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Prolactin and Interleukin-2 Receptors in T Lymphocytes
Signal through a MGF-STAT5-Like Transcription Factor
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SUSANNE BERCHTOLD, axo BERND GRONER

Institute for Experimental Cancer Research, Tumor Biology Center, D-79106 Freiburg, Germany

ABSTRACT

The cell surface receptors for PRL and interleukin-2 (IL-2) are
structurally distinct, but share regulatory tasks in T lymphocytes.
They can stimulate proliferation and activate transcription of over-
lapping sets of genes of T cells. PRL and IL-2 receptor activation are
both linked to the Jak/Stat (signal transducer and activator of tran-
scription) pathway. We investigated the ability of PRL and IL-2 to
activate Stat proteins in different T cell lines. The DNA binding
specificities, the reactivities toward Stat-specific antisera, and the
mol wt of IL-2- and PRL-induced DNA-binding proteins in Nb2 and
C196 T cell lines were investigated. A comparison with the Stat pro-

teins induced by interferon-y, PRL, and 1L-6 in T47D mammary
tumor cells was made. We found that these parameters were indis-
tinguishable for one of the PRL- and IL-2-induced factors. A tran-
scription factor closely related to mammary gland factor-Statb is
rapidly activated upon interaction of IL.-2 and PRL with their respec-
tive receptors. Activation of a second protein related to Statl was also
observed. Our results emphasize the role of PRL as a regulator of the
immune response and indicate that the Stat factors mammary gland
factor-Stat5 and Statl play a role in the regulation of gene expression
during T cell development. (Endocrinology 136: 57005708, 1995)

RL IS A neuroendocrine hormone that controls the pro-
liferation and differentiation of a variety of target cells
in vertebrates (1). PRL is best known for its lactotrophic
effects in mammary epithelial cells, but it has been recog-
nized that it is also a regulator of the immune system. Tt
affects both humoral and cell-mediated immunity (2, 3). PRL
receptors are expressed on T and B cells, and PRL is produced
not only in the anterior pituitary, but also by lymphoid cells
(4-6). In vitro, the growth of T lymphocytes appears to be
regulated by PRL in an autocrine manner. PRL is necessary
for T cell proliferation and, in particular, for passage of the
cells through the S phase of the cell cycle (7). In vivo, PRL
increases antigen-induced peripheral T cell proliferation (8).
The PRL receptor belongs to the cytokine receptor family.
This family includes the receptors for interleukin-2 (IL-2) to
IL-7, erythropoietin, granulocyte-macrophage colony-stim-
ulating factor (GM-CSF), GH, and others (9). The members
of this family have been subdivided into four groups, based
on structural features found in their amino-terminal extra-
cellular ligand-binding domains. None of the cytokine re-
ceptors contains cytoplasmic sequence motifs indicative of a
protein tyrosine kinase function. However, one of the im-
mediate early biochemical events triggered by PRL binding
to its receptor is tyrosine phosphorylation of the receptor and
of several cellular proteins (10). In T cells, protein tyrosine
kinases, p59fyn and Jak2, as well as a serine-threonine kinase,
Raf-1, have been found to be associated with and activated
by PRL binding to its receptor (10-12).
Downstream effector molecules of the Jak kinases are the
Stat (signal transducer and activator of transcription) factors
(13, 14). Seven members of this family have been identified.
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p91-Statl constitutes the interferon-y (IFNvy)-activated tran-
scription factor (15); p91-Statl and p113-Stat2 together with
the p48 subunit constitute the IFN«/ B-responsive transcrip-
tion factor (16, 17). APRF-Stat3 is activated in response to IL-6
(18, 19), Stat4 in response to IL-12 (20, 21), mammary gland
factor (MGF)-Stat5a in response to PRL (22), and 1L-4 Stat6
in response to IL-4 (23). Recently, a Stat5 homolog called
Stat5b has been cloned from mouse hematopoietic cells and
mouse mammary cells (24, 25). Isoforms of Stat5 or molecules
highly related to Stat5 have been found in myeloid cell lines
(26, 27). Stat5-related proteins are activated in response to
PRL, IL-3, GM-CSF, IL-5, erythropoietin, GH, and thrombo-
poietin (22, 24, 26-30).

Phosphorylation on tyrosine confers DNA-binding activity
to the Stat proteins and results in the activation of transcription
(31, 32). MGF-Stat5 has originally been identified in mammary
gland cells of lactating animals (33, 34). MGF-Stat5 can be in-
duced in cultured mammary epithelial cells by PRL, and its
DNA-binding activity is absolutely required for the lactogenic
hormone induction of transcription of the B-casein gene (33).
MGF-Statb also confers the PRL response to a B-casein gene
promoter construct when it is introduced together with a PRL
receptor gene into nonmammary cells (22, 31). MGF-Stat5 mes-
senger RNA is expressed in different tissues. High levels of
expression were found in thymus and spleen (22, 24, 25). Recent
data showed that PRL activates a Statl-related molecule as well
as an additional unidentified DNA-binding protein in the T
lymphoma cell line Nb2 (35, 36). These results indicate that PRL
activates Stat proteins in T cells.

IL-2 plays a central role in the immune response. It is a
primary regulator of T cell proliferation and differentiation
(37). IL-2 mediates its effects through interaction with a high
affinity receptor comprising three subunits, «, 8, and vy (38).
The B- and y-chains are members of the cytokine/hemato-
poietin receptor family. They transduce signals after IL-2
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binding to its receptor (39). The B- and +y-chains are associ-
ated with different signaling molecules. The src family ki-
nases, p56lck and p59fyn, and the Jak family kinase, Jak1, are
associated with the B-chain. The y-chain associates with Jak3
(40-43). The association of the Jak kinases with IL-2 receptors
and the observation that IL-2 induces DN A-binding activities
of Stat elements indicate the involvement of Stat protein in
IL-2 receptor signaling (36, 44, 45).

PRL and IL-2 stimulate the proliferation of the rat T cell
line Nb2 and induce the transcription of common genes such
as the early response gene IRF-1 (46, 47). These overlapping
activities support the idea that IL-2 and PRL may activate
similar transcription factors. We investigated and character-
ized protein-DNA complexes induced by IL-2 and PRL in
different T cell lines with regulatory DNA elements known
to bind different members of the Stat family. The results
show that a Stat5-related factor is activated by IL-2 and PRL
in the rat immature T cell line Nb2 and by IL-2 in the murine
cytotoxic T cell line C196.

Materials and Methods
Cell culture

The murine cytotoxic T cell line C196 was grown in RPMI medium
containing 2 mM glutamine, 10% fetal calf serum (FCS), and 150 U/ml
recombinant human IL-2. Before induction with IL-2, the cells were kept
overnight in medium without FCS and then stimulated with 150 U/ml
recombinant human IL-2 for the times indicated. The CD3-specific
monoclonal antibody 500A2 (20 ug/ml) was used for activation of the
T cell receptor (TCR). T47D and Nb2 cells were cultured in RPMI me-
dium containing 2 mm glutamine and 10% FCS. Before their induction
with cytokines, the cells were deprived of serum for 6 h. They were
stimulated with 200 U/ml [FNy, 400 U/ml IL-6 (obtained from Boehr-
inger Mannheim, Indianapolis, IN), 5 pg/ml (T47D cells) or 100 ng/ml
(Nb2 cells) PRL, and 150 U/ml recombinant human IL-2. COS cells were
maintained in Dulbecco’s Modified Eagle’s Medium containing 10% FCS
and 2 mM glutamine and were stimulated as previously described (31).

Plasmids and transfections

Five micrograms of the MGF-5tat5 expression vector, pXM-MGF, and
5 g of the PRL receptor expression vector were used in the transfection
experiments (22). In addition, 0.5 ug of the plasmid pCH110, encoding
the B-galactosidase gene under the control of the simian virus 40 pro-
moter, was included in each transfection as an internal control.

Preparation of nuclear extracts and band shift assays

Nuclear and cytosolic extracts were prepared as previously described
(48) with the following modifications. Nuclei were extracted with a
hypertonic buffer containing 20 mm HEPES (pH 7.9), 400 mm NaCl, 1
mm EDTA, 0.1% Triton X-100, 20% glycerol, 1 mm dithiothreitol, 0.2 mm
phenylmethylsulfonylfluoride, 5 pg/ml leupeptin, and 5 mg/ml apro-
tinin for 20 min at 4 C. The extracts were centrifuged at 14,000 rpm for
5 min. Extracts were frozen in liquid nitrogen and stored at —70 C.
Cytosolic and nuclear extracts were used for band shift experiments or
immunoprecipitations. The protocol for the band shift assays has been
previously described (34). The following radioactive probes were used
in the band shift experiments: the MGF-5tat5-binding site present in the
bovine B-casein gene promoter (5'-AGATTTCTAGGAATTCAAATC-
3'"), the acute phase response element (APRE) from the rat o2-macro-
globulin gene promoter (5'-GATCCTTCTGGGAATTCCTA-3'), and the
IRF-1/gamma activated site (GAS) sequence from the IRF-1 gene pro-
moter (5'-GATCCATTTCCCCGAAATGA-3"). The oligonucleotides
were end labeled with polynucleotide kinase to a specificactivity of 8,000
cpm/fmol.
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Antibodies and Western blot analysis

Statl- and phosphotyrosine (4G10)-specific antibodies were pur-
chased from UBI (Lake Placid, NY). Stat2- and Stat4-specific antibodies
were obtained from Dr. J. E. Darnell (Rockefeller University, New York,
NY). Stat3 (30C)-specific antibodies were obtained from Dr. D. Levy
(New York University, New York, NY). S5tat5 (N-term)- and (C-term)-
specific antibodies were produced in chickens. These antibodies are
directed against GST-Stat5 fusion proteins containing either the N-ter-
minal part of Stat5 from amino acids 6160 or the C-terminal part of Stat5
from amino acids 589-735. Western blot analysis were performed with
Statb (N-term)- or phosphotyrosine (4G10)-specific antisera at dilutions
of 1:1000. Immunoreactive bands were visualized using the epichemi-
luminescence Western blot system (Amersham, Arlington Heights, IL)
according to the manufacturer’s protocol.

Oligonucleotide affinity chromatography

Nuclear extracts were incubated with Sepharose beads coupled to
multimerized oligonucleotides. The oligonucleotides consisted of the
MGEF-Stat5-binding site from the B-casein gene promoter. The binding
reactions were performed for 45 min at 4 C in a binding buffer containing
100 mm NaCl and 30 ug poly-deoxy-inosinic-deoxy-cytidylic acid and
30 pg poly-deoxy-adenylic-deoxy-rhymidilic acid/ml. The Sepharose
beads were washed three times with binding buffer containing 100 mm
NaCl. The bound proteins were released with sodium dodecyl sulfate
(SDS) loading buffer, separated by SDS-polyacrylamide gel electro-
phoresis, blotted onto a polyvinylidene difluoride membrane, and vi-
sualized with a MGF-5tat5- or phosphotyrosine-specific antiserum.

Results

IL-2 stimulation of cytotoxic T cells induces DNA binding of
Stat proteins

The tyrosine kinases Jakl and Jak3 are functionally acti-
vated by association with the 8- and y-chains of the IL-2
receptor (42). These kinases are known to activate Stat pro-
teins, and it has been reported that IL-2 stimulation of T cells can
induce DNA binding of Stat-like activities (36, 44, 45). To iden-
tify these DNA-binding activities, we performed band shift
experiments with nuclear extracts from the mouse cytotoxic T
cell line, C196. The cells were treated for increasing times with
IL-2 (Fig. 1). The nuclear DNA-binding activities were com-

[-casein APRE IRF-1-GAS
oCD3 IL-2 oCD3 IL-2 alD3  1IL-2
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Fic. 1. IL-2 induction of GAS element-specific DNA-binding activi-
ties in the cytotoxic T cell line C196. C196 cells were stimulated with
IL-2 or with a CD3-specific monoclonal antibody. After the times
indicated, nuclear extracts were prepared and analyzed in band shift
assays with a B-casein gene probe (lanes 1-7), an APRE probe (lanes
8-14), or an IRF-1/GAS probe (lanes 15-21).
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pared to those obtained after TCR activation with a CD3-spe-
cific antibody. Three DNA probes were used to visualize bind-
ing activities, a probe derived from the sequence of the B-casein
gene promoter (34), the APRE probe (18), and the IRF-1-GAS
probe (49). The sequences are shown in Table 1. These probes
bind different members of the Stat family with different affin-
ities. The B-casein promoter sequence binds most strongly to
MGF-5tatb, the APRE probe to Stat3, and the IRF-1-GAS probe
to Statl (compare Figs. 1 and 2).

IL-2 causes the rapid induction of two DN A-protein com-
plexes when the B-casein probe is introduced into the band
shift assay (Fig. 1, lanes 5-7). Identically migrating DNA-
binding activities were observed when the IRF-1/GAS probe
was used as a probe (lanes 19-21). Both complexes were
maximally induced 30 min after IL-2 addition to the cells.
TCR stimulation did not cause the induction of specific com-
plex formation with the probes used (lanes 1-4, 8-11, and
15-18).

The two complexes are forms with different efficiencies
when the B-casein gene probe or the IRF-1-GAS probe is
used. The slower migrating complex binds better to the g-ca-
sein gene probe, and the faster migrating complex binds
better to the IRF-1-GAS sequence. None of the proteins forms
a detectable complex with the APRE probe (lanes 12-14).

IL-2-induced nuclear proteins share DNA binding
specificities with PRL-induced, but not with IFNy- or IL-6-
induced, Stat proteins

To establish the relatedness of the IL-2-induced factor to
the members of the Stat family, we compared the DNA
binding specificities of Stat proteins induced with different
cytokines. The IL-2-induced protein binds preferentially to
the B-casein probe. This suggests that IL-2 activates a protein
related to MGF-Stat5 (22, 33). Nuclear extracts from the hu-
man mammary carcinoma cell line T47D are useful for this
comparison. T47D cells respond to PRL, IFNy, and IL-6.
DNA-binding activities were visualized with the B-casein,
APRE, or IRF-1-GAS sequence probes (Fig. 2).

DNA protein complexes with different migration behav-
iors were induced by the three cytokines. The induction with
PRL gave rise to a slowly migrating complex, termed com-
plex 1, when probed with the B-casein sequence (Fig. 24,
lanes 4 and 5). A complex with the same mobility was formed
when the IRF-1-GAS probe was used (Fig. 2B, lanes 5 and 6).
No or very weak binding was observed to the APRE probe
(Fig. 2A, lane 8). IFNy induction caused the formation of a
more slowly migrating complex (complex 3) that can be
formed with the B-casein probe (Fig. 24, lanes 2 and 3), the
IRF-1-GAS probe (Fig. 2B, lanes 1 and 2), and the APRE probe
(Fig. 2A, lane 10). IL-6 induced three DNA-binding com-
plexes (Fig. 2A, lane 6, and Fig. 2B, lanes 3 and 4). These
complexes were formed with the B-casein (Fig. 2A, lane 6),
APRE (lane 9), and IRF-1-GAS (Fig. 2B, lane 4) probes. The
complexes activated by IL-6 were down-regulated after 1 h

TABLE 1. Sequences of the DNA probes

PRL AND IL-2 ACTIVATE MGF-STAT5 IN T CELLS

Endo « 1995
Vol 136 » No 12
X B-casein APRE
1]
my PmRL s & & §

0 15 60 15" 60

B C
IRF-1-GAS CcOoSs
| e |
IFNy  IL-6  PRL 9;??
s 30 5 3 § 30 f 5 4
o

vy

T 2 3

Fia. 2. IFNv, IL-6, and PRL activate Stat factors with distinct DNA
binding specificities in the mammary carcinoma cell line T47D. A,
T47D cells were treated for the times indicated with IFNvy (200 U/ml),
IL-6 (400 U/ml), and PRL (1 pg/ml). Nuclear extracts were prepared
and analyzed in band shift experiments with a B-casein gene probe
(lanes 1-7) and an APRE probe (lanes 8-11). B, Analysis of the
cytokine-induced factors in nuclear extracts from T47D-treated cells
with an IRF-1/GAS probe. C, MGF/Stat5 binding to different GAS
elements. Nuclear extracts from PRL-induced COS cells transfected
with expression vectors for the PRL receptor and MGF-Staths were
analyzed in band shift experiments with the B-casein gene (lane 1),
IRF-1/GAS (lane 2), and APRE (lane 3) probes. NS, Nonspecific ac-
tivity. The arrows in A and B indicate the positions of migration of
individual DNA-protein complexes. The upper arrow denotes complex
1, the middle arrow complex 2, and the lower arrow complex 3.

(Fig. 2A, lane 7). This was not observed for the DNA-binding
activities induced by PRL and IFNYy.

The electrophoretic migration of the MGF-Stat5 DNA com-
plex and the binding specificity of MGF-Stat5 with respect to
the three DNA probes were compared to the PRL-, IFNvy-,
and IL-6-induced activities. MGF-5tat5 activity was obtained
from transfected COS cells (Fig. 2C). MGF-Stat5 bound pref-
erentially to the B-casein and IRF-1-GAS sequences and only
weakly to the APRE sequence. The electrophoretic migration

PRE in 3-casein (PRL)
APRE in a,-macroglobulin (IL-6)
GAS in IRF-1 (IFNv, IL-6, PRL)

5'-AGATTTCTAGGAATTCAATCC-3"
5'-GATCCTTCTGG TCCTA-3'

5'-GATCCATITTCCCCGAMATGA-3'
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of the MGF-Stat5 complex was indistinguishable from that of
the IL-2-induced activity. These experiments indicate that the
IL-2-induced DNA-binding protein from T cells, the PRL-
induced protein from T47D cells, and MGF-5tat5 from trans-
fected COS cells share similar DNA binding specificities.

The major IL-2-induced DNA complex from T cells contains
a protein immunologically cross-reactive with MGF-Stat5

Antisera specific for Statl, Stat2, Stat3, Stat4, and Stat5
were employed to characterize the proteins present in the
DNA complexes induced by IL-2. IFNY, IL-6, and PRL acti-
vate distinct members of the Stat family. As T47D cells can
be induced with all three cytokines, we used nuclear extracts
from these cells to demonstrate the specificity of our antisera.
Nuclear extracts from T47D treated with IFN-y, IL-6, and PRL
were incubated with the IRF-1-GAS probe, and the com-
plexes were visualized in band shift assays (Fig. 3). The
complexes induced by IFNy, IL-6, and PRL were incubated
with the Stat antisera. The appearance of more slowly mi-
grating complexes (supershifts) was monitored.

The Stat] antiserum causes a supershift of the complex
induced by IFNy (Fig. 3, lane 2), and the fastest migrating
complex (complex 3) induced by IL-6 (lane 8). The second
complex (complex 2) induced by IL-6 was partially shifted
(lane 8). Complex 2 and the slowest migrating complex (com-
plex 1), but not complex 3, were supershifted by the Stat3
antiserum (lane 10). The antisera directed against Stat2, Stat4,
and Stat5 were not able to supershift the complexes activated
by IFNyand IL-6 (lanes 3, 5, 6,9, 11, and 12). This observation
is consistent with the idea that IFNy activates and promotes
the homodimer formation of Stat1. IL-6 caused the formation
of Statl and Stat3 homodimers and that of Statl and Stat3
heterodimers in T47D cells. The PRL-induced complex from
T47D was only supershifted by Stat5 antiserum (lane 19).
Antisera raised against individual members of the Stat family
clearly distinguished the DN A-protein complexes formed by
these proteins in band shift experiments.

We examined the complex induced by IL-2 in C196 cells by
immunological means. Complexes were formed with the
IRF-1-GAS probe and the -casein probe (Fig. 4). The com-
plexes formed with these probes could be distinguished
(compare Fig. 4A, lane 1, with Fig. 4B, lane 1). With the

IFNy IL-6 PRI

4 ' y
s008 20028) 20057

F1c. 3. Stat-specific antisera distinguish among IFN+y-, IL-6-, and
PRL-induced factors. Nuclear extracts from IFN y-treated (lanes 1-6),
IL-6-treated (lanes 7-13), and PRL-treated (lanes 14-20) T47D cells
were incubated with antisera raised against individual members of
the Stat factor family and assayed for binding to the IRF-1 probe in
band shift experiments. NS, Nonspecific activity.
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FiG. 4. IL-2 activates a factor immunologically related to Stat5 in
C196 cells. A, Nuclear extracts from IL-2-treated C196 cells (lanes 1-7)
or COS cells transfected with expression vectors for the PRL receptor
and MGF-Stat5 (lanes 8—14) were incubated with antisera specific for
individual Stat proteins and assayed for binding to the IRF-1 probe
in band shift experiments. B, The nuclear extracts were assayed with
the B-casein gene probe.

IRF-1-GAS probe, in addition to the major complex, a minor
second, faster migrating band was observed. This faster mi-
grating complex was not formed with extracts from COS cells
containing activated MGF-5tat5 (Fig. 4A, lane 8). The minor
complex could not be observed after the addition of Statl
antiserum (Fig. 4A, lane 2). The major complex formed by
IL-2 bound to both probes. This complex only reacted with
Stat5 antiserum. Similar to the situation found after the in-
duction of T47D cells with PRL, IL-2 in C196 cells primarily
activated a protein related to Stat5. A protein immunologi-
cally related to Statl was induced to a lesser extent.

PRL and IL-2 activate a Stat5-related molecule in the
T lymphoma cell line Nb2

The rat T lymphoma cell line Nb2 responds to PRL and
IL-2. Both cytokines are mitogens for the Nb2 cells (46) and
activate Jak and latent transcription factors (35, 36). These
putative Stat factors bind to the IRF-1-GAS sequence, but
have not yet been fully characterized. To further demonstrate
that PRL and IL-2 activate closely related transcription fac-
tors, we investigated the Stat proteins induced in Nb2 cells.

Nuclear extracts were prepared from Nb2 cells treated for
increasing lengths of times with IL-2 or PRL and analyzed in
band shift experiments. Complexes formed with the IRF-1-
GAS and B-casein probes were compared (Fig. 5). Two com-
plexes were observed after stimulation of the cells with PRL
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Fig. 5. PRL and IL-2 activate distinct patterns of DNA-binding ac-
tivities in Nb2 cells. Nb2 cells were treated with PRL (lanes 2—6 and
13-17) or IL-2 (lanes 7-11 and 18-22) for the times indicated. Nuclear
extracts were prepared and analyzed in band shift experiments with
a p-casein gene probe (lanes 1-11) or an IRF-1/GAS probe (lanes
12-22).

(Fig. 5, lanes 2, 3, 4, and 13-15). The induced proteins bound
differently to the B-casein probe and the IRF-1-GAS probe.
IL-2 induced a complex that comigrates with the slower
migration complex induced by PRL (Fig. 5, lanes 7, 8, 18, and
19). The kinetics of activation of the PRL- or IL-2-induced
complex were different. The PRL-induced complex reached
maximal intensity after 30 min (lanes 3 and 14) and declined
after 1 h (lanes 4 and 15). The IL-2 induced complex was
already maximally induced after 5 min (lanes 7 and 18) and
only weakly detectable after 30 min (lanes 8 and 19). The fast
migrating complexes observed in lanes 7 and 8 were non-
specific. Their formation could not be competed with an
excess of nonradioactive oligonucleotide.

We examined the protein-DNA complexes induced by
IL-2 and PRL in Nb2 cells with antibodies that recognize
individual Stat factors. The complexes were incubated with
the specific antisera and analyzed in band shift experiments

PRL IL-2

PRL AND IL-2 ACTIVATE MGF-STATS5 IN T CELLS

] |
. y
172088 200257

o - .

4 15 16
Fic. 6. PRL and IL-2 activate a Stat5-like factor in Nb2 cells. Nuclear
extracts from PRL- or IL-2-stimulated cells were incubated with anti-
Statl (lanes 2 and 10), anti-Stat2 (lanes 3 and 11), anti-Stat3 (lanes
4 and 12), anti-Stat4 (lanes 5 and 13), anti-Stat5 N-term (lanes 6 and
14), or anti-Stat5 C-term (lanes 7 and 15) serum or with preimmune
serum (lanes 8 and 16) and assayed for binding activity to a p-casein
gene probe in band shift experiments.
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(Fig. 6). The more slowly migrating complex induced by PRL
was supershifted with antisera specific for MGF-5tat5 (lanes
6 and 7). These antisera were derived against the N- and
C-terminal ends of MGF-Stat5. The faster migrating complex
induced by PRL was supershifted with the Statl-specific
antiserum (lane 2). The complex activated by IL-2 was su-
pershifted by the two antisera specific for MGF-Stat5 (lanes
14 and 15). It was not reactive with antisera specific for Stat
1 (lane 10), Stat 2 (lane 11), Stat 3 (lane 12), or Stat 4 (lane 14)
or with preimmune serum (lane 16). These results indicated
that PRL and IL-2 activate a Stat5-related molecule in Nb2
cells. PRL, but not IL-2, is able to stimulate the DNA-binding
activity of a Statl-related molecule in Nb2 cells.

Induction of the Statl-related protein requires higher PRL
concentrations than induction of the Stat5-related factor

The induction of a Stat1-related complex by PRL seems to
be cell type dependent. When COS cells transfected with PRL
receptor and MGF-Stat5 expression vectors were stimulated
with PRL, only the activation of Stat5, not that of Stat1, was
observed. The presence and inducibility of Stat1 in COS cells
were shown after IFNy induction (Gouilleux, F., unpub-
lished data). Nb2 cells express high levels of a truncated form
of the PRL receptor and are very sensitive to PRL (50). The
induction of the Stat1-DNA complex by PRL might be de-
pendent on signal strength and the concentration of PRL in
the culture medium. We treated Nb2 cells with increasing
concentration of PRL for 30 min. Nuclear extracts were pre-
pared and analyzed for the presence of Statl- and Stat5-
containing DNA complexes (Fig. 7). The Stat5-containing
complex was weakly induced by 1 ng/ml PRL (lane 2) and
strongly by 5 ng/ml (lane 3). The Statl-containing complex
was formed only weakly after induction with 25 ng/ml PRL
(lane 4) and strongly with 125 ng/ml (lane 5). At low PRL
concentrations, Stat5 was predominantly activated.

NB2 cells

PRL(ng/ml) 0 1 5 25 125

i 2 3 4 5

Fic. 7. Differential activation of Stat proteins in Nb2 cells in re-
sponse to increasing concentrations of PRL. Cells were treated for 30
min with 1 ng/ml (Iane 2), 5 ng/ml (lane 3), 25 ng/ml (lane 4), and 125
ng/ml (lane 5) PRL. Nuclear extracts were prepared and analyzed in
band shift experiments with a B-casein gene probe.
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IL-2- and PRL-induced DNA-protein complexes from T cells
have identical DNA binding specificities

We compared the DNA binding of the nuclear factors
induced by IL-2 in C196 cells and by IL-2 and PRL in Nb2 cells
to oligonucleotide probes that differed slightly in their
sequence. The IRF-1-GAS, APRE, and B-casein oligonucleo-
tides comprise the palindromic sequence 5'-TTCNNNGAA-
3'. This palindromic sequence is essential for DNA binding
of MGF-5tat5 (28, 48). However, although the APRE probe
contains this sequence motif, no or very weak DNA binding
of MGF-Stat5 to this probe was detected (Fig. 3A). This sug-
gests that additional bases are important for MGF-Stat5 bind-
ing. A recent report indicated that the spacing between TTC
and GAA half-palindromic sites as well as the sequences
flanking them might be determinants for DNA binding and
transcriptional activation (51).

Oligonucleotide probes were derived that deviate in one
or two nucleotide positions from the palindromic MGF-
Stat5-binding site found in the B-casein gene promoter. The
variant oligonucleotides (Fig. 8A) were used as nonradioac-
tive competitors in band shift experiments (Fig. 8B). The
wild-type sequence was used as a radioactive probe. Nuclear
extracts were prepared from IL-2-induced Cl96 cells and
IL-2- or PRL-induced Nb2 cells.

Oligonucleotides B12.13 (Fig. 8B, lanes 4 and 5) and B5.6
(lanes 14 and 15) were not able to compete with the binding
of IL-2- or PRL-induced proteins to the wild-type oligonu-
cleotide. B12.13 contains two G’s at positions 12 and 13 (wild
type contains two A’s), and oligonucleotide 5.6 contains two
C’s at positions 5 and 6 (wild type contains two T’s). Very
weak competitions with the MGF-Stat5-containing, more
slowly migrating complex were observed with oligonucle-
otides B11 (lanes 6 and 7; change of A for G at position 11)
and B7 (lanes 12 and 13; change of T for C at position 7). In
contrast, the faster migrating Statl containing complex in-
duced by PRL in Nb2 cells is efficiently competed by oligo-
nucleotides B11 and B7. This suggests that differently from
MGF-Stat5 binding, the Statl-specific sequence does not re-
quire the presence of a G at position 11 or a C at position 7.

The oligonucleotides B10 (Fig. 8, lanes 8 and 9; change of
A for G at position 10) and B8.9 (lanes 10 and 11; changes of
CG for TA at positions 8 and 9) competed the formation of
both Stat1- and MGF-Stat5-containing complexes induced by
IL-2 and PRL. Oligonucleotide B10 was slightly less efficient.
The same observation was made earlier when transfected
MGF-5tat5 DNA binding was investigated (28).

These results indicate that the Stat5-related factor induced
by IL-2 and PRL in T cells and authentic MGF-Stat5 require
the same palindromic sequences for DNA binding. The three
nucleotides between the TTC and GAA palindromic half-
sites modulate the DNA-binding affinity of the PRL- and
IL-2-induced Stat5-like factors. The specificities are indistin-
guishable from that of authentic MGF-Stat5.

IL-2- and PRL-induced DNA-binding proteins have the
same mol wt as MGF-Stat5

IL-2 induced protein-DNA complexes in Nb2 cells and
Cl-96 cells that could be supershifted with a MGEF-Stat5-

5705
A Wild type 5 -AGATTTCTAGGAATTCAATC-3
B12.13  5-AGATTTCTAGGGGTTCAATC-3’
BI1 5-AGATTTCTAGAAATTCAATC-3"
B10 5-AGATTTCTAAGAATTCAATC-3"
BS.9 5-AGATTTACGGGAATTCAATC-3"
B7 5-AGATTTIITAGGAATTCAATC-3"
B5.6 5-AGATICACTAGGAATTCAATC-3"
B d‘& ]
S, T, S 9 b
RUER AR R S
CL96/1L-2
NB2/PRL
NB2/IL-2

10 11 12 13 14 15

123 4 5 6 7 8 9

Fig. 8. The Stat5-like factors induced by IL-2 in Cl96 and those
induced by IL-2 and PRL in Nb2 cells have very similar DNA binding
specificities. A, The MGF-Stat5-binding site from the S-casein gene
promoter and the variants derived from this sequence used in the
oligonucleotide competition experiments are shown. B, Nuclear ex-
tracts were prepared from IL-2-treated C196 cells (upper panel) and
from PRL-treated (middle panel) and IL-2-treated (lower panel) Nb2
cells. Band shift experiments were carried out with the p-casein gene
probe. Nonradioactive competitor oligonucleotides were introduced,
as indicated, into the binding reaction in a 10-fold (lanes 2, 4, 6, 8, 10,
12, and 14) and a 100-molar (lanes 3, 5, 7, 9, 11, 13, and 15) excess.

specific antiserum. The complexes exhibited DNA binding
specificities very similar to those of MGF-Stat5-containing
complexes. To further strengthen the evidence that the IL-
2-induced protein corresponds to MGF-Stat5, the mol wt of
the IL-2-induced factor was determined.

Nuclear extracts from Nb2 cells treated with IL-2 or PRL
were prepared, and the specific DNA binding proteins were
partially purified by affinity chromatography. The extracts
were incubated with multimerized MGF-Stat5-binding sites
coupled to Sepharose beads. Bound proteins were eluted,
fractionated by SDS-polyacrylamide gel electrophoresis, and
blotted onto filters, and the filters were developed with MGF-
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F1c. 9. IL-2- and PRL-activated Stat proteins have mol wt similar to that of MGF-Stat5. A, Nuclear extracts from untreated (lane 1),
IL-2-treated (lane 2), or PRL-treated (lane 3) Nb2 cells were incubated with the multimerized B-casein gene oligonucleotide bound to Sepharose
beads as described in Materials and Methods. Bound proteins were eluted from the beads, analyzed by Western blotting with a MGF-Stat5-
specific antibody (upper panel), and reprobed with antiphosphotyrosine-specific antibody (lower panel). B, Oligonucleotide affinity purification
was performed with nuclear extracts from COS cells transfected with MGF-Stat5 and PRL receptor expression vectors and induced with PRL
(1ane 1), from C196 cells treated with IL-2 (lane 2), and from mammary gland cells from lactating rats (lane 3). The migration positions of marker

proteins are indicated.

Stat5-specific antiserum (Fig. 9A). The antiserum recognized
a protein with an apparent mol wt of 92 kilodaltons (kDa)
from IL-2- and PRL-treated cells. This protein was not
present in nuclear extracts from untreated cells. The 92-kDa
protein is phosphorylated on tyrosine. It was also detected
when the membrane was probed with an phosphotyrosine-
specific antibody (4G10). .

An affinity selection experiment was performed with nu-
clear extracts from IL-2-treated Cl96 cells, nuclear extracts
from mammary gland cells of lactating rats, and nuclear
extracts from COS cells transfected with MGF-Stat5 (Fig. 9B).
A 92-kDa protein was recognized by the MGE-Stat5-specific
antiserum in the proteins from all three extracts. The 92-kDa
proteins were also tyrosine phosphorylated (lower panel). An
additional protein with a mol wt of about 116 kDa was
recognized by the MGF-Stat5-specific antiserum in the nu-
clear proteins derived from the mammary gland cells (lane
3). This protein was also tyrosine phosphorylated and might
represent a new isoform or a homolog of Stat5 (26, 27).

Discussion

PRL and IL-2 activate nuclear DNA-binding proteins in T
cells. PRL-induced factor and PRL-stimulated factor have
been described (35, 36) in studies on the Nb2 T lymphoma cell
line. Here we show that the PRL- and IL-2-activated Stat
protein in T cells is highly related to MGF-Stat5. The Stat
proteins activated by IL-2 and PRL in the T cell lines Nb2 and
Cl196 form complexes with the same DNA binding specific-
ities, immunoreactivities, and electrophoretic migration
properties as MGF-5Stat5 found in mammary epithelial cells
or MGF-5tatb transfected into COS cells. The conclusion that
IL-2 can cause the activation of a MGF-Stat5-like factor was
also reached in experiments in which CTLL-2 cells (52) and
transfected BA/F3 (45) were analyzed. Because closely re-

lated homologs of Stat5 exist, formal proof of the identity of
these factors with MGF-Stat5 can only be obtained by the
molecular cloning of the corresponding complementary
DNA from T cells. Statba and Stat5b have been recently
cloned from a mast cell line complementary DNA library,
and several isoforms have been identified and characterized
from myeloid cell lines and mammary epithelial cells (24-
27). Isoforms might also be present in Nb2 or C196 cells that
can become activated by IL-2 and PRL.

The IL-2- and PRL-induced Stat protein in Nb2 cells re-
acted with antisera raised against the N- and C-terminals of
the MGF-Stat5 molecule. The Stat5 antiserum raised against
the N-terminus recognizes specifically Stat5a, but not Stat5b,
although they share 96% identity at the amino acid level (25).
These properties suggests that in Nb2 cells, IL-2 and PRL
activate a highly related factor. We investigated the Stat5
isoforms induced by IL-2 in CI96 cells. Stat5a- and Stat5b-
specific antisera, prepared and provided by the laboratory of
L. Hennighausen (Bethesda, MD), were used in supershift
experiments. We found that IL-2-induced DNA binding
complexes contained both Stat5a as well as Stat5b.

MGF-Stat5 was originally identified as a transcription fac-
tor that confers a PRL response to milk protein gene pro-
moters, and its action was initially considered to be tissue
specific (22, 33). Recently, it was shown that MGF-Stat5 can
mediate the transcriptional response to other growth factors
and cytokines. We and others reported that a Stat5-related
factor is activated in hematopoietic cell lines in response to
erythropoietin, IL-3, GM-CSF, and thrombopoietin (24, 26,
28, 29) and that GH transcriptional activation of the serine
protease inhibitor 2.1 gene promoter is dependent on MGF-
Stat5 (30). These cytokines stimulate the proliferation of he-
matopoietic cells and trigger their differentiation programs.

What is the physiological significance of the activation of
a MGF-5tat5-like factor by PRL and IL-2 in T lymphocytes?
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PRL and IL-2 both act as mitogens for T cells (46) and regulate
their proliferation by the induction of essential growth-pro-
moting genes, such as c-myc, c-fos, ornithine decarboxylase,
and IRF-1 (47, 53). The transcriptional regulation of these
genes might be achieved through Stat5 activation. The IRF-1
gene promoter contains a p91-Statl-binding site in the in-
terferon response element. This element mediates transcrip-
tion of the IRF-1 gene by IFNvyand IL-6 (49, 54). The Stat5-like
factors activated by IL-2 and PRL in Nb2 and C196 cells can
also bind to this interferon response element-GAS element of
the IRF-1 gene promoter. The involvement of Stat5-like fac-
tors in the IRF-1 gene transcription might be complex. IL-2
induces transcription of the IRF-1 gene by a mechanism
requiring ongoing protein synthesis. PRL induces transcrip-
tion by two different mechanisms, one depending on ongo-
ing protein synthesis, and the other independent of it (53). It
is possible that both cytokines induce the DNA-binding ac-
tivity of the Stat5-like factor to the IRF-1-GAS element, but
that this binding activity might have to be complemented by
a second event to effect IRF-1 gene transcription. We recently
reported examples in which the DNA-binding activity of
MGF-Stat5 and its transactivation potential could be distin-
guished (28).

In addition to the activation of a Stat5-like activity, PRL in
Nb2 cells or IL-2 in C196 stimulated the DN A-binding activity
of a Statl-like factor. This factor preferentially binds to the
IRF-1-GAS element of the IRF-1 gene compared to the MGF-
Stat5-binding site in the B-casein gene promoter. Activation
of Statl by PRL has not been observed in COS cells trans-
fected with the PRL receptor expression vector, although a
Stat1-like factor was induced with [FNy in these cells. Statl
induction was also not observed in T47D cells after PRL
stimulation and in Nb2 cells after IL-2 induction. These re-
sults suggest that differential activation of Stat proteins by
individual cytokines is possible and cell type dependent.

Nb2 cells respond to very low concentrations of PRL in the
cell culture medium. This increased sensitivity might be re-
lated to the high number, the particular splice variant of the
PRL receptor expressed in these cells, or auxiliary cellular
components present in Nb2 cells, but not in COS or T47D
cells. These properties might allow PRL activation of a Stat1-
like factor in Nb2 cells. It is noteworthy that the Statl-like
factor is only induced by high concentrations of PRL in the
culture medium. This is reminiscent of the differential acti-
vation of Stat proteins in response to increasing amounts of
IL-6 (55). The Statl- and Stat5-like factors activated by PRL
in Nb2 cells have different DNA binding preferences. It is
conceivable that the genes regulated by low or high concen-
trations of PRL differ and that a dose-dependent biological
response can be observed.

Not only PRL, but also GH, has been implicated in the
development and function of T cells. The hormones have
been identified as paracrine growth and differentiation fac-
tors in the hematopoietic system (3, 8). Our observation that
IL-2 can activate a Stat5-like transcription factor similar to a
factor that can also be activated by PRL and GH could shed
light on the mechanisms governing the redundant action of
cytokines. Identification of genes regulated by Stat5 in T
lymphocytes in response to the individual cytokines will be
important to decipher their common and their distinct roles.
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