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Abstract. Prolactin (PRL) stimulates mitogenesis and differentiative processes in a 
variety of cell types. Not all of the molecules involved in PRL signaling, which follows 
an initial PRL-receptor interaction, have been identified. In the present studies, PRL is 
shown to stimulate the differential tyrosyl phosphorylation of three isoforms (ERK-1, 
2, and 4) of mitogen-activated protein kinases (MAP kinase) in a rat pre-T lymphoma 
cell line (Nb2). Evidence also suggests that PRL stimulates the tyrosyl phosphoryla- 
tion of ERK-3, a MAP kinase isoform recently identified. When G1-arrested Nb2 cells 
are treated with 50 ng/ml oPRL, ERK-1 through 3 become tyrosyl phosphorylated 
within minutes (an indication of enzyme activation) and then become dephosphory- 
lated within 30 min. Conversely, ERK-4 is rapidly tyrosyl phosphorylated by 5 min, and 
remains in this state for at least 1 hr. [P.S.E.B.M. 1997, Vol 2151 

rolactin (PRL) is a peptide hormone whose wide 
range of functions includes regulation of differentia- P tive and developmental processes in the mammary 

gland and certain male accessory sex glands, and regulation 
of specific immune responses (1). PRL induces its effects on 
cells by binding to its receptor, which in turn is thought to 
activate a cascade of intracellular signaling events. The PRL 
receptor (PRLR) has three forms (long, intermediate, and 
short), which differ primarily in the length of their cytoplas- 
mic domains (2). These PRLR forms belong to a large fam- 
ily of growth factor receptors collectively known as cyto- 
kine receptors (3). Lack of intrinsic kinase activity is char- 
acteristic of cytokine receptors. This family also includes 
receptors for interleukin-2 and granulocyte-macrophage 
colony-stimulating factor, among other (4, 5 ) .  

The Nb2 cells are the only PRL target cells known to 
express the intermediate form of the PRLR (6). PRL is the 
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sole growth factor required for continuous progression of 
Nb2 cells through the cell cycle (7). Thus, the Nb2 cell line 
appears to be an ideal model for studying mitogenic signal- 
ing by PRL. Recently, many mitogenic signaling molecules, 
common in other growth factor signaling systems, have 
been identified in the Nb2 cells. Kinases identified that are 
likely involved in PRL signaling include JAK2 (8-lo), 
RAF-1 ( l l ) ,  protein kinase C (PKC, 12), and the src tyro- 
sine kinase p59 fyn (1 3). More recently, other kinases were 
identified that are activated during Nb2 cell proliferation; 
these include ~ 4 4 " " ~ ~  (14) and ~ 7 0 ~ ~ ~  (15). Further studies 
indicate that nonkinase mediators, including SHC and GRB 
(15), may also be involved in PRL signaling. Currently, 
there is also information suggesting the involvement of gua- 
nine nucleotide exchange factor (GEF), SOS ( 1 9 ,  and vav- 
associated GEF (16) in PRL signaling in Nb2 cells. 

Information in the literature suggests the involvement 
of the MAP kinases in a tandem sequence in the PRL mi- 
togenic signaling pathway. The PRL signaling sequence in 
Nb2 cells appears to involve an initial rapid tyrosyl phos- 
phorylation catalyzed by JAK2 and fyn, which involves 
recruitment of linking proteins to induce GEF activation. In 
turn, GEF activation of RAF-1 may indirectly cause MAP 
kinase activation, possibly involving a MEK (MAP kinase 
kinase) intermediate (17, 18). In the present study, we dem- 
onstrate the asynchronous tyrosine phosphorylation of three 
MAP kinase isoforms in response to PRL in Nb2 cells. The 

198 PRL AND MAP KINASES 



differing sequential phosphorylation patterns may indicate 
involvement of multiple MAP kinase forms in specific as- 
pects of PRL signal transduction on proliferative processes, 
and may suggest a more complex signaling pathway for 
PRL then was earlier proposed. 

Materials and Methods 
Nb2 Cell Culture. A PRL-dependent Nb2 cell line 

was provided by Dr. C. T. Beer of the Cancer Control 
Agency of British Columbia (Vancouver, British Columbia, 
Canada). Cells were grown in Fischer’s medium supple- 
mented with 10% fetal calf serum, 10% horse serum (Sigma 
Chemical Co., St. Louis, MO), 1.0 x M 2-mercapto- 
ethanol, 100 IUL penicillin, and 100 pg/ml streptomycin 
(Eli Lilly Co., Indianapolis, IN) as previously described (7). 
Incubation for 24 hr in serum-free media effectively arrests 
growth at the GO/Gl phase of the cell cycle (19). Once 
serum depletion is complete, cells are harvested and treated 
with 50 ng/ml oPRL (NIH-P-S-17), a gift from the 
NIAMDD. 

I m m u no p red pi tat ion and I m m u no blott i ng . Af- 
ter PRL treatment, cells (1 x 106/ml) were washed through 
4x volume of PBS-orthovanadate (1 mM) at 4°C by cen- 
trifugation (200 g, 3 min) and resuspended in lysis buffer (2 
x lo7 cells/ml) containing 2% NP40, 10 pg/ml aprotinin, 
and 10 pg/ml leupeptin. After 30 min on a rocking platfom 
the lysates were centrifuged (12,000 g, 30 min, 4°C). The 
cleared lysate (1 ml), containing 3.7 mg protein/ml, was 
immunoprecipitated (overnite at 2°C) with either agarose- 
conjugated anti-phosphotyrosine (UBI # 16- 10 1 ; 25 pg 
monoclonal Ab/ml lysate), or anti-rat MAP kinase (UBI 
06-182; 1 pg/ml) followed by addition of 50 1.11 protein A 
sepharose beads (Pharmacia 17-0974-04). Proteins were 
solubilized in SDS-laemmli sample buffer, separated by 
SDS-PAGE (8%-20% linear gradient) under reducing con- 
ditions and transferred to PVDF membranes (Schleicher & 
Schuell). Membranes were probed with HRP-conjugated 
anti-phosphotyrosine (UBI 16-105; 20 mls at 1 pg/ml) for 3 
hr or anti-MAP kinase (UBI 06-182; 20 mls at 1 pg/ml) for 
2 hr followed by treatment with anti-rat Ig-G HRP conju- 
gate (Amersham NA934; 25 ml at 1:10,000 dilution for 
30 min). Detection was accomplished by incubation with 
enhanced chemiluminescence reagents (Amersham) and 
exposure to x-ray film. 

Results 
In G1-arrested Nb2 cells the temporal state of tyrosyl 

phosphorylation of three and perhaps four MAP kinase 
isoforms in response to PRL was determined. The time 
course of MAP kinase phosphorylation induced by 50 ng/ml 
oPRL is shown in Figure 1.  This blot, a representation 
of three separate experiments, contains proteins from total 
lysate preparations, anti-MAP kinase immunoprecipitates, 
and anti-phosphotyrosine immunoprecipitates. In Figure 1, 
the blot was probed with an anti-phosphotyrosine antibody. 
PRL clearly increases the tyrosyl phosphorylation of a 
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Figure 1. Time course of PRL-induced tyrosine phosphorylation of 
MAP kinase in Nb2 cells. G1-arrested Nb2 cells (1 x 10’) were 
incubated in the absence or presence of oPRL (50 ng/ml) for indi- 
cated times (min). Total cell lysate preparations (TCL, Lanes A-E) 
were immunoprecipitated with either anti-MAP kinase R, (Lanes 
F-J) or anti-phosphotyrosine (Lanes K-0). The blot containing the 
three sets of SDS-PAGE separated samples was probed with anti- 
phosphotyrosine antibody. Molecular weight standards are indicated 
at left, and MAP kinase molecular weights are shown at the right. 

substantial number of proteins, including Janus 2 kinase, 
beginning at 5 min (Lanes B-E and L-0) as was first 
observed in earlier studies from our laboratory and that 
of Carter-Su (20). Included among the tyrosyl-phosphory- 
lated proteins are the MAP kinases which have M,  of 41-50 
kDa. Although MAP kinase bands are apparent in the anti- 
MAP kinase precipitates (Lanes F-J), the FAB component 
( M ,  55 kDa) of the antibody preparation also interacts 
with the cxPY antibody and the blots overlap with the MAP 
kinases. 

Figure 2 displays the identical blot as in Figure 1 
probed with an anti-MAP kinase antibody. In Figure 2, 
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Figure 2. Time course of multiple MAP kinase isoform tyrosine 
phosphorylation in response to PRL. The same blot used in Figure 1 
was stripped and reprobed with MAP kinase R, antisera. Identical 
samples (Lanes A-E, TCL; Lanes F-J, anti-MAP kinase immuno- 
precipitates; Lanes K-0, anti-phosphotyrosine immunoprecipitates) 
reveal PRL induced tyrosine phosphorylation of 41-, 43-, 44-, and 
50-kDa MAP kinases (ERK-1, 2, 4, and 3) as indicated by arrows at 
right. 
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where the anti-phosphotyrosine immunoprecipitates were 
probed with anti-MAP kinase antisera, three distinct tyrosyl 
phosphorylated bands are apparent which migrate at 4 1, 
43, and 44 kDa (Lanes K-0). These bands are consistent 
with the molecular weights of ERK- 1, ERK-2, and ERK-4, 
respectively (21). ERK-2 and 1 were phosphorylated rap- 
idly within 5 min, maximally at 10 min, and were com- 
pletely dephosphorylated by 30 min. These temporal 
changes in tyrosine phosphorylation correlate directly with 
previously measured changes in MAP kinase activity in 
time course studies (22, 23). Conversely, ERK-4 remains 
tyrosine phosphorylated through the entire 1 -h time course. 
Also of interest, a protein migrating at approximately 50 
kDa is identified when anti-phosphotyrosine immunopre- 
cipitates are probed with anti-MAP. This tyrosine phosphor- 
ylated protein falls well within the predicted MW range of 
ERK-3 (21). Furthermore, this protein has a temporal tyro- 
sine phosphorylation pattern similar to ERK-1 and 2. The 
anti-MAP kinase immunoprecipitates (Lanes F-J) exhibited 
a high degree of nonspecific binding, probably due to the 
use of the same monoclonal antibody preparation for blot- 
ting and immunoprecipitation. In addition, the FAB com- 
ponent of the antibody preparation interacts with the anti- 
MAP kinase antibody and, as in Figure 1, overlaps with the 
MAP kinases. The results from Lanes F-J are therefore not 
quantifiable. 

As shown in Figure 2, consistent amounts of MAP 
kinase protein were observed in total tissue lysates probed 
with anti-MAP antibody. The absence of detectable ERK-3 
in the lysates is likely due to its relatively limited abun- 
dance, and it only becomes detectable after concentration 
through immunoprecipitation (Fig. 2). When total ERK im- 
munoprecipitates are compared with tyrosine phosphorylat- 
ed immunoprecipitates, it is clear that only a fraction of 
MAP kinase proteins are phosphorylated on tyrosyl resi- 
dues. This is consistent with studies done by Boulton et al. 
(21, 24), who showed that ERKs may also be phosphory- 
lated on serine or threonine residues. Even though tyrosine 
phosphorylation may be quantitatively limited, it may still 
be of vital importance for MAP kinase activation (15). 

Figures 3-6 show changes in the tyrosyl phosphoryla- 
tion status of the MAP kinase isoforms as quantitated using 
a scanning laser densitometer. Intensity of phosphorylation 
levels are represented in arbitrary units (a.u.). The data rep- 
resent the mean of three experiments +_ standard error of the 
mean. Figure 3 displays a 7-fold increase in tyrosyl phos- 
phorylation of ERK-3 (50 kDa), which is maximal in 10 min 
and returns to basal levels within 30 min of PRL exposure. 
A 14-fold peak increase in phosphorylation of ERK-4 (44 
kDa) occurs at 10 min (Fig. 4). It is noteworthy to mention 
that ERK-4 remains tyrosyl phosphorylated at a level seven 
times higher than basal through 60 min of PRL treatment. 
Figure 5 shows a %fold maximum increased phosphoryla- 
tion of ERK-2 (43 kDa) at 10 min. Interestingly, a signifi- 
cant decrease belwo the basal tyrosyl phosphorylation level 
occurs at 60 min. Finally, an &fold increase in phosphory- 
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Figure 3. Time course of ERK-3 tyrosyl phosphorylation. G1- 
arrested Nb2 were incubated in the absence or presence of 50 ng/ml 
oPRL for the indiated times prior to immunoprecipitation with anti- 
MAP kinase R,. Quantitation of the autoradiographs were performed 
using a scanning laser densitometer. Fluctuations in tyrosyl phos- 
phorylation levels are presented in arbitrary units (a.u.). 

lation of ERK-1 (41 kDa) is evident after a 10-min PRL 
treatment. Initial tyrosyl phosphorylation levels of ERK- 1 
are reestablished within 30 min. 

DISCUSSION 
Several aspects of the PRL regulation of the MAP ki- 

nases in Nb2 cells have been uncovered. A proposed sig- 
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Figure 4. Time course of ERK-4 tyrosyl phosphorylation. G1 ar- 
rested Nb2 cells were incubated in the absence or presence of 50 
ng/ml oPRL for the indicated times prior to immunoprecipitation with 
anti-MAP kinase R,. Quantitation of the autoradiographs were per- 
formed using a scanning laser densitometer. Fluctuations in tyrosyl 
phosphorylation levels are presented in arbitrary units (a.u.). 
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Figure 5. Time course of ERK-2 tyrosyl phosphorylation. G1- 
arrested Nb2 cells were incubated in the absence or presence of 50 
ng/ml oPRL for the indicated times prior to immunoprecipitation with 
anti-MAP kinase R,. Quantitation of the autoradiographs were per- 
formed using a scanning laser densitometer. Fluctuations in tyrosyl 
phosphorylation levels are presented in arbitrary units (a.u.). 

naling sequence for PRL actions in Nb2 cells is as follows: 
PRL initially binds to its receptor and activates rapid tyrosyl 
phosphorylation through JAK2 (8-10) and fyn (13). Once 
this occurs, recruitment of linking proteins (SHC and GRB) 
(15) activates a GEF, which may be SOS (15) or vav 
associated (16). The GEF then causes activation of RAF-1 
(11) through direct RAS interaction (25, 26), which then 
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Figure 6. Time course of ERK-1 tyrosyl phosphorylation. G1- 
arrested Nb2 cells were incubated in the absence or presence of 50 
ng/ml oPRL for the indicated times prior to immunoprecipitation with 
anti-MAP kinase R,. Quantitation of the autoradiographs were per- 
formed using a scanning laser densitometer. Fluctuations in tyrosyl 
phosphorylation levels are represented in arbitrary units (a.u.). 

activates MEK (a tyrosine/threonine kinase) (27). This in 
turn activates MAP kinase by tyrosyl phosphorylation 
(14, 15). Finally, MAP kinase may play a role in activat- 
ing the S6 kinases (15) either to regulate translation, or to 
translocate into the nucleus (14) to regulate transcriptional 
processes. 

Earlier work by Boulton et al. (21) reported that ERKs 
are tissue, development, and hormone specific. Further- 
more, ERK-1, 2, and 4 are phosphorylated in response to 
growth factors, and increased MAP kinase activity coin- 
cides with increases in tyrosine phosphorylation of ERK- 1 
and 2. Subsequently, several laboratories have measured 
MAP kinase activity with specific studies focusing on 
ERK-1 and 2 (22, 28, 29). There have been no previous 
studies focusing on the possible direct involvement of 
ERK-3 and 4 in growth factor signaling. 

In previous studies with Nb2 cells, PRL stimulation of 
ERK-1 tyrosine phosphorylation was reported (14). PRL 
stimulation of MAP kinase activity has also been reported, 
but has been attributed primarily to ERK-1 activation (23). 
It is evident from the results of our studies, however, that at 
least three ERK isoforms are present in Nb2 cells, and PRL 
regulates the tyrosyl phosphorylation of each of these with 
differing temporal patterns. Differences in our result from 
those published earlier may be explained by enhanced pep- 
tide resolution on SDS-PAGE 8%-20% linear gradient gels 
(employed in our studies) as well as the recognition speci- 
ficity of the antibodies employed. 

It is noteworthy that kinase active ERK-1 and 2 are 
transiently tyrosine phosphorylated, while ERK-4 remains 
tyrosine phosphorylated for more than 1 hr following PRL 
stimulation. A functional explanation for this difference 
could be that ERK-4 may represent a kinase inactive MAP 
kinase still capable of interacting with other molecules to 
become tyrosyl phosphorylated. Furthermore, the lack of 
enzyme activity may be associated with its lack of dephos- 
phorylation. In contrast, ERK-1 and 2 are known kinase- 
active MAPK isoforms which are turned on and off by rapid 
tyrosyl phosphorylation and dephosphorylation. A similar 
situation maintains with MEK-3, the kinase-inactive form 
of the MEK family (30). MEK-3 is able to interact with, but 
not phosphorylate or activate, its substrate (MAPK). Also, 
MEK-3 does become phosphorylated, although it does not 
autophosphorylate; hence, as suggested with MEK-3, 
ERK-4 may play a regulatory function in PRL signaling, 
where it competes for upstream activators or downstream 
substrates (30). Our results also show for the first time that 
PR1 stimulates the rapid tyrosine phosphorylation of what is 
likely ERK-3. The transient phosphorylation of ERK-3, like 
that of ERK-1 and 2, suggests it may also be an active form 
of MAP kinase. 

The involvement of multiple isoforms of signaling mol- 
ecules in hormone transduction pathways suggest that the 
signaling pathways are far more complex than was origi- 
nally proposed. Clearly, future studies need to focus on 
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distinguishing roles for specific mediator isofoms of MAP 
kinases in specific hormone signaling pathways. 
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