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The ubiquitination of the receptor that mediates signaling induced by the polypeptide pituitary hormone
prolactin (PRL) has been shown to lead to the degradation of this receptor and to the ensuing negative
regulation of cellular responses to PRL. However, the mechanisms of PRL receptor (PRLr) proteolysis remain
largely to be determined. Here we provide evidence that PRLr is internalized and primarily degraded via the
lysosomal pathway. Ubiquitination of PRLr is essential for the rapid internalization of PRLr, which proceeds
through a pathway dependent on clathrin and the assembly polypeptide 2 (AP2) adaptor complexes. Recruit-
ment of AP2 to PRLr is stimulated by PRLr ubiquitination, which also is required for the targeting of already
internalized PRLr to the lysosomal compartment. While mass spectrometry analysis revealed that both
monoubiquitination and polyubiquitination (via both K48- and K63-linked chains) occur on PRLr, the results
of experiments using forced expression of ubiquitin mutants indicate that PRLr polyubiquitination via K63-
linked chains is important for efficient interaction of PRLr with AP2 as well as for efficient internalization,
postinternalization sorting, and proteolytic turnover of PRLr. We discuss how specific ubiquitination may
regulate early and late stages of endocytosis of PRLr and of related receptors to contribute to the negative
regulation of the magnitude and duration of downstream signaling.

Endocytosis of signaling receptors is a major mechanism
used by cells to restrict the magnitude and duration of signal
transduction induced by extracellular ligands. Ligand-induced
endocytosis of cell surface receptors may occur through clath-
rin-dependent or -independent pathways. The clathrin-depen-
dent pathway links receptors with clathrin-coated vesicles,
which are specialized invaginations of the plasma membrane that
concentrate receptors that become internalized. This pathway
relies on the interaction of the assembly polypeptide 2 (AP2)
clathrin adaptor complexes with specific endocytic signals located
within the cytoplasmic domain of the receptors (5).

AP2 complexes, which are involved in the assembly of clath-
rin triskelions at the plasma membrane, are composed of four
components, including two adaptin subunits (� and �2) and
two smaller subunits (�2 and �2); among these subunits, each
has different biological functions (34). There are specific en-
docytic motifs that are essential for receptor clustering on the

membrane and clathrin-dependent internalization of recep-
tors. For example, both tyrosine- and leucine-based motifs can
be recognized by the AP2 complex through the interaction with
its �2 subunit and with the �2 or �/�2 hemicomplexes, respec-
tively (5, 8, 13).

The process of receptor endocytosis is not exclusively regu-
lated by the linear motifs located on the cytoplasmic tail of
receptors. Posttranslational modification by ubiquitination has
also emerged as an important factor in the endocytosis and
sorting of surface receptors. Ubiquitin is a 76-amino-acid pro-
tein that forms an isopeptide bond between its terminal glycine
and a lysine residue of a target substrate. Each individual
ubiquitin moiety harbors seven lysine residues, allowing for the
formation of ubiquitin chains linked through its internal lysine
residues such as K48 and K63, etc. While the overall role of
ubiquitination in mediating the internalization of many
yeast receptors (6, 21) and mammalian receptors (such as
the nerve growth factor receptor TrkA [16], major histocom-
patibility complex class II proteins [14], growth hormone
receptor [42], model fusion proteins [3], and many others)
has been reported previously, the requirements of ubiquiti-
nation specificity differ substantially between the various
receptors.

We have recently demonstrated that linkages of both K48
and K63 types were required for efficient internalization of the
alpha/beta interferon receptor chain IFNAR1 (24). We pro-
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posed that interaction of specific ubiquitin moieties with di-
verse linear endocytic motifs within individual receptors is a
major mechanism that regulates the rate of receptor endocy-
tosis. However, the specifics of ubiquitin-dependent internal-
ization of given receptors, such as their requirement for a
particular type of ubiquitination (mono- versus polyubiquiti-
nation) and for different linkages of polyubiquitin chains, await
further elucidation. Besides early endocytic steps, cargo recep-
tor ubiquitination also plays an important role in the preven-
tion of the recycling of internalized receptors and in the tar-
geting of these receptors to the lysosome for degradation.
Ubiquitinated cargo destined for lysosomal degradation gen-
erally remains associated with the endosome as the vesicles
mature and decrease their pH, progressing to vesicles of the
late endosome and lysosome (11, 41). While any type of poly-
ubiquitination appeared to suffice for the lysosomal targeting
of IFNAR1 (24), the role of specific types of ubiquitination for
sorting of other signaling receptors is yet to be determined.

Here we aimed to understand how ubiquitination of the
receptor for prolactin (PRL), a polypeptide hormone, medi-
ates receptor degradation. PRL is an essential regulator of the
growth and maturation of the mammary gland epithelium,
which regulates induction and maintenance of lactation. In
addition, PRL signaling that is mediated by a cognate receptor
(PRL receptor [PRLr]) seems to play an important role in
breast cancer; this role is underscored by findings that PRLr is
highly expressed in human cancers (reviewed in references 12
and 38). Ubiquitination and degradation of PRLr is mainly
mediated by the �-transducin-repeat-containing protein (�-
TrCP) E3 ubiquitin ligase that is recruited to PRLr in a man-
ner that requires phosphorylation of Ser349 of the receptor
(28). Signaling induced by PRL (but not by a PRLr antagonist)
and mediated by catalytic activation of Janus kinase 2 (Jak2)
stimulates this Ser349 phosphorylation in addition to ubiquiti-
nation, initial internalization, and degradation of PRLr (39).
Furthermore, the intracellular localization of Ser349-phos-
phorylated PRLr in human mammary tissues is consistent with
its targeting to the lysosomal compartment (27).

These findings are in line with the hypothesis that ligand-
stimulated PRLr ubiquitination leads to PRLr internalization,
sorting to the lysosomes, and lysosomal degradation. However,
the role of ubiquitination and lysosomes in PRLr internaliza-
tion and sorting has not been determined. In fact, tempera-
ture-sensitive hamster fibroblasts that harbored a functionally
deficient ubiquitin-activating E1 enzyme and expressed bovine
PRLr did not display any defect in internalization of radiola-
beled bovine PRL (29). Furthermore, treatment with protea-
somal inhibitors delayed the downregulation of PRLr in a
PRL-deficient clone of breast cancer cells. In these cells, ligand
treatment led to proteasome-dependent generation of a PRLr
fragment that contained an intact extracellular domain (29).

Thus, the goal of our current study was to systematically
delineate the mechanisms by which the ubiquitination of PRLr
leads to its degradation. We demonstrate that PRLr is de-
graded primarily through the lysosomal pathway and that ef-
ficient clathrin-dependent internalization of PRLr requires
both receptor ubiquitination and the function of the AP2 com-
plex. We provide evidence that the ubiquitination of PRLr
stimulates its interaction with the AP2 complex. We also dem-
onstrate that polyubiquitination and K63 linkages are required

for the internalization, postinternalization sorting, and lyso-
somal degradation of PRLr.

MATERIALS AND METHODS

Antibodies and immunotechniques. Commercially available antibodies against
Flag (M2 and M1) and clathrin (TD.1; Sigma-Aldrich, St Louis, MO), hemag-
glutinin (HA) (Y-11 [Santa Cruz Biotechnology, Inc., Santa Cruz, CA], 12CA5
[Roche], and MMS101R [Covance]), ubiquitin (FK2; BIOMOL International
LP), PRLr extracellular domain (1A2B1; Invitrogen Corp., Carlsbad, CA), and
�-adaptin and �-actin (Affinity BioReagents, Inc., Golden, CO) were purchased.
Anti-phospho-�-catenin and anti-�-catenin antibodies were obtained from Cell
Signaling (Cambridge, MA). Secondary antibodies conjugated to horseradish
peroxidase (HRP) were purchased from Chemicon and Pierce. MG132 and
lactacystin were obtained from BIOMOL and methylamine (MA) from Sigma.
All the immunoprecipitation and immunoblotting procedures were performed as
previously reported (40). Densitometry analysis data were generated and quan-
titated using Image software (version beta 4.0.2; Scion), and the digital images
were prepared using Photoshop 7.0 software (Adobe). Human PRL was pur-
chased from the National Hormone and Peptide program (A. F. Parlow). PRLr
antagonist PRL�1-9,G129R was produced and purified as previously described (4).
Monensin was purchased from Sigma.

Cells and constructs. 293T human embryo kidney cells were propagated and
transfected as previously described (28). Descriptions of the plasmids expressing
wild-type (WT) Flag-tagged PRLr or the S349A mutant were previously reported
(28). The HA-tagged ubiquitin expression constructs were kindly provided by
Yosef Yarden (Weizmann Institute, Israel). The open coding region of C-ter-
minally Flag-tagged PRLr (WT or S349A) was amplified by PCR and subcloned
into pBABE-puro to generate retroviral vectors pBABE-puro-PRLrWT and
pBABE-puro-PRLrS349A. Retroviruses were obtained from 293T cells trans-
fected with these plasmids along with vesicular stomatitis virus-G and poly-
merase-Gag expression vectors. These retroviruses were used to stably transduce
MCF10A�p53 cells, a human mammary epithelial MCF10A-derivative cell line in
which p53 expression is knocked down by RNA interference (a generous gift of
Alan Eastman, Dartmouth University) (26). MCF10A�p53 cells stably expressing
PRLr were selected in medium containing puromycin (0.75 �g/ml) and were
further maintained in Dulbecco’s modified Eagle’s medium/F12 medium
(DMEM/F12) (1:1) containing 5% fetal bovine serum, 20 ng of epidermal growth
factor (EGF)/ml, 0.5 �g of hydrocortisone/ml, 100 ng of cholera toxin/ml, 10 �g
of insulin/ml, 0.75 �g of puromycin/ml, and 100 �g of G418/ml.

Transfections were performed with Lipofectamine Plus or Lipofectamine 2000
(Invitrogen Corporation, Carlsbad, CA) or FuGENE 6 (Roche) and analyzed
after 48 h according to the manufacturer’s recommendations. The knockdown of
clathrin heavy chain was performed using a short hairpin obtained from Sigma
(MISSION short hairpin RNA [shRNA] plasmid DNA; catalog no. SHDNAC-
TRCN0000007982). The efficiency of knockdown was determined by immuno-
blotting using an anticlathrin antibody in 293T cells that were transfected with
the short hairpin construct. The short hairpin constructs directed against �-TrCP
(28, 40) and the small interfering RNA against AP2 (3) were previously charac-
terized elsewhere.

Fluorescence-based internalization assay. This assay measures the loss of cell
surface immunoreactivity of epitope-tagged or endogenous receptors by use of
an enzyme-linked immunosorbent assay as described previously (3), with the
following modifications. Briefly, 293T cells transfected with the various N-ter-
minal HA-epitope-tagged PRLr plasmids and/or pcDNA3 were plated onto
24-well plates. Cells were starved for 1 h in serum-free DMEM, washed twice in
1� phosphate-buffered saline (PBS), starved for an additional 1 h in serum-free
DMEM, and chilled on ice for 15 min. Internalization was initiated by incubation
of cells with warm (37°C) serum-free DMEM containing PRL (50 ng/ml) for
indicated time periods at 37°C and terminated by placing the plates on ice. Cells
were washed, blocked, and incubated with anti-HA antibody (or with anti-PRLr
antibody when the endogenous receptor was analyzed) for 1 h, washed, and
incubated with HRP-conjugated goat anti-mouse secondary antibody (Molecular
Probes) for 1.5 h. After extensive washes, cells were incubated with AmplexRed
Ultra reagent (10-acetyl-3,7-dihydroxyphenoxazine; Molecular Probes). Aliquots
were transferred to black 96-well plates, and fluorescence readings were taken
with a Beckman Coulter DTX880 multimode detector using filters (530 nm for
excitation and 590 nm for emission). Results were expressed as a percentage of
the fluorescence registered prior to internalization after subtraction of the value
obtained with mock-transfected cells. Average results of three independent ex-
periments (each experiment was conducted in quadruplicate; results represent
means � standard errors of the means [SEM]) are presented. Where indicated,
pretreatment with monensin (100 �M in ethanol for 30 min prior to initiation of
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internalization) was used to prevent receptor recycling as described elsewhere for
EGF receptor (46). In these cases, control cells received equal volumes of vehicle
(ethanol).

Reversible cell surface biotinylation. Cell surface biotinylation was performed
as previously described (20, 24, 39). This procedure uses immunoblotting to
measure levels of biotinylated proteins that are protected from debiotinylation as
a result of being internalized. In brief, MCF10A�p53 cells (26) that stably express
either WT PRLr or the PRLr harboring the S349A mutation were grown in
100-mm-diameter dishes, starved in serum-free DMEM/F12 for 2 h, placed on
ice, and washed with ice-cold PBS. Surface biotinylation was performed with 0.25
mg of EZ-Link-Sulfo-NHS-S-S-biotin (Pierce)/ml in 150 mM Na2B4O7 (pH 8.0)
for 15 min on ice. The EZ-Link solution was removed, and the excess unreacted
biotin was quenched by washing the plates three times with DMEM containing
0.1% bovine serum albumin followed by an additional wash with ice-cold
HEPES-buffered saline (HBS; 10 mM HEPES-NaOH [pH 7.4], 150 mM NaCl)
containing 0.7 mM CaCl2 and 0.5 mM MgCl2 (HBS�). The input samples and
the untreated plates (time point zero) remained on ice, while the other plates
were treated with 50 ng of PRL/ml in warm DMEM for the indicated times,
allowing for the internalization of PRLr. Following ligand exposure, all the plates
were placed on ice, washed with HBS�, and, with the exception of the input
sample, subjected to three 30-min incubations with 100 mM sodium 2-mercap-
toethanesulfonic acid (MESNA) in 50 mM Tris-HCl (pH 8.6)–100 mM NaCl–1
mM EDTA–0.2% bovine serum albumin to selectively remove biotin remaining
at the cell surface. Time point 0 was set using cells that were biotinylated and
kept on ice and then treated with MESNA to remove surface biotin. Following
the third MESNA treatment, cells were washed two times with HBS� and any
residual MESNA was quenched by a 15-min treatment with ice-cold 120 mM
iodoacetamide–HBS�. After two additional washes with ice-cold HBS, cells
were lysed in the plate with 60 mM n-octyl �-D-glucopyranoside (Fisher) and
0.1% sodium dodecyl sulfate (SDS) in HBS containing protease inhibitor cock-
tail. Lysed cells were transferred to a cold labeled tube, incubated on ice for 20
min, and centrifuged at 15,000 rpm for 15 min. Biotinylated proteins were
recovered by incubating with immobilized NeutrAvidin resins (Pierce Inc.) over-
night. The proteins were washed, boiled in SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE) loading buffer, separated by 10% SDS-PAGE, and analyzed by
immunoblotting with anti-Flag M2 antibody to detect Flag-tagged PRLr. Den-
sitometry analysis was performed using Image software.

PRLr recycling assay. To measure the recycling of internalized HA-PRLr
expressed in 293T cells, cells were first labeled on ice for 1 h with anti-HA
antibody (1/500 dilution). Then, the temperature was shifted to 37°C for 1 h to
allow anti-HA PRLr complex internalization in the presence of PRL (50 ng/ml)
while control cells were maintained on ice. Cells were then cooled down to 0°C
and stripped five to six times with low-pH solution (0.2 M acetic acid, 0.2 M
NaCl; pH 2.5) to remove anti-HA antibody remaining at the cell surface. Control
experiments showed that 90% of the anti-HA antibody at the cell surface was
removed by the acid stripping in both cases (PRLrWT and PRLrS349A). The
quantification of the total amount of internalized antibody was done by subtract-
ing the amount of anti-HA antibody at the cell surface before internalization
from the amount seen after internalization. The cells were then incubated at
37°C for 1 to 6 h to allow PRLr complexes with anti-HA antibody to recycle to
the cell surface. Cell surface levels of anti-HA antibody were quantified by an
Amplex Red assay after secondary anti-mouse HRP-conjugated labeling was
performed as described above for the protocol for the fluorescence-based inter-
nalization assay. The percentages of internalized PRLr that reappeared on the
cell surface were calculated and plotted as a graph (see Fig. S4 in the supple-
mental material).

In vivo ubiquitination assay. The in vivo ubiquitination assay was performed
as previously described (25). Briefly, 293T cells were cotransfected with 1 �g of
Flag-tagged PRLr and 4 �g of the indicated ubiquitin vector. As a control, cells
were transfected with 5 �g of empty vector. At 40 h posttransfection, plates were
placed on ice and washed with ice-cold PBS. Cells were harvested and lysed with
two pellet volumes of 2% SDS in Tris-buffered saline. Samples were boiled for
10 min, sonicated for 30 s, and placed on ice. After neutralization of the SDS with
10 volumes of 1% Triton X-100, samples were precleared with protein A agarose
(Invitrogen Corporation, Carlsbad, CA) and PRLr was immunoprecipitated us-
ing anti-Flag antibody-conjugated beads. After the beads were washed, the sam-
ples were boiled in SDS-PAGE loading buffer and a fraction from each sample
was analyzed by immunoblotting with the anti-FLAG antibody to normalize
receptor amounts. Equal levels of expressed receptor were analyzed using the
antiubiquitin antibody.

PRLr-AP2 interactions. 293T cells were cotransfected with 1 �g of the indi-
cated Flag-tagged PRLr construct (WT or S349A) and either 3 �g of shRNA
constructs (either a control short hairpin or a short hairpin against �-TrCP) when

investigating the role of ubiquitination or with 3 �g of an indicated ubiquitin
construct when investigating the role of the type of ubiquitination. As a control
for these experiments, cells were transfected with either an equivalent amount of
empty vector or a short hairpin control empty vector where applicable. At 48 h
posttransfection, cells were starved in serum-free DMEM containing 20 mM MA
hydrochloride for 4 h followed by stimulation with PRL at 37°C. The samples
were prepared as previously described (24), and equal amounts of lysates were
precleared and incubated with anti-Flag antibody-conjugated beads overnight.
The beads were washed with lysis buffer, resuspended in 3� SDS-PAGE loading
buffer, and boiled. An aliquot from each sample was analyzed by immunoblotting
with the anti-Flag antibody to normalize receptor levels. Based on the normal-
ized amounts of PRLr, equivalent amounts from each sample were separated by
6% SDS-PAGE and analyzed by immunoblotting with the anti-�-adaptin anti-
body and with the anti-Flag antibody to detect PRLr. Also, equal amounts of
whole-cell extract (reserved from the immunoprecipitation reaction mixture)
were separated by 8% SDS-PAGE and analyzed with the anti-�-adaptin anti-
body.

Identification of the nature of PRLr ubiquitination by mass spectrometric
analysis (AQUA method). For purification of the ubiquitinated species of PRLr,
50 10-cm-diameter dishes of 293T cells were used for transfection and coexpres-
sion of WT ubiquitin and Flag-tagged PRLr or a vector control by the calcium
phosphate method. Purification of ubiquitinated PRLr was done similarly to
purification of ubiquitinated IFNAR1 as previously described (24). Briefly, cells
were treated with PRL (50 ng/ml for 30 min) and lysed using NP-40 lysis buffer
containing 200 mM NaCl, protease inhibitors, and 10 mM NEM (N-ethyl male-
imide). Total cell lysate was precleared with protein A-agarose for 4 h at 4°C
followed by immunoprecipitation of 50 mg of total protein immobilized on beads
conjugated to the anti-Flag M2 antibody. The beads were washed sequentially
with buffers containing 1% NP-40 with 1 M NaCl and 0.1% SDS. Subsequent
washes were carried out using lower concentrations of NaCl (200 mM NaCl and
then 100 mM NaCl) and finally using Tris-buffered saline. The precipitated
proteins were eluted with 0.1 M glycine (pH 3.0) and resolved by SDS-PAGE. A
1% volume of the eluate was analyzed by immunoblotting with an antiubiquitin
antibody (FK2; BIOMOL) to determine the apparent molecular weight of “ubiq-
uitinated” receptor, and with an anti-FLAG M2 antibody, 4% of the eluate was
analyzed by silver staining and 70% by colloidal Coomassie (Invitrogen) staining.

Gel slices containing the “ubiquitinated” receptor and the corresponding re-
gion in the vector control lane representing the Coomassie-stained gel were used
for analysis of polyubiquitin linkages according to previously established meth-
ods (23, 47). Briefly, the proteins in the gel slices were digested by trypsin with
the addition of eight stable isotope-labeled peptides, including all seven GG
peptides and one ubiquitin peptide (Thr55-Lys63), as internal standards. The
resulting peptide mixtures were analyzed by reverse-phase liquid chromatogra-
phy-tandem mass spectrometry (liquid chromatography–MS-MS) on an LTQ-
Orbitrap hybrid mass spectrometer (Thermo Electron, San Jose, CA). The in-
strument was operated to monitor the eight peptides and their related native
counterparts by selective reaction monitoring (SRM). The quantification analysis
was carried out using Xcalibur software (Thermo Finnigan, San Jose, CA).

Cycloheximide chase assay. 293T cells (transfected with the indicated plasmids
for 48 h) or T47D cells were serum starved overnight followed by stimulation
with PRL (20 ng/ml or 100 ng/ml, respectively) in the presence of 50 �g of
cycloheximide/ml. Cells were harvested at different time points, lysed, and ana-
lyzed by immunoblotting using anti-Flag (M2) or anti-PRLr antibodies. Digital
images were processed with Adobe Photoshop 7.0 software.

pHv measurement. To monitor the endocytic trafficking of internalized PRLr,
the vesicular pH (pHv) of cargo-containing vesicles was determined by fluores-
cence ratio image analysis (FRIA) essentially as described for CD4 or IFNAR1
(3, 24). Cell surface PRLr were labeled with anti-HA primary antibody (Covance
MMS101R) and fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse
secondary Fab (Jackson ImmunoResearch Laboratories, West Grove, PA) by
incubating primary (1/500 dilution) and secondary (1/500 dilution) antibodies
together routinely for 1 h at 37°C in the presence of 50 ng of PRL (WT or
antagonist)/ml. The presence of PRL did not affect binding of the antibodies
used in this analysis (data not shown). Cells were then washed (140 mM NaCl,
5 mM KCl, 20 mM HEPES, 10 mM glucose, 0.1 mM CaCl2, 1 mM MgCl2; pH
7.3) and chased for 30 to 240 min at 37°C. Fluid-phase antibody uptake in
mock-transfected cells was not detectable by FRIA (data not shown).

FITC-Fab antibody-loaded endolysosomes were imaged at 35°C using an
Axiovert 100 inverted fluorescence microscope (Carl Zeiss MicroImaging, Inc.,
Toronto, Ontario, Canada) (at 35°C) equipped with a Hamamatsu ORCA-ER
1394 (Hamamatsu, Japan) cooled charge-coupled-device camera and a Plana-
chromat (63�, 1.4-numerical-aperture) objective. Fluorescence ratio image ac-
quisition and analysis were performed with MetaFluor software (Molecular De-
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vices, Downingtown, PA). Images were acquired at 490-nm (� 5 nm) and 440-nm
(� 10 nm) excitation wavelengths by use of a 535-nm (� 25 nm) emission filter.

Both primary and secondary antibodies remained associated with PRLr
throughout the course of the experiments, judging from the inability of buffers
with pH of 4.0 and higher to dissociate these antibodies in control experiments
(data not shown). Calibration curves, describing the relationship between the
fluorescence ratio values and pHv, served to calculate the luminal pH of indi-
vidual vesicles, following fluorescence background subtraction at both excitation
wavelengths. In situ calibration was performed by clamping the pHv between 4.5
and 7.4 in K�-rich medium (135 mM KCl, 10 mM NaCl, 20 mM HEPES or 20
mM MES [morpholineethanesulfonic acid], 1 mM MgCl2, and 0.1 mM CaCl2) in
the presence of 10 �M nigericin and 10 �M monensin (Sigma-Aldrich, Oakville,
Ontario, Canada) and recording the fluorescence ratio. In each experiment the
pHv of 450 to 800 vesicles was determined. As an internal control, one-point
calibration was performed for each coverslip by clamping the pHv to 6.5 with
monensin and nigericin. Mono- or multipeak Gaussian distributions of pHv

values were obtained with Origin 7.0 software (OriginLab Corporation, North-
ampton, MA). The mean pHv of each vesicle population was calculated as the
arithmetic mean of the data and was identical to the Gaussian mean, based on
single-peak distribution fitting. At least three independent experiments were
performed for each set of conditions. To override the effect of endogenous
ubiquitin and to detect the effect of the ubiquitin configuration on endocytic
trafficking, 293T cells were cotransfected with ubiquitin variants and the expres-
sion plasmid coding for PRLr at a 5:1 ratio. FRIA was performed on cells
expressing PRLr while assuming that the twos plasmids were expressed together.
The mean pHv values obtained in at least three experiments are shown in the
figures.

Immunofluorescence microscopy. Lysosomes were labeled with FITC-dextran
(50 �g/ml; molecular mass, 10 kDa) as described previously for CD4 or IFNAR1
(3, 24). Cells expressing HA-PRLr were allowed to internalize anti-HA antibody
complexed with FITC-conjugated goat anti-mouse Fab for 1 h in DMEM and
were chased for 4 h. During the last 45 min, cells were labeled with tetramethyl
rhodamine isocyanate-transferrin (TRITC-transferrin) (10 �g/ml) to visualize
recycling endosomes. Single optical sections were collected by use of a Zeiss
LSM510 laser confocal fluorescence microscope, equipped with a Plan-Apo-
chromat 63�/1.4 objective (Carl Zeiss Microimaging, Inc.), as previously de-
scribed (2). Images were processed with Adobe Photoshop (Adobe Systems
Incorporated, San Jose, CA) software.

RESULTS

Degradation of PRLr is primarily a lysosome-dependent
process. Given somewhat controversial data on the importance
of lysosomal versus proteasomal pathways in the degradation
of PRLr, we treated T47D human breast cancer cells with
either the proteasome inhibitor MG132 or MA, an inhibitor of
lysosomal delivery, and assessed the degradation of endoge-
nous PRLr by use of a cycloheximide chase assay. Treatment
with MA completely abrogated the proteolytic turnover of
PRLr, while MG132 treatment only moderately inhibited the
degradation of this receptor (Fig. 1A). Intriguingly, lactacystin,
a more specific inhibitor of proteasomes, failed to noticeably
impair the rate of PRLr degradation (Fig. 1B) while being
active in stabilizing �-catenin phosphorylated on Ser33 (see
Fig. S1 in the supplemental material), which is a bona fide
proteasomal substrate (1). In addition, treatment with MA to
inhibit the lysosomal pathway also prevented PRL-stimulated
degradation of endogenous PRLr in human embryo kidney
293T cells (see Fig. S2 in the supplemental material). These
data, which are in line with our results with respect to the
degradation of exogenously expressed PRLr in these cells as
obtained by pulse-chase analysis (27), suggest that the proteo-
lytic turnover of PRLr is primarily mediated by the lysosomal
pathway.

Ubiquitination is required for the efficient clathrin-depen-
dent internalization of PRLr. Considering that ubiquitination
of PRLr is important for its degradation (27), which appears to

proceed via the lysosomal pathway (Fig. 1), we sought to in-
vestigate how ubiquitination of PRLr contributes to its lysoso-
mal turnover. Efficient internalization of cell surface receptors
is a common first step toward their degradation in the lyso-
somes. We used two independent methods (fluorescence-
based assays and cell surface biotinylation assays; see Materials
and Methods and references 24 and 39) to characterize the
processes that control the initial rate of PRLr internalization.
Use of shRNA that efficiently knocked down the expression of
clathrin heavy chain (see Fig. S3 in the supplemental material)
noticeably impaired the internalization of both endogenous
PRLr in 293T cells (Fig. 2A) and HA-tagged PRLr expressed
in these cells (Fig. 2B). These results indicate that PRLr in-
ternalization is clathrin dependent and confirm our previous
observations that in this experimental system, endocytosis of
recombinant HA-tagged PRLr faithfully recapitulates the pro-
cesses involved in the regulation of the endogenous receptor
(39).

In line with previous results, the initial rates of internaliza-
tion of both endogenous PRLr (Fig. 2C) and HA-tagged PRLr
(Fig. 2D) were dramatically impaired in cells in which �-TrCP
was knocked down. Given that �-TrCP is a major E3 ubiquitin
ligase for PRLr, this result may suggest that ubiquitination of
PRLr is required for the efficient endocytosis of PRLr. Alter-
natively, knockdown of �-TrCP may affect PRLr internaliza-
tion indirectly via the numerous other known �-TrCP targets
(15, 48). To distinguish between these possibilities and to di-
rectly determine the role of PRLr ubiquitination in its inter-
nalization, we compared the initial rates of internalization of
WT PRLr and of its ubiquitination-deficient S349A mutant,
which does not efficiently recruit �-TrCP (28). Remarkably,
this mutant exhibited much slower kinetics of internalization in
293T cells (Fig. 2E). This defect could not be attributed to an
artifact of transient expression of PRLr or to a peculiarity of
the fluorescence-based assay, because similar data were ob-

FIG. 1. Effect of proteasomal and lysosomal inhibitors on the deg-
radation of endogenous PRLr in human T47D cells. (A) Degradation
of endogenous PRLr was analyzed by a cycloheximide (CHX) chase
procedure (treatment with CHX [50 �g/ml] and PRL [100 ng/ml])
using T47D cells following 2 h of pretreatment with either the protea-
somal inhibitor MG132 (MG [25 �M]) or the lysosomal inhibitor MA
(10 mM). Cell lysates were analyzed by immunoblotting with antibod-
ies against PRLr and �-actin (�-act) (loading control). DMSO, di-
methyl sulfoxide. (B) Degradation of PRLr following pretreatment with
the proteasomal inhibitor lactacystin (LC [10 �M]) or MA (10 mM) or a
combination of the two was analyzed as described for panel A.
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tained independently using the reversible cell surface bioti-
nylation assay and MCF10A�p53 human mammary epithelial
cell lines stably transduced with the relevant PRLr expres-
sion constructs. In these cells, internalization of the
PRLrS349A mutant was noticeably delayed compared to the
internalization of WT receptor (Fig. 2F). Accordingly, while
we aimed at expressing comparable levels of total PRLr in
these experiments (for an example, see Fig. 3A, left panel),

we still detected three times more of the ubiquitination-
deficient mutant (compared to the WT PRLr level) at the
cell surface (Fig. 2G).

High levels of surface PRLr in the PRLrS349A-expressing
cells may result not only from deficient internalization but also
from the increased recycling of mutant receptor that we have
also observed (albeit at much later time points) (see Fig. S4 in
the supplemental material). In order to exclude the possibility

FIG. 2. Efficiency of the clathrin-dependent internalization of PRLr is dependent on PRLr ubiquitination. (A) Internalization of endogenous
PRLr in 293T cells that were left untransfected (Mock [squares]) or were transfected with shRNA against clathrin heavy chain (shCLA) or green
fluorescent protein (shCON [diamonds]) analyzed by the fluorescence-based assay using anti-PRLr antibody as outlined in Materials and Methods.
(B) Internalization of HA-tagged PRLrWT exogenously expressed in 293T cells that were left untransfected (Mock [squares]) or were transfected
with shRNA against heavy-chain clathrin (shCLA) or green fluorescent protein (shCON [diamonds]) analyzed by the fluorescence-based assay
using anti-HA antibody as outlined in Materials and Methods. (C) Internalization of endogenous PRLr in 293T cells that were left untransfected
(Mock [squares]) or transfected with shRNA against �-TrCP2 (shBTR) or green fluorescent protein (shCON [diamonds]) analyzed as outlined for
panel A. (D) Internalization of HA-tagged PRLrWT exogenously expressed in 293T cells that were left untransfected (Mock [squares]) or
transfected with shRNA against �-TrCP2 (shBTR) or green fluorescent protein (shCON [diamonds]) analyzed as outlined for panel B. (E) In-
ternalization of a WT or ubiquitination-deficient S349A mutant of HA-tagged PRLr expressed in 293T cells was analyzed as described for panel
B. (F) Internalization of a WT or ubiquitination-deficient S349A mutant of Flag-tagged PRLr stably expressed in MCF10A�p53 human mammary
epithelial cells was analyzed by reversible biotinylation as outlined in Materials and Methods. Results of immunoblotting (IB) analysis of proteins
pulled down with Neutravidin beads by use of anti-Flag M2 antibody are shown. “Input” denotes the samples that did not undergo debiotinylation.
IP, immunoprecipitation. (G) PRLr cell surface density was determined using anti-HA antibody and secondary anti-mouse HRP-conjugated
antibody binding at 0°C in 293T cells expressing either the WT or the S349A mutant. Data (given in arbitrary units [A.U]) were obtained by
subtracting the nonspecific background (nonspecific M1 antibody binding to mock-transfected 293T cells), were normalized per total levels of
cellular protein (prot), and are presented as means � SEM [n 	 3]. (H) Rates of internalization of WT or ubiquitination-deficient S349A mutant
HA-tagged PRLr expressed in 293T cells pretreated with 100 �M monensin (-m) or vehicle (ethanol) (-e) were analyzed as described for
panel B.
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that our interpretation of internalization assays could have
been affected by receptor recycling, we used monensin, a well-
known inhibitor of this process, because this inhibitor has been
extensively used to differentiate internalization and recycling
phenotypes of various receptors, including EGF receptor (46).
Given that pretreatment with monensin did not rescue the
endocytic phenotype of PRLrS349A (Fig. 2H), these data to-
gether suggest that the ubiquitination of PRLr is required for
its efficient initial internalization, which mainly proceeds via a
clathrin-dependent pathway.

Ubiquitination of PRLr stimulates its interaction with the
AP2 adaptor complex. How does the ubiquitination of PRLr
stimulate the internalization of this receptor via the clathrin-
dependent pathway? Clathrin-coated pits associate with cargo
through adaptor protein complexes (e.g., AP2) which interact
with the cargo and membrane to form an invagination (5). Our
previous findings revealed that ubiquitination of IFNAR1
stimulates its endocytosis by promoting the recruitment of the
AP2 components. Intriguingly, while interaction of the WT
Flag-tagged PRLr with the endogenous �-adaptin subunit
of AP2 was detected by coimmunoprecipitation from the ly-
sates of 293T cells, such interaction was much less pronounced
when it involved a ubiquitination-deficient PRLrS349A mutant
(Fig. 3A).

Furthermore, knockdown of �-TrCP also decreased the in-
teraction between Flag-tagged PRLr and �-adaptin of the AP2
complex (Fig. 3A). Given that knockdown of �-adaptin dra-
matically suppressed the rate of PRLr internalization (Fig.
3B), these results, taken together, are consistent with the idea
that ubiquitination may stimulate PRLr endocytosis by pro-
moting the interaction of PRLr with AP2, which is essential for
mediating efficient internalization of PRLr via the clathrin-
dependent pathway.

Ubiquitination of PRLr is required for postinternalization
sorting. We then sought to investigate whether receptor ubiq-
uitination plays a regulatory role in the postinternalization
sorting of PRLr. Immunocytochemical analysis showed that
internalized WT PRLr mostly colocalized with fluorophor-con-
jugated dextran (targeted to the late endosomes/lysosomes; see
references 3 and 24). However, PRLr colocalized to a notice-
ably lesser extent with transferrin (which marks early/recycling
endosomes). PRLrS349A, a receptor deficient in ubiquitination,

displayed an opposite pattern of colocalization with transferrin
but not with dextran (Fig. 4A). These results, along with the
previously demonstrated increased ability of the PRLrS349A

protein to recycle back to cell surface after internalization (see
Fig. S4 in the supplemental material), indicate that ubiquiti-
nation of PRLr might be required for efficient targeting of this
receptor to the lysosomes.

To validate these findings we used quantitative FRIA (see
Materials and Methods and references 2, 24, and 35). This
analysis, which is based on monitoring the luminal pH of
cargo-containing vesicles (pHv) and relies on the distinct pHv

of early/recycling endosomes (pH of approximately 6.4 to 6.5)
and late endosomes/lysosomes (pH 
 5.5), was used to deter-
mine the efficiency of sorting of internalized PRLr from early
endosomes to the lysosomal compartment. As shown in Fig.
4B, the majority of vesicles containing WT PRLr shifted their
pH to an acidic (pH 4.85) condition within 4 h of treatment of
cells with PRL. Our previous reports indicated that either
incubating cells without PRL or substituting WT PRL for the
signaling-deficient mutant PRL�1–9,G129R (17) decreased the
extent of Ser349 phosphorylation (39) and of PRLr ubiquiti-
nation. Remarkably, the efficiency of PRLr targeting to the
lysosomes was decreased in cells that received no PRL or
PRL�1–9,G129R (Fig. 4B), indicating that PRLr ubiquitination
might be involved in regulating this process. Indeed, under
the conditions with which cells were treated with WT PRL, the
delivery of ubiquitination-deficient PRLrS349A mutant to the
acidic lysosomal compartments was substantially impaired
(Fig. 4B). These data indicate that ligand-induced ubiquitina-
tion of PRLr plays an important role in the postinternalization
sorting of this receptor to the lysosomes.

K63-linked polyubiquitination regulates PRLr internaliza-
tion, postinternalization sorting, and degradation. Proteaso-
mal degradation of ubiquitinated proteins usually requires
polyubiquitination via K48-linked chains. Given that different
types of ubiquitination (mono- versus polyubiquitination via
different types of linkages) may play a role in the lysosomal
degradation of various receptors, we next sought to investigate
what type of ubiquitination occurs with PRLr. To this end,
Flag-tagged PRLr was expressed in cells, purified under string-
ent conditions (Fig. 5A and B), and subjected to direct
determination of levels of ubiquitinated species by using a

FIG. 3. Ubiquitination of PRLr promotes its interaction with components of AP2, which are required for PRLr internalization. (A) Interactions
between Flag-tagged PRLr (WT or S349A mutant) and the endogenous � subunit of the AP2 complex in 293T cells (transfected with the indicated
plasmids and treated with PRL [50 ng/ml for 5 min]) were analyzed by immunoprecipitation (IP) using M2 anti-Flag antibody followed by
immunoblotting (IB) using the indicated antibodies. Material used for immunoprecipitation was normalized to yield comparable levels of PRLr
in all lanes. Levels of the � subunit in whole-cell extracts (WCE) were also assessed. (B) Internalization of endogenous PRLr in 293T cells that
were left untransfected (Mock [squares]) or were transfected with small interfering RNA against the �-adaptin subunit of AP2 (shAP2) or
luciferase (siCON [diamonds]) was analyzed by the fluorescence-based assay using anti-PRLr antibody as outlined for Fig. 2A.
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quantitative MS approach (see Materials and Methods and
reference 24). While limited coverage of PRLr-derived pep-
tides did not allow the identification of the lysine residues
within its intracellular domain that serve as ubiquitin acceptors

(data not shown), a sufficient amount of information regarding
the peptides which originated from ubiquitin sequences was
retrieved (see Fig. 5C and D for an example of characterization
and quantification of K48-linked chains). While both mono-

FIG. 4. Efficient postinternalization sorting of PRLr into the lysosomes requires PRLr ubiquitination. (A) Localization of internalized HA-tagged WT PRLr
or PRLrS349A ubiquitin-deficient mutant. These proteins were internalized for 1 h in the presence of PRL, anti-HA antibody, and FITC-conjugated secondary
Fab followed by a 4-h chase procedure. Lysosomes and recycling endosomes were labeled with TRITC-dextran and TRITC-transferrin (TfR), respectively.
Dextran completely colocalized with Lamp1 (reference 24 and data not shown). Single optical sections of representative cells obtained by laser confocal
fluorescence microscopy are depicted. Bar, 10 �m. (B) pHv of HA-tagged PRLr-containing endosomes/lysosomes at indicated time points following a
postinternalization chase procedure using 293T cells transfected with the indicated HA-PRLr constructs (WT or S349A PRLr) and treated (or not) with the
indicated ligands (WT PRL or its antagonist, PRL�1-9,G129R). Following the internalization and chase procedures described in Materials and Methods, the
endosomal pH was measured by FRIA and the frequency distribution of the pHv among the indicated numbers of analyzed vesicles (n) was plotted. Means �
SEM (representing the results obtained with three independent experiments) are also denoted.
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and polyubiquitination were revealed with PRLr, among
polyubiquitin linkages K48- and K63-linked chains were pre-
dominant and the latter linkages constituted a major fraction
(Fig. 5E).

Given that the portions of gel taken for analysis spanned
most of the ubiquitinated PRLr (Fig. 5A), it is likely that the
detected pattern is representative of the overall population of
ubiquitinated PRLr species. However, we cannot exclude the

possibility that these results reveal characteristics of a specific
subset of modified receptors. To further determine the role of
linkage-specific polyubiquitination in PRLr internalization,
sorting, and degradation, we used forced expression of ubiq-
uitin mutants in 293T cells to overcome the effect of the pres-
ence of endogenous ubiquitin (see Fig. S7 in the supplemental
material). Despite obvious shortcomings, this approach is the
only one currently available and has become standard for de-

FIG. 5. MS analysis of the nature of ubiquitin chain linkages for PRLr. (A) 293T cells were transfected with Flag-tagged PRLr (P) or pcDNA3
empty vector (V). PRLr was immunoprecipitated (IP) using Flag M2 antibody as described in Materials and Methods. Results represent analysis
of 1%, 4%, and 70% of Flag-immunoprecipitated material obtained by immunoblotting (WB) with antiubiquitin antibody, silver staining, and
colloidal Coomassie staining, respectively. The position of unmodified PRLr is indicated by an arrow. The region corresponding to ubiquitin-PRLr
(Ub�PRLr) that was used for MS analysis is demarcated. (B) The fraction used to demonstrate the presence of the ubiquitin moiety in the
analyzed material was examined by immunoblotting using anti-Flag antibody to detect expression of Flag-PRLr. (C) Representative quantification
of K48 linkage based on liquid chromatography-SRM. A spectrum of SRM for the PRLr sample, the internal standard GG peptide, was labeled
with a heavy stable isotope, and the results are shown as two peaks at 621.6 and 622.6 m/z (dashed lines). The native peptide corresponding to the
K48 linkage was displayed as two additional peaks at 617.9 and 618.9 m/z (solid lines). (D) To quantify the native and standard peptide levels, their
elution profiles (intensity versus retention time) were generated for a comparison. The peak area reflected the greatest abundance of the peptides.
An example of the results of analysis of K48 linkages is depicted. (E) Results of quantification of types and quantities of ubiquitin chains (given
in pmoles) appended to PRLr by the MS-based AQUA method as described in Materials and Methods are presented.
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lineating the role of diverse ubiquitin chains in receptor inter-
nalization and turnover (14, 19, 32). Expression of the lysine-
free (K0) ubiquitin mutant, which is incapable of forming
polyubiquitin chains, decreased the efficiency of PRLr ubiq-
uitination (Fig. 6A). We next investigated the effect of the
presence of this ubiquitin mutant in the degradation of Flag-
tagged PRLr expressed in 293T cells under conditions that
clearly allowed for the degradation of ubiquitination-compe-
tent WT PRLr while prohibiting the turnover of ubiquitina-
tion-deficient PRLrS349A mutant (see Fig. S5 in the supple-
mental material). Expression of the K0 mutant noticeably
impaired the rate of degradation of PRLr (Fig. 6B and C)
compared to the results seen with cells expressing WT ubiq-
uitin, which by itself did not stimulate PRLr degradation (see
Fig. S6 in the supplemental material) despite being expressed
and stimulating the overall extent of ubiquitination in cells (see

Fig. S7 in the supplemental material). These results suggest
that polyubiquitination may be required for the efficient deg-
radation of PRLr.

Given that AP2 is required for mediating PRLr internaliza-
tion (Fig. 3B), we next assessed the effect of the K0 mutant on
the interaction of PRLr with �-adaptin. Expression of this K0
mutant not only decreased the recruitment of �-adaptin to
PRLr (Fig. 6D) but also noticeably delayed the initial inter-
nalization of PRLr (Fig. 6E). In addition, expression of the K0
mutant prevented efficient sorting of the already internalized
PRLr to the acidic lysosomal compartments (Fig. 6F). In all,
these data indicate that polyubiquitination promotes the lyso-
somal degradation of PRLr by stimulating its interaction with
AP2 followed by promoting both early and late events in PRLr
endocytosis and lysosomal targeting.

We next sought to investigate what types of polyubiquitin

FIG. 6. Polyubiquitination of PRLr promotes its internalization, postinternalization sorting, and lysosomal degradation. (A) Ubiquitination of
Flag-tagged PRLr coexpressed with WT ubiquitin (Ub) or K0 ubiquitin mutant in 293T cells analyzed by denaturing immunoprecipitation using
M2 antibody followed by immunoblotting (IB) using anti-HA antibody. Levels of PRLr were also analyzed by immunoblotting with M2 antibody
(lower panel). (B) Expression of the K0 ubiquitin mutant slows down the degradation of coexpressed Flag-PRLr as measured by a cycloheximide
(CHX) chase procedure followed by immunoblotting using M2 antibody. Levels of �-actin (loading control) were also analyzed. (C) Average
results from four experiments similar to that represented by panel B are depicted as percentages of PRLr remaining at the indicated time points
of a chase procedure. (D) Interaction of Flag-tagged PRLr with an endogenous �-adaptin complex in 293T cells expressing the indicated ubiquitin
constructs was analyzed by coimmunoprecipitation (IP) as described for Fig. 3A. The results obtained with a fraction of �-adaptin bound to PRLr (per
mille) are depicted in the bottom panel, Vec, vector; IB, immunoblotting; WCE, whole-cell extract. (E) Internalization of HA-tagged PRLr coexpressed
with either WT ubiquitin or K0 mutant in 293T cells was analyzed as described for Fig. 2B. (F) pHv of HA-tagged PRLr-containing endosomes/lysosomes
at 4 h of a chase procedure using 293T cells coexpressing the indicated ubiquitin constructs was analyzed as described for Fig. 4B.
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linkages are important for PRLr internalization, sorting, and
degradation. Consistent with the MS data showing that PRLr
possesses both K48- and K63-linked chains (Fig. 5E), expres-
sion of either K63R or K48R ubiquitin mutants did not affect
the overall levels of PRLr ubiquitination (Fig. 7A). Surpris-
ingly, expression of K63R led to a much more pronounced
delay in the degradation of PRLr than of K48R (Fig. 7B and
C). These data suggest that K63 linkages may play an impor-
tant role in PRLr degradation. Indeed, while expression of
either R63K or R48K reverse mutants (in which all other
lysines are converted to arginines) decreased the overall PRLr
ubiquitination to similar extents (Fig. 7A), the availability of
K63-linked chains in cells expressing R63K mutant allowed for
a higher rate of PRLr degradation (Fig. 7D and E). These data
together indicate that K63-linked polyubiquitin chains play an
important role in PRLr turnover.

As is consistent with the role of the ubiquitination of PRLr
in its interaction with AP2 and in internalization, we have also
found that expression of ubiquitin mutants (K0, K63R, and
R48K) that disrupt K63 linkages decreased the extent of
PRLr–�-adaptin interaction whereas expression of ubiquitin
mutants that affect K48 chains (K48R or R63K) did not have
this effect (Fig. 6D). Furthermore, expression of K63R or
R48K mutants noticeably slowed the initial rate of PRLr in-
ternalization (Fig. 7F). Additionally, expression of the R48K
mutant (but not expression of the R63K mutant) noticeably
decreased the efficacy of targeting of already internalized
PRLr to the acidic compartments (Fig. 7G). These results
indicate that the formation of K63 (but not K48)-linked poly-
ubiquitin chains is important for PRLr degradation via stimu-
lation of both internalization of this receptor and its post-
internalization sorting to the lysosomes.

DISCUSSION

Ubiquitination of a protein substrate may affect the stability
of this substrate either by recruiting it to the proteasomes or by
triggering the chain of trafficking events that bring a mem-
brane-bound protein into the lysosomal compartment. Here
we have delineated the mechanisms by which ubiquitination of
a receptor for the polypeptide hormone PRL leads to the
downregulation and degradation of this receptor, thereby al-
lowing a ligand-specific mechanism for the negative regulation
of PRL signaling. We present biochemical and genetic evi-
dence that suggests that PRLr is mono- and polyubiquitinated
(via chains of diverse topology) in cells and that ubiquitination
of PRLr leads to its lysosomal degradation not only by stimu-
lating the recruitment of the AP2 complex, as is required for
clathrin-dependent initial internalization of PRLr, but also by
increasing the targeting efficiency of already internalized PRLr
to the lysosomes.

To the best of our knowledge, this report is the first to
demonstrate a topology-specific role of polyubiquitination in
the internalization of PRLr, a polypeptide hormone receptor.
This role has been confirmed here by two different approaches
(downregulation of E3 and use of ubiquitination-deficient
PRLr mutants) and two different methodologies (fluorescence-
based assay and reversible cell surface biotinylation). Although
endocytosis of bovine PRLr expressed using the Chinese ham-
ster lung cell line ts20, which contains E1, a thermolabile

ubiquitin-activating enzyme, was not affected (29), it is still
possible that in these cells, ubiquitination of PRLr was medi-
ated by a recently discovered alternative E1 version (9, 22).

While ubiquitination of closely related erythropoietin recep-
tor and growth hormone receptors has been convincingly dem-
onstrated, available data in the literature question the role of
ubiquitination of these receptors in their internalization. Re-
markably, in similarity to PRLr, �-TrCP E3 ubiquitin ligase
also plays a major role in regulating the stability of erythro-
poietin receptor (31) and growth hormone receptor (43). Al-
though recruitment of �-TrCP to the latter receptor promotes
its downregulation, the role of growth hormone receptor ubiq-
uitination per se in this process remains to be elucidated.
Furthermore, while catalytic activation of Jak2 by PRL is re-
quired not only for the stimulation of PRLr ubiquitination but
also for PRLr internalization and degradation (39), erythro-
poietin-stimulated Jak2 is required for ubiquitination and deg-
radation but is dispensable for internalization of its receptor
(45). Furthermore, here we show that PRLr ubiquitination and
stimuli that promote this ubiquitination play an important role
in the lysosomal targeting of already internalized PRLr. While
a similar role of ubiquitination in postinternalization sorting of
erythropoietin and growth hormone receptors has been pro-
posed, it remains to be formally demonstrated.

Our analysis has shown that interfering with K63- but not
with K48-linked polyubiquitination impedes the internaliza-
tion, sorting, and degradation of PRLr. Although one cannot
rule out the possibility that K63-linked polyubiquitination
might affect these processes indirectly, these data, together
with analysis of PRLr degradation in the presence of specific
proteasomal inhibitors, raise serious doubts regarding a major
role of proteasomes (which usually require K48-linked chains)
(10) in the proteolytic fate of PRLr. Interpretation of previ-
ously reported effects of proteasome inhibitors on the degra-
dation of either PRLr (29) or erythropoietin/growth hormone
receptors (42, 45) should include consideration of the possi-
bility of an indirect effect of these inhibitors on the lysosomal
pathway, which could be suppressed via depletion of the ubiq-
uitin pool (37). Interestingly, we have never observed a ligand-
stimulated formation of a PRLr fragment either when follow-
ing the fate of endogenous PRLr in T47D or 293T cells or
when studying recombinant N-terminally HA-tagged or C-ter-
minally Flag-tagged proteins. Further studies are required to
determine the nature of such a fragment, which has been
reported to have appeared in a MCF7 variant clone (29).

Intriguingly, in addition to numerous similarities between
the role of ubiquitination in the internalization of IFNAR1 and
its role in the internalization of PRLr, there are also apparent
differences that relate mainly to the type of ubiquitination.
Internalization and postinternalization of both receptors re-
quire polyubiquitination (this article and reference 24). How-
ever, while IFNAR1 internalization requires both K48 and K63
linkages, PRLr internalization relies mainly on K63-conju-
gated chains. Furthermore, these chains are also needed for
the postinternalization sorting of PRLr (Fig. 7) whereas any
type of polyubiquitination suffices for the lysosomal targeting
of IFNAR1 (24). These differences underscore the fact that
different receptors may require different types of ubiquitin
linkages for their downregulation. For example, whereas
monoubiquitination is required for downregulation of the
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FIG. 7. K63 polyubiquitin linkages are required for efficient internalization, sorting, and degradation of PRLr. (A) Overall ubiquitination of
Flag-tagged PRLr coexpressed with the indicated ubiquitin (Ub) constructs in 293T cells was analyzed by denaturing immunoprecipitation (IP)
using M2 antibody followed by immunoblotting (IB) using anti-HA antibody (which recognizes HA-tagged ubiquitin). Amounts of material
subjected to immunoprecipitation were normalized in order to load comparable levels of PRLr in all lanes (lower panel). VEC, vector.
(B) Degradation of Flag-tagged PRLr coexpressed with the indicated direct ubiquitin mutants in 293T cells was analyzed as described for Fig. 6B.
CHX, cycloheximide; �-Act, �-actin. (C) Quantitative analysis of three independent experiments similar to that represented by Fig. 7B. The results
of the analysis are presented as percentages of PRLr remaining at indicated time points of a chase procedure. (D) Degradation of Flag-tagged
PRLr coexpressed with the indicated reverse ubiquitin mutants in 293T cells was analyzed as in Fig. 6B. (E) Quantitative analysis of four
independent experiments similar to that represented by Fig. 7D are presented as percentages of PRLr remaining at indicated time points of a chase
procedure. (F) Internalization of HA-PRLr coexpressed with the indicated direct (upper panel) and reverse (lower panel) ubiquitin mutants was
measured as described for Fig. 2B. WT ubiquitin, squares; K48R, open triangles; R63K, open circles. (G) pHv of HA-tagged PRLr-containing
endosomes/lysosomes at 4 h of chase in 293T cells coexpressing the indicated ubiquitin constructs was analyzed as described for Fig. 4B.

VOL. 28, 2008 PRLr UBIQUITINATION AND ENDOCYTOSIS 5285



EGF receptor (18, 19), K63 chains have been shown to con-
tribute to endocytosis and proteolysis of the TrkA nerve
growth factor receptor (16), major histocompatibility complex
class I and II proteins (14, 33, 36, 44), and some model chi-
merical receptors (2, 3). Intriguingly, K29-linked chains have
been proven to regulate the degradation of the regulator of the
Notch pathway, Deltex (7).

Perhaps the interaction between different types of ubiquiti-
nation and various other determinants within the receptors is
the key to understanding these discrepancies. It is plausible
that for PRLr, K63-linked ubiquitination is important in the
context of specific PRLr-interacting proteins and specific linear
endocytic/sorting motifs present within the cytoplasmic domain
of PRLr. Whereas interaction between ubiquitination of
IFNAR1 and its tyrosine-based linear motifs has been demon-
strated previously (24), analogous motifs and interactors in
PRLr have yet to be identified. Putative dileucine motifs that
play an important role in the internalization of radiolabeled
bovine PRL in COS cells expressing bovine PRLr (30) may
represent attractive candidates for such motifs; the role of
analogous motifs within human PRLr is currently under inves-
tigation. Subsequent studies aimed at delineating the mecha-
nisms of PRLr downregulation should be important for our
understanding of the alterations that constitutively augment
PRL signaling in human breast cancer and pinpoint potential
targets for therapeutic interference.
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