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Selective Sequestration of STAT1 in the Cytoplasm via
Phosphorylated SHP-2 Ameliorates Murine Experimental
Colitis

Xingxin Wu,*! Wenjie Guo,*' Limei Wu,* Yanhong Gu,’ Liyun Gu,* Suhai Xu,*
Xuefeng Wu,* Yan Shen,* Yuehai Ke," Renxiang Tan,* Yang Sun,* and Qiang Xu*

The side effects of current immunosuppressive drugs have impeded the development of therapies for immune diseases. Selective
regulation of STAT signaling is an attractive strategy for treating immune disorders. In this study, we used a small-molecule
compound to explore possible means of targeting STAT1 for the treatment of Thl-mediated inflammation. Selective regulation of
STAT1 signaling in T cells from C57BL/6 mice was accomplished using fusaruside, a small-molecule compound that triggers the
tyrosine phosphorylation of Src homology 2-containing protein tyrosine phosphatase 2 (SHP-2). The interaction of tyrosine
phosphorylated SHP-2 (pY-SHP-2) with cytosolic STAT1 prevented the recruitment of STAT1 to IFN-yR and specifically inhibited
STAT1 signaling, resulting in a reduction in Th1 cytokine production and an improvement in 2, 4, 6-trinitrobenzene sulfonic acid-
induced colitis in mice. Blocking the pY-SHP-2-STAT1 interaction, with SHP-2 inhibitor NSC-87877 or using T cells from
conditional SHP-2 knockout mice, reversed the effects of fusaruside, resulting in STAT1 activation and worsened colitis. The
fusaruside-induced ability of pY-SHP-2 to selectively sequestrate STAT1 from recruitment to the receptor is independent of its
function as a phosphatase, demonstrating a novel role for SHP-2 in regulating both STAT1 signaling and Thl-type immune
responses. These findings could lead to increased options for the treatment of Crohn’s disease and other Thl-mediated inflammatory

diseases. The Journal of Immunology, 2012, 189: 000-000.

T cells (T-bet) is usually involved in Thl-mediated in-

flammation. IFN-vy signaling plays a pathogenic role in
Crohn’s disease (1). The absence of STAT1 in mice reduces the
intensity of experimental colitis (2), and T-bet '~ T cells fail to
induce colitis in adoptive-transfer experiments (3). For these
reasons, many studies have focused on ways to regulate STAT1
signaling to control immune diseases (4, 5). A variety of chemicals
was reported to inhibit STAT1 signaling (6-11); however, inhi-
bition by these agents is usually nonspecific. For example, flu-
darabine inhibits both STAT1 and STAT3 (7, 12); rapamycin
inhibits STAT1, STAT3, and STAT4 (9, 13); cyclosporine A
inhibits STAT1, STAT3, STAT4, STATS, and STAT6 (8, 10, 14—
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16); glucocorticoids strongly inhibit STAT1, STAT4, and STATS
(17, 18); and B-glucosylceramide reduces STAT1 and STAT4 but
induces STAT6 expression (19). The signaling pathways mediated
by some STATS play a protective role in immune diseases, such as
STAT1/STAT?2 signaling in antiviral defense (20), STAT3 signal-
ing in anti-inflammatory responses (21, 22), STATS signaling in
regulating a wide range of gene expression (23, 24), and STAT6
signaling in controlling dextran sulfate sodium-induced colitis
(25). The broad targeting of multiple STATs by current immu-
nosuppressants may cause side effects, thereby limiting their
clinical applications (5). For example, dexamethasone can ag-
gravate acute dextran sulfate sodium-induced colitis (26), which
might be linked to the inhibition of STAT6 activation. Therefore,
the specific inhibition of a critical STAT protein that is involved in
pathogenesis is highly desirable. However, no agent or molecular
pathway capable of selective STAT targeting has been reported.

Src homology 2-containing protein tyrosine phosphatase 2
(SHP-2), a ubiquitous tyrosine phosphatase, attenuates inflam-
matory responses (27-29) and has been identified as a proto-
oncogene in several types of leukemia (30, 31). However, recent
work identified SHP-2 as a tumor suppressor in hepatocellular
carcinogenesis (32), suggesting that SHP-2 has dual functions in
various types of diseases. Some functions of SHP-2 are related to
its phosphatase activity, such as the dephosphorylation of STAT1
and STATS, which inhibits the inflammatory response (33, 34).
Many functions of SHP-2 cannot be explained by its phosphatase
activity alone (35, 36); however, its catalytic-independent activity
has not been well established.

In this study, we report a previously unexplored mechanism that
selectively inhibits the trafficking of STAT1. Tyrosine phosphor-
ylation of SHP-2, triggered by the small-molecule compound,
fusaruside (37), causes tyrosine phosphorylated (pY) SHP-2 (pY-
SHP-2) to selectively bind to nonphosphorylated STAT1 in the
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cytosol, but not to pY-STAT1 in the nucleus, preventing STAT1
recruitment for phosphorylation and inhibiting STAT1 signaling.
Our findings reveal a novel role for activated SHP-2 in the regu-
lation of STAT1 signaling via the selective sequestration of STAT1
in the cytosol. This new function of SHP-2 does not involve its
phosphatase activity and contributes to an improvement in Thl-
type intestinal inflammation.

Materials and Methods

Reagents

Fusaruside was isolated with 99% purity from the endophytic fungus
Fusarium sp. IFB-121 in Quercus variabilis without bacterial con-
taminants. The chemical structure is shown in Fig. 1A (37). Mouse CD4
(L3T4) MicroBeads were purchased from Miltenyi Biotec (Bergisch
Gladbach, Germany). 2, 4, 6-trinitrobenzene sulfonic acid (TNBS), Con A,
and dexamethasone were purchased from Sigma-Aldrich (St. Louis, MO).
Recombinant cytokines, including IL-12, 1L-4, IL-6, TGF-, IL-2, and
IFN-v, were purchased from R&D Systems (Minneapolis, MN). NSC-
87877 was purchased from Calbiochem (La Jolla, CA). Anti-STAT1
(9H2), phospho-STAT (including phospho-STAT1, 3, 4, 5, and 6) Ab
sampler kit, and anti-pY580-SHP-2 were purchased from Cell Signaling
Technology (Beverly, MA). Anti-CD3, anti-CD28, anti—IFN-y mAb, anti—
CD4-PE, anti-CD45RB-FITC, anti-IL-12 mAb, anti—-IL-4 mAb, anti-
STAT1, and anti-SHP-2 were purchased from BD Pharmingen (San
Diego, CA). Anti-IFN-yRa, anti-actin, and anti-GAPDH were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA).

Plasmids

pCMV-SHP-2-HA (1-593, plasmid 8381) and STAT 1o Flag pRc/CMV (1—
750, plasmid 8691) plasmids were purchased from Addgene (Cambridge,
MA). To generate SHP-2-HA (1-220) and SHP-2-HA (221-593) plasmids,
pCMV-SHP-2-HA (1-593) was amplified by PCR with primers: SHP-2-
HA (1-220), 5'-CCCAAGCTTATGACATCGCGGAGATGGT-3" and 5'-
CTAGTCTAGACTAAGCGTAATCTGGAACATCGTATGGGTAACGAG-
TCGTGTTAAGGG-3' and SHP-2-HA (221-593), 5'-ACTATAGGGAGA-
CCCAAGCTTATGATAAATGCTGCTGAAATAGAAAGCA-3" and 5'-TA-
TAGAATAGGGCCCTCTAGATCATCTGAAACTTTTCTGCTGTTG-3'.
The PCR products were digested by HindIII and Xbal (TaKaRa, Dalian,
China) and cloned into HindIII/Xbal-digested pCMV-SHP-2-HA (1-593)
vector. To generate STAT1-Flag (1-488) and STAT1-Flag (489-750)
plasmids, STATla-Flag pRc/CMV (1-750) was amplified by PCR with
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primers: STAT1-Flag (1-488), 5'-ATAAGAATGCGGCCGCATGTCTC-
AGTGGTACGAACTT-3' and 5'-TGTGGGCCCTACTTGTCATCGTCG-
TCCTTGTAGTCCAGGAAGAAGGACAGAT-3'; STAT1-Flag (489-750),
5'-ACTATAGGGAGACCCAAGCTTATGACTCCACCATGTGCACGATG-3’
and 5'-TATAGAATAGGGCCCTCTAGACTATACTGTGTTCATCATAC-
TGTCGAATTC-3'. The PCR products were digested by Notl and Apal
(TaKaRa, Dalian, China) and cloned into Notl/Apal-digested STAT 1o Flag
pRc/CMV (1-750) vector.

Animals

Eight- to ten-week-old male C57BL/6 mice were purchased from the
Institute of Laboratory Animal Science, Chinese Academy of Medical
Sciences. Animal care was in compliance with the guide (Ministry of
Science and Technology of China, 2006) and the related ethical regulations
of Nanjing University.

Primary CD4™ T cell purification

CD4" T cells were purified from spleen or lymph nodes of C57BL/6 mice
using CD4 (L3T4) MicroBeads (Miltenyi Biotec), according to the man-
ufacturer’s protocol.

Naive CD4* Thi, Th2, Thl7, and regulatory T cell
differentiation in vitro

Naive CD4* T cells were purified from mice with MicroBeads and dif-
ferentiated in vitro. For Thl, Th2, Th17, and regulatory T cell (Treg)
differentiation, naive CD4" T cells were incubated with plate-bound mAbs
of anti-CD3 and anti-CD28 under Th1l conditions (10 ng/ml IL-12, 1 pg/
ml anti—-IL-4 mAb), Th2 conditions (10 ng/ml IL-4, 10 pg/ml anti—-IFN-y
mAb, 1 pg/ml anti-IL-12 mAb), Th17 conditions (1 pg/ml anti-IL-4
mAb, 10 pg/ml anti-IFN-y mAb, 20 ng/ml IL-6, 1 ng/ml TGF-8), or
Treg conditions (1 ng/ml TGF-$, 50 U/ml IL-2) for 72 h. Differentiated Th
cells were washed and restimulated with plate-bound anti-CD3 mAb for 24
h, and cell supernatants were used for measuring cytokine levels by ELISA
(R&D Systems).

Generation of CD4-Cre: shp-2"""% CD4-specific cell
conditional SHP-2 knockout mice

cSHP-2 KO mice were generated by crossing shp-21°1°* mice with
CD4-Cre transgenic mice (a gift from Prof. Zichun Hua, Nanjing Uni-
versity) (38).
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FIGURE 1. Selective inhibition of STAT1 activation among various STAT family members by fusaruside in primary CD4" T cells. (A) The chemical
structure of fusaruside. (B) T cells were cultured with fusaruside (5, 10, or 20 wM) for 6 h following IFN-y (25 ng/ml) stimulation for 30 min. The results
shown are representative of three experiments. **p < 0.01, compared with the IFN-y control group. (C) T cells were cultured with fusaruside (10 uM) for
6 or 24 h. The cells were then treated with murine IFN-y (25 ng/ml) for 30 min. **p < 0.01. (D) T cells were cultured without (lanes 1 and 2) or with
(lanes 3 and 4) 10 pM fusaruside/1 M dexamethasone for 24 h. These cells were then left untreated (lanes I and 3) or were treated with murine IFN-y
(25 ng/ml), IL-6 (25 ng/ml), IL-12 (5 ng/ml), IL-2 (10 ng/ml), or IL-4 (10 ng/ml) (lanes 2 and 4) for 30 min. After these incubations, the proteins were
extracted and subjected to Western blot analysis. The results shown are representative of three experiments.
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Induction of TNBS-induced colitis in mice and drug
administration

Murine colitis was induced by TNBS following a published protocol (39)
with some modifications. Briefly, adult male C57BL/6 mice were sensi-
tized with 150 pl 1% TNBS solution on abdominal skin 7 d before
challenge. On the day of challenge, mice were lightly anesthetized, and
TNBS solution (2.5 mg TNBS in 50% ethanol solution) was administered
intrarectally. Sham control mice received 50% ethanol alone. Animals
were monitored daily for the loss of body weight and survival. On days 0,
1, and 2, mice were injected i.p. with 2.5, 5, or 10 mg/kg fusaruside or 1
mg/kg dexamethasone in PBS. In another experiment, mice were injected
i.p. with 5 mg/kg fusaruside, 5 mg/kg fusaruside plus 5 mg/kg NSC-87877,
or 5 mg/kg NSC-87877 in PBS. Control mice received PBS alone.

T cell transfer colitis model

SCID mice were injected i.v. with 5 X 10° CD4* CD45RB" T cells. Sham
group mice were injected with PBS. Mice were injected i.p. with 2.5 or 5
mg/kg fusaruside in PBS twice a week. Disease progression was monitored
by weighing each mouse weekly. When mice lost ~15-20% of their
original body weight or at 8 wk after the first injection, they were eutha-
nized and assessed for macroscopic evidence of colitis.

Macroscopic and histologic grading of colitis

Colons and paraffin sections were examined and graded by macroscopic and
microscopic analysis following previously reported methods (40, 41). Three
days after TNBS administration, mice were sacrificed, and the colon was
removed and carefully opened to score colonic damage macroscopically.
Nine parameters were taken into account: erythema (0, 1 [<1 cm], 2 [>1
cm]), hemorrhage, edema, stricture formation, ulceration, fecal blood,
presence of mucus, diarrhea, and adhesions (0, 1 [mild], 2 [severe]). Each
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IFN-y -
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FIGURE 2. Selective inhibition of the expres- (M)
sion of the Th1 transcription factor, T-bet, and Thl C
cytokine production by fusaruside. (A) Real-time

10%

Negative control

parameter was worth 1 point, with the exception of erythema and adhe-
sions. Grading was performed in a blinded fashion. Histological evaluation
of H&E-stained colonic sections was graded in a blinded manner: 0, no
signs of inflammation; 1, low leukocyte infiltration; 2, moderate leukocyte
infiltration; 3, high leukocyte infiltration, moderate fibrosis, high vascular
density, thickening of the colon wall, moderate goblet cell loss, and focal
loss of crypts; and 4, transmural infiltrations, massive loss of goblet cell,
extensive fibrosis, and diffuse loss of crypts.

ELISA for cytokine production

Cell culture supernatants or serum levels of cytokines were determined
using ELISA kits (R&D Systems).

Cytometric Bead Array kits for mouse Th1/Th2/Thl7 cytokine
production

Cell culture supernatant levels of IL-2, IL-6, TNF-a, IFN-vy, IL-4, IL-17,
and IL-10 were determined using cytometric bead array kits (BD Bio-
sciences, San Jose, CA).

Immunoprecipitation, Western blotting, and kinase assay

Proteins from cells (I X 107) were incubated with 2 wg the appropriate Ab
and precipitated with protein A/G-agarose beads (Santa Cruz Biotech-
nology). The immunoprecipitated proteins were separated by SDS-PAGE,
and Western blotting was performed with the indicated Abs. In kinase
assays, the coimmunoprecipitates were tested using a JAK2 kinase assay
kit (Cell Signaling Technology), according to the manufacturer’s protocol.

Real-time RT-PCR analysis

RNA was extracted from cells (5 X 10°) or frozen colonic tissues (20
mg) using TRIzol reagent (Invitrogen). One microgram of RNA was
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FIGURE 3. Fusaruside induces the tyrosine phosphorylation of SHP-2 without inhibiting the activation of JAK2. (A) Splenic T cells were cultured with
10 uM fusaruside and/or 50 M of the JAK?2 inhibitor AG490 for 6 h. The T cells were then treated with IFN-y (25 ng/ml) for 30 min. After incubation, the
cell lysates were subjected to Western blot analysis. The results shown are representative of three experiments. (B) Splenic T cells were cultured with 2.5, 5,
or 10 uM fusaruside for 6 h. (C) Splenic T cells were cultured with 10 wM fusaruside for 1, 6, or 12 h. After treatment, the proteins were subjected to
Western blot analysis. (D) Splenic T cells were cultured with 10 uM fusaruside for 6 h. After treatment, the cells were analyzed by immunofluorescence
cytochemistry (scale bar, 10 wm). The results shown are representative of three experiments. *p < 0.05, **p < 0.01, compared with the group not treated

with fusaruside.

reverse transcribed to cDNA. The primer sequences used in PCR were
as follows: GAPDH, 5'-AACGACCCCTTCATTGAC and 3'-CACGA-
CTCATACAGCACCT; T-bet, 5'-CTCAGGTGGCTGGCTTTC and 3'-
ATTCGTTCCTGCCGCTTA; and GATA-binding protein 3 (GATA3), 5'-
GGGTTCGGATGTAAGTCG and 3'-GTAGGGACTCGGTGTAGA. Re-
actions were run in triplicate using GAPDH as the internal RNA control
on an ABI 7000 Thermocycler (Applied Biosystems, Framingham,
MA).

A

Immunofluorescence histochemistry

Thin cryosections (4 wm) of colonic tissue were fixed in acetone, stained
with the primary Ab pY-STAT1 (1:50, raised in rabbit) and anti-CD4-PE
(1: 50), and detected with a secondary Ab (Alexa Fluor 488 goat anti-
rabbit IgG, 1:500; Invitrogen). The sections were then stained with DAPI
and examined with a confocal laser scanning microscope (Olympus, Lake
Success, NY).
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lyzed by immunofluorescence cytochem-
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Immunofluorescence cytochemistry

Mesenteric lymph node (MLN) T cells adhered to glass coated with BD
Cell-Tak Cell and Tissue Adhesive (BD PharMingen) were fixed with 4%
paraformaldehyde (40 min, room temperature), stained with the following
Abs (STAT1 [C terminus], 1:100 and pY-SHP-2, 1:250), and detected with
secondary Abs (Alexa Fluor 488 anti-mouse IgG and Alexa Fluor 594 anti-
rabbit IgG, 1:1000; Invitrogen). The coverslips were counterstained with
DAPI and imaged with a confocal laser scanning microscope (Olympus).

Flow cytometric analysis of cell surface and intracellular Ags

Freshly isolated MLN cells (I X 10°) were fixed with Fix Buffer I, per-
meabilized with Perm Buffer III, and stained with anti-pY-STAT1 conjugated
with Alexa Fluor 488 and anti-CD4 conjugated with allophycocyanin (all
from BD PharMingen). Cells were analyzed with a FACSCalibur flow
cytometer (Becton Dickinson, Sunnyvale, CA).

Statistical analysis

Data are expressed as mean = SEM. Statistical analyses were performed
using one-way analysis of variance (ANOVA), followed by Student two-
tailed ¢ test. Mortality differences between groups were evaluated by the
Kaplan—Meier method. Differences with p values = 0.05 are considered
significant.

Results
Selective regulation of STATI signaling in T cells occurs via
the small-molecule compound fusaruside

Fusaruside (Fig. 1A), a novel cerebroside compound isolated
from an endophytic fungus in Quercus variabilis, was reported
to possess antibacterial and xanthine oxidase inhibitory activities
(37). We previously screened for the selective immunosuppressive
chemicals and found that the effect of fusaruside was quite unique.
To assess the regulation of STAT1 signaling by fusaruside, we
compared the activation of different STATs in T cells treated with
fusaruside. When T cells were stimulated with Th1 cytokine, IFN-

A

v, we found that phosphorylation, but not expression, of STAT1
was markedly inhibited by fusaruside in a dose-dependent (Fig.
1B) and time-dependent (Fig. 1C) manner. Consistent with its
effects on STAT1 activation, fusaruside reduced the expression of
the IFN-y-inducible gene, T-bet, in a dose-dependent fashion
(Fig. 2A). Fusaruside did not inhibit the activation of other STATs
in T cells, including IL-6-induced STAT3, IL-12—induced STAT4,
IL-2—induced STATS, and IL-4—induced STAT6 (Fig. 1D). How-
ever, 1 wM dexamethasone inhibited the activation of STATI,
STAT3, STATS, and STAT6 (Fig. 1D). In addition, in contrast to
the inhibition of STAT1 phosphorylation by fusaruside treatment
prior to IFN-vy stimulation, the phosphorylated levels of STAT1
were not influenced when the cells were exposed to fusaruside
after IFN-vy stimulation (Supplemental Fig. 1).

Fusaruside inhibits the expression of the IFN-y—induced Thl
transcription factor, T-bet, and the production of the Thl
cytokine, IFN-vy, in activated or polarized T cells

IFN-vy can induce the expression of T-bet, a transcription factor
that directs Th1 lineage commitment (42), and IL-4 can induce the
early expression of GATA3, a transcription factor that is crucial to
Th2 cytokine production (43). Fusaruside decreased the expres-
sion of T-bet induced by IFN-vy in T cells (Fig. 2A) in a dose-
dependent manner, without affecting the expression of GATA3
induced by IL-4 (Fig. 2B). The Th1/Th2 and Th17/Treg balance is
critical for the maintenance of immune homeostasis (44, 45). To
determine whether the selective inhibition of IFN-y/STAT1 sig-
naling could regulate immune homeostasis, the effects of fusaru-
side on the expression of Thl, Th2, Thl7, and regulatory
cytokines in activated and polarized T cells were compared.
Production of the Thl cytokines, IFN-y and TNF-a, in T cells
activated by anti-CD3/anti-CD28 Abs was significantly inhibited
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are representative of three experiments. **p < 0.01.
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by fusaruside; in contrast, production of the Th2 cytokines, IL-4
and IL-6, the regulatory cytokine, IL-10, and the Th17 cytokine,
IL-17, was not affected (Fig. 2C). In addition, fusaruside inhibits
the production of IFN-v in Th1-polarized T cells without affecting
the production of IL-5 in Th2-polarized T cells, the production of
IL-10 in Treg-polarized T cells, or the production of IL-17 in
Th17-polarized T cells (Fig. 2D).

Fusaruside initiates the tyrosine phosphorylation of SHP-2

To understand how fusaruside specifically inhibits STAT1 activa-
tion, we first examined the effect of fusaruside on the phosphor-
ylation of JAK2. Unlike its inhibition of STAT1 activation,
fusaruside did not inhibit IFN-y—induced JAK?2 activation in
T cells (Fig. 3A, lanes 1 and 3), whereas the JAK2 inhibitor
AG490, which was used as a control, decreased the activation
of both JAK2 and STAT1 (Fig. 3A, lanes I and 2). In addition,
fusaruside did not affect the mRNA expression of other negative
regulators of STAT1, such as SOCS1 (46), protein inhibitor of
activated STAT1 (47), or B-arrestin 1 (48) (Supplemental Fig. 2).
Next, we examined the effect of fusaruside on SHP-2, which was
reported to dephosphorylate pSTAT1 in nuclei (33). We found that
SHP-2 was activated by phosphorylation by fusaruside in lymph
node-derived T cells in a dose- and time-dependent manner,
whereas the total expression of SHP-2 was not affected (Fig. 3B,
3C). As shown in Fig. 3C, there was no obvious increase in the
phosphorylation of SHP-2 in T cells treated with fusaruside for 1
h, whereas increased pY-SHP-2 was clearly detected in T cells
treated with fusaruside for 6 h. Therefore, we used 6 h of treat-
ment in the following experiments. This finding suggests that the
phosphorylation of SHP-2 by fusaruside is a small molecule-
mediated event that might be different from current kinase reac-
tions. Immunofluorescence analysis was performed to confirm that

fusaruside induced the tyrosine phosphorylation of SHP-2. There
were clear increases in the intensity of the fluorescent signal
(green), corresponding to phosphorylated SHP-2, in lymph node-
derived T cells treated with fusaruside. Interestingly, phosphory-
lated SHP-2 was located in the cytosol (Fig. 3D). The fusaruside-
induced phosphorylation was specific to SHP-2, because the
phosphorylation of SHP-1 was not detectable in T cells treated
with fusaruside (data not shown).

pY-SHP-2 selectively binds to nonphosphorylated STATI in the
cytosol

To investigate the function of fusaruside-induced pY-SHP-2, we
examined the interactions between SHP-2 and different STATs.
It was reported that SHP-2 is associated with and dephosphory-
lates STAT1 and STATS (33, 34). In this study, STAT1, but not
pY-STAT1, STAT3, STAT4, STATS, or STAT6, was detected
in anti—-SHP-2 immunoprecipitates from fusaruside-treated cells
(Fig. 4A). In addition, only pY-SHP-2 was found in anti-STAT1
immunoprecipitates from fusaruside-treated cells; it was not found
in anti-STAT3, anti-STAT4, anti-STATS, or anti-STAT6 immuno-
precipitates (Fig. 4B). Furthermore, fusaruside-induced pY-SHP-2
was only detected in anti-STAT 1-immunoprecipitated cytosolic
proteins (Fig. 4C), and the immunofluorescence showed a greater
overlap of STAT1 (green) and pY-SHP-2 (red) (colocalization,
yellow), indicating an increased interaction of pY-SHP-2 with
STAT1 in the cytosol of T cells treated with fusaruside (Fig. 4D).
Moreover, fusaruside failed to induce the interaction between
SHP-2 and STAT1 in 293T cells transfected with either the pCM V-
SHP-2-HA-N (1-220) or pRc/CMV-STAT 1« Flag-N region (1-488),
suggesting that the SHP-2 PTP domain and the STAT1-C region are
critical for the fusaruside-mediated association between pY-SHP-2
and STAT1 (Fig. 4E, 4F).
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pY-SHP-2 sequestrates STATI to block its recruitment to
IFN-yR and prevent IFN-y/STATI1/T-bet signaling

We next examined the consequence of this unique association
between pY-SHP-2 and STAT1 in STAT1-mediated signaling. In
the proteins immunoprecipitated by the anti-STAT1 Ab from
IFN-vy—treated T cells, IFN-yRa was detected, suggesting that
STAT1 was recruited to the receptor. However, the receptor pro-
tein became almost undetectable after treatment with fusaruside
in parallel with SHP-2 activation (Fig. 5A). In addition, the kinase
activity was greatly reduced in the anti-STAT1-immunoprecipi-
tated proteins (Fig. 5B). Immunofluorescence analysis was per-
formed to confirm that fusaruside blocks STAT1 recruitment to
IFN-yR. There was a clear reduction in the intensity of the fluo-
rescent signal (yellow) in T cells that were treated with fusaruside,
which corresponded to the interaction between STAT1 and the
IFN-yR (Fig. 5C). Thus, the data suggest that the pY-SHP-2 in-
duced by fusaruside sequestrates STAT1 from activation and,
thereby, selectively regulates STAT1 signaling.

To determine whether the inhibition of STAT1 activation depends
on the interaction between pY-SHP-2 and STAT1, we used T cells
from ¢cSHP-2 KO mice and the SHP-2 competitive inhibitor, NSC-
87877, to block the binding of STAT1 to pY-SHP-2. The deletion of
SHP-2 in CD4* T cells from ¢SHP-2 KO mice was confirmed by
PCR, immunoblotting analysis, immunocytochemical staining, and
flow cytometric analysis (Supplemental Fig. 3). In the CD4* T cells
from ¢cSHP-2 KO mice, the inhibitory effect of fusaruside on STAT1
activation was greatly reduced (Fig. 6A). Furthermore, the above-

mentioned effects of fusaruside in lymph node-derived T cells were
blocked by the SHP-2 competitive inhibitor, NSC-87877, but not
by the tyrosine phosphatase inhibitor, Na;VO,. The effects that
were blocked included the inhibition of STAT1 phosphorylation
(Fig. 6B), the interaction between pY-SHP-2 and STAT1 (Fig. 6C),
and the inhibition of IFN-y production (Fig. 6D).

Fusaruside selectively inhibits Thl-biased experimental colitis

The specific effect of fusaruside on STAT1 signaling was further
examined for its potential to ameliorate Thl-mediated colitis in
mice. In TNBS-induced colitis, weight loss was commonly ob-
served, and ~40% of the animals survived through day 3. Daily
treatments with 10 mg/kg of fusaruside significantly reversed the
weight loss and improved the survival rate to 70%, which was
greater than the 40% survival rate observed in our positive control
group that was given 1 mg/kg dexamethasone (Fig. 7A, 7B). A
significant increase in the macroscopic damage scores and colon
wall thickness was observed in the mice with colitis. In contrast,
a significant attenuation of these responses was found in the
colons of mice treated with either 5 or 10 mg/kg of fusaruside
or with 1 mg/kg dexamethasone (Fig. 7C). Histological analysis
showed that the main characteristics of colitis in the colonic
specimens were the distortion of crypts, loss of goblet cells, in-
filtration of mononuclear cells, and severe mucosal damage. Such
changes in the colon tissues were markedly improved by admin-
istration of 5 and 10 mg/kg of fusaruside and 1 mg/kg of dexa-
methasone; the improvement included a marked reduction in
inflammatory cell infiltration and mucosal ulcerations (Fig. 7D).
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MLN cells were isolated, and the percentage of phosphorylated
STAT1™" cells in the CD4" T cell population was examined using
intracellular staining. Fusaruside-treated mice with colitis showed
a dose-dependent reduction in the number of pY-STAT1* CD4"
T cells, and normal levels of pY-STAT1 were achieved at the 10
mg/kg dose. Likewise, fusaruside inhibited T-bet mRNA expres-
sion in colonic tissue in a dose-dependent manner (Fig. 7E).
Confocal imaging revealed that pY-STAT1 (green) was strongly
expressed and was localized in the nuclei of colonic CD4* cells in
mice with TNBS-induced colitis. Fusaruside (5 mg/kg) markedly
reduced the nuclear expression of pY-STAT1 in CD4" cells (Fig.
7F). In addition, fusaruside ameliorated the colitis induced by
transfer of CD4* CD45RB™ T cells (Fig. 7G, 7H).

pY-SHP-2-STAT interaction contributes to the improvement
of experimental colitis observed in fusaruside-treated mice

The SHP-2 inhibitor, NSC-87877 (5 mg/kg), was injected i.p. into
mice to block the binding of pY-SHP-2 to STAT1 in vivo. The
resolution of colitis by fusaruside observed by macroscopic and
histological analysis was mostly abolished by NSC-87877 (Fig.
8A, 8B). Furthermore, the decrease in the expression of pY-STAT'1
in MLN T cells treated with fusaruside was completely reversed
by NSC-87877 (Fig. 8C, 8D). Histological analyses showed that
fusaruside failed to improve TNBS-induced colitis in cSHP-2 KO
mice (Fig. 8E) and that fusaruside could not inhibit STAT1 acti-
vation in MLN T cells from cSHP-2 KO mice with TNBS-induced
colitis (Fig. 8F). Consistently, fusaruside failed to prevent the loss
of body weight and inhibit serum IFN-vy production in cSHP-2 KO
mice (Supplemental Fig. 4). Thus, the improvement of TNBS-
induced colitis by fusaruside depends on the pY-SHP-2-STAT1
interaction.

All above results could be summarized as a novel mode of
STAT1 regulation. In brief, the cerebroside fusaruside triggers the
phosphorylation of SHP-2. The phosphorylated SHP-2 sequestrates
STAT1 from recruitment to IFN-yR and thereby inhibits the
STAT1/T-bet signaling, which contributes to the amelioration of
inflammatory colitis (Fig. 9).

Discussion

In this study, we report a novel protein—protein interaction that
regulates STAT1 signaling; the interaction is induced by the small
molecule compound, fusaruside, which causes the selective teth-
ering of nonphosphorylated STAT1 in the cytosol by pY-SHP-2.
This constitutive interaction between pY-SHP-2 and STAT1 has
not been reported and is different from a previous report that
found that SHP-2 dephosphorylates pY-STAT1 in the nucleus of
A431 cells (33). Our conclusions are based on the following
observations. First, only the nonphosphorylated form of STAT1
was detected in SHP-2 coimmunoprecipitates from fusaruside-
treated T cell extracts (Fig. 4A), and pY-SHP-2 was only found
in STAT1 coimmunoprecipitates from fusaruside-treated T cell
cytosolic extracts (Fig. 4C). Second, pY-SHP-2 was detected by
immunofluorescence microscopy in the cytosol (Fig. 3D), and it
colocalized with cytosolic STAT1, but not nuclear STATI, in
fusaruside-treated T cells (Fig. 4D). Third, the SHP-2 competitive
inhibitor, NSC-87877, blocked the pY-SHP-2—-STAT1 interaction,
thereby reversing the inhibition of STAT1 activation by fusaru-
side; in contrast, the tyrosine phosphatase inhibitor, NazVO,,
could not reverse this inhibition (Fig. 6B, 6C). These data suggest
that STAT1 inhibition depends on the fusaruside-induced inter-
action between pY-SHP-2 and STAT1 but not on the phosphatase
activity of pY-SHP-2. Accordingly, there was no inhibition of
STAT1 activation by fusaruside in T cells from cSHP-2 KO mice
(Fig. 6A). Fourth, in contrast to the inhibition of STAT1 phos-

Fusaruside

- /7"’

FIGURE 9. A novel mode of STAT1 regulation by the fusaruside-driven,
SHP-2-mediated sequestration of STAT1. (1) The phosphorylation of SHP-2
and the interaction between pY-SHP-2 and nonphosphorylated STAT1 in the
cytosol were triggered by fusaruside. (2) Recruitment of STAT1 to IFN-yR
during IFN-v signaling was blocked by pY-SHP-2. STAT1 homodimeriza-
tion (3) and nuclear translocation (4) were also inhibited. (5) The expression
of T-bet downstream of STAT1 signaling was inhibited by fusaruside. (6)
TNBS-induced colitis was ameliorated by fusaruside.

phorylation by fusaruside treatment prior to IFN-y stimulation, the
phosphorylated levels of STAT1 were not affected when the cells
were exposed to fusaruside after [IFN-y stimulation (Supplemental
Fig. 1), which suggests that fusaruside requires time to induce the
interaction between pY-SHP-2 and STAT1 that inhibits STAT1
activation. These results show conclusively that triggering the
constitutive binding of pY-SHP-2 to STAT1 by a small-molecule
compound is a novel method of STAT1 regulation; additionally,
the interaction of SHP-2 with nonphosphorylated STAT1 is a new
biological activity for SHP-2 and extends beyond its role in de-
phosphorylation. Stewart et al. (36) also reported that SHP-2 has
functions in addition to its phosphatase activity. However, the
nonphosphatase function of SHP-2 is largely unknown.
Targeting the interaction between pY-SHP-2 and STATI is
specific and is different from targeting the enzymatic activity of
SHP-2 or JAK2. SHP-2 is known to dephosphorylate STAT1 and
STATS (33, 34). In contrast, neither pY-STAT1 nor other STAT
members, including STAT3, STAT4, STATS, and STAT6, were
detected in anti-SHP-2 immunoprecipitates from fusaruside-
treated cells (Fig. 4A). In addition, increased levels of pY—-SHP-
2 were only found in anti-STAT1 immunoprecipitates, but not in
anti-STAT3, STAT4, STATS, or STAT6 immunoprecipitates, from
fusaruside-treated cells (Fig. 4B). JAK2 can activate multiple
STAT members, such as STAT1, STAT3, STATS5a, and STAT6 (4).
Thus, the inhibition of JAK2 causes the suppression of multiple
STAT signals. We found that fusaruside did not reduce the phos-
phorylation of JAK2 induced by IFN-y in T cells (Fig. 3A), which
confirmed the selectivity of fusaruside in targeting STAT1 sig-
naling without influencing JAK2. Interestingly, with regard to
IFN-y—induced signaling, neither IFN-yR (Fig. 5A) nor kinase
(Fig. 5B) was detected in proteins immunoprecipitated from
fusaruside-treated cells using the anti-STAT1 Ab. This suggests
that once fusaruside triggers the pY-SHP-2-STAT1 interaction,
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STAT1 is blocked from recruitment to the kinase for phosphory-
lation. These results confirm that STAT1 is sequestered by pY—
SHP-2, which keeps STAT1 in its latent form, shielding it from
stimulation by IFN-vy and, thereby, preventing STAT1 signaling.

This novel regulation of STAT1 signaling presents a unique
scenario for the treatment of Thl cell-mediated inflammatory
diseases. The specificity of fusaruside targeting of STAT1 signal-
ing was validated by showing the selective inhibition of STAT1
phosphorylation but not total STAT1 expression; the selective
inhibition of STAT1 activation but not STAT3, STAT4, STATS,
or STAT6 activation; and the selective inhibition of Thl cytokine
production and T-bet expression but not Th2 cytokine production
or GATA3 expression. To the best of our knowledge, the ability
of fusaruside to selectively inhibit STAT1 activation and the Thl
immune response distinguishes it from other current drugs, such
as dexamethasone, cyclosporin A, and FK506. Dexamethasone, a
well-known immunosuppressive drug that was used as the control
for comparing selectivity, inhibited almost all of the STAT family
members, including STAT1, STAT3, STATS, and STAT®6, in splenic
T cells (Fig. 1D). Cyclosporin A and FK506 inhibited both the
Th1 and Th2 immune responses (49-51). Fusaruside showed a
significant resolution of TNBS-induced colitis in mice by inhib-
iting IFN-y/STAT1/T-bet signaling (Fig. 7), which depended on
the pY-SHP-2-STAT1 interaction (Fig. 8). These findings con-
firmed downregulation of the IFN-y/STAT1/T-bet—signaling path-
way by fusaruside and the critical role of this pathway in Thl-type
colitis. In this study, the inhibition of IFN-y/STAT1 signaling by
fusaruside in T cells and in colonic tissues was linked to the
resolution of TNBS-induced colitis and was evidenced by reduced
IFN-y/STAT]1 signaling, Th1 immune responses, and Th1-mediated
inflammation in mice.

In summary, the unique molecule fusaruside selectively inhibits
STAT1 signaling in T cells without suppressing other STAT family
members. Using this compound, we reveal a novel process in
T cells in which phosphorylated SHP-2 sequestrates STAT1 to
prevent signaling through the molecule (Fig. 9). This new function
of SHP-2 is in addition to its classical role as a phosphatase and
contributes to the selective regulation of Thl-type immune re-
sponses and inflammation. Hence, the specific targeting of a crit-
ical STAT member as a novel therapeutic approach in Crohn’s
disease and other Thl-type inflammatory diseases has been dis-
covered, and this specificity has advantages over current therapies
because of its potential to reduce side effects.
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