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Reversible protein phosphorylation plays a key role in inter-
leukin-2 (IL-2) receptor-mediated activation of Janus tyrosine
kinase 3 (JAK3) and signal transducer and activator of tran-
scription 5 (STATS5) in lymphocytes. Although the mechanisms
governing IL-2-induced tyrosine phosphorylation and activa-
tion of JAK3/STATS5 have been extensively studied, the role of
serine/threonine phosphorylation in controlling these effectors
remains to be elucidated. Using phosphoamino acid analysis,
JAK3 and STAT5 were determined to be serine and tyrosine-
phosphorylated in response to IL-2 stimulation of the human
natural Kkiller-like cell line, YT. IL-2 stimulation also induced
serine/threonine phosphorylation of IL-2RS, but not IL-2R7y.
To investigate the regulation of serine/threonine phosphoryla-
tion in IL-2 signaling, the roles of protein phosphatase 1 (PP1)
and 2A (PP2A) were examined. Inhibition of phosphatase activ-
ity by calyculin A treatment of YT cells resulted in a significant
induction of serine phosphorylation of JAK3 and STATS5, and
serine/threonine phosphorylation of IL-2Rf. Moreover, inhibi-
tion of PP2A, but not PP1, diminished IL-2-induced tyrosine
phosphorylation of IL-2Rf3, JAK3, and STATS5, and abolished
STAT5 DNA binding activity. Serine/threonine phosphoryla-
tion of IL-2R by a staurosporine-sensitive kinase also blocked
its association with JAK3 and IL-2Ry in YT cells. Taken to-
gether, these data indicate that serine/threonine phosphor-
ylation negatively regulates IL-2 signaling at multiple levels,
including receptor complex formation and JAK3/STATS5 activa-
tion, and that this regulation is counteracted by PP2A. These
findings also suggest that PP2A may serve as a therapeutic target
for modulating JAK3/STATS5 activation in human disease.

Interleukin-2 (IL-2)® is a key regulator of normal immune
function and acts on a variety of lymphoid cell types including
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T, B, and natural killer cells. IL-2 is critical for the activation and
subsequent amplification of the immune response following
antigenic stimulation, and in promoting the development of
regulatory T cells while constraining Th17 cell polarization
(1-3). To elicit these biological effects, IL-2 signals through the
IL-2 receptor (IL-2R) complex. This complex is comprised of
two essential signaling subunits, IL-2RB and IL-2RY, and one
affinity modulating subunit, IL-2Re. IL-2-induced hetero-
dimerization of IL-2RB and IL-2Ry results in activation of
receptor-associated Janus tyrosine kinase (JAK) 1 and JAK3
through trans- or autophosphorylation (4, 5). Subsequent tyro-
sine phosphorylation of the IL-2RB chain provides docking
sites for effector molecules including signal transducer and
activator of transcription (STAT) 5a and STAT5b via their Src
homology 2 domains (6). Human STAT5a and STAT5b are
phosphorylated on the conserved tyrosine residues Tyr®** and
Tyr®?, respectively, which allows for their dissociation from
the receptor complex, formation of hetero- or homodimers,
and nuclear translocation to bind specific promoter elements
that stimulate transcription of target genes that control cell
growth and differentiation (7, 8). In addition to tyrosine phos-
phorylation, IL-2 induces serine phosphorylation of STAT5
within a Pro-Ser-Pro motif localized in the transactivation
domain, which also serves to modulate transcription (9-11).
Many studies have focused on the mechanisms driving JAK/
STAT activation, however, much less is known about its nega-
tive regulation. Members of the suppressor of cytokine signal-
ing family are selectively induced upon cytokine stimulation to
provide a classical negative feedback mechanism (12). In addi-
tion, protein inhibitor of activated STAT proteins negatively
regulate STAT-dependent transcription by inhibiting DNA
binding activity, recruiting transcriptional corepressors, and
promoting protein sumoylation (13). Negative regulation of
JAK/STAT activation is also achieved through dephosphoryla-
tion of key tyrosine residues by the tyrosine phosphatases CD45
(14), T cell—protein-tyrosine phosphatase (15), and Src homol-
ogy 2 domain-containing protein-tyrosine phosphatase 2 (16).
Serine/threonine phosphatases may also participate in the reg-
ulation of JAK/STAT activation. Indeed, our group and others
have shown that inhibition of protein phosphatase types 1
(PP1) and 2A (PP2A) attenuates STAT3 (17) and STAT6 (18,
19) activity; however, their role in controlling IL-2-mediated
STATS5 activation has not been determined. The present study

tase 2A; STS, staurosporine; STAT, signal transducers and activators of tran-
scription; TAU, tautomycin.
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was initiated to determine the role of PP1 and PP2A in IL-2-
mediated activation of the JAK3/STATS5 signal transduction
pathway in human lymphocytes. We provide novel evidence
that PP2A, but not PP1, regulates IL-2 signaling at multiple
levels, including IL-2R complex formation and downstream
activation of JAK3 and STATS5.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatment—The human YT cell line (20)
was maintained in RPMI 1640 medium with 10% fetal bovine
serum (Atlanta Biologicals) and stimulated in the absence or
presence of 10,000 IU of human recombinant IL-2 (NCI Pre-
clinical Repository) at 37 °C for the times indicated. Human
peripheral blood mononuclear cells (PBMCs) were obtained
from healthy donors, purified by isocentrifugation, and acti-
vated with phytohemagglutinin (PHA) (1 pg/ml) for 72 h, as
previously described (21). Phosphatase inhibition studies em-
ploying calyculin A (CA), okadaic acid (OA), tautomycin
(TAU), and cyclosporin A (CSA) (Sigma) were performed at
37 °C using the concentrations and time points indicated.

Antibodies and Other Reagents—The anti-JAK3 (22), anti-
STAT5a (23), anti-STAT5b (24), anti-phospho-Ser’>® STAT5a
and Ser”** STAT5b (a-pS STATS5) (9) polyclonal antibodies
were used as previously described. The anti-phosphotyrosine
monoclonal 4G10 («a-pY) antibody was purchased from Up-
state Biotechnology. The anti-phospho-Tyr®** STAT5a and
Tyr®? STAT5b (pY STATS5) monoclonal antibody (Cell Signal-
ing Technology) and the anti-IL-2Rf/anti-IL-2R7y chain anti-
bodies (Santa Cruz Biotechnology) were used according to the
manufacturer’s protocol. The anti-PP2A catalytic subunit
monoclonal antibody was purchased from BD Biosciences.
Kinase inhibition studies with staurosporine (STS) (Sigma),
KT5720 (Sigma), bisindoylymaleimide II (Sigma), PD98059
(New England Biolabs), wortmannin (Calbiochem), or rapamy-
cin (Calbiochem) were performed for 1 h at 37 °C using the
concentrations indicated.

Solubilization of Proteins, Immunoprecipitation, and West-
ern Blot Analysis—Cells were pelleted, lysed, and subjected to
immunoprecipitation and Western blot analysis as previously
reported (25). For all samples, total protein was determined by
the bicinchoninic acid method (Pierce). Western blot assays
were developed with horseradish peroxidase-conjugated goat
anti-mouse immunoglobulin G (IgG; heavy plus light chains) or
goat anti-rabbit IgG (heavy plus light chains; KPL) and visual-
ized by using enhanced chemiluminescence and x-ray film.
When reblotting, polyvinylidene difluoride membranes were
incubated with stripping buffer (100 mm B-mercaptoethanol,
2% SDS, 62.5 mm Tris-HCI, pH 6.7) at 55 °C for 30 min, blocked,
and then reprobed.

[??P]Orthophosphate Labeling and Two-dimensional Phos-
phoamino Acid Analysis—YT cells (1.5 X 107) were metaboli-
cally labeled with [**P]orthophosphate (0.5 mCi) (PerkinElmer
Life Sciences) for 2 h at 37 °C and left untreated or treated with
100 nm CA for 90 min, followed by stimulation in the absence or
presence of 10,000 IU of IL-2 for 15 min. The cells were lysed,
and IL-2RB, IL-2Ry, JAK3, or STAT5a/b proteins were immu-
noprecipitated. All proteins were then separated by SDS-
PAGE, transferred to polyvinylidene difluoride membrane, and
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visualized by Coomassie Blue staining and autoradiography.
The corresponding proteins were then excised and subjected to
two-dimensional phosphoamino acid analysis using the Hunter
Thin Layer Electrophoresis apparatus (C.B.S. Scientific), as pre-
viously described (21).

Electrophoretic Mobility Shift Assay—Nuclear extracts were
prepared and assays conducted as previously published (26).
Oligonucleotide sequences corresponding to the B-casein gene
promoter for STAT5 (5'-AGATTTCTAGGAATTCAATCC-
3') were obtained from Santa Cruz Biotechnology.

Phosphatase Activity Assay—The PP2A catalytic subunit was
immunoprecipitated from YT cell lysate (500 ug) with 4 ug of
anti-PP2Ac monoclonal antibody and incubated with 750 um
phosphopeptide KRpTIRR and p-nitrophenyl phosphate Ser/
Thr assay buffer (Millipore) at 30 °C for 10 min according to the
manufacturer’s instructions. Twenty-five microliters from each
reaction were mixed with 100 ul of malachite green phosphate
detection solution (Millipore) and optical density measured at
650 nm. For each experiment, a standard curve for free phos-
phate (picomoles) was prepared to determine the amount of
released phosphates generated in each sample set.

In Vitro Dephosphorylation Assay—YT cells (2.0 X 10”) were
incubated without or with 100 nm CA for 60 min prior to solu-
bilization in lysis buffer (1% Triton X-100, 10 mm Tris-HCl pH
8.0, 50 mMm NaCl). IL-2R was immunoprecipitated and incu-
bated without or with 0.5 units of purified PP1 or PP2A
(Upstate Biotechnology) at 37 °C for 60 min according to the
manufacturer’s instructions. The reactions were stopped by
addition of sample buffer containing 125 mm Tris-HCI, pH 6.8,
10% B-mercaptoethanol, 9.2% SDS, 0.04% bromphenol blue,
20% glycerol, and boiled for 5 min.

RESULTS

Inhibition of PP1/PP2A Activity in YT Cells Results in Serine
Phosphorylation of STAT5a/b—Previously, we have identified
serine phosphorylation sites within STAT5a and STAT5b that
control their function (9, 27). Most of these efforts have focused
on characterizing the kinases responsible for these responses,
however, little is known about the phosphatases that tightly
control this balance. To determine whether STAT5a/b phos-
phorylation is regulated by PP1 or PP2A activity, phos-
phoamino acid analysis was performed on STAT5 proteins
isolated from YT cells that were metabolically labeled with
[*?P]orthophosphate and treated without or with the PP1/
PP2A inhibitor CA for 60 min prior to stimulation with IL-2 for
10 min. STAT5a/b proteins were individually immunoprecipi-
tated, separated by SDS-PAGE, and visualized by autoradiogra-
phy (Fig. 1, A and B, upper panels). The STAT5a/b proteins
were then excised and subjected to limited acid hydrolysis fol-
lowed by phosphoamino acid analysis (Fig. 1, A and B, lower
panels). This analysis demonstrated that compared with the
untreated controls (lane a), CA treatment (lane b) resulted in a
significant increase in STAT5a/b phosphorylation that was not
further increased by IL-2 treatment (Fig. 1, A and B, upper pan-
els). Phosphoamino acid analysis demonstrated that both pro-
teins were phosphorylated on serine, but not threonine or
tyrosine residues (Fig. 1, A and B, lower panels, group b). Addi-
tionally, as we previously reported and show herein, IL-2
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FIGURE 1. CA induces serine phosphorylation and inhibits IL-2-mediated tyrosine phosphorylation of
STAT5a/b in human lymphocytes. YT cells (1.5 X 107) were labeled with [*?Plorthophosphate for 2 h at 37 °C
and treated without (lanes a and c) or with 100 nm CA (lanes b and d) for 60 min prior to stimulation in the
absence (lanes aand b) or presence of IL-2 (lanes c and d) for 10 min. Cell lysates were then immunoprecipitated
(IP) with a-STAT5a (A) or a-STAT5b (B), separated by SDS-PAGE, and subjected to autoradiography (upper
panels). The corresponding STAT5 bands were excised and subjected to phosphoamino acid analysis (groups
a-d) (lower panels). The position of phosphoserine, -threonine, and -tyrosine standards (pS, pT, and pY) were
detected by ninhydrin as indicated (circles). C, YT cells were left untreated (lanes a and j), treated with CA for 60
min (lanes b and k), stimulated with IL-2 for 10 min (lanes c and /), or pretreated with 100 nm CA for 10-150 min
prior to stimulation with IL-2 for 10 min (lanes d—i and m-r). STAT5a (upper panel) and STAT5b (lower panel) were
immunoprecipitated and Western blotted (WB) with the antibodies indicated. D, YT cells were left untreated
(lanes a and h), treated with 100 nm CA for 90 min (lanes b and i), stimulated with IL-2 for 10 min (lanes c and j),
or pretreated with 30-200 nm CA for 90 min followed by stimulation with IL-2 for 10 min (lanes d-g and k-n) as
indicated. STAT5a (upper panel) and STAT5b (lower panel) proteins were immunoprecipitated and analyzed by
Western blot using the antibodies indicated. Representative data from three independent experiments are

shown.

induced the phosphorylation of both STATS5 proteins on serine
and tyrosine, but not threonine, residues (10) (Fig. 1, A and B,
group c¢). Importantly, CA pretreatment inhibited IL-2-induced
tyrosine phosphorylation of STAT5a/b (Fig. 1, A and B, group
d), which is normally associated with STAT5 activation. These
results suggest that STAT5 activation is negatively regulated by
serine phosphorylation and that PP1 and/or PP2A activity is
involved in the regulation of STAT5 activation during IL-2
signaling.

Inhibition of PP1/PP2A Activity in YT Cells Decreases IL-2-
mediated Tyrosine Phosphorylation of STAT5a/b—To confirm
that PP1/PP2A activity regulates IL-2-mediated tyrosine phos-
phorylation and activation of STAT5a/b, Western blot analysis
was performed using STAT5 phosphospecific antibodies (Fig.
1, C and D). YT cells were treated with 100 nm CA for the
indicated times before stimulation without or with IL-2.
STAT5a (upper panels) and STAT5b (lower panels) were
immunoprecipitated from soluble cell lysates, separated by
SDS-PAGE, and subjected to Western blot analysis with the
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nopurified from non-CA and non-
IL-2-treated cells did not display
detectable levels of tyrosine or ser-
ine phosphorylation (Fig. 1C).

Dose-response analysis of CA
effects on STAT5a/b phosphoryla-
tion was also performed. YT cells
were treated with increasing amounts
of CA (30-200 nMm) for 90 min prior to
stimulation with IL-2 for 10 min.
Western blot analysis of immunopu-
rified STAT5a (Fig. 1D, upper panel,
lanes d—g) and STAT5b (lower panel,
lanes k—n) demonstrated that IL-2-mediated tyrosine phosphory-
lation of the STAT5 proteins was inhibited by CA in a dose-de-
pendent manner (Fig. 1D). The inhibitory effect of CA pretreat-
ment on IL-2-induced STAT5a tyrosine phosphorylation was
detectable at 30 nm and maximal at 200 nm, whereas inhibition of
STAT5b tyrosine phosphorylation was detectable at 50 nm and
maximum at 200 nm. Collectively, these data suggest that PP1/
PP2A-regulated serine phosphorylation of STAT5 proteins mod-
ulates their tyrosine phosphorylation and activation induced by
IL-2.

PP2A, but Not PP1 or PP2B, Regulates Serine Phosphorylation
and IL-2-stimulated Tyrosine Phosphorylation of STATS in
Human Lymphocytes—To further specify which phosphatase
family regulates STAT5 serine phosphorylation, small mole-
cule inhibitors with opposing specificities toward PP1 and
PP2A were used. OA preferentially inhibits PP2A (28 -30),
whereas TAU targets PP1 (29-31). The PP2B inhibitor CSA
was used as an additional control. YT cells were left untreated,
stimulated with IL-2 for 30 min, or treated with inhibitory con-
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FIGURE 2. PP2A, but not PP1 or PP2B, activity is required for IL-2-in-
duced tyrosine phosphorylation of STAT5. A, YT cells were left un-
treated (lane a), stimulated with IL-2 for 30 min (lane b), or treated with
inhibitory concentrations of the appropriate protein phosphatase uncou-
pler thatincluded 1 um TAU (lane c), 250 nm OA (lane d), 100 nm CA (lane e),
or 250 nm CSA (lane f) for 60 min. STAT5 proteins were immunoprecipi-
tated (/P), separated by SDS-PAGE, and analyzed by Western blot (WB)
using the antibodies indicated. B, YT cells were left untreated or treated
with 1 um TAU, 250 nm OA, 100 nm CA, or 250 nm CSA for 60 min. PP2Ac
proteins were immunoprecipitated and activity measured by serine/thre-
onine phosphatase assays (upper panel). Normal mouse antiserum (IgG
Cntrl) was used as a negative control for IP. The experiment was per-
formed in triplicate where values are mean = S.D. of free phosphate levels.
Cell lysate was probed by Western blot using anti-PP2Ac to ensure equal
protein input (lower panel). C, YT cells were left untreated (lanes a), stim-
ulated with IL-2 for 30 min (/lanes b), or treated with increasing concentra-
tions of OA (10-200 nm) for 90 min followed by stimulation in the absence
(lanes c—h, upper panel) or presence of IL-2 for 10 min (lanes i-n, upper
panel). YT cells were similarly treated with CA (50-200 nm) or TAU (0.5-4
um) for 90 min followed by stimulation in the absence (lanes c-e and i-k,
respectively, lower panel) or presence of IL-2 for 30 min (lanes - h and I-n,
respectively, lower panel). STATS5 proteins were immunoprecipitated and
analyzed by Western blot using the antibodies indicated. Representative
data from three independent experiments are shown.

centrations of TAU (1 um), OA (250 nm), CA (100 nm), or CSA
(250 nm) for 60 min before lysis. Both STAT5 proteins were
immunoprecipitated with a pan-STAT5 antibody and analyzed
by Western blotting for phosphorylation on serine 726/731
(Fig. 2A, upper panel). Compared with the untreated control
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(lane a), inhibition of PP2A (lane d) and PP1/PP2A (lane e), but
not PP1 (lane c) or PP2B (lane f) induced a high level of STAT5
serine phosphorylation that was nearly equivalent to that stim-
ulated by IL-2 (Fig. 2A). The membrane was stripped and rep-
robed for total STATS5 levels to confirm equivalent loading (Fig.
2A, lower panel). To ensure PP2A catalytic activity was reduced
in YT cells treated with the above concentrations of phospha-
tase inhibitors, a malachite green phosphatase assay employing
a synthetic phosphopeptide substrate was performed (Fig. 2B,
upper panel). Compared with the untreated control, CA
(57.6%) or OA (74.2%), but not TAU (18.7%) or CSA (6.4%)
treatment resulted in a significant inhibition of PP2A activity in
YT cells. YT cell lysate was analyzed by Western blotting for the
catalytic subunit of PP2A to confirm the equivalent protein
input into the phosphatase assay (Fig. 2B, lower panel).

These experiments indicate that PP2A, but not PP1, is the
primary phosphatase responsible for CA-mediated inhibition
of IL-2-induced STATS5 activation. To confirm this, a-pY
STAT5 Western blot analysis was performed on YT cells
treated with increasing amounts of OA (10 -200 nm), CA (100 -
200 nm), or TAU (0.5—4 um) for 90 min before IL-2 stimulation
for 30 min (Fig. 2C). In these experiments, low concentrations
of OA that are not expected to inhibit PP1 (upper panel, lanes
c—n) clearly blocked STATS5 tyrosine phosphorylation. CA
treatment (lower panel, lanes c— h) resulted in a complete abro-
gation of IL-2-induced STATS5 tyrosine phosphorylation at all
concentrations tested (Fig. 2C). This was expected because CA
is equally potent at blocking PP1 and PP2A. There was no
detectable inhibition of IL-2-mediated STATS5 tyrosine phos-
phorylation using the PP1 specific inhibitor TAU (Fig. 2C, lower
panel, lanes i—n). Taken together, these results suggest that
PP2A is the primary phosphatase responsible for the regulation
of IL-2-mediated activation of STATS5 (8).

Treatment of YT Cells with CA Attenuates IL-2-induced
STATS DNA Binding Activity—Tyrosine-phosphorylated STAT5
proteins translocate to the nucleus where they bind to consen-
sus DNA sequences and regulate the transcription of target
genes. To test whether PP2A activity is required for IL-2-in-
duced STAT5 DNA binding activity, electrophoretic mobility
shift analysis was performed using a [y-*’P]JATP-labeled
STATS5 DNA binding element incubated with nuclear protein
extracts isolated from IL-2-stimulated YT cells pretreated with
100 nm CA for 90 min. As shown in Fig. 3, compared with IL-2
stimulation alone, CA pretreatment significantly decreased the
formation of the STAT5-DNA complex (lanes d and e). The
presence of STAT5 within this complex was confirmed by incu-
bating the extracts with antisera specific for the N or C termi-
nus of STAT5. This resulted in a supershift of the complex,
indicating that STAT5 was primarily responsible for its forma-
tion (lanes fand g). The specificity of the antisera response was
confirmed using normal rabbit serum (lane /), which failed to
supershift the STAT5-DNA complex (Fig. 3). Minimal STAT5
DNA binding activity was detected in non-IL-2 stimulated
(lane b) or CA treated (lane c¢) YT cells. A reaction without
nuclear extract (free probe, lane a) served as a negative control
for DNA binding. Taken together, these data indicate that
PP2A-regulated serine phosphorylation negatively impacts
IL-2-induced STATS5 activation in YT cells.
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FIGURE 3. STAT5 DNA binding activity is reduced by CA treatment in YT
cells. Cells were left untreated (lane b), treated with 100 nm CA for 90 min (lane
¢), stimulated with IL-2 for 10 min (lanes d and f- h), or pretreated with 100 nm
CA for 90 min followed by stimulation with IL-2 for 10 min (lane e) at 37 °C.
Nuclear extracts (5 ug) were incubated with a *2P-radiolabeled oligonucleo-
tide probe corresponding to the STAT5 binding site in the B-casein gene
promoter. The extracts indicated were coincubated with N-terminal directed
a-STATS5 (lane f), C-terminal directed a-STATS5 (lane g), or normal rabbit serum
(IgG cntrl) (lane h). Brackets indicate location of nonsupershifted and super-
shifted STAT5-DNA complexes. Representative data from two independent
experiments are shown.

CA Inhibits IL-2-induced Activation of STATS and JAK3 in
Primary Human PBMCs—To confirm that CA-mediated inhi-
bition of PP1/PP2A affects STAT5 activation in non-trans-
formed cells, tyrosine phosphorylation of STAT5 and its
upstream activator JAK3 were assessed in primary human lym-
phocytes (PBMCs). For this analysis, PBMCs were activated
with PHA for 72 h, made quiescent for 24 h, and pretreated with
100 nm CA for 90 min and then stimulated with IL-2 for 10 min.
Western blot analysis of soluble cell lysates confirmed that pre-
treatment with CA significantly inhibited IL-2-mediated tyro-
sine phosphorylation of STATS5 (Fig. 44, lanes c and d). Impor-
tantly, Western blot analysis of immunopurified JAK3 proteins
from PBMC lysates demonstrated that CA treatment signifi-
cantly reduced IL-2-mediated tyrosine phosphorylation of
JAK3 (Fig. 4B, lanes c and d). These data indicate that CA-me-
diated inhibition of the IL-2 signaling cascade is not limited to
the YT tumor cell line but also occurs in primary human lym-
phocytes. Furthermore, in contrast to previous reports indicat-
ing that PP2A acts downstream of JAKs during IL-4 signaling
(18), these results suggest that PP1/PP2A control IL-2-stimu-
lated JAK3 activation directly.

CA Treatment of YT Cells Induces Serine Phosphorylation
and Inhibits IL-2-mediated Tyrosine Phosphorylation of JAK3—
To substantiate PP1/PP2A regulation of JAK3, its phosphory-
lation status in YT cells stimulated with IL-2 in the absence or
presence of CA was measured. Cells were metabolically labeled
with [**P]Jorthophosphate and treated with 100 nm CA for 60
min prior to stimulation with IL-2 for 10 min. JAK3 was immu-
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FIGURE 4. CA inhibits IL-2-mediated tyrosine phosphorylation of STAT5
and JAKS3 in primary human lymphocytes and induces serine phosphor-
ylation of JAK3 in YT cells. A, quiescent PHA-activated normal human
PBMCs were left untreated (lane a), treated with 100 nm CA for 60 min (lane b),
stimulated with IL-2 for 10 min (lane c), or pretreated with 100 nm CA for 90
min prior to stimulation with IL-2 for 10 min (lane d). Total STAT5 and tyrosine-
phosphorylated STAT5 were detected by Western blot (WB) analysis of cell
lysates as indicated. B, YT cells were treated as described in A, lysed, and JAK3
was immunoprecipitated (/P) and analyzed by Western blot using the indi-
cated antibodies. C, YT cells (1.5 X 10”) were labeled with [*?Plorthophos-
phate for 2 h at 37 °C and treated without (lanes a and c¢) or with 100 nm CA
(lanes b and d) for 60 min prior to stimulation in the absence (lanes a and b) or
presence (lanes ¢ and d) of IL-2 for 10 min. Cell lysates were immunoprecipi-
tated with a-JAK3, separated by SDS-PAGE, and subjected to autoradiogra-
phy (left panel). Phosphoamino acid analysis was performed on the corre-
sponding JAK3 bands (lanes a-d) (right panel). The position of phosphoserine,
-threonine, and -tyrosine standards (pS, pT, and pY) were detected by ninhy-
drin as indicated (circles). D, YT cells were left untreated (lane a), treated with
100 nm CA for 60 min (lane b), stimulated with 100 nm IL-2 for 10 min (lane ¢),
or pretreated with 100 nm CA for 10-150 min followed by stimulation with
IL-2 for 10 min (lanes d-i). JAK3 was immunoprecipitated from cell lysates and
analyzed by Western blot using the antibodies indicated. Representative data
from two independent experiments are shown.

noprecipitated, separated by SDS-PAGE, and visualized by
autoradiography (Fig. 4C, left panel). Isolated JAK3 was then
excised and subjected to phosphoamino acid analysis (Fig. 4C,
right panel). Compared with the control, CA treatment in-
creased serine, but not threonine or tyrosine phosphorylation
of JAK3 (Fig. 4C, groups a and b). Similar to the results obtained
with STAT5 (Fig. 1), IL-2-induced phosphorylation of JAK3
occurred on both serine and tyrosine, but not threonine resi-
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dues (Fig. 4C, group c), whereas CA pretreatment inhibited
IL-2-induced tyrosine phosphorylation (Fig. 4C, group d).

To further investigate the effects of CA on IL-2-mediated
JAK3 activation, Western blot analysis using phosphospecific
antibodies was performed on YT cells pretreated with CA for
increasing periods of time (Fig. 4D). Cells were treated with 100
nM CA for the indicated times before stimulation with IL-2.
Endogenous JAK3 tyrosine phosphorylation was then tested by
Western blotting (Fig. 4D). Indeed, IL-2-induced tyrosine
phosphorylation of JAK3 was inhibited by CA treatment (lanes
c—i) in a time-dependent manner (Fig. 4D). Specifically, the
inhibitory effect of CA was detectable at 30 min pretreatment
and maximal at 150 min. The membrane was stripped and rep-
robed for total JAK3 to ensure equal loading (Fig. 4D, lower
panel). Taken together, these results suggest that the inhibitory
effect of PP2A on IL-2 signaling is not limited to the direct
regulation of STATS5, but also its upstream activator, JAK3.

CA Inhibits IL-2-induced Tyrosine Phosphorylation of IL-2R[3
in Primary Human PBMCs—To explore whether PP1/PP2A
regulation of IL-2 signaling is restricted to JAK3 and STATS5,
the effect of CA on IL-2R3 tyrosine phosphorylation in primary
lymphocytes was studied. PBMCs were activated with PHA for
72 h, made quiescent for 24 h, and pretreated with 100 nm CA
for 90 min followed by a 10-min stimulation with IL-2. Western
blot analysis of immunoprecipitated IL-2R revealed that pre-
treatment with CA abrogated IL-2-stimulated tyrosine phos-
phorylation of IL-2R (Fig. 54, lanes ¢ and d). Intriguingly, CA
treatment resulted in a significant reduction in IL-2R 3 mobility
during SDS-PAGE (lanes b and d). Retarded gel mobility during
SDS-PAGE is a commonly observed consequence of protein
phosphorylation (10, 23, 32).

CA Induces Serine and Threonine Phosphorylation of IL-2R[3
and Disrupts Its IL-2-mediated Tyrosine Phosphorylation—To
explore PP1/PP2A regulation of IL-2 signaling at the receptor
level, the phosphorylation status of the IL-2 receptor subunits
in YT cells pretreated with CA were investigated. Cells were
metabolically labeled with [*’P]Jorthophosphate and treated
without or with 100 nm CA for 60 min prior to stimulation
without or with IL-2 for 10 min. IL-2R8 was immunoprecipi-
tated from corresponding cell lysates, separated by SDS-PAGE,
and visualized by autoradiography (Fig. 5B, left panel). The cor-
responding IL-2R protein was excised and subjected to phos-
phoamino acid analysis (Fig. 5B, right panel). As seen in Fig. 5B,
compared with the control, CA treatment resulted in the incor-
poration of phosphate onto serine and threonine, but not tyro-
sine residues of IL-2R (Fig. 5B, groups a and b). IL-2-induced
phosphorylation of IL-2Rf3 occurred on serine, threonine, and
tyrosine residues as previously reported (33) (Fig. 5B, group c).
In agreement with our Western blot analysis, CA pretreatment
inhibited IL-2-induced tyrosine phosphorylation (Fig. 5B,
group d). Phosphorylation of IL-2Ry was not detected following
CA treatment of YT cells (data not shown). This was not sur-
prising because IL-2R3, not IL-2RY, is the major link to connect
signaling pathways to the receptor complex and thus highly
phosphorylated in response to IL-2 stimulation (34). Phosphor-
ylation of IL-2Ra was not examined, however, PP1/PP2A
action upon this receptor subunit is not predicted due to its
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FIGURE 5. IL-2-mediated tyrosine phosphorylation of IL-2Rf is inhibited
by CA pretreatment in primary human lymphocytes and YT cells. A, qui-
escent PHA-activated normal human PBMCs were left untreated (lane a),
treated with 100 nm CA for 60 min (lane b), stimulated with IL-2 for 10 min (lane
), or pretreated with 100 nm CA for 90 min prior to stimulation with IL-2 for 10
min (lane d). The cells were lysed, the IL-2R3 was immunoprecipitated (/P) and
analyzed by Western blot (WB) using the indicated antibodies. B and C, YT
cells (1.5 X 107) were labeled with [*?Plorthophosphate for 2 h at 37 °C and
treated without (lanes a and ¢) or with 100 nm CA (lanes b and d) for 60 min
prior to stimulation in the absence (lanes a and b) or presence (lanes ¢ and d)
of IL-2 for 10 min. IL-2RB was immunoprecipitated from cell lysates, separated
by SDS-PAGE, and subjected to autoradiography (left panel). Phosphoamino
acid analysis was performed on the corresponding IL-2R3 bands (lanes a-d)
(right panel). The position of phosphoserine, -threonine, and -tyrosine stand-
ards (pS, pT, and pY) were detected by ninhydrin as indicated (circles). C, YT
cells were left untreated (lane a), treated with 100 nm CA for 60 min (lane b),
stimulated with 100 nm IL-2 for 10 min (lane ¢), or pretreated with 100 nm CA
for 10-150 min followed by stimulation with IL-2 for 10 min (lanes d-i). IL-2R3
IPs were assessed by Western blot analysis using the indicated antibodies.
Representative data from three independent experiments are shown.

minimal intracellular region and negligible role in IL-2R signal
transduction (35).

To confirm that CA treatment negatively regulates IL-2-me-
diated tyrosine phosphorylation of IL-2R3, a kinetic analysis of
CA effects on this receptor subunit was performed. YT cells
were treated with 100 nm CA for the indicated times before
stimulation with IL-2 for 10 min. IL-2RB was immunoprecipi-
tated from soluble cell lysates, separated by SDS-PAGE, and
subjected to Western blot analysis with the antibodies indi-
cated (Fig. 5C). In accordance with the above observations,
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FIGURE 6. PP2A directly regulates IL-2Rp serine phosphorylation by a
staurosporine-sensitive kinase. A, YT cells were incubated in the absence
(lane a) or presence of TAU (1 um) (lane b), OA (250 nm) (lane c), CA (100 nm)
(lane d), or CSA (250 nw) (lane e) for 60 min. IL-2RB was immunoprecipitated
(IP), separated by SDS-PAGE, and analyzed by Western blot (WB) as indicated.
B, YT cells were incubated in the absence (lanes a, b, d, e, g, and h) or presence
(lanes c, f, and i) of CA (100 nm) for 60 min prior to stimulation with IL-2 (lanes
b, e, and h) for 10 min. IL-2RB was immunoprecipitated and left untreated
(lanes a—c) or subjected to dephosphorylation using purified PP1 (lanes d-f) or
PP2A (lanes g—i) for 60 min at 37 °C before separation by SDS-PAGE and West-
ern blot analysis as indicated. G, YT cells were left untreated (lanes a and b) or
treated with staurosporine (500 nm) (lanes c and d), KT5720 (5 um) (lanes e and
f), bisindoylymaleimide Il (BIM) (250 nm) (lanes g and h), PD98059 (250 um)
(lanes i and j), wortmannin (50 um) (WTMN) (lanes k and [), or rapamycin (100
nm) (RAPA) (lanes m and n) for 60 min at 37 °C prior to treatment with or
without CA (100 nm) for an additional 60 min. Cells were lysed and analyzed by
Western blot with a-IL-2RB. * indicates inhibition of CA altered electro-
phoretic mobility shift. Representative data from three independent experi-
ments are shown.

IL-2-induced tyrosine phosphorylation of IL-2RB (lanes c—i)
was reduced by CA pretreatment at 10 min and reached maxi-
mum inhibition at 90 min (Fig. 5C). The membrane was
stripped and reprobed for total IL-2R3 to ensure equal gel load-
ing. Consistent with the above observations, CA treatment
resulted in a significant reduction in IL-2Rf electrophoretic
mobility as compared with the untreated control (Fig. 5C, lanes
a and b).

PP2A, but Not PPI1 or PP2B, Inhibition Induces Electro-
phoretic Mobility Shift of IL-2RB—To elucidate the primary
phosphatase responsible for regulation of IL-2R3 phosphoryla-
tion, inhibitors with opposing specificity toward PP1 or PP2A
were investigated. For this analysis, YT cells were left un-
treated (lane a) or incubated with inhibitors of PP1 (1 uM
TAU) (lane b), PP2A (250 nm OA) (lane c), PP1/PP2A (100
nMm CA) (lane d), or PP2B (250 nm CSA) (lane e) for 60 min
before being lysed and subjected to IL-2RB immunoprecipi-
tation and Western blot analysis (Fig. 6A4). Compared with
the untreated control, OA and CA, but not TAU or CSA treat-
ment altered the electrophoretic mobility of IL-2RS (Fig. 64).
These results suggest that PP2A activity is primarily responsi-
ble for regulation of IL-2Rf serine/threonine phosphorylation
in YT cells. To further differentiate the role of PP2A from PP1
in the regulation of IL-2R phosphorylation, an in vitro phos-
phatase assay was performed. YT cells were pretreated without
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or with 100 nm CA for 60 min before stimulation in the absence
or presence of IL-2 for 10 min. Endogenous IL-2R3 was immu-
noprecipitated from soluble cell lysates and subjected to in vitro
dephosphorylation using purified PP1 or PP2A enzymes prior
to SDS-PAGE and Western blot analysis. As shown in Fig. 6B,
compared with the untreated controls (lanes a— c), dephosphor-
ylation using purified PP2A reversed the CA- (lane i) and IL-2-
induced (lane h) electrophoretic mobility shift of IL-2RB. In
contrast, purified PP1 failed to revert the CA-induced altered
electrophoretic mobility of IL-2RS (Fig. 6B, lanes d—f). Taken
together, these data indicate that inhibition of PP2A, but not
PP1 or PP2B induces the serine/threonine phosphorylation of
IL-2RB in vivo and that PP2A directly dephosphorylates IL-2R3
in vitro.

STS Inhibits CA-induced Serine/Threonine Phosphorylation
of IL-2RB—To identify the putative kinase(s) responsible for
serine/threonine phosphorylation of the IL-2RB subunit, YT
cells were incubated with inhibitors of candidate serine/threo-
nine kinases known to participate in cytokine signaling prior to
CA treatment. In these assays inhibitors of PKC (250 nm bisin-
doylymaleimide II) (lanes g and &), MEK1/2 (250 um PD98059)
(lanes i and j), phosphoinositide 3-kinase (PI3K) (50 um wort-
mannin) (lanes k and [), and mTOR (100 nMm rapamycin) (lanes
m and n) had no visible effect on CA induced mobility of IL-2R3
(Fig. 6C). However, compared with the untreated controls
(lanes a and b), preincubation with 500 nm STS (lanes ¢ and d),
a broad spectrum inhibitor of serine/threonine kinases (36),
blocked the CA-induced mobility shift of IL-2R8 during SDS-
PAGE (Fig. 6C). In addition, incubation with a PKA inhibitor
(KT5720, 5 um) (lanes e and f) also partially blocked the CA-in-
duced electrophoretic mobility shift of IL-2Rf3, suggesting a
previously unidentified role for this kinase in IL-2R signaling
(Fig. 6C). Taken together, these results indicate that a STS-
sensitive serine/threonine kinase is able to phosphorylate
IL-2RB and possibly uncouple JAK3 and STATS5 activation.

IL-2 Receptor Complex Formation Is Disrupted by CA Treat-
ment in YT Cells—IL-2 binding promotes the formation of a
heterotrimeric receptor complex that consists of two essential
subunits, IL-2RB and IL-2Rv, and one affinity modulating sub-
unit, IL-2Ra. Failure in the assembly of IL-2Rf and IL-2Rvy
upon stimulation with IL-2 results in the blockade of down-
stream signaling components (10, 37). Because CA rapidly
inhibited IL-2-induced IL-2Rf3 tyrosine phosphorylation, we
examined the effect of CA treatment on the assembly of the
IL-2R complex in YT cells. These cells were treated without or
with 100 nm CA for 90 min and then stimulated with IL-2 for 10
min. The IL-2RB and IL-2Rvy subunits were then individually
immunoprecipitated from soluble cell lysates and probed for
the association of the reciprocal receptor subunit and JAK3 by
Western blot analysis (Fig. 7). Compared with the untreated
control (lane a), IL-2 stimulation (lane c) resulted in co-immu-
noprecipitation of JAK3 with IL-2R and IL-2Ry. Importantly,
CA pretreatment (lane d) inhibited the association of IL-2Rf
and IL2Rv, and abolished the binding of JAK3 (Fig. 7A). Simi-
larly, the IL-2-induced co-immunoprecipitation of JAK3 with
IL-2RB was prevented following pretreatment of YT cells with
CA (Fig. 7B, lanes ¢ and d). Membranes were stripped and rep-
robed for IL-2Rvy (Fig. 7A) and IL-2R3 (Fig. 7B) to ensure equal
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FIGURE 7. PP2A-regulated serine/threonine phosphorylation uncouples
IL-2 receptor complex formation in human lymphocytes. A, YT cells were
left untreated (lane a), treated with 100 nm CA for 90 min (lane b), stimulated
with IL-2 for 30 min (lane c) or pretreated with 100 nm CA for 90 min followed
by stimulation with IL-2 for 30 min (lane d). Cell lysates were then immuno-
precipitated (IP) with IL-2Ry antibody and separated by SDS-PAGE. Co-immu-
noprecipitation of JAK3 and IL-2RB was detected by Western blot (WB) anal-
ysis as indicated. Total cell lysate was also probed to determine equal IL-2R3
inputlevels (B). YT cell lysates from identical treatments as described in A were
immunoprecipitated with IL-2RB antibody and separated by SDS-PAGE. Co-
immunoprecipitation of JAK3 was detected by Western blot analysis as indi-
cated. Total cell lysate was also probed to determine equal JAK3 input levels.
Representative data from two independent experiments are shown.

loading. Cell lysates were also probed for IL-2RS (Fig. 7A) and
JAKS3 (Fig. 7B) to ensure equal input for the immunoprecipita-
tion assays. These results suggest that PP2A activity is required
for the assembly of an active IL-2R complex, in addition to
regulating the phosphorylation and activation of JAK3 and
STATS.

DISCUSSION

The results presented herein provide direct evidence that
serine/threonine phosphorylation functions as an important
negative regulator of IL-2 receptor signaling in human lympho-
cytes and that this is counteracted by the actions of PP2A. Using
phosphoamino acid analysis, it was demonstrated that in addi-
tion to tyrosine phosphorylation, IL-2 stimulation of YT cells
induces serine phosphorylation of JAK3/STAT5 and serine/
threonine phosphorylation of IL-2R. Furthermore, inhibition
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of serine/threonine phosphatase activity by CA treatment of
YT cells resulted in serine phosphorylation of JAK3/STAT5
and serine/threonine phosphorylation of IL-2RB. CA also
attenuated the IL-2-mediated tyrosine phosphorylation of
IL-2RB, JAK3, and STAT5 in YT and PHA-activated primary
human PBMCs. Using pharmalogical inhibitors specific for
particular phosphatases and in vitro dephosphorylation assays,
PP2A, but not PP1 or PP2B, was ascertained to be primarily
responsible for regulating IL-2 receptor signaling in YT cells.
Interestingly, serine/threonine phosphorylation of IL-2Rf3 was
independent of ERK1/2, PI3K, PKC, or mTOR activation and
instead mediated, in part, by a STS-sensitive kinase. To delin-
eate the mechanism by which PP2A regulates IL-2-induced
activation of JAK3/STATS5 at the receptor level, co-immuno-
precipitation experiments were performed to analyze receptor
complex formation. Pretreatment of YT cells with CA greatly
reduced IL-2-induced association of IL-2RB with IL-2R7y and
disrupted the binding of JAK3 to the receptor subunits. Taken
together, these findings support the role of PP2A in IL-2R com-
plex formation and JAK3/STATS5 activation, which represents a
previously unrecognized negative regulatory mechanism that
may reveal novel therapeutic targets to uncouple these critical
regulators of lymphocyte proliferation, survival, and function.

Reversible tyrosine phosphorylation is a fundamental mech-
anism for controlling IL-2 signal propagation via JAK3/STAT5
activation (reviewed in Refs. 38 and 39). Our results indicate
that serine/threonine kinases and phosphatases provide addi-
tional regulatory mechanisms that modulate IL-2R signal trans-
duction. Although serine phosphorylation has been implicated
in the regulation of STAT5 (9, 10, 40), to our knowledge the
results presented herein provide the first evidence that JAK3
serine and IL-2R serine/threonine phosphorylation controls
their activities in lymphocytes (Fig. 5). Furthermore, IL-2 stim-
ulation of YT cells induces serine phosphorylation of JAK3 and
serine/threonine phosphorylation of IL-2Rf3, indicating that
this may be a physiological negative feedback mechanism to
regulate activation in lymphocytes (Fig. 5). This notion is sup-
ported by reports of JAK2 phosphorylation on non-conserved
residue Ser®**, which was shown to function as a negative reg-
ulatory site to dampen the growth hormone and epidermal
growth factor response (41).

The roles of many serine/threonine kinases in immune cell
development, activation, and effector functions are well estab-
lished (reviewed in Refs. 42— 44), however, these kinases are not
currently known to negatively regulate IL-2 receptor signaling
directly. To identify the kinase(s) responsible for regulation of
IL-2RB serine/threonine phosphorylation, we investigated the
role of known IL-2-regulated serine/threonine kinases, includ-
ing ERK1/2, PI3K, PKC, mTOR, and p703°* (45, 46). However,
we did not observe that any of these kinases were responsible
for CA-stimulated phosphorylation of IL-2Rp. Specifically,
CA-induced IL-2RB phosphorylation proved refractory to
kinase inhibition by bisindoylymaleimide II, PD98059, wort-
mannin, or rapamycin, which inhibit PKC, ERK1/2, PI3K, and
mTOR, respectively (Fig. 6). Instead, the findings presented
herein indicate that inhibition of PP2A allows for serine/thre-
onine phosphorylation of IL-2RB via an as yet unidentified
STS-sensitive kinase(s). Interestingly, phosphorylation site pre-
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diction analysis of the intracellular region of the IL-2RS chain
using NetPhos (47) and NetPhosK (48) programs predicts 18 of
30 serine residues and 5 of 12 threonine residues are putative
phosphoacceptor sites within human IL-2R 3. However, a num-
ber of kinases are predicted to phosphorylate these residues
with overlapping specificity, including PKA, PKC, p38 MAPK,
GSK3 (glycogen synthase kinase 3), CKI, CKII, CDC2, CDKS5,
ATM, and DNA-protein kinase, which suggests a complex
interplay among multiple regulatory pathways. Indeed, PKA
inhibition partially inhibited the CA-induced electrophoretic
mobility shift of IL-2R3, suggesting that cAMP-mediated acti-
vation of PKA can regulate IL-2R signaling (Fig. 6). It is well
established that cAMP is a potent modulator of the immune
system (reviewed in Ref. 49), however, its negative regulation of
T cell activation is thought to primarily occur via PKA-medi-
ated inhibition of lymphocyte-specific protein-tyrosine kinase
activation during T cell receptor engagement (50). These
results suggest that PKA is also able to negatively regulate T cell
proliferation through inhibition of IL-2R signaling, however,
further investigation is required to confirm this hypothesis.
PP2A is a heterotrimeric enzyme that achieves specificity in
the cell through the actions of its regulatory/targeting subunits
(51). The PP2A heterotrimer is composed of a catalytic (C)
subunit bound to a structural A subunit and a regulatory B
subunit (52). There are a large number of regulatory subunits
that can bind to this core A/C dimer, and their actions control
the activity, specificity, selectivity, and cellular localization of
PP2A (53, 54). Indeed, through different combinations of these
subunits, the cell is capable of assembling over 200 biochemi-
cally distinct PP2A complexes (55—57). In addition, phosphor-
ylation of the C subunit of PP2A on Tyr?*®” by tyrosine kinases
such as SRC, lymphocyte-specific protein-tyrosine kinase, epi-
dermal growth factor receptor, insulin receptor, and JAK2 can
actively inhibit PP2A phosphatase activity (55, 56, 58). Inter-
estingly, it has been reported that IL-2 stimulation of T cells
results in the down-regulation of PP2A activity (59), suggest-
ing that IL-2R signaling can modulate the function of PP2A.
Therefore, it is tempting to speculate that IL-2 induced acti-
vation of JAK3 results in tyrosine phosphorylation and func-
tional inhibition of PP2A, which in turn promotes serine
phosphorylation of JAK3, STATS5, and IL-2RB. This would
provide a negative feedback mechanism for IL-2R signaling.
Others have previously shown that CA treatment of HepG2
cells promotes the phosphorylation and degradation of the IL-6
family cytokine receptor gp130 (60). However, this does not
hold true for IL-2RB in YT cells (Fig. 4C). We propose that
serine/threonine phosphorylation of IL-2RB may result in con-
formational and electrostatic changes that destabilize the IL-2
receptor signaling complex, thus preventing the dimerization
of IL-2 receptor subunits and their association with JAK3 and
possibly JAK1. The resulting defect in IL-2 receptor complex
assembly prevents the formation of docking sites for JAK3 and
subsequent activation of downstream proteins such as STATS5.
It is important to note that although global PP2A-regulated
phosphorylation attenuated IL-2 activation of JAK3/STATS5,
we cannot rule out that individual phosphoserine/threonine
residues may positively regulate this pathway under certain
conditions. To more fully elucidate this mechanism, challeng-
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ing future work will be required to identify and functionally
evaluate the PP2A regulatory sites targeted in IL-2Rj3, JAKS,
and STAT5 as well as identify the regulatory subunit(s)
required for PP2A dephosphorylation of these acceptor sites.
In summary, the results presented herein provide direct evi-
dence that in addition to tyrosine phosphorylation, serine/thre-
onine kinases and phosphatases act in concert to regulate IL-2
activation of JAK3/STATS5 in human lymphocytes. Specifically,
PP2A-regulated serine/threonine phosphorylation negatively
regulated IL-2 signaling at multiple levels, from IL-2R complex
formation to downstream activation of JAK3 and STATS5.
Although several molecules have been shown to negatively con-
trol JAK/STAT activation, these proteins are almost exclusively
dependent upon tyrosine phosphorylation. These results fur-
ther define the intricate balance that serine/threonine/tyrosine
phosphorylation provides to modulate signaling pathways in
lymphocytes. Through better understanding of these cross-talk
pathways novel therapeutic strategies are likely to arise that can
be used to alter lymphocyte function and disease progression.
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