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The goal of this study was to investigate how the Arg386Pro mutation prolongs KiSS-1 receptor
(KISS1R) responsiveness to kisspeptin, contributing to human central precocious puberty. Confocal
imagingshowedcolocalizationofwild-type (WT)KISS1Rwithamembranemarker,whichpersistedfor
up to 5 h of stimulation. Conversely, no colocalization with a lysosome marker was detected. Also,
overnight treatment with a lysosome inhibitor did not affect WT KISS1R protein, whereas overnight
treatment with a proteasome inhibitor increased protein levels by 24-fold. WT and Arg386Pro KISS1R
showed time-dependent internalization upon stimulation. However, both receptors were recycled
back to the membrane. The Arg386Pro mutation did not affect the relative distribution of KISS1R in
membrane and internalized fractions when compared to WT KISS1R for up to 120 min of stimulation,
demonstratingthat thismutationdoesnotaffectKISS1Rtraffickingrate.Nonetheless, totalArg386Pro
KISS1R was substantially increased compared with WT after 120 min of kisspeptin stimulation. This net
increase was eliminated by blockade of detection of recycled receptors, demonstrating that recycled re-
ceptors account for the increased responsiveness of this mutant to kisspeptin. We therefore conclude the
following: 1) WT KISS1R is degraded by proteasomes rather than lysosomes; 2) WT and Arg386Pro KISS1R
are internalized upon stimulation, but most of the internalized receptors are recycled back to the mem-
brane rather than degraded; 3) the Arg386Pro mutation does not affect the rate of KISS1R trafficking—
instead, it prolongs responsiveness to kisspeptin by decreasing KISS1R degradation, resulting in the net
increaseonmutantreceptorrecycledbacktotheplasmamembrane.(Endocrinology152:1616–1626,2011)

A hallmark of puberty initiation is an increase in pul-
satile secretion of hypothalamic GnRH. The recent

identification of KiSS-1 receptor (KISS1R), a G protein–
coupled receptor (GPCR), and its natural ligand, kisspep-
tin, as powerful regulators of GnRH secretion has led to
the hypothesis that this ligand/receptor system serves as a
gatekeeper of puberty (1–7). Inactivating mutations of
KISS1R are associated with hypogonadotropic hypogo-
nadism (8–11), and a gain-of-function mutation of this

receptor (Arg386Pro) was recently associated with human
central precocious puberty (12). This gain-of-function
mutation accelerates puberty by prolonging responsive-
ness to kisspeptin through regulation of KISS1R signaling
activity (12).

Similar to most GPCRs, KISS1R signaling is terminated
by ligand-induced desensitization, which is an essential
feedback step in the regulation of receptor activity (13–
17). Acute desensitization of GPCRs is due to uncoupling
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from the signaling pathway, which is usually followed by
receptor internalization (18). Internalized receptors are
sorted for recycling or destruction, the latter being respon-
sible for long-term GPCR desensitization (18). Desensiti-
zation pathways control the extent of the biological effect
and are thus strongly regulated (19). An initial robust in-
crease in serum LH in response to kisspeptin administra-
tion was shown to desensitize after 3 h, despite continuous
presence of ligand. This desensitization was specific for
kisspeptin, because LH secretion stimulated by other
secretagogues was preserved (16). Similarly, the response
of gonadotropins to continuous kisspeptin treatment is
desensitized in female rats, an effect shown to be up-
stream of the pituitary gland, at the hypothalamic
GnRH neuron (13). Additionally, Thompson et al.
showed that gonadotropes are desensitized by contin-
uous kisspeptin treatment in male rats, resulting in tes-
ticular degeneration (14).

These observations underscore the importance of
KISS1R desensitization for the role of this receptor in tim-
ing the onset of puberty and maintaining reproductive
capability. Also, disturbances of normal KISS1R desensi-
tization are shown to result in clinical disorders, such as
the gonadotropin-dependent precocious puberty found in
a female patient carrying the Arg386Pro mutation in
KISS1R. In this case, responsiveness to kisspeptin is pro-
longed as a consequence of delayed desensitization of
KISS1R signaling by the Arg386Pro mutation (12).
KISS1R was recently shown to internalize rapidly upon
kisspeptin stimulation in cells endogenously expressing
the receptor (20), suggesting that receptor internalization
is involved in short-term KISS1R desensitization. We
herein determine the rate of KISS1R internalization and
test whether this rate is affected by the Arg386Pro muta-
tion. We also describe the involvement of the proteasome
system on long-term desensitization/degradation of the
wild-type KISS1R.

Materials and Methods

Reagents
GenePORTER Transfection Reagent was from Gene Ther-

apy Systems (San Diego, CA) and the anion-exchange col-
umns from Bio-Rad (cat # AG1-8X). Antibodies against
Na�K�ATPase, Lamp2, and fluorescent antibodies were
from Abcam (Cambridge, MA); anti-myc and agarose-conju-
gated anti-myc antibodies from Millipore (Temecula, CA);
radioisotopes from Perkin-Elmer (Waltham, MA); and cell
culture medium from Mediatech, Inc. (Manassas, VA). Kisspep-
tin peptides were synthesized by Tufts Medical Center Core Fa-
cility (Boston, MA), and all other chemicals were from Sigma-
Aldrich (St. Louis, MO).

Expression vectors
Transient expression of KISS1R was performed using the full-

length human KISS1R cDNA cloned into the pCMV SPORT6
expression vector as previously described (19). MYC- and
cyano-fluorescent protein (CFP)-tagged KISS1Rs were used for
transient expression. The 13–amino acid MYC-tag was fused to
the amino terminus of KISS1R. MYC-KISS1R was cloned into
the PC2� expression vector. The sequence of the hybrid con-
struct was confirmed. CFP-KISS1R was generated by fusing the
amino terminus of CFP to the carboxyl terminus of the human
KISS1R. The coding sequence of KISS1R was inserted between
the EcoR1 and BamH1 restriction sites of pECFP-N1 vector
(Clontech, Mountain View, CA). The sequence of the CFP-
KISS1R construct was confirmed. The ubiquitin expression vec-
tor used was provided by Dr. Antonio C. Bianco (21).

Inositol phosphate assay
Total inositol phosphates were measured as previously de-

scribed (12) with slight modifications. The time-course was de-
termined in Chinese Hamster Ovary (CHO) cells stably express-
ing KISS1R (CHO-KISS1R) (22), whereas dose-response to
kisspeptin was measured in COS-7 cells transiently expressing 50
ng of wild-type (WT), MYC-KISS1R, or CFP-KISS1R plus 950
ng control vector, optimized for transfection efficiency. Twenty-
four hours after transfection of COS-7 cells or seeding of CHO-
KISS1R, cells were inositol-starved for 2 h before the addition of
myo-[2-3H]-inositol in inositol-free medium. After overnight in-
cubation, CHO-KISS1R cells were stimulated with 10�9 M kiss-
peptin for 0–18 h at 37 C (time-course), whereas COS-7 cells
were stimulated with 10�10 to 10�7 M kisspeptin for 2 h at 37 C
(dose-response). Stimulation was stopped by lysis with 20 mM

formic acid. Cells were harvested, neutralized with 7.5 mM

HEPES/150 mM KOH, and centrifuged at 14,000 rpm for 5 min
at 4 C. Supernatant was applied into anion-exchange columns,
washed with water then with 5 mM Borax/60 mM sodium for-
mate before elution of inositol phosphates with 0.9 M ammo-
nium formate/0.1 M formic acid. 3H-inositol was counted and
normalized to protein content.

KISS1R membrane trafficking
Internalization and recycling of KISS1R was measured in

CHO-KISS1R cells or in COS-7 cells transiently expressing 0.5
�g of WT or Arg386Pro KISS1R � 0.5 �g of control vector.
100,000 cpm of 125I-kisspeptin was added to CHO-KISS1R cells
24 h after seeding or to COS-7 cells 48 h after transfection. After
2–4 h equilibration with radioligand on ice, cells were incubated
at 37 C for 0–120 min. Detection of freshly recycled receptors
was blocked by replacing unbound radioligand with media be-
fore incubation at 37 C or by 30-min treatment with monensin
before addition of radioligand. Incubation at 37 C was stopped
by moving cells to ice and washing five times with PBS containing
0.5% BSA. Membrane-bound 125I-kisspeptin was extracted by
a 3-min incubation with 50 mM acetic acid. Internalized 125I-
kisspeptin was collected after lysis with 0.2 M NaOH. Protein
was determined by the Bradford method in 10 �l of lysate. Spe-
cific 125I-kisspeptin binding was normalized to protein content.
Rate of KISS1R trafficking is represented as relative percentile
distribution of receptors in the membrane or internalized on each
time point, where the total is the combined amount of membrane
plus internalized at that time point; net KISS1R is expressed as
cpm/mg protein or as ratio of total Arg386Pro:WT.
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Displacement of 125I-kisspeptin in cells expressing
tagged KISS1R

Binding properties of tagged receptors were tested in COS-7
cells expressing 0.5 �g of MYC-, CFP-, or untagged KISS1R plus
0.5 �g control vector. Cells were incubated for 20 min with
100,000 cpm 125I-kisspeptin plus unlabeled kisspeptin at con-
centrations ranging from 10�10 to 10�6 M (2 � 10�5 M for
nonspecific binding). Medium was aspirated on ice; cells were
washed five times with PBS and lysed with 0.2 M NaOH. Specific
binding was normalized to protein content and is represented as
percentage of maximal binding (binding at time zero).

Immunofluorescence detection of tagged KISS1R
COS-7 cells in four-well slides were transfected with MYC- or

CFP-tagged KISS1R (300 ng KISS1R plus 300 ng control vector).
Internal controls were transfected with control vector or un-
tagged KISS1R alone. Forty-eight hours after transfection, cells
were stimulated with 10�7 M kisspeptin for 0, 5, 10, 15, 30, 60,
120, 180, 240, or 300 min. Stimulation was stopped on ice and
slides were washed, fixed with 3.7% p-formaldehyde for 20 min
at room temperature, and permeabilized with 0.2% Triton
X-100 for 10 min. Washed slides were incubated for 1 h with
blocking solution (PBS � 5% BSA), followed by overnight in-
cubation with Alexa488-conjugated anti-myc (1:1,000) or anti-
CFP (fixation and permeabilization bleach fluorescence emission
by CFP; thus, a fluorescein (FITC)-conjugated anti-GFP anti-
body that recognizes CFP was used to visualize CFP-KISS1R.
This antibody will be referred to throughout as anti-CFP anti-
body) conjugated to FITC (1:500) at 4 C. Slides were washed and
incubated with rabbit polyclonal antibodies against markers of
plasma membrane (Na�K�ATPase, 1:500) or late endosome/
lysosome (Lamp2, 1:500) for 1 h at room temperature followed
by another hour of incubation with Alexa-568–conjugated an-
tirabbit antibody (red) (1:500). Slides were washed, mounted in
medium containing 4�,6-diamidino-2-phenylindole (DAPI), and
analyzed by confocal microscopy.

Immunoprecipitation and Western-blot analysis of
KISS1R

COS-7 or HEK-293 cells were transfected with 0.5 �g MYC-
KISS1R � 0.5 �g control vector or 1 �g control vector alone.
Forty-eight hours later, some cells were treated with 100 �g/ml
leupeptin (lysosome inhibitor) for 16 h or 10 �M MG132 (pro-
teasome inhibitor) for 2 h or 16 h at 37 C. Cells were lysed on ice
with 20 mM HEPES containing 1% Nonindet P-40, 1 mM EDTA
(EDTA), 150 mM sodium chloride (NaCl), 0.25% sodium de-
oxycholate, and protease inhibitors. Cell lysates were passed
through a 20-gauge needle, incubated for 1 h, and centrifuged at
12,000 g for 10 min at 4 C. Supernatants were diluted to 1 mg/ml
with PBS and incubated overnight with agarose-conjugated
monoclonal anti-myc antibody (4 �g) at 4 C. Immunocomplexes
were precipitated, washed three times with lysis buffer, resus-
pended in sample buffer, and separated on a 4–15% gradient gel.
Proteins were transferred to polyvinylidene fluoride (PVDF-FL)
membrane (Bio-Rad), and nonspecific binding was blocked with
Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE) for
1 h at room temperature before the addition of a rabbit anti-myc
antibody (Millipore, 1:500 in Odyssey Blocking Buffer contain-
ing 0.1% Tween-20). After overnight incubation at 4 C, mem-
brane was washed and incubated with an antirabbit fluorescent
labeled IRDye-800CW (1:5,000) in Odyssey Blocking Buffer

containing 0.1% Tween-20 and 0.01% SDS for 1 h at room
temperature. Unincorporated secondary antibody was removed
and membranes were scanned and analyzed using the Licor Od-
yssey Infrared Imaging System (LI-COR Biosciences).

Statistical analysis
Statistical significance was validated when P � 0.05. P values

were determined by Student’s t test (two groups comparisons) or
ANOVA followed by the Dunnett’s comparison for multiple
samples.

Results

KISS1R is desensitized and internalized in a
time-dependent manner

We have shown previously that KISS1R signaling is
desensitized upon continuous kisspeptin stimulation. This
was confirmed here in CHO-KISS1R cells, using total ino-
sitol phosphate production as a marker of KISS1R signal-
ing. Inositol phosphate levels peaked after 2 h of stimu-
lation, declining thereafter and returning to baseline levels
by 12 h, despite continuous presence of kisspeptin. This
decline corresponds to the time-dependent desensitization
of this signal (Fig. 1A).

To investigate mechanisms involved in this desensiti-
zation, we measured the rate of WT KISS1R trafficking
(internalization/recycling). Membrane receptors in CHO-
KISS1R cells were labeled and tracked using radioactive
ligand. After internalization, receptors remain labeled un-
til recycling or degradation. The rate of receptor traffick-
ing thus represents the relative distribution of receptors in
membrane and intracellular fractions at specified time
points.

FIG. 1. KISS1R signaling and trafficking in CHO-KISS1R cells. A, Time
course of total inositol phosphate production in response to kisspeptin.
CHO-KISS1R cells were stimulated with 10�9 M kisspeptin for 0–18 h
and lysed. Total inositol phosphates were extracted and normalized to
protein content. Data are the mean � SE of triplicate samples from a
representative experiment, repeated at least three times with similar
results. B, Rate of KISS1R trafficking. CHO-KISS1R cells were equili-
brated on ice with 100,000 cpm of 125I-kisspeptin followed by
incubation at 37 C for 0–60 min as indicated. Membrane-bound 125I-
kisspeptin was extracted by acidic wash and internalized 125I-kisspeptin
was collected after cell lysis. Distribution of 125I-kisspeptin in the
membrane (open bars) and internalized (hatched bars) fractions is
represented as relative percentage of 125I-kisspeptin at specific time
points as indicated. Results are the mean � SEM of three independent
experiments.
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A time-dependent decrease in membrane binding was
observed after incubation of CHO-KISS1R cells with 125I-
kisspeptin. This decrease correlated well with propor-
tional increases in internalized receptors (Fig. 1B). Equil-
ibration on ice suppresses cell metabolism thus preventing
receptor internalization. Interestingly, about 14% of
KISS1R was internalized at time zero (i.e., after equilibra-
tion on ice but before incubation at 37 C), indicating that
KISS1R is still able to internalize, albeit at a slower rate, at
4 C. Internalization was faster at 37 C and after 15 min at
this temperature 50% of the KISS1R was internalized,
whereas after 60 min �80% of the KISS1R was internal-
ized and only �20% remained on the cell surface (Fig. 1B).
These results confirm and explain the time-dependent de-
sensitization of KISS1R signaling, as well as confirm in-
volvement of internalization in ligand-mediated desensi-
tization of KISS1R.

KISS1R is localized to the plasma membrane but
not to lysosomes

Colocalization of MYC-KISS1R with a plasma mem-
brane marker (Na�K�ATPase) was observed at baseline
(Fig. 2, A–C) and persisted for up to 5 h of stimulation with
10�7

M kisspeptin, at all time points tested. A representa-
tive stimulation point (3 h) is shown in Fig. 2, D–F. This
persistent membrane localization was unexpected and
suggests a pattern of dynamic recycling of KISS1R back to
the membrane after internalization (rather than degrada-
tion). Despite the persistent membrane localization, inter-
nalization was also visible at all time points. A small degree
of internalization was evident at baseline (Fig. 2, A–C),
whereas at 3 h stimulation about 25% of receptors were
intracellular (Fig. 2, D–F). However, there was no detect-
able colocalization of CFP-KISS1R (Fig. 2, G–I) or MYC-
KISS1R (not shown) with a late endosome/lysosome
marker (Lamp2) at any of the time points tested (0–5 h),
suggesting a lack of lysosomal targeting and degradation
of KISS1R. A representative coimmunostaining of CFP-
KISS1R and Lamp2 (at baseline) is shown in Fig. 2, G–I.

Binding and signaling properties of tagged KISS1R
were determined to ensure preservation of receptor func-
tion. Displacement of 125I-kisspeptin by increasing unla-
beled kisspeptin was not affected by the addition of MYC-
(Fig. 3A) or CFP- (Fig. 3C) tags, indicating that neither
affinity to kisspeptin nor maximal binding capacity were
affected by these tags. Likewise, ability of MYC- or CFP-
KISS1R to activate G protein signaling was preserved in
the tagged KISS1R, as shown by kisspeptin-stimulated
inositol phosphate accumulation in cells expressing the
tagged receptors (Fig. 3, B and D). While inositol phos-
phate production by the MYC-KISS1R was comparable to
that of the untagged WT KISS1R (Fig. 3B), the addition of

the CFP-tag slightly reduced the response of CFP-KISS1R
to kisspeptin stimulation (Fig. 3D). Such an effect has been
observed for other GPCRs after the addition of fluorescent
tags (23). Nonetheless, fusion of fluorescent tags to GP-
CRs is widely used and considered a powerful tool in
GPCR imaging (24).

KISS1R protein levels are increased in the presence
of an inhibitor of proteasome degradation

Representative Western-blots in Fig. 4, A and B show a
potential involvement of the proteasome in KISS1R deg-
radation. The first five lanes of Fig. 4, A (COS-7 cells) and
B (HEK-293 cells) were loaded with immunocomplexes
precipitated with an anti-myc antibody, whereas lanes 6
through 10 were loaded with the corresponding whole cell
lysates. HEK-293 cells have been reported recently to ex-
press KISS1R endogenously (20) and thus are physiolog-
ically relevant. MYC-KISS1R monomer was detected in
all lanes except for 1 and 6, which were transfected with
control vector alone. In addition, nonspecific bands de-
tected in whole cell lysates of cells expressing control vec-

FIG. 2. Subcellular localization of KISS1R by confocal microscopy.
COS-7 cells expressing MYC-KISS1R (Na�K�ATPase colocalization) or
CFP-KISS1R (Lamp2 colocalization) were stimulated with 10�7 M

kisspeptin for 0–5 h. Anti-CFP antibody was conjugated to FITC
(green), whereas membrane (Na�K�ATPase) and lysosome (Lamp2)
markers were visualized by Alexa-568-conjugated antibodies (red).
Na�K�ATPase (A), KISS1R at baseline (B), and the merged (A � B) image
(C); Na�K�ATPase (D), KISS1R after 3 h of kisspeptin stimulation (E), and
the merged (D � E) image (F); Lamp2 (G), KISS1R at baseline (H), and the
merged (G � H) image (I). Note: D–F, Featured cell is in an upper confocal
plan when compared with others. Nuclei are shown in blue (DAPI).
Magnification of the images is indicated by the white bar (scale, 20 �M).
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tor were eliminated by immunoprecipitation (i.e., lane 6
vs. lane 1 of Fig. 4, A and B). Lanes 3 and 8 of both Western
blots show that overnight incubation with leupeptin, a
lysosome inhibitor, did not affect KISS1R levels in COS-7
(Fig. 4A) or HEK-293 (Fig. 4B) cells, indicating that ly-
sosome degradation of KISS1R is low or absent. Con-
versely, overnight incubation with MG132, a proteasome
uptake inhibitor, markedly increased KISS1R in COS-7
cells (lane 5 vs. lane 2, Fig. 4A). This effect was even stron-
ger in HEK-293 cells (lane 5 vs. lane 2, Fig. 4B). These
results suggest proteasomal degradation of KISS1R.

Rate of KISS1R trafficking is not affected by the
Arg386Pro mutation

Internalization is involved in the desensitization of
many GPCRs (15). Accordingly, our initial hypothesis
was that the Arg386Pro mutation would reduce internal-
ization or increase recycling of KISS1R, thereby prolong-
ing responsiveness to kisspeptin. This hypothesis was
tested in vitro by comparing the rate of trafficking (inter-
nalization/recycling) of the Arg386Pro mutant to that of
WT KISS1R under the same conditions. This rate mea-
sures the relative percentile distribution of receptors in
membrane and internalized fractions at specific time
points. Binding of 125I-kisspeptin was used to detect and
track receptors in both fractions. Results in Fig. 5A show

that the rate of KISS1R trafficking was not affected by the
Arg386Pro mutation, as indicated by a comparable time-
dependent decrease in the relative distribution of mem-
brane receptors (Fig. 5A, left panel) for the WT (open bars)
and mutant (closed bars) KISS1R. The relative membrane
decay of both receptors correlated well with proportional
increases in the relative internalized receptors (Fig. 5A,
right panel), indicating that WT and Arg386Pro KISS1R
internalize and recycle at similar rates. About 60% of both
receptors were internalized after 30 min of stimulation
(58% and 57% for WT and Arg386Pro KISS1R, respec-
tively), whereas 42% of WT and 43% of Arg386Pro
KISS1R remained on the cell surface. At 120 min, about
75% of both receptors were internalized (75% and 74%
for WT and Arg386Pro KISS1R, respectively), whereas
the remaining (25% of WT and 26% of mutant KISS1R)
localized to the cell surface. Thus, contrary to our initial
expectations, changes in receptor internalization/ recy-
cling are not responsible for the delayed desensitization/
increased responsiveness of Arg386Pro KISS1R mutant to
kisspeptin.

On the other hand, the absolute number of total
Arg386Pro KISS1R was significantly increased after 120
min of stimulation compared with WT KISS1R, despite

FIG. 3. Binding and signaling by tagged KISS1R. A and C, Binding
displacement assay of MYC- (A) and CFP- (C) KISS1R. COS-7 cells
expressing untagged or tagged KISS1R were incubated with 125I-
kisspeptin alone or in the presence of increasing concentrations (10�10

to 10�6 M) of unlabeled kisspeptin. Results are the mean � SE of
triplicate samples from a representative experiment and are shown as
percentage of maximal binding (i.e., binding in the absence of
unlabeled kisspeptin). Experiments were repeated at least three times
with similar results. B and D, Total inositol phosphate production by
MYC- (B) or CFP- (D) KISS1R. Cells expressing untagged or tagged
KISS1R were stimulated with increasing kisspeptin concentrations
(10�10 to 10�7 M) for 2 h at 37 C. Results are the mean � SE of
triplicates from a representative experiment. Experiments were
repeated at least three times with similar results. Open circles,
untagged KISS1R; squares, MYC-KISS1R; triangles, CFP-KISS1R.

FIG. 4. Western-Blot detection of MYC-KISS1R. COS-7 (A) or HEK-293
(B) cells expressing MYC-KISS1R were incubated at 37 C with or
without leupeptin (lysosome inhibitor) for 16 h or with MG132
(proteasome inhibitor) for 2 h or 16 h before lysis. Cell lysates
underwent immunoprecipitation (IP) with a monoclonal anti-myc
antibody followed by Western blot analysis. MYC-KISS1R in whole cell
lysates or anti-myc immunoprecipitants was detected using a
polyclonal anti-myc antibody (1:1,000) followed by a fluorescent-
labeled infrared dye IRDye-800CW-conjugated antirabbit antibody (1:
5,000). Lanes 1 through 5 were loaded with immunoprecipitated
complexes, and lanes 6 through 10 with the corresponding pre-IP
whole cell lysates. Lanes 1 and 6, control vector; lanes 2 and 7, MYC-
KISS1R alone; Lanes 3 and 8, MYC-KISS1R � Leupeptin (16 h); lanes 4
and 9, MYC-KISS1R � MG132 (2 h); lanes 5 and 10, MYC-KISS1R �
MG132 (16 h). Arrow on the right points to KISS1R monomers at 43
kDa. Western blot of representative experiments are shown. Experiments
were repeated at least three times with comparable results.
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there being a similar number of receptors present at base-
line (Fig. 5, B and C). As opposed to the decline in the
absolute amount in the membrane, as observed for the WT
receptor after 120 min, the Arg386Pro KISS1R displayed
a 3-fold increase in membrane receptors (Fig. 5B, left
panel) at the same time point. This finding is consistent
with results we previously reported (12). Also, an increase
of similar magnitude was observed for this mutant com-
pared with WT KISS1R in internalized receptors after 120
min of stimulation (Fig. 5B, right panel and combined
results in Fig. 5C). The time required for the detection of
these differences demonstrates that this mutant affects
long-term KISS1R desensitization.

Increased total measured binding to Arg386Pro
KISS1R is eliminated by blocking detection of
recycled receptors

To further investigate the effect of the Arg386Pro mu-
tation on long-term KISS1R desensitization, detection of

125I-kisspeptin binding to recycled receptors was blocked
by removal of unbound radioligand after equilibration.
Thus, by preventing the subsequent binding of 125I-kiss-
peptin to recycled receptors, only receptors bound to
radioligand at baseline (i.e., after equilibration on ice
but before incubation at 37 C) would be detected and
tracked thereafter. Although this approach does not
prevent reinsertion of recycled receptors into the mem-
brane, these receptors are no longer detected. Interest-
ingly, this approach completely eliminated the previ-
ously observed increases of Arg386Pro KISS1R in both
the membrane and internalized fractions (Fig. 5, D and
E), indicating that newly recycled receptors account for
the increases in total Arg386Pro KISS1R compared with
WT KISS1R.

Similar results with comparable elimination of the in-
creases in Arg386Pro compared with WT KISS1R were
observed using an alternative approach in which pretreat-

FIG. 5. Membrane trafficking of KISS1R. COS-7 cells expressing wild-type (WT) or Arg386Pro KISS1R were equilibrated with 125I-kisspeptin on ice
before incubation at 37 C for 0–120 min as indicated. Membrane and internalized 125I-kisspeptin were extracted and counted as described in the
Materials and Methods. A, Rate of membrane trafficking (internalization and recycling) in WT and Arg386Pro KISS1R is represented as the relative
distribution of receptors in the membrane and internalized at each time-point. Left panel, relative percent of receptor in the membrane; right
panel, relative percent of internalized receptors. Results are the mean � SE of seven independent experiments. Open bars, WT KISS1R; solid bars,
Arg386Pro KISS1R. B, Total KISS1R trafficking with detection of recycled receptors. Total receptors in membrane (left panel) or internalized (right
panel) fractions are shown as cpm/mg protein of the mean � SE of triplicates in this representative experiment, which was repeated at least three
times with comparable results. Open bars, WT KISS1R; solid bars, Arg386Pro KISS1R. ***, P � 0.0002 by Student’s t test vs. WT receptor at 120
min. C, Ratio of (total) internalized KISS1R with detection of recycled receptors: Time-course of stimulation. Bars represent the combined ratio
derived from three independent experiments. Ratio in each experiment was calculated by dividing the mean of triplicate measurements of
Arg386Pro KISS1R by that of triplicate measurements from WT receptor. *, P � 0.05 by ANOVA followed by the Dunnett’s test vs. time zero. D
and E, Measurement of KISS1R trafficking without detection of recycled receptors: Effect of removal of radioligand. In D and E, unbound 125I-
kisspeptin was removed at the end of equilibration on ice but before incubation at 37 C, so that only receptors bound to radioligand at time zero
could be detected and tracked thereafter. D, The (total) receptors are represented as the mean � SE of triplicate samples from a representative
experiment shown as cpm/mg of protein, replicated at least three times with comparable results. Open bars, WT KISS1R; solid bars, Arg386Pro
KISS1R. Left panel, total membrane receptors; right panel, total internalized receptors. E, Combined ratio of Arg386Pro:WT KISS1R. Bars represent
the average ratio derived from three independent time-course experiments. The ratio of each experiment was calculated by dividing the mean of
triplicate samples of Arg386Pro KISS1R by that of triplicate samples of WT KISS1R from the same experiment. Left panel (open bars), ratio in the
membrane; right panel (solid bars), ratio of internalized receptors. F, KISS1R trafficking without detection of recycled receptors: Effect of
pretreatment with monensin. Thirty minutes of incubation with monensin (recycling inhibitor) before the addition of 125I-kisspeptin prevented the
reinsertion of recycled receptors into the membrane. Results are the mean � SE of triplicate samples from a representative experiment, shown as
the ratio of Arg386Pro over WT KISS1R. Left panel (open bars), ratio in the membrane; right panel (solid bars), ratio of internalized receptors.
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ment with monensin prevented membrane reinsertion of
recycled receptors (Fig. 5F). This approach provides
further confirmation that recycling of KISS1R accounts
for the stimulation-dependent increases in total
Arg386Pro KISS1R over time. In addition, the 2-h frame
required for detection of this effect indicates involve-
ment of long-term desensitization of KISS1R. This, in
turn, suggests slower degradation of the mutant
KISS1R, because long-term desensitization is accom-
plished by receptor degradation (18).

Another interesting consequence of the blockage of de-
tection of recycled receptors is the considerable decrease in
total receptors after 120 min of stimulation. As opposed to
the �3-fold increase in total mutant receptors in the mem-
brane (Fig. 5B, left panel) and internalized (Fig. 5B, right
panel) after 120 min with detection of recycled receptors,
blockade of detection of recycled receptors resulted in a
�20-fold decrease in mutant, as well as wild-type recep-
tors on the membrane (Fig. 5D, left panel) and a �4-fold
decrease in intracellular receptors (Fig. 5D, left panel) for
both wild-type and mutant KISS1R. This finding demon-
strates that a substantial amount of receptors detected in
both membrane and internalized fractions correspond to
recycled receptors, thereby suggesting that recycled recep-
tors are responsible for a considerable portion of KISS1R
signaling.

Discussion

Heritable factors are responsible for 70–80% of the vari-
ability in the timing of puberty (25, 26). Despite this un-
questionable genetic component, the precise mechanisms
regulating pubertal maturation and the genetic causes un-
derlying the majority of cases of pubertal disorders remain
unknown. The identification and functional characteriza-
tion of mutations identified in patients with pubertal dis-
orders has been the main source of insights into the mech-
anisms that initiate puberty (27–29). A subset of patients
with reproductive disorders have mutations in the
KISS1R, some of which have been characterized in vitro
(30). All but one of the amino acid substitutions in KISS1R
that have been characterized are inactivating mutations
that were shown or predicted to impair receptor function
(8–11, 31). The impaired signaling of inactive mutants
limits the utility of these mutants to characterize the phys-
iological regulation of KISS1R signaling. On the other
hand, the gain-of-function effect of the Arg386Pro muta-
tion has proven to serve as a useful model to study KISS1R
desensitization. To understand how this mutation en-
hances KISS1R signaling to contribute to the precocious
puberty phenotype, we investigated the effect of this mu-
tation on KISS1R trafficking and turnover.

A time-dependent desensitization (despite continuous
presence of ligand) that culminates with complete sup-
pression of signaling is the typical response of KISS1R to
activation by ligand. This phenomenon is depicted in Fig.
1A, which reinforces and further explains previous find-
ings describing desensitization of physiological responses
upon continuous kisspeptin stimulation in vivo, such as
those in agonadal monkeys (16) and female (13) and male
(14) rats. These observations emphasize the key role of
regulation of KISS1R signaling and desensitization in the
control of pubertal development and maintenance of re-
productive capability, as well as in clinical disorders
caused by disturbances of KISS1R desensitization.

As described for other GPCRs, results presented here
demonstrate that ligand-induced desensitization of KISS1R
involves time-dependent internalization (Fig. 1B), which
confirms and further characterizes a recent report of li-
gand-induced internalization of KISS1R in HEK-293 cells
(20) and indicates that this effect is not cell-specific. A
percentage of internalized GPCR is recycled back to the
membrane, whereas the remaining is degraded (18). Al-
though the proportions of recycled/degraded GPCRs may
vary considerably among receptors, persistent activation
of the majority of GPCRs will eventually lead to long-term
desensitization attributable to receptor degradation. In-
ternalized receptor fate is subject to endogenous regula-
tion and the same GPCR may undergo desensitization by
more than one pathway (18, 32, 33). Here, we used bio-
chemical techniques such as radioligand binding, immu-
noprecipitation, and immunofluorescence imaging to in-
vestigate the pathway of KISS1R degradation, as well as
the effect of the Arg386Pro mutation on the timeline of
long-term desensitization of KISS1R.

Small tags, such as MYC, are not expected to affect
receptor function, whereas large fluorescent tags such as
CFP may affect function, yet preserving the ability of the
receptor to signal, as described for the �-2 adrenergic re-
ceptor (34), the �-1 adrenergic receptor (35), and the cho-
lecystokinin receptor (36). These predicted behaviors
were observed for the MYC- (Fig. 3, A and C) and CFP-
KISS1R (Fig. 3, B and D) used here. Persistent membrane
localization of KISS1R was detected at baseline and at a
variety of time points after kisspeptin stimulation. Rep-
resentative images in Fig. 2 show membrane localization
at baseline (Fig. 2, A–C) and after 3 h of stimulation with
a high concentration (10�7

M) of kisspeptin (Fig. 2, D–F),
suggesting that internalized KISS1R is sorted for recycling
rather than degradation. Nevertheless, internalization
was noticeable at all time points of stimulation with no
noticeable differences in the relative percentage of inter-
nalized receptors from 5 min to 5 h of stimulation. About
25% of receptors were internalized at the representative
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time point shown in Fig. 2, D–F. However, these images
are not intended to be quantitative and this percentage
variation is an estimation.

No colocalization with a lysosome marker was detected
after up to 5 h of stimulation with the same high concen-
tration of kisspeptin. The �40% decay in inositol phos-
phate accumulation after 4 h of stimulation with 100-fold
lower concentration of kisspeptin (10�9

M) in Fig. 1A in-
dicates desensitization of Gq signaling at this time point.
Therefore, a more extensive degree of desensitization
would be predicted after 5 h of stimulation with a higher
concentration of kisspeptin. By this point, receptor deg-
radation is expected and should be detected (37). Thus,
absence of colocalization with lysosomes after 5 h of stim-
ulation suggests that lysosomal degradation of KISS1R is
low or absent.

Degradation by lysosomes is the major pathway of
GPCR destruction (38). Accordingly, colocalization of
GPCRs with lysosomal markers has been detected as soon
as 5 min (37) and up to 6 h (39, 40) after exposure to
ligand. Lack of colocalization of Lamp2 with KISS1R sug-
gests that lysosomes may not be the preferential degrada-
tion pathway of KISS1R. This was confirmed by the lack
of effect of the lysosome inhibitor on the levels of KISS1R
protein after 16 h incubation in both COS-7 and HEK-293
cells (Fig. 4, A and B). On the other hand, overnight treat-
ment of the same cells with a proteasome inhibitor led to
substantial increases in KISS1R protein in both cell lines
(Fig. 4, A and B), indicating proteasome degradation of
KISS1R. Detection of this effect in HEK-293 cells is espe-
cially relevant because these cells express KISS1R endog-
enously (20). Although less common, proteasome degra-
dation has been reported for some GPCRs such as the
opioid (41) and �-adrenergic receptors (42).

The dynamic trafficking of KISS1R suggested by im-
munofluorescence was confirmed by KISS1R trafficking
(internalization/recycling) studies. Prevention of detection
of recycling largely decreased total membrane (Fig. 5D,
left panel) and internalized (Fig. 5D, right panel) KISS1R
detected after 120 min of stimulation. This finding dem-
onstrates that dynamic recycling provides for a consider-
able amount of binding and signaling of KISS1R upon
kisspeptin stimulation. Thus, KISS1R recycling is physi-
ologically relevant. Additionally, disturbances of this dy-
namic cycling may significantly affect overall KISS1R sig-
naling. Interestingly, our results show that the Arg386Pro
mutation associated with central precocious puberty al-
ters KISS1R trafficking. Despite displaying equivalent
binding at baseline, the Arg386Pro mutant was signifi-
cantly increased compared with WT KISS1R after 120 min
of stimulation with 125I-kisspeptin (Fig. 5B). This effect is
likely contributing to the slower desensitization of inositol

phosphate accumulation and ERK phosphorylation in re-
sponse to kisspeptin by this mutant (12).

KISS1R was reported to undergo rapid ligand-induced
internalization, as well as colocalize with arrestin (20),
which binds phosphorylated receptors (43, 44) preventing
further G protein–coupling and triggering receptor inter-
nalization (45, 46). Accordingly, a reduced rate of inter-
nalization (or increased rate of recycling) was initially pre-
sumed to account for the slower rate of desensitization of
the Arg386Pro mutant. However, the relative rate of
KISS1R trafficking is not affected by the Arg385Pro mu-
tation (Fig. 5A), as indicated by similar relative distribu-
tion of WT and mutant receptors in the membrane and
internalized at baseline and at all subsequent time points
after stimulation (Fig. 5A). Therefore, the event affected
by the Arg386Pro mutation is downstream of receptor
internalization. Additionally, unaltered KISS1R traffick-
ing eliminates the potential involvement of arrestin-me-
diated internalization on the effect of the Arg386Pro mu-
tation. On the other hand, degradation is downstream of
internalization, leads to reduced membrane receptors and
loss of binding, and is characteristic of long-term GPCR
desensitization (18, 38). All of these features match effects
of the Arg386Pro mutation. In fact, effects of this muta-
tion are only detected when membrane KISS1R binding
and signaling are declining.

In contrast, the dynamic trafficking is preserved in the
Arg386Pro mutant, as indicated by the unaltered relative
distribution of mutant KISS1R in membrane and inter-
nalized fractions, as well as by the same substantial de-
crease in mutant receptors when detection of recycled re-
ceptors is prevented (Fig. 5, D–F). Of note, the substantial
decrease in membrane binding also indicates that receptor
recycling is responsible for a great deal of KISS1R signal-
ing. Hence, the combination of dynamic trafficking with
decreased degradation is likely responsible for the overall
slower loss of binding and signaling by this mutant,
thereby prolonging responsiveness of Arg386Pro KISS1R
to kisspeptin (12) in the absence of changes in the rate of
receptor trafficking.

A proposed model of KISS1R trafficking as well as the
effect of the Arg386Pro mutation on KISS1R trafficking
after 120 min of stimulation is depicted in Fig. 6. Accord-
ing to this model, which displays data from Figure 5B, a
similar number of WT and Arg386Pro KISS1R are de-
tected in the membrane (7 receptors) and internalized (3
receptors) fractions of cells expressing WT (top left) or
Arg386Pro (bottom left) under basal conditions (base-
line). Accordingly, the relative distribution of these recep-
tors at baseline is equally similar: 70% in the membrane
and 30% internalized for WT (top left) and Arg386Pro
KISS1R (bottom left). After 120 min of stimulation, rel-
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ative distribution remains similar, with 40% in the mem-
brane and 60% internalized for WT (top right) and
Arg386ProKISS1R(bottomright).However,absolutenum-
ber of receptors is no longer similar. Net Arg386Pro recep-
tors (11 in the membrane and 17 internalized; bottom right)
are increased when compared with WT receptors (4 in the
membrane and 6 internalized; top right). Reduced degrada-
tion of mutant KISS1R is proposed to account for this in-
crease by leading to intracellular accumulation of this mu-
tant. Combination of intracellular accumulation with a
dynamic recycling of the Arg386Pro KISS1R results in the
magnification of kisspeptin responsiveness after 120 min by
thismutant comparedwithWTreceptor.Anadditionalpool
of intracellular KISS1R not initially detected at baseline
(shown in gray on Fig. 6) is proposed to be recruited to the
membrane and account for the apparent increases in mutant
receptor number after stimulation.

Decreased receptor degradation was reported as the
mechanism underlying a gain-of-function mutation of an-
other GPCR (47). In this report, lysosomal degradation of

LH receptor is blocked by a mutation
that generates a constitutively active
LH receptor. This receptor escapes deg-
radation, which leads to a marked in-
crease in signaling at baseline. As op-
posed to this constitutively active LH
receptor that does not require the pres-
ence of ligand to activate signaling (47),
effects of the Arg386Pro KISS1R can
only be detected during ligand-induced
receptor desensitization, which indi-
cates a requirement for ligand activation
of the receptor. This distinctive feature
allows for endogenous regulation of the
activityofArg386ProKISS1R,whichhas
implications for the overall phenotype of
the patient carrying this mutation. As op-
posed to the constitutive activation of the
LH receptor that results in gonadotro-
pin-independent precocious puberty,
persistent central activation of the repro-
ductive axis produces the opposite effect.
Evidence of this is the therapeutic use of
GnRHagonists tosuppress theactivityof
the reproductive axis in patients with go-
nadotropin-dependent precocious pu-
berty. Mimicking the effect of constitu-
tively active mutants, GnRH agonists
efficiently suppress theactivityof theaxis
after transitory activation.

Functional characterization of a mu-
tation in kisspeptin (Pro74Ser) also as-
sociated with precocious puberty re-

vealed increased inositol phosphate accumulation after
preincubation of this mutant with human serum com-
pared with wild-type kisspeptin under the same condi-
tions. This suggests that this mutation increases kisspeptin
stability thereby prolonging signaling and contributing to
the precocious puberty phenotype of the boy carrying the
mutation (48). Therefore, functionally characterized mu-
tations associated with central precocious puberty suggest
that duration of KISS1R stimulation, signaling, and de-
sensitization are crucial for the role of this receptor/ligand
system in timing the onset of puberty. Thus, mutations in
other (yet unknown) proteins that would result in dys-
regulation of KISS1R signaling, trafficking, recycling, or
degradation may be responsible for other cases of preco-
cious puberty (and potentially other reproductive abnor-
malities) yet unexplained. This underscores the impor-
tance of a detailed characterization of pathways involved
that will help in the understanding, diagnosis, and treat-
ment of such cases.

FIG. 6. Proposed model of KISS1R trafficking and effect of the Arg386Pro mutation. Under
basal conditions, a similar number of receptors is detected on the membrane (seven
receptors) and internalized (three receptors) fractions in cells expressing WT (top left) or
Arg386Pro (bottom left) KISS1R. Relative distribution at baseline is also similar: 70% on the
membrane and 30% internalized for both WT (top left) and Arg386Pro (bottom left) KISS1R.
After 120 min of stimulation, relative distribution remains similar for WT (top right) and
Arg386Pro (bottom right) KISS1R: 40% on the membrane and 60% internalized. However,
total receptor number is no longer similar. WT KISS1R decreased to 4 on the membrane and
increased to 6 internalized (top right), whereas Arg386Pro KISS1R increased on both fractions
after stimulation: 11 on the membrane and 17 internalized (bottom right). A small percentage
of receptors is degraded after internalization, and a reduced rate of degradation of
Arg386Pro KISS1R is proposed to increase intracellular accumulation of this mutant, which
combined to a dynamic recycling would be enough to account for the time-dependent
magnification of kisspeptin responsiveness by this mutant. A pool of intracellular KISS1R not
initially detected at baseline (in gray) is proposed to be recruited to the membrane and thus
account for the apparent increases in receptor number after stimulation. Values on this figure
are based on data represented in Fig. 5B.
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Additional mutations have been identified in a screen
for polymorphisms in KISS1R or kisspeptin in Chinese
females with central precocious puberty. A KISS1R mu-
tation (Pro196His) located in the second extracellular
loop of the receptor was identified (49), as was a kisspeptin
variant (Pro110Thr). No functional studies have been per-
formed for either mutation, so the mechanism by which
these mutations might be associated with precocious pu-
berty remains to be elucidated (49, 50).

To our knowledge, this is the first study investigating
KISS1R degradation pathway, as well as the first descrip-
tion of the dynamic membrane trafficking of the KISS1R.
These findings open up new roads for the investigation of
mutations affecting KISS1R activity.
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