Chapter 7
Role of Src Family Kinases in Prolactin
Signaling
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Maria Pilar Sanchez-Bailén, Victor Mayoral-Varo and Annarica Calcabrini

Abstract Prolactin (PRL) is a polypeptide hormone/cytokine mainly synthesized
by the lactotrophic cells of the adenohypophysis. In addition to the best-known role
in mammary gland development and the functional differentiation of its epithelium,
PRL is involved in regulation of multiple physiological processes in higher organ-
isms contributing to their homeostasis. PRL has been also associated with pathol-
ogy, including breast cancer. Therefore, it is relevant to determine the molecular
mechanisms by which PRL controls cellular functions. Here, we analyze the role
of Src family kinases (SFKs) in the intracellular signaling pathways controlled by
PRL in several model systems. The data show that SFKs are essential components
in transmitting signals upon PRL receptor stimulation, as they control activation of
Jak2/Stat5 and other routes that regulate PRL cellular responses.

Abbreviations

BaF-3 cells Mouse pro-B lymphocytes

BrdU 5-bromo-2'-deoxyuridine

CEF Chick embryo fibroblasts

CSK Carboxyl-terminus Src kinase

EGF Epidermal growth factor

EGFR, ErbB1  Epidermal growth factor receptor

Erk1/2 Extracellular signal-regulated kinase 1/2

Fak Focal adhesion kinase

FERM domain F for 4.1 protein, E for erzin, R for radixin, and M for moesin
FGF Fibroblast growth factor
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Forkhead box O3 transcription factor

GH Growth hormone

Gab2 Grb2-associated-binding protein 2

Grb2 Growth factor receptor-bound protein 2

GSK38 Glycogen synthase kinase 3beta

IEG Immediate early genes

IL-3 Interleukin 3

IGF-IR Insulin-like growth factor I receptor

1P Immunoprecipitation

Jak Janus family kinases

JH domain Jak homology domain

Mek1/2 Mitogen-activated protein kinase 1/2

NDF Neuregulin differentiation factor

PDGF Platelet-derived growth factor

PRL Prolactin

PRLR Prolactin receptor

PI3K Phosphoinositide 3-kinase

RCASAorB Replication-competent avian retroviral vectors derived from
RSV

RSV Rous Sarcoma Virus

SFKs Src family kinases

SH3 domain Src homology domain 3

SH2 domain Src homology domain 2

Shp2 Tyrosine phosphatase containing two SH2 domains

Stat Signal transducers and activators of transcription

WB Western blot

W53 cells BaF-3 cells expressing the long form of the PRLR from rat

ovary

7.1 Introduction

The landmark in prolactin (PRL) molecular signaling was the cloning and charac-
terization of prolactin receptors (PRLR) in the late 1980s [51]. The PRLR is a mem-
ber of the type I cytokine receptor family, which also includes receptors for growth
hormone, interleukins-2—7, erythropoietin, granulocyte colony stimulating factor,
granulocyte—macrophage colony stimulating factor, etc. [9, 40, 96]. Although sev-
eral isoforms of PRLR have been described, the short, intermediate, and long forms
are the most common in biological systems. The short and the long forms, gener-
ated by alternative RNA splicing, differ in length and sequence of the cytoplasmic
domain. The intermediate form of the receptor, found in the rat thymoma cell line
Nb2, is generated from the long form through a partial in-frame deletion of 198
amino acids of the cytoplasmic domain [15].
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PRLR isoforms do not exhibit intrinsic enzymatic activity. However, in NB2-
11C cells it was promptly shown that PRL induced tyrosine phosphorylation by
association and activation of a 120 kDa protein kinase [81], subsequently identified
as Jak2 in Nb2, in mouse mammary explants [17] and in BaF-3 cells (mouse pro-B
lymphocytes) expressing the long form of PRLR [24]. Soon after, it was found that
the mammary gland transcription factor MGF/Stat5, a central component of the
lactogenic hormone-signaling pathway, was phosphorylated and activated by Jak2
upon PRL stimulation [34]. In this context, Jak2 conditional knockout mice showed
the essential role of this kinase for proliferation, differentiation of alveolar cells,
and maintenance of lactation [93]. All these data doubtlessly established the role of
Jak2 for PRL signaling.

In the early 1990s, collaborating with my colleague J.P. Garcia-Ruiz, who found
that a 60 kDa protein had been phosphorylated upon PRL stimulation of hepatocytes
from lactating rats, we established association and activation of the proto-oncogenic
c-Src (pp60-c-Src) to PRLR [11]. Similarly, PRL caused activation of Fyn, another
member of the Src family kinases (SFKs), in Nb2 cells [20].

Since these first observations several groups have worked to learn about the role
of Src kinases in PRL signaling. Here we revise these data, but first, we describe
some information about structure and function of Jak and Src family of tyrosine
kinases.

7.2 The Janus Protein Tyrosine Kinase Family

The Jak family (“Janus kinase” or “Just another kinase”, Jak) [98, 99] contains four
members: Jakl1, Jak2, Jak3, and Tyk2 that exhibit a high degree of homology. Mam-
malian expression of Jakl, Jak2, and Tyk2 is ubiquitous whereas Jak3 expression
is predominantly hematopoietic [44]. Jak family proteins are located at the plasma
membrane where they interact with the cytokine receptor [39].

The Jak family has a size between 120 and 140 kDa corresponding to about 1100
amino acids. Its members have a conserved structure in insects, birds, and mammals
and display seven Jak homology domains (JH) (Fig. 7.1). The main characteristic
of this family is the presence, at the extreme C-terminus, of a tyrosine kinase cata-
lytic domain (JH1) followed by an inactive pseudo-kinase domain (JH2), which is
involved in the regulation of enzyme activity. Indeed, it suppresses basal kinase ac-
tivity and allows stimulation upon binding of the ligand to the receptor [83]. At the
N-terminus, the JH3, JH4, and JHS domains possess homology with SH2 domains

FERM SH2 Pseudo-K Kinase

Fig. 7.1 The Janus protein tyrosine kinase family (Jak): structural domains.
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(SH2-like) and through them may interact with proteins containing phosphorylated
tyrosine residues. The JH6 and JH7 domains are homologous to the FERM domain,
found in molecules as Band 4.1, radixin, myosin, etc. The FERM domain has 300
amino acids in length. In addition regulating the kinase activity by interacting with
the JH1 domain [41, 107], FERM is responsible for the association of Jak2 with
Box I of PRLR [41, 56]. This interaction is not dependent on ligand binding to the
receptor [6].

Jak2 is associated and activated by a large number of cytokine receptors [17, 43,
88], and it is considered the major effector for PRLR signaling [76, 81, 82, 86, 100].
Therefore, it is not surprising that conditional knockout mice for Jak2 and PRLR
show similarities in their mammary gland phenotypes [92].

Activation of Jak2 by PRLR (Fig. 7.4) occurs by dimerization and the conforma-
tional change of the receptor after the ligand binding. This causes the juxtaposition
of two Jak2 molecules and their autophosphorylation/transphosphorylation on tyro-
sine residues Y1007 and Y1008, which are located in the activation loop of the ki-
nase domain [28, 61]. Besides the Y1007 and Y1008, there are other autophosphor-
ylation residues that regulate Jak2 catalytic activity, among them, Y813, between
JH1 and JH2 domains, which allows binding of the SH2-Bf adapter molecule. In
addition, Y221 in the FERM domain positively modulates Jak2, while Y570 [7, 27,
53], and S523 phosphorylation, between JH3 and JH2 domains, negatively regulate
Jak2 enzymatic activity [46, 64].

7.3 The Src Family of Tyrosine Kinases

Identification and characterization of Src have been associated with several mile-
stones on molecular and cellular biology. It started more than a century ago when
Peyton Rous described “a transmissible avian neoplasm™ [79] and is still continuing
today. The efforts of many scientists to decipher the structure and function of the
Rous Sarcoma Virus (RSV) have given rise to multiple biological concepts, includ-
ing retrovirus, oncogene, proto-oncogene, Src homology domains SH2 and SH3,
later found in many other proteins involved in cellular signaling [74, 91], tyrosine
protein kinases, protein tyrosine phosphorylation/dephosphorylation, etc. that have
changed our understanding of cell biology as well as oncology [62].

Src is the prototype member of the SFKs, a family of non-receptor tyrosine ki-
nases consisting of nine members (Src, Yes, Fyn, Fgr, Lyn, Hck, Lck, Yrk, and
Blk), four of them Src, Yes, Yrk, and Fyn are ubiquitously expressed [91]. The
structure of SFKs is modular (Fig. 7.2). At the amino-terminus it contains signals
for interactions with fatty acid (myristic and palmitic acids), which allow them to
associate with the cellular membrane. The first 40-60 amino acids constitute the
unique domain (U, also named as SH4), which is the most dissimilar region among
family members, therefore providing specificity. The Src homology domain 3
(SH3) allows intra/intermolecular interactions with proline-rich sequences. The Src
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Fig. 7.2 Structure and functionality of the SFKs. The SFKs have a modular structure; the nine
members have at amino-terminus sequence an acylation signal, allowing their association with
plasma membrane, which is followed by the unique domain (U or SH4), the SH3, SH2, the linker
or bridge, the kinase domain (KD, SH1), and a regulatory sequence. The indicated residues, which
positions referred to chicken nomenclature, are essential to maintain functionality of the Src fam-
ily members. The K295 is required for binding to ATP (ATPy) and auto-phosphorylation of Y416
induces maximal enzymatic activity. Phosphorylation of Y527 by CSK facilitates its intramo-
lecular interaction with the SH2 domain. This inactive conformation, stabilized by the contact
of the proline residue of the linker/bridge, prevents functionality of the SH2, SH3, and KD. This
restrained structure can be released by several mechanisms causing Y527 to be unphosphorylated:
displacement by another SH2-containing protein with higher affinity for the p-Y527, mutation of
Y57F or deletion of this carboxyl-terminus tail, as occurs in the oncogenic form of SFKs. Further-
more, mutations of W118A and R175L cause functional inactivation of SH3 and SH2 domains,
respectively, provoking constitutive activation of KD.

homology domain 2 (SH2) binds to tyrosine phosphorylated proteins. The linker,
a connecting sequence between the SH2 and the catalytic domain, contains a pro-
line residue. The catalytic domain (KD or SH1) includes the amino-terminus lobe,
which contains the K295 (chicken nomenclature) residue required for ATP-binding
and the carboxyl-terminus activation loop. In contrast to the viral proteins (v-Src),
the proto-oncogenic (c-Src) has a carboxyl-terminus regulatory tail containing a
tyrosine residue (Fig. 7.2) [74, 91].
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This conserved modular structure among family members suggests a common
regulatory mechanism. Interestingly, tyrosine phosphorylation/dephosphoryla-
tion was found to control conversion between inactive and active conformation of
SFKs. In this context, Src was identified as a phosphorylated protein of 60 kDa
(pp60-c-Src) with tyrosine kinase activity [91]. Two tyrosine residues Y416 and
527 (chicken nomenclature, used from now on) were identified. The Y416 resides
in the activation loop of the kinase domain and its autophosphorylation fully acti-
vates enzymatic activity. The Y527 is at the carboxyl-terminus regulatory tail that
when phosphorylated by the CSK (carboxyl-terminus Src kinase) interacts intramo-
lecularly with the SH2 domain. At the same time, the SH3 domain binds the linker
containing a proline residue. Together, these intramolecular interactions induce a
closed conformation of the SFKs and restrain their catalytic activity. Under this
condition not only the kinase activity is blocked but also the adapter SH2 and SH3
domains are occupied and, therefore, cannot interact with other cellular proteins to
form signaling complexes [91] (Fig. 7.2).

The SFKs members can be activated through the interaction of a variety of re-
ceptors for growth factors, cytokines, steroid hormones, etc. [16, 26, 31, 65, 68, 74,
87, 91] and transmit intracellular signals upon receptor activations. Also, integrins
activate the Fak (focal adhesion kinase)/Src complex, which in turn regulates adhe-
sion, migration, invasion, etc. [66]. Therefore, we can conclude that the SFKs are
implicated in the regulation of many cellular signal transduction pathways that con-
trol division, motility, adhesion, migration, angiogenesis, survival, differentiation,
etc. [29, 35, 91, 102]. It is then not surprising that deregulation of their expression
and/or activity is associated with a variety of tumors [35, 90, 97, 104]. However,
there is no evidence for Src kinase mutations associated with overexpression and/or
hyperactivation of these proto-oncogenes in cancer. It is the action of CSK by phos-
phorylating the carboxyl-terminus tyrosine residue Y527 and inactivating SFKs
[71], or the counteracting protein tyrosine phosphatases de-phosphorylating Y527
and activating SFKs [13, 70], the major players of this game.

7.4 Interaction of Prolactin Receptor and SFKs

The first published report about activation of SFKs by PRL described the interac-
tion of PRLR with Fyn in Nb2 cells. In these cells, which express the three major
isoforms of the PRLR (short, intermediate, and long forms), Fyn is constitutively
associated with all isoforms of PRLR. PRL stimulation of Nb2 causes activation of
Fyn. Furthermore, PRLR dimerization appears to be a requisite for Fyn activation
[20]. In early 1990s, my colleague J.P. Garcia-Ruiz (Centro de Biologia Molecular
Severo Ochoa (CBMSO), Madrid) observed a protein of 60 kDa tyrosine-phosphor-
ylated in PRL-stimulated hepatocytes from lactating rat, and in collaboration with
her we identified this protein as c-Src (pp60-c-Src). In this biological model, PRL
increases association of ¢-Src to PRLR and its activation [11]. The short form of
PRLR is predominant in rat liver [67].
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As shown that PRLR interacts with Src and Jak kinases, a question was raised as
to what was the interrelationship between these tyrosine kinases and PRLR. Using
chick embryo fibroblasts (CEF) that do not express PRLR and the retroviral expres-
sion vectors RCAS with different envelope proteins (RCAS-A and RCAS-B) [42],
PRLR long isoform from rat ovary [72], Jak2, and Src mutants were expressed in
these cells [30].

As a common feature of the cytokine receptor superfamily, the PRLR isoforms
contain a proline-rich sequence (PPVPGP) within the cytoplasmic juxtamembrane
region named Box I, which is required for Jak2 association and activation by PRL.
Therefore, mutations or deletions of these proline residues within Box I prevent
binding of Jak2 and receptor functionality [22, 24, 56, 75]. In this context, while
PRL stimulation of the wild-type receptor in CEF induces phosphorylation of the
receptor, Jak2, and Src, expression of a PRLR mutant with all proline residues of
Box I substituted by alanine residues (AAVAGA, PRLR,,, ,) inhibits tyrosine phos-
phorylation of the PRLR and association/activation of Jak2, but does not block Src
stimulation. However, expression of Jak2 with the kinase-domain deleted (Jak2AK)
together with the wild-type PRLR prevents receptor phosphorylation but not SFKs
activation, indicating that Jak2 phosphorylates PRLR. Furthermore, a c-Src kinase-
defective mutant (SrcK"), containing the K295M point mutation, which avoids in-
teraction of SFKs catalytic domain with ATP, does not alter PRLR tyrosine phos-
phorylation upon PRL stimulation [30].

To further determine the SFKs requirement for interaction with the PRLR,
CEF were infected with RCAS-A comprising the wild-type long isoform of the
receptor, and RCAS-B, containing different c-Src mutants with deletion of ei-
ther myristoylation signal (precluding association to the plasma membrane), SH3
(c-SrcASH3), SH2 (c-SrcASH2), or the kinase domain (c-SrcAK). The results show
that the SH2 or the SH3 domains of Src are not required for interaction with the
PRLR. However, the non-myristoylation mutant abrogates PRLR/c-Src interaction,
indicating that location of c-Src at the plasma membrane is essential (Fig. 7.3)

These data indicate that the long form of PRLR interacts with both c-Src and
Jak2. Then, PRL activates both kinases, but it is Jak2 that phosphorylates the recep-
tor [30] (Fig. 7.4). Depending on the biological system and the physiological condi-
tions, the consequences of these activations could induce proliferation, survival, or
differentiation responses. Other receptors also activate SFKs and Jak2, among them
receptors for GH, erythropoietin, thrombopoietin, interleukins, etc. [45, 48, 54, 80,
92, 101].

We can conclude that the three major isoforms of PRLR are able to interact and
activate SFKs members in different cellular models [1, 2, 11, 18, 20, 30, 31, 33, 87,
77]. However, the short form of PRLR is not able to induce gene transcription of
milk proteins [12, 21, 57, 85].

Phosphorylation of PRLR by Jak2 has multiple biological consequences. Thus,
phosphorylated tyrosine residues at the carboxyl-terminus region serve as docking
sites for Stat5 association and subsequent phosphorylation by Jak2. Indeed, substi-
tution of the last tyrosine residue for phenylalanine (Y/F) results in abrogation of
PRL induction of Jak2/Stat5/B-casein [3, 55, 76].
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Fig. 7.3 Interaction between PRLR and SFKs. Chicken embryo fibroblasts (CEF) were retrovi-
rally infected to express the long isoform of the PRLR from rat ovary and different forms of c-Src.
The association of PRLR and c-Src forms was determined by immunoprecipitation (/P) of PRLR
followed by western blot (#B) detection of Src.

7.5 Regulation of Jak2 by SFKs

The association of Src kinases and Jak2 with PRLR and their activation by PRL-
induced receptor dimerization brings about the question of whether or not there is a
relationship between these two tyrosine kinases.

Interestingly, PP1, a SFKs catalytic activity inhibitor, does not alter PRL-induced
PRLR tyrosine phosphorylation and Jak2/Stat5 activation in W53 cells, indicating
that SFKs enzymatic activity is not involved in PRL stimulation of the PRLR/Jak2/
Stat5 pathway [31]. Similarly, PP1 does not inhibit Jak2 autophosphorylation in
T47D [1]. In this context, another SFKs inhibitor, SU6656, also fails to inhibit PRL
activation of Jak2 in T47D [2]. As shown in CEF [30], in W53 cells tetracycline-
conditional (Tet-On system) expression of SrcK™ does not block PRL activation
of the Jak2/Stat5 pathway. However, the dominant negative c-Src mutant (SrcDN,
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Fig. 7.4 PRLR dimerization and Jak2 and SFKs activation. Src kinases and Jak2 are associated
with PRLR. Upon cellular stimulation with PRL, receptor dimerization takes place and Src kinases
and Jak2 activate. Jak2 phosphorylates PRLR under the control of Src kinases. Subsequently,

several signaling pathways induce cellular responses that, depending on physiological conditions,
could be proliferation, differentiation, survival, etc.

Proliferation Survival

Differentiation

¢-Src-K295M/Y527F), devoid of enzymatic activity but with functional SH2 and
SH3 domains, inhibits PRL activation of Jak2/Stat5, suggesting that these docking
regions of SFKs may control this event. Consistently, expression of SrcAK, which
only contains functional SH2 and SH3 domains, blocks PRL stimulation of the Jak2/
Stat5 pathway. However, conditional expression of Jak2AK in W53 cells does alter
PRL activation of SFKs [33]. Furthermore, in MCF7 cells, conditional expression
of SrcDN also abrogates Jak2/Stat5 activation. Moreover, functional inactivation of
either the SH2 domain (c-Src-SH2™, ¢-Src-R175L) or the SH3 domain (c-Src-SH3",
c-Src-W118A), which consequently have constitutive kinase activity, inhibits Jak2/
Stat5 pathway. Together, these results support the conclusion that the function of the
SH2 and SH3 adapter domains, independently of the catalytic activity of SFKs con-
trols the Jak2/Stat5 pathway. Besides, constitutive suppression of c-Src in MCF7
cells by means of a specific ShRNA significantly represses PRL activation of Jak2/
Stat5 pathway. Also, src¢”~ mice appear to have normal mammary gland develop-
ment during pregnancy but fail the secretory activation. These animals show normal
levels of PRL but reduced expression of PRLR at postpartum with diminished acti-
vation of Stat5 [95]. In extracts from the mammary gland isolated from src~ mice
at lactation, Jak2/Stat5 is impaired as compared to controls from src™* mice [33].
In this context, in mammary epithelial cells isolated from mid-pregnant Jak2~'~ and
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Cdkn2a—'— mice PRL induces Src/Fak/Erk1-2 activation [84]. Moreover, stimula-
tion of NE1 and A431 cells by EGF or NDF activates the Jak2/Stat5 pathway, which
is blocked by selective inhibitors of SFKs catalytic activity PP1 and CGP77675,
as well as by expression of SrcDN. These authors propose that EGF binds EGFR
(ErbB1) inducing receptor dimerization and autophosphorylation, which in turn re-
cruits Src that phosphorylates and activates the receptor preassociated Jak2 and
Stat5 [73]. CGP77675 directly inhibits Jak2 activity in in vitro kinase assays (un-
published data).

7.6 Role of Shp2 in SFKs Regulation of Jak2 Activation

We have been unable to detect direct interaction between SFKs and Jak2 by co-
immunoprecipitation assays, which suggests the existence of another interconnect-
ing molecule. In this context, the tyrosine phosphatase Shp2 has been implicated in
PDGF-stimulated SFKs activation in fibroblasts [94, 104] and in Jak2 activation by
PRL and IL-3 [10, 103]. Shp2 contains two amino-terminus SH2 domains followed
by the catalytic domain, and carboxyl-terminuses Y542 and Y580, separated by
a proline-rich sequence [69] (Fig. 7.5a). Crystallographic studies of C-terminus-
truncated Shp2 demonstrated that its basal catalytic activity is inhibited because of
interaction between N-SH2 and phosphatase domains [38]. Arole of Y542 and Y580
phosphorylation in the regulation of the phosphatase activity has been suggested.
Thus, substitution of these residues by non-hydrolysable phosphonyl amino acids
stimulates phosphatase activity, which in combination with mutations of the SH2
domains indicates that the interaction between phosphorylated Y542 and N-SH2
domain releases basal inhibition [59]. Moreover, phosphatase activity is required
for all actions of Shp2, including signaling cascades stimulated by growth factors,
cell adhesion molecules, and cytokines [3, 69, 78]. However, it remains to be deter-
mined if Jak2 and SFKs can regulate Shp2 activity through Y542 and Y580 phos-
phorylation. This event occurs in sequential fashion [5] inducing conformational
changes that promote Shp2 functions [59, 60, 69]. Indeed, conditional expression
of Shp2-Y542F-Y580 in W53 cells prevents PRL-induction of Shp2-Y580 phos-
phorylation (Fig. 7.5b). SFKs functionalities play a role in PRL stimulation of Shp2
phosphorylation. While conditional expression of SrcK™, SrcDN, or SrcAK mutant
in W53 cells shows Shp2 colocalized with all c-Src interfering mutants at the plasma
membrane (Garcia-Martinez, unpublished data), its phosphorylation is blocked by
SrcDN and SrcAK but not by SrcK™ (Fig. 7.6a). Interestingly, the endogenously
expressed Src family members Fyn and Lyn, which are the only ones activated by
PRL in W53 cells [31], interact with unphosphorylated Shp2 (Garcia-Martinez, un-
published data). Nonetheless, the Fyn-Shp2 and Lyn-Shp2 complexes are reduced
upon induction of SrcDN and SrcAK, presumably because overexpression of Src
docking domains facilitates SFKs-Shp2 association (Fig. 7.7a). In this context, in-
teraction of c-Src-SH3 domain and Shp2-proline-rich sequence, demonstrated by
pull-down experiments [94], is responsible for stabilization of the active form of
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Fig. 7.5 Role of Y542-Shp2 phosphorylation on PRL stimulation of cell proliferation and signal-
ing. a Schematic structure of Shp2 and Shp2-Y542F-Y 580 mutant. b Exponentially growing cul-
tures of W53 (5 x 103 cells/ml) with conditional expression (Tet-On system) of Shp2-Y542F-Y 580
were transferred overnight to PRL-depleted media in the absence or presence of Doxy (2 pg/ml).
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Fig. 7.6 Role of SFKs and Jak2 kinases on PRL stimulation of Shp2 phosphorylation. a Expo-
nentially growing cultures of W53 (5 x 10° cells/ml) with conditional expression (Tet-On system)
of SrcK™, SrcDN and SrcAK or empty vector V were treated as in Fig. 7.5b. Protein extracts
(20 pg) were used to determine p-Y 542- and p-Y 580-Shp2 by WB with specific phospho-antibod-
ies. Membranes were then reblotted with anti-Shp2 as a loading control. b Extracts (20 pg) from
exponentially growing cultures (5 10° cells/ml) of cells with conditional expression of Jak2AK
were treated as in (a) and used to determine the specific phosphorylation sites of Shp2. The results
represent one of three independent experiments.

SFKs [37]. Furthermore, SrcDN, SrcAK, as well as Jak2AK and Shp2-Y542F-Y 580
reduce Shp2-PRLR complex (Fig. 7.7b). This finding is likely due to inhibition
of tyrosine phosphorylation of Shp2 by these interfering mutants (Figs. 7.5b and
7.6), which induce a closed conformation with inaccessible SH2 domains, as pre-
viously shown [59, 60, 69]. In addition, these mutants inhibit phosphorylation of
PRLR, to which the carboxyl-terminus Shp2 binds [3]. In turn, Shp2 appears to be

Cells were then stimulated with PRL (100 ng/ml, 15 min). Protein extracts (20 pg) were used to
determine Shp2, p-Y542-, and p-Y580-Shp2 by WB. The arrow indicates the p-Y580-Shp2 band.
The lower band is, according to the company New England Biolabs, nonspecific. ¢ To determine
proliferation, cells were plated at 3 x 104 cells/ml in complete medium containing 5 ng/ml of
PRL, and cultured in the absence or presence of Doxy (2 pg/ml) for 24, 48, and 72 h. Cells were
collected by centrifugation, incubated with trypan blue, and viable cells were counted. The per-
centage of cell growth was calculated considering the number of control cells at 72 h as 100 %.
The results shown represent the average + SD of three independent experiments carried out in
triplicate. d Detection of p-Jak2, p-Stat5, p-Mek1/2, and p-Erk1/2 by WB was carried out as above.
e WB detection of p-Y416-c-Src, p-Akt, Myc, and p-p70S6K was carried out as in panel (b). The
quantifications were normalized by the values of their loading controls and referred to conditions-
PRL, considered as 1. The results represent one of three independent experiments.
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Fig. 7.7 Interaction of Shp2 with SFKs and PRLR. Exponentially growing cultures of W53
(5% 105 cells/ml) were treated as in Fig. 7.5b. a, b Clear cell lysates were used to immunoprecipi-
tate Fyn, Lyn, or c-Src mutants (a) or the PRLR HA-tagged (b). Immune-complexes were used to
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involved in Jak2 activation, as Shp2-Y542F-Y580 blocks PRL activation of Jak2/
Stat5 (Fig. 7.5d). In this context, Shp2 by dephosphorylating Jak2 Y1007 impedes
SOCS-1 association and ubiquitination, which ultimately leads to Jak2 stabilization
[4]. This reciprocal modulation between Shp2 and Jak2/Stat5 is also observed in
mice with selective suppression of Shp2 in the mammary gland, where PRL stimu-
lation of PRLR-Jak2/Stat5 complex and the subsequent activation of Jak2/Stat5
are impaired [50]. Similarly, Shp2 is required for physical association/activation
of Stat5a and milk protein gene transcription in PRL-stimulated HC11, a nontu-
morigenic mouse mammary epithelial cell line [8], and in GH-treated T47D [19].
In addition, in MCF7 cells, expression of SrcDN or c-Src depletion inhibits PRL-
induced Jak2 and Shp2 phosphorylation (Fig. 7.8) [33]. Interestingly, in this breast
cancer cell line SFKs catalytic activity appears to be involved in PRL regulation of
Shp?2 association and dephosphorylation of IGF-IR, which blocks its internalization
maintaining its activation [18]. In contrast, suppression of Shp2 in T47D does not
prevent PRL activation of Jak2/Stat5 [49]. Furthermore, we cannot exclude the pos-
sibility that Shp2 may have different functions while interacting with either SFKs
or Jak2, since the proline-rich sequence and the tyrosine-phosphorylated residues
could also serve as docking as shown for Grb2 [5] and Gab2 [3].

Together, these findings indicate that SFK-scaffold functions regulate Shp2 acti-
vation in PRL-stimulated W53 and MCF7 cells. Considering these results and those
published by others we propose a model in which PRL causes receptor dimerization
and activation of Jak2, Fyn, and Lyn. These activated SFKs bind to unphosphor-
ylated Shp2. At the same time, Jak2 phosphorylates PRLR, which favors Shp2—
SFKs complex dissociation due to the interaction of SH2 domains of Shp2 with the
phosphorylated PRLR. In turn, Jak2 sequentially phosphorylates Shp2 at Y542 and
Y580, as proposed [58, 63]. Alternatively, another kinase may be involved in Shp2
phosphorylation. The phosphorylated/activated Shp2 then controls Jak2 activation
and also serves as docking site for Grb2 and Gab2 [3, 5] (Fig. 7.9).

7.7 Role of SFKs in PRL Induction of Cell Proliferation

PRL can induce survival, proliferation, or differentiation depending on the cell
type, the physiological condition, and the stimuli. Cell survival as a result of PRL-
induced SFKs activation has been observed in a variety of cell systems, including
W53, MCF7, T47D, etc.[1, 2, 23, 36].

Several pieces of evidence support the role of SFKs in mammary gland develop-
ment and lactogenesis. In HC11, expression of SrcK™ inhibits 3-casein production

detect Shp2, c-Src mutants, or PRLR by WB. Detection of immunoglobulins and anti-HA from
immunoprecipitation served as loading controls. Values were normalized as in Fig. 7.5. The results
represent one of three independent experiments.
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Fig. 7.8 Role of ¢-Src in PRL stimulation of Jak2 and Shp2-Y542 phosphorylation in MCF7. a, b
Exponentially growing cell cultures of MCF7-Tet-On-SrcDN (a) and of c-Src-siRNA-MCF7 and
EGFP-siRNA-MCF7, as a control (b), were transferred for 48 h to serum-free media for starvation.
The MCF7-Tet-On-SrcDN cultures were maintained during this time in absence or presence of
Doxy (2 pg/ml). Cell cultures were then stimulated with PRL (100 ng/ml, 15 min). Protein extracts
(20 pg) were used to determine the levels of c-Src, Fyn, and Jak2 and Shp2-Y 542 phosphorylation
by WB. Membranes were reblotted with a-tubulin, anti-Jak2, and anti-Shp2 for loading controls.
The quantified values were normalized to their loading controls and referred to condition-PRL,
considered as 1.
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Fig. 7.9 Complex interaction between SFKs, Jak2, and Shp2. The interaction PRL-PRLR causes
activation of Fyn, Lyn and Jak2 and phosphorylation of PRLR. Shp2 associates through its proline-
rich region with the SH3-SFKs. Upon tyrosine phosphorylation of PRLR, Shp2 forms a complex
with the receptor via its carboxyl-terminus SH2, facilitating Y542 and Y580 phosphorylation by
Jak2 or another kinase. These phosphorylations in Shp2 eliminate its restricted conformation.
Shp2 then positively regulates Jak2/Stat5 and serves as docking molecule to form complexes with
Gab2, Grab2, etc., diversifying signaling pathways.

induced by the lactogenic complex (PRL, insulin, hydrocortisone) [89]; we have
also observed this effect by conditional expression of SrcDN (unpublished results).
However, overexpression of viral Src blocks mammary gland epithelial cell dif-
ferentiation, inhibiting B-casein gene expression [47]. Deletion of c-Src in mice
causes defects in development and lactation [32, 52, 95] and prevents PRL activa-
tion of Jak2/Stat5 in mammary gland explants [33]. In pancreatic -cells, inhibition
of SFKs catalytic activity by PP2 completely abolishes the increase of intracellular
[Ca?"] and insulin secretion induced by ovine PRL [106].

SFKs are also required for PRL stimulation of cell proliferation. Multiple pieces of
evidence support this premise. In hepatocytes from lactating rats, PRL activates c-Src
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Fig. 7.10. Role of Src kinases and Jak2 in PRL stimulation of cell proliferation. W53 cells condi-
tionally expressing c-Src mutants or Jak2AK were plated in complete medium containing 5 ng/ml of
PRL, and cultured with or without Doxy (2 pg/ml) for 24, 48, and 72 h. Cells were collected, incu-
bated with trypan blue and viable cells were counted. The percentage of cell growth was calculated
considering the number of control cells (Vo, empty vector) at 72 h as 100 %. The results represent
the average +SD of three independent experiments carried out in triplicate. **p<0.01 (n=3). [33].

and induces expression of c-fos and c-jun [11]; in Nb2 cells PRL stimulation of Fyn
matches proliferation [20]. Different and complementary approaches, such us the use
of inhibitors of the SFKSs catalytic activity or conditional expression of c-Src mutants,
later confirmed the involvement of SFKs in cell proliferation control by PRL.

The inhibitors of SFKs catalytic activity PP1 and herbimycin A abrogate [*H]-
thymidine incorporation in PRL-stimulated W53. Furthermore, BrdU pulse-label
experiments show that in these cells PP1 blocks cell cycle in GI, indicating that
the tyrosine kinase activity of SFKSs is required for the G1/S transition [30]. PP1
and PP2 also reduce cell proliferation of MCF7 and T47D induced by PRL [1, 23],
while SU6656, another SFKs inhibitor, blocks PRL signaling pathways required for
MCF7 and T47D proliferation [2, 36].

Furthermore, transient expression of PRLR together with Csk or with c-SrcK™ in
BaF-3 cells partially prevents PRL-induced [*H]-thymidine incorporation. SrcDN
and Jak2AK inhibit more effectively PRL-induced cell proliferation than Csk or
c-SrcK™ [31]. Supporting these observations, conditional expression of c-SrcK™, c-
SrcDN, ¢-SrcAK, or Jak2AK in W53 cells causes analogous results [33] (Fig. 7.10).
The strongest inhibition of cell proliferation observed with SrcDN could be ex-
plained by the fact that, in addition to being a kinase-dead mutant, it also has an
open conformation that exposes its SH2 and SH3 domains. Indeed, SrcAK that only
expresses fully active SH2 and SH3 causes similar effect. These findings suggest
the involvement of SH2 and/or SH3 domains of SFKs in the control of PRL-induced
cell proliferation. In addition, these results also indirectly support the dependency
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of Jak2 activation on the SFKs, as the inhibitory effect of Jak2AK is similar to that
obtained by SrcDN or SrcAK. Moreover, StcDN blocks PRL activation of Jak2 in
W53 and MCF7 cells [33].

7.8 Role of SFKs-depending Signaling Pathways in the
Regulation of IEG Expression

Cell cycle progression through the G1 phase is a prerequisite for DNA replication
(S phase) and cell division. The immediate early genes (IEG) expression is required
for G1/S transition. Since inhibition of SFKs blocks W53 cell cycle at G1 [31], it is
important to study the signaling pathways controlling IEG expression to understand
the involvement of SFKs in the control of cell proliferation by PRL.

In hepatocytes from lactating rats, PRL activates c-Src and induces expression
of c-fos and c-jun [11]. PRL stimulation of W53, MCF7, and T47D proliferation
induces expression of IEG c-fos, c-jun, and cyclin D1, which in turn controls c-
Myec expression. The cellular levels of these essential factors are controlled, at least
in part, by catalytic activity of SFKs, as their expression is reduced by PP1/PP2/
SU6656 [1, 2, 23, 31].

Also, conditional expression of SrcK™, SrcDN, and Src-AK in W53 cells signifi-
cantly reduces c-Myc expression [33]. Induction of c-myc expression by PRL de-
pends on the SFKs/PI3K/Akt pathway. Upon phosphorylation/activation, Akt trans-
locates to the nucleus where it phosphorylates FKHRL1 and induces nuclear export
of this transcription factor that represses c-Myc transcription. Akt also phosphory-
lates and inactivates GSK38, which in turn abrogates Myc phosphorylation and its
subsequent degradation. Consequently, these mechanisms stabilize c-Myc expres-
sion. Interestingly, while in W53 cells one can delineate a SFKs/Akt/FKHRL1 and
GSK38 pathway for the control of Myc expression, which is not altered by condi-
tional expression of Jak2AK [23, 33], studies in mammary epithelial cells isolated
from conditional Jak2™~ mice indicate that Jak2 controls Akt activation and cyclin
D1 expression [84].

Expression of c-fos in W53 cells does not require the SFKs/PI3K dependent
pathway, as it is not affected by LY294002. Instead, it is regulated by Mek1/2-
Erk1/2 pathway as PRL induction of c-fos is abrogated by PD184352, an inhibi-
tor of Mek1/2 activity [23]. Since Jak2AK prevents Mek1/2-Erk1/2 activation and
SFKs regulates Jak2, the SFKs/Jak2/Mek1/2-Ekr1/2 pathway appears to control
c-fos expression [33]. Furthermore, Shp2 association with SFKs, tyrosine phos-
phorylated PRLR, and Jak2 ends in Shp2 phosphorylation at Y542 and Y580. Phos-
phorylated Y542-Shp2 in response to FGF or PDGF serves as docking site for Grb2
that is required for Ekr1/2 activation [5]. Then Shp2 may be mediated through its
interaction with Grb2 in PRL induction of c-fos.

Analyses of the signaling cascades that control IEG expression below SFKs show
that PRL induction of cell proliferation involves different mechanisms depending
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on the cell type. Thus, in MCF7 and T47D induction of c-Myc and cyclin D1 by
PRL requires Src activation of the PI3K and Mek1/2-Erk1/2 pathways, as shown
by inhibition of these pathways by PP1, LY294002, and PD184352, respectively.
The control of PI3K and the Mek1/2-Erk1/2 pathways by SFKs appears to be in-
dependent one from each other, as inhibition of PI3K by LY294002 does not alter
activation of the Mek1/2-Erk1/2 and vice versa [1]. Also, in MCF7, PRL induction
of AP1 is controlled by c-Src, Jak2, PI3K, and PKC through the control of Erk1/2
activation. However, in this study there is no hierarchical analysis among these
pathways for Erk1/2-AP1 activation, with Jak2 seeming to be the major media-
tor [36]. Moreover, inhibition of SFKs enzymatic activity by SU6656 blocks PRL
stimulation of Fak-Y925, PI3K/Akt, Mek1/2-Erk1/2 in MCF7 and T47D without
affecting Jak2 phosphorylation [2], which is consistent with previous results ob-
tained with PP1/PP2 [1].

7.9 Concluding Remarks

The data obtained in several biological models undoubtedly demonstrate the fun-
damental role of the SFKs and Jak2 for PRL signaling. These tyrosine kinases are
preassociated with the three major isoforms of the PRLR and are activated upon re-
ceptor dimerization induced by ligand binding. Within the receptor juxtamembrane
region there is a proline-rich sequence named Box I, which is present in most of the
cytokine receptor superfamily. Multiple and undisputable evidence show that this
is the domain where Jak2 binds to the receptor. It is also clear that Jak2 is mainly
responsible for the tyrosine phosphorylation of the PRLR. As to where and how
the receptor interacts with the SFKs there are no complete answers. Mutations at
the proline residues of Box I of PRLR, which prevent binding and activation of
Jak2, and consequently receptor phosphorylation, do not affect PRLR binding and
activation of SFKs. Moreover, catalytic inactivating mutations of Jak2 reproduce
the same effect. These data imply that the SFKs SH2 or SH3 domains may not be
required for interaction with the PRLR. Indeed, deletion of c-Src SH2 or SH3 do-
mains does not preclude binding to PRLR. Furthermore, the catalytic activity and
the kinase domain are also not needed. However, it requires membrane location
of c-Src. In this context, it will be important to precisely determine the structural
requirements of the PRLR and the SFKs to interact with each other.

While SFKs and Jak2 appear to be needed for many of the biological actions of
PRL, several pieces of evidence support the fact that inhibition of the enzymatic
activity of one of them does not affect the other in PRL signaling. However, sup-
pression of c-Src alters PRL activation of Jak2. Furthermore, the adapter domains
SH2 and/or SH3 seem to be necessary for Jak2 activation. While both SFKs and
Jak2 bind and are activated by PRL, there is no clear evidence for direct interaction
between them. Considering the results obtained by several groups and our own data,
we propose that the tyrosine phosphatase Shp?2 is the nexus between both enzymes,
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Fig.7.11 Role of SFKs in PRL cellular signaling. PRL-induced PRLR dimerization causes activa-
tion of SFKs and Jak2, which in turns phosphorylates PRLR, in addition to the regulation of Shp2,
which is involved in the control of Jak2 activation by SFKs (see Fig. 7.9). SFKs, through its tyro-
sine kinase activity and the adapter domains SH2 and SH3, regulate several signaling pathways, as
deciphered by conditional expression of c-Src, Fak, Jak2, Shp2, Akt, and FKHRLI, as well as by
the use of selective inhibitors of SFKs, IP3K, Mek1/2, and GSK38. The results obtained in several
cell types [1, 11, 23, 30, 31, 33] allows us to delineate this incomplete schema, which describes
some of the signaling cascades that control PRL signaling through the SFKs.

playing a role in the regulation of Jak2 by SFKs and subsequent regulation of some
signaling pathways.

Integration of the results obtained in our multiple experimental systems led us to
propose this complex signaling model for PRL (Fig. 7.11).

A variety of cytokines and growth factors through activation of their membrane
receptors activate the SFKs, which in turn act as connecting networks controlling
multiple signaling pathways eliciting different cellular responses depending on the
biological model and the physiological conditions.
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