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ABSTRACT
We have previously demonstrated that phosphorylated PRL acts as

an antagonist to the Nb2 proliferative activities of unmodified PRL.
A molecular mimic of phosphorylated PRL, which substitutes an
aspartate residue for the normally phosphorylated serine (serine
179), has the same properties. Because it takes less than one fourth
the amount of phosphorylated hormone, or the aspartate mutant, to
block the proliferative activity of unmodified hormone, we have in-
vestigated whether the high potency of the aspartate mutant is
achieved by the production of an alternate and interfering intracel-
lular signal cascade. Nb2 cells were exposed to 5 or 500 ng/ml human
NIDDK PRL, wild-type recombinant PRL (unmodified PRL), or as-
partate mutant PRL (pseudophosphorylated PRL) for 1, 5, or 10 min
at 37 C. At 5 ng/ml and 10 min, wild-type recombinant PRL showed
greater activation of Janus kinase 2 (JAK 2) than the NIDDK prep-
aration. This is consistent with a previous report of higher prolifer-
ative activity for the wild-type hormone and is primarily a reflection
of the presence of some phosphorylated hormone in the NIDDK prep-
aration. At 500 ng/ml and 10 min, saturation eliminated any differ-
ences between responses to the two preparations. JAK 2 activation

was not seen in response to the aspartate mutant at either concen-
tration. Signal transducer and activator of transcription 5 (STAT 5)
activation was, however, just as robust for the aspartate-treated cells
as for the other two groups. Time course experiments eliminated the
possibility that STAT 5 phosphorylation in response to the aspartate
mutant was the result of JAK 2 activation at earlier time points.
Experiments in the present study also interestingly showed preas-
sociation of JAK 2 and STAT 5 in the absence of PRL and the absence
of detectable phosphorylation of either JAK 2 or STAT 5. Like JAK
2, receptor phosphorylation was absent with the aspartate mutant. A
comparison between STAT 5a and STAT 5b activation showed a
marked reduction in STAT 5b phosphorylation in response to the
aspartate mutant, with concomitant reduction in STAT 5a-STAT 5b
heterodimers. STAT 5a activation, however, was indistinguishable
between the wild-type and aspartate mutant. We conclude that the
nonproliferative aspartate mutant signals and activates STAT 5 with-
out, or with minimal, use of JAK 2 or receptor phosphorylation. The
wild-type proliferative PRL, on the other hand, uses receptor phos-
phorylation and JAK 2 activation. (Endocrinology 140: 5087–5094,
1999)

PRL, A HORMONE originally named for its role in milk
production, is a member of a large, hormone/cyto-

kine family (1–3). Other members of the family include
GH, erythropoietin, granulocyte-macrophage colony-
stimulating factor, and a number of interleukins (3). Mem-
bers of the family have structural similarities, as do their
cognate receptors (1– 4). The receptors/receptor subunits
are single transmembrane domain proteins without in-
trinsic tyrosine kinase activity (2, 4). Ligands in this family
bind to two or more receptors/receptor subunits, which
themselves associate with one or more signal-transducing
proteins (1– 4).

For PRL, homodimerization of the PRL receptor (PRL-R)
is thought to result from PRL binding and to cause acti-
vation of a constitutively-associated tyrosine kinase, Janus
kinase 2 (JAK 2) (5– 8). This activation of JAK 2 is followed

by tyrosine phosphorylation of the PRL-R, a step thought
to be involved in efficient recruitment of a transcription
factor, signal transducer and activator of transcription 5
(STAT 5), to the transduction complex (9). STAT 5 is then
thought to be phosphorylated by JAK 2, to dimerize and
then enter the nucleus (10). STAT 5 belongs to a family of
transcription factors with seven members to date, STATs
1– 4, 5a, 5b, and 6 (10 –14). In addition, STATs may also
have splice variants, contributing to the potential diversity
of their roles (15). Most STATs have at least semispecific
roles in the immune system. STATs 1 and 2, for example,
are critical for viral resistance, STAT 6 mediates the effect
of interleukin 4, and STAT 4 is critical for interleukin 12
signaling. STAT 5, on the other hand, is activated by a wide
variety of cytokines in addition to PRL. These include GH,
erythropoietin, thrombopoietin, interleukins 2 and 3, tu-
mor necrosis factor, and granulocyte-macrophage colony-
stimulating factor (13–15). These cytokines can all activate
the DNA-binding ability of STAT 5 and/or transactivate
a b-casein luciferase reporter gene in vitro but are unlikely
to be involved in modulation of milk protein gene expres-
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sion in vivo (16). Thus, there must be subtleties to STAT 5
activation, which may include differential activation of 5a
and 5b, activation of splice variants of each, and coacti-
vation of other STATs and other transcription factors.

PRL is produced in a number of posttranslationally mod-
ified forms (17). Phosphorylated PRL, which is quantitatively
the most important posttranslationally modified product of
the pituitary (18), has been shown to have antagonistic effects
to unmodified hormone (19–21). Thus, unmodified PRL
stimulates cell proliferation, whereas phosphorylated PRL
blocks this response (20, 21). To more closely study the effects
of phosphorylated PRL, we have produced a recombinant
molecular mimic of phosphorylated PRL, which duplicates
the antagonistic effects of naturally phosphorylated PRL on
PRL-driven cell proliferation (22). The molecular mimic, pro-
duced by the substitution of an aspartate residue for the
normally phosphorylated serine, has several advantages
over the use of phosphorylated material. The most important
advantage is removal of the possibility of conversion of phos-
phorylated PRL to unmodified PRL during the course of an
experiment.

As an antagonist, both phosphorylated hormone and the
molecular mimic are extremely potent (21, 22). This is shown
by the fact that it takes less than one quarter the amount of
each to completely block the proliferative activity of unmod-
ified PRL (21, 22). This efficacy led us to consider the pos-
sibility that antagonism was not simply attributable to block-
ade of the unmodified PRL signal transduction pathways but
may involve the generation of alternate intracellular signals.
In addition, we hypothesized that phosphorylated PRL had
a set of biological activities, beyond antagonism of PRL-
stimulated cell proliferation, which require appropriate sig-
nal transduction pathways.

Materials and Methods
Cells

Nb2 cells were originally obtained from Henry Friesen (now at Med-
ical Research Council, Ottawa, Canada). These are T lymphoma cells
which respond to lactogens by proliferating (23). Proliferation of Nb2
cells is now the most widely used measure of PRL bioactivity. Cells were
routinely cultured in Fischer’s medium containing 10% FBS, 10% HS, 0.1
mm NaHCO3, 0.1 mm b-mercaptoethanol, and penicillin (20 U/ml)/
streptomycin (20 mg/ml) (complete medium).

Recombinant protein expression

Recombinant wild-type human PRL (hPRL) and the molecular mimic
of phosphorylated PRL (hPRL aspartate mutant) were prepared, as
previously described, by expression in Escherichia coli (22). The aspartate
mutant substitutes an aspartate for serine 179. To assure comparability
in the protein preparations, wild-type PRL and the aspartate mutant
were expressed at the same time and isolated and refolded in parallel
(22). The proteins were then tested for biological activity (proliferative
or antiproliferative, as appropriate) in an Nb2 bioassay and compared
with an NIDDK (B3AFP3855A) preparation of hPRL (22). The wild-type
recombinant hPRL routinely had a higher biological activity than the
NIDDK PRL (22). Proteins were quantified by gel densitometry, using
NIDDK PRL to produce a standard curve. These proteins have previ-
ously been tested for endotoxin contamination, and none was detectable
(22). Antagonist activity is also reversible by the addition of excess
wild-type hormone.

PRL treatment of the cells

Cells were placed in lactogen-free medium (complete medium with-
out FBS) 16–18 h before exposure to the purified PRL preparations. At
the time of the experiment, cells were pelleted and aliquoted in lactogen-
free medium at 108 cells/ml. One ml was placed into 1.5-ml centrifuge
tubes and allowed to equilibrate/recover for at least 30 min at 37 C
before PRL exposure. Cells were then exposed to prewarmed (37 C) PRL
solutions in the same medium by the addition of 100 ml of 113 con-
centrated material. Mixing was assured by gentle inversion of the tube.
PRL concentrations and times of exposure are indicated in the figures.
At the end of the appropriate exposure, cells were washed twice with
ice-cold stop buffer [20 mm Tris (pH 7.4); 150 mm NaCl with 10 mm each
of sodium pyrophosphate, sodium fluoride, and sodium vanadate; 10
mg/ml each of aprotinin, leupeptin, and pepstatin; 1 mm PMSF; 0.02%
sodium azide; and 1 mm EDTA] and then lysed by resuspension in 1 ml
of 1% Triton X-100 in the same buffer. After a 1-h rotation of the tubes
at 4 C, lysates were subjected to centrifugation at 13,000 3 g for 10 min,
and the supernatants were saved for immunoprecipitation.

Immunoprecipitation

Total lysates were used for immunoprecipitation. Antibodies were as
follows: polyclonal anti-JAK 2 (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA); polyclonal anti-STAT 5b (Santa Cruz Biotechnology, Inc.,
recognizes both STAT 5a and STAT 5b and hence is described through-
out as antipan STAT 5); polyclonal anti-STAT 5a (Santa Cruz Biotech-
nology, Inc., specific for STAT 5a); polyclonal anti-STAT 5b (Zymed
Laboratories, Inc., San Francisco, CA, specific for STAT 5b). Four mi-
crograms of purified antibody was added to 1 ml of lysate and incubated
for 2 h at 4 C. Anti-PRL-R serum (no. 120) was kindly provided by
Patricia Ingleton (Sheffield University, United Kingdom), and 30 ml of
whole serum was used per milliliter of lysate. This antibody was raised
against rat liver receptor extracellular domain (24). Antibodies were
precipitated by incubation for 1 h further at 4 C after addition of 8 ml
washed protein G Sepharose slurry (Amersham Pharmacia Biotech,
Piscataway, NJ). Preliminary experiments determined that preclearing
of the lysates by precipitation with nonspecific antibodies was unnec-
essary. After precipitation with protein G, the pellets were washed three
times in stop buffer and then incubated in reducing SDS sample buffer
at 95 C for 10 min before loading on a 7.5% polyacrylamide gel. Usually,
minigels were used with electrophoresis at 40 mA constant current for
1 h. Results from the use of 11-cm gels, run at 60 mA for 3 h, are shown
in Figs. 4 and 5.

Western blot

After protein transfer onto nitrocellulose membranes in 48 mm
Trizma, 39 mm glycine, 0.1% SDS, and 10% methanol (pH 8.3), mem-
branes were blocked with 10% nonfat milk in wash buffer (20 mm Tris
pH 7.4, 150 mm NaCl, 1% BSA, 0.1% Tween 20). Blocked membranes
were probed with antiphosphotyrosine (Upstate Biotechnology, Inc.
Lake Placid, NY), diluted 1:2000 in wash buffer for 2 h at room tem-
perature. After washing 3 times for 15 min, the blot was reprobed with
goat antimouse conjugated to horseradish peroxidase (Sigma Chemical
Co., St. Louis, MO) at 1:2000 for 1 h at room temperature. After 5 washes,
horseradish peroxidase-positive bands were detected with ECL reagent
(Amersham Pharmacia Biotech) followed by autoradiography, with 1-
to 10-sec exposure times. Blots were then stripped for 1 h at 70 C in 100
mm b-mercaptoethanol and 2% SDS in 62.5 mm Tris, pH 6.8. After
blocking and washing, membranes were reprobed with anti-JAK 2
and/or one of the anti-STAT 5 diluted 1:1000 in wash buffer. This time,
antibodies were localized by using goat antirabbit conjugated to horse-
radish peroxidase (Sigma Chemical Co.) at 1:2000 and the ECL reagent.
Every blot included a positive control for antiphosphotyrosine antibod-
ies (Upstate Biotechnology, Inc.), which also served as a control for
thorough stripping of the antiphosphotyrosine. Additional controls in-
cluded tests of the second antibodies alone for each of the immunopre-
cipitating antibodies. Proteins were identified by overlaying the auto-
radiograms derived from the sequential blots.
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Results

Using NIDDK hPRL B3, preliminary experiments deter-
mined a dose response relationship between PRL concen-
tration and the degree of JAK 2 and STAT 5 phosphorylation.
Under the conditions used, a faint phosphorylated JAK 2
band was detectable at 0.5 ng/ml (;0.02 nm), and a maxi-
mum response was achieved at 500 ng/ml (;20 nm, Fig. 1A).
Concentrations up to 3.5 mg/ml were tested (higher concen-
trations not shown). Reprobing with a mixture of anti-JAK 2
and antipan STAT 5 showed equivalent loading of the lanes
(B). Similar dose response relationships were seen between
PRL and STAT 5 activation (C). Again, equivalent loading is
demonstrated (D). To compare the signaling response be-
tween the wild-type recombinant PRL and NIDDK PRL, a
nonmaximum dose of 5 ng/ml was chosen. Fig. 2A shows
phosphorylation of JAK 2 in response to either NIDDK PRL
or the recombinant wild-type PRL. At a dose of 5 ng/ml, the
wild-type PRL results in a greater degree of JAK 2 phos-
phorylation. This is consistent with a higher biological ac-
tivity in the Nb2 bioassay previously described (22) (see later
for further discussion). At this concentration of PRL, no dif-
ferences were detected between the two preparations, in
terms of their ability to cause the phosphorylation of STAT
5 (Fig. 2C). Eqivalent loading of lanes is demonstrated in B
and D, which are stripped and reprobed versions of A and
C, respectively. B shows immunoprecipitation with anti-JAK
2 followed by blotting with a mixture of anti-JAK 2 and
antipan STAT 5 antibodies. D shows immunoprecipitation
with antipan STAT 5 antibody followed by blotting with the
same mixture. E is equivalent to B, except for the use of only
one antibody for Western blotting. F is a stripped and re-
probed version of E, showing even loading. G shows a com-
posite of overexposed second-antibody controls, which dem-
onstrate the specificity of staining.

Of interest in the first and second figures is also evidence
of JAK 2-STAT 5 association in the absence of PRL stimula-
tion or phosphorylation of either JAK 2 or STAT 5. This can
be seen in the O PRL lane on Fig. 1 by comparing A (showing

no phosphorylation) and B (showing immunoprecipitation
of STAT 5 with anti-JAK 2) and in the C lanes of Fig. 2. It is
more obvious in Fig. 2B than 2D, probably because of the
relative quantity of JAK 2 vs. STAT 5. When anti-JAK 2 is
used to precipitate, a substantial band of STAT 5 is evident.
When antipan STAT 5 is used to precipitate, a smaller band
of JAK 2 is evident. This preassociation result is unlikely to
be attributable to cross-reactivity of anti-JAK 2 and antipan
STAT 5 antibodies, because both were produced against syn-
thetic peptides corresponding to specific regions of the ap-
propriate molecules. Additional controls demonstrated that
it is not an artifact caused by coblotting with anti-JAK 2 and
antipan STAT 5, because blotting with only one antibody
gave the same result (E and F). G shows that this is not an
artifact caused by second-antibody staining. Similar preas-
sociation of JAK 2 and STAT 5 has also been observed in our
studies in both the mouse and bovine mammary cell lines,
31EG4 and MAC T (data not shown).

At the higher dose of 500 ng/ml, JAK 2 phosphorylation
reached a plateau, and it was no longer possible to discern
the difference between wild-type recombinant and NIDDK
PRL (Fig. 3). The higher concentration was used, however, to
stringently test for signaling of the aspartate mutant. A quan-
tity of 500 ng/ml aspartate mutant produced minimal JAK
2 phosphorylation (A) but almost equivalent phosphoryla-
tion of STAT 5 (C). Consistent with minimal activation of JAK
2 in response to the aspartate mutant is the absence of phos-
phorylated JAK 2 in C after immunoprecipitation with an-
tipan STAT 5.

To eliminate the possibility that JAK 2 phosphorylation
occurred earlier in the aspartate-treated cells, a time course
of JAK 2 and STAT 5 phosphorylation was conducted (Fig.
4). Only minimal JAK 2 phosphorylation occurred in re-
sponse to the aspartate mutant at 1 and 5 min, as well as at
the 10-min time point previously used. STAT 5 phosphory-
lation, on the other hand, was robust at all time points.
Preassociation of JAK 2 and STAT 5 in the absence of PRL can

FIG. 1. JAK 2-STAT 5 dose response to
NIDDK PRL. Nb2 cells were exposed to
NIDDK PRL for 10 min at the concen-
trations indicated. Cell lysates were
subjected to immunoprecipitation (IP)
with either anti-JAK2 (a JAK 2) or an-
tipan STAT 5 (a STAT 5) and then
Western blotted (WB) with antiphos-
photyrosine (aP-Tyr) (A and C). Blots
were then stripped and reprobed with a
mixture of anti-JAK 2 and anti-STAT 5
(B and D).
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again be seen in B. In these larger gels, STAT 5 resolves into
several bands.

When titrated against one another, the aspartate mutant
competes with wild-type hormone for JAK 2 activation
(Fig. 5).

Because receptor phosphorylation is considered an inte-
gral part of PRL signal transduction, we also examined re-
ceptor phosphorylation in response to NIDDK PRL B3, wild-
type recombinant PRL and the aspartate mutant. Figure 6
shows phosphorylation of the receptor in response to
NIDDK PRL and wild-type recombinant and very little, if
any, receptor phosphorylation in response to the aspartate
mutant.

Because there are two main forms of STAT 5 associated
with PRL signal transduction, we investigated their relative

tyrosine phosphorylation in response to wild-type and as-
partate mutant. Figure 7A shows essentially equivalent phos-
phorylation of STAT 5a in response to either wild-type or
aspartate mutant, whereas phosphorylation of STAT 5b in
response to the aspartate mutant was much reduced. Because
of this, there was also reduced STAT 5a-STAT 5b het-
erodimerization, as shown on the right side of B. Consistent
immunoprecipitation of STAT 5b is illustrated in C (right
side).

Discussion

Others have determined the involvement of JAK 2 and
STAT 5 in PRL signal transduction (5–12). Our results, using
NIDDK PRL, as expected, confirm JAK 2 and STAT 5 phos-

FIG. 2. Phosphorylation of JAK 2 and
STAT 5 in response to stimulation with
5 ng/ml (panels A–D) or 500 ng/ml
(E–G) NIDDK PRL or wild-type recom-
binant PRL for 10 min. Cells were stim-
ulated with vehicle as control (letter C,
marking left lanes), NIDDK PRL (N,
marking middle lanes), or wild-type re-
combinant protein (WT, marking right
lanes) for 10 min. Cell lysates were sub-
jected to immunoprecipitation with an-
ti-JAK 2 (A and B) or antipan STAT 5 (C
an D) and then Western blotting with
antiphosphotyrosine (A and C). After
stripping, the blots shown in panels A
and C were reprobed with a mixture of
anti-JAK 2 and antipan STAT 5. For E,
lysates were precipitated with anti-
JAK 2 and membranes probed with an-
tipan STAT 5 only. This blot was
stripped and probed with anti-JAK 2
(F). E and F control for any possible
artifact produced by coprobing for JAK
2 and STAT 5, as was done to produce
B and D. A and B were from 1 experi-
ment, C and D from another, and E and
F from yet another. The JAK 2 and
STAT 5 bands, identified by Western
blotting, therefore ran at slightly dif-
ferent distances from one another. G
shows a composite of multiple experi-
ments to test the specificity of the sec-
ondary antibodies used in Western blot-
ting throughout the manuscript. Cell
lysates were subjected to immunopre-
cipitation with the primary antibodies
indicated directly above each lane.
STAT 5, Antipan STAT 5; a, anti-STAT
5a; b, anti-STAT 5b. Western blots used
antimouse IgG (a mouse IgG) for the
upper panels and antirabbit IgG (a rab-
bit IgG) for the lower panels.
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phorylation after stimulation of Nb2 cells with PRL. NIDDK
hPRL is extracted from pituitaries, post mortem. It contains
glycosylated (25) and phosphorylated PRL (22), in addition

to unmodified hormone. The presence of both glycosylated
and phosphorylated forms reduces the Nb2 proliferative ac-
tivity of the overall preparation because glycosylated PRL

FIG. 3. Phosphorylation of JAK 2 and
STAT 5 in response to stimulation with
500 ng/ml NIDDK PRL (N), wild-type
recombinant PRL (WT), or the aspar-
tate mutant PRL (Asp) for 10 min. B
and D are reprobed versions of A and C,
respectively. All other notations are the
same as previous figures.

FIG. 4. Time course of JAK 2 and STAT
5 phosphorylation in response to 500
ng/ml NIDDK PRL, wild-type recombi-
nant PRL, or aspartate mutant PRL. B
and D are once again reprobed versions
of A and C, respectively.
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has a reduced Nb2 proliferative activity (26) and phosphor-
ylated PRL acts as an antagonist to the proliferative activity
of the unmodified hormone (21). When equivalent total
amounts of recombinant wild-type PRL and NIDDK PRL
were therefore used in the signaling studies, it was not sur-
prising to find a greater degree of JAK 2 phosphorylation in
response to recombinant wild-type PRL, as shown in Fig. 2A.
This is in accord with previous reports from this lab of greater
proliferative activity of the recombinant wild-type vs.
NIDDK PRL in the Nb2 bioassay (22) and supports the role
of JAK 2 in PRL signaling leading to cell proliferation. Like-
wise, the essential absence of JAK 2 phosphorylation in re-
sponse to the aspartate mutant would also support this con-
cept: a molecule, mimicking a proliferation antagonist
(phosphorylated PRL), would not be expected to phosphor-
ylate JAK 2. By competition experiments, it can also be shown
that the aspartate mutant blocks the ability of wild-type PRL
to cause phosphorylation of JAK 2, and we know that the
aspartate mutant blocks cell proliferation by wild-type hor-
mone (21).

Surprisingly, however, the aspartate mutant results in in-
distinguishable levels of STAT 5 phosphorylation when com-
pared with NIDDK or recombinant wild-type hormone. To
be sure that this result was not simply the consequence of an
altered time course of JAK 2 activation, a time course ex-
periment ranging from 1–10 min was conducted. As before,

there was essentially no activation of JAK 2. It seems there-
fore that STAT 5 can be activated in Nb2 cells without, or with
very minimal, use of JAK 2. This result demonstrates that the
aspartate mutant not only blocks signaling from wild-type
hormone but also signals via an alternate pathway.

Because STAT 5 was equally activated by the aspartate
mutant and the aspartate mutant is antiproliferative, this
result also suggests that STAT 5 activation can result from
both proliferative and nonproliferative signaling from the
PRL-R. What receptor-associated kinase is responsible for
STAT 5 activation in response to the aspartate mutant is
currently the subject of investigation. Other investigators
have reported an association between the PRL-R and other
tyrosine kinases (27–29) and activation of some in response
to NIDDK PRL (27–29). Because NIDDK PRL contains both
unmodified PRL (equivalent to wild-type) and phosphory-
lated PRL (equivalent to aspartate mutant), one would expect
use of both proliferative and nonproliferative signaling path-
ways. STAT 5 phosphorylation by one of these previously
described kinases, in response to the aspartate mutant, there-
fore is a reasonable possibility.

Receptor phosphorylation is considered important in ef-
ficient recruitment of STAT 5 to the transduction complex (9,
30). When examining receptor phosphorylation, we found no
detectable phosphorylation of the receptor in response to the
aspartate mutant. Thus, it seems that, with the aspartate
mutant, we have efficient STAT 5 phosphorylation in the
absence of receptor phosphorylation. Certainly, STAT 5 can
be phosphorylated in the absence of receptor phosphoryla-
tion (31–33), but the current results suggest the existence of
an alternate mechanism for efficient recruitment of STAT 5
to the transduction complex. This is consistent with previous
reports, in PRL signaling and homologous systems, showing
the presence of two distinct mechanisms of STAT 5 activa-

FIG. 5. Phosphorylation of JAK 2 in response to wild-type and as-
partate mutant titrations. Cells were exposed to no PRL (0), wild-type
PRL only (WT) at 500 ng/ml, equal concentrations of wild-type and
aspartate mutant (1:1), excess aspartate mutant at 10-fold (1:10), or
100-fold (1:100) the wild-type, or aspartate mutant alone (Asp) at 500
ng/ml for 10 min before lysis and immunoprecipitation with a JAK 2,
followed by Western blotting with antiphosphotyrosine (a P-Tyr).

FIG. 6. Phosphorylation of the PRL-R in response to the different
PRLs. Cells were incubated in 500 ng/ml of the different PRLs for 5
min. Cell lysates were subjected to immunoprecipitation with anti-
PRL-R (aPRL-R) and then Western blotting with antiphosphoty-
rosine. IgG Hc marks the position of the Ig heavy chain.

FIG. 7. Phosphorylation of STAT 5 isoforms in response to the dif-
ferent PRLs. Cells were exposed to 500 ng/ml of each PRL under
identical conditions to those used to produce Figs. 2 and 3 (a 10-min
incubation). Half of the cell lysate was then used for immunoprecipi-
tation with a STAT 5a and half for immunoprecipitation with a STAT
5b. Two identical gels were then run and Western blotted with an-
tiphosphotyrosine (only one shown in A). These were then stripped
and reprobed with anti-STAT 5a (B) or anti-STAT 5b (C).
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tion: one dependent on receptor tyrosine phosphorylation
and the other not (31–34).

Another unexpected finding in the current study was ev-
idence of JAK 2 and STAT 5 association before any addition
of PRL or phosphorylation of either JAK 2 or STAT 5. This
implies an interaction between JAK 2 and STAT 5 without the
involvement of SH2 domain-phosphotyrosine interactions.
A search of the literature found no other description of an
experiment in which both JAK 2 and STAT 5 had been lo-
calized by Western blot after immunoprecipitation for either
JAK 2 or STAT 5. This is presumably the reason why such
preassociation has not been previously reported. JAK 2 and
recombinant STAT 5 have been shown to form a stable com-
plex in vitro by Flores-Morales et al. (35). These authors,
however, maintain the necessity for JAK 2 phosphorylation
for this interaction to occur. Our results, on the other hand,
show no necessity for this and no evidence that phosphor-
ylation of JAK 2 increases the amount of STAT 5 that coim-
munoprecipitates. The results are instead consistent with the
idea that JAK 2 can be either a kinase or an adapter molecule,
as suggested previously by Fujitani et al. (36).

Because both STAT 5a and STAT 5b have been demon-
strated to be involved in PRL signaling (37– 40), we in-
vestigated the possibility that the aspartate mutant
(through use of a second-receptor-associated kinase)
would differentially activate one or the other STAT 5. The
results show no distinction between the wild-type PRL
and aspartate mutant in the activation of STAT 5a, but they
do show a much reduced activation of STAT 5b in response
to the aspartate mutant. This reduced activation of STAT
5b also results in reduced STAT 5a-STAT 5b heterodimers.
Nonproliferative signaling, therefore, primarily activates
STAT 5a. It will be of interest to investigate the actions of
the aspartate mutant in tissues with well-defined nonpro-
liferative responses to PRL.

PRL is normally secreted from the anterior pituitary as a
combination of posttranslationally modified forms (17). In
the rat, where the picture is not complicated by the presence
of N-glycosylated forms (41), we have demonstrated the ratio
of unmodified to phosphorylated PRL to vary reproducibly
according to the stage of the estrus cycle and with pregnancy
and pseudopregnancy (42, 43). Estrogen, for example, in-
creases not only the total amount of PRL produced, but it also
increases the proportion of it that is unmodified (42–45).
Estrogen therefore increases the Nb2 proliferative activity of
the PRL (21, 22). We hypothesize therefore that when a non-
proliferative activity of PRL is desired, the amount of phos-
phorylated PRL increases. By working through an alternate
kinase to JAK 2, phosphorylated PRL would not activate
other JAK 2-connected signaling cascades in the cell, which
normally collectively result in proliferation.

In summary, by using a nonproliferative form of PRL,
which has nevertheless been demonstrated to signal in Nb2
cells, the results presented show a dissociation between JAK
2 and STAT 5 activation. Moreover, they support an impor-
tant role for JAK 2 in proliferative responses and for STAT
5a in both proliferative and nonproliferative responses to
PRL.
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