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Ubiquitin-dependent degradation of hormone receptors is emerging as a key mechanism that regulates the
magnitude and duration of hormonal effects on cells and tissues. The pituitary hormone prolactin (PRL) is
involved in regulating cell differentiation, proliferation, and survival. PRL engages its receptor (PRLR) to
initiate various signaling cascades, including the phosphorylation and activation of Stat5. We found that PRL
promotes interaction between PRLR and the F-box protein �-TrCP2, which functions as a substrate recogni-
tion subunit of the SCF�-TrCP E3 ubiquitin ligase. This interaction requires PRLR phosphorylation and the
integrity of serine 349 within a conserved motif, which is similar to conserved motifs present in other substrates
of SCF�-TrCP. The PRLRS349A mutant is resistant to ubiquitination and is more stable than its wild-type
counterpart. Phosphorylated PRLR undergoes ubiquitination by SCF�-TrCP in vitro. Knockdown of �-TrCP
expression inhibits the ubiquitination and degradation of PRLR and promotes PRL-dependent phosphoryla-
tion of Stat5 as well as Stat5-dependent transcription in cells. Furthermore, the activation of Stat5 and the
stimulation of cell growth by PRL are augmented in cells expressing the PRLRS349A mutant. These data
indicate that PRLR is a novel SCF�-TrCP substrate and implicate �-TrCP as an important negative regulator
of PRL signaling and cellular responses to this hormone.

Pituitary hormones play multiple roles in maintaining ho-
meostasis, and aberrations in the regulation of the magnitude
and duration of their effects on cells often lead to diseases.
Prolactin (PRL) is a peptide hormone known to regulate di-
verse physiological functions via its effects on cellular processes
such as proliferation, differentiation, and cell survival. Al-
though more than 300 functions are attributed to PRL, its
name comes from its pivotal role in mammary gland develop-
ment and lactation (2, 15, 18). PRL is also known to be se-
creted by certain nonendocrine tissues (e.g., breast cancer
cells) and, accordingly, to act as a cytokine (1, 8). PRL medi-
ates its activities by engaging the PRL receptor (PRLR), whose
dimerization leads to the activation of various signaling path-
ways, including Jak2-Stat5, phosphoinositol 3-kinase, and mi-
togen-activated protein kinase pathways. Multiple splicing
forms of PRLRs are found in human cells, among which the
long form appears to be the most functional in transducing the
entire repertoire of PRL signals, whereas the intermediate and
short forms elicit only partial activation or no activation of
PRL-dependent signal transduction pathways (reviewed in ref-
erences 2, 5, and 7).

Limitation of the extent and duration of hormonal signaling
in cells is required for the physiological regulation of cellular
responses. Negative regulation of PRL signaling appears to
play an important role in cellular physiology, as abnormal
activation of PRL signaling results in uncontrollable cell pro-
liferation in vitro (35) and abnormal development of mammary

glands and deficient lactation in vivo (19). Recently described
mechanisms mediating negative regulation of the PRL-in-
duced Jak-Stat pathway include the inactivation of Jak2 and
Stat5 by specific phosphatases, suppressors of cytokine signal-
ing, and protein inhibitors of activated STAT (reviewed in
reference 6). In addition, modulation of this and other PRL-
dependent signal transduction pathways is thought to rely on
down-regulation of PRLR in response to the ligand (11, 13),
which was shown to occur via PRLR endocytosis and lysosomal
degradation (12, 14, 17). However, the determination of the
role of PRLR down-regulation in restricting the extent of PRL
signaling, as well as the delineation of the mechanisms that
mediate PRLR down-regulation, remains a work in progress.

Ubiquitin-mediated proteolysis plays a universal role in the
irreversible negative regulation of various signaling pathways
(52), including those induced by pituitary hormones (46).
Whereas the polyubiquitination of proteins leads to their deg-
radation by 26S proteasome complexes, the oligoubiquitina-
tion of plasma membrane proteins targets them for endocyto-
sis and degradation in lysosomes (25, 26). In both instances,
the fate of protein substrates depends on the activity of specific
E3 ubiquitin protein ligases that recognize these substrates and
mediate their ubiquitination. The ubiquitin pathway is essen-
tial for the endocytosis and degradation of the receptor for
growth hormone (GHR), although the ubiquitination of GHR
per se seems not to be required (reviewed in references 46 and
47). The role of the ubiquitination of PRLR in its down-
regulation and degradation has not previously been deter-
mined, and putative E3 ubiquitin protein ligases that catalyze
such ubiquitination have not previously been identified.

By analogy with other receptors whose down-regulation and
degradation is mediated by ubiquitination of their intracellular
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domains (25, 26), signals for the degradation of PRLR are
expected to be present within its cytoplasmic tail. The se-
quences of the cytoplasmic tails of the long form of PRLR are
poorly conserved among various species, but we noticed that
the DSGRGS sequence, which is similar to a recognition motif
for the SCF�-TrCP E3 ligase, is present in all species whose
PRLR sequences have been determined (Table 1). The
�-TrCP1 (39) and HOS/�-TrCP2 (16, 48) members of the
�-TrCP/Fbw1 subfamily of F-box proteins (4, 53) are known to
recognize the phosphorylated DSG(X)2�nS motif within their
substrates, which include the I�B (16, 23, 44, 48, 54, 55),
�-catenin (16, 22, 29, 34, 54), ATF4 (33), Emi1 (21, 40),
Cdc25A (3, 28), Dlg (38), and IFNAR1 (32) proteins. �-TrCP
proteins recognize phosphorylated substrate and recruit the
core Skp1-Cul1-Roc1/Rbx1 ubiquitin ligase complex to ubiqui-
tinate the substrates (reviewed in reference 10). Unlike the
predominantly nuclear �-TrCP1 protein, the �-TrCP2 member
of the �-TrCP subfamily exhibits mostly cytoplasmic localiza-
tion (9, 33).

We sought to investigate whether SCF�-TrCP E3 ligase may
play a role in regulating the stability of PRLR and PRL sig-
naling. Here, we report that �-TrCP2 interacts with the long
form of human PRLR in a manner dependent on ligand treat-
ment and phosphorylation of PRLR. The integrity of the
DSGRGS motif within PRLR is required for �-TrCP2 binding
as well as for PRLR ubiquitination and PRLR degradation,
which also depend on the expression of �-TrCP1 and �-TrCP2.
Stabilization of PRLR via either the knock-down of �-TrCP or
the expression of the PRLRS349A mutant, which is insensitive
to �-TrCP-mediated regulation, up-regulates the extent of
PRL signaling. We discuss the role of the SCF�-TrCP E3 ligase
in the negative regulation of cellular responses to PRL.

MATERIALS AND METHODS

Materials. Recombinant human PRL was kindly provided by A. F. Parlow
(National Hormone Pituitary Program). ATP, puromycin, methylamine HCl (all
from Sigma), and protein phosphatase � (New England Biolabs) were purchased.
Recombinant E2 (UbcH5C) was a gift of Z.-Q. Pan. E1 and ubiquitin (Affiniti
Inc.) were purchased.

DNA constructs. Human pCDNA3-PRLR-Flag (35) was kindly provided by
S. M. Anderson. The replacement of serine 349 with alanine was carried out with
a QuikChange site-directed mutagenesis kit (Stratagene). Glutathione S-trans-
ferase (GST)-tagged bacterial expression constructs were prepared by subcloning
sequences encoding C-terminal amino acids 259 to 622 (the cytoplasmic tail) of
PRLR into the pGEX-2T vector (Amersham). Hemagglutinin (HA)-tagged
ubiquitin (50) and Stat5-driven luciferase reporter (pLHRE-luc) (43) were gen-
erous gifts from D. Bohmann and P. A. Kelly. HA-tagged �-TrCP1 (kindly
provided by R. Benarous) (33), �-TrCP2- and �-TrCP2�N-encoding plasmids
(16), and the constructs for the expression of Flag-Cul1, Skp1, and Roc1 (49)
were previously described. Plasmids for the expression of GFP (Clontech), Re-
nilla luciferase, and �-galactosidase (Promega) were purchased. The plasmid for
the expression of short hairpin RNA (shRNA) directed against both �-TrCP1
and �-TrCP2 (shBTR1,2) was kindly provided by J. W. Harper (28). Plasmids for
the specific knock-down of �-TrCP2 (shBTR2) and the control shRNA construct
(shCON) were constructed on a backbone of pSilencer 1.0-U6 vector (Ambion)
by using the sequence of chemically synthesized duplex small interfering RNA
described elsewhere (32). Sequences that formed the hairpin duplexes were
5�-GAGGCCATCAGAAGGAAACTTCAAGAGAGTTTCCTTCTGATGG
CCTC-3� for shBTR2 and 5�-GAGGCCATCAGTGGGAAACTTCAAGAG
AGTTTCCCACTGATGGCCTC-3� for shCON. The effects of shRNA con-
structs were verified by immunoblotting analysis.

Tissue culture and transfections. 293T human embryo kidney cells were kindly
provided by Z. Ronai. Hamster CHO-K1 cells and mouse embryo fibroblasts
from �-TrCP1 knockout mice (21) were generous gifts from R. J. Eisenberg and
M. Pagano. Cells were grown in Dulbecco modified Eagle medium (DMEM) in
the presence of 10% fetal bovine serum (FBS) and antibiotics at 37°C and at 5%
CO2. Transfections were performed by the calcium phosphate procedure or
lipofection (with Lipofectamine Plus or Lipofectamine 2000 [Invitrogen]) 24 to
48 h before harvesting. Stable mass cultures of CHO-K1 cells expressing PRLR
proteins were obtained by cotransfecting PRLR constructs with pBABE-puro
vector, followed by selection in medium containing puromycin (1 �g/ml).

Antibodies and immunotechniques. Antibodies against HA (Roche), Flag
(M2; Sigma), PRLR (Affinity BioReagents, Inc., or Neomarkers, Inc.), Skp2
(Zymed), GST (Santa Cruz), and phospho-Stat5 and Stat5 (Cell Signaling Tech-
nology) were purchased. HOS-N antibody, which specifically reacts with
�-TrCP2, and HOS-C antibody, which recognizes both �-TrCP1 and �-TrCP2,
were previously described (45). Secondary antibodies conjugated with horserad-
ish peroxidase (Chemicon) were purchased. Immunoprecipitation and immuno-
blotting procedures were described elsewhere (16). Digital images were prepared
with Adobe Photoshop 7.0 software.

In vitro binding assay. Recombinant PRLR proteins expressed in 293T cells
(grown in the presence of 10% FBS) were immunopurified with Flag antibody
and protein A beads, stringently washed with stripping buffer containing 50 mM
Tris HCl (pH 7.5), 1 M NaCl, 50 mM NaF, 10 nM okadaic acid, and 0.1%
Nonidet P-40, and equilibrated with binding buffer (50 mM Tris HCl [pH 7.5],
100 mM NaCl, 50 mM NaF, 10 nM okadaic acid, 0.1% Nonidet P-40). For
treatment with phosphatase �, the beads were washed with the binding buffer
without phosphatase inhibitors and incubated with the phosphatase � for 1 h at
37°C, followed by washes in stripping buffer and reequilibration with binding
buffer. Flag-PRLR proteins immobilized on the beads were incubated with in
vitro-translated and 35S-labeled �-TrCP2 for 60 min at 4°C. The beads were
extensively washed with binding buffer, and associated proteins were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
autoradiography.

In a separate experiment, 293T cells were starved overnight in medium con-
taining 0.5% FBS and treated with PRL (200 ng/ml) for 0 to 120 min (as
indicated in Fig. 2B) and lysates were prepared from harvested cells. GST-PRLR
proteins were expressed and purified from bacterial cells by using glutathione-
Sepharose. Purified bacterial proteins (1 �g) immobilized on glutathione beads
were phosphorylated with 293T cell lysates (25 �g) of 293T cells in the presence
or absence of ATP for 30 min at 30°C, followed by stringent washing with
stripping buffer and reequilibration with binding buffer. GST-PRLR proteins
immobilized on the beads were incubated with in vitro-translated and 35S-labeled
�-TrCP2 for 60 min at 4°C. The beads were extensively washed with binding
buffer, and associated proteins were analyzed by SDS-PAGE, autoradiography,
and immunoblotting with GST antibody.

Ubiquitination and degradation assays. Cells were grown in the presence of
10% FBS, which contains substantial levels of fetal PRL (41). For in vivo
ubiquitination assays, 293T cells were cotransfected with HA-tagged ubiquitin
and Flag-tagged PRLR. Cells were harvested in a boiling solution of SDS (1% in
Tris-buffered saline) and further disrupted by sonication. Lysates were diluted
10-fold with Triton X-100 solution (1% in Tris-buffered saline), incubated with

TABLE 1. Conserved HOS/�-TrCP2 recognition motifs in PRLRs
from different species

Species Putative HOS/�-TrCP2
recognition motif

Position of recognition
motif (amino acids)

Homo sapiens DSGRGS 348–353
Cebus apella DSGRGS 348–353
Callithrix jacchus DSGRGS 348–353
Mus musculus DSGHGS 343–348
Rattus norvegicus DSGHGS 343–348
Oryctolagus cuniculus DSGRGS 348–353
Ovis aries DSGRGS 348–353
Bos taurus DSGRGS 348–353
Cervus elaphus DSGRGS 348–353
Columba livia DSGRGS 553–558
Meleagris gallopavo DSGRGS 552–557
Gallus gallus DSGRGS 552–557
Xenopus laevis DSGRGS 347–352
Carassius auratus DSGRGS 342–346
Paralichtys olivaceus DSGRGS 349–354
Cynops pyrrhogaster DSGRGS 347–352
Oreochromis niloticus DSGRGS 348–353
Oncorhynchus mykiss DSGRGS 346–351
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protein A beads for 1 h, and centrifuged. Supernatants were analyzed by immu-
noprecipitation and immunoblotting with the indicated antibodies. For the in
vitro ubiquitination assay, GST-PRLR proteins were expressed in bacteria, pu-
rified by using glutathione beads, and preincubated (1 �g) with 25-�g extracts
from 293T cells treated with PRL (200 ng/ml for 20 min) in a kinase buffer
containing 50 mM Tris HCl (pH 7.5), 5 mM MgCl2, 0.5 mM dithiothreitol, 5 mM
NaF, 10 nM okadaic acid, 50 �M ATP, and 10 �M [32P-�]ATP for 30 min at
30°C. Proteins were captured on SCF�-TrCP isolated from transfected 293T cells
with HA antibody (Roche) and protein A beads (Invitrogen) as previously
described (49) and washed with buffer containing 300 mM NaCl, 0.5% Nonidet
P-40, and phosphatase inhibitors. Ubiquitination reactions were carried out with
a total volume of 20 �l containing 2 �g of ubiquitin, 20 pmol of E1, and 100 pmol
of E2 as well as 2 mM ATP at 37°C for 60 min. Boiling in SDS-sample buffer
terminated the reactions, and the products were analyzed by SDS-PAGE and
autoradiography. Pulse-chase analysis was carried out with 293T cells as de-
scribed elsewhere (16). Briefly, cells were grown in 100-mm-diameter dishes and
transfected with the indicated plasmids. After starvation in DMEM lacking
methionine and cysteine and metabolic labeling with a [35S]methionine-[35S]cys-
teine mixture (Perkin-Elmer), cells were harvested at each chase time point with
complete DMEM supplemented with FBS (0.5%), PRL (20 ng/ml), and unla-
beled methionine and cysteine (2 mM). Harvested cells were lysed, and PRLR
proteins were immunoprecipitated with Flag or PRLR antibody, separated on
SDS-PAGE gel, and analyzed by autoradiography.

Luciferase reporter assays. 293T or CHO cells were transfected with pLHRE-
luc and Renilla luciferase vectors (Promega) as well as with small interfering
RNA plasmids where indicated, starved in medium with 0.5% serum overnight,
and treated with PRL (200 ng/ml) for 24 h before harvesting. Luciferase activities
were determined with the aid of a Dual luciferase kit (Promega).

Cell proliferation. CHO stable mass cultures were seeded into 96-well plates
(5 	 103 of the trypan blue-negative live cells per well) in medium containing
0.5% FBS, and cell proliferation was assessed after 3 days of incubation with or
without PRL (50 ng/ml) by using a colorimetric WST-1 cell proliferation kit
(Roche) according to the manufacturer’s recommendations. Acceleration of
growth by PRL was calculated as [1 
 (absorbance with PRL/absorbance without
PRL)] 	 100%.

RESULTS

PRLR is capable of interacting with �-TrCP2. �-TrCPs bind
to their substrates by recognizing a specific DSG(X)2�nS mo-
tif, within which the serine residues are phosphorylated (16,
48). We noticed that the long form of human PRLR contains
a putative �-TrCP recognition motif (DSGRGS) within its
cytoplasmic tail. This motif is present in the �S1 splicing form
of human PRLR (31) but in neither the short nor the inter-
mediate form of the receptor. Although the overall sequence
of the intracellular domain of PRLR is poorly conserved
among different species (6), the DSGRGS sequence is present
in all species whose PRLR sequence has been identified to
date (Table 1).

We tested whether �-TrCP2 interacts with PRLR by means
of coimmunoprecipitation with the lysates of 293T cells grown
under low-serum conditions (0.5% FBS). Analysis of these
reactions revealed that �-TrCP2 was indeed found in immu-
noprecipitates with PRLR antibody but not with an irrelevant
monoclonal (Flag) antibody (Fig. 1A, lanes 2 and 3). We could
not detect an interaction between endogenous �-TrCP2 and
PRLR in a reciprocal coimmunoprecipitation experiment
(data not shown) either because of possible interfering effects
of anti-�-TrCP antibody or because of low levels of PRLR in
293T cells and/or the transience of the interaction. Treatment
of 293T cells with PRL noticeably increased the extent of the
binding of �-TrCP2 to PRLR (Fig. 1A, lane 3 versus lane 6).
These results suggest that �-TrCP2 interacts with PRLR and
that treatment with the hormone ligand promotes this inter-
action.

We next sought to determine whether the putative �-TrCP
recognition motif within the cytoplasmic tail of PRLR is re-
quired for interaction between PRLR and �-TrCP2. We ex-
pressed HA-tagged �-TrCP2 and Flag-tagged PRLR in 293T
cells grown in the presence of 10% FBS to supply PRL. We
found that recombinant HA–�-TrCP2 and Flag-PRLRwt were
coimmunoprecipitated with their respective antibodies in both
direct and reciprocal immunoprecipitation experiments (Fig.
1B). Mutation of the potentially phosphorylated serine 349
within the �-TrCP recognition motif noticeably impaired the
ability of the PRLRS349A mutant protein to bind to �-TrCP2
(Fig. 1B, panels I and II, lane 5 versus lane 6). Residual
binding of �-TrCP2 to the PRLRS349A mutant (Fig. 1B, panel
II, lane 6) can probably be attributed to the recruitment of
�-TrCP2 by endogenous proteins that may interact with
PRLRS349A (e.g., endogenous PRLR). These data confirm that
�-TrCP2 is capable of interacting with PRLR and indicate that
this interaction requires the integrity of the �-TrCP recogni-
tion motif, which may require phosphorylation of PRLR within
this motif.

Phosphorylation of PRLR, which is promoted by the ligand,
is required for the ability of PRLR to interact with �-TrCP2.
We further tested the role of PRLR phosphorylation in bind-
ing to �-TrCP2. Recombinant Flag-PRLRwt purified from
293T cells interacted with �-TrCP2 in vitro, but no interaction
was observed with the Flag-PRLRS349A mutant (Fig. 2A).
Phosphatase treatment of Flag-PRLRwt decreased its ability to
bind �-TrCP2 in vitro (Fig. 2A), indicating that specific phos-
phorylation of PRLR was essential for the ability of PRLR to
interact with �-TrCP2. This result also indicates that recombi-
nant Flag-PRLR overexpressed in 293T cells which were
grown in medium supplemented with 10% FBS was already
phosphorylated and capable of binding to �-TrCP2 in the
absence of added ligand. This finding does not rule out the
possibility of a role for PRL in �-TrCP2–PRLR interaction,
since PRL is contained in FBS (41) and the overexpression of
receptors alone (e.g., tumor necrosis factor alpha receptor [24]
or IFNAR1 [32]) is known to mediate signaling events.

To test the role of PRL in the PRLR phosphorylation that
enables �-TrCP2–PRLR interaction, we prepared extracts
from serum-starved cells at various time points after treatment
with PRL. We further used these extracts as a source of kinase
activity to phosphorylate immobilized bacterially produced
GST-PRLR proteins, followed by repeated stringent washing
and an in vitro �-TrCP2 binding assay. Binding of �-TrCP2 was
detected with GST-PRLRwt protein phosphorylated with cell
extracts from PRL-treated cells, with peak of activity being
observed at 30 and 90 min after the addition of PRL (Fig. 2B,
lanes 4 to 8). Importantly, the omission of ATP from the kinase
reaction prevented interaction with �-TrCP2, indicating that
GST-PRLR needs to be phosphorylated to exhibit affinity for
�-TrCP2 (lane 2). Binding to �-TrCP2 was also not detected
with the GST-PRLRS349A mutant (Fig. 2B, lanes 9 to 14).
These data suggest that the phosphorylation of PRLR at
Ser349 by a kinase, whose activity is increased by the hormone
ligand treatment, is required for the interaction of PRLR with
�-TrCP2.

Ubiquitination of PRLR depends on �-TrCP2. The binding
of �-TrCP2 to specifically phosphorylated substrates such as
I�B, �-catenin, and IFNAR1 often results in the ubiquitination
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of such proteins. To determine a role for �-TrCP in the ubiq-
uitination of PRLR, we assessed the effects of decreasing
�-TrCP expression by the shRNA-mediated knock-down ap-
proach. Transfection of 293T cells with control shRNA
(shCON) that differs from shBTR2 by a 2-bp substitution (see
Materials and Methods) did not decrease �-TrCP levels (Fig.
3A). shRNA directed against �-TrCP2 (shBTR2) (see Mate-
rials and Methods) or that directed against both �-TrCP forms
(shBTR1,2) (28) suppressed the expression of �-TrCP proteins
in 293T cells as measured by immunoblotting with the anti-
body, which recognizes �-TrCP1 and �-TrCP2 (45). These
shRNA constructs did not affect the steady-state levels of an-
other F-box protein, Skp2 (Fig. 3A). In the absence of good-
quality antibody specifically recognizing �-TrCP1, we used the

expression of HA-tagged �-TrCP proteins to further charac-
terize the effects of shRNA constructs. As seen in Fig. 3B,
shBTR1,2 inhibited the expression of both �-TrCP1 and
�-TrCP2 (lanes 7 and 4). These data are consistent with results
recently reported by the group of J. W. Harper (28). shBTR2
decreased the levels of �-TrCP2 without substantially affecting
the expression of �-TrCP1 (Fig. 3B, lanes 3 and 6).

Transfection of 293T cells with recombinant Flag-tagged
PRLR and HA-tagged ubiquitin with subsequent denaturing
immunopurification of ubiquitinated proteins revealed that
Flag-PRLR underwent efficient ubiquitination under these
conditions (Fig. 3C, lane 3). Cotransfection with either
shBTR2 or shBTR1,2 noticeably attenuated the ubiquitination
of Flag-PRLR to similar extents (Fig. 3C, lanes 4 and 5). These

FIG. 1. PRLR interacts with �-TrCP2 in vivo. (A) 293T cells were starved in medium containing 0.5% FBS overnight and treated with PRL
(200 ng/ml) for 30 min as indicated. Cells were harvested and the levels of endogenous PRLR and �-TrCP2 in whole-cell extracts (WCE, 150 �g)
or immunoprecipitates (IP) (from 5 mg) with PRLR antibody or irrelevant monoclonal antibody (Flag) were analyzed by immunoblotting (IB) with
PRLR antibody (top) and �-TrCP2-specific HOS-N antibody (bottom). Ig, heavy chain of immunoglobulins. The positions of molecular mass
markers are also shown. (B) 293T cells were cotransfected with plasmids for the expression of HA-tagged �-TrCP2 and Flag-tagged PRLR proteins
as indicated and grown in the presence of 10% FBS. The interaction between the expressed proteins was assessed by immunoprecipitation followed
by immunoblotting as indicated. Ig, heavy chain of immunoglobulins.
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data provide genetic evidence that the ubiquitination of en-
dogenous PRLR in cells depends largely on �-TrCP.

To further confirm the role that �-TrCP might play in the
ubiquitination of PRLR, we compared the extent of the ubiq-
uitination of Flag-tagged PRLRwt with that of the PRLRS349A

mutant, whose interaction with �-TrCP2 is impaired (Fig. 1B
and 2A). The ubiquitination of this mutant was substantially
decreased compared to the ubiquitination of wild-type PRLR
(Fig. 3D, lane 6 versus lane 3), and the residual ubiquitination
of the PRLRS349A mutant was not affected by shBTR2 (lane 6
versus lane 7). These results suggest that binding to �-TrCP is
important for PRLR ubiquitination, although the possibility of

a contribution of �-TrCP-independent mechanisms cannot be
ruled out.

In addition to its effects on recombinant PRLR protein, the
transfection of shBTR2 inhibited the extent of the ubiquitina-
tion of endogenous PRLR in 293T cells (Fig. 3E, lane 2 versus
lane 3). Taken together, the data presented in Fig. 3 support
the conclusion that �-TrCPs play a major role in the ubiquiti-
nation of PRLR in cells.

We next sought to investigate whether SCF�-TrCP E3 ligase
is capable of direct ubiquitination of PRLR. The extracts from
293T cells pretreated with PRL were used to phosphorylate
GST-PRLR proteins in the presence of [32P-�]ATP. These

FIG. 2. Binding of PRLR to �-TrCP2 in vitro depends on PRLR phosphorylation. (A) Binding of in vitro-translated and 35S-labeled �-TrCP2
to Flag-PRLR proteins expressed in 293T cells (grown in the presence of 10% FBS) and immunopurified with Flag antibody before or after
treatment with protein phosphatase � (Pp �). Aliquots of reaction mixtures were analyzed by autoradiography (top) and immunoblotting with Flag
antibody (bottom). The input of radiolabeled �-TrCP2 (i) is also shown. (B) Purified GST-PRLR proteins were incubated with lysates from 293T
cells (serum starved and then treated with PRL for the indicated times) in the presence or absence of ATP as described in Materials and Methods.
The binding of in vitro-translated and 35S-labeled �-TrCP2 to immobilized GST-PRLR proteins was analyzed by means of SDS-PAGE and
autoradiography (top). The input of radioactive �-TrCP2 is also shown. Aliquots of these reaction mixtures were analyzed by immunoblotting (IB)
with GST antibody to control the loading of GST-PRLR proteins (bottom).
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proteins were then captured on immobilized recombinant
SCF�-TrCP2 ubiquitin ligase. Whereas the GST-PRLRS349A

mutant protein was phosphorylated to an extent similar to that
of its wild-type counterpart (data not shown), no binding be-
tween this mutant and SCF�-TrCP2 was detected (Fig. 4, lane 1).
This result is in line with the data showing that the interaction
of the PRLRS349A mutant with �-TrCP2 is impaired (Fig. 1B
and 2). Similarly, omitting �-TrCP2 from immobilized com-
plexes prevented the capture of phospho-GST-PRLR as well
as the recruitment of Cul1 (Fig. 4, lane 4) and precluded
testing of the ubiquitination of GST-PRLR under these exper-
imental conditions.

Incubation of GST-PRLRwt protein captured on SCF�-TrCP

in the presence of ATP, ubiquitin, E1, and E2 allowed reca-
pitulation of PRLR ubiquitination in vitro. This reaction
yielded a high-molecular-weight smear characteristic of ubiqui-
tinated proteins (Fig. 4, lane 2). The omission of either E1 or

FIG. 3. �-TrCP2 is required for ubiquitination of PRLR in vivo.
(A) Characterization of shRNA directed against �-TrCP proteins.
293T cells were transfected with empty vector, irrelevant shRNA
(shCON), or shRNA directed against �-TrCP2 (shBTR2) or against
both �-TrCP1 and �-TrCP2 (shBTR1,2). Levels of �-TrCP proteins
(top) were analyzed by immunoblotting with HOS-C antibody, which
recognizes both �-TrCP1 and �-TrCP2 (45). Levels of Skp2 (bottom)
were assessed by immunoblotting with Skp2 antibody. (B) 293T cells
were cotransfected with HA-tagged �-TrCP1 or HA–�-TrCP2 and
shRNA constructs as described for panel A. Levels of �-TrCP proteins
were analyzed by immunoblotting with HA antibody. M, mock trans-
fected cells; NS, nonspecific bands. (C) In vivo ubiquitination of Flag-
PRLR in 293T cells cotransfected with HA-tagged ubiquitin and
shRNA constructs as indicated and grown in the presence of 10% FBS.
Immunoprecipitation (IP) reactions with HA (top) or Flag (bottom)
antibodies were analyzed by means of immunoblotting (IB) with Flag
antibody. Ubiquitinated Flag-PRLR species (PRLR�Ub) are indi-
cated. (D) In vivo ubiquitination of Flag-PRLR (the wild type or the

FIG. 4. SCF�-TrCP directly ubiquitinates phosphorylated PRLR in
vitro. In vitro ubiquitination of GST-PRLR proteins (the wild type
[WT] or the S349A mutant) phosphorylated in the presence of [32P-�]
ATP by extracts from 293T cells (pretreated with PRL) and prebound
to SCF�-TrCP2 complexes (lanes 1 to 2 and 5 to 6) or to �-TrCP2
(
SCR; lane 3) or Skp1-Cul1-Roc1 (
�-TrCP2; lane 4) alone immo-
bilized on HA-agarose. After nonbound proteins were washed away,
the ubiquitination reaction was carried out in the presence of ubiq-
uitin, ATP, and E1 and E2 (as indicated) and analyzed by means of
autoradiography (top). Ubiquitinated GST-PRLR species (PRLR�
Ub) are indicated. Aliquots of the reaction mixture were also analyzed
with Flag antibody to detect Cul1 (middle) or with HA antibody to
detect �-TrCP2 (bottom). IB, immunoblot.

S349A mutant) in 293T cells cotransfected with HA-tagged ubiquitin
and shRNA constructs as indicated and grown in the presence of 10%
FBS. Immunoprecipitation reactions with HA (top) or Flag (bottom)
antibodies and analysis were carried out as described for panel C.
(E) In vivo ubiquitination of endogenous PRLR in 293T cells trans-
fected with HA-tagged ubiquitin and shRNA constructs as indicated
and grown in the presence of 10% FBS. Endogenous PRLR immuno-
precipitated with PRLR antibody (bottom) and ubiquitinated proteins
immunoprecipitated with HA antibody (top) were analyzed by immu-
noblotting with PRLR antibody. Ubiquitinated Flag-PRLR species
(PRLR�Ub;) are indicated.
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E2 reduced the intensity of this smear (lanes 5 and 6), indi-
cating that it represented in vitro-ubiquitinated phospho-GST-
PRLR. The extent of ubiquitination was also decreased when
Skp1, Cullin1, and Roc1 were omitted from the immobilized
material (lane 3, upper and middle panels). These observations
provide biochemical evidence suggesting that phosphorylated
PRLR is a bona fide substrate for SCF�-TrCP E3 ubiquitin
protein ligase.

�-TrCPs regulate proteolysis of PRLR. Ubiquitination of
plasma membrane receptors is known to result in their inter-
nalization and degradation via the lysosomal pathway. We
measured the rate of PRLR degradation by pulse-chase anal-
ysis and found that treatment of cells with inhibitors of the
lysosomal pathway (methylamine HCl, MA) led to stabilization
of PRLR (Fig. 5A). This result implicates the lysosomal path-
way in the proteolysis of PRLR.

We next determined whether �-TrCP-mediated ubiquitina-
tion of PRLR is of importance in regulating PRLR protein
stability. Flag-PRLRwt expressed in 293T cells exhibited a half-
life of �3 h. Coexpression of the dominant-negative
�-TrCP2�N mutant, which is known to compete with endoge-
nous �-TrCP2 and �-TrCP1 for substrates and to inhibit the
activities SCF�-TrCP ubiquitin ligase (16, 48), noticeably de-
layed the degradation of Flag-PRLRwt (Fig. 5B). This result
indicates that �-TrCPs are required for the efficient degrada-
tion of PRLR.

We next sought genetic evidence for the role of �-TrCP in
regulating PRLR proteolysis. We observed that the rate of
Flag-PRLRwt degradation was modestly decreased in mouse
embryo fibroblasts derived from �-TrCP1 knockout mice (Fig.
5C). Since the stability of �-TrCP substrates in these cells is
thought to be regulated by �-TrCP2 (21), we used the shRNA
approach to confirm the role of �-TrCP in PRLR degradation.
Flag-PRLRwt was noticeably stabilized by the coexpression of
shRNA either directed against �-TrCP2 alone or directed
against both �-TrCP1 and �-TrCP2 (Fig. 5D). These data
suggest that SCF�-TrCP E3 ligase plays a key role in regulating
PRLR stability.

To further confirm the role of �-TrCP in the proteolysis of
PRLR, we compared the rate of degradation of Flag-tagged
PRLRwt with that of the PRLRS349A mutant, which poorly
interacts with �-TrCP2 (Fig. 1A and 2B). This mutant exhib-
ited substantially higher stability (half-life, �10 h) than the
wild-type PRLR (half-life, �3 h) (Fig. 5E). In addition, pro-
teolysis of endogenous PRLR was impaired in cells transfected
with shBTR2 (Fig. 5F). These observations support other data
presented here and are consistent with the idea that �-TrCP
plays an important role in regulating the degradation of PRLR.

Role of �-TrCP in regulating cellular responses to PRL.
Considering the role of �-TrCP in regulating the stability of
PRLR, as well as the fact that this receptor is required for most
of the cellular effects elicited by PRL, we sought to determine
whether �-TrCP is involved in the control of the extent of PRL
signaling. For these experiments, we used the shBTR2 con-
struct, which inhibited the ubiquitination and degradation of
PRLR to an extent similar to that of the effects of shRNA
against both �-TrCP forms (Fig. 3C and 5D). Transfection of
293T cells with shBTR2 noticeably augmented PRL-induced
phosphorylation of Stat5 at Tyr694 (Fig. 6A). The measure-
ment of the PRL-induced transcriptional activity of Stat5 as

evaluated by the Stat5-driven luciferase reporter assay re-
vealed activity levels (normalized per the activity of Renilla
luciferase and calculated in arbitrary units) of 110  13 units in
cells transfected with shCON. The expression of the shBTR2
construct increased the activity of the Stat5-dependent re-
porter to 260  58 units (P � 0.029, Student’s t test). These
findings indicate that �-TrCP contributes to negative regula-
tion of the extent of PRL signaling.

In further experiments aimed at determining the role of
�-TrCP in cellular responses to PRL, we used hamster CHO
cells, which are known to express low levels of endogenous
PRLR (17). These cells were stably transfected either with
empty pCDNA vector or with plasmids encoding Flag-tagged
human PRLR (the wild type or the S349A mutant). Analysis of
recombinant PRLR expression revealed that the PRLRS349A

mutant, whose interaction with �-TrCP2 was impaired (Fig. 1
and 2) and which was more stable than PRLRwt (Fig. 5C),
accumulated in CHO mass cultures to a greater extent than its
wild-type counterpart (Fig. 7A). Both PRL-induced activating
phosphorylation (Fig. 7B) and transcriptional activation (Fig.
7C) of Stat5 were augmented in cells expressing the
PRLRS349A stable mutant. These data indicate that PRL sig-
naling is increased under conditions in which PRLR is insen-
sitive to ubiquitination by SCF�-TrCP.

We next assessed the effect of PRL on the proliferation of
CHO cells stably expressing human PRLR proteins. The ad-
dition of PRL modestly increased the proliferation of two
independently selected cultures of CHO cells transfected with
PRLRwt (W1 and W2 in Fig. 7D) compared with that of cells
transfected with an empty vector (V in Fig. 7D). A significantly
higher rate of acceleration of growth with PRL was observed in
CHO cell cultures transfected with the PRLRS349A mutant
(M1 and M2 in Fig. 7D). These findings indicate that cellular
proliferative responses to PRL signaling are increased when
PRL signaling is resistant to negative regulation elicited
through PRLR ubiquitination mediated by SCF�-TrCP E3 ubiq-
uitin ligases.

DISCUSSION

The data presented here support an important role of the
SCF�-TrCP E3 ubiquitin protein ligase in the negative regula-
tion of PRL signaling. Our findings delineate the putative
mechanisms underlying this regulation, including ligand-de-
pendent binding of PRLR to SCF�-TrCP E3 ubiquitin protein
ligase (Fig. 1 and 2) and ubiquitination of PRLR by this ligase
(Fig. 3 and 4) followed by degradation of PRLR (Fig. 5). These
events manifest themselves in restricting the extent of cellular
responses to PRL, including PRL-induced phosphorylation
and transcriptional activation of Stat5 as well as acceleration of
cell proliferation by PRL (Fig. 6 and 7). SCF�-TrCP-dependent
regulation of PRL is likely to contribute to negative regulation
of the effects of this pituitary hormone or cytokine on cells in
concert with the effects of specific phosphatases, suppressors of
cytokine signaling, and protein inhibitors of activated STAT
(reviewed in reference 6). To the best of our knowledge,
SCF�-TrCP is the first ubiquitin ligase identified to date which
regulates the extent of cellular responses to a polypeptide
pituitary hormone. However, the possibility of a potential role
for other ubiquitin ligases in this process cannot be excluded.
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Our findings characterize PRLR as a novel substrate for
SCF�-TrCP E3 protein ligase. Substrate recognition of this li-
gase is mediated by the closely related F-box proteins �-TrCP1
and �-TrCP2. These proteins are interchangeable in biochem-
ical assays and experiments with �-TrCP overexpression (10).
Knock-down experiments with shRNA showed that, in 293T
cells, the inhibition of �-TrCP2 levels attenuates the ubiquiti-
nation and degradation of PRLR protein to an extent similar
to that of the effects of shRNA directed against both �-TrCP1

and �-TrCP2 (Fig. 3 and 5). This result indicates that �-TrCP2
may represent a major regulator of PRLR ubiquitination and
of PRLR stability in these cells (Fig. 3 and 5), although the
possibility of a more prominent role for �-TrCP1 in other cell
types and/or under various physiological or pathological con-
ditions should not be ruled out. The predominantly cytoplas-
mic localization of �-TrCP2 compared to the nuclear localiza-
tion of �-TrCP1 (9, 33) may provide a plausible explanation of
why �-TrCP2 might be preferred by cytoplasmic substrates of

FIG. 5. �-TrCP2 is involved in PRLR proteolysis. (A) Pulse-chase analysis of Flag-PRLR degradation in 293T cells grown in the presence of
10% FBS, metabolically labeled with [35S]methionine-[35S]cysteine, and treated or not treated with an inhibitor of lysosomal pathway methylamine
HCl (MA, 40 mM) at the beginning of the chase as indicated. Cells were harvested at different chase time points with unlabeled methionine and
cysteine. PRLR was immunoprecipitated with Flag antibody and analyzed by using autoradiography. Percentages of remaining PRLR (compared
to the amount at time point 0, 100%) (% remain.) are shown at the bottom. (B) Pulse-chase analysis of human Flag-PRLRwt protein expressed
in 293T cells with or without the dominant-negative �-TrCP2�N mutant and analyzed as described for panel A. Con, cells were cotransfected with
an empty vector. (C) Pulse-chase analysis of Flag-PRLR degradation in mouse embryo fibroblasts (MEFs) derived either from wild-type (�/�)
mice or from animals with genetic elimination of �-TrCP1 (
/
). Degradation of Flag-PRLR was analyzed as described for panel A. (D) 293T
cells were transfected with Flag-PRLRwt in the presence of the indicated shRNA constructs. The degradation of Flag-PRLR was analyzed as
described for panel A. (E) The indicated wild-type and S349A mutant Flag-PRLR proteins were expressed in 293T cells, and their degradation
was analyzed as described for panel A. (F) 293T cells (grown in the presence of 10% FBS) were transfected with the indicated shRNA constructs,
and the degradation of endogenous PRLR was analyzed by pulse-chase with PRLR antibody.
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SCF�-TrCP such as IFNAR1 (32) and PRLR (this study). Mod-
est stabilization of PRLR was observed in embryo fibroblasts
from mice with genetic elimination of �-TrCP1 (Fig. 5C). Since
knock-down experiments rarely (if ever) allow complete inhi-
bition of protein expression, the future development of
�-TrCP2 knockout animal models will enable the resolution of
the issues of redundancy and relative substrate specificity for
these two forms of �-TrCP.

Ubiquitination of PRLR by SCF�-TrCP E3 ligase depends on
interaction between PRLR and an F-box protein subunit of the
ligase (i.e., �-TrCP). This interaction is promoted by PRL,
suggesting that �-TrCP2-mediated ubiquitination may play a
role in the down-regulation of PRLR in response to the ligand.
As is the case for other SCF�-TrCP substrates, PRLR ubiquiti-
nation and proteolysis appear to depend on specific phosphor-
ylation of PRLR within the �-TrCP2 recognition motif. Our
data indicate that PRL treatment induces activity of a yet-to-
be-identified kinase(s) that phosphorylates PRLR with the
DSGRGS motif and enables the recruitment of E3 ligase by
PRLR as well as PRLR ubiquitination and degradation. Fu-
ture studies will identify the nature of such a kinase and de-
termine its role in regulating the extent of PRL signaling.

In human cells, PRL is known to interact with various splic-
ing forms of PRLR (2, 6, 7). Given the presence of the
DSGRGS sequence, it is expected that the SCF�-TrCP-depen-
dent pathway regulates proteolysis of the long form of PRLR
as well as its �S1 variant (31). At the same time, the down-
regulation of the intermediate and short forms of PRLR,
which lack the �-TrCP2 recognition motif, may be regulated by
other E3 ligases, or these forms may undergo endocytosis and
degradation in a ubiquitin-independent manner. For example,
multiple endocytosis motifs (including phenylalanine and
dileucine motifs) were found to bring about internalization of
short forms of PRLR as well as of truncation mutants of the
long form (37, 51). Since intermediate or short forms of human
PRLR are either partially or entirely deficient in mediating the
signal transduction pathways induced by PRL (30, 42), it is
expected that �-TrCP2-dependent control of stability of the
long-form PRLR is important for regulating a complete rep-
ertoire of PRL signaling.

Future studies are required to determine how the ubiquiti-

nation of PRLR by SCF�-TrCP E3 ligase leads to the proteolysis
of PRLR. Whereas �-TrCP-dependent ubiquitination of
IFNAR1 targets this protein for endocytosis and degradation
by a lysosomal pathway (32), other known substrates of
SCF�-TrCP are degraded by 26S proteasome complexes (10).
The treatment of cells with inhibitors of the lysosomal pathway
substantially increased the half-life of Flag-PRLRwt in our
assays (Fig. 5A). This result is in line with evidence that lyso-
somotropic agents prevent down-regulation of PRLR by its
ligand (14). Thus, it is likely that �-TrCP-mediated ubiquiti-
nation of PRLR targets this protein for degradation via the
lysosomal pathway.

Conjugation of ubiquitin to the plasma membrane-localized
receptors often provides them with a potent internalization
signal (reviewed in reference 27). Interestingly, it has been
shown that bovine PRLR mutants, which lack a substantial
portion of the cytoplasmic tail encompassing the �-TrCP rec-
ognition motif, undergo efficient endocytosis (37). In addition,
the removal of a large portion of the cytoplasmic tail of GHR,
which is closely related to PRLR and also contains a similar
�-TrCP recognition motif (DSGRTS), does not impair the

FIG. 6. �-TrCPs contribute to negative regulation of PRL signal-
ing. 293T cells were transfected with the indicated shRNA constructs,
serum starved, and treated with PRL (200 ng/ml for 20 min) as indi-
cated. Specific tyrosine phosphorylation of endogenous Stat5 (P-Stat5,
top) and overall levels of Stat5 (bottom) were analyzed by means of
immunoblotting with the respective antibodies.

FIG. 7. Expression of the stable PRLRS349A mutant elicits in-
creased cellular responses to PRL in CHO hamster cells. (A) Levels of
Flag-PRLR expression in mass cultures of CHO cells stably trans-
fected with empty vector (V), Flag-PRLRwt (W), or the Flag-
PRLRS349A mutant (M) were analyzed by immunoblotting with Flag
antibody. (B) Specific tyrosine phosphorylation (P-Stat5, top) and total
levels of Stat5 (bottom) in CHO cells (stably transfected as described
for panel A) upon serum starvation and treatment with PRL were
analyzed by immunoblotting with the respective antibodies. (C) Stably
transfected CHO cells (as described for panel A) were cotransfected
with Stat5-driven firefly luciferase reporter and Renilla luciferase vec-
tor, serum starved, and treated with PRL as indicated. Dual luciferase
activity was measured after 24 h of incubation with (gray bars) or
without (black bars) PRL. The graph depicts normalized levels of
Stat5-driven luciferase activity (Stat5-luc activity) calculated from
three independent experiments (each carried out in quadruplicate) in
arbitrary units. �, P � 0.05 for the comparison with cells transfected
with empty vector; ��, P � 0.05 for the comparison with cells trans-
fected with PRLRwt (Student’s t test). (D) Effect of PRL on acceler-
ation of growth of CHO cells stably transfected with empty vector, two
independently selected mass cultures expressing wild-type PRLR (W1
and W2), or two independently selected mass cultures expressing the
PRLRS349A mutant (M1 and M2). The graph depicts percentages of
growth acceleration with PRL, calculated as described in Materials and
Methods with data from three independent experiments (each carried
out in quadruplicate). �, P � 0.01 for the comparison with either W1
or W2 (Student’s t test).
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internalization of these GHR mutants (20). However, a puta-
tive role for �-TrCP-mediated ubiquitination in the internal-
ization of endogenous PRLR (as well as that of GHR) cannot
be entirely ruled out, since it remains possible that the endo-
cytosis of native receptor protein is antagonized by a factor(s)
whose effects rely on the integrity of sequences that are absent
in such mutants. In addition, �-TrCP-dependent ubiquitina-
tion may play a role in sorting already-internalized PRLR and
targeting it to lysosomes for degradation. A similar function in
the regulation of growth factor receptor proteolysis is attrib-
uted to c-Cbl E3 ubiquitin ligase (36).

Putative roles of �-TrCP in PRLR endocytosis and postint-
ernalization sorting remain to be determined. The develop-
ment of antibodies specifically recognizing long and �S1 forms
of PRLR will improve the feasibility of this analysis in future
studies. However, it is important to note that, regardless of the
mode of PRLR proteolysis, the �-TrCP-dependent pathway is
stimulated by PRL (Fig. 1A and 2B). These data suggest an
important physiological role of the �-TrCP-mediated mecha-
nism in the down-regulation of PRLR levels and the restriction
of the extent of PRL signaling.

Future studies will also determine whether �-TrCP-depen-
dent regulation of PRLR stability and PRL signaling is impor-
tant in restricting the effects of PRL on breast tissue. It is
conceivable that these mechanisms may be utilized in limiting
the extent of mammary gland development during pregnancy
or in the gland’s postlactation involution. In addition, consid-
ering that breast cancer cells secrete PRL and are subjected to
its autocrine regulation (1, 8), putative aberrations in the
�-TrCP-mediated pathway in these cells would be expected to
lead to sustained stimulation of their growth.
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