ical function of this enzyme during M
phase.
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Requirement of Tyrosine Phosphorylation for Rapid
Activation of a DNA Binding Factor by IL-4

Helen Kotanides and Nancy C. Reich*

Interleukin-4 (IL-4) is an immunoregulatory cytokine produced by activated T lympho-
cytes to promote the growth and differentiation of cells that participate in immune
defense. This study demonstrates the rapid activation of a specific DNA binding factor
by IL-4. The IL-4 nuclear-activated factor (IL-4 NAF) appeared within minutes of IL-4
stimulation and recognized a specific DNA sequence found in the promoters of IL-4—
responsive genes. Activation of this putative transcription factor required tyrosine phos-
phorylation, and antibodies specific for phosphotyrosine recognize the IL-4 NAF-DNA
complex. Thus, IL-4 appears to transduce a signal to the nucleus through tyrosine
phosphorylation of a latent DNA binding factor.

Interleukin-4 (IL-4) is a T cell lymphokine
produced in response to mitogen or antigen
stimulation (1). Initially discovered by its
proliferative effect on B lymphocytes, it is
now recognized to function in the survival,
growth, and differentiation of T lymphocytes
and other cells of the hematopoietic lineage
and induces the expression of genes that
function in immune recognition. In B lym-
phocytes, IL-4 activates transcription of the
constant region of the immunoglobulin
heavy chain genes (murine C,1 and C, and
human C 4 and C), promoting isotype class
switching (2, 3). IL-4 also induces transcrip-
tion of the major histocompatibility class II
(MHCII) genes (4) and a gene encoding a
receptor for immunoglobulin E (IgE), FceRII
(S, 6).

Interleukin-4 initiates these biological re-
sponses by binding to a specific cell surface
receptor. The gene encoding the human
IL-4 receptor has been isolated but does not
appear to encode a receptor with intrinsic
enzymatic activity (7). Although little is
known of the IL-4 signal transduction path-
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way, studies have described the activation of
phosphatidylinositol-3  kinase after IL-4
stimulation and provided evidence for the
activation of both a tyrosine kinase and
phosphatase (8, 9). Here, we describe the
tyrosine kinase-dependent activation of a
putative transcription factor by IL-4.

Several of the biological effects of IL-4
are antagonized by another T cell lympho-
kine, interferon-y (IFN-y). Interferon-y
inhibits the immunoglobulin class switch to
IgG1 and IgE induced by IL-4 (10) and also
suppresses IL-4 induction of MHCII genes
and the FceRII gene in B cells (11). How-
ever, in macrophages both IFN-y and IL-4
can induce the expression of MHCII genes
(12). Therefore, IFN-y and IL-4 can have
either antagonistic or analogous effects on
transcription. For this reason, we examined
the ability of IL-4 to activate a DNA
binding factor that could recognize an IFN-
y—stimulated response element.

To determine if IL-4 activates a transcrip-
tion factor with DNA binding specificity for
an IFN-y response element, we analyzed elec-
trophoretic mobility-shift assays (EMSAs)
(Fig. 1). Nuclear extracts were prepared
from human monocytic cells treated with
IL-4, IFEN-y, or IL-4 and IFN-y and were
incubated with DNA corresponding to the
IFN-y response region of the FcyRI gene
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(13). A specific DNA binding factor was
induced- in cells that were stimulated with
IFN-y [identified as IFN-y-activated factor
(IFN-y AF)]. Stimulation with IL-4 resulted
in the appearance of a complex containing an
IL-4 nuclear-activated factor (IL-4 NAF).
The IL-4 NAF migrated with a slower mobil-
ity than that of [FN-y AF and often appeared
as a doublet in both monocytic cells and B
cells (14). Because the effects of I[FN-y and
IL-4 on specific gene expression can be antag-
onistic, we examined the ability of one cyto-
kine to influence factor activation by the
other cytokine. Pretreatment with the heter-
ologous cytokine had no inhibitory effect on
the binding of [FN-y AF or IL-4 NAF. Be-
cause IL-4 and insulin initiate some common
signaling events, we examined the effects of
insulin (I5). Treatment with insulin did not
stimulate the appearance of IL-4 NAF.

If IL-4 NAF binding is necessary for the
induction of gene expression by IL-4, the IL-4
NAF binding site should be present in respon-
sive genes. An analysis of the promoter region
of IL-4-stimulated genes revealed similar
binding sites in many of the genes (Fig. 2A).
Deletion of this site upstream of the C, 1 gene
has been shown to inhibit transcriptional
induction by IL-4 (3). The IL-4 NAF binding
site has a GAA inverted repeat structure
found in the IFN-y response element of the
FcyRI gene. The ability of IFN-y and IL-4 to
stimulate the transcriptional expression of a
similar set of genes probably results from the
activation of distinct DNA binding factors
with similar DNA binding specificities. How-
ever, the mechanisms that mediate the antag-
onistic effects of IFN-y and IL-4 on gene
expression in B cells remain to be ascertained.

To ensure that IL-4 NAF can bind these
similar sites in responsive genes, we used
oligonucleotides that corresponded to the sites
in the FceRIIb promoter and the C, 1 promot-
er in an EMSA DNA competition experi-
ment (Fig. 2B); these sites competed for
binding of IL-4 NAF. Although these sites are
not identical, they share the inverted repeat
GAA structure (Fig. 2ZA). The IFN-y activat-
ed site (GAS) of the guanylate-binding pro-
tein gene did not compete (16). Although
induced by IFN-y, the sequence of the GAS
does not have an exact GAA inverted repeat
consensus and may bind the factor weakly in
this assay (Fig. 2B). The IFN-a—stimulated
response element (ISRE) has tandem GAA
repeats and did not compete for binding. An
Xho I linker oligonucleotide served as a neg-
ative control.

The activation of latent IL-4 NAF is
rapid, appearing within 5 min after 1L-4
treatment, and is transient, disappearing by
2 hours (Fig. 3A). This activation indicates
that IL-4 NAF functions in the IL-4 signal
transduction pathway leading to the regula-
tion of gene expression. The rapid activa-
tion of IL-4 NAF suggests that modifica-
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tion of a preexisting factor confers DNA
binding activity. To determine the re-
quirement for protein phosphorylation in
the activation of IL-4 NAF, we evaluated
the effect of protein kinase inhibitors (Fig.
3B). Before stimulation with IL-4, cells
were treated with staurosporine, a broad
spectrum kinase inhibitor with inhibitory
activity for tyrosine kinases, or with
genistein, a tyrosine kinase inhibitor (17,
18). Staurosporine completely blocked
IL-4 NAF activation, and genistein inhib-
ited activation by 95%. Therefore, tyro-
sine phosphorylation appears to be re-
quired for activation of IL-4 NAF.

To test whether IL-4 NAF itself was
phosphorylated on tyrosine residues, we add-
ed phosphotyrosine monoclonal antibodies

Fig. 1. Activation of a DNA binding factor by IL-4.
Nuclear extracts were prepared from human THP-1

cells either untreated (lane 1) or treated with IL-4
(Upstate Biotechnology Inc., Lake Placid, New York) '
(20 ng/ml for 15 min) (lanes 2 and 3), IFN-y (1000 U/mi
for 15 min) (lanes 4 and 5), IFN-y (15 min) and then IL-4
(15 min) (lane 6), IL-4 (15 min) and then IFN-y (15 min) &
(lane 7), or insulin (Boehringer Mannheim) (10 pg/ml for e T
15 min) (lane 8) (17, 18). The EMSA was done with 10

(anti-phosphotyrosine) to the DNA binding
reaction before EMSA analysis (Fig. 4A).
Increasing amounts of control monoclonal
antibodies had no effect on the appearance
or migration of IL-4 NAF. However, with
the addition of anti-phosphotyrosine we ob-
served a decrease in the amount of 1L-4
NAF. This result suggests that IL-4 NAF is a
target substrate for an IL-4-activated tyro-
sine kinase. In addition, tyrosine phosphor-
ylation appears to be required for the DNA
binding capability of IL-4 NAF (Fig. 4B).
Treatment of nuclear extracts containing
IL-4 NAF in vitro with a baculovirus-ex-
pressed protein tyrosine phosphatase inhib-
ited the appearance of the IL-4 NAF-DNA
complex (19). A tyrosine phosphatase has
been reported to be induced by IL-4, and we

IL-4:IFN-y

IFN-y.IL-4
Insulin

IFN-y

b !
= O

g

B

= IL-4 NAF

o < IFN-yAF

ng of protein in a 15-pl reaction volume containing 12

mM Hepes (pH 7.9), 10% glycerol, 5 mM MgCl,
mM EDTA, 0.06 mM EGTA, 0.5 mM dithiothreitol, 2 pg

,0.12

123452678

of polydeoxyinosinic-polydeoxycytidylic acid, 0.12 pg

of nonspecific plasmid DNA, and 40 ng of nonspecific single-stranded oligonucleotide. The reaction
was incubated at room temperature for 10 min, and then 2 ng of end-labeled oligonucleotide
corresponding to the IFN-y response region of the FcyRI gene (nucleotides —33 to —14) was added
(73). The mixture was incubated for 20 min before electrophoresis. Unlabeled oligonucleotide was
included in the binding reactions at 50 times molar excess of probe to demonstrate specificity

(lanes 3 and 5; C).

A —
FCYRI 5'—GTATTTCCCAGAAAAGGAAC
CATAAAGGGTCTTTTCCTTG
———
—
FceRITa -CTCTTACCTGAGAAATGG
———
——
FceRITb —~GAATTTCTAAGARAGGG
—
cuA —~ACATTCACATGAAGTA
¥ ———
—
C, —-AACTTCCCAAGAACAG
——
——
mMHCIIER ~AAGGTTTCAGAAGGG
—_—
hMHCIIDRae  -CCTTCCCCTAGCAACAG

B IL-4

-33/-14 L
SEre85
SAFS K

s .gﬁﬁ“ =IL-4 NAF
-131/-114
-230/-214

12345678
-126/-111 Fig. 2. IL-4 NAF binding sites

in the promoters of IL-4—re-
~1197-104 sponsive genes. (A) Compar-

ison of the FcyRI binding site

to related sequences in IL-4—
-165/-152 responsive genes. The dou-

ble-stranded DNA sequence
-115/-99 of the human FcyRI gene that

was used in the EMSA assays

is shown (13), and the inverted repeat structure is denoted with arrows. The single-stranded DNA
sequences in the two promoters of the human FceRIl gene, FceRlla and FceRlIb, are displayed (6).
Similar sequences are shown in the promoters of the murine Ig heavy chain constant regions (C 1
and C,), the murine MHCIIEB, and the human MHCIIDRa (2-4). (B) IL-4 NAF binds to the FCeHnb
and Cy1 promoters. The EMSA was done with nuclear extracts from THP-1 cells either untreated
(lane 1) or treated with IL-4 (20 ng/ml for 15 min) (lanes 2 through 8). The following double-stranded
DNA oligonucleotides were added to the binding reactions at 150-fold molar excess of labeled
probe: FcyRl (lane 3), FceRllb (lane 4) (nucleotides —229 to —215), C_1 (lane 5) (nucleotides —128

to —109),

Xho | linker (5'-CCCTCGAGGG-3') (lane 6),

ISRE (5'-GATCGGGAAAGGGAAAC-

CGAAACTGAAGCC-3') (lane 7), or GAS (5'-TCAGTTTCATATTACTCTAAATCCA-3') (lane 8).
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also found evidence for an endogenous tyro-
sine phosphatase (9, 14). To ensure that the
loss of DNA binding was a result of the
action of tyrosine phosphatase, we included
sodium vanadate, a tyrosine phosphatase
inhibitor, in the reactions, which specifical-
ly blocked this effect (Fig. 4B).

The signal transduction pathways of
IFN-a and IFN-y lead to the activation and
tyrosine phosphorylation of latent transcrip-
tion factors (18, 20). A 91-kD protein orig-
inally identified as a component of the IFN-
a-stimulated transcription factor ISGF-3 is
present in the IFN-y-activated factors (13,
20). Because IL-4 NAF can bind to an
IFN-y response element, we tested for the
presence of the 91-kD protein in IL-4 NAF.
Nuclear extracts were prepared from cells
that were treated with IL-4 or with IFN-y.
Specific polyclonal antisera that recognize
the 91-kD protein were added to DNA

Fig. 3. Inhibition of IL-4 NAF by protein kinase inhibitors. (A) Time A
course of IL-4 NAF activation. Nuclear extracts were prepared from
THP-1 cells either untreated (lane 1) or treated with IL-4 (20 ng/ml)
for 5 to 120 min as indicated (lanes 2 to 6). The EMSA analysis was
done with the FcyRI oligonucleotide. Unlabeled oligonucleotide at
50 times molar excess of labeled probe specifically inhibited IL-4
NAF-DNA binding (lane 7). (B) Inhibition of IL-4 NAF activation by
staurosporine and genistein. Nuclear extracts were prepared from
untreated THP-1 cells (lanes 1) or cells treated with IL-4 (20 ng/ml
for 15 min) (lanes 2 and 3). Before IL-4 stimulation, cells were
treated with staurosporine (S) (GIBCO, BRL) (1 uM for 60 min) or

binding reactions, and complex formation
was measured by EMSA (Fig. 4C). The
antisera to the 91-kD protein inhibited the
appearance of the specific IFN-y AF com-
plex but did not inhibit the appearance of
the IL-4 NAF complex. This immunological
assay suggests that IL-4 NAF does not con-
tain the 91-kD protein. Antibodies to the
113-kD and 48-kD components of ISGF-3
also did not recognize IL-4 NAF (14).

IL-4 NAF appears to function in the
signal transduction pathway of IL-4. IL-4
NAF is activated within minutes of IL-4
stimulation and binds to a consensus DNA
sequence in the promoters of IL-4-respon-
sive genes. Previous studies of DNA bind-
ing proteins regulated by IL-4 have de-
scribed factors that increase in appearance
only after long periods of IL-4 treatment
and therefore may represent secondary ac-
tivation signals (21). This study describes

IL-4
—
0 60D min

=IL-4 NAF

E
{

ol

with genistein (G) (Kamiya Biomedical) (100 pg/ml for 12 hours)

(lanes 3) (17, 18). The EMSA analysis was performed as described,
and quantitation of autoradiographic signals was determined by

densitometric scanning (Bio-Rad GS670).

Fig. 4. Effect of specific antibodies on the A
IL-4 NAF-DNA complex. (A) EMSA was
performed with nuclear extracts from un-
treated THP-1 cells (lane 1) or cells treated
with IL-4 (20 ng/ml for 15 min) (lanes 2
through 8). Control monoclonal antibodies
(Ab) (lanes 3 through 5) or anti-phosphoty-
rosine (anti-pTyr) (lanes 6 through 8) were
added to the binding reactions in the quan-
tities indicated for 1 hour before addition of
the DNA. The anti-phosphotyrosine was a
1:1 mixture of 4G10 (Upstate Biotechnol-
ogy, Inc., Lake Placid, New York) and PY20
(ICN Biomedical, Inc., Irvine, California). (B)
Effect of protein tyrosine phosphatase (PTP)
on the appearance of IL-4 NAF. THP-1
nuclear extracts from untreated cells (lane
1) or cells treated with IL-4 (lanes 2 through
5) (20 ng/ml for 15 min) were treated in vitro
with 10 mM sodium vanadate (van; lanes 1
through 3) in the absence or presence of
baculovirus-expressed PTP at 100 ng

u“ﬁﬁ*’ﬁ“‘ -4 NAF “"wf

12345678

" = w':IL-dNAF
123 123
IL-4 B IL-4
Ab  Anti-pTyr PTP
1
135135 g + + + - - van
& L4 NAF

c

]

1234567829101

(lanes 3 and 4) or 20 ng (lane 5) per reaction (79). All extracts were incubated at 37°C for 30 min in 25
mM Hepes (pH 7.0), bovine serum albumin (1 mg/ml), and 0.2% B-mercaptoethanol followed by EMSA.
(C) Antibodies specific for the 91-kD protein of ISGF-3 and IFN-y AF do not recognize IL-4 NAF. THP-1
cells were untreated (lane 1), treated with IL-4 (20 ng/ml for 15 min) (lanes 2 through 6), or treated with
IFN-y (1000 U/ml for 15 min) (lanes 7 through 11). EMSA analysis was performed with nuclear extracts
that had been reacted with 2 ul of polyclonal antisera for 2 hours at 4°C before DNA addition: normal
murine serum (nms) (lanes 3 and 8); murine antiserum to the 91-kD protein (ma91) (lanes 4 and 9) (22);
normal rabbit serum (nrs) (lanes 5 and 10); and rabbit 91-kD antiserum (ra91T) (lanes 6 and 11) (20).

.SCIENCE * VOL. 262 ¢ 19 NOVEMBER 1993

the activation of a putative transcription
factor by tyrosine phosphorylation. Signals
activated by the IL-4-receptor complex at
the cell surface may be transduced by IL-4
NAF to regulate gene expression in the
nucleus. .
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