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Melanocortin-4 receptor (MC4R) is a G protein-coupled receptor expressed in the brain where it
controls food intake. Many obesity-linked MC4R variants are poorly expressed at the plasma
membrane and are retained intracellularly. We have studied the intracellular localization of four
obesity-linked MC4R variants, P78L, R165W, I316S, and I317T, in immortalized neurons. We find
that these variants are all retained in the endoplasmic reticulum (ER), are ubiquitinated to a
greater extent than the wild-type (wt) receptor, and induce ER stress with increased levels of ER
chaperones as compared with wt-MC4R and appearance of CCAAT/enhancer-binding protein
homologous protein (CHOP). Expression of the X-box-binding-protein-1 (XBP-1) with selective
activation of a protective branch of the unfolded protein response did not have any effect on the
cell surface expression of MC4R-I316S. Conversely, the pharmacological chaperone 4-phenyl bu-
tyric acid (PBA) increased the cell surface expression of wt-MC4R, MC4R-I316S, and I317T by more
than 40%. PBA decreased ubiquitination of MC4R-I316S and prevented ER stress induced by
expression of the mutant, suggesting that the drug functions to promote MC4R folding. MC4R-
I316S rescued to the cell surface is functional, with a 52% increase in agonist-induced cAMP
production, as compared with untreated cells. Also direct inhibition of wt-MC4R and MC4R-I316S
ubiquitination by a specific inhibitor of the ubiquitin-activating enzyme 1 increased by approxi-
mately 40% the expression of the receptors at the cell surface, and the effects of PBA and
ubiquitin-activating enzyme 1 were additive. These data offer a cell-based rationale that drugs
that improve MC4R folding or decrease ER-associated degradation of the receptor may function
to treat some forms of hereditary obesity. (Molecular Endocrinology 24: 1805–1821, 2010)

The brain integrates different signals from the periph-
ery such as metabolites and hormones to control food

intake. Central to this pathway is the function of melano-
cortin-4 receptor (MC4R), which belongs to the family
of seven trans-membrane G protein-coupled receptors
(GPCRs). MC4R knockout mice are obese (1) and so are
humans with naturally occurring mutations of MC4R (2).

Although MC4R is expressed in many areas of the brain,
control of food intake occurs at specialized sites. In this
respect, it has been shown that restoration of MC4R ex-
pression in the hypothalamic paraventricular nucleus and
in the amygdala of mice that do not express MC4R pre-
vents 60% of the obesity (3). In the paraventricular nuclei
of the hypothalamus, MC4R responds to an agonist,
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�-MSH, and to an antagonist, agouti-related protein,
which compete with each other for binding to MC4R.
MC4R binding to �-MSH leads to stimulation of the re-
ceptor activity with activation of adenylate cyclase-de-
pendent production of cAMP. Two decades ago, pioneer-
ing work reported the first cases of severe obesity and
hyperphagia caused by MC4R mutations (4, 5). Since
then, many studies have found association between
MC4R variants and inherited and early-onset obesity (2,
6–10). More recent studies have found prevalence of
MC4R mutations in early-onset obesity (2.83%) (11) as
well as in severely obese adults (2.25%) (12). It has been
found that most of the obesity-linked MC4R variants
have defective cell surface expression of the receptor with
MC4R retention in an intracellular localization (6, 13–
15). Pharmacological studies indicate that some of the
obesity-linked MC4R variants that are retained intracel-
lularly have normal responsiveness to �-MSH, whereas
other variants have moderately reduced or severely re-
duced response to the hormone (11, 14). It is possible that
some mutations lead only to minor changes in the struc-
ture and function of the receptor. Consequently, rescue of
cell surface expression of the mutated receptor may be a
possible approach to treat some forms of inherited obe-
sity. In this respect, although intracellular retention of
obesity-linked MC4R variants is well documented, the
cell location where the variants are retained and the mech-
anism by which this retention occurs have not yet been
explored. Here we have selected four obesity-linked
MC4R variants, P78L, R165W, I316S, and I317T (6, 13,
15–17), which are retained intracellularly, to study their
cell localization and mechanism of reduced plasma mem-
brane expression. These mutations occur at different sites
of the protein, namely the second transmembrane domain
(P78L), the second intracellular domain (R165W), and
the C-terminal domain (I316S and I317T), with one of
them (P78L) having no detectable stimulation by �-MSH,
two others with decreased potency for the hormone
(R165W and I316S) and one with similar potency
(I317T) (14). We find that all of them lead to the receptor
being trapped in the endoplasmic reticulum (ER) as a
ubiquitinated protein, indicating that step as a possible
therapeutic target for some forms of inherited obesity.

Results

Obesity-linked MC4R variants are retained in
the ER

To determine the amount of obesity-linked MC4R
variants expressed at the plasma membrane neuroblas-
toma Neuro2A (N2A) cells were transiently transfected
with tagged wild-type (wt)-HA-MC4R-GFP and mutated

HA-MC4R-GFP (P78L, R165W, I316S, and I317T). The
amount of receptor at the cell surface was measured by
using an immunoassay that detects the hemagglutinin
(HA) tag placed at the extracellular N terminus of the
protein by using anti-HA antibody coupled to peroxidase
(POD) (18). The amount of mutated HA-MC4R-GFP ex-
pressed at the cell surface of N2A cells was less than 50%
of that of the wt receptor (Fig. 1A), consistent with the
data obtained by others in human embryonic kidney
(HEK) 293 cells (13, 14). To visualize the cell distribution
of wt and mutated receptor, cells transfected with wt-HA-
MC4R-GFP and mutated HA-MC4R-GFP-I316S and
I317T were stained with anti-HA antibody and secondary
antibody coupled to Cy3. The I316S and I317T variants
were expressed at the plasma membrane less abundantly
than the wt receptor (Fig. 1B, Cy3), consistent with the
immunoassay data. The entire population of wt-HA-
MC4R-GFP receptor, visualized by green fluorescent pro-
tein (GFP) fluorescence localized to the plasma membrane
and to a perinuclear endosomal compartment (Fig. 1B,
GFP). Conversely, the I316S and I317T mutants had a
more diffuse, reticular distribution.

MC4R localizes to the plasma membrane and in endo-
somes and recycles constitutively (18). When N2A cells
transiently transfected with wt-HA-MC4R-GFP are incu-
bated at 37 C in the presence of anti-HA antibody, the
antibody binds to the entire pool of receptors that traffics
between the plasma membrane and the endosomal com-
partment. This pool of recycling receptors can then be
visualized by staining fixed and permeabilized cells with
secondary antibodies conjugated to Cy3 (Fig. 1C). Be-
cause the GFP tag attached to MC4R visualizes the entire
pool of cell receptors, the extent by which the GFP and
Cy3 fluorescence overlap, is a measure of the fraction of
total MC4R that is either at the plasma membrane or in
the endosomal compartment. In the case of wt-HA-
MC4R-GFP, there was extensive overlap between GFP
and Cy3 fluorescence (Fig. 1, C and D), indicating that
most of wt receptor expressed in the cell is either localized
at the plasma membrane or in endosomes. Conversely, in
the case of HA-MC4R-GFP-I316S and -I317T, most of
the GFP did not colocalize with Cy3 (Fig. 1, C and D),
indicating that only a minor fraction of the total popula-
tion of mutated MC4R is found either at the plasma mem-
brane or in the endosomal compartment.

The rate of internalization of wt-HA-MC4R-GFP and
mutated HA-MC4R-GFP-I316S and I317T from the cell
surface was the same (Fig. 1E). This suggests that, once
deployed to the plasma membrane, wt and mutated
MC4R are endocytosed by the same kinetics. To deter-
mine whether traffic along the recycling compartment
was unaffected, we measured the rate of externalization
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of wt-HA-MC4R-GFP (18) and the HA-MC4R-GFP-
I316S and HA-MC4R-GFP-I317T mutants in the pres-
ence of cycloheximide to block protein synthesis (Fig. 1F).
Again, it appeared that the kinetics of receptor external-
ization were the same in the case of the wt and mutated
receptors, indicating that traffic across the recycling path-
way is unchanged by the mutations.

The diffuse, reticular distribution of the MC4R-I316S
and -I317T variants, together with the absence of kinetic
defects along the recycling pathway, suggested that re-
duced expression of the mutants at the plasma mem-
brane is due to defects along the biosynthetic pathway.

To determine whether this was the case, cells express-
ing wt-HA-MC4R-GFP and mutated HA-MC4R-GFP
(P78L, R165W, I316S, and I317T) were costained with
antibodies against the ER resident protein calnexin
(Fig. 1G). Quantitative analysis revealed that all mu-
tated HA-MC4R-GFP have significantly increased co-
localization with calnexin as compared with that of
wt-HA-MC4R-GFP (Fig. 1, G and H). This was true
also for HA-MC4R-I316S and -I317T that do not have
the GFP tag (Supplemental Fig. 1, published on The
Endocrine Society’s Journals Online web site at http://
mend.endojournals.org). These data indicate that obesity-

FIG. 1. Obesity-linked MC4R mutants are retained in the ER. A, N2A cells were transiently transfected with wt-HA-MC4R-GFP and mutated HA-
MC4R-GFP (P78L, R165W, I316S, and I317T). HA-MC4R-GFP at the cell surface was measured by ELISA. Data are expressed as percentage of the
wt receptor. B, Cells were transfected with wt-HA-MC4R-GFP and mutated HA-MC4R-GFP (I316S and I317T), transferred at 4 C, incubated with
primary rat monoclonal anti-HA antibodies, fixed, and incubated with secondary Cy3-conjugated antirat antibodies. C, N2A cells were transfected
as in B. Cells were incubated with rat anti-HA antibodies for 2 h at 37 C. Cells were fixed, washed with PBS, permeabilized, and incubated with
Cy3-conjugated antirat antibodies. Arrow and arrowhead indicate endosomal compartment and plasma membrane, respectively. D, Quantification
of the confocal images of the experiment shown in C. The wt-HA-MC4R-GFP (n � 30) and mutated HA-MC4R-GFP (I316S n � 31, I317T n � 30),
M1, Mander’s overlap coefficient. E and F, N2A cells were transfected with wt-HA-MC4R-GFP and mutated HA-MC4R-GFP (I316S and I317S).
Receptor internalization (E) and exocytosis (F) were measured as previously reported (18). G, N2A cells were transiently transfected with wt-HA-MC4R-
GFP and mutant HA-MC4R-GFP (P78L, R165W, I316S, and I317T). Cells were permeabilized and stained with primary rabbit polyclonal anti-calnexin and
secondary Cy3-conjugated antirabbit antibodies. H, Quantification of the colocalization of MC4R with calnexin was done using cells transfected with
wt-HA-MC4R-GFP (n � 55) and mutated HA-MC4R-GFP (P78L n � 23, R165W n � 22, I316S n � 36, I317T n � 33). Bars, 25 �m. ***, P � 0.0001.
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linked variants of MC4R lead to increased retention of
the receptor in the ER.

MC4R bearing obesity-linked mutations
have greater tendency than wt-MC4R to
be ubiquitinated

Proteins that enter the biosynthetic pathway in the ER
and fail to fold are recognized by a quality control system
and targeted to the ER-associated degradation (ERAD)
pathway by ubiquitination (19). A standard method to
detect ubiquitinated GPCR is coexpression with tagged
ubiquitin, immunoprecipitation of the GPCR, and immu-
noblot with antibodies against the tag (20). To test the
possibility that the MC4R mutants are prone to ubiquiti-
nation, N2A cells were cotransfected with Flag-ubiquitin
and either wt or mutated HA-MC4R-GFP, and the cell
lysates were immunoprecipitated with the anti-HA anti-
body. The wt-HA-MC4R-GFP from the cell lysates ap-
peared by Western blot analysis as multiple bands with a
more prominent one migrating at 78 kDa in the 9% SDS-
PAGE (Fig. 2A, lower arrowhead), close to the predicted
molecular mass of 66 kDa (�37 kDa HA-MC4R � �30
kDa of the GFP) and as another band at 250 kDa (Fig. 2A,
upper arrowhead). In addition, there were also multiple
HA-MC4R-GFP bands at intermediate molecular mass
between 78 and 250 kDa (Fig. 2A, vertical bar). All HA-
MC4R-GFP proteins bearing the obesity-linked muta-
tions migrated predominantly as intermediate and high
molecular mass species, with reduced immunoreactivity
of the band at 78 kDa (Fig. 2A, lower arrowhead). When
immunoprecipitated samples were separated by a 7%
SDS-PAGE and analyzed by Western blot with anti-HA
antibody, wt-HA-MC4R-GFP appeared as a prominent
band at 78 kDa (Fig. 2C, arrow) and a faint smear at
higher molecular mass (Fig. 2C, vertical bar). Differently,
all mutated HA-MC4R-GFP migrated predominantly as
intermediate and high molecular mass bands with almost
undetectable immunoreactivity at 78 kDa (Fig. 2C, verti-
cal bar). When the immunoprecipitated HA-MC4R-GFP
was analyzed with the anti-Flag antibody, ubiquitin was
found associated with both wt and mutated receptors and
appeared as a smear between 98 and 250 kDa (Fig. 2D).
Samples immunoprecipitated from cells transfected with
mutated HA-MC4R-GFP exhibited more ubiquitin im-
munoreactivity than the sample immunoprecipitated
from cells transfected with wt-HA-MC4R-GFP (Fig. 2D).
Thus, it appears that a larger fraction of mutated than of
wt-HA-MC4R-GFP is ubiquitinated, consistent with the
shift in molecular mass observed in the cell lysates (Fig.
2A). To determine whether ubiquitination of the wt and
mutated receptors was caused by the GFP tag, the exper-
iment was repeated using cells cotransfected with wt-HA-

MC4R and HA-MC4R-I316S and Flag-ubiquitin (Sup-
plemental Fig. 2) with similar results. In conclusion, the
experiments of Fig. 2 indicate that mutated MC4R have a
greater tendency to be ubiquitinated than wt-MC4R.
These observations suggest that these proteins exist as
misfolded species targeted for degradation by ERAD.

Expression of obesity-linked MC4R variants causes
ER stress

When unfolded proteins accumulate in the ER, this
causes ER stress (21). The unfolded protein response
(UPR) is a complex signaling pathway that leads to in-
creased synthesis of chaperones such as the glucose-regu-
lated proteins (GRPs) GRP78 and GRP94, which assist in
protein folding, and of the proapoptotic transcription fac-
tor CCAAT/enhancer-binding protein homologous pro-
tein (CHOP) (22). If obesity-linked MC4R variants had a
greater tendency to misfold than wt-MC4R, then expres-
sion of these proteins may induce the UPR with an in-

FIG. 2. More of HA-MC4R-GFP bearing obesity-linked mutations than
of wt receptor is ubiquitinated. A and B, N2A cells were transiently
transfected with Flag-ubiquitin (Flag-ub) or cotransfected with Flag-
ubiquitin and wt-HA-MC4R-GFP or mutated HA-MC4R-GFP (P78L,
R165W, I316S, and I317T). Cell lysates were analyzed by Western blot
(WB) by using the indicated antibodies. C and D, Immunoprecipitations
(IP) from cell lysates were carried out with anti-HA antibodies and
analyzed by Western blot by using the indicated antibodies. Arrows
indicate the bands at 250 and 78 kDa. Vertical bar indicate MC4R
immunoreactivity between 78 and 250 kDa. *, Unspecific bands.
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crease of ER chaperones and CHOP. KDEL is a C-termi-
nal signal sequence required for residency of many
proteins that are to be retained in the ER, including the
ER chaperones GRP78 and GRP94 (23). Western blot
analysis using anti-KDEL antibody showed that N2A
cells expressing mutated HA-MC4R-GFP had increased

levels of GRP78 and GRP94 as compared with the wt
receptor (Fig. 3, A and B). It is possible that some of the
effects of the obesity-linked MC4R variants on ER stress
could be mediated by protein overload in the ER in the
transiently transfected cells. To explore this possibility,
we selected, by immunofluorescence microscopy, popu-

FIG. 3. Expression of mutated HA-MC4R-GFP-P78L, -R165W, -I316S, and I317T induces ER stress. A, N2A cell lysates were derived from cells
transiently transfected with wt-HA-MC4R-GFP and mutated HA-MC4R-GFP (P78L, R165W, I316S, and I317T). Cell lysates were analyzed by
Western blot with the indicated antibodies. The panel on the right shows a more exposed blot from another experiment. B, GRP78 and actin levels
were measured by densitometry. Averages and SD were determined from three independent experiments including those shown in A. C, N2A cells
were transfected as in A. GFP fluorescence of cells transiently transfected with wt-HA-MC4R-GFP (n � 44) and mutated HA-MC4R-GFP (P78L n � 44,
R165W n � 50, I316S n � 20, and I317T n � 60) are compared with the stable clone of wt-HA-MC4R-GFP (n � 132) (st). D and F, Cell immunostaining
was done using mouse monoclonal anti-KDEL antibodies and rabbit polyclonal anti-CHOP antibodies. Secondary staining was carried out
using Cy5-conjugated antimouse antibodies and Cy3-conjugated antirabbit antibodies, respectively. Arrowheads indicate transfected cells.
E, Averages and SD of KDEL pixel intensity normalized to HA-MC4R-GFP content from the cell population analyzed in C. G, Averages and
sd of CHOP pixel intensity normalized to HA-MC4R-GFP content from the cell population analyzed in C. Bar, 25 �m. *, P � 0.05;
**, P � 0.001; ***, P � 0.0001; and ns (nonsignificant), P � 0.05.
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lations of cells transiently expressing the receptor at the
same level (HA-MC4R-GFP-P78L, -R165W, and -I316S)
or at similar levels (wt-HA-MC4R-GFP and HA-MC4R-
GFP-I317T, less than 40% increase) as that of a stably
transfected clone of N2A cells expressing wt-HA-MC4R-
GFP (Fig. 3C). In this stably transfected clone, the exog-
enous receptor (HA-MC4R-GFP) increases only by 30%
the total amount of MC4R expressed by the cell (18). In
the selected population of cells transiently expressing low
levels of exogenous receptor, expression of mutated HA-
MC4R-GFP increased by 2-fold KDEL immunoreactivity
as compared with wt-HA-MC4R-GFP [Fig. 3, D (arrow-
heads) and E]. In the same population of cells, mutated
HA-MC4R-GFP induced CHOP expression in the nu-
cleus [Fig. 3, F (arrowheads) and G]. Together, the
findings of Fig. 3 suggest that obesity-linked MC4R

variants, even when expressed at lev-
els comparable with that of the en-
dogenous receptor, induce ER stress.
This is consistent with the concept
that the MC4R variants have a ten-
dency to misfold.

Induction of a protective branch
of the UPR does not improve
cell surface expression of
HA-MC4R-GFP-I316S

The UPR consists of a set of three
signaling pathways: protein kinase
RNA-like ER kinase (PERK), activat-
ing transcription factor-6 (ATF6) and
inositol-requiring protein-1 (IRE1)
(22, 24). Of these signaling pathways,
both IRE1 and ATF6 induce a protec-
tive response with an increase of ER
chaperones involved in protein folding
and ERAD, whereas the PERK path-
way induces expression of proapop-
totic factors such as CHOP (22). It has
also been reported that in the presence
of persistent ER stress, IRE1 and ATF6
pathways are reduced, whereas the
PERK pathway is maintained (25).
The IRE1 pathway leads to splicing
of X-box-binding protein 1 (XBP-1)
mRNA into an active transcription fac-
tor that translocates to the nucleus to
regulate expression of many cell chap-
erones including GRP78 and GRP94
(22, 26, 27). Differently, the PERK
pathway leads to increased levels of
ATF4, another transcription factor,
which up-regulates CHOP (22). When

N2A cells were exposed for 16 h to tunicamycin, which
induces ER stress by inhibiting N-linked glycosylation
and protein folding, ATF4 mRNA (Fig. 4, A and B) and
spliced XBP-1 mRNA (Fig. 4, A and C) were both in-
creased as compared with untreated cells, indicating that
both the PERK and the IRE1 pathways, respectively, are
activated. In contrast, at 48 h after transfection, in cells
expressing HA-MC4R-GFP-I316S spliced XBP-1 mRNA
was unchanged (Fig. 4, A and C), whereas ATF4 mRNA
was increased as compared with cells expressing wt-HA-
MC4R-GFP (Fig. 4, B and C). These data suggest that
expression of HA-MC4R-GFP-I316S leads to full activa-
tion of the proapoptotic branch of the UPR and to an
attenuated response of a protective branch of the path-
way. It has been found that artificial expression of active,

FIG. 4. Induction of a protective branch of the UPR does not increase cell surface expression of
mutated HA-MC4R-GFP-I316S. A, Left panel, N2A cells were left untreated (control) or treated
with 16 h with tunicamycin (Tm); right panel, N2A cells were transiently transfected with wt-HA-
MC4R-GFP and mutated HA-MC4R-GFP-I316S. Spliced XBP-1 and ATF4 mRNA induction was
measured by RT-PCR. B and C, Quantification of ATF4 mRNA (B) and of spliced XBP-1 mRNA
(expressed by the ratio of unspliced XBP-1 mRNA to spliced XBP-1 mRNA) (C) was done by
band densitometry from three different experiments including the gel shown in A. D,
Induction of spliced, Myc-tagged XBP-1 (S) [XBP-1(S)-myc] expression was analyzed by
Western blot using the rabbit polyclonal anti-myc antibodies. E, N2A cells were transfected as
indicated and immunostained by using either mouse monoclonal anti-KDEL and rabbit
polyclonal anti-myc antibodies (left panel) or rabbit polyclonal anti-CHOP antibodies and
mouse monoclonal anti-myc (right panel). Secondary staining was carried out using
Cy3-conjugated antirabbit and fluorescein isothiocyanate (FITC)-conjugated antimouse
antibodies (right panel) and FITC-conjugated antirabbit and Cy3-conjugated antimouse
antibodies (left panel). F, Cells transfected with XBP-1(S)-myc were immunostained by using
mouse monoclonal anti-myc and rabbit polyclonal anti-CHOP antibodies. Secondary staining
was carried out using Cy5-conjugated antirabbit and Cy3-conjugated antimouse antibodies.
G, Averages and SD of KDEL pixel intensity of untransfected cells (control, n � 25) and cells
expressing XBP-1(S)-myc (n � 15). H, N2A cells were transiently transfected with XBP-1(S)-
myc-ptune and mutated HA-MC4R-GFP-I316S in the absence or presence of 25 �M isopropyl
�-D-1-thiogalactopyranoside (IPTG). MC4R at the cell surface was measured by a
spectrophotometric assay as in Fig. 1A. Bar, 25 �m. *, P � 0.05; ***, P � 0.0001.
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spliced XBP-1 protects cells from sustained ER stress per-
haps by maintaining an elevated folding capacity of the
ER (25). Thus, expression of spliced XBP-1, by expanding
the ER capacity, could help folding of mutated MC4R
and promote expression of the protein at the cell surface.
When spliced XBP-1 was expressed in N2A cells (Fig.
4D), there was selective activation of the protective
branch of the UPR, as indicated by increased levels of
KDEL immunoreactivity [Fig. 4, E (left panel) and G],
although CHOP was not induced (Fig. 4E, right panel).
This indicates that the protective and not the proapop-
totic branch of the UPR is activated by expression of
spliced XBP-1. However, in cells expressing spliced
XBP-1 together with HA-MC4R-GFP-I316S, CHOP ac-
tivation was still induced (Fig. 4F), indicating unresolved
ER stress. In addition, expression of the active transcrip-
tion factor did not increase the level of HA-MC4R-GFP-
I316S localized at the plasma membrane (Fig. 4H). In con-
clusion, the data of Figs. 3 and 4 indicate that expression of
obesity-linked MC4R variants already induces the UPR and
that modulation of this pathway to promote protective re-
sponses does not resolve misfolding of mutated MC4R.

4-Phenyl butyric acid (PBA) rescues cell surface
expression of obesity-linked MC4R variants and
increases cAMP production in response to
agonist stimulation

Incubation with a chemical chaperone, PBA, has been
shown to improve secretion of mutated proteins retained
in the ER. For example, incubation with PBA increases
secretion of a mutated �-1 antitrypsin in a murine hepa-
toma cell line where the protein is retained in the ER and
inclusion bodies (28). Incubation with PBA also increases
secretion of mutated human preproparathyroid hormone
that is retained in the ER and induces ER stress (29). PBA
has also been reported to improve trafficking of �F508
cystic fibrosis transmembrane conductance regulator
(CFTR) mutant from the ER to the plasma membrane
(30). Differently, PBA did not promote exit from the ER
of some GPCR such as disease-linked rhodopsin and va-
sopressin type-2 receptor (V2R) mutants (31, 32). It ap-
pears that although PBA has a general effect on the ability
of the ER to respond to stress perhaps by up-regulating
heat-shock proteins involved in protein folding, this is not
applicable to all proteins that misfold in the ER (33). To
test whether PBA promotes folding and cell surface ex-
pression of obesity-linked MC4R variants, N2A cells
transfected with wt-HA-MC4R-GFP and mutated HA-
MC4R-GFP were incubated with or without PBA for 24
and 48 h. Treatment with PBA for 24 h increased by 40 �
21% the amount of the mutated HA-MC4R-GFP-I316S
at the cell surface (Fig. 5A), whereas wt-HA-MC4R-GFP

and HA-MC4R-GFP-P78L, -R165W, and -I317T mu-
tants remained unchanged. After 48 h treatment, the
amount of receptor to the cell surface of wt-HA-MC4R-
GFP was increased by 70.4 � 18.4%, HA-MC4R-GFP-
P78L by 24.3 � 6.5%, HA-MC4R-GFP-I316S by 47.9 �
15.2%, and HA-MC4R-GFP-I317T by 41.3 � 21.0%
(Fig. 5B). Conversely, incubation with the PBA did not
increase cell surface expression of HA-MC4R-GFP-
R165W, indicating that the drug can selectively rescue to
the plasma membrane wt-MC4R, and most, but not all,
of obesity-linked MC4R variants retained in the ER and
does so to different degrees. To determine whether PBA
increased the fraction of total cell receptor that reaches
the plasma membrane, we carried out immunofluores-
cence microscopy. When unpermeabilized cells trans-
fected with HA-MC4R-GFP and treated with or without
PBA were incubated in the presence of anti-HA antibody
to label the population of receptors at the cell surface
(Cy3) (Fig. 5C), the ratio of Cy3 fluorescence (receptor at
the plasma membrane) to GFP fluorescence (total recep-
tor monitored by the GFP tag) was increased by approx-
imately 2-fold by PBA (Fig. 5D). In cells treated with the
drug, the GFP fluorescence appeared less diffuse, with a
more evident plasma membrane staining (Fig. 5C, GFP,
arrowhead) and punctuated endosomal compartment
(Fig. 5C, GFP, arrows). This indicated that PBA increases
the fraction of total cell receptor that traverses the bio-
synthetic pathway to reach the plasma membrane and
cycles to the endosomes. The GT1-7 cell line is derived
from murine hypothalamic neurons and expresses endog-
enous MC4R (34). Similarly to N2A cells, treatment of
immortalized hypothalamic GT1-7 neurons expressing
HA-MC4R-GFP-I316S with PBA increased the cell sur-
face expression of the receptor by 70% (Fig. 5E).

Most of the obese individuals carrying disease-associ-
ated MC4R variants are heterozygous. It is likely that in
these individuals loss of total receptor number expressed
at the plasma membrane is the cause of the disease (7).
Such loss may result from a decreased number of mutated
receptors reaching the plasma membrane as well as a
dominant negative effect induced by interactions of the wt
receptor with the mutated receptor with consequent fur-
ther decrease of functional receptor at the plasma mem-
brane. When wt-HA-MC4R-GFP was coexpressed with
Myc-MC4R-GFP-I316S or Myc-MC4R-GFP-I317T, the
amount of wt receptor detected at the cell surface by the
immunoassay with the anti-HA antibody was decreased
as compared with cells that were cotransfected with wt-
Myc-MC4R-GFP (Fig. 5F). Thus, expression of MC4R
bearing obesity-linked mutations impairs cell surface lo-
calization of coexpressed wt-MC4R. In the cotransfec-
tion assay, incubation with PBA increased to similar levels
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the localization of wt-HA-MC4R-GFP at the cell surface
in the case where the protein was coexpressed with either
the wt or mutated receptors. This indicates that PBA pro-
motes cell surface expression of wt-MC4R when the re-
ceptor is coexpressed with mutated MC4R.

It has been reported that most obesity-linked variants,
including MC4R bearing the I316S mutation respond to
endogenous �-MSH, albeit with reduced potency (14). It
is possible that PBA-induced increase of HA-MC4R-GFP-
I316S at the plasma membrane leads to increased signal-

ing of the receptor. N2A cells express endogenous MC4R
(18), which makes it difficult to monitor the activity of the
exogenous receptor above background. When HEK 293
cells expressing HA-MC4R-GFP-I316S were treated with
�-MSH, the intracellular cAMP increased by more than
10-fold to 28.8 � 4.2% of the level obtained by maximal
adenylate cyclase stimulation with forskolin (Fig. 5G).
Incubation with PBA further increased the level of cAMP
production in response to �-MSH by 51.5 � 4.8% as
compared with untreated cells, consistent with the in-

FIG. 5. PBA increases cell surface expression and signaling of mutated HA-MC4R-GFP-I316S. A and B, N2A cells were transiently transfected with
wt-HA-MC4R-GFP and mutated HA-MC4R-GFP (P78L, R165W, I316S, and I317T) and treated with vehicle alone or 2 mM PBA for 24 h (A) or 48 h
(B). HA-MC4R-GFP at the cell surface was measured by a spectrophotometric assay as in Fig. 1A. C, N2A cells were transiently transfected with
mutated HA-MC4R-GFP-I316S and treated with vehicle alone (I316S) or 2 mM PBA (I316S�PBA). Cells were transferred at 4 C, incubated with rat
monoclonal anti-HA primary antibodies, fixed, and incubated with Cy3-conjugated antirat antibodies. D, Quantification of the experiment in C
(I316S n � 116, I316S�PBA n � 131). E, GT1-7 cells were transiently transfected with wt-HA-MC4R-GFP and mutated HA-MC4R-GFP-I316S and
treated with vehicle alone or 2 mM PBA for 48 h. MC4R at the cell surface was measured as in A. F, N2A cells were transiently transfected as
indicated and treated with vehicle alone or 2 mM PBA for 48 h. HA-MC4R-GFP at the cell surface was measured as in A. G, HEK 293 cells were
transiently transfected with mutated HA-MC4R-GFP-I316S and treated with vehicle alone (I316S) or 2 mM PBA for 48 h (I316S�PBA). Cells were
stimulated with 100 nM �-MSH or with 10 �M forskolin for 15 min at 37 C. The amount of cAMP generated by cells incubated with and without
�-MSH was expressed as percentage of that induced by incubation with forskolin. Bar, 25 �m. *, P � 0.05; **, P � 0.001; ***, P � 0.0001.
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creased levels of receptor at the plasma membrane in re-
sponse to the drug. In conclusion, it appears that PBA-
induced rescue of mutated MC4R-I316S localization at
the cell surface expression leads to increased activity in
response to agonist stimulation.

PBA increases cell surface expression of MC4R by
promoting folding of the protein

We reasoned that the extent by which mutated MC4R
is ubiquitinated could be used as an assay to determine
whether PBA-dependent enhancement of cell surface lo-
calization and function of HA-MC4R-GFP-I316S is due
to increased folding of the receptor. When cells were co-
transfected with wt and mutated HA-MC4R-GFP-I316S
and with Flag-ubiquitin, and receptors were immunopre-
cipitated, it appeared that PBA increased expression of
the 78-kDa species of both wt-HA-MC4R-GFP and HA-
MC4R-GFP-I316S (Fig. 6A, arrowhead), suggesting that
a more abundant population of these proteins exists as
mature forms. Western blot analysis of the immunopre-
cipitated samples with the anti-Flag antibody showed that
the wt and mutated HA-MC4R-GFP were less ubiquiti-
nated when cells were incubated with PBA (Fig. 6B). This
suggests that PBA improves folding of both wt-MC4R
and MC4R-I316S, thereby causing indirect inhibition of
receptor ubiquitination. We have found that, unlike wt-
MC4R and MC4R-I316S, MC4R-R165W was not res-
cued to the cell surface by treatment with PBA, suggesting
that the protein remains misfolded (Fig. 5, A and B). PBA
did not decrease ubiquitination of HA-MC4R-GFP-
R165W (Fig. 6C), indicating that indeed this receptor
remains misfolded and is targeted for degradation.

It appears that a fraction of both wt and mutated re-
ceptor remains misfolded in the ER and is targeted for
degradation by the ubiquitination machinery. Therefore,
it is possible that direct inhibition of ubiquitination itself
may decrease ERAD of MC4R, thereby increasing the
fraction of receptor able to fold and to reach the plasma
membrane. To test this possibility, we treated cells with a
specific inhibitor of the ubiquitin-activating enzyme 1
(UBE1-41) (35). When cells were cotransfected with HA-
MC4R-GFP-I316S and Flag-ubiquitin and the receptor
was immunoprecipitated with anti-HA antibodies, recep-
tor-associated Flag immunoreactivity was decreased by
incubation with UBE1-41 (Fig. 6E). This indicates that
UBE1-41 inhibited ubiquitination of the receptor. Incu-
bation with the inhibitor increased the expression of wt-
HA-MC4R-GFP by 54.0 � 7.15% and of HA-MC4R-
GFP-I316S by 38.8 � 20% at the plasma membrane (Fig.
6D). Moreover, the combined effects of PBA and
UBE1-41 increased surface expression of wt-HA-MC4R-
GFP by 105.2 � 30.9% and of HA-MC4R-GFP-I316S by

89.5 � 29.61% (Fig. 6D). This additive effect suggests
that these drugs function at different steps along the path-
way of MC4R maturation, with PBA improving folding
of MC4R and inhibitors of the ubiquitination machinery
decreasing ERAD of the receptor. Importantly, incuba-
tion with both PBA and UBE1-41 increased cell surface
expression of HA-MC4R-GFP-I316S to the same level as
wt-HA-MC4R-GFP in untreated cells. Incubation with
UBE1-41 did not increase expression of mutated HA-
MC4R-GFP-P78L and R165W at the plasma membrane
(Fig. 6F). These experiments, together with the observa-
tion that PBA did not decrease the extent by which HA-
MC4R-GFP-R165W is targeted for degradation by
ubiquitin, suggest that the MC4R-R165W variant is
misfolded beyond repair.

We have found that expression of disease-linked
MC4R variants and not of wt-MC4R induced ER stress
with increased levels of ER chaperones and of CHOP,
indicating that these proteins are misfolded. When cells
expressing wt-HA-MC4R-GFP were treated with PBA,
the level of GRP78 expression did not change (Fig. 7, A
and B, compare lanes 1–2 and 3–4), indicating that PBA
does not modulate the levels of ER chaperones in the
absence of ER stress. When N2A cells expressing HA-
MC4R-GFP-I316S were treated with PBA, the drug pre-
vented the increase of the ER chaperone GRP78 (Fig. 7, A
and B, compare lanes 5–6 and 7–8). Moreover, in the
cells expressing MC4R-I316S, treatment with PBA also
prevented induction of CHOP (Fig. 7, C and D). This
implies that treatment with PBA decreased the amount of
misfolded HA-MC4R-GFP-I316S to levels that do not
lead to ER stress. In conclusion, these experiments indi-
cate that PBA increases cell surface expression of mutated
MC4R by promoting folding of the receptor.

Discussion

Here we find that MC4R bearing obesity-linked muta-
tions fail to reach the plasma membrane because the re-
ceptor misfolds in the ER and is thereby targeted for deg-
radation. In support of this conclusion, we have several
pieces of evidence. 1) As compared with the wt receptor,
the four obesity-linked mutants examined here, P78L,
R165W, I316S, and I317T, have increased colocalization
with calnexin, an ER resident protein. This indicates that
the mutated receptors are retained in the ER. The dihy-
drophobic motif I316 and I317 of MC4R is conserved at
the C terminus of 180 different GPCRs, including all
other members of the family of melanocortin receptors
(16). Such a motif, preceded by a cluster of acidic residues
(E308 and E315 in the MC4R sequence), has been impli-
cated in protein sorting from the trans-Golgi network to
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endosomes by the GGA (Golgi-localizing, �-adaptin ear
homology domain, ARF-interacting) (36, 37), which
leads to the hypothesis that MC4R bearing the mutations
I316S and I317T might be trapped along the trans-Golgi
network/endosome route. However, our kinetic analysis
of endocytosis and exocytosis of the MC4R-I316S and
-I317T indicates that no traffic defects exist along this
route. On the other hand, our quantitative analysis of

immunofluorescence microscopy indicates that trapping
in the ER was a constant feature of all obesity-linked
MC4R variants under study, suggesting that the main defect
of these receptors is exiting the ER. While this manuscript
was being reviewed, it has been reported that another obe-
sity-linked, intracellularly retained MC4R variant, D174W,
is also localized in the ER (38), consistent with our observa-
tions. 2) MC4R-P78L, -R165W, -I316S, and -I317T exist

FIG. 6. PBA decreases ubiquitination of wt-HA-MC4R-GFP and mutated HA-MC4R-GFP-I316S. N2A cells were transiently transfected with Flag-
ubiquitin (Flag-ub) or cotransfected with Flag-ubiquitin and wt-HA-MC4R-GFP or mutated HA-MC4R-GFP-I316S. Cells were treated with or
without 2 mM PBA for 48 h as indicated. Immunoprecipitations (IP) were carried out with anti-HA antibodies, and samples were analyzed by
Western blot (WB) by using POD-anti-HA antibodies (A) and mouse anti-Flag antibodies (B). Arrowhead indicates the band at 78 kDa. C, N2A cells
were transiently cotransfected with mutated HA-MC4R-GFP-I316S or -R165W and Flag-ubiquitin and treated with vehicle alone or 2 mM PBA.
Immunoprecipitations were carried out with anti-HA antibodies, and samples were analyzed by Western blot using the anti-Flag antibodies. D,
N2A cells were transiently transfected with wt-HA-MC4R-GFP and mutated HA-MC4R-GFP-I316S and treated with vehicle alone or 2 mM PBA or
20 �M UBE-41 or both at the indicated time points. HA-MC4R-GFP at the cell surface was measured as in Fig. 1A and normalized to cell number
using a fluorometric assay as described in Materials and Methods. Data are expressed as percentage of wt receptor. E, N2A cells were transiently
cotransfected with mutated HA-MC4R-GFP-I316S and Flag-ubiquitin and treated with vehicle alone or 20 �M UBE-41. Immunoprecipitations were
carried out with anti-HA antibodies, and samples were analyzed by Western blot by using anti-Flag antibodies. F, N2A cells were transiently
transfected with wt-HA-MC4R-GFP and mutated HA-MC4R-GFP (P78L, R165W, I316S, and I317T) and treated with vehicle alone or 20 �M UBE-41
at the indicated time point. Data are expressed as in D. *, P � 0.05; **, P � 0.001; ***, P � 0.000; ns (nonsignificant), P � 0.05.
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prevalently as ubiquitinated species, a yet unreported find-
ing. In this respect, we find that most of the mutants
migrate with a different pattern in SDS-PAGE with an in-
creased fraction of the receptor existing as high molecular
mass species and reduced band intensity at the predicted
molecular mass of the mature receptor. Moreover, our im-
munoprecipitation data show that more of the MC4R
bearing obesity-linked mutations than of the wt-MC4R
are ubiquitinated. GPCR ubiquitination has been impli-
cated in receptor degradation at other steps along the bio-
synthetic pathway (39). For example, ubiquitination is re-
quired for ligand-induced endocytosis and degradation of
the GH receptor (40). However, it is unlikely that the in-
creased ubiquitination of MC4R-I316S and -I317T func-
tions to increase their endocytosis or routing to lysosomes
because there were no changes of traffic to and from the
plasma membrane of the mutants as compared with the wt
receptor. 3) Expression of MC4R bearing the obesity-linked
mutations and not of wt-MC4R leads to ER stress, as indi-
cated by the increased cell levels of two chaperones, GRP78
and GRP94, which are transcriptionally regulated as part of
the UPR, as well as of the proapoptotic factor CHOP.

It is well established that variants of several GPCRs
linked to diseases are retained intracellularly (41), but the
location and mechanism of such retention is less well un-
derstood. The great majority of mutations of V2R that
cause nephrogenic diabetes insipidus fail to reach the cell
surface. It has been reported that some of the disease-
linked V2R mutations are trapped in the ER and others in
the ER/Golgi intermediate compartment (42–44). In ad-
dition, some mutations of rhodopsin linked to autosomal
dominant retinitis pigmentosa are retained in the ER,
whereas others can exit the ER but are not correctly trans-
ported to the outer segments (45). Variants of MC1R, a
GPCR belonging to the same family as MC4R, are asso-
ciated with red hair, fair skin, and increased propensity to
develop skin cancer. Some of these MC1R mutants are
also retained intracellularly (46), with one, the R151C
variant, trapped in the ER and another, the R160W vari-
ant, in the cis-Golgi (47). Interestingly, the R165W vari-
ant of MC4R, which corresponds to the R160W substi-
tution in the MC1R protein, is retained in the ER, rather
than in the cis-Golgi compartment. Thus, for MC4R, the
main defect imposed by the R165W mutation, as for any

FIG. 7. PBA decreases ER stress induced by expression of mutated HA-MC4R-GFP-I316S. A, N2A cell lysates were derived from cells transfected
with wt-HA-MC4R-GFP or mutated HA-MC4R-GFP-I316S. Cells were treated with vehicle alone or with 2 mM PBA for 48 h, as indicated. Cell
lysates were analyzed by Western blot by the indicated antibodies. B, GRP78 and actin levels were measured by densitometry. Averages and SD

were determined from three independent experiments including those shown in A. C, N2A cells were transfected with mutated HA-MC4R-GFP-
I316S and treated with or without 2 mM PBA for 48 h, as indicated. Cell immunostaining was done using the primary rabbit polyclonal anti-CHOP
antibodies. Secondary staining was carried out using Cy3-conjugated antirabbit antibody. D, Averages and SD of CHOP pixel intensity normalized
to HA-MC4R-GFP content from cells transfected with mutated HA-MC4R-GFP-I316S and treated with vehicle alone (control, n � 56) or 2 mM PBA
(PBA, n � 41). Bar, 25 �m. *, P � 0.05; **, P � 0.001; ***, P � 0.0001.
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other disease-linked variant studied here, remains failure
to fold in the ER. In the case of MC1R, disease-associated
mutants generally migrated in the SDS-PAGE at the same
molecular mass as the wt receptor with the exception of
one variant, I155T, which migrated as multiple bands
(46). Differently, in the case of MC4R, a very reproduc-
ible finding was the disappearance of the band of receptor
migrating as the mature form and the increased amounts
of ubiquitinated receptor present in the cell. Thus, it is
possible that although many disease-associated GPCRs
remain trapped intracellularly, the mechanism by which
this occurs, even within members of the same family, may
be different, with one possibility being that GPCR muta-
tions lead to trafficking defects, as hypothesized for most
of the MC1R disease-linked mutants (46), and another
that the disease-linked mutants of GPCRs fail to fold as
our results indicate to be the case for all the obesity-
associated MC4R variants studied here.

Another finding of this work is that cell incubation
with the chemical chaperone PBA partially rescues the cell
surface expression of MC4R-I316S, -I317T, and -P78L.
Functionally, this effect translates to an increased signal-
ing with enhanced cAMP production. The mechanism by
which PBA appears to function is, at least in part, by
decreasing misfolding of the MC4R variants. This is in-
dicated by the increased fraction of total MC4R-I316S
that is expressed at the plasma membrane, the lower
amount of ubiquitinated MC4R-I316S, and the suppres-
sion of ER stress in response to expression of the mutated
receptor. PBA has also been reported to increase folding
and improve secretion of mutated �-1 antitrypsin and pre-
proparathyroid hormone (28, 29) and to improve traffick-
ing of �F508-CFTR mutant from the ER to the plasma
membrane (30). Different from what was observed here for
the obesity-linked MC4R variants, PBA did not promote
exit from the ER of other GPCR such as disease-linked rho-
dopsin and V2R mutants (31, 32), indicating specificity. It
has been recently reported that PBA decreases ER stress in
the hypothalamus of obese mice and improves leptin sensi-
tivity, thus suggesting a potential role of PBA and other
chemical chaperones in the treatment of obesity (48). The
work done here suggests that, in addition to its function in
leptin sensitivity, PBA may function downstream of the lep-
tin receptor at the level of MC4R to improve cell surface
expression of the receptor. In this respect, our findings sug-
gest that, even in the absence of ER stress, PBA significantly
increased the amount of wt-MC4R expressed at the plasma
membrane both in the N2A cells and in the immortalized
hypothalamic neurons. Because PBA reduces ubiquitination
of the wt-MC4R, it is possible that the receptor has an in-
trinsic propensity to misfold that is at least partially cor-
rected by the drug.

Our data indicate that PBA reduces ubiquitination of
wt-MC4R and of most of the obesity-linked MC4R vari-
ants studied in this work, consistent with the concept that
the drug improves folding of these receptors. We reasoned
that an alternative approach to improve surface expres-
sion of MC4R was to inhibit directly ubiquitination of the
receptor, thus reducing the number of MC4R molecules
targeted for degradation. We find that a ubiquitin-acti-
vating enzyme inhibitor, UBE1-41, inhibited MC4R
ubiquitination and improved surface expression of wt-
MC4R and MC4R-I316S and I317T. Importantly, it ap-
pears that when PBA and UBE1-41 were used in combi-
nation, cell surface expression of MC4R-I316S increased
to the same level as that of wt-MC4R in untreated cells.
These findings are in agreement with the conclusion that
misfolding and targeting for ERAD by ubiquitination is
the main cause of MC4R failure to exit the ER and,
thereby, of reduced expression of the receptor at the cell
surface.

Interestingly, we find that PBA did not decrease the
extent of MC4R-R1615W ubiquitination and did not
promote cell surface expression of the receptor. Moreover,
reducing MC4R-R1615W ubiquitination by UBE1-41 also
did not rescue this variant to the cell surface, suggesting that
the receptor is misfolded beyond repair. A study using chem-
ical chaperones to rescue misfolded V2R mutants showed
that this effect was limited to only one of nine variants (31).
Thus, it appears that chemical chaperones can rescue some,
but not all, of disease-linked GPCR variants trapped in the
ER to the cell surface. Our observations with MC4R-I316S
and MC4R-R165W suggest that those variants rescued by
the inhibitor of ubiquitination are also rescued by chemical
chaperones, consistent with the concept that these agents act
on the same pathway.

Pharmacological chaperones are small molecules, usu-
ally peptidomimergic antagonists, which enter the cell
and rescue misfolded proteins by promoting folding. In
this respect, it has been proposed that pharmacological
chaperones promote folding of more types of V2R mu-
tants than chemical chaperones (31, 49). It has been re-
cently reported that ML00253764, an inverse agonist of
MC4R that can prevent body mass loss in mice (50, 51),
increased plasma membrane expression of wt-MC4R and
of two obesity-linked MC4R variants different from
those studied here (52). However, whether ML00253764
functions to rescue MC4R by acting as a pharmacological
chaperone, namely by improving folding of the receptor
in the ER, rather than by acting at other steps of MC4R
traffic to the plasma membrane, was not investigated. In
this work, we have established that enhancing folding of
wt-MC4R and of several obesity-linked MC4R variants
in the ER is a critical step to control abundance of the
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receptor at the cell surface of neuronal cells. Whether
small molecules that bind to MC4R increase folding of
the protein and whether direct inhibition of MC4R ubiq-
uitination can be used in combination with pharmacolog-
ical chaperones to further improve expression of MC4R
at the plasma membrane are topics to be addressed in
future studies.

It has been recently reported that in the case of pro-
longed ER stress, two protective branches of the UPR,
IRE1 and ATF6, are attenuated, whereas PERK signaling,
which induces transcription of proapoptotic factors, is
maintained (25). This mechanism was mirrored in the
retina of transgenic rats expressing P23H rhodopsin, an-
other disease-linked GPCR mutant retained in the ER
(25). Because sustained activation of the IRE1/XBP-1
pathway promotes cell survival in the case of prolonged
ER stress, we asked whether selective activation of the
XBP-1 pathway could promote MC4R-I316S folding.
However, expression of XBP-1 did not resolve ER stress
as indicated by the sustained levels of CHOP and did not
increase the cell surface expression of the mutated recep-
tor. This suggests that onset of the UPR is insufficient to
resolve misfolding of the mutated receptor and that the
mechanism by which PBA promotes folding of the recep-
tor is different from the classical UPR. It has been recently
reported that the histone deacetylase inhibitor, suberoy-
lanilide hydroxamic acid, restores surface channel
�F508-CFTR expression and function in human primary
airway epithelia cells to levels that are 28% of those of the
wt-CFTR (53). Inhibition of histone deacetylase by sub-
eroylanilide hydroxamic acid regulates the expression of
many genes involved in the folding, degradation, traffick-
ing, cell surface stability, and function of CFTR (53). It is
tempting to speculate that PBA, also possessing a histone
deacetylase inhibitory effect (33), may be acting through
a similar pathway to rescue expression of MC4R at the
cell surface. Further studies are needed to establish the
mechanism of action of PBA and identify therapeutic tar-
gets that may help the folding of the obesity-linked MC4R
variants. Our observation that sustained activation of the
XBP-1 pathway, an approach that nevertheless proved to
relieve ER stress induced by retention of misfolded pro-
teins (25), fails to promote MC4R folding is in striking
contrast with the almost complete rescue of cell surface
expression of MC4R-I316S by the combined action of
PBA and inhibition of ubiquitin-activating enzyme 1. A
possible conclusion is that although misfolded proteins
are retained in the ER, the mechanisms of such retention
seem to be different because of the specific response to
agents that modulate ER homeostasis.

In summary, we find that four different obesity-linked
MC4R variants, I317T, I316S, P78L, and R165W, are

misfolded and retained in the ER. The onset of the UPR
caused by the expression of the obesity-linked MC4R
variants or specific induction of a protective branch of
the UPR is not enough to counteract the misfolding of the
receptor. Conversely, treatment with PBA increases the
surface expression and function of obesity-linked MC4R
variants by promoting folding of these proteins. In con-
clusion, our discoveries propose the ER folding machin-
ery and drugs that improve folding as a main target to
novel therapeutic approaches to treat some forms of he-
reditary obesity.

Materials and Methods

Reagents and antibodies
Lipofectamine 2000, the mouse monoclonal anti-Flag anti-

bodies, and the nuclear dye Hoechst 33342 were purchased
from Invitrogen (Carlsbad, CA). Rat monoclonal anti-HA anti-
body (3F10), POD-conjugated anti-HA antibody, POD-conju-
gated antimouse IgG, protease inhibitor (Complete Mini), and
2,2�-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS)
tablets were from Roche Applied Science (Indianapolis, IN).
�-MSH, 3-isobutyl-1-methylxanthine, and PBA were from Sigma-
Aldrich (St. Louis, MO). POD-conjugated antirabbit IgG and
POD-conjugated antigoat IgG were from Pierce Biotechnology,
Inc. (Rockford, IL). Cy3-conjugated antirat, Cy5-conjugated
antimouse IgG, Cy3-conjugated antirabbit IgG, and Cy5-con-
jugated antirabbit IgG antibodies were from Jackson Immu-
noResearch (West Grove, PA). Rabbit polyclonal anti-calnexin,
mouse monoclonal anti-KDEL, and cAMP ELISA kit were from
Assay Designs (San Diego, CA). The rabbit polyclonal anti-
CHOP antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA). Mouse monoclonal anti-actin antibodies were from
Chemicon International (Temecula, CA). Enhanced chemilumi-
nescence detection kits were from PerkinElmer Life Sciences,
Inc. (Boston, MA). pEGFP-N2 was from Clontech (Mountain
View, CA) and XBP-1(S)-myc-ptune was from Origene (Rock-
ville, MD). Isopropyl �-D-1-thiogalactopyranoside was pur-
chased from Promega Corp. (Madison, WI). Hypothalamic
GT1-7 cells (54, 55) were a kind gift of Dr. R. I. Weiner (Uni-
versity of California, San Francisco, San Francisco, CA).
UBE1-41 was from Biogenova (Rockville, MD). N2A cells were
a kind gift from Peter Cserjesi (Tulane University, New Orleans,
LA). HEK 293 cells were purchased from the American Type
Culture Collection (Manassas, VA).

Constructs
HA-MC4R-GFP and HA-MC4R plasmids were described ear-

lier (18). The primers used to generate HA-MC4R-GFP (P78L,
R165W, I316S, and I317T) mutants were 5�-AAGAACAA-
GAATCTGCATTCACTCATGTACTTTTTCATCTGCAGC-3�,
5 � -CATAACATTATGACAGTTAAGTGGGTTGGG-
ATCATCATAAGTTGT-3�, 5�-CTGAAGAAAACCTTCAAA-
GAGAGCATCTGTTGCTATCCCCTGGGA-3 � , and
5�-AGGAAAACCTTCAAAGAGATCACCTGTTGCTATCCC-
CTGGGAGGC-3�. All mutations were confirmed by sequencing.
Myc epitope (EQKLISEEDL)-tagged MC4R was generated by
PCR amplification using Pfu-Turbo polymerase (Invitrogen) using
MC4R-pCMV-XL4 (Origene) plasmid as template. The forward
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primer, 5�-CTC AAG CTT CGA ATT CTG GCC ACC ATG GAG
CAA AAG CTG ATT TCT GAG GAG GAT CTG GTG AAC
TCC ACC CAC CGT GGG-3�, was designed with a HindIII site at
the N terminus (underlined) and the myc epitope (in bold) after the
starting ATG codon. The reverse primer, 5�-CGG TGG ATC CCG
GGC ATA TCT GCT AGA CAA GTC ACA-3�, had a BamHI site
(underlined) at the C terminus and the MC4R stop codon (TAA)
removed. Purified PCR product was digested with HindIII and
BamHI and then ligated into pEGFP-N2 cut with HindIII-BamHI
to generate a plasmid, myc-MC4R-GFP, that contains the myc-
MC4R sequence upstream of, and in-frame with, the GFP coding
sequence to express myc-MC4R-GFP. Plasmid DNA for transfec-
tions into mammalian cells was isolated using the DNA purifica-
tion system from Promega. Flag-ubiquitin was a kind gift from Dr.
JoAnn Trejo, University of North Carolina at Chapel Hill (Chapel
Hill, NC).

Cell culture, transfection, and drug treatment
N2A, GT1-7, and HEK 293 cells were cultured in DMEM

with 10% fetal bovine serum and penicillin/streptomycin. Cells
were transiently transfected using Lipofectamine 2000 and fol-
lowing the manufacturer’s instructions. Experiments were car-
ried out 48 h after transfection unless indicated otherwise. For
drug treatment, vehicle alone (dimethylsulfoxide) or 2 mM PBA
was added 16 h after transfection and maintained until the cells
were harvested. For the inhibition of ubiquitination, vehicle
alone (dimethylsulfoxide) or 20 �M UBE1-41 was added 16 h
before the cells were harvested.

Gel electrophoresis and immunoblotting
Separation of proteins by SDS-PAGE and immunoblotting

with the indicated antibodies were performed as described (56).
Unless noted otherwise, cell lysates were prepared by scraping
cells from 60-mm diameter plates in 0.4 ml sample buffer con-
taining protease inhibitors. Samples were sonicated three times
for 2-sec periods and loaded onto SDS-PAGE.

Immunoprecipitations
Transfected cells grown in 60-mm dishes were scraped in im-

munoprecipitation buffer [100 mM Tris-HCl (pH 7.4), 50 mM

NaCl, 1% Triton X-100, and protease inhibitors (Complete Mini)]
and incubated for 30 min at 4 C. Cell lysates were rotated for 1 h at
4 C with the indicated antibody. After addition of protein A/G
beads, the samples were further incubated for 1 h at 4 C. After three
washes with immunoprecipitation buffer, the beads were resus-
pended in sample buffer, boiled for 5 min, and centrifuged. Super-
natants and cell extracts were loaded onto a SDS-PAGE gel.

Fluorescence microscopy
Epifluorescence and confocal fluorescence images were cap-

tured with a CARV I spinning confocal imaging system (BioVi-
sion Technologies, Exton, PA) attached to an X-71 fluorescence
microscope (Olympus, Tokyo, Japan). Images were collected
using a CoolSNAP HQ camera (Photometrics, Tucson, AZ),
and analyzed by using ImageJ software version 1.33 by Wayne
Rasband (National Institutes of Health, Bethesda, MD).

Quantification of MC4R distribution by
fluorescence microscopy

Fraction of total cell MC4R expressed at the cell surface
Cells were washed three times with DMEM and incubated in

DMEM for 1 h at 37 C, DMEM was aspirated, and cells were
transferred on ice and incubated in the same medium with rat
monoclonal anti-HA antibodies for 1 h at 4 C. Cells were then
fixed, washed with PBS, and incubated with PBS containing 100
�g/ml ovalbumin and Cy3-conjugated antirat antibodies with-
out addition of detergents. Cells were then fixed with 4% form-
aldehyde, washed with PBS, and incubated with PBS containing
100 �g/ml ovalbumin, 0.1% Triton X-100, and Cy3-conju-
gated antirat antibodies.

Fraction of total cell MC4R expressed at the cell surface
and endosomes

Cells were treated as above except that incubation with anti-HA
was carried out for 2 h at 37 C. Cells expressing HA-MC4R-GFP
were chosen at random, and the region of interest was drawn on
the merged image around the compartment labeled by the HA
antibodies using ImageJ software. The amount of HA-MC4R-GFP
at the cell surface was estimated by dividing the fluorescence inten-
sity of the receptor at the cell surface (Cy3) by the fluorescence
intensity of the receptor in the entire cell (GFP).

Colocalization of HA-MC4R-GFP with calnexin
Immunofluorescence staining was performed as described pre-

viously (56). Confocal fluorescent images of the cells were analyzed
by using ImageJ software. Briefly, after autosegmentation of caln-
exin fluorescence (Cy3) and HA-MC4R-GFP fluorescence (GFP),
the regions of interest were analyzed by using the intensity colocal-
ization analysis plugin in the ImageJ software, which measures the
Mander’s overlap coefficient M1 (57).

Quantification of KDEL and CHOP expression by
immunofluorescence

Epifluorescence images of cells were obtained with constant
parameters of acquisition. The region of interest was selected by
manually drawing the cell margins after the GFP staining for
each individual cell. Fluorescence pixel intensity in the different
channels was measured by using ImageJ software.

Determination of spliced XBP-1 and ATF4
mRNA levels

Total mRNA was isolated from cells using the RNeasy Plus kit
from QIAGEN (Valencia, CA). RT-PCR was carried out using the
superscript one-step RT-PCR with platinum Taq from Invitrogen.
The primers used to measure endogenous mouse XBP-1 mRNA
levels were the forward 5�-TTACGGGAGAAAACTCACGGC-3�
and the reverse 5�-GGGTCCAACTTGTCCAGAATG-3� and to
measure mouse ATF4 mRNA levels were the forward 5�-
TGGCGAGTGTAAGGAGCTAGAAA-3� and the reverse
5�-TCTTCCCCCTTGCCTTACG-3�.

Quantification of HA-MC4R-GFP at the cell surface
by ELISA

HA-MC4R-GFP at the cell surface by ELISA was determined
as described previously (18). Briefly, N2A cells transiently trans-
fected as indicated were washed three times with DMEM and
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incubated in DMEM for 1 h at 37 C. Cells were further incu-
bated for 1 h at 4 C in the same medium in the presence of
POD-conjugated anti-HA antibodies (25 mU/ml). Cells were
washed two times with ice-cold DMEM and fixed with formal-
dehyde at 4 C for 10 min. Cells were washed three times with
PBS and POD activity was determined by using the ABTS sub-
strate to measure the amount of receptor at the cell surface. In
some experiments, where we used the potentially cell-toxic in-
hibitor UBE1-41, the amount of HA-MC4R-GFP at the cell
surface was normalized to the number of cells used in the assay.
To do that, after the quantification of HA-MC4R-GFP at the
cell surface by ELISA, cells were washed twice with PBS. Cells
were incubated for 20 min in PBS containing 0.2% Triton
X-100 and 1 �g/ml Hoechst 33342. Cells were washed three
times with PBS, and fluorescence intensity was measured by
Spectra Max Gemini EM fluorimeter (Molecular Devices
(Sunnyvale, CA) (excitation wavelength 350 nm, emission
wavelength 461 nm). The POD activity obtained by using the
ABTS substrate in each well was divided by the amount of
Hoechst 33342 fluorescence in the same well. Data are ex-
pressed as percentage of wt-HA-MC4R-GFP.

Internalization of HA-MC4R-GFP by ELISA
Internalization of MC4R was monitored by ELISA as de-

scribed previously (18). Briefly, N2A cells transiently trans-
fected as indicated were washed three times with DMEM and
incubated in DMEM for 1 h at 37 C. Cells were further incu-
bated for 1 h at 4 C in the same medium in the presence of
POD-conjugated anti-HA antibodies (25 mU/ml). Cells were
washed two times with ice-cold DMEM and one time with
DMEM at room temperature. Cells were transferred at 37 C for
the indicated time intervals to allow internalization of the POD-
conjugated anti-HA antibodies/HA-tagged receptor complexes.
Cells were transferred on ice, washed, and fixed by incubation in
PBS containing 4% paraformaldehyde at 4 C for 10 min. Cells
were washed and POD activity was determined by using the
ABTS substrate to measure the amount of receptor remaining at
the cell surface.

Exocytosis of MC4R by ELISA
Exocytosis of MC4R was monitored by ELISA as described

previously (18). Briefly, N2A cells transiently transfected as in-
dicated were incubated with POD-conjugated anti-HA antibod-
ies at 4 C to label all the receptor at the plasma membrane. Cells
were transferred to 37 C in the continued presence of anti-HA-
POD to label the pool of HA-MC4R-GFP in equilibrium with
the plasma membrane. Cells were transferred on ice at different
time points. Cells were fixed with 4% paraformaldehyde at 4 C
for 10 min and washed, and total HA-MC4R-GFP labeled by
the POD-conjugated anti-HA antibody was measured after per-
meabilizing cells by incubation with 0.2% Triton X-100 for 30
min. Cells were then incubated with the ABTS substrate to mea-
sure the amount of HA-MC4R-GFP labeled by anti-HA-POD.

Assay to determine cAMP
Cells were washed with DMEM and incubated with the same

medium containing 0.5 mM 3-isobutyl-1-methylxanthine for 10
min and then stimulated with 100 nM �-MSH for 15 min at 37
C. The medium was aspirated, and intracellular cAMP was mea-
sured by using the immunoassay kit by Assay Designs, following
the manufacturer’s instructions.

Statistical analysis
Data are expressed as mean � SD. GraphPad Prism version

5.0 (GraphPad Software, San Diego, CA) was used to perform
unpaired t test or one-way ANOVA.
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