3-dependent transcription in a gene-specific manner (16).
STAT3 has also been reported to be methylated at Arg’' by
PRMT? to negatively regulate leptin signaling (9).

The abundance and diversity of STAT3 PTM:s suggest that nu-
merous distinctly modified STAT3 forms (mod-forms) may be
simultaneously present in a given cellular context. Indeed, there
potentially exist 2" STAT3 mod-forms, where 7 is the number of
modified STATS3 sites. As n increases or as the number of possible
PTMs at a single site increases (e.g., acetylation or methylation of
lysine), there is a corresponding exponential increase in the po-
tential proteomic complexity of STAT3 mod-forms. This mecha-
nism of proteomic expansion has been suggested to increase the
functional repertoire of cellular proteins and is likely to confer
signal integration potential on STAT3 (24).

We previously reported that STAT3 is a critical signal integra-
tor downstream of coincident EGFR and protease-activated re-
ceptor 1 (PAR-1) signaling in vascular endothelial cells (EC) (25).
In this context, glycogen synthase kinase 3« and - (GSK-3a/B)-
dependent phosphorylation of STAT3 Ser”*” is required to trigger
inducible expression of the transcription factor early growth re-
sponse 1 (EGR1). Importantly, STAT3-dependent gene expres-
sion is triggered only when EGFR and PAR-1 are simultaneously
activated, suggesting that the temporal information of coincident
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EGFR/PAR-1 activation is transduced via GSK-3a/B—STATS3 sig-
naling. GSK-3a/f are multifunctional serine/threonine kinases
that regulate substrates with multiple phosphorylation sites in a
manner that often requires a “priming” phosphorylation (26).
Recently, proteome-wide analyses have identified STAT3 Thr”'*
as a novel phosphorylation site (27-29), but the regulation and
function of this modification have not been investigated.

In this report, we provide evidence that GSK-3a/@ directly
phosphorylate STAT3 to generate a STAT3 phosphoform that is
simultaneously modified at Thr’'* and Ser’*’. Both Thr’'* and
Ser”?” phosphorylation are required for stimulus-dependent Mcl1
induction in a combinatorial signaling context, suggesting that the
doubly modified phosphoform is the mediator of signal integra-
tion and gene induction during simultaneous EGFR/PAR-1 acti-
vation. Levels of doubly phosphorylated STAT3 are significantly
elevated in renal tumors relative to matched normal tissue, sug-
gesting that the GSK-3a/B—STAT3 signaling axis may be active in
the disease. In summary, we provide a seminal example of tempo-
ral information encoding via multisite STAT3 phosphorylation in
the context of combinatorial signaling.

MATERIALS AND METHODS

Cell culture, transfections, and treatments. Human EC were isolated by
trypsinization of umbilical veins as previously described (30). The EC
were plated on fibronectin-coated cell culture dishes and maintained in
MCDB-F-12 medium containing 15% fetal bovine serum (FBS), 0.009%
heparin, and 0.015% endothelial cell growth supplement. All experiments
were carried out using cells between the third and fifth passages. EC were
transfected using Targefect reagents (Targeting Systems) according to the
manufacturer’s protocol. Unless otherwise indicated, EC were serum
starved for 2 h prior to treatment with EGF (16 ng/ml), thrombin receptor
agonist peptide (TRAP) (100 uM), or thrombin (5 U/ml). Small interfer-
ing RNAs (siRNAs) targeting STAT3 (s743), GSK-3a (s6237), and
GSK-3[ (s6241) were purchased from Life Technologies. STAT3 3’ un-
translated region (UTR)-targeting siRNA was purchased from Dharma-
con (D-003544-19-0005).

SDS-PAGE and Western blotting. Total cell lysate from approxi-
mately 10° EC was resolved using Bis-Tris-buffered SDS-PAGE gels rang-
ing from 8 to 12%, depending on the protein of interest. The gels were
soaked in protein transfer buffer (48 mM Tris, 39 mM glycine, 20% meth-
anol, 0.0375% SDS) and transferred to a polyvinylidene difluoride
(PVDF) membrane using a Bio-Rad semidry transfer cell. After transfer,
the PVDF membranes were washed briefly in TBST (150 mM NaCl, 50
mM Tris-HCl, pH 7.5, 0.1% Tween 20) and then blocked for 2 h in pro-
tein-free TBST blocking buffer (Pierce). After blocking, primary antibod-
ies were diluted 1:1,000 in blocking buffer and incubated overnight at 4°C.
The membranes were washed and then incubated with horseradish per-
oxidase (HRP)-conjugated secondary antibody for 1 h, and the HRP sig-
nals were detected by chemiluminescence. Antibodies for the following
targets were purchased from Cell Signaling Technology (catalog numbers
are in parentheses): STAT3 (9139 and 4904), phosphorylated Tyr’*®
(pTyr’®®) STAT3 (9131, 9138, and 9145), Pro-Met-pSer-Pro (PMpSP)
motif (2325), pThr-Pro motif (9391), GSK-3a/ (5676), GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) (5174), and Mcl1 (5453). Anti-
a-tubulin (T5168) antibody was purchased from Sigma-Aldrich. Anti-
pSer’>” STAT3 antibody (sc-136193) was purchased from Santa Cruz
Biotechnology.

Immunoprecipitation. EC were washed once with ice-cold phos-
phate-buffered saline (PBS) and lysed in RIPA buffer (50 mM Tris-HCI,
pH 7.4, 1% NP-40, 150 mM NaCl, 0.1% SDS, 1 mM EDTA, 5 mM
Na,;VO,) supplemented with protease inhibitor cocktail (Roche) and
phosphatase inhibitors (Roche). Lysis was allowed to proceed for 30 min
at 4°C under gentle agitation. The lysates were cleared by high-speed cen-
trifugation, and primary antibodies were added for overnight incubation.
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Antibody complexes were precipitated with protein A/G-agarose beads,
washed three times with ice-cold RIPA buffer, and denatured with 2X
Laemmli buffer for SDS-PAGE.

EGRI1 promoter luciferase reporter and luciferase assay. Luciferase
reporter assays were performed using a 2.1-kb fragment of the EGRI
promoter, as previously described (25). Briefly, luciferase assays were per-
formed by transfecting EC with EGR1 promoter reporter 24 h prior to
treatment. The cells were lysed with passive lysis buffer (Promega), and
luciferase activity was assayed using the luciferase assay system (Promega)
according to the manufacturer’s instructions.

Quantitative mass spectrometry. After immunoprecipitation with an
anti-STAT3 antibody (CST 9139), an ~86-kDa band was cut from the
Coomassie-stained gel, digested with trypsin, and analyzed by capillary
column liquid chromatography-tandem mass spectrometry (LC-MS-
MS) to identify phosphopeptides. The LC-MS-MS system was a Finnigan
LTQ linear ion trap mass spectrometer and a LTQ-Orbitrap Elite system.
The high-performance liquid chromatography (HPLC) column was a
self-packed 9-cm by 75-pm (inside diameter [i.d.]) Phenomenex Jupiter
C,5 (LTQ) or a Dionex 15-cm by 75-pm (i.d.) Acclaim Pepmap C, 4 re-
verse-phase capillary column (Orbitrap). The digest was analyzed in both
a survey manner and a targeted manner. The survey experiments were
performed using the data-dependent multitask capability of the instru-
ment, acquiring full-scan mass spectra to determine peptide molecular
weights and product ion spectra to determine the amino acid sequence in
successive instrument scans. These data were analyzed by using all colli-
sion-induced dissociation (CID) spectra collected in the experiment to
search the human reference sequence database with the search program
Mascot. The targeted experiments involved the analysis of specific STAT3
peptides, including the phosphorylated and unmodified forms of the
Y705, S727, and T714 tryptic peptides. The chromatograms for these pep-
tides were plotted based on known fragmentation patterns, and the peak
areas of the chromatograms were used to determine the extent of phos-
phorylation.

Protein extraction from tumor tissue. Tumor tissue was procured
from fresh-frozen nephrectomy specimens, and an experienced kidney
pathologist confirmed clear-cell renal-cell carcinoma (ccRCC) or papil-
lary renal-cell carcinoma (pRCC) diagnosis by histology. Samples (~100
mg) of tumor tissue were solubilized in RIPA buffer supplemented with
protease and phosphatase inhibitors using a Dounce homogenizer, and
the lysates were cleared once by high-speed centrifugation, tumbled end
over end overnight, and cleared again by centrifugation, after which
STAT3 was immunoprecipitated using an anti-STAT3 monoclonal anti-
body.

Development of polyclonal antiserum for STAT3 Thr”** phosphor-
ylation. Anti-STAT3 pThr”'* polyclonal antiserum was generated by im-
munizing a rabbit with a phosphorylated peptide corresponding to phos-
phorylation at that site (KFICVpTPTTC).

In vitro kinase assays. Recombinant STAT3 was purchased from Ab-
cam (ab64310), and active GSK-3 was purchased from New England
BioLabs (NEB P6040) and utilized according to the manufacturer’s in-
structions. Briefly, STAT3 was incubated with GSK-3f in ATP-supple-
mented kinase buffer (20 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 5 mM
dithiothreitol [DTT]) for 1 h at 30°C. For immune complex phosphory-
lation assays, recombinant wild-type (WT) STAT3, T714A STAT3, and
§727A STAT3 were expressed in EC by transient transfection of STAT3
cDNAs. Prior to lysis, the EC were serum starved for 2 h to reduce STAT3
basal phosphorylation. The EC were lysed, and STAT3 was immunopuri-
fied using an anti-STAT3 monoclonal antibody and protein A/G beads.
The beads were washed with RIPA buffer and resuspended in kinase buf-
fer supplemented with ATP in the absence or presence of GSK-3f3 for 1 h
at 30°C. The reactions were terminated with 2X SDS buffer and analyzed
by SDS-PAGE and immunoblotting.

Chromatin immunoprecipitation. Chromatin immunoprecipita-
tions (ChIP) were performed using a commercially available kit according
to the manufacturer’s instructions (Millipore; 17-295). Human EC
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FIG 1 Identification of STAT3 phosphoforms in endothelial cells. (A) Coincident PAR-1 activation prevents EGF-induced inhibition of GSK-3a/B by AKT, thus
allowing GSK-3a/ to positively regulate Ser’>” phosphorylation (25). As proline-directed kinases, GSK-3/B may directly phosphorylate both Thr”'* and Ser”*’.
(B) Serum-starved EC were treated with EGF plus TRAP for 15 min, after which STAT3 was immunoprecipitated, and STAT3 phosphorylation was quantified
by selected reaction monitoring targeting the specific STAT3 peptides listed in the table. +, peptide identified; —, peptide not identified. (C) CID spectrum of the
singly phosphorylated form of the T710-729 STAT3 peptide, FICVTPTTCSNTIDLPMoSPR. This spectrum is consistent with the presence of two different forms
of the peptide. The y5 ion at 683.3 Da is consistent with phosphorylation at S727. The presence of an unmodified y15 ion at 1,705 Da and only a modified y16 ion
at 1,886 Da indicates that a second isoform with modification at T714 is also present. (D) CID spectrum of the doubly phosphorylated form of the T710-729
STATS3 peptide, FICVTPTTCSNTIDLPMoPR. The identification of the C-terminal y5 ion at 683 Da is consistent with phosphorylation at S727. In addition, the
mass difference between the y,, and y,5 ions is 181 Da and is consistent with the second site of phosphorylation occurring at T714. Mo, oxidized form of
methionine.

treated with EGF plus TRAP or IL-6 for 15 min were cross-linked by the  servation of proline in the +1 position, raising the possibility that
addition of formaldehyde. The cross-linked EC were lysed in SDS lysis it is a direct substrate of GSK-3a/B. We therefore examined Thr”!*
buffer and sonicated using a Sonicator 3000 (Misonix Inc., Farmingdale,  and Ser’?’ phosphorylation in EC by quantitative mass spectrom-
NY). Chromatin-protein complexes were immunoprecipitated overnight etry. STAT3 was immunoprecipitated from EC treated with EGF
with an anti-STAT3 antibody, and genomic DNA was purified using DNA plus TRAP, a PAR-1 activator. Immunoprecipitates were resolved

PrepEase columns (Affymetrix). Purified genomic DNA was analyzed by ~ .
quantitative real-time PCR using primers flanking the upstream GAS el- by SDS-PAGE, and ~86-kDa protein bands were cut from the gel

ement in the EGRI promoter (25): forward primer, 5'-CAGGAGGAGC for LC-MS-MS analysis. We readily detected phosphorylation of
CTTCCCTTCCCG-3'; reverse primer, 5'-CTGGGGCCGAACGCAACA ~ STAT3 at Thr”™ or Ser”’ (Fig. 1B and C). We also identified
G-3'. The data were normalized relative to the amount of input DNA for ~ STAT3 phosphopeptides that were phosphorylated at both Thr”™
each sample and expressed as the fold change relative to the untreated and Ser’*” (Fig. 1D). Surprisingly, we failed to detect STAT3

control sample. Tyr”® phosphopeptides by mass spectrometry under these condi-
Statistical analyses. Unless otherwise indicated, data are expressed  tions (Fig. 1B).
as means and standard errors of the mean (SEM). Differences between Differential induction of STAT3 phosphoforms by EGFR/

groups were analyzed by analysis of variance (ANOVA). Bonferroni
post hoc tests were performed to calculate multiplicity-adjusted P val-
ues and to evaluate pairwise differences between groups. Differences
between tumors and normal tissue were evaluated by two-tailed paired

PAR-1 signaling. We next sought to characterize signaling mech-
anisms regulating the inducible formation of STAT3 phospho-
forms. EC were stimulated with EGF plus TRAP for up to 1 h,

f tests. STAT3 was immunoprecipitated and resolved by SDS-PAGE (Fig.
2A), and the kinetics with which STAT3 phosphoforms were in-
RESULTS duced were analyzed by LC-MS-MS. Singly phosphorylated

Multiple STAT3 phosphoforms are induced by combinatorial ~ Thr”** or Ser’*” phosphoforms are induced as early as 5 min fol-
EGFR/PAR-1 signaling in endothelial cells. We previously —lowing EGF-plus-TRAP treatment and reach a maximum at ~15
showed that GSK-3a/B participate in STAT3 activation down-  min posttreatment (Fig. 2B and C, red and blue). Levels of Thr”'*-
stream of simultaneous EGFR/PAR-1 signaling by positively reg-  phosphorylated STAT3 and Ser’*’-phosphorylated STAT3 begin
ulating STAT3 Ser’*” phosphorylation (Fig. 1A). STAT3 Thr’'*is  to decrease after 15 min and stabilize at ~50% of their maximum
located in an evolutionarily conserved region that includes con-  levels between 30 and 60 min after stimulation. Doubly phosphor-
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FIG 2 Quantitative analysis of STAT3 phosphoform abundance following EGFR/PAR-1 activation. (A) STAT3 was immunoprecipitated (IP) from the pooled
extracts and resolved by SDS-PAGE. An ~86-kDa band corresponding to Coomassie-stained STAT3 was cut from the gel, digested with trypsin, and subjected
to LC-MS-MS and selected reaction monitoring (SRM) to quantify specific STAT3 phosphoforms. This method allowed independently treated replicates to yield
sufficient endogenous STAT3 for LC-MS-MS analysis. (B) Serum-starved EC were treated with EGF and TRAP for the indicated times, after which they were
lysed in RIPA buffer, and STAT3 was immunoprecipitated for mass spectrometry analysis as described in Materials and Methods. Three independently treated
100-mm dishes were pooled and used for each point indicated on the graph. Percent phosphorylation was calculated as the abundance of a specific phosphoform
divided by the abundance of all STATS3 tryptic peptides at that site. (C) Data from panel B presented as fold change relative to basal levels for each specific STAT3
phosphoform. Curve fit analyses were performed using a two-phase exponential model. (D) Coomassie-stained polyacrylamide gel of STAT3 immunoprecipi-
tates after treatment with EGF (16 ng/ml), TRAP (100 M), or both for 15 min. (E) Serum-starved EC treated with EGF, TRAP, or both for 15 min and processed
for quantitative mass spectrometry of Thr”'* phosphorylation as in panel B. (F) Mass spectrometry analysis of Ser’*” phosphorylation as in panel B. (G) Mass
spectrometry analysis of doubly phosphorylated STAT3 as in panel B. (H) The synergism ratios for individual STAT3 phosphoforms were calculated as follows:

responsegr + rap/ (responseggr + responsepap)-

ylated STAT3 exists in much lower abundance than singly modi-
fied phosphoforms (Fig. 2B, green) but demonstrates the highest
degree of stimulus-dependent inducibility (Fig. 2C). Further, the
level of doubly phosphorylated STAT3 remains elevated for up to
30 min after stimulus exposure, after which it returns to ~5-fold
the basal level (Fig. 2C).

To determine the extent to which STAT3 phosphoforms are
regulated by EGFR/PAR-1 cross talk, EC were treated with
EGF, TRAP, or both for 15 min (Fig. 2D), and STAT3 phos-
phoforms were measured by LC-MS-MS. Singly phosphory-
lated Thr”'* STAT3 was moderately induced by either EGF or
TRAP alone (Fig. 2E), and combination treatment caused an
almost perfectly additive increase in pThr”'* STAT3 abundance
(Fig. 2E and H). Singly phosphorylated Ser”?” STAT3 was also
moderately induced by either EGF or TRAP alone and was
synergistically induced by combination treatment with EGF
plus TRAP (Fig. 2F and H). Doubly phosphorylated STAT3 was
undetectable under unstimulated conditions, and stimulation
with either EGF or TRAP caused a minimal increase in the
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abundance of this phosphoform (Fig. 2G). Remarkably, com-
bination treatment with EGF plus TRAP increased the levels of
doubly phosphorylated STAT3 (Fig. 2G) in a manner that was
strongly synergistic compared to the response with either EGF
or TRAP alone (Fig. 2H).

EGF-plus-TRAP-induced STAT3 phosphorylation is distinct
from IL-6-induced phosphorylation. Next, we sought to vali-
date our mass spectrometry results for Thr’'*, Ser’”’, and
Tyr”*° phosphorylation. STAT3 was immunoprecipitated from
human umbilical vein endothelial cells (HUVEC), and various
phosphospecific antibodies were used to assess the levels of
distinct STAT3 phosphorylations. To investigate stimulus-in-
ducible Thr”'* phosphorylation by immunoblotting, a poly-
clonal STAT3 anti-pThr”'* antibody was generated by immu-
nizing a rabbit with a phosphopeptide corresponding to the
STATS3 residues at that phosphosite. STAT3 Thr’'* phosphor-
ylation was synergistically induced in response to 15-min EGF-
plus-TRAP treatment (Fig. 3A and B). Ser”*” phosphorylation
was also synergistically induced when STAT3 immunoprecipi-
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FIG 3 Immunoblot analysis of STAT3 phosphorylations. (A) Serum-starved EC were treated with EGF, TRAP, or both for 15 min, and STAT3 was immuno-
precipitated and resolved by SDS-PAGE. STAT3 phosphorylations were assessed by immunoblotting. The anti-pThr”'* antibody was generated by immunizing
a rabbit with a phosphorylated peptide corresponding to phosphorylation at that site (KFICVpTPTTC). STAT3 Ser”?” phosphorylation was detected using a
Pro-Met-phospho-Ser-Pro motif antibody and a commercially available antibody from Santa Cruz Biotechnology. (B) Densitometry analysis of Thr”'* phos-
phorylation from 3 independent experiments performed as for panel A. (C) Densitometry analysis of Ser’>” phosphorylation from 3 independent experiments
performed as for panel A. (D) Serum-starved EC were treated with EGF at the indicated concentrations in the presence of TRAP for 15 min. The EC were lysed
with RIPA buffer, and STAT3 was immunoprecipitated and resolved by SDS-PAGE. Three antibodies (Ab) were used to assess Tyr’*> phosphorylation. Ab 1 is
Cell Signaling Technology (CST) 9131, Ab 2 is CST 9145, and Ab 3 is CST 9138. The immunoblot with CST 9138 was deliberately overexposed to film to detect

basal STAT3 Tyr’%° phosphorylation. Thr”'* and Ser”*” phosphorylation was assessed as for panel A. IL-6 (10 ng/ml) was included as a positive control for Tyr

phosphorylation. The error bars indicate SEM.

tates were probed with an anti-PMpSP antibody that is de-
signed to recognize phosphorylated serine in the MAP kinase
consensus motif corresponding to Ser’*” (Fig. 3A and C). We
previously showed that a commercially available pSer”*’
STAT3 antibody recognizes synergistically induced Ser’*’
phosphorylation in a manner consistent with mass spectrom-
etry results after 5 min of stimulation with EGF plus TRAP
(25). However, after 15 min of stimulation, the commercial
antibody does not reflect the ~8- to 10-fold induction of Ser”*”
phosphorylation that occurs (as indicated by mass spectrome-
try and PMpSP antibody), possibly due to the increased abun-
dance of cooperating modifications near that site (Fig. 3A).
Therefore, in subsequent experiments, we used immunopre-
cipitation and anti-PMpSP immunoblots to assess Ser’” phos-
phorylation.

We next sought to standardize immunoblotting methods
for detecting multiple STAT3 phosphorylations. Our mass
spectrometry results suggested that phosphorylation of STAT3
Tyr’® is low or absent in EC. To validate this result, we per-
formed a dose-response experiment using increasing levels of
EGF in the presence of TRAP and analyzed Tyr’% phosphory-
lation by immunoblotting using three commercially available
antibodies (Fig. 3D). Tyr’®> phosphorylation was strongly in-
duced by IL-6 but not by EGF plus TRAP, even at high EGF
concentrations. Basal Tyr’*> phosphorylation was detectable
upon overexposure of the film, suggesting that this modifica-
tion occurs basally at very low abundance in EC. A commer-
cially available pSer”*” antibody did not detect a strong EGF-
plus-TRAP-induced phosphorylation at Ser’?’, suggesting that
there is a loss of affinity of the antibody for phosphorylated
STATS3 at this time point (Fig. 3D). EGF-plus-TRAP stimula-
tion increased Thr”'* phosphorylation and PMpSP phosphor-
ylation (Ser’?”) of STAT3 at all concentrations (Fig. 3D).

GSK-3a/f3 phosphorylate STAT3 to generate a doubly mod-
ified phosphoform. We previously reported that GSK-3a/3 pos-
itively regulated STAT3 Ser’*” phosphorylation and STAT3-de-
pendent gene expression in EC (25). Therefore, we investigated
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the extent to which GSK-3a/B regulate the stimulus-inducible
generation of specific STAT3 phosphoforms downstream of
EGFR/PAR-1 signaling. Depletion of GSK-3a/3 by RNA interfer-
ence (RNAI) caused a 90% decrease in the levels of inducible dou-
bly phosphorylated STAT3 while causing only a partial reduction
in single pThr”"* or pSer’?” STAT3 (Fig. 4A). This result was ver-
ified by immunoblotting STAT3 immunoprecipitates using a
STAT3 pThr”'* antibody (Fig. 4B) and by anti-pThr-Pro and Pro-
Met-pSer-Pro motif antibodies to detect the levels of pThr”'* and
pSer’*, respectively (Fig. 4C and D). In all cases, GSK-3a/B de-
pletion caused a reduction in total pThr”'* and pSer’*’, demon-
strating that GSK-3a/3 positively regulate STAT3 Ser/Thr phos-
phorylation. Moreover, this result demonstrates that there are
both GSK-3a/B-dependent and GSK-3a/B-independent compo-
nents of STAT3 Thr”'* and Ser’*” phosphorylation, and GSK-
3a/B are required for generating doubly phosphorylated STAT3
in this context. GSK-3p efficiently phosphorylated STAT3 in vitro
ata pThr-Pro site (Fig. 4E). To test the ability of GSK-3f to phos-
phorylate STAT3 at Thr’** and Ser””’, we immunopurified WT
STAT3, S727A STAT3, and T714A STAT3 for use as in vitro
GSK-3f3 substrates. GSK-3f3 efficiently phosphorylated both
Thr”'* and Ser’*” (Fig. 4F). Mutation of Ser’*’ to alanine dramat-
ically reduced the ability of GSK-3( to phosphorylate Thr”'*. In
contrast, mutation of Thr”'* to alanine did not affect Ser’*” phos-
phorylation by GSK-3@ (Fig. 4F), suggesting that Ser”*” may reg-
ulate priming or processive phosphorylation of STAT3 Thr”'* by
GSK-3a/B.

STATS3 phosphorylation at Thr”'* by GSK-3a/ positively
regulates target gene expression. We previously showed that si-
multaneous EGFR/PAR-1 activation causes synergistic induction
of EGR1 in a manner that requires STAT3 Ser”*” phosphorylation
(25). To identify established STAT3 targets that are regulated by
EGFR/PAR-1 signaling, we examined Bcl2 family members that
are known to require STAT3 Ser’*” phosphorylation, including
Mcll (31). Indeed, we found that EGF plus TRAP maximally in-
duced Mcll at 2 h posttreatment (Fig. 5A), and this induction was
synergistic compared to treatment with either EGF or TRAP alone
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stimulated with EGF plus TRAP for 15 min, and STAT3 phosphoform abundance was analyzed by mass spectrometry. Red bars, STAT3 phosphorylated at
Ser727; blue bars, STAT3 phosphorylated at Thr714; green bars, STAT3 phosphorylated at both Thr714 and Ser727. (B) GSK-3a/3 were depleted from EC by
RNAi, and the effect on EGF-plus-TRAP-induced STAT3 Thr”'* phosphorylation was analyzed by immunoblotting of STAT3 immunoprecipitates using
anti-STAT3 pThr”"* polyclonal antisera. (C) GSK-3a/B were depleted from EC by RNAi, and the effect on EGF-plus-TRAP-induced STAT3 Thr”'* phosphor-
ylation was analyzed by immunoblotting of STAT3 immunoprecipitates using anti-Thr-Pro and anti-Pro-Met-pSer-Pro motif antibodies. The amino acid
sequence under the immunoblot represents STAT3 710 to 729, with the sites targeted for immunodetection indicated. (D) Densitometry of 3 independent
immunoblots performed as for panel C. The error bars indicate SEM. (E) In vitro kinase assay using recombinant GSK-3 (New England BioLabs) and STAT3
(Abcam) substrate was performed for 1 h at 30°C, and threonine phosphorylation was detected using a pThr-Pro motif antibody. (F) Endogenous STAT3 was
depleted by RNAi targeting the 3" UTR of STAT3, and recombinant WT STAT3, S727A STAT3, or T714A STAT3 was immunopurified from serum-starved EC
and used as an in vitro substrate for GSK-3B. The amino acid sequence under the immunoblot represents STAT3 710 to 729, with the sites targeted for

immunodetection indicated.

(Fig. 5B and C). Depletion of STAT3 by RNAi completely inhib-
ited synergistic induction of Mcll (Fig. 5D), demonstrating that
STATS3 is critical for EGFR/PAR-1 cross talk, consistent with our
previously published results for EGR1 induction (25). Inducible
expression of Mcll was reduced ~50% when GSK-3o/(3 were de-
pleted by RNAI, consistent with our hypothesis that GSK-3a/3
positively regulate STAT3 activity (Fig. 5E and F). Further, WT
STATS3, but not T714A, S727A, or T714A/S727A STAT3 mutants,
rescued EGF-plus-TRAP-induced Mcll expression when endog-
enous STAT3 was depleted by RNAi (Fig. 5G and H). In contrast,
a STAT3 Y705F mutant lacking the canonical phosphorylation
site rescued Mcll induction to an extent similar to that of WT
STATS3, suggesting that combinatorial activation of STAT3 by
EGFR/PAR-1 is Tyr’® independent (Fig. 5I to J).

Simultaneous EGFR/PAR-1 signaling induces STAT3 bind-
ing to a distal GAS element in the EGR1 promoter. We next
sought to compare combinatorial activation of STAT3 by EGF
plus TRAP to canonical activation of STAT3 by gamma interferon
(IFN-vy) or IL-6. Simultaneous EGFR/PAR-1 activation strongly
induced STAT3 Thr-Pro and Thr”'* phosphorylation at 15 min
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(Fig. 6A). A PMpSP motif antibody (Ser’*”) detected phosphory-
lated STAT3 Ser”*” in a manner largely consistent with data from
mass spectrometry experiments (Fig. 6A). Neither IL-6 nor IFN-y
induced a significant degree of STAT3 threonine phosphoryla-
tion. IL-6 and IFN-v, but not EGF plus TRAP, strongly induced
STAT3 Tyr’® phosphorylation, suggesting that STAT3-depen-
dent gene expression can be triggered by EGF plus TRAP in the
absence of Tyr’” phosphorylation. Further, we previously
showed that an upstream GAS element in the EGRI promoter was
critical for EGF-plus-TRAP-induced promoter activation (25).
EGF plus TRAP, but not IL-6, induced STAT3 binding to this
upstream promoter region (Fig. 6B). Additionally, when EC were
cotransfected with an EGRI promoter reporter, EGRI promoter
activation was significantly reduced by cotransfection with T714A
STATS3 relative to WT STAT3 (Fig. 6C). Coupled with our previ-
ous results, these data demonstrate that both Thr”'* and Ser”*” are
required for maximal EGRI promoter activation (25). Overex-
pression of a phosphomimetic T714D STAT3 mutant was not
sufficient to increase basal EGRI promoter activity relative to WT
STATS3 (Fig. 6D), suggesting that other modifications and signal-
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ing pathways are required. To test the requirement for Tyr’% in
EGRI promoter activation, we overexpressed WT STAT3 or
Y705F STAT3 in STAT3-depleted EC and measured EGRI pro-
moter activity in response to EGF plus TRAP. EGF-plus-TRAP-
induced promoter activation was similar for WT STAT3 and
Y705F STAT3 (Fig. 6E).

Doubly phosphorylated STATS3 is elevated in human renal
tumors. Preclinical studies of RCC have validated both STAT3
and GSK-3a/[ as targetable molecules for the therapeutic inhibi-
tion of RCC progression (32-35). Additionally, aberrant nuclear
accumulation of GSK-3 has been reported to occur in >90% of
human RCC cases. Based on these studies and our discovery of a
direct link between GSK-3a/B and STAT3 Thr’"* phosphoryla-
tion, we hypothesized that doubly phosphorylated STAT3 may be
elevated in renal tumors. We analyzed STAT3 PTMs in a cohort of
4 ccRCC and 4 pRCC patients to determine the relative degrees of
STAT3 Thr”"* phosphorylation in these cases. Thr”'* phosphory-
lation was detectable in all patients by immunoblotting but was
remarkably elevated in 2/4 ccRCC cases and 1/4 pRCC cases (Fig.
7A). STAT3 Ser”?” phosphorylation (anti-PMpSP) was elevated in
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4/4 ccRCC cases and 1/4 pRCC cases. STAT3 pTyr’® was elevated
in4/4 ccRCC patients and 1/4 pRCC patients. The same cases were
analyzed by LC-MS-MS to measure the abundance of STAT3
phosphoforms (Fig. 7B to E). STAT3 phosphoform abundance
was generally elevated in ccRCC versus pRCC, and levels of
pSer’?” and pTyr’®> were significantly elevated in ccRCC (Fig. 7C
and E).

Based on these results, we procured 10 additional cases of
ccRCC with matched normal tissue to determine the extent to
which STAT3 phosphoform abundances differed in tumor tissue
relative to adjacent normal tissue. Singly phosphorylated STAT3
at Thr”'* or Ser’*’ was significantly elevated in tumor tissue rela-
tive to adjacent normal tissue (Fig. 7F and G). Doubly phosphor-
ylated STAT3 was also significantly more abundant in tumor tis-
sue, indicating that GSK-3a/B-STAT3 signaling may be active in
ccRCC (Fig. 7H). In contrast, pTyr’® STAT3 displayed a high
degree of variability and was not significantly different between
normal and tumor tissue (Fig. 71). To examine the relative contri-
bution of cancer cells versus stromal cells to tumor-associated
STATS3 phosphorylation, we examined the extent to which STAT3
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FIG 7 Detection and abundance of STAT3 phosphoforms in renal-cell carcinoma. (A) Human renal-tumor samples (clear cell and papillary) were isolated from
tissue after nephrectomy. The tumor tissue was solubilized in RIPA buffer and cleared by high-speed centrifugation, and STAT3 was immunoprecipitated
overnight. Half of the immunoprecipitate was analyzed by immunoblotting to confirm the presence of STAT3 and its phosphorylations. Recombinant (Rec.)
STAT3 was included as a nonphosphorylated reference. (B to E) The remaining immunoprecipitates were processed by LC-MS-MS to measure the abundances
of STAT3 phosphoforms in the tumors. C1 and C2 indicate the clear-cell renal-cell carcinoma case from panel A with elevated STAT3 phosphorylation.
Horizontal lines indicate the median values of the samples. (F to I) Ten cases of ccRCC and patient-matched normal tissue were examined by microscopy to
confirm the diagnosis and to estimate the number of tumor nuclei per field. Tumor tissue and matched tissue controls were solubilized as for panel A, and STAT3
was immunoprecipitated to analyze phosphoform abundance by LC-MS-MS. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (J to M) An experienced kidney
pathologist estimated the percentage of tumor nuclei per field. Pearson correlation coefficients were calculated based on the percentage of tumor nuclei (x axis)
versus phosphoform abundance (y axis). Pearson r values and two-tailed P values for correlation with tumor nuclei were as follows: pThr”'%, r = 0.37, P = 0.29;
pSer”*”, r = —0.42, P = 0.23; double pSTAT3, r = 0.44, P = 0.20; pTyr’®, r = —0.38, P = 0.28.

phosphoforms correlated with the percentage of tumor nuclei in ~ with the percentage of tumor nuclei (Fig. 7K and M). These data
ccRCC cases. pThr’'* and doubly phosphorylated STAT3 exhib-  clearly demonstrate that Thr’'*- and Ser’*’-phosphorylated
ited a positive correlative trend versus the percentage of tumor STAT3 are elevated in renal-tumor tissue, suggesting that GSK-
nuclei in each sample, but this relationship was not statistically =~ 3a/B-STAT3 signaling is a novel targetable signaling axis in
significant (Fig. 7] and L). Neither pSer’?” nor pTyr’® correlated ~ ccRCC.
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FIG 8 GSK-3a/B regulate a novel mechanism of STAT3 activation via direct
Thr”"*/Ser”*” phosphorylation. The model shows the inducible flux of STAT3
phosphoforms stimulated with different combinations of EGF plus TRAP.
Simultaneous EGFR/PAR-1 activation is required to drive significant forma-
tion of doubly phosphorylated STAT3 and STAT3-dependent gene expression
in this context. Furthermore, GSK-3a/ are required for nearly all of the dou-
bly phosphorylated STAT3 generated following EGFR/PAR-1 activation (red
area). During individual activation of EGFR or PAR-1, or in the absence of
GSK-3a/B, STAT3 is inducibly phosphorylated at Thr”'* or Ser”?” (blue area).
Numerous Ser’?’ kinases are known, but additional proline-directed Thr”'*
kinases that catalyze single phosphorylation of Thr”'* in the absence of GSK-
3a/B and Ser’*” phosphorylation likely exist.

DISCUSSION

The transcriptional activity of STAT3 is modulated by reversible
PTMs that regulate dimerization, DNA binding, and protein-pro-
tein interactions. Activated STAT3, in turn, transcriptionally ac-
tivates genes that promote growth and survival and is thought to
be a major driver of solid tumor progression. We now report that
STAT3 Thr”'*is phosphorylated, in addition to Ser’*”, in response
to EGF signaling during coincident GPCR activation, and both of
these modifications are critical for STAT3-dependent expression
of Mcll and EGR1 (Fig. 5G to H). Therefore, the data presented
here strongly suggest that EGR1 and Mcl1 induction is driven by a
low-abundance but dynamically regulated STAT3 phosphoform
that is simultaneously modified at Thr”'* and Ser’*’, likely in the
absence of Tyr’®> phosphorylation (Fig. 2B and C, 3D, and 6A).
Further, our data demonstrate that GSK-3a/ exclusively mediate
the generation of doubly phosphorylated STAT3 to induce Mcll
and EGR1 during coincident EGFR/PAR-1 activation (Fig. 4A and
F). The additive response of pThr’'* STAT3 to EGF plus TRAP
(Fig. 2H) and the observation that T714A does not affect Ser’’
phosphorylation (Fig. 4F) suggest that there is little to no conver-
sion of pThr”** STAT3 to doubly phosphorylated STAT3 in this
context (Fig. 8). We therefore propose that doubly phosphory-
lated STAT3 mediates a noncanonical mechanism of STAT3 acti-
vation that is triggered specifically by combinatorial EGFR/PAR-1
signaling and is aberrantly regulated in human renal tumors
(Fig. 8).

STAT3 Thr”'* phosphorylation adds to the high frequency of
PTMs within a relatively small region of the STAT3 COOH termi-
nus. Between Lys®”® and Ser”*’, researchers have identified acety-
lation of Lys®”®, Lys®®, Lys”"”, and Lys’®® (10-12, 23) and phos-
phorylation at Tyr’®%, Thr’'*, and Ser”?” (13, 15). The mechanisms
by which canonical STAT3 modifications (pTyr’®®> and pSer”*’)
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regulate STAT3 function are relatively clear. However, the exact
mechanisms by which lysine acetylation/methylation and threo-
nine phosphorylation regulate transcriptional activity of STAT3
are not well understood, and more work is required to understand
the structural basis for promoter-specific functions of individual
STAT3 PTMs. In any event, the diversity and abundance of STAT3
PTMs that is now reported, coupled with the established functions
of unphosphorylated STAT3 (U-STAT3) (36—38), demonstrate
that Tyr’%° phosphorylation is neither necessary nor sufficient for
STATS3 activation in a number of signaling contexts (36, 37, 39—
42). Further, STAT1/3 phosphorylations at Tyr’®"/”°> and Ser”*” is
often mediated by the same kinases, as the sequences surrounding
these residues are highly similar. However, the amino acids sur-
rounding Ser’*® in STAT1 and Thr”** in STAT3 are unique, sug-
gesting a possible basis for the differential activation of STAT1/3
via regulation of distinct proximal kinases. In support of this no-
tion, others have shown that IKKe phosphorylates STAT1 Ser”®®
to regulate antiviral immunity (43, 44), and we now present evi-
dence that STAT3 Thr”'* is mediated by GSK-3a/p to positively
regulate Mcll and EGR1 expression.

It is known that STAT3 can dimerize in the absence of Tyr’%’
phosphorylation (38). Furthermore, recent studies using both
atomic force microscopy and X-ray crystallography have directly
visualized U-STAT3 binding to GAS elements as an unphospho-
rylated dimer (37, 45). Our results suggest that STAT3 binds to an
upstream GAS element in the EGRI promoter in the absence of
Tyr”*> phosphorylation. Interestingly, others have shown that on-
costatin M induces STAT3 Tyr’® phosphorylation and STAT3
binding to the EGRI promoter within 30 min of stimulation (46).
However, the same study also showed that IFN-y strongly induces
STATS3 Tyr’® phosphorylation but does not elicit STAT3 binding
to the EGRI promoter, consistent with our results for IL-6 (Fig. 6A
and B). Although direct promoter binding of Tyr’*>-phosphory-
lated STAT3 was not tested in that study, our results raise
the possibility that canonical and noncanonical mechanisms of
STATS3 activation converge on common GAS elements to regulate
transcription. This is in agreement with structural studies that
suggest U-STAT3 and Tyr’*-phosphorylated STAT3 bind to the
same DNA elements (45, 47).

The identification of doubly phosphorylated STAT3 in human
RCC indicates that the GSK-30/3-STAT3 axis may be active in a
subset of human tumors. The multikinase inhibitors sorafenib
and sunitinib are approved for use in RCC patients, and it is
thought that their major mechanism of action is through the in-
hibition of angiogenesis (48, 49). Sorafenib and sunitinib effec-
tively prolong progression-free survival (50, 51), but resistance to
these drugs invariably limits their efficacy, and mechanisms of
resistance are poorly defined (52). It was recently reported that
sorafenib treatment increased GSK-3f3 activity in RCC cells and
that combination therapy with sorafenib plus GSK-3a/ inhibi-
tors synergistically inhibited xenograft tumor growth in a mouse
model of RCC (35). Additionally, aberrant nuclear accumulation
of GSK-3B is reported to occur in >90% of RCC cases (34), and an
immunohistochemistry analysis of renal tumors showed that ty-
rosine-phosphorylated nuclear STAT3 is present in approxi-
mately 60% of ccRCC and pRCC cases (53). Importantly,a STAT3
inhibitor reduced tumor-associated angiogenesis in a mouse
model of RCC, and sunitinib-induced RCC cell apoptosis is
thought to be mediated in part via inactivation of STAT3 (32, 33).

The previous studies of STAT3 in RCC emphasized the role of
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pTyr”® as an indicator of STAT3 activation in renal tumors. Our

results suggest that Tyr’®® phosphorylation is not significantly el-
evated in ccRCC, and Thr”'* and Ser’*” phosphorylation may be
reliable predictors of GSK-3a/B—STAT?3 signaling in this disease.
Similar results for STAT3 have been reported in peripheral blood
cells of patients with chronic lymphocytic leukemia (CLL).
Hazan-Halevy et al. reported that STAT3 is constitutively phos-
phorylated at Ser’*” but not Tyr’® in the disease (42). Further-
more, Ser’*’-phosphorylated STAT3 that was isolated from pe-
ripheral blood cells of CLL patients bound DNA in the absence of
Tyr’% phosphorylation (42). STAT3 also facilitates Ras-depen-
dent malignant transformation in a Tyr’**-independent manner
by localizing to mitochondria and regulating the activity of the
electron transport chain (54). Yet another study used a phospho-
mimetic STAT3 mutant in which Ser’*” was replaced with gluta-
mate (S727E) to show that Ser”?” phosphorylation increases pros-
tate cancer cell tumorigenicity and invasive capacity (41).
Importantly, a STAT3 double mutant (Y705F/S727E) behaved
similarly to the S727E condition, suggesting that the tumorigenic
effects of STAT3 Ser’*” phosphorylation are Tyr’*” independent in
a prostate cancer cell line (41). Our own results demonstrate that
singly phosphorylated Ser’?” STAT3 is more abundant than dou-
bly phosphorylated Thr”'*/Ser’”” STAT3 in EC and ccRCC. One
possible explanation for this difference is that Ser”*”-phosphory-
lated STATS3 exists in higher abundance due to its dual role as a
transcriptional regulator and modulator of oxidative respiration.

Our results describe a novel mechanism of signal integration in
which combinatorial EGFR/PAR-1 signaling regulates a GSK-3o./
B-STATS3 signaling axis. Direct multisite phosphorylation of
STAT3 by GSK-3a/B, therefore, serves as the molecular conduit
through which temporal information of coincident receptor acti-
vation is transduced to regulate gene expression in a strict combi-
natorial manner. This is the first report that Thr”'* phosphoryla-
tion regulates STAT3 function, and the data here reveal a new
opportunity for the therapeutic inhibition of STAT3 transcrip-
tional activity downstream of an oncogenic receptor tyrosine ki-
nase.
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