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matopoietic cells. Furthermore, the selective activa-
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Several signaling pathways are activated by inter-
eron a (IFNa) in hematopoietic cells, including the
ak-Stat and the insulin receptor substrate (IRS) path-
ays. It has been previously shown that IFNa acti-
ates the phosphatidylinositol (PI) 3*-kinase via an
nteraction of the p85 subunit of PI 3*-kinase with IRS
roteins. Other studies have proposed that Stat-3 also
unctions as an adapter for p85. We sought to identify
he major pathway that regulates IFNa activation of
he PI3*-kinase in hematopoietic cells. Our data dem-
nstrate that IFNa induces the interaction of p85 with
RS-1 or IRS-2, but not Stat-3, in various hematopoi-
tic cell lines in which IRS-1 and/or IRS-2 and Stat-3
re activated by IFNa. In addition, inhibition of PI
*-kinase activity by preincubation of cells with the PI
*-kinase inhibitor LY294002 does not affect IFN-
ependent formation of SIF complexes that contain
tat-3. To determine whether phosphorylation of ty-
osine residues in the IFN receptor is required for
ctivation of the PI 3*-kinase, we performed studies
sing mouse L929 fibroblasts transfected with mu-
ated human IFNAR1 and/or IFNAR2 subunits of the
ype I IFN receptor, lacking tyrosine phosphorylation
ites. The serine kinase activity of the PI-3K was acti-
ated by human IFNa in these cells, suggesting that
hosphorylation of the Type I IFN receptor is not es-
ential for PI3K activation. We then determined
hether IFNa activates the Akt kinase, a known
ownstream target for PI 3*-kinase that mediates anti-
poptotic signals. Akt was activated by insulin or
GF-1, but not IFNa, in the IFNa-sensitive U-266 my-
loma cell line. Altogether, our data establish that the
RS pathway and not the Stat pathway, is the major
athway regulating engagement of PI 3*-kinase in he-
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ion of Akt by insulin/IGF-1 suggests the existence of
istinct regulatory activities of PI3*-kinase in growth
actor versus interferon signaling. © 2000 Academic Press

It is well established that two tyrosine kinases of the
anus family, Tyk-2 and Jak-1, are constitutively as-
ociated with components of the Type I interferon re-
eptor and are rapidly phosphorylated and activated in
esponse to binding of Type I interferons to the recep-
or (reviewed in 1–3). The IFNa-dependent activation
f these tyrosine kinases results in the engagement of
everal signaling elements and cascades, including the
ak-Stat pathway (reviewed in 1–3), the IRS pathway
4–7) and the CrkL pathway (8, 9) to mediate the
iverse biological effects of interferons on target cells.
Although the role of tyrosine kinases of the Janus

amily is well established and characterized, the role of
erine/threonine kinases in the interferon signaling
ystem is not well defined. The phosphatidylinositol
9-kinase plays a critical role in signaling for various
igands (reviewed in 10, 11). Two distinct subunits
orm the functional PI 39-kinase, the p85 regulatory
ubunit that contains SH2 and SH3 domains and me-
iates its interactions with other signaling elements,
nd the p110 catalytic subunit that contains the func-
ional kinase domain (10, 11). Previous studies have
stablished that the phosphatidylinositol (4) and
erine kinase activities (12) of the PI 39-kinase are
ctivated during the association of the p85 catalytic
ubunit with tyrosine phosphorylated IRS-1 in re-
ponse to Type I IFN treatment. In addition, the p85
ubunit of the PI 39-kinase has been shown to interact
ith IRS-2 in an IFNa-dependent manner (5), indicat-

ng that this member of the IRS family of proteins also
egulates engagement of this pathway in IFN signal-
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ng. Other studies have also suggested that Stat-3 may
lay the role of an adapter, linking the PI 39-kinase to
he IFNaR1 chain of the Type I IFN receptor (13),
aising the possibility of an interplay between the Stat
nd PI3K pathways in interferon signaling.
In the present study we performed experiments to

dentify the major pathway that regulates IFNa-
ependent activation of the PI 39-kinase in cells of
ematopoietic origin and to determine whether ty-
osine phosphorylation of the Type I IFN receptor is
equired for its activation. In addition, we sought to
etermine whether the Akt kinase, a known down-
tream element of the PI 39-kinase pathway (14), is
ctivated by IFNa or insulin/IGF-1 in cells of hemato-
oietic origin. Our data establish that the IRS pathway
nd not the Stat pathway is the major signaling cas-
ade regulating engagement of the PI 39-kinase in re-
ponse to IFNs and demonstrate that tyrosine phos-
horylation of the Type I IFN receptor is not required
or activation of the serine kinase activity of the PI
9-kinase. Furthermore, they establish that, despite
he activation of the PI 39-kinase by IFNa, the Akt
inase is not activated, demonstrating that antiapop-
otic signals downstream of the PI 39-kinase are acti-
ated selectively by growth factors but not interferons.

ATERIALS AND METHODS

Cells and reagents. The human U-266 (multiple myeloma), Daudi
lymphoblastoid) and KG-1 (acute myeloid leukemia) cell lines were
rown in RPMI 1640 (Life Technologies, Inc.) supplemented with
0% (v/v) fetal bovine serum and antibiotics. The L929 transfectants
ith the different mutants of the Type I IFN receptor subunits were
rovided by Dr. Oscar Colamonici (Univ. of Illinois at Chicago, Chi-
ago, IL) and were grown as previously described (16). Human re-
ombinant IFNa was provided by Hoffmann Laroche. Human recom-
inant IFNa was provided by Biogen Inc. (Cambridge, MA). IFNa
onsensus was provided by Amgen Inc. The polyclonal antibodies
gainst IRS-1, IRS-2 and p85 (4–6) were provided by Dr. M. F. White
Joslin Diabetes Center, Boston, MA). The antiphosphotyrosine
onoclonal antibody (4G-10) and a monoclonal antibody against the

85 subunit of the PI 39-kinase were obtained from Upstate Biotech-

FIG. 1. Association of the p85 subunit of the PI 39 kinase with I
he presence or absence of IFNa for 5 min as indicated. Cell lysates
recipitated proteins were analyzed by SDS-PAGE and immunoblot
as stripped and reprobed with an antibody against Stat-3.
159
ology. An antibody against PKB/Akt was obtained from Santa Cruz
iotechnology (Santa Cruz, CA).

Immunoprecipitations and immunoblotting. Cells were incu-
ated at 37°C in the presence or absence of 104 U/ml of IFNa as
ndicated. Cell lysis, immunoprecipitation and immuno-blotting us-
ng the ECL method were performed essentially as previously de-
cribed (4, 5).

In vitro kinase assays and phosphoamino acid analysis. These
ssays were performed essentially as previously described (12).

Gel shift analysis. Preparation of nuclear extracts and gel shift
nalysis were performed essentially as in previous studies (9, 12).
he sequence of the oligonucleotide, corresponding to an SIE ele-
ent, that was synthesized and used was 59-ATTTCCCGTAAAT-
CC-39.

PKB/Akt kinase assays. Cells were incubated for the indicated
imes in the presence or absence of IFNa. Cell lysates were immu-
oprecipitated with an antibody against PKB/AKT and in vitro ki-
ase assays were performed using histone 2B as an exogenous sub-
trate, as previously described (15).

ESULTS AND DISCUSSION

We determined whether Stat-3 associates with p85
n IFNa-sensitive cells, in which we have previously
hown IFNa-dependent activation of IRS-1 (Daudi) (4),
RS-2 (KG-1) (5), or both IRS-1 and IRS-2 (U-266) (5).
igure 1 shows an experiment in which Daudi cells
ere incubated for 5 min in the presence or absence of

FNa, the cells were lysed, and cell lysates were im-
unoprecipitated with antibodies against IRS-1 or
tat-3, prior to SDS-PAGE analysis and immunoblot-
ing with an anti-p85 antibody. Consistent with our
revious findings (4), the p85 subunit of the PI 39-
inase associated with IRS-1 immunoprecipitated from
ysates of IFNa-treated cells (Fig. 1). However, we
ould not detect association of p85 with Stat-3 in these
ells (Fig. 1). In a similar manner, when KG-1 cells
ere studied, p85 associated with IRS-2, which is ty-

osine phosphorylated in an IFNa-dependent manner
5), but not Stat-3 (Figs. 2A and 2B). We also performed
imilar studies with U-266 cells, which express both

-1, but not Stat-3, in Daudi cells. (A) Daudi cells were incubated in
re immunoprecipitated with the indicated antibodies and immuno-
with a monoclonal antibody against p85a. (B) The blot shown in A
RS
we

ted
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RS-1 and IRS-2, and in which Stat-3 is also tyrosine
hosphorylated and activated in response to Type I
FN treatment (Figs. 3A–3C). Consistent with our find-

FIG. 2. Association of the p85 subunit of the PI 39 kinase with IR
resence or absence of IFNa for 5 min as indicated. Cell lysates we
ipitated proteins were analyzed by SDS-PAGE and immunoblotted
tripped and reprobed with an antibody against Stat-3.

FIG. 3. Stat-3 does not interact with p85 in U-266 cells. (A)
-266 cells were either not treated with IFNa (lanes 1 and 5) or

reated with IFNa for 5 min (lanes 2 and 4) or 15 min (lane 3). Cell
ysates were immunoprecipitated with the indicated antibodies and
mmunoprecipitated proteins were analyzed by SDS-PAGE and im-

unoblotted with a monoclonal antibody against phosphotyrosine.
B) The blot shown in A was stripped and reprobed with an antibody
gainst Stat-3. (C) The same blot was stripped again and reprobed
ith a monoclonal antibody against p85a.
160
ngs in the KG-1 and Daudi hematopoietic cell lines, we
ailed to detect an association of p85 with the IFNa-
hosphorylated/activated form of Stat-3. Furthermore,
n studies using the specific PI 39-kinase inhibitor
Y294002, we found that inhibition of the PI 3K activ-

ty does not block Stat-3 activation/DNA binding activ-
ty (Fig. 4). In a similar manner, another PI39-kinase
nhibitor, wortmannin, also did not block DNA binding
f SIF complexes, consistent with our previous findings
12). Taken altogether, these data establish that Stat-3
oes not play a critical role in regulating engagement
f the p85 subunit of the PI 39-kinase in IFNa signaling
nd that IRS-proteins provide the major pathway for
he engagement of the PI39-kinase.

We subsequently sought to determine whether phos-
horylation of tyrosine residues in the Type I IFN
eceptor, including tyrosines Y527 and Y538 in IFNAR1,
hat have been suggested to engage Stat-3 (13), is
equired for activation of the PI 39-kinase by IFNa. For
hese studies, we used mouse L929 cells transfected
ith either a human IFNAR1 subunit lacking all ty-

osine phosphorylated sites, along with wild type

, but not Stat-3, in KG-1 cells. (A) KG-1 cells were incubated in the
mmunoprecipitated with the indicated antibodies and immunopre-
h a monoclonal antibody against p85a. (B) The blot shown in A was

FIG. 4. Inhibition of PI 39 kinase activity does not block activa-
ion of Stat-3 and formation of SIF complexes. Daudi cells were
ncubated in the presence or absence of 50 mM LY294002 or 100 nM
ortmannin for 30 min at 37°C as indicated and then treated for 10
in in the presence or absence of IFNb as indicated, in the contin-

ous presence or absence of the PI 39-kinase inhibitor. Nuclear
xtracts were reacted with a 32P-labeled oligonucleotide specific for
IE. The resultant complexes were resolved using 4.5% native PAGE
nd visualized by autoradio-graphy.
S-2
re i
wit
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FNAR2c (LaYF526bLwt) or a mutated IFNAR1 sub-
nit and a mutated IFNAR2c subunit also lacking all
yrosines (LaYFbL346YF) (16). As shown in Figs. 5A–
D, the serine kinase activity of the PI39-kinase, which
ses IRS-1 as an in vivo substrate (12), was activated

n an IFNa-dependent manner, indicating that ty-
osine phosphorylation of the IFNAR1 subunit is not
equired for activation of the PI 39-kinase. In a similar
anner, the serine kinase activity of p85 was activated

n cells expressing both IFNAR1 and IFNAR2 without
yrosines (LaYFbL346YF) (16) (Fig. 5E). Taken alto-
ether, the studies with the different receptor mutants

FIG. 5. The PI 39-kinase serine kinase does not require tyrosine
hosphorylation sites in the Type I interferon receptor for its acti-
ation. (A) Mouse L929 fibroblasts transfected with a mutated human
FNAR1 subunit and a human wild-type IFNAR2c (LaYF526bLwt)
ere incubated in the presence or absence of IFNa as indicated. Cell

ysates were immunoprecipitated with the indicated antibodies and
ubjected to an in vitro kinase assay. After SDS-PAGE analysis the
roteins were transferred to immobilon membranes and phosphory-
ated proteins were detected by autoradiography. (B) Phospho ami-
oacid analysis of the proteins corresponding to phosphorylated
RS-1 from the experiment shown in A. (C) Mouse L929 fibroblasts
ransfected with a mutated human IFNAR1 subunit and a human
ild type IFNAR2c (LaYF526bLwt) were incubated in the presence

r absence of IFNa as indicated. Cell lysates were immunoprecipi-
ated with the indicated antibodies and subjected to an in vitro
inase assay. (D) The membrane from the experiment shown in C
as immunoblotted with a monoclonal antibody against p85a. (E)
ouse L929 fibroblasts transfected with a mutated human IFNAR1

ubunit and a mutated human IFNAR2c subunit (LaYFbL346YF)
ere incubated with human IFNa as indicated. Cell lysates were

mmunoprecipitated with the indicated antibodies and subjected to
n in vitro kinase assay. After SDS-PAGE analysis the proteins were
ransferred to Immobilon membranes and phosphorylated proteins
ere detected by autoradiography.
161
osine phosphorylation sites in the receptor complex
or its activation.

It is well established that, in addition to interferons,
nsulin, insulin-like growth factor I and several cyto-
ines and growth factors activate the PI39-kinase path-
ay (reviewed in 11, 17). It is of interest, however, that

n contrast to interferons, all these growth factors in-
uce growth promoting and antiapoptotic signals. A
ajor pathway downstream of the PI 39-kinase in

rowth factor signaling involves activation of the PKB/
kt kinase that mediates antiapoptotic effects (14, 18–
2). We sought to determine whether, in hematopoietic
ells, PKB/Akt is activated in response to insulin/IGF-1
r interferon treatment. As shown in Fig. 6, insulin
reatment of U-266 myeloma cells, which express func-
ional insulin receptors (23), resulted in activation of
he Akt kinase. Similarly, treatment with IGF-1 also
esulted in activation of the Akt kinase in these cells
data not shown). On the other hand, IFNa treatment
id not induce Akt activation (Fig. 6), demonstrating
hat the Akt kinase is not a downstream effector of the
I 39-kinase in IFNa signaling.
We have previously shown that the phosphatidyl-

nositol- and serine-kinase activities of the PI 39-kinase
re rapidly activated in an IFNa-depedent manner
uring the interaction of the p85 subunit of the PI
9-kinase with IRS-1 (5, 12) and that IRS-1 itself is a
ubstrate for the serine catalytic activity of the PI
9-kinase (12). More recently, it was reported by others
hat Stat-3 may also participate in a pathway regulat-
ng activation of the PI 39-kinase (13). In the present
tudy we sought to identify whether the Stat-3 or the
RS-pathway is the major pathway regulating engage-
ent of the PI 39-kinase in Type I interferon signaling

nd whether tyrosine phosphorylation of the Type I
nterferon receptor is required for such an activation.
n studies using hematopoietic cell lines expressing
ifferent combinations of IRS-proteins, we found that
ndependently of the IRS-protein expressed (IRS-1 or

FIG. 6. Activation of the Akt kinase by insulin but not IFNa in
-266 cells. Cells were serum starved for 2 hours and they were

ubsequently treated with either 100 nM insulin or 104 U/ml IFNa as
ndicated. Duplicate samples were immunoprecipitated with an anti-
kt antibody and subjected to an Akt kinase assay using exogenous
istone 2B as a substrate. The proteins were analyzed by SDS-PAGE
nd the phosphorylated form of histone 2B was detected by autora-
iography.
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s compared to Stat-3. These findings indicate that the
RS-cascade is the major pathway regulating engage-
ent of the PI 39-kinase in interferon signaling. Our

ata also demonstrate that a receptor completely de-
oided of tyrosine phosphorylation sites can sustain
ctivation of the serine kinase activity of the PI 39-
inase, establishing that tyrosine phosphorylation of
he Type I IFN receptor is not required for such an
ctivation.
The physiologic relevance of activation of the PI 39-

inase in interferon signaling remains to be estab-
ished in further studies. However, our data that the
kt kinase is not activated during engagement of the
ype I IFN receptor, strongly suggest that there is a
ifferential activation of elements downstream of the
I 39-kinase in response to IFN- versus growth factor-

nduced activation. Such differential function of the PI
9-kinase may account for signaling specificity in re-
ponse to different ligands.
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