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Abstract
The aims of this review are threefold: First, to collate what is known about the production and
activities of phosphorylated prolactin (PRL), the latter largely, but not exclusively, as illustrated
through the use of the molecular mimic, S179D PRL; second, to apply this and related knowledge
to produce an updated model of prolactin-receptor interactions that may apply to other members of
this cytokine super-family; and third, to promote a shift in the current paradigm for the development
of clinically important growth antagonists. This third aim explains the title since, based on results
with S179D PRL, it is proposed that agents which signal to antagonistic ends may be better
therapeutics than pure antagonists - hence antagonistic agony. Since S179D PRL is not a pure
antagonist, we have proposed the term selective prolactin receptor modulator (SPeRM) for this and
like molecules.

Phosphorylated PRL
Phosphorylated PRL was described by the author’s laboratory in 1986 (Oetting et al.). This
first demonstration identified phosphorylated PRL as a normal product of pituitary
mammotrophs and a normal constituent of standard pituitary extract preparations of PRL
distributed by the Hormone and Pituitary Program of the United States National Institutes of
Health. Since that time, phosphorylated PRL has been identified in all species examined,
including cows (Brooks et al., 1990), sheep, chicken, turkeys (Aramburo et al., 1992), and
humans (Tuazon et al., 2002;Wu et al., 2003). Both mono- and di-phosphorylated forms exist,
but the mono-phosphorylated form is the most abundant (Oetting et al, 1986; Ho et al.,
1993a;b;Wang and Walker,1993). The phosphorylation event producing the mono-
phosphorylated form occurs on serine 177 in the rat sequence (Wang et al., 1996), which is
equivalent to serine 179 in the human and bovine sequence. Direct analysis has shown
phosphorylation of serine 179 in human PRL (Tuazon et al., 2002) and both serine 179 and
180 in the bovine sequence (Lorenson et al., 2000). Identification of the 177/179
phosphorylation site was complicated by the fact that trypsin digestion produces small, highly
charged peptides in this region of PRL that even without phosphorylation pass straight through
C18 columns (Wang et al., 1996) and hence are not included in routine analyses. It is for this
reason that others have described an alternate major site of phosphorylation for the bovine
hormone (Kim and Brooks, 1993).

Biosynthesis
PRL in the secretory granule is not posttranslationally modified and is packaged in a form with
reduced osmotic activity by the formation of intermolecular disulfide bonds combined with
divalent cation-stabilized ionic interactions (Lorenson, 1985;Martinez-Escalera et al.,
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1986;Greenan et al., 1990; Lorenson et al., 1996a). Phosphorylation of PRL occurs in secretory
granules just prior to/during exocytosis (Greenan et al., 1989,Wicks and Brooks, 1999).
Phosphorylation appears to be tonically inhibited in the intact cell since granules must be
isolated at low temperature to observe the storage form, and phosphorylation events can be
followed simply by warming the granules to 37°C (Greenan et al., 1989). The mammotroph
secretory granules contain the necessary ATP (Greenan et al., 1989, Lorenson et al., 1996b;
Wicks and Brooks, 1999) and the kinase (a form of gamma p21 activated kinase (Tuazon et
al., 2002)) required to achieve phosphorylation. Because phosphorylation occurs when the
hormone is in the process of disulfide bond rearrangement (disulfide isomerase and glutathione
are also present in the secretory granules (Lorenson and Jacobs, 1984;Greenan et al., 1990))
from the oligomeric to monomeric state, sites in the molecule that would normally be internal
in the monomeric version of unmodified PRL are available to the kinase. Serine 179 is on the
hydrophobic side of helix 4 and would therefore be in the hydrophobic core of monomeric
unmodified PRL (Teilum et al., 2005). Thus, it is presumed that phosphorylation of serine 179
results in a different conformation than monomeric unmodified PRL (see below for work on
the molecular mimic in this regard). Serine 177/179 is absolutely conserved among birds,
amphibians and mammals, and the region around this serine is very highly conserved (Swiss
protein database), making this a likely site for phosphorylation in many if not all species.

Physiological regulation
The degree of phosphorylation of PRL is physiologically regulated during the estrous cycle
(Ho et al, 1993a), pseudopregnancy and pregnancy (Ho et al., 1993b), with periods of high
estrogen decreasing the proportion phosphorylated. In addition, treatment of primary anterior
pituitary cells with estrogen decreases phosphorylation (Liu and Walker, 1994), and treatment
of rats with estrogen results in the coincident appearance of pituitary tumors and loss of PRL
phosphorylation (Johnson et al., 2003). GH3 pituitary tumor cells do not normally
phosphorylate PRL, but can be induced to do so by incubation in phosphorylated PRL (see
later section including autoregulation) or by high concentrations of insulin (Ho et al., 1989).
Phosphorylation coincides with the formation of initial secretory granules, although these
immature secretory granules (Ho et al., 1989) do not coalesce to form the normal large granules
of mammotrophs (Farquhar, 1977).

Biological activity
Dephosphorylation of highly purified pituitary extract PRL has been shown to increase the
ability of that PRL to induce Nb2 cell proliferation, the modern measure of PRL bioactivity
(Wang and Walker, 1993;Wicks and Brooks, 1995;Ellis and Picciano, 1995). Importantly, as
illustrated in Wang and Walker (1993), removal of a small percentage of phosphorylated
hormone resulted in a doubling of biological activity, a finding that indicated that
phosphorylated PRL not only acted as an antagonist to the growth-promoting activity of
unmodified PRL, but also that it did so when present at far less than equimolar amounts. GH3
pituitary tumor cells use unmodified PRL as an autocrine growth factor and addition of partially
phosphorylated PRL (i.e. a proportion as normally extracted from the pituitary) inhibits cell
proliferation (Krown et al., 1992).This is in addition to the induction of intracellular
phosphorylation of endogenous PRL and the production of secretory granules described above.
Phosphorylated PRL also acts as an autocrine inhibitor of further PRL release from primary
pituitary cells in culture (an ultra short loop feedback mechanism), whereas unmodified PRL
has a feed-forward loop (Ho et al., 1989;Krown et al., 1992;Johnson et al., 2003). Moreover,
dephosphorylation of partially phosphorylated pituitary extract PRL stimulates GH3 cell
proliferation (Krown et al., 1992). Dephosphorylation takes hours at high concentrations of
phosphatase (Krown et al., 1992;Wang and Walker, 1993) and hence even though there is
phosphatase activity in serum, phosphorylated PRL released from the pituitary has an
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opportunity to reach its target tissue intact. This phenomenon also suggests that the phosphate
group is not very accessible to the enzyme.

S179D PRL
S179D PRL is a molecular mimic of mono-phosphorylated PRL in which the normally
phosphorylated serine has been replaced by an aspartate residue. Initial examination showed
this substitution to better mimic the phosphorylated form than a glutamate substitution (Chen
et al., 1998). An aspartate residue mimics a phosphoserine both by its negative charge and by
its space-filling properties. Analyses of several proteins, comparing the three-dimensional
structure of an aspartate mutant with the phosphorylated form, have shown them to be
extremely similar (Thorsness and Koshland, 1987). Also, this approach to the study of
phosphoproteins has now become commonplace. S179D PRL was produced for a number of
reasons. First, results with any extracted protein can always be criticized on the basis that there
may be very small quantities of a contaminating highly bioactive compound that is producing
the observed biological activity; second, the different biological activities of unmodified versus
phosphorylated PRL could not be accurately documented and titrated until we could be sure
that we did not have any phosphatase interconversion during the experiment; third, we could
produce large quantities by recombinant techniques such that we could perform widespread in
vivo analyses; and fourth, the growth antagonist properties lead us to consider the possibility
that S179D PRL could be used as a clinical therapeutic. In addition, although we and others
(Kim and Brooks, 1993) expended considerable energy on methods for the isolation of the
different naturally phosphorylated forms, we were never satisfied with the quality of the
preparations (discussed in Lorenson and Walker, 2001) and found them to have little advantage
over the complete extract. Moreover, the expense of production of isolated phosphorylated
forms excluded their use for in vivo analyses.

S179D PRL inhibits cell proliferation
Like the naturally phosphorylated form, the mimic inhibits unmodified PRL-stimulated
proliferation of Nb2 cells when used at low concentrations and at low ratios with unmodified
PRL (Wang and Walker,1993;Chen et al., 1998). However, when used alone and at high
concentrations in cells that cannot activate alternate splicing of the receptor (see later), it shows
some agonist activity, with about a two log increase in the amount required for equivalent
activity to the unmodified hormone (Bernichtein et al., 2001;Soares et al., 2006). However,
there is no circumstance in vivo when unmodified PRL is absent. S179D PRL also inhibits the
proliferation of prostate cancer cells which use unmodified PRL as an autocrine growth factor
(Xu et al., 2001). This inhibition can be titrated out by the addition of more unmodified PRL
(Xu et al., 2001), showing competition between the two forms of PRL. S179D PRL also inhibits
the growth of human prostate cancer xenografts in nude mice (Xu et al., 2001). The proliferation
of breast cancer cells in response to unmodified PRL can also be inhibited by S179D PRL, and
in cells from which the autocrine PRL has been knocked out, S179D PRL can be accurately
titrated against unmodified PRL (Schroeder et al.,2003). Under these circumstances, S179D
PRL has a marked effect at about one tenth the concentration of unmodified PRL (Schroeder
et al., 2003). In vivo, S179D PRL inhibits the growth of the mammary gland during pregnancy
in both rats and mice (Kuo et al.,2002;Naylor et al.,2005). In the normal mouse mammary cell
line, HC11, S179D PRL inhibits the proliferation of actively growing cells (Wu et al., 2006)
and unmodified PRL and S179D PRL have opposing effects on cell cycle regulatory proteins
in contact-inhibited, differentiated cells (Wu et al., 2006). S179D PRL also inhibits the
proliferation of human endothelial cells (Ueda et al.,2006a). In prostate, mammary, and
endothelial cells, S179D PRL upregulates expression of the cell cycle regulatory protein, p21
(Wu et al., 2005;Wu et al., 2006; Ueda et al., 2006a). This is associated with upregulation of
the vitamin D receptor, but the details of this association vary a little from one cell line to
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another. In prostate cancer cell lines, the vitamin D receptor appears to mediate all of the effect
on p21 (Wu et al., 2007), whereas in HC11 cells, there also seem to be some vitamin D receptor-
independent effects on p21 (Wu et al., 2006). In each case, blockade of ERK signaling inhibits
the effect of S179D PRL on p21 (Wu et al., 2005;Wu et al., 2006; Ueda et al., 2006b).

S179D PRL promotes differentiation
In addition to inhibiting cell proliferation, S179D PRL also promotes cell-specific protein
expression. This has been demonstrated both in vivo and in vitro. In vivo, S179D PRL increases
the expression of prostate- or mammary-specific proteins such as probasin (Xu et al.,2002) or
β-casein (Kuo et al.,2002), respectively. When analyzed in the HC11 cell line, the ability of
S179D PRL to promote β-casein expression was found to be several fold greater than that of
unmodified PRL and that the degree of difference between the two forms of PRL could be
eliminated by incubation in a MAPK pathway inhibitor (Wu et al., 2003). The additional effect
of S179D PRL is the result of both increased promoter activity and increased stability of β-
casein mRNA (unpublished data). Increased promoter activity is also seen in T47D cells, but
not in MCF7 cells (unpublished data). Thus the effect is cell context specific, a phenomenon
recently described by Gutzman et al. for other elements of prolactin signaling (Gutzman et al.,
2007). In vivo administration of S179D PRL also increases the expression of uncoupling
proteins in brown fat (Budge et al., 2002;Pearce et al.,2005). Use of double aspartate mutants
to mimic di-phosphorylated PRL showed equal ability to mono-phosphorylated PRL in the
stimulation of β-casein expression (unpublished data).

S179D PRL promotes apoptosis
The system in which the effect of S179D PRL on apoptosis has been most thoroughly
investigated to date is the human endothelial cell. In these cells, S179D PRL primarily uses
the extrinsic pathway, although high concentrations and prolonged exposure can also
secondarily activate the intrinsic pathway (Ueda et al., 2006b). Not only is S179D PRL pro-
apoptotic in these cells, it can also overcome both the anti-apoptotic effects of several autocrine
growth factors and the basic fibroblast growth factor (bFGF) which is present as an additive
in the medium (Ueda et al., 2006b). Once again, the use of MAPkinase pathway inhibitors and
a dominant negative ERK showed the involvement of ERK signaling in this effect of S179D
PRL. Because of the sensitivity of endothelial cells to endotoxin and the fact that S179D PRL
is made in bacteria, multiple endotoxin controls were run in all the experiments performed. In
vivo, increased apoptosis is seen in Leydig cells of the testis in adult rats (submitted for
publication), a result of which is decreased levels of circulating testosterone and
dihydrotestosterone (Xu et al., 2002). No other normal tissues seem affected by treatment at
this level (a dose that produces ∼50 ng/ml in the circulation) in adult animals, even if treatment
is continued for one year. If S179D PRL is delivered to dams (at the same dose as for adult
males) throughout pregnancy, the pups are born with increased apoptosis in the thymus and
lungs (Yang et al.,2001). This was an unexpected result since one would have expected the
very much higher concentrations of placental lactogens to swamp out any effect of S179D
PRL. Part of this effect may have been due to the anti-angiogenic effect of S179D PRL (see
next section), but since S179D PRL was also found in the circulation of newborn pups (Yang
et al., 2001), it also appears that PRL receptors (PRLR) exhibit some selectivity for ligand.

S179D PRL is anti-angiogenic
S179D PRL, but not unmodified PRL, has been shown to be anti-angiogenic in the chick
chorioallantoic membrane and corneal angiogenesis assays (Ueda et al., 2006a). Part of this
effect is through decreased migratory and pseudotubule-forming activities of the endothelial
cells, part by the down-regulation of endothelial expression of endogenous PRL, heme-
oxygenase-1, bFGF, angiogenin, epidermal growth factor and vascular endothelial growth
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factor, and upregulation of the inhibitors of matrix metalloproteinases 1 and 2, and part through
inhibition of signaling from bFGF (Ueda et al., 2006a,b). This anti-angiogenic activity likely
contributes to in vivo effects on tumor growth, mammary growth and fetal development.

S179D PRL is anti-inflammatory
During the course of several in vivo studies, there were indications that S179D PRL was anti-
inflammatory. To test this in a readily quantifiable assay, the effect of S179D PRL on a delayed
type hypersensitivity assay was determined. S179D PRL completely abrogated the response
(Guzman et al., 2005). Analysis of peripheral immunoglobulin and cytokines in the local
lymphnodes showed increased antibody levels to the precipitating antigen, but not an overall
switch from TH1 to TH2 cytokines (Guzman et al., 2005). Instead, the cytokine changes could
best be described as being consistent with reduced inflammation (Guzman et al., 2005). This
general picture is consistent with previous observations in the NZB/NZW mouse model of
lupus: When given S179D PRL, these animals lived longer but there was no reduction in
circulating autoantibodies. Inflammatory pathology in the kidneys, however, was markedly
reduced (Walker et al., 1999). More recently, we have determined that S179D PRL is able to
block inflammation in the prostate, inflammation precipitated by the co-administration of
estrogen and testosterone (unpublished data). Since inflammation contributes to the
development and progression of cancer (Palapattu et al., 2005), and angiogenesis (Benelli et
al., 2006), these anti-inflammatory activities could be a factor in anti-tumor activities in animals
with an intact immune system.

Testing of S179D PRL using in situ models of cancer
Most animal models of cancer use promoters of tissue-specific genes to drive expression of
transforming oncogenes. Given that S179D PRL promotes expression of tissue-specific genes
(e.g. probasin), one can appreciate that such models are not appropriate for testing the anti-
tumor activities of this molecule. However, the model of prostate cancer that recapitulates the
loss of Pten observed in the human disease (Wang et al., 2003) is a viable possibility and testing
in this model is scheduled to begin shortly. This will allow concomitant analysis of tumor
development, angiogenesis, immune cell infiltration and local cytokines.

Working hypothesis of the physiological role of phosphorylated PRL
When phosphorylated PRL was first discovered, all we knew about its activities was that it
antagonized the cell proliferation-promoting activities of unmodified PRL. From a biological
standpoint, this could just as easily have been accomplished by the production of less
unmodified hormone so the question was why would the pituitary expend energy
phosphorylating the molecule? The answer we propose lies in the observations that S179D
PRL promotes differentiation and apoptosis. Thus as illustrated in figure 1, we propose it is
the balance between the two forms of PRL that dictates the end result: At one extreme
unmodified PRL goes unchecked, resulting in abnormal cell proliferation and tumor formation.
This is followed by a balance with a small amount of phosphorylated PRL which allows normal
tissue proliferation. With increasing proportions of phosphorylated PRL would come
differentiation, but this would still allow for normal tissue cell replacement. At the other
extreme, high proportions of phosphorylated PRL would promote apoptosis, at least in cells
capable of alternative splicing of the receptor.

Ligand-Receptor Interactions
The sequence of events involved in full length PRLR signaling has been described as follows:
1) the binding of PRL to one receptor, 2) the recruitment of a second receptor to form a ternary
complex, 3) transphosphorylation of receptor-associated janus kinase (Jak) molecules due to
their new proximity, 4) tyrosine phosphorylation of the receptor by this activated Jak, 5) the
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recruitment of signal transducer and activator of transcription (Stat) to the site of
phosphorylation on the receptor and Stat’s subsequent tyrosine phosphorylation by Jak, and
6) dissociation of the phosphorylated Stats from the receptors, their dimerization and transport
into the nucleus (figure 2, sections 1 and 2).

Use of phosphorylated PRL/S179D PRL has allowed us to learn a great deal more about how
ligands interact with the PRL receptor (PRLR). When first identified as an antagonist to
unmodified PRL, we knew that both forms interacted with the same receptor type since Nb2
cells only express one form of the receptor (Ali et al., 1991). Thus, one could envisage
phosphorylated/S179D PRL simply blocking the effect of unmodified PRL by occupying a
receptor, but not inducing a signal. However, as mentioned above, small proportions of
phosphorylated PRL/S179D PRL as low as 6-10% have significant effects on cell proliferation
(Wang and Walker,1993,Schroeder et al.,2003), Stat 5 activation (Coss et al.,1999;Wu et al.,
2003;Schroeder et al.,2003), and signaling leading to activation of cyclin D1 (Schroeder et al.,
2003;Wu et al., 2006). This, as several leading investigators said at the time of our original
presentation of this finding, is impossible! Their statement was based on the accepted model
of PRLR signaling described above. This model suggested that the simple act of bringing two
PRLRs together initiated a Jak-Stat signal, and that production of an antagonist required a
molecule that bound one receptor and was unable to recruit a second. With this model, 6-10%
phosphorylated/S179D PRL could not occupy enough receptors to antagonize 90% unmodified
PRL - but antagonism is what occurred. Also suggested by some was the possibility that S179D
PRL bound to another receptor altogether. Using β-casein-luciferase constructs transfected into
HEK 293 cells, we found no ability of S179D PRL to activate this promoter until PRLR were
co-transfected (Tan et al., 2005). Since so many cell types express the PRLR, it is difficult to
be as definitive in other cell types. However, by setting analysis at a level only responsive to
transfected levels of the receptor, or by transfecting a different form of the receptor to that
normally expressed, we have been able to draw the same conclusion for prostate cancer (Wu
et al., 2005) and other cell types. Using luciferase- and green fluorescent protein-tagged
receptors, it was also possible to demonstrate that each PRL (i.e. unmodified or S179D) was
functional with the same receptor homo- and hetero-pairs in terms of bringing the signaling
regions close enough to initiate signaling (Tan et al., 2005).

Different signaling with unmodified versus S179D PRL
It seems fairly clear therefore that S179D PRL interacts with the same receptors as unmodified
PRL. How then could there be a different end result of that interaction and how could relatively
small proportions of S179D PRL be disproportionately active? To analyze this question, we
examined signaling signatures when each PRL was used alone and in combination. This work
focused on the two well-studied signaling pathways and is best illustrated by work with HC11
cells. These two pathways are Jak2-Stat5 (described above) and an alternate cascade that
activates ERK 1/2. Although both forms of PRL activated both pathways to some extent,
unmodified PRL predominantly activated Jak2-Stat5 and S179D PRL predominantly activated
ERK 1/2 (Wu et al., 2003). In addition, S179D PRL inhibited Stat5 activation in response to
unmodified PRL when both were used together (Wu et al., 2003). This latter is also well
illustrated in Nb2 cells (Coss et al.,1999) and MCF7 cells (Schroeder et al.,2003). In addition,
partially phosphorylated PRL (i.e. pituitary extract) showed signaling in between unmodified
PRL and S179D PRL, as would be predicted (Coss et al., 1999; Wu et al., 2003). These
differences in signaling occurred in cells that up to the initiation of signaling had been treated
identically and therefore had the same complement of receptors. Continued exposure to S179D
PRL, however, alters splicing to increase expression of short receptors (Wu et al., 2003;Wu et
al., 2005; Ueda et al, 2006a). Thus, while signaling is different with the same complement of
receptors, long term exposure amplifies the difference in signaling by altering the production
of different forms of the receptor. With the exception of Nb2 and MCF7 cells, all other
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naturally-occurring cell types examined to date upregulate a short form of the receptor in
response to S179D PRL. This is well illustrated by human endothelial cells (Ueda et al, 2006a)
and prostate cancer cells (Wu et al., 2005). These short forms of the PRLR activate ERK 1/2
in response to S179D PRL (Wu et al., 2005; Ueda et al, 2006a;b).

How might a different signal be initiated?
How then does S179D PRL activate a different signal when only one type of receptor, or the
same complement of receptors, is present? A potential clue here is offered by work from several
other laboratories. First, it seems that growth hormone receptors, erythropoietin receptors and
PRLRs are all dimerized prior to ligand binding (Brown et al., 2005;Lu et al., 2006;Qazi et al.,
2006). This has long seemed more likely to the author (Kuo et al., 1998) since waiting for
random collision of the second receptor with the complex between ligand and first receptor
seemed inefficient. Contrary to some reports, our own work in this regard does not contradict
these findings, since BRET studies from the author’s laboratory were aimed at determining
what happened upon ligand binding and hence used linkers in the construction of the tagged
receptors such that no BRET signal was generated until ligand binding (Tan et al., 2005). But
importantly, what predimerization now tells us is that if the receptors are predimerized, the
receptor must undergo a conformational change upon ligand binding, a change that is
transmitted through the transmembrane region to the intracellular domain, resulting in the
closer approximation of the receptor-associated Jak molecules. This was an idea voiced years
ago and disregarded because the transmembrane domain was thought to be too flexible to
adequately transmit information. This however, was when flexing of the cytoplasmic domain
was imagined. Instead, as previously illustrated (Walker, 2005) and as shown in figure 2,
rotation of the receptor may well be the key. The potential for such a scenario is supported by
some elegant work using the erythropoietin receptor (Seubert et al., 2003) and, more recently
using the growth hormone receptor (Brown et al., 2005). Each study showed a one amino acid
twist in the transmembrane helical region of the receptor to produce altered signaling. In the
case of the erythropoietin receptor, different degrees of rotation produced altered ratios of Jak2-
Stat5 to ERK 1/2 signaling (Seubert et al., 2003), just as we see for unmodified PRL versus
S179D PRL. Also, a naturally-occurring variant of growth hormone with a one amino acid
substitution has altered signaling at the receptor (Lewis et al., 2004).

The new model
Thus, added to the concept of altered relative proximity of the signaling regions in response to
ligand is the idea that different ligands may produce a somewhat different degree of rotation/
angle of rotation than others, thereby resulting in the generation of different signals. This is
illustrated very simplistically in figure 2 for unmodified PRL versus S179D PRL. As illustrated,
rotation occurs in response to the binding of the second receptor. Because S179D PRL is
predicted to have an altered conformation, it is suggested that rotation with this ligand
additionally results in blockade of the Stat 5 binding site on the receptor and a closer
approximation of Jak2 (J) with a complex of adapter and signaling molecules upstream of ERK
(A). Carrying this idea further, is the notion that interaction of the placental lactogens or zinc-
coordinated growth hormone with the PRLR may also produce a somewhat different signaling
signature. For the sake of simplicity, we have only discussed two of the signaling pathways,
but there are a large number of pathways activated at the PRLR (Clevenger et al., 2001) which
may play a role in distinguishing the end effect of different ligands.

Conformation of S179D PRL
What is the evidence that S179D PRL has a different conformation from unmodified PRL?
First, we go back to statements made earlier that energetically it is unlikely for a phosphate or
aspartate to sit comfortably inside the hydrophobic core of the molecule. It is likely that
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minimally there is a twist in helix 4 compared to unmodified PRL. Serine 179 is a surprisingly
crucial residue to the structure of PRL since its mutation to alanine eliminates biological
activity of otherwise unmodified PRL (Chen et al., 1998;Kato et al., 1996). Also, mutational
analyses of amino acids on the outside of the helix in this region have shown the region to be
important in regulating PRL-receptor interactions (Kinet et al., 1996). Second, even polyclonal
antibodies against PRL recognize S179D PRL as somewhat different from unmodified PRL
(Chen et al., 1998). Third, S179D PRL has a number of altered physical properties which
include, a decrease in hydrophobicity consistent with the addition of more than one negative
charge versus the unmodified hormone (Soares et al.,2006), an increased ability to bind heparin,
and an inability to bind to nickel (unpublished data). These latter two determinations were
exactly the opposite of what one would have predicted from an additional negative charge. In
the study where this was determined, the S179D PRL was also produced in mammalian cells
and therefore had passed all of the cell’s quality control measures for proper folding. It therefore
appears that S179D PRL has a different conformation and that its interaction with a pair of
PRLRs may produce a different conformation in them. This altered conformation versus
unmodified PRL may well be subtle since based on the work with the erythropoietin receptor,
an approximately one amino acid turn in the transmembrane domain would be sufficient to
alter signaling from primarily Jak-Stat to primarily ERK (Seubert et al., 2003). As cartooned
in figure 2, the long PRLR responds differently to the two forms of PRL and this difference is
amplified once the short PRLRs are upregulated by the promotion of alternative splicing. Since
the short receptors cannot efficiently activate Stat 5 (they are missing the tyrosine on the
receptor which serves as a docking site) signaling via ERK increases with time. Also cartooned
in figure 2 is how ERK activation may increase β-casein gene expression. Certainly, S179D
PRL results in increased serine phosphorylation of Stat 5 (Wu et al., 2003). Increased serine
phosphorylation of other Stats results in longer half life on DNA (Zhang et al., 1995) and
therefore increased promoter activation. However, ERK mediation of serine phosphorylation
on Stat 5 is disputed (Wartmann et al., 1996;Yamashita et al., 1998). Additionally, S179D PRL
increases the half life of β-casein mRNA (cartooned as the phosphorylation of a protein bound
to the poly A tail of the mRNA), but the mechanism of this remains to be determined. In
addition, the cartoon illustrates how signaling elements from the receptor engaged by S179D
PRL (dark green triangles) form a cascade which reduces Stat 5 tyrosine phosphorylation and
hence how a small proportion of S179D PRL could affect a much larger proportion of
unmodified PRL. It is also proposed that largely tyrosine phosphorylated Stat 5 is responsible
for cell cycle progression (cyclin mRNA) and that other ERK phosphorylated transcription
factors (blue hexagon) contribute to inhibition of the cell cycle (p21 mRNA).

Association of ERK activation with cell differentiation and apoptosis
Activation of ERK by S179D PRL at the short receptor is slow and sustained (Wu et al.,
2005; Ueda et al., 2006b), a mode of activation also shown in other systems to promote
differentiation (Suzu et al., 2007), limit cell proliferation (Tombes et al., 1998), and promote
apoptosis (Zheng et al., 2007) and not cell proliferation. In fact, S179D PRL inhibits the
immediate and transient activation of ERK by bFGF (Ueda et al., 1996b).

Antagonistic agony
S179D PRL is therefore an agonist for differentiation, cell cycle control and apoptosis and an
antagonist for cell proliferation. Inhibition of the growth-promoting signal, together with the
production of an alternate amplifying signal cascade resulting in cell cycle control, is what
allows S179D PRL to effectively modulate the function of unmodified PRL at such low relative
concentrations. In the search for growth antagonists for the control of abnormal cell
proliferation therefore, it is proposed that a molecule that signals to antagonism is likely to be
more efficacious than one that merely blocks binding of an agonist to the receptor.
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Figure 1. Diagrammatic Representation of the Proposed Properties of Different Ratios of
Unmodified and Phosphorylated/S179D PRL
At one extreme, the presence of only unmodified PRL results in excess cell proliferation. With
increasing amounts of phosphorylated/S179D PRL, the ratio results first in normal cell
proliferation and then in a degree of cell proliferation sufficient for normal cell replacement
concomitant with differentiated function. At the other extreme, high concentrations of S179D
PRL result in apoptosis.
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Figure 2. Diagrammatic representation of signaling in response to unmodified PRL and S179D
PRL
Panel 1 shows an unliganded long receptor and panel 2 shows the effect of unmodified PRL
(U-PRL) at that receptor. Binding of the ligand to the second receptor in the complex, causes
a rotation which results in closer proximity of the Jak molecules (J) which then
transphosphorylate and phosphorylate the receptor. This recruits Stat (St) to the receptor.
Tyrosine (Y inside star) phosphorylation of Stat by Jak, releases Stat from the receptor, causes
dimerization of Stats and entry into the nucleus where they function as transcription factors.
Transcription may be of genes associated with cell proliferation (e.g. cyclin D1) or
differentiation (e.g. β-casein), although the suggestion is being made that with more tyrosine
phosphorylation (larger stars), preference is for proliferative genes. Panel 3 shows that S179D
PRL interacts with the same receptor, but causes a slightly different conformation of the
receptor. This results in a reduction of Stat binding and tyrosine phosphorylation (smaller star),
greater activation of an alternate signaling complex (A) leading to ERK (E) activation, and the
generation of a molecule (green triangles) that limits Stat tyrosine phosphorylation by receptors
occupied by unmodified PRL. ERK activation leads to increased Stat serine (S inside star)
phosphorylation, thereby altering which sites on the DNA are utilized (less growth-promoting
and more differentiative) and, in the case of β-casein, increasing half life on DNA and promoter
activation. ERK activation also leads to increased stability of β-casein mRNA, diagrammed as
phosphorylation of a protein bound to the poly A tail of the message. Additionally, there are
other functions resulting from ERK movement into the nucleus and the phosphorylation of
additional transcription factors (dark blue hexagon) which result in increased expression of the
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cell cycle-regulating protein, p21. Panel 4 shows how S179D PRL might interact with a short
receptor causing increased activation of ERK and increased generation of the molecules that
limit Stat tyrosine phosphorylation in response to unmodified PRL.
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