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Abstract
Parathyroid hormone receptors (PTHR) are promptly internalized upon stimulation by activating
[PTH(1–84), PTH(1–34)] and non-activating [PTH(7–84), PTH(7–34)] ligands. Here, we
characterized the mechanism regulating the sorting of internalized receptors between recycling
and degradative pathways. PTHR recycles faster after challenge with PTH(1–34) than with
PTH(7–34). PTHR recycling is complete by 2 hr after PTH(1–34) stimulation but incomplete at
this time in cells treated with PTH(7–34). The slower and incomplete recycling induced by
PTH(7–34) is due to proteasomal degradation. Both PTH(1–34) and PTH(7–34) induced PTHR
polyubiquitination. Ubiquitination by PTH(1–34) was transient, whereas receptor ubiquitination
following PTH(7–34) was sustained. PTH(1–34), but not PTH(7–34), induced expression of the
PTHR-specific deubiquitinating enzyme USP2. Overexpression of USP2 prevented PTH(7–34)-
induced PTHR degradation. We conclude that PTH(1–34) promotes coupled PTHR ubiquitination
and deubiquitination, whereas PTH(7–34) activates only ubiquitination, thereby leading to PTHR
downregulation. These findings may explain PTH resistance in diseases associated with elevated
PTH(7–84) levels.
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Introduction
The type 1 parathyroid hormone receptor (PTHR) is a G-protein coupled receptor (GPCR)
that modulates bone turnover and extracellular mineral ion homeostasis. PTHR activation,
desensitization, internalization and recycling proceed in a cyclical pathway, similar to other
GPCRs.(1,2) Upon binding PTH, the receptor is rapidly phosphorylated, desensitized and
internalized resulting in reduced cellular responses. The carboxy-terminus of the PTHR
contains multiple phosphorylation sites and is a major regulatory domain controlling
receptor interaction with β-arrestins and its endocytosis.(3–7) The PTHR undergoes rapid
agonist-promoted endocytosis by a clathrin- and dynamin-dependent process.(4,8,9) The
ligand is cleaved from the receptor and degraded. Normally the PTHR is recycled to the
plasma membrane.(8)
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PTHR activation occurs in a conspicuous cell- and ligand-dependent manner. However,
naturally occurring amino-truncated PTH fragments can uncouple receptor activation from
receptor inactivation and endocytosis.(10) PTH(7–84) and its analogue PTH(7–34), for
instance, promote PTHR internalization in both kidney and bone cells lacking the
cytoplasmic PDZ adaptor protein, NHERF1.(10–12) These amino-terminally truncated
peptides lack intrinsic activity and are competitive inhibitors of the PTHR.(13–16) This raised
the question as to the fate of the PTHR when it is internalized without undergoing
antecedent or concurrent activation.

In certain disorders associated with secondary hyperparathyroidism and PTH resistance,
amino-truncated PTH fragments accumulate to high levels as a consequence of preferential
release and diminished peripheral metabolism.(17–21) Further, in this setting the PTHR is
downregulated.(22–25)

Posttranslational receptor modification by ubiquitin(26) is a key molecular mechanism
governing receptors degradation. Ubiquitination mediates the covalent conjugation of
ubiquitin, a highly conserved polypeptide of 76 amino acids, to protein substrates.(27) This
process is catalyzed by three enzymes acting in tandem: an E1, ubiquitin-activating enzyme,
an E2, ubiquitin-carrying enzyme, and an E3, ubiquitin ligase.(28) Proteasome-dependent
receptor degradation upon ligand activation has been demonstrated for various
GPCRs.(29–32) Based on these considerations, we hypothesized that the sorting of
internalized PTHR is a ligand dependent process with ubiquitin-mediated proteasomal
degradation and deubiquitination the major responsible mechanisms determining down
regulation or recycling. We tested this hypothesis in bone (ROS) and kidney (DCT and
HK2) cell lines, major targets of PTH actions through PTH receptor in the organism. The
results support this theory and suggest that selective downregulation of the PTHR by amino-
truncated PTH fragments may contribute to PTH resistance.

Materials and Methods
Reagents

Monoclonal HA.11 antibody, affinity matrix mono HA.11(16B12) and monoclonal anti-Flag
antibody were obtained from Covance (Berkeley, CA) and Sigma (St. Louis, MO),
respectively. Polyclonal lysine48 (Lys48)-specific polyubiquitin antibody, polyclonal anti-
ubiquitin antibody and polyclonal USP2 antibody were purchased from Cell Signaling
Technology (Danvers, MA), Dako (Denmark) and Abgent (San Diego, CA), respectively.
Human PTHR antiserum was obtained from Gramsch Laboratories (Schwabhausen,
Germany) and characterized.(33) Zeocin, blasticidin and geneticin were purchased from
Invitrogen (Carlsbad, CA); Horseradish peroxidase (HRP)-conjugated goat anti-rabbit
secondary antibody was from Pierce (Rockford, IL) and HRP-conjugated sheep anti-mouse
antibody was from GE Healthcare (Piscataway, NJ). Protease inhibitor mixture Set I was
from Calbiochem (San Diego, CA). Human PTH(1–34), PTH(7–34), PTH(1–84) and
PTH(7–84) were obtained from Bachem (Torrance, CA). Polyclonal anti-EPS15 antibody,
EPS15 shRNA and USP2 shRNA were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Proteasome inhibitor (MG-132) was obtained from A.G. Scientific Inc (San
Diego, CA). All other reagents were from Sigma (St. Louis, MO).

Cell culture
Renal proximal tubule cells (HK-2), mouse distal tubule kidney cells (DCT) and rat
osteosarcoma (ROS) 17/2.8 were cultured in DMEM/F-12 50/50 medium supplemented
with 10% fetal bovine serum (FBS), 100 units/ml penicillin, 100 μg/ml streptomycin. CHO-
N10 cells were cultured in Ham’s F-12 medium supplemented with 10% fetal bovine serum
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(FBS), 100 units/ml penicillin, 100 μg/ml streptomycin, 0.4% zeocin and 10 μg/ml
blasticidin.(34) 1.5% G418 was added to media used for CHO-N10 cells constitutively
expressing the HA-PTHR. DCT cells stably expressing hPTHR-EGFP were generated by
transiently transfecting hPTHR-EGFP(35) using FuGENE 6TM. After 48 hours, cells were
trypsinized and plated in 150-mm dish containing culture media supplemented with 500 μg/
ml G418 (Invitrogen, Carlsbad, CA) to select stable transfectants. Cells were maintained at
37°C in a humidified atmosphere of 5% CO2.

Plasmid constructs
PTHR–Hemagglutinin (HA)-tagged human PTHR in pcDNA3.1 were generated as
described.(36) Flag-tagged PTHR was generated by converting the sequence DKEAPTGS
(residues 94–101) in exon E2 to the Flag epitope, DYKDDDDK.(37) Cells were grown to
50–60% confluence and transfected, as indicated, with HA-PTHR, Flag-PTHR, USP2-HA
(kindly provided by Dr Stefan Grimm, Imperial College, London UK), shEPS15 or shUSP2
using FuGENE 6 (Roche, Indianapolis, IN) according to the manufacturer’s protocol.
Control conditions were transfected with empty vector DNA (pcDNA3.1) or scrambled
shRNA, respectively. All experiments were performed 48 hours after transfection.

Immunoprecipitation and Immunoblot analysis
Cells were lysed with RIPA buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS, 50 mM Tris, pH 7.4, and 150 mM NaCl) supplemented with protease inhibitor mixture
I, 10 mM N-ethylmaleimide to inhibit deubiquitinase activity and incubated for 30 minutes
on ice. Lysates were centrifuged for 20 minutes at 14,000 × g at 4°C.

Solubilized materials were incubated overnight at 4°C with anti-HA affinity matrix
(Covance). Total lysates and immunoprecipitated protein, eluted by the addition of SDS
sample buffer, were analyzed by SDS-polyacrylamide gels and transferred to Immobilon-P
membranes (Millipore, Billerica, MA) using the semidry method (Bio-Rad, Hercules, CA).
Nonspecific binding was blocked by incubating the membranes in 5% bovine serum
albumin in Tris-buffered saline plus 0.1% tween-20 (TBST) (Lys48-linked polyubiquitin
western blot) or 5% nonfat milk in TBST for 1 hour at room temperature followed by
overnight incubation with the indicated antibodies (monoclonal anti-Flag and anti-HA
antibodies, polyclonal anti-EPS15, anti-Lys48-linked polyubiquitin, human PTHR antibodies
at 1:1000 and polyclonal anti-ubiquitin and anti-USP2 antibodies at 1:500) at 4°C. The
membranes were then washed and incubated at room temperature for 1 hour in HRP-
conjugated goat anti-rabbit IgG or sheep anti-mouse IgG diluted 1:2000. Protein bands were
visualized with a luminol-based enhanced chemiluminescence substrate.

Cell Fractionation
Cell fractionation was performed by differential centrifugation at 4°C.(36) ROS cells were
transiently transfected with HA-PTHR, starved for 3 hours, and then incubated at 37°C for 5
minutes with PTH(1–34) or PTH(7–34). Cells were detached with a cell scraper, pelleted by
centrifugation (1000 × g, 10 minutes), and lysed by sonication in phosphate-buffered saline
(PBS) containing protease inhibitor cocktail Set I and 10 mM N-ethylmaleimide. The lysates
were centrifuged at 1000 × g for 10 minutes to remove unbroken cells, including large cell
debris and some nuclei. The supernatant was further centrifuged at 100,000 × g for 30
minutes. The resulting supernatant is the cytosolic fraction. The pellet that contains the
plasma membranes and microsomes was solubilized in RIPA buffer supplemented with
protease inhibitor cocktail Set I and 10 mM N-ethylmaleimide.
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Receptor Recycling
Receptor recycling was measured as described(10,34) using HPCL-purified [125I]
[Nle8,18,Tyr34]-hPTH(1–34)NH2. PTH(1–34), PTH(7–34), or vehicle were added to fresh
culture medium bathing confluent cells seeded on 24-well plates during 30 minutes. Cells
were incubated with ~100,000 cpm of [125I][Nle8,18,Tyr34]-hPTH(1–34)NH2 on ice for 2.5
hours. Nonspecific binding was determined either by parallel incubation of nontransfected
cells with PTHR or measured in parallel experiments carried out in the presence of 1 μM
unlabeled PTH (1–34) and subtracted from total binding to calculate specific binding. After
incubation, cells were washed twice with cold PBS and solubilized in 0.2N NaOH. Cell
surface-bound [125I][Nle8,18,Tyr34]-hPTH (1–34) NH2 was counted by γ-spectrometry.

Receptor Surface Expression
PTHR surface expression was measured by ELISA in cells transiently transfected with HA-
PTHR.(38) Confluent cells were treated with PTH(1–34), PTH(7–34), PTH(1–84) and
PTH(7–84), as indicated, and fixed with 3.7% paraformaldehyde at room temperature. After
3 washes with PBS cells were blocked with 1% BSA for 45 minutes and incubated with
polyclonal anti-HA antibody for 1 hour at room temperature. Cells were then washed with
PBS, re-blocked with 1% BSA for 15 minutes and incubated with anti-IgG conjugated with
alkaline phosphatase. After washing, alkaline phosphatase substrate was added for 30
minutes and 100 μl of the reaction mixture was transferred to a 96-well plate and absorbance
was measured at 405 nm.

Statistics
Data are presented as the mean ± SE, where n indicates the number of independent
experiments. Multiple comparisons were evaluated by analysis of variance with post-test
repeated measures analyzed by the Bonferroni procedure (Prism; GraphPad). Differences
greater than p ≤ 0.05 were assumed to be significant.

Results
Effect of ligand on PTHR recycling and abundance

We first sought to determine if PTH(1–34) and PTH(7–34) exert different effects on PTHR
recycling. Specific PTH binding is shown as a function of recycling time following a 30-
minute exposure to saturating concentrations of the PTH(1–34) or PTH(7–34). After
challenge with PTH(1–34) (Fig. 1A), more than 50% of receptor recycled by 30 minutes and
fully recycled by 2 hours. In contrast, after challenge with PTH(7–34) (Fig. 1B), less than
50% of the receptor had recycled by 1 hour and complete recycling was not achieved by 2
hours (Fig. 1B). These results demonstrate that the PTHR recycles more quickly and
completely after a brief exposure to the activating PTH peptide, PTH(1–34), than after
PTH(7–34).

We next characterized the effect of chronic PTH exposure on abundance of endogenous
PTHR in human kidney cells (HK-2). Exposure to PTH(7–34) for 1–8 hours promoted rapid
PTHR degradation, with a 20–30% decrease of total receptor abundance within 1 hour (Fig.
1C). Treatment with PTH(1–34) for up to 8 hours had no significant effect on total PTHR
expression (Fig. 1C). These findings suggest that PTH(7–34) preferentially reduces PTHR
abundance. Taken together, these results raised the possibility that incomplete PTHR
recycling induced by PTH(7–34) is due to a degradative process
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Effect of PTH(7–34) in PTHR-proteasome depended degradation
Proteasomes and lysosomes are two major cellular protein degradative pathways. Several
GPCR such as μ- and δ-opioid receptors(39) and V2 vasopressin receptors(31) are degraded
by proteasome. We first ascertained the participation of proteasomal degradation on the
PTHR. We used MG132 (N-carbobenzyloxy-L-leucyl-L-leucyl-L-leucinal), a cell-
permeable proteasomal inhibitor(40), to block the activity of the 26S proteasome and allow
accumulation of protein otherwise degraded. Using CHO-N10-R3 cells, which stably
express HA-PTHR, MG132 fully blocked PTHR degradation after 6-hour treatment with
PTH(7–34) (Fig. 2A). Thus, PTHR degradation induced by PTH(7–34) is due to
proteosomal degradation. Similar results were obtained with PTH(7–84) and measuring
endogenous PTHR levels in more physiologically relevant HK-2 cells (Fig. 2B). ROS cells
overexpressing HA-PTHR exhibited a comparable response to PTH(7–34) (Fig. 2C).

PTHR internalization is necessary for PTHR degradation induced by PTH(7–34) (Fig. 3). It
is known that Na+/H+ exchanger regulatory factor-1 (NHERF1), implicated in protein
targeting and in the assembly of protein complexes, inhibits PTHR internalization induced
by PTH(7–34)(10). Here, we used a CHO cell model, where NHERF1 expression can be
induced by tetracycline to permit a paired comparison of NHERF1 effect on PTHR
degradation(11). Expression of NHERF1 itself did not affect membrane-delimited (Fig. 3A)
or total (Fig. 3B) PTHR expression but blocked PTH(7–34)-induced receptor internalization
and degradation (Fig. 3A-B). Eps15 is localized at clathrin-coated pits, where it interacts
with the clathrin assembly AP-2 and the AP-2 binding protein, Epsin(41,42). The alteration of
Eps15 and Epsin function inhibits receptor-mediated endocytosis of EGF and transferrin,
demonstrating that both proteins are components of the endocytic machinery(41). We
observed that shRNA-induced knockdown of Eps15 mRNA blocked the PTH(7–34)-
stimulated decrease of total PTHR abundance in CHO-N10-R3 (Fig. 3C-D). PTH(1–84) did
not induce PTHR degradation (Fig. 3E). PTHR degradation following stimulation with
PTH(7–84) (Fig. 3F) in HK-2 cells was abolished by shRNA-Eps15. These findings support
a key role of internalization on the PTHR degradative process triggered by PTH(7–34).
Eps15 depletion in HK2 kidney cells increases membrane-delimited PTHR in control
conditions. These results exhibit a differential effect of silencing Eps15 in control conditions
in different cell models, suggesting a faster PTHR turnover in kidney cells compared to
other cell lines such as CHON10R3 (Fig. 3C, E and F).

PTH stimulates PTHR ubiquitination
Agonist-promoted ubiquitination of GPCRs plays a key role in endocytic trafficking and
receptor degradation. The observations described above led us to hypothesize that distinct
patterns of ligand-induced ubiquitination and deubiquitination could explain the difference
between the complete PTHR recycling induced by PTH(1–34) and PTHR downregulation
elicited by PTH(7–34). To begin to test this theory, ROS cells were transiently transfected
with HA-PTHR, myc-ubiquitin and treated with PTH(1–34) or PTH(7–34). As shown in
Fig. 4, the PTHR was polyubiquitinated, shown as a smear on Western blots because of the
variable number of conjugated ubiquitin moieties. Both PTH(1–34) and PTH(7–34) induced
receptor ubiquitination within 5 minutes and reaching maximal within 45 minutes of agonist
exposure (Fig. 4A and B). In response to PTH(1–34), PTHR ubiquitination was transient
and began to diminish within 1 hour of ligand exposure, with just slight residual PTHR-
ubiquitination 2 hours after treatment (Fig. 4C). In contrast, PTHR polyubiquitination
induced by PTH(7–34) was sustained beyond 2 hours (Fig. 4C).

Ubiquitin chains can be assembled in several ways depending on the location of the array of
internal lysines within ubiquitin itself used to form polyubiquitin chains.(43) Different types
of ubiquitin modifications are associated with distinct cellular functions. Lys48-linked
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polyubiquitin chains regulate numerous nuclear, cytosolic and endoplasmic reticulum
membrane proteins by targeting them for degradation by the 26S proteasome.(43) We
analyzed polyubiquitinated PTHR forms to determine if PTH(1–34) and PTH(7–34) exerted
ligand-selective ubiquitin modification. To answer this question, cells were pretreated with
the proteasome inhibitor MG132, stimulated with PTH(1–34) or PTH(7–34) for 45 minutes,
and immunoblotted with site-specific anti-Lys polyubiquitin antibodies. Lys48-linked
ubiquitin chains are the dominant form for PTHR ubiquitination upon ligand stimulation
(Fig. 4D). These data show that the PTHR is polyubiquitinated by both ligands. However,
the differences in the PTHR polyubiquitination time-course, transient after PTH(1–34)
stimulation or continuous after PTH(7–34) treatment, suggest that deubiquitination induced
by PTH(1–34), but not PTH(7–34), removes the ubiquitin moieties from ubiquitinated
PTHR.

Cell fractionation experiments showed that the PTHR was ubiquitinated at the plasma
membrane (Fig. 5). These data suggest that PTHR is ubiquitinated at the plasma membrane
before its internalization.

USP2 regulates PTH receptor fate by deubiquitination
Ubiquitination is counteracted by deubiquitinating enzymes (DUBs) that deconjugate
ubiquitin-modified proteins and rescue the substrate from proteasomal degradation.(44) We
hypothesized that DUBs that hydrolyze ubiquitin-protein isopeptide bonds could rescue the
PTHR from proteasomal degradation. To analyze the role of DUBs in the regulation of
PTHR ubiquitination and stability, we focussed on ubiquitin-specific protease 2 (USP2)
because its mRNA is rapidly upregulated in bone by PTH(1–38).(45) Here, USP2 protein
levels significantly increased in ROS cells after PTH(1–34) stimulation but not with PTH(7–
34) treatment (Fig. 6A). Furthermore, overexpression of USP2 in ROS cells rescued PTHR
degradation induced by PTH(7–34) (Fig. 6B). These results suggest that USP2 protects the
PTHR from PTH(7–34)-induced downregulation by virtue of direct deubiquitination of the
receptor.

To address the mechanism of USP2 action, we examined the consequences of USP2
depletion on PTHR turnover in response to PTH(1–34). In ROS cells transfected with
shRNA-USP2, PTH(1–34) treatment no longer augmented USP2 protein levels (Fig. 7A).
Under these conditions, PTHR deubiquitination was abolished (Fig. 7B), indicating specific
deubiquitinating activity of USP2 on the PTHR. As expected, blocking of USP2
deubiquitinase activity decreased PTHR abundance after PTH(1–34) stimulation (Fig. 7C),
suggesting an increase of the degradative machinery activity. These results are consistent
with the conclusion that USP2 dictates receptor fate after PTHR endocytosis induced by
PTH(1–34).

Discussion
Ligand binding to several mammalian G protein-coupled receptors, such as the PTHR,
results in conformational changes that not only initiate cellular signaling events but also lead
to receptor phosphorylation and internalization. Internalized receptors are either recycled to
the surface after dephosphorylation or are degraded.(1) The data reported here provide
evidence that the cellular destination and fate of the internalized PTHR is dictated by the
balance between polyubiquitination and deubiquitination.

Upon stimulation with either activating (PTH[1–34], PTH[1–84]) or non-activating (PTH[7–
34], PTH[7–84]) peptides, the receptor is able to recycle to the membrane surface. The
distinct kinetics of PTHR recycling suggests that resensitization is ligand-dependent. The
coordinated events of desensitization, internalization, and resensitization protect against
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excessive receptor stimulation or periods of prolonged inactivity. In this manner, receptor
activation and internalization are normally coupled. However, amino-truncated PTH
peptides uncouple PTHR activation and inactivation.(10) Here, we show that PTHR
recycling induced by PTH(7–34) is slower and incomplete compared with PTH(1–34). This
phenomenon is opposite the actions of these peptides on PTHR internalization, where
PTH(7–34)-induced receptor endocytosis was greater and more rapid than that elicited by
PTH(1–34). Comparable agonist- and antagonist-induced endocytosis of serotonin,
endothelin, and cholecystokinin receptors have been reported.(46–48) Similar to our results
with the PTHR, serotonin 2a receptors are internalized upon stimulation by full agonists
such as serotonin (5-HT) but also by partial agonists such dopamine. However, in contrast
with the present results, both 5-HT and dopamine internalized receptors recycle to the cell
surface with a similar timeframe.(49–51) Recycling of β2-adrenergic receptors (β2ARs) show
similar kinetics regardless of ligand binding or agonist-induced activation.(52–54) Thus, the
differential sorting between distinct recycling and degradative pathways after endocytosis is
highly receptor-specific.(55) Notably, the PTHR can traffic to recycling or degradative
pathways and this is controlled in a novel ligand-dependent fashion. Our findings suggest a
regulatory role of PTH(7–34) on PTHR abundance that reduces the cellular response to
activating ligands or excess agonist levels. Moreover, we show a significant decrease in total
receptor abundance within 1-hour of exposure to PTH(7–34) that was sustained for up 8
hours. Complementary findings show a difference in PTHR half-life in the absence of ligand
(12 hours) or decreasing receptor half-life in the presence of PTH(7–34) (7 hours).(56)

Although it has been shown that 24–48 hour PTH(1–34) treatment downregulates total
PTHR in opossum kidney cells,(57) we did not observe significant effects of PTH(1–34) on
PTHR protein levels. Thus, the differences between activating and non-activating ligand-
mediated internalization and recycling/degradation explains several aspects of the functional
selectivity in receptor trafficking, activity and physiology.

Our observations support the idea that during its lifetime the PTHR undergoes degradation
leading to reduced protein stability. In absence of ligand, blocking proteosomal degradation
leads to increased PTHR expression of both endogenous or overexpressed PTHR. This
suggests a constitutive degradative role for the 26S proteasome on basal PTHR turnover.
However, PTH(7–34) preferentially augments this process.

Ligand stimulated, proteasome-mediated GPCR degradation is well established.(29–32)

Classically, ubiquitination was identified as a pathway for degradation of short-lived
cytosolic and nuclear proteins by the 26S proteasome. Considering the differences observed
in receptor degradation induced by PTH(7–34) but not by PTH(1–34), we expected different
ubiquitination patterns after PTH peptide challenge. However, both ligands induced
polyubiquitination of PTHR, and specifically promoted Lys48-linked polyubiquitin chains
that are targeted for degradative processing.(58) The rapid PTHR ubiquitination after ligand
challenge (starting at 5 minutes and reaching maximal at 45 minutes) is similar to that
reported for several GPCR, including the β2-AR (within 15 minutes)(32) and the human
kappa-opioid receptor (30 minutes).(59)

The ubiquitin-proteasome system is essential for osteoblast proliferation under control and
PTH-treated conditions. PTH enhances ubiquitination of protein substrates and stimulates
proteasome activities by a cAMP-dependent mechanism.(60) The present results strongly
support the conclusion the PTHR is itself one of the polyubiquitinated proteins. The
ubiquitin ligase involved in this process is unknown. Recently, Smurf1 was identified as
homologous to the E6-AP carboxyl terminus (HECT)-type ubiquitin ligase that was
demonstrated to target different bone-related proteins such as Smad1, Smad5, Runx2, RhoA,
bone morphogenetic protein (BMP) or transforming growth factor b (TGF-b) type I
receptors for ubiquitination and degradation in osteoblasts.(61) Smurf1 promotes age-
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dependent bone mass increases in vivo.(62) Thus, Smurf1 could be a candidate linking
ubiquitin moieties to the PTHR.

Ubiquitination can be a reversible process, where deubiquitinating enzymes (DUBs) remove
the ubiquitin moieties from ubiquitinated substrates. Our results indicate that PTH(1–34)
elicits a transient PTHR ubiquitination signal, whereas PTH(7–34) treatment triggers a
continuous signal for PTHR ubiquitination. The present data support the view that USP2
recognizes specifically ubiquitinated PTHRs. This leads to deubiquitination of the receptor,
thereby preventing proteasomal degradation and facilitating receptor recycling. PTH(1–34)
increase USP2 levels, favoring the balance towards rapid deubiquitination and recycling of
the receptor. In contrast, PTH(7–34) does not increase USP2. The slow deubiquitination
leads to accumulation of ubiquitin tags on the PTHR and subsequent receptor degradation by
the proteasomal pathway. Hence, our data imply that USP2 effects depend on protein
amount.

DUBs can display specificity at multiple levels to distinguish between the many ubiquitin-
like molecules, isopeptides (using an ε-amino group) and linear peptides (using an α-amino
group), and between different types of ubiquitin linkage and chain structure.(63) Ligand-
induced deubiquitinases have been shown for only a few GPCRs. The Adenosine A2
receptor is deubiquitinated by USP4;(64) the ubiquitination status and trafficking of the
EGFR growth factor receptor is regulated by the USP8-STAM complex;(65) the β2-AR
undergoes increased agonist-stimulated ubiquitination, lysosomal trafficking, and
degradation after knockdown of USPs 20 and 33.(66) DUBs are remarkably specific.
Overexpression of USP4 that promotes cell surface targeting of adenosine A2 receptors(64)

does not affect β2-AR ubiquitination.(66) Thus, receptor deubiquitination involves specific
USP isoforms. Many DUBs have been described to remove ubiquitin moieties from
histones, pro-oncogenes, tumor suppressor proteins like p53, E3 ligases, Smad4 and a large
number of signaling protein as NF-κB signaling cascade. Consequently, the physiological
roles of DUBs are as pervasive as the ubiquitin proteasome system itself.(63)

Berthouze and co-workers propose that fast recycling from early endosomal compartments
mainly involves dephosphorylation of non-ubiquitinated receptors, whereas slow recycling
of ubiquitinated receptors from deeper subcellular compartments is regulated by DUB and
phosphatase activities.(66) The PTHR is a member of class B, characterized by slow
recycling. Previous studies reported that upon PTH(1–34) stimulation, the PTHR localizes in
early endosomes but not in late endosomes(67) and after 30–40 minutes the receptor traffics
to the Golgi apparatus.(68,69) These observations support the idea that slow PTHR recycling
may arise not only because some receptors are in deeper subcellular compartments but also a
consequence of the localization of DUBs to the specific substrate.

The physiological relevance of the proposed mechanism could explain some aspects of PTH
resistance in chronic renal failure. End-stage renal failure is accompanied by PTH resistance
and secondary hyperparathyroidism.(70) Furthermore, high levels of PTH(7–84) are
associates with PTHR downregulation.(22–24) It has been proposed that the PTH resistance
of end-stage renal failure results from competitive inhibition of intact PTH with these
amino-terminally truncated PTH fragments.(15) PTH receptor downregulation, however,
would be inconsistent with the view that PTH(7–84) acts exclusively as an antagonist.
Rather, we propose that the selective induction of deubiquitinase activity induced by
PTH(1–34) but not by PTH(7–34) modulates receptor levels and PTH resistance in bone and
kidney.

In summary, this study reveals the importance of the balance between the ubiquitination and
the deubiquitination process in the regulation of PTHR abundance and fate. Further, these
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are the first results to show that PTHR recycling and can be coupled to ligand-selective
deubiquitination. USP2 is critical for PTHR recycling after PTH(1–34) stimulation, thus,
underscoring the role for regulated deubiquitination in safeguarding physiological
responsiveness. Consistent with this view, we previously reported that a decrease in PTHR
abundance at the cell membrane affects both cAMP and ERK signaling pathways, thereby
reducing their signaling (38). We now suggest that proteasome-dependent degradation of the
receptor triggered by the uncoupling of ubiquitination and deubiquitination induced by the
PTH(7–34) may have similar inhibitory effects on PTHR signaling due to reduced numbers
of functional PTH receptors at the cell membrane. Considering possible pathophysiological
roles of PTH(7–34), new agents that activate renal DUBs might rescue receptor recycling,
and with it PTHR resensitization, and provide a novel treatment for chronic kidney disease.
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Fig. 1. PTHR recycling and abundance after stimulation by PTH(1–34) or PTH(7–34)
DCT cells were incubated with either (A) 100 nM PTH(1–34) or (B) 1 μM PTH(7–34) for
30 minutes at 37°C, rinsed, acid-washed to remove any residual bound ligand, and allowed
to recycle for the times indicated. Receptor binding is shown as a function of recycling time
and was measured by 125I-PTH(1–34) binding and expressed as the percent of specific
binding relative to the total binding of radioligand in unstimulated cells. (C) HK-2 cells were
treated with either 100 nM PTH(1–34) or 1 μM PTH(7–34) for 1–8 hours. Total lysates were
extracted and immunoblotted as described in Materials and Methods. PTHR was detected
using a specific primary human antibody (1:1000) and HRP-tagged antibody (1:1000).
Average relative abundance of PTHR (shown as a percent of total receptor abundance in
untreated HK-2 cells). Data are summarized as ± S.E. of 3 independent experiments. *p <
0.05 vs. 0 hr.
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Fig. 2. Proteasome inhibition leads to PTHR accumulation
CHO-N10-R3 (A), HK-2 (B) or ROS (C) cells were pre-treated with the proteasome
inhibitor MG-132 at 25 μM for 1 hour before addition of either 100 nM PTH(1–84), 1 μM
PTH(7–34) or 1 μM PTH(7–84) as indicated for an additional 6 hours at 37°C. Equal
amounts of cell lysates were analyzed by immunoblot for HA-PTHR (A and C) or
endogenous PTHR (B) and shown as the relative abundance as a percentage of total receptor
abundance in untreated cells. Data illustrate 5 (A and B) or 4 (C) independent experiments.
*p < 0.05; **p < 0.01 vs. corresponding vehicle condition.
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Fig. 3. PTHR downregulation requires antecedent internalization
CHO-N10-R3 (A, C) and HK-2 cells (transiently transfected with HA-PTHR) (E, F) were
incubated with 100 nM PTH(1–84), 1 μM PTH(7–34), or 1 μM PTH(7–84) as indicated for
3 hours. Receptor internalization was assayed in triplicate by ELISA as described in
Materials and Methods. PTHR abundance was detected by western blot (B, D) in CHO-N10-
R3 cells after a 3-hour exposure to 1 μM PTH(7–34). Data are the mean of 3 independent
experiments performed. *p < 0.05; **p < 0.01 vs. corresponding –NHERF or scrambled
conditions.
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Fig. 4. PTHR ubiquitination
ROS cells transfected with HA-PTHR and Myc-ubiquitin were pre-treated with MG-132 (25
μM; 1 hour) before incubation with either 100 nM PTH(1–34) or 1 μM PTH(7–34) for 5–
120 minutes at 37°C. Cell lysates were immunoprecipitated using monoclonal anti-HA
beads. Typical immunoblot of immunoprecipitates probed with polyclonal ubiquitin
antibody (A, C) or Lys48 –specific ubiquitin antibody (D) are shown. Representative images
of 3 independent experiments.
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Fig. 5. PTHR is ubiquitinated at the plasma membrane
ROS cells were transfected with HA-PTHR. After 48 hours, the cells were treated with 100
nM PTH(1–34) or 1 μM PTH(7–34) for 5 minutes. Membrane proteins were isolated and
immunoprecipitated using monoclonal anti-HA beads as described in Materials and
Methods. Representative immunoblot of immunoprecipitate probed with polyclonal
ubiquitin antibody. Values are mean ± SEM from 3 independent experiments.
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Fig. 6. PTH(1–34) increases USP2 expression
(A) ROS cells were transiently transfected with HA-PTHR and treated with 100 nM PTH(1–
34) or 1 μM PTH(7–34) for 1 hour. USP2 expression was assayed by immunoblot. (B) ROS
cells were transfected with HA-USP2 and Flag-PTHR. After 48 hours, cells were treated
with agonist as indicated. PTHR was detected using an anti-Flag primary antibody (1:1000).
Values are mean ± SEM from ≥ 3 independent experiments. *p<0.05 vs. PTH(7–34).
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Fig. 7. Silencing USP2 deubiquitinase promotes ubiquitinated PTHR accumulation and favors
PTHR downregulation
ROS cells were transfected with HA-PTHR. After 24 hours cells were transfected with
shRNA-USP2 and incubated for 48 hours. Cells were then treated with 100 nM PTH(1–34)
for 30 or 120 minutes. Total lysates and immunoprecipitated protein were analyzed by SDS-
polyacrylamide gels and transferred to Immobilon-P membranes. Representative
autoradiograms of USP2 (A) Ubiquitinated PTHR (B) and total PTHR (C) are shown.
Values are mean ± SEM from ≥ 3 independent experiments. *p<0.05; **p < 0.01 vs.
corresponding scrambled shRNA value.
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