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Characterizing mechanisms regulating mammary cell growth and differentiation is vital, as they may
contribute to breast carcinogenesis. Here, we examine a cross talk mechanism(s) downstream of prolactin
(PRL), a primary differentiation hormone, and epidermal growth factor (EGF), an important proliferative
factor, in mammary epithelial cell growth and differentiation. Our data indicate that EGF exerts inhibitory
effects on PRL-induced cellular differentiation by interfering with StatSa-mediated gene expression indepen-
dent of the PRL-proximal signaling cascade. Additionally, our data show that PRL is a potent inhibitor of
EGF-induced cell proliferation. We identify tyrosine phosphorylation of the growth factor receptor-bound
protein 2 (Grb2) as a critical mechanism by which PRL antagonizes EGF-induced cell proliferation by
attenuating the activation of the Ras/mitogen-activated protein kinase (MAPK) pathway. Together, our results
define a novel negative cross-regulation between PRL and EGF involving the Jak2/StatSa and Ras/MAPK
pathways through tyrosine phosphorylation of Grb2.

Prolactin (PRL) plays an important regulatory role in mam-
mary gland development. PRL is a primary differentiation fac-
tor for mammary epithelial cells and is essential for normal
alveolar development and morphogenesis (13). In mammary
cells, a major pathway activated downstream of the PRL re-
ceptor (PRLR) is the Janus kinase 2 (Jak2)/signal transducer
and activator of transcription 5a (Stat5a) pathway. Gene dele-
tion studies of PRL, PRLR, Jak2, and Stat5a have indicated
the critical role of PRL signaling in alveolar differentiation (14,
21, 30, 36).

While the role of PRL in the functional differentiation of
mammary epithelial cells is well known, the contribution of
PRL to breast cancer development and progression is yet to be
fully elucidated. PRL acts through an autocrine/paracrine loop
to promote cell viability and accelerate oncogene-induced
mammary tumorigenesis (4, 29, 32, 35). However, the role of
PRL in breast cancer is more complex, and recent evidence has
highlighted its role as a potential suppressor of breast cancer
progression. For example, Stat5a has been shown to promote
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cellular adhesion, and activated Stat5a in breast cancer tissues
was correlated with a good prognosis and response to endo-
crine therapy (27, 34, 37). Furthermore, PRL signaling was
shown to suppress the epithelial mesenchymal transformation
process and the invasive potential of breast cancer cells (28).
Importantly, the ability of PRL to suppress the mitogen-acti-
vated protein kinase pathway (MAPK [Erk1/Erk2]) was found
to be required for these anti-invasive properties of PRL. Thus,
it is necessary to further establish this effect of PRL and to
characterize the mechanism(s) by which PRL negatively regu-
lates the MAPK pathway.

The epidermal growth factor (EGF) family of ligands, which
also regulates mammary gland growth and differentiation, signals
through members of the EGF receptor (EGFR) family (38). The
role of EGF in mammary gland development has been examined
using a variety of transgenic models, highlighting the important
role of EGF in ductal outgrowth (23). Even though EGF plays an
important role in mammary gland development, it is also impli-
cated in the development and progression of breast cancer (17).
Although EGF signals through a variety of pathways, activation of
the Ras/MAPK cascade has been associated with the mitogenic/
oncogenic role of this growth factor (16).

The mechanism of PRL/EGF cross talk in the regulation of
mammary epithelial cell growth and differentiation remains
controversial and not well characterized. While a cooperative
interplay between PRL and EGF in the morphogenesis and
functional differentiation of mammary epithelial organoids has
been documented (6), other studies have indicated an inhibi-
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tory role for EGF in PRL-induced mammary epithelial cellular
differentiation (25). Furthermore, while PRL was shown to
block EGF-induced mammary cell growth, PRL was also re-
ported to cooperate with EGF in breast cancer cells (10, 15).

In this study, we examine PRL and EGF regulation of mam-
mary epithelial cell growth and differentiation. Our results
highlight the antagonistic properties exhibited by PRL and
EGF in mammary cells. While EGF blocked PRL-induced
expression of the B-casein gene, a Stat5a target gene and a
marker of mammary epithelial cell differentiation, PRL inhib-
ited EGF-induced cell proliferation. We show that EGF-me-
diated inhibition of PRL-induced B-casein gene expression is
at the level of gene transcription, without affecting upstream
PRL signaling events. Interestingly, PRL-mediated inhibition
of EGF-induced cell proliferation was related to its ability to
block the EGF-mediated MAPK (Erk1/Erk2) pathway at the
level of Ras activation through induction of tyrosine phosphor-
ylation of Grb2. Together, these results provide new insights
into the mechanisms of cross-regulation of PRL and EGF
signaling and their implications for mammary epithelial
growth, differentiation, and carcinogenesis.

MATERIALS AND METHODS

Reagents. Reagents used in this study were ovine PRL, insulin, hydrocorti-
sone, and mouse EGF (Sigma-Aldrich). Human PRL was provided by Vincent
Goffin (Institut National de la Santé et de la Recherche Médicale, Paris, France).
Monoclonal antibodies used in the study were phosphotyrosine (4G10; Upstate);
Stat5, Ras, Sosl, and SHP-2 (BD Transduction Laboratories); Myc and GST
(Santa Cruz); phospho-Stat5a (Y694; Zymed Laboratories Invitrogen); and B-tu-
bulin (Sigma). Polyclonal antibodies used were Jak2 and Myc (Upstate); phos-
photyrosine (BD Transduction Laboratories); Grb2, ribosomal S6 kinase 1
(RSK-1), and phospho-RSK1/2 (T359/S363) (Santa Cruz); and phospho-p44/42
(Erk1/Erk2) and p44/42 (Erk1/Erk2) (Cell Signaling). Other reagents used were
goat anti-mouse antibody-horseradish peroxidase and goat anti-rabbit antibody—
horseradish peroxidase (Santa Cruz), Jak2 inhibitor II (catalog no. 420132;
Calbiochem), G418 (Sigma-Aldrich), a SuperSignal kit (Pierce), nitrocellulose
membranes (Whatman), and protein A-Sepharose beads (GE Healthcare).

Plasmid constructs. Expression plasmids encoding the long form of the PRLR
and Jak2 have been described previously (18). Grb2 wild-type (Grb2WT) and
Grb2W36,193K (a mutant form of Grb2 in which tryptophans 36 and 193 were
mutated to lysine) expression plasmids were obtained from B. Mayer (Connecticut
Health Center, Farmington, CT). myc-Grb2WT, Grb2Y7/37/52/209F (Grb2YF),
and myc-Grb2YF were kindly provided by R. Van Etten (Tufts-New England Med-
ical Center, Boston, MA) and S. Li (The Jackson Laboratory, Bar Harbor, ME). The
expression plasmid encoding the catalytically inactive form of SHP-2, SHP-2CA, was
previously described (26). The Grb2 short hairpin RNA (shRNA) construct
(pU6™*?7-ShGrb2) directed against Grb2 nucleotides 310 to 330 (GAT GTG CAG
CAC TTC AAG GTT) used for knockdown studies is as described previously (8).
The strategy to generate the Grb2YF form unrecognizable by the Grb2 shRNA, the
Sil-Grb2YF construct, is as described previously (8). This was achieved by incorpo-
rating seven silent mutations in the myc-Grb2YF plasmid within the region targeted
by Grb2 shRNA (GAC GTC CAA CAT TTT AAA GTA,; the silent mutations are
underlined) (GenScript Corporation, Piscataway, NJ).

Cell culture. HC11 and HC11-Lux cells (transfected stably with the B-casein
gene promoter luciferase reporter construct) obtained from N. Hynes (Friedrich
Miescher Institute, Basel, Switzerland) and B. Groner (Institute for Biomedical
Research, Frankfurt am Main, Germany) were cultured until confluence in
RPMI 1640 (Wisent) (supplemented with 10% fetal bovine serum [FBS], EGF
[10 ng/ml], and insulin [5 pg/ml]); cells were then differentiated for 3 days in
RPMI 1640 (supplemented with 10% FBS, insulin [5 pg/ml], and hydrocortisone
[1 pM]), starved overnight (o/n) in RPMI 1640 (supplemented with fetuin [0.5
mg/ml], transferrin [10 pg/ml], insulin [5 wg/ml], and hydrocortisone [1 wM]) and
stimulated with PRL (1 pg/ml) or EGF (10 ng/ml or 100 ng/ml) as indicated in
the figure legends. In some experiments, cells were pretreated with the tyrosine
phosphatase inhibitor sodium vanadate (50 pg/ml) for 30 min before stimulation.
HCl11-vector and HC11-Grb2YF sublines were cultured in media (described
above) supplemented with G418. NMuMG cells obtained from Peter Siegel
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(McGill University, Montreal, Quebec, Canada) were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Wisent) supplemented with 10% FBS and
insulin (5 pg/ml). Before ligand stimulation, cells were starved o/n in DMEM/
F-12 medium (Invitrogen) and stimulated with PRL (1 pg/ml) or EGF (10 ng/ml
or 100 ng/ml) as indicated in the figure legends. The human embryonic kidney
293 cells were cultured in DMEM (10% FBS) and starved in DMEM/Ham’s F-12
medium. Human breast cancer cell lines MCF-7 and T47D were grown in
DMEM (10% FBS) and starved in DMEM (0% FBS).

Cell lysis, immunoprecipitation, and Western blotting. Total cell lysates were
isolated as previously described (1). Equal amounts of proteins obtained by
whole-cell lysis were loaded and separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. Immunoprecipitations were preformed as previously
described (1). Western blot analyses were performed with the indicated antibod-
ies, and proteins were revealed with the use of chemiluminescence (Pierce)
according to the manufacturer’s instructions.

Transient transfections and generation of stable cell lines. 293 cells (5 X 10%)
were cotransfected with 1 g of expression plasmids encoding the rat long PRLR
form with either Jak2 or Src and the indicated forms of Grb2, as described for
each experiment, by using the calcium-phosphate method. Twenty-four hours
posttransfection, cells were serum starved and stimulated with PRL (1 pg/ml) for
10 min before cell lysis. For transient transfections in HC11, cells were grown to
confluence and differentiated for 24 h and then transfected with either a vector
(mock transfection) or an expression plasmid encoding myc-Grb2YF, with the
use of a Lipofectamine transfection kit (Invitrogen) according to the manufac-
turer’s protocol. Cells were left in differentiation media for 24 h before o/n
starvation. Cells were then stimulated as indicated in the figure legends. To
establish stable cell lines, HC11 cells were transfected with a vector or with a
plasmid expressing myc-Grb2YF using a Lipofectamine 2000 transfection kit
(Invitrogen) as described in the manufacturer’s protocol. Stably expressing
clones were isolated using 250 mM G418 (Sigma-Aldrich). For Grb2 knockdown
and rescue studies, HC11 cells were grown to 80% confluence before transfec-
tion with a vector, a vector plus pU6™?7-ShGrb2, or pU6*27-ShGrb2 plus Sil-
Grb2YF plasmids using a Lipofectamine 2000 transfection kit (Invitrogen) ac-
cording to the manufacturer’s protocol. At 24 h following transfection, cells were
selected for 48 h with G418.

RNA isolation and qRT-PCR measurement. Differentiated HC11 cells were
left untreated or were treated with PRL or the combination of PRL and EGF
(PRL/EGF) for 16 h. Cells were lysed in 500 wl of TRIzol. Total RNA was
isolated as described by the manufacturer (Invitrogen Life Technologies, Burl-
ington, Ontario, Canada). Samples were quantified by absorbance at 260 nm.
Aliquots of 300 to 400 ng of total RNA were used for reverse transcription and
PCR amplification in one step using Brilliant II SYBR green quantitative real-
time PCR (qRT-PCR) Master Mix kit, 1-Step (Stratagene Amsterdam, Zui-
doost, The Netherlands) according to the manufacturer’s recommendation. The
q-PCR amplification was under the following conditions: 50°C for 30 min; 95°C
for 10 min; and 40 cycles at 95°C for 30 s, 55°C for 1 min, and 72°C for 30 s. The
specificity of the primers was then tested by a dissociation program at 95°C for
1 min, with a ramp-down to 55°C and then a ramp-up to 95°C (at the instrument
default rate of 0.2°C/s). The glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene was amplified as an internal control. GAPDH reverse (CTCA
GTGTAGCCCAGGATGC) and GAPDH forward (ACCACCATGGAGAAG
GCTGG) primers and B-casein forward (CTATTGCTCAACCCCCTGTG) and
B-casein reverse (AGAGTTTATGAGGCGGAGCA) primers were used for
qRT-PCR measurements.

Dissociation curve analysis was performed after the completed q-PCR. Data
were obtained by slowly ramping up the temperatures of reaction solutions from
55 to 95°C. The four identical peaks confirm that the primers for B-casein gene
are specific, resulting in one amplified product.

Luciferase assays. HC11-Lux cells were left untreated or were treated for 16 h
with PRL (1 pg/ml) or PRL (1 wg/ml)/EGF (10 ng/ml). Luciferase activity was
determined as described previously (18). Luciferase activity was normalized to
protein levels for each sample.

MTT and cell counting assays. HC11, HC11-vector, and HC11-Grb2YF were
plated for 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assays or cell counting assays as described in the figure legends. Cells
were grown o/n in the absence or presence of PRL (1 pg/ml) in RPMI 1640
(supplemented with 2% FBS, insulin [S pg/ml], and hydrocortisone [1 pM]).
Cells were then left untreated or treated with EGF for 72 h (MTT assay) or 24 h
and 48 h (cell counting assay). In Jak2 inhibitor experiments, HC11 cells (2.5 X
10%) were treated with either dimethyl sulfoxide (DMSO) or Jak2 inhibitor (1
M) and grown o/n in the absence or presence of PRL in media containing 2%
FBS and HI. Cells were then left untreated or were treated with EGF for 48 h.
MTT assays were preformed as previously described (5). For Grb2 knockdown
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and rescue studies, HC11 cells were transfected with a vector, a vector and
pU6"27-ShGrb2, or Sil-Grb2YF and pU6*27-ShGrb2 for 24 h. Cells were then
selected in G418 for 48 h and processed for MTT assays as described above.
NMuMG cells were grown o/n in DMEM containing (2% FBS) in the presence
or absence of PRL. Cells were then left untreated or treated with EGF (10 ng/ml
or 100 ng/ml) for 72 h and processed for the MTT assay. MCF-7 and T47D cells
were grown o/n in 2% serum and then left untreated or treated with 10 ng/ml or
100 ng/ml human PRL for 72 h. Results are presented as means * standard
errors of the means (SEM) for triplicates of three separate experiments. Statis-
tical significance was assessed through one-way analysis of variance.

Ras pulldown assay. The Ras binding domain of human c-raf-1 (amino acids
1 to 149) was expressed as a glutathione S-transferase (GST) fusion protein in
bacteria (provided by J. Woodgett, Samuel Lunenfeld Research Institute, To-
ronto, Canada) and then bound to glutathione-Sepharose beads (40 pg of pro-
tein for each 15 pl of packed beads). Cell lysates were incubated with GST fusion
protein-coupled beads at 4°C for 30 min. Collected cell precipitates were pro-
cessed for Western analysis.

Nuclear extracts and EMSA. Nuclear extracts were prepared as previously
described (9). Briefly, cells were lysed with a hypotonic buffer [10 mM HEPES-
KOH (pH 7.9), 1.5 mM MgCl,, 10 mM KCI, 0.5 mM dithiothreitol, 1 mM
Na;VO,, 20 mM NaF, 4 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydro-
chloride (AEBSF; Pefabloc), 5 pg/ml aprotonin, and 2 pg/ml leupeptin] and
three freeze-thaw cycles. The cytoplasmic fraction was discarded. The nuclear
fraction was lysed with a high-salt buffer (20 mM HEPES-KOH [pH 7.9], 25%
glycerol, 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 1 mM Na;VO,, 20 mM
NaF, 4 mM AEBSF, 5 pug/ml aprotonin, and 2 pg/ml leupeptin). Nuclear extracts
were processed for electrophoretic mobility shift assays (EMSA) using the Stat5a
binding site from bovine B-casein promoter as previously described (5).

RESULTS

PRL blocks EGF-mediated mammary epithelial cell prolif-
eration. Since PRL and EGF represent two key regulators of
mammary epithelial cell growth and differentiation and both
have an impact on breast carcinogenesis, it is vital to better
define the coregulation of signaling events downstream of
these two ligands. The HC11 mouse mammary epithelial cell
line, isolated from mice in mid-pregnancy, has been a widely
used model system to study mammary epithelial cell prolifer-
ation and differentiation. While EGF has a strong mitogenic
effect in these cells, a combinatorial treatment of PRL, insulin,
and glucocorticoids has been shown to induce terminal differ-
entiation as measured by the induction of milk protein synthe-
sis, a marker of mammary epithelial cell differentiation (2).
Using this cell model system, we first investigated PRL and
EGEF cross talk in regulating mammary epithelial cell prolifer-
ation. For this experiment, HC11 cells were grown in media
containing 2% serum and hydrocortisone and insulin in the
absence of PRL (HI) or in the presence of PRL (HIP) o/n
before stimulation with EGF (HIF and HIPE) for 72 h (Fig.
1A). As shown, in the absence of PRL, EGF treatment led to
a significant increase in cell growth (Fig. 1A, compare HI and
HIE). Interestingly, the presence of PRL led to a significant
inhibition in EGF-induced cell growth (Fig. 1A, compare HIE
and HIPE). These data indicate that in HC11 cells, whereas
EGF is a potent mitogen, PRL exhibits properties antagonistic
to EGF-induced cell growth. The inhibitory effects of PRL on
EGF-mediated cell growth were further confirmed by a direct
cell counting assay (Fig. 1B). HC11 cells were maintained in
medium containing either HI or HIP o/n. Cells were then
stimulated with EGF for 24 h and 48 h. As can be seen, PRL
significantly suppressed EGF-induced cell growth at both time
points examined (Fig. 1B, compare HIE and HIPE). Further-
more, we observed that PRL itself did not induce growth of
HCI11 cells, in contrast to a trend toward cell growth arrest (20
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to 30%), which was observed most evidently at the 48-h time
point (Fig. 1B, compare HI and HIP). To further confirm the
effects of PRL, we evaluated the inhibitory role of PRL on
EGF-mediated cell growth using the NMuMG mouse mam-
mary epithelial cell model system. As can be seen in Fig. 1C,
PRL blocked EGF-induced NMuMG cell growth at two dif-
ferent concentrations of EGF, results similar to those for
HCI11 cells. Together, our data indicate that PRL itself does
not induce proliferation of mammary epithelial cells. More-
over, PRL was found to significantly suppress EGF-induced
cell growth.

PRL suppresses EGF-mediated activation of the MAPK
(Erk1/Erk2) pathway. To examine the underlying mechanism
of PRL inhibition of the EGF-induced proliferation of mam-
mary epithelial cells, we next examined the effects of PRL on
the EGF-induced MAPK (Erk1/Erk2) pathway, a major mito-
genic pathway downstream of EGF. Since PRL itself is also
known to activate the MAPK pathway (12), we therefore ex-
amined the activation pattern of the MAPK pathway by PRL,
EGF, and the combination of PRL and EGF in HC11 cells
(Fig. 2A). Treatment of cells with PRL induced a mild and
transient activation of Erkl/Erk2. Indeed, MAPK activation
was observed only at the 10-min time point, and it was already
turned off by 40 min of stimulation. In contrast, EGF stimula-
tion of HC11 cells led to more-pronounced and -prolonged
activation than PRL stimulation did. As shown in Fig. 2A,
MAPK activation was still maintained even at the 90-min time
point of EGF stimulation. Interestingly, in cells cotreated with
both ligands, there was a substantial decrease in MAPK acti-
vation starting at the 40-min time point and most noticeable
following 60 min and 90 min of stimulation. Similar results
were obtained with NMuMG mammary epithelial cells. As
shown in Fig. 2B, PRL itself did not induce any significant
activation of the MAPK pathway, and furthermore, PRL was
able to block EGF-induced MAPK activation.

To further characterize the activation of the MAPK pathway
downstream of PRL and EGF in mammary cells, we examined
the ability of the ligands to induce activation of p90 RSK
kinase, a substrate of Erk1/Erk2 (3). To do so, we examined
p90 RSK activation in both HC11 and NMuMG cells treated
with PRL, EGF, or PRL/EGF. As shown in Fig. 2C (left and
right panels) and Fig. 2D, in contrast to PRL, EGF induced a
significant activation of p90 RSK. Interestingly, PRL was able
to suppress EGF-induced RSK activation (Fig. 2C and D).
These data indicate that in mammary cells, there is a significant
difference in the abilities of PRL and EGF to induce MAPK
activation. While EGF induces a robust and sustained activa-
tion, PRL weakly activates the MAPK pathway. More impor-
tantly, our data also illustrate the possibility that PRL sup-
presses growth factor-induced activation of the MAPK/RSK
pathway. These data together further underscore the negative
role of PRL in EGF signaling in mammary epithelial cells.

PRL-mediated activation of Jak2 is required for PRL inhib-
itory effects on EGF-induced cell proliferation. To examine the
mechanism by which PRL negatively regulates EGF-induced
MAPK activation and mammary cell proliferation, we next
analyzed the regulatory role of EGF on PRL-induced signaling
in mammary cells. First, we examined EGF regulation of PRL-
induced differentiation signals as measured by induction of
gene expression of the milk protein B-casein. Serum-starved
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FIG. 1. PRL attenuates EGF-induced cell proliferation of mammary epithelial cells. (A) HC11 cells (1.5 X 10° cells) were plated in assay media
(2% FBS, HI) in the absence or presence of PRL (1 wg/ml) o/n. Cells were then left untreated or treated with EGF (10 ng/ml) for 72 h. MTT assays
were performed as described in Materials and Methods. Results are the means = SEM for triplicates of three experiments (*, P = 0.043).
(B) HC11 cells (2.5 X 10* cells) were plated as described for panel A, and cells were then left untreated or treated with EGF for 24 h and 48 h.
Cell numbers were determined following trypan blue exclusion assays. Results are the means = SEM for triplicates of three experiments (%, P =
0.07; #%, P = 0.049). (C) HC11 cells (1.5 X 10* cells) (left panel) and NMuMG cells (3 X 10° cells) (right panel) were plated as described for panel
A, and cells were then left untreated or treated with either 10 ng/ml or 100 ng/ml EGF (E-10ng and E-100ng, respectively) for 72 h. MTT assays
were performed, and results are the means = SEM for triplicates of three experiments (¥, P = 0.0189; **, P = 0.0165; %%, P = 0.002; *%*%, P =

0.0004). Abs, absorbance.

differentiated HC11 cells were either left untreated or treated
o/n with PRL, EGF, or PRL/EGF. Expression of the B-casein
gene was assessed by qRT-PCR. As shown in Fig. 3A, PRL
treatment led to a significant increase in B-casein gene expres-
sion. In contrast, EGF treatment of HC11 cells did not lead to
induction of B-casein gene expression (Fig. 3A). Importantly,
the presence of EGF led to a significant inhibition in PRL-
induced B-casein gene expression (Fig. 3A, compare P and

PE). We next investigated whether EGF can block PRL-me-
diated B-casein gene expression at the level of gene transcrip-
tion. Serum-starved differentiated HC11 cells stably trans-
fected with the B-casein gene promoter/luciferase construct
(HC11-Lux) were treated with either PRL or PRL/EGF for
16 h. In agreement with a previous study (25), PRL induced a
robust activation of the B-casein gene promoter (>25-fold),
whereas cotreatment with EGF abolished PRL-induced effects
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FIG. 3. EGF regulation of PRL-induced Jak2/Stat5a pathway and B-casein gene expression. (A, left) Differentiated HC11 cells were left
untreated or treated with PRL (P), EGF (E), or PRL/EGF (PE) for 16 h. qRT-PCR of the B-casein gene was performed, and results are the means
from three experiments (*, P = 0.053). (Right) Dissociation curve analysis of the q-PCR. The four identical peaks confirm that the primers for
the B-casein gene are specific, resulting in one amplified field. CTL, cytotoxic T lymphocytes. (B) Differentiated HC11-Lux cells were left untreated
or treated with either PRL or PRL/EGF for 16 h. Results are the mean luciferase activity levels from quadruplicates of two experiments.
(C) Serum-starved differentiated HC11 cells were untreated or treated with PRL, EGF, or PRL/EGF for 15 min. Cell lysates were immunopre-
cipitated (IP) with a polyclonal antibody to Jak2, immunoblotted with a monoclonal antibody to phosphotyrosine (upper panel), and reprobed with
a polyclonal antibody to Jak2. (D) Cell lysates described for panel C were immunoblotted with a monoclonal antibody to phospho-Stat5a (upper
panel) and reblotted with a monoclonal antibody to Stat5a (lower panel). (E, left) HC11 nuclear extracts were immunoblotted with a monoclonal
antibody to phospho-Stat5a (upper panel) and Stat5a (lower panel). (Right) Nuclear extracts of HC11 cells treated with PRL, EGF, or PRL/EGF
for 30 min were immunoblotted with a monoclonal antibody to StatSa. (F) EMSA was performed using the Stat5a binding site of the B-casein gene
promoter with nuclear extracts prepared as in panel E. (G, left) HC11 cells were treated with either DMSO or Jak2 inhibitor (1 wM) and grown
o/n in 2% serum containing HI or HIP. Cells were then left untreated or treated with EGF for 48 h. An MTT assay was performed, and results
are the means = SEM for triplicates of three experiments (%, P = 0.017; **, P = 0.023). (Right) HC11 cells were pretreated with either DMSO
or Jak2 inhibitor (25 wM) for 2 h. Cells were then stimulated with PRL for 15 min. Cell lysates were immunoprecipitated with a polyclonal antibody
to Jak2 and immunoblotted with a monoclonal antibody to phosphotyrosine (PY) (upper panel) and reprobed with a polyclonal antibody to Jak2
(lower panel). Abs, absorbance; WB, Western blot; a-, anti-.

(Fig. 3B). Together, these data indicate that EGF-mediated
signals are inhibitory to PRL signaling to milk protein gene
expression at the level of gene transcription.

Since the Jak2/Stat5a pathway is critical for PRL signaling to
B-casein gene promoter activation, we next examined the reg-
ulation of EGF on primarily PRL-mediated activation of the
Jak2/Stat5a pathway. As shown in Fig. 3C and D, in contrast to
results for EGF stimulation, PRL stimulation of HC11 cells led
to tyrosine phosphorylation of Jak2 and StatSa (on Y694),
suggesting that PRL but not EGF induces activation of the
Jak2/Stat5a pathway in mammary epithelial cells. Interestingly,
Jak2 and Stat5a activation was still maintained in samples
cotreated with these two ligands. These data suggest that the
inhibitory effect of EGF on PRL-induced B-casein gene pro-
moter activation is independent of the cytoplasmic activation
of the Jak2/StatSa pathway. Next, we investigated whether
EGF may influence more downstream signaling events, such as

Stat5a nuclear translocation and Stat5a DNA binding activity.
Nuclear extracts were prepared from HCI11 cells treated with
either PRL or PRL/EGF for up to 1 h. As shown in Fig. 3E
(left panel), Stat5a nuclear translocation was observed within
15 min of stimulation in samples treated with either PRL or
PRL/EGF. Moreover, in accordance with the inability of EGF
to induce tyrosine phosphorylation of Stat5a, EGF treatment
of HCI1 cells did not lead to the nuclear translocation of
StatSa (Fig. 3E, right panel). Furthermore, using an EMSA
assay (Fig. 3F), we observed a rapid binding of StatSa to its
response element on the B-casein gene promoter in both PRL-
and PRL/EGF-treated cells. Together, the above results show
that EGF blocks PRL-induced B-casein gene promoter activa-
tion at the level of StatSa-mediated gene transcription inde-
pendently of activation of Jak2, StatSa tyrosine phosphoryla-
tion, nuclear translocation, and DNA binding activity.

The above results indicate that Jak2 activation is maintained
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in cells cotreated with PRL and EGF. This result led us to
hypothesize that the ability of PRL to inhibit EGF-induced cell
proliferation observed in Fig. 1 is a Jak2-dependent event.
Therefore, we next investigated whether PRL activation of
Jak2 is required for PRL-mediated inhibitory effects on EGF-
induced cell proliferation. HC11 cells were grown in media
containing HI or HIP in the presence of DMSO (as the con-

trol) or the Jak2 inhibitor (1 wM) o/n before stimulation with
EGF for 48 h or no stimulation. As shown in Fig. 3G, EGF
treatment led to a significant increase in cell growth in the
absence or the presence of the Jak2 inhibitor (Fig. 3G, com-
pare HI and HIE results for DMSO with HI and HIE results
for Jak2 inhibitor). As expected for the control DMSO-treated
cells, the presence of PRL led to a complete inhibition of
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EGF-induced cell growth (Fig. 3G, DMSO, compare HIE and
HIPE results). Interestingly, the presence of the Jak2 inhibitor
reversed significantly the inhibitory effects of PRL on EGF-
induced cell proliferation (Fig. 3G, compare the HIPE results
for DMSO to those for Jak2 inhibitor). These data indicate the
important role of Jak2 kinase in mediating the inhibitory effect
of PRL on EGF-induced mammary cell growth.

PRL induces tyrosine phosphorylation of the adaptor pro-
tein Grb2. Our results thus far have indicated that in mammary
epithelial cells, PRL attenuates EGF-induced cell prolifera-
tion. Our data also suggest that this is a Jak2-dependent early
signaling event. To delineate a possible mechanism through
which PRL/Jak2 blocks EGF signaling, we analyzed the con-
tribution of the adaptor protein Grb2. We have previously
shown that Grb2 or a 29-kDa protein associated with Grb2, a
substrate of SHP-2, is tyrosine phosphorylated following
PRLR/Jak2 activation (26). To examine whether this protein is
a tyrosine phosphorylated form of Grb2, we overexpressed
both an untagged and a myc-tagged form of Grb2 in 293 cells
along with PRLR, Jak2, and the catalytically inactive form of
SHP-2. As shown in Fig. 4A, we find that in the presence of
catalytically inactive SHP-2, activation of the PRLR/Jak2 com-
plex led to tyrosine phosphorylation of Grb2 (Fig. 4A, lanes 2
and 4). While it is generally believed that Grb2 itself does not
undergo tyrosine phosphorylation in response to growth factor
stimulation (22, 33), in Bcr/Abl-transformed cells, tyrosine
phosphorylation of Grb2 on residues Y7, Y37, Y52, and Y209
in the SH3 domains has been reported and was shown to
negatively regulate the Ras/MAPK pathway (20). However,
the physiological relevance of this observation is yet to be
evaluated. We hypothesized that Grb2 is a substrate of the
PRLR/Jak2 complex and may contribute to PRL inhibition of
EGF-induced MAPK activation and cell proliferation. To in-
vestigate whether PRL induces phosphorylation of Grb2 on
tyrosine residues present within its SH3 domains, we overex-
pressed in 293 cells PRLR, Jak2, and either the Grb2WT or
Grb2YF mutant form in which the four tyrosine residues, Y7,
Y37, Y52, and Y209, were replaced by phenylalanine. As
shown in Fig. 4B, PRLR activation led to tyrosine phosphory-
lation of the Grb2WT but not the Grb2YF mutant, suggesting
that PRL induces tyrosine phosphorylation of Grb2 on the
tyrosine residues within its SH3 domains. Moreover, tyrosine
phosphorylation of Grb2 was detected only in cells overex-
pressing the PRLR along with the Jak2 kinase but not the Src
kinase, indicating that Grb2 is a specific substrate of the
PRLR/Jak2 complex (Fig. 4C). The importance of PRLR/
Jak2-induced tyrosine phosphorylation of Grb2 is further em-
phasized with the Grb2W36,193K mutant form. This mutant
has been shown previously to be incapable of activating Ras
due to the loss of functionality of the SH3 domains and its
interaction with Sos (11). As shown in Fig. 4C, Grb2W36,193K
exhibited dramatic tyrosine phosphorylation upon activation of
the PRLR/Jak2 complex, suggesting that tyrosine phosphory-
lation of Grb2 is a possible mechanism utilized by
Grb2W36,193K to block Grb2/Sos complex formation and
thereby MAPK activation. Together, these results prompted us
to determine whether PRL stimulation of mammary epithelial
cells would lead to tyrosine phosphorylation of Grb2. We thus
immunoprecipitated Grb2 using a polyclonal antibody to Grb2
in differentiated HC11 following PRL stimulation. As shown in
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Fig. 5A (left panel), PRL was observed to induce the tyrosine
phosphorylation of Grb2 within 15 min of stimulation. Fur-
thermore, Grb2 was found to be present in phosphotyrosine
immunoprecipitates of HC11 cells following stimulation by
PRL, confirming the ability of PRL to induce tyrosine phos-
phorylation of Grb2 in mammary cells (Fig. 5A, right panel).
Moreover, as shown in Fig. 5B (left and right panels), using
HC11, we observed tyrosine phosphorylation of endogenous
Grb2 and overexpressed myc-Grb2 in cells that were initially
pretreated with a phosphatase inhibitor (sodium vanadate)
before PRL stimulation, further confirming the ability of PRL
to induce tyrosine phosphorylation of Grb2. As Jak2 kinase but
not Src kinase was found to mediate PRL-induced tyrosine
phosphorylation of Grb2 (Fig. 4C), we next used the Jak2
kinase inhibitor to determine whether the tyrosine phosphory-
lation of Grb2 requires Jak2 kinase activation in HC11 cells.
As shown in Fig. 5C, PRL was unable to induce Grb2 tyrosine
phosphorylation in the presence of the Jak2 inhibitor com-
pared to results for the control DMSO-treated cells. Together,
these data indicate that in mammary epithelial cells, PRL leads
to tyrosine phosphorylation of Grb2 through Jak2 activation.

We next examined the ability of PRL to induce tyrosine
phosphorylation of Grb2 using NMuMG mammary epithelial
cells. As shown in Fig. 5D, PRL was observed to induce the
tyrosine phosphorylation of Grb2 within 10 min of stimulation.
Furthermore, we assessed the ability of PRL to induce tyrosine
phosphorylation of Grb2 in other PRL-responsive cell systems,
such as human breast cancer MCF-7 and T47D cells. As shown
in Fig. SE, PRL was able to induce the tyrosine phosphoryla-
tion of Grb2 in both breast cancer cell lines, and this induction
was correlated with the ability of PRL to suppress cell growth
(Fig. 5F). Together, these data indicate that Grb2 is a down-
stream target of PRL/Jak2 signaling in mammary epithelial
and breast cancer cells.

PRL-mediated suppression of EGF-induced MAPK activa-
tion is through tyrosine phosphorylation of Grb2. Next, we
were interested in determining whether PRL utilizes tyrosine
phosphorylation of Grb2 as a mechanism to inhibit EGF-in-
duced MAPK activation in mammary cells. We first examined
the pattern of tyrosine phosphorylation of Grb2 in response to
treatment with PRL, EGF, and PRL/EGF. HC11 cells either
were left untransfected (Fig. 6A, left panel) or were trans-
fected with an expression vector encoding myc-Grb2 (Fig. 6A,
right panel) and stimulated with PRL, EGF, or PRL/EGF for
15 min. Since Grb2 phosphorylation is tightly regulated (22,
33), we pretreated HC11 cells with the phosphatase inhibitor
sodium vanadate to optimize ligand-induced Grb2 tyrosine
phosphorylation. In comparison to EGF, PRL potently in-
duced tyrosine phosphorylation of both endogenous (Fig. 6A,
left panel, 41.6-fold) and overexpressed Grb2 (Fig. 6A, right
panel, 22.3-fold). Furthermore, in cells cotreated with the com-
bination of PRL and EGF, the level of Grb2 phosphorylation
was comparable to that for PRL-treated cells (Fig. 6A, left
panel, 38.8-fold, and right panel, 26-fold). Together, these data
indicate that PRL is more effective in inducing tyrosine phos-
phorylation of Grb2 than EGF and further highlight the ob-
servation that Grb2 tyrosine phosphorylation is maintained
in cells cotreated with both PRL and EGF.

To determine the role of tyrosine phosphorylation of Grb2 in
PRL inhibitory effects on the EGF-induced MAPK pathway in
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FIG. 4. PRLR/Jak2-mediated tyrosine phosphorylation of Grb2. (A) Plasmids (1 ng) encoding the long form of the PRLR, Jak2, SHP2CA,
Grb2, or myc-Grb2 were cotransfected in 293 cells as indicated. Serum-starved cells were treated with PRL for 10 min. Lysates were immuno-
blotted with a monoclonal antibody to phosphotyrosine (upper panel) and a monoclonal antibody to SHP2 (lower panel). (B) 293 cells were
cotransfected with plasmids (1 ng) encoding PRLR, Jak2, and the indicated forms of Grb2. Serum-starved cells were left unstimulated or were
stimulated with PRL for 15 min. Lysates were immunoblotted using a monoclonal antibody to phosphotyrosine (upper panel) or a polyclonal
antibody to Grb2 (lower panel). (C) 293 cells were cotransfected with plasmids (1 wg) encoding the long form of the PRLR along with various
forms of Grb2 with either Jak2 or Src, as indicated. Serum-starved cells were treated with PRL for 10 min. Lysates were immunoblotted with a
monoclonal antibody to phosphotyrosine (PY). WB, Western blot; «-, anti-.

mammary cells, we transiently overexpressed the myc-Grb2YF
mutant in HC11 cells and examined the ability of PRL to inhibit
EGF-induced MAPK activation. As shown in Fig. 6B, as expected
for mock-transfected cells, PRL was able to block EGF-induced

MAPK activation (Fig. 6B, compare mock samples PE and E).
However, in cells overexpressing the myc-Grb2YF mutant form,
PRL was unable to block EGF-induced activation of the MAPK
pathway (Fig. 6B, compare myc-Grb2YF sample PE to mock
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FIG. 5. PRL induces tyrosine phosphorylation of Grb2 in mammary cells. (A, left) Serum-starved HC11 cells were untreated or treated with
PRL for 15 min. Lysates were immunoprecipitated (IP) using a polyclonal antibody to Grb2 and immunoblotted with a monoclonal antibody to
phosphotyrosine (upper panel) and a polyclonal antibody to Grb2 (lower panel). (Right) Lysates of HC11 cells prepared as described above were
immunoprecipitated using a polyclonal antibody to phosphotyrosine and immunoblotted with a polyclonal antibody to Grb2 (upper panel). Cell
lysates were immunoblotted with a polyclonal antibody to Grb2 (lower panel). (B, left) Serum-starved differentiated HC11 cells were pretreated
with sodium vanadate (50 pg/ml) for 30 min and then stimulated with PRL for 15 min. Lysates were immunoprecipitated with a polyclonal antibody
to Grb2, immunoblotted with a monoclonal antibody to phosphotyrosine (upper panel), and reblotted with a polyclonal antibody to Grb2 (lower
panel). (Right) Differentiated HC11 cells were transfected with an expression vector encoding myc-Grb2. Serum-starved cells were pretreated with
sodium vanadate (50 pg/ml) for 30 min, stimulated with PRL as indicated, and immunoprecipitated using a polyclonal antibody to phosphotyrosine,
followed by immunoblotting with a monoclonal antibody to the myc tag (upper panel). Lysates from the same transfection were immunoblotted
with a monoclonal antibody to the myc tag (lower panel). (C) Serum-starved differentiated HC11 cells were pretreated with DMSO or Jak2
inhibitor (25 pM) for 90 min. Cells were then left unstimulated or were stimulated with PRL for 15 min. Lysates were immunoprecipitated and
immunoblotted as in panel A (left). (D) Serum-starved NMuMG cells were left untreated or were treated with PRL as indicated. Numbers indicate
time (in minutes). Lysates were immunoprecipitated using a polyclonal antibody to Grb2 and immunoblotted with a monoclonal antibody to
phosphotyrosine (upper panel) and a polyclonal antibody to Grb2 (lower panel). (E) Serum-starved MCF-7 (left panel) and T47D (right panel)
cells were pretreated with sodium vanadate (50 wg/ml) for 30 min and then stimulated or not with human PRL (100 ng/ml). Cell lysates were
immunoprecipitated with a polyclonal antibody to Grb2, immunoblotted with a monoclonal antibody to phosphotyrosine (upper panel), and
reblotted with a polyclonal antibody to Grb2 (lower panel). (F) MCF-7 (upper panel) and T47D (lower panel) cells were plated o/n in 2% serum
and left untreated or treated with human PRL for 72 h. An MTT assay was performed, and the results are the means = SEM for triplicates of
three experiments. Upper panel, *, P = 0.0216; **, P = 0.0075. Lower panel, *, P = 0.0153; *%, P = 0.0024. Abs, absorbance; WB, Western blot;
a-, anti-; PY, phosphotyrosine; TCL, total cell lysates.
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sample E). These data indicate that tyrosine phosphorylation of
Grb2 is an essential mechanism utilized by PRL to suppress
EGF-induced MAPK activation.

To further map the negative regulatory effects of PRL on
EGF-induced MAPK activation and to determine the contri-
bution of tyrosine phosphorylation of Grb2 to this process, we
examined the influence of PRL on EGF-induced Ras activa-
tion. Using a pulldown assay of activated Ras, we observed that
in control mock-transfected cells, EGF induced the activation
of Ras and, interestingly, PRL attenuated EGF-induced Ras
activation (Fig. 6C, upper panel). Furthermore, the overex-
pression of myc-Grb2YF reversed the inhibitory effects of PRL
on EGF-induced Ras activation (Fig. 6C, upper panel). Rep-
robing of the membrane with a monoclonal antibody to GST
indicated a similar GST-Ras binding domain of raf (GST-
RBD) fusion protein present in all samples (Fig. 6C, middle
panel). Moreover, immunodetection of cell lysates using a
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monoclonal antibody to the Ras protein confirmed that equal
cell lysates were used in all samples (Fig. 6C, lower panel).
These data together indicate that PRL inhibits EGF-induced
Ras activation through tyrosine phosphorylation of Grb2.

Since Grb2 tyrosine phosphorylation impairs SH3-depen-
dent binding to Sos, thereby blocking Ras activation (20), we
next determined whether PRL is able to regulate EGF-induced
Grb2/Sos complex formation in mammary epithelial cells
through tyrosine phosphorylation of Grb2. Grb2/Sos coimmu-
noprecipitation in HCI1 cells that were either mock trans-
fected or transfected with myc-Grb2YF and treated with EGF
or PRL/EGF was examined (Fig. 6D). In control mock-trans-
fected cells, PRL treatment led to a significant decrease in
EGF-induced Grb2/Sos complex formation. Interestingly, in
immunoprecipitations of myc-Grb2YF, we observed no signif-
icant difference in the amounts of Sos in complex with Grb2YF
in samples treated with EGF and with PRL/EGF (Fig. 6D).
These data suggest that PRL utilizes the tyrosine phosphory-
lation of Grb2 to inhibit EGF-induced Grb2/Sos complex for-
mation. Together, these results indicate that PRL suppresses
the EGF-induced MAPK pathway at the level of Ras activation
by blocking Grb2/Sos interaction. Furthermore, our data em-
phasize the contribution of PRL-induced tyrosine phosphory-
lation of Grb2 as a mechanism by which PRL exerts its nega-
tive regulatory role in EGF-induced MAPK activation in
mammary epithelial cells.

PRL/Jak2-induced tyrosine phosphorylation of Grb2 atten-
uates EGF-induced cell proliferation. Since PRL-induced ty-
rosine phosphorylation of Grb2 is critical in PRL negative
regulation of EGF-induced Ras/MAPK activation, we next ex-
amined the contribution of PRL-induced tyrosine phosphory-
lation of Grb2 in EGF-mediated cell proliferation. To do so,
we established stable cell lines overexpressing the myc-
Grb2YF mutant in HC11 cells (Fig. 7A). Similarly to parental
HCI11 cells, vector-transfected cells (HC11-vector) show that
in contrast to EGF, PRL weakly activated the MAPK pathway.
Furthermore, PRL inhibited EGF-induced MAPK activation
(Fig. 7B, left panel). In Grb2YF-overexpressing cells (HC11-
Grb2YF), PRL also showed mild activation of the MAPK
pathway in comparison to EGF-treated cells (Fig. 7B, right
panel). As expected, PRL did not block EGF-induced MAPK
activation, further confirming the importance of tyrosine phos-
phorylation of Grb2 in PRL-mediated suppressive effects on
EGF-induced MAPK activation (Fig. 7B, right panel).

To further study the importance of PRL-induced tyrosine
phosphorylation of Grb2 in the inhibition of EGF-induced cell
proliferation, we used MTT assays to examine the proliferation
capacity of HC11-vector and HC11-Grb2YF cell lines in re-
sponse to each ligand and the combination of both ligands
(Fig. 7C). As expected, while EGF induced a significant in-
crease in cell proliferation in vector-transfected HC11 cells
(Fig. 7C, HC11-Vectorl and HC11-Vector2, compare HI and
HIE samples), PRL suppressed EGF-mediated cell growth
(Fig. 7C, HC11-Vectorl and HCl11-Vector2, compare HIE
and HIPE samples). In Grb2YF-overexpressing HC11 clones
(Fig. 7C, HC11-Grb2YF2 and HC11-Grb2YF3), EGF induced
cell proliferation to an extent similar to that seen for mock-
transfected cells. Interestingly, PRL was unable to block EGF-
induced cell proliferation (Fig. 7C, HCI11-Grb2YF2 and
HC11-Grb2YF3, compare HIE and HIPE samples). These
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FIG. 6. PRL-induced tyrosine phosphorylation of Grb2 inhibits EGF-induced Ras/MAPK activation. (A, left) Serum-starved differentiated HC11 cells were
pretreated with sodium vanadate for 30 min and were left unstimulated or stimulated with EGF (E), PRL (P), or PRL/EGF (PE) for 15 min. Cell lysates were
immunoprecipitated using a polyclonal antibody to Grb2, immunodetected with a monoclonal antibody to phosphotyrosine, and reprobed with a polyclonal
antibody to Grb2. (Right) Differentiated HC11 cells were transfected with an expression vector encoding myc-Grb2. Serum-starved cells were pretreated with
sodium vanadate and stimulated as described above. Cell lysates were immunoprecipitated using a polyclonal antibody to phosphotyrosine and immunodetected
using a monoclonal antibody to the myc epitope (upper panel). Cell lysates were immunoblotted with a monoclonal antibody to the myc epitope (lower panel).
(B) Differentiated HC11 cells were transfected with a vector or a plasmid encoding myc-Grb2YF. Starved cells were stimulated with EGF or PRL/EGF as
indicated. Numbers indicate time (in minutes). Lysates were immunoblotted using a polyclonal antibody to phospho-Erk1/Erk2 (upper panel) and Erk1/Erk2
(lower panel). (C) HC11 cells treated as described above were stimulated with EGF or PRL/EGF as indicated. A pulldown assay of Ras-GTP was performed,
and immunodetection was done using a monoclonal antibody to Ras (upper panel) and a polyclonal antibody to GST (middle panel). Cell lysates were
immunodetected with a monoclonal antibody to Ras (lower panel). (D) Differentiated HC11 cells were transfected as described above. Serum-starved cells were
left unstimulated or were stimulated with EGF or PRL/EGF for 15 min. Lysates were immunoprecipitated with a polyclonal antibody to Grb2 or to myc,
immunoblotted with a monoclonal antibody to Sos (upper panel), and reblotted with a polyclonal antibody to Grb2, or total cell lysates were immunodetected
using a monoclonal antibody to myc (lower panels). a-, anti-; PY, phosphotyrosine; TCL, total cell lysates.
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data indicate that PRL-induced tyrosine phosphorylation of
Grb2 is essential in mediating PRL-suppressive effects on
EGF-induced cell growth. This finding was further confirmed
using a cell-counting assay (Fig. 7D). As expected, in vector
transfected cells, PRL was able to block EGF-induced cell
growth (Fig. 7D, HC11-vectorl, compare HIE and HIPE sam-
ples). Importantly, this antagonistic effect of PRL on EGF-
induced cell growth was blocked in cells overexpressing
Grb2YF at both the 24-h and 48-h time points (Fig. 7D, HC11-
Grb2YF2 and HC11-Grb2YF3, compare HIE and HIPE sam-
ples), emphasizing the importance of Grb2 tyrosine phosphor-
ylation in PRL inhibitory effects on EGF-induced cell
proliferation. Furthermore, our data indicate that HCI11-
Grb2YF cells were unresponsive to the growth inhibitory ef-
fects of PRL (Fig. 7D, HC11-vectorl to HC11-Grb2YF2 and
HC11-Grb2YF3, compare HIP samples). Interestingly, we ob-
served that HC11-Grb2YF cells exhibit a higher proliferation
rate than parental or vector-transfected cells, further suggest-
ing Grb2 tyrosine phosphorylation as an inhibitory mechanism
to cell proliferation.

To further evaluate the role of tyrosine phosphorylation of
Grb2 as a negative regulator of cell growth, we examined
whether the Grb2YF mutant form may derive cell proliferation
in the absence of endogenous Grb2. For this experiment, we
generated a construct expressing a Grb2YF form that is un-
recognizable to the Grb2 shRNA. Indeed, as shown in Fig. 7E
(left panel), while co-overexpression of the shRNA against
Grb2 suppressed expression of the myc-Grb2 wild type, expres-
sion of Sil-Grb2YF was resistant to the suppressive effects of
the Grb2 shRNA. To test the ability of the Sil-Grb2YF form to
rescue cell growth in the absence of endogenous Grb2, we
transfected HC11 cells with either a vector plasmid or a plas-
mid expressing Grb2 shRNA in the absence or the presence of
a plasmid expressing Sil-Grb2YF (Fig. 7E, right panel). As can
be seen, EGF was not able to induce cell growth in samples
overexpressing the Grb2 shRNA compared to samples over-
expressing the vector alone (Fig. 7E, right panel, compare
samples [HI and HIE] for vector and vector+shRNA). These
data indicate that silencing of Grb2 impairs the ability of EGF
to induce cell growth, emphasizing the critical role of Grb2 in
EGF-induced mammary cell growth. Interestingly, this loss in
cell growth was rescued in cells overexpressing the Sil-
Grb2YF mutant form (Fig. 7E, compare samples [HI and
HIE] for vector+shRNA and Sil-Grb2YF+shRNA). More
importantly, PRL was also unable to block EGF-mediated
cell growth in the presence of the Sil-Grb2YF form (Fig. 7E,
compare samples HIE and HIPE for SilGrb2YF+shRNA).
These data together indicate that the Grb2YF form is able
to mediate proliferative signals and that PRL is ineffective
in blocking EGF-mediated cell proliferation in the absence
of tyrosine phosphorylation of Grb2. Together, these results
point to the essential role of PRL-induced tyrosine phos-
phorylation of Grb2 in regulating growth factor-induced
mammary epithelial cell proliferation.

DISCUSSION

Multiple hormones and growth factors regulate mammary
epithelial cell growth and differentiation. In the present study,
we have examined the PRL and EGF cross talk mechanism in
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mammary epithelial cells. Our results indicate that PRL and
EGF exhibit antagonistic properties that have an impact on
mammary epithelial cell proliferation and differentiation. We
have discovered an intricate signaling network mediating this
negative cross talk. EGF was shown to block PRL-induced
cellular differentiation by interfering with Stat5Sa-mediated
gene transcription without inhibiting parts of the PRL-proxi-
mal signaling cascade, such as Jak2 activation, whereas PRL
attenuated EGF-induced MAPK activation and cell prolifera-
tion through Jak2-dependent tyrosine phosphorylation of the
adaptor protein Grb2. Together, these results define a novel
signaling mechanism underlying PRL and EGF cross talk in
mammary epithelial cells (Fig. 8).

The direct role of PRL in mammary epithelial cell prolifer-
ation is not fully elucidated and appears to be cell context
dependent. While PRL has been described to play a prolifer-
ative and tumorigenic role in the mammary epithelium (4, 29,
32), the overexpression of PRL in the differentiated mammary
epithelium resulted in altered alveologenesis, yet no carcino-
mas were detected (24), suggesting that the state of differen-
tiation of mammary epithelial cells may be an important de-
terminant in specifying the role of PRL as a proliferative agent.
While these data indicate that the role of PRL in mammary
cell proliferation is complex and requires further investigation,
our data indicate that in differentiated mammary epithelial
cells, PRL is nonproliferative, and moreover, PRL can atten-
uate growth factor-induced cell proliferation. Due to the well-
known effect of EGF as a promoter of mammary epithelial cell
proliferation and tumorigenesis and based on our data indi-
cating the ability of PRL to significantly suppress EGF-induced
cell proliferation, we were interested in defining the mecha-
nism by which PRL exerts this effect on EGF-mediated signal-
ing. While PRL has been reported to activate the MAPK
(Erk1/Erk2) pathway (12, 15), we have previously reported
that PRL, through Jak2, may suppress the MAPK pathway
(28). Here, we observed that unlike EGF stimulation, PRL
stimulation resulted in only minor and transient activation of
Erk1/Erk2; in addition, we could not detect any PRL-induced
activation of Rsk, a downstream target of the MAPK pathway.
Moreover, we observed that PRL suppressed EGF-induced
MAPK activation. Together, these data indicate that PRL is a
poor activator of the MAPK pathway and that PRL may sup-
press growth factor-mediated MAPK activation in mammary
epithelial cells. On the other hand, EGF was found to be a
potent inhibitor of PRL-Stat5a-mediated gene transcription,
which was found to be independent of the ability of PRL to
activate Jak2 kinase. This result suggests that PRL may sup-
press EGF effects through a Jak2-dependent proximal signal-
ing mechanism.

We have previously reported the presence of a 29-kDa pro-
tein, a substrate of SHP-2, in immunoprecipitates of Grb2
following PRLR/Jak2 activation (26). Moreover, in samples
overexpressing myc-Grb2 (molecular size, 45 kDa) we ob-
served a phosphorylated protein of 45 kDa and not 29 kDa,
suggesting that p29 is indeed Grb2 (Fig. 4). Moreover, we
previously found that the phosphorylation level of this protein
was dependent on the catalytic activity of SHP-2 as well as
SHP-2 C-terminal tyrosine residues (26). These data together
suggest that Grb2 is recruited to the PRLR/Jak2 complex
through the C-terminal tyrosine residues of SHP-2. Confirming
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FIG. 7. Tyrosine phosphorylation of Grb2 is essential for the inhibitory effects of PRL on EGF-induced cell proliferation. (A) HC11 cells were
transfected with a vector (V) or a plasmid encoding myc-Grb2YF (YF). Cell lysates were immunoblotted with a monoclonal antibody to the myc
epitope to detect stable expression of myc-Grb2YF. (B) Serum-starved differentiated HC11-vector1 (left) or HC11-Grb2YF2 (right) clones were
treated with PRL (P), EGF (E), or PRL/EGF (PE), as indicated. Numbers indicate time (in minutes). Cell lysates were immunoblotted with a
polyclonal antibody to phospho-Erk1/Erk2 (upper panels) and Erk1/Erk2 (lower panels). Blots shown are representative of HC11-vector and
HC11-Grb2YF isolated clones. (C) Vector or Grb2YF-transfected HC11 cell lines were grown o/n in media containing 2% serum HI or HIP. Cells
were then left untreated or were treated with EGF for 72 h. An MTT assay was performed, and the results are expressed as the means = SEM
for triplicates of three different experiments (*, P = 0.048). (D) Vector or Grb2YF HC11 clones were grown o/n in media containing 2% FBS HI
or HIP. Cells were then left untreated or were treated with EGF for 24 h and 48 h. A cell counting assay was performed, and the results are
expressed as the means = SEM for triplicates of three experiments (*, P = 0.034; %%, P = 0.041). (E, left) 293 cells were transfected with either
myc-tagged Grb2 or Sil-Grb2YF in the absence or the presence of pU6*2’-ShGrb2. At 48 h following transfections, cells were lysed and
immunoblotted with a monoclonal antibody to myc or a monoclonal antibody to B-tubulin. (Right) HC11 cells were cotransfected with a vector,
a vector and pU6™*?7-ShGrb2, or the Sil-Grb2YF mutant and pU6™*27-ShGrb2. Transfected HC11 cells were selected in media containing G418 for
48 h. Cells were then grown o/n in media containing 2% FBS HI or HIP. Cells were then left untreated or were treated with EGF for 48 h. An
MTT assay was performed, and the results are expressed as the means = SEM for triplicates of three experiments (%, P = 0.002; **, P = 0.0017).
Abs, absorbance; a-, anti-; TCL, total cell lysates.

previous observations (22, 33) these data suggest that tyrosine tection of Grb2 phosphorylation, although the pattern of reg-
phosphorylation of Grb2 is a reversible process, tightly regu- ulation by PRL or EGF was intact.

lated by intracellular protein tyrosine phosphatases. Indeed, Tyrosine phosphorylation of Grb2 within its SH3 domains
pretreatment of cells with sodium vanadate led to better de- was previously observed for cells transformed by the Bcr/Abl
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FIG. 8. PRL/EGF negative cross talk in mammary epithelial cells. Both PRL and EGF play important roles in mammary epithelial cell growth
and differentiation. We propose multiple levels of cross-regulation in PRL/EGF cross talk in mammary cells. While EGF blocks PRL-induced
cellular differentiation by interfering with Stat5a transcriptional activity without inhibiting the PRL-proximal signaling cascade, PRL suppressed
EGF-induced MAPK activation and cell proliferation through tyrosine phosphorylation of Grb2.

oncogene as well as following EGFR activation in A431 cells
(20). However, the physiological context of tyrosine phosphor-
ylation of Grb2 had not been well established. Our data indi-
cate that in mammary epithelial cells, PRL-induced tyrosine
phosphorylation of Grb2 is essential for PRL inhibitory effects
on EGF-induced signaling to MAPK activation and cell pro-
liferation. Other mechanisms of PRL-induced negative regu-
lation of EGF signaling have been proposed, such as through
protein kinase C (10) and threonine phosphorylation of the
EGFR (31). Although our study does not rule out the presence
of other mechanisms, the observation that overexpression of
the Grb2YF mutant was able to recover significant levels of
EGF-induced Ras/MAPK activation and cell proliferation in-
dicates the importance of Grb2 tyrosine phosphorylation in the
suppression of EGF signaling by PRL in mammary epithelial
cells.

Furthermore, while tyrosine phosphorylation of Grb2 was
proposed as an auto-feedback mechanism to inhibit EGF ac-
tivation of the MAPK pathway (20), our data, in accordance
with previous studies (22, 33), indicate that EGF stimulation
does not lead to significant tyrosine phosphorylation of Grb2.
This result suggests that Grb2 phosphorylation might represent
a cross-regulatory mechanism rather than an auto-regulatory
mechanism for EGF, in that ligands that employ Grb2 might
influence EGF signaling by increasing the pool of phosphory-
lated Grb2. Our results suggest a model in which the presence
of PRL significantly increases the pool of phosphorylated
Grb2, which impairs the ability of EGF to induce the activation
of the Ras/MAPK pathway and hence cell proliferation.

The importance of the adaptor protein Grb2 in growth fac-
tor receptor signaling and in the development of cancers, such
as breast cancer, has been well characterized. Therefore, mul-
tiple inhibitors of Grb2 have been developed as therapeutic

agents (7, 19). The majority of the Grb2 inhibitors act by
blocking the interaction between Grb2 and tyrosine kinase
receptors or targeting SH3-ligand interaction. Our findings and
those by Li et al. (20) suggest that interrupting the interaction
of Grb2 and Sos via the induction of tyrosine phosphorylation
of Grb2 may be a possible target of Grb2 inhibition. In this
study, we have identified a novel cross-regulatory signaling
mechanism operating downstream of PRL and EGF that in-
fluences mammary epithelial cell growth and differentiation.
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