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G protein–coupled receptors (GPCRs) play crucial roles in numerous
physiological and pathological processes. Mutations in GPCRs that
result in loss of function or alterations in signaling can lead to inher-
ited or acquired diseases. Herein, studying prokineticin receptor 2
(PROKR2), we initially identify distinct interactomes for wild-type
(WT) versus a mutant (P290S) PROKR2 that causes hypogonadotropic
hypogonadism. We then find that both the WT and mutant PROKR2
are targeted for endoplasmic reticulum (ER)-associated degradation,
but the mutant is degraded to a greater extent. Further analysis
revealed that both forms can also leave the ER to reach the Golgi.
However, whereas most of the WT is further transported to the cell
surface, most of the mutant is retrieved to the ER. Thus, the post-ER
itinerary plays an important role in distinguishing the ultimate fate
of the WT versus the mutant. We have further discovered that this
post-ER itinerary reduces ER stress induced by the mutant PROKR2.
Moreover, we extend the core findings to another model GPCR. Our
findings advance the understanding of disease pathogenesis induced
by a mutation at a key residue that is conserved across many GPCRs
and thus contributes to a fundamental understanding of the diverse
mechanisms used by cellular quality control to accommodate mis-
folded proteins.
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Gprotein–coupled receptors (GPCRs), also known as seven
transmembrane domain receptors, are the largest protein

family encoded by the human genome. They serve many cellu-
lar functions and are the largest class of therapeutic drug tar-
gets (1–3). Mutations in GPCRs are being identified in many
disease settings, including patients with neuroendocrine dis-
eases (4). The understanding of abnormal phenotypes caused
by these mutations has contributed to our knowledge of the
pathophysiology of human diseases.

Several GPCRs, including gonadotropin-releasing hormone
receptor (GnRHR), kisspeptin receptor, and tachykinin recep-
tor 3, have roles in the reproductive neuroendocrine system.
Mutations in these GPCRs lead to normosmic hypogonado-
tropic hypogonadism (HH) and Kallmann syndrome (KS),
which are characterized by GnRH deficiency (5, 6). Prokineti-
cin receptor 2 (PROKR2) and its ligand PROK2 have func-
tional roles in multiple biological processes, including intestinal
contraction, circadian rhythms, vascular and reproductive func-
tion, and the development of the olfactory system (7–13).
Prokr2-deficient mice exhibit hypoplasia of the olfactory bulbs
and abnormal migration of GnRH neurons as well as immature
reproductive organs in both sexes (10). To date, over 20 mis-
sense mutations in the PROKR2 gene have been reported in
patients with HH or KS (6, 14).

Human disorders associated with GPCR mutations—for exam-
ple, retinitis pigmentosa, ovarian dysgenesis, and nephrogenic

diabetes as well as HH and KS—can occur as a result of defects
in GPCR folding and trafficking (15). Over 50% of PROKR2
mutations identified in patients with HH and KS (11 of 21 muta-
tions tested by functional assays) show impaired cell surface
expression (6, 8, 16–19). Pharmacological chaperones have been
used to rescue cell surface transport and function of some mis-
folded proteins, including GPCRs (20–22). For example, A457, an
antagonist of PROKR2, has been used to restore cell surface
expression and function of the P290S PROKR2 mutant, while
treatment with 10% glycerol significantly increased cell surface
expression and the signaling of P290S and W178S PROKR2
mutants (23). Thus, because cell surface expression is so critical
for the function of many GPCRs, a better understanding of the
different ways that mutations can alter the surface expression of
GPCRs has been an important ongoing goal.

In the endoplasmic reticulum (ER), a quality control system
ensures that only correctly folded proteins are transported out
of this compartment, while misfolded proteins are targeted for
degradation. Protein-folding chaperones in the ER such as BiP
(also known as GRP78 or HSPA5) prevent protein aggregation
by promoting the refolding of misfolded proteins. Exemplifying
this role, studies have shown that misfolded mutant GPCRs
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have increased association with ER chaperones compared to
wild-type (WT) GPCRs (24–26). When refolding is unsuccessful,
protein aggregation occurs in the ER, which evokes ER stress,
leading to the activation of the unfolded protein response
(UPR). The UPR system aims to restore normal cellular function
and reduce ER stress. Failure to do so leads to major diseases,
including neurodegenerative disorders, metabolic disorders, and
cancer (27–29). Therefore, the ability to maintain a manageable
level of ER stress is essential for human health.

Misfolded proteins can be targeted for degradation following
the activation of the UPR system in multiple ways. A major
way occurs through ER-associated degradation (ERAD), which
involves the retro-translocation of misfolded proteins out of the
ER followed by their ubiquitination for targeting to the protea-
some. Another way involves transport out of the ER followed
by targeting to the lysosome for degradation. It has also been
demonstrated that mutations in GnRHR, identified in patients
with HH, result in degradation that combines elements of both
proteasomal and autophagic degradation (30).

With respect to the ERAD-based mechanism, it has been
observed that some proteins are transported out of the ER and
then retrieved from the Golgi back to the ER for degradation
(31, 32). Why this occurs has been unclear. Here, we have stud-
ied in detail how a mutation at a residue in PROKR2, which is
conserved across many GPCRs, affects its intracellular trans-
port to alter function. Our results advance the understanding of
disease pathogenesis induced by a key GPCR mutation and
also contribute to a fundamental understanding of the different
ways that misfolded proteins can be managed by the cell to
maintain homeostasis.

Results
Trafficking-Defective PROKR2 Mutants Have Impaired Function
Because of Loss of Cell Surface Expression. We initially studied
PROKR2 mutants harboring L173R, W178S, or P290S mis-
sense mutations in transmembrane domain (TM) 4 or 6, which
were previously identified in patients with HH or KS (Fig. 1A).
W178 and P290 are the most highly conserved residues in TM4
and TM6 among GPCRs. It has been shown that these muta-
tions reduce ligand-binding affinity, ligand-stimulated intracel-
lular Ca2+ mobilization, and the cell surface expression of
PROKR2. Furthermore, molecular modeling, based on the
solved structures of rhodopsin and β2-adrenergic receptor, pre-
dicts that these mutations would impair protein stability by
impacting the correct folding of PROKR2 (17).

To further characterize cellular trafficking and function of
WT PROKR2 and the three mutants, we constructed plasmids
encoding PROKR2 with a 3xFLAG-3xHA (3F3H) tag at the C
terminus or N terminus. The PROKR2 constructs tagged at the
C terminus induced MAPK activity (as measured by induction
of cotransfected Egr1-luciferase activity) in response to the
PROKR2 ligand (prokineticin-2, or PK-2) in human embryonic
kidney (HEK)293T cells, whereas constructs with N-terminal
tags were unable to activate these downstream signaling path-
ways (SI Appendix, Fig. S1A). Therefore, for all subsequent
experiments, except where indicated, we used WT and mutant
PROKR2 with the 3F3H tag at the C terminus.

We initially analyzed the total protein expression of the dif-
ferent PROKR2 forms by immunoblotting (Fig. 1 B, Upper). In
cells transiently expressing WT PROKR2, we observed two
bands smaller than 50 kilodalton (kDa) (indicated by solid
black arrowheads) as well as a larger diffuse band of 55∼70
kDa in size (indicated by an open arrowhead). In cells tran-
siently expressing each of the three mutants, only the interme-
diate band was prominently observed, while the upper band
was markedly reduced, and the lowest band was not seen. We
hypothesized that the upper band represents the mature (fully

glycosylated) form of PROKR2 expressed on the cell surface,
while the lack of this mature form for the PROKR2 mutants
reflects their inability to reach the cell surface. As confirmation,
we isolated cell surface proteins using a surface biotinylation
assay. Biotinylated proteins were detected for the two upper
bands of WT PROKR2, while no form of the PROKR2
mutants was detected by this assay (Fig. 1 B, Lower).

Next, to gain insight into the intracellular distributions of
the PROKR2 forms, WT or mutant forms were transiently
expressed in COS-7 cells and then examined by confocal
microscopy. As expected, WT PROKR2 was expressed on the
plasma membrane and also had some intracellular distribu-
tions, including the ER, as reflected by some colocalization
with an ER marker, calnexin (Fig. 1C). In contrast, L173R,
W178S, and P290S PROKR2 had primarily intracellular distri-
butions, including the ER, but no obvious distribution on the
plasma membrane (Fig. 1C) (23). As confirmation, we also
evaluated the glycosylation state of WTand mutant forms using
Endo H, a deglycosylating enzyme that determines whether gly-
coproteins in the secretory pathway have passed through the
medial Golgi. We found that only the upper “mature” band of
WT PROKR2 was resistant to Endo H (Fig. 1D). Taken
together, these results confirmed that a significant fraction of
the WT PROKR2 can be transported to the plasma membrane,
but the mutants are mostly retained internally.

To confirm that the mutant receptors are largely nonfunc-
tional, we next assessed downstream signaling. PROKR2 is
known to be a Gq-coupled receptor that activates the MAPK
pathway and increases intracellular calcium following stimulation
by its ligand PK-2. In the presence of PK-2, only cells transfected
with WT PROKR2, but not L173R, W178S, or P290S PROKR2,
showed a substantial increase in MAPK signaling as reflected by
the induction of Egr1-luciferase activity (Fig. 1E). Similarly, WT
PROKR2 induced a robust increase in fluorescence after treat-
ment with PK-2 in a direct Fluo-4 calcium assay, which quantifies
intracellular calcium levels (Fig. 1F). In contrast, the response
was markedly reduced for L173R PROKR2 and completely
ablated for W178S and P290S PROKR2, which had levels simi-
lar to those in control cells that expressed the empty (pcDNA)
vector. In sum, WT PROKR2 is expressed on the cell surface
and responds to ligand stimulation with the activation of Gq-cou-
pled signaling pathways, whereas L173R, W178S, and P290S
PROKR2 mutants do not have significant surface expression
and are defective in downstream signaling.

Comparative Interactome Profiling of WT and P290S PROKR2. To
gain insight into why the mutant forms of PROKR2 cannot
reach the cell surface, we next pursued a comparative interac-
tome study, which involves immunoprecipitation coupled to
mass spectrometry (IP-MS). The P290 amino acid in PROKR2,
located in TM6, is of particular interest, as it is highly con-
served in many GPCRs, suggesting that this amino acid may
have important roles in the proper folding and intracellular
trafficking of PROKR2. Therefore, we chose the P290S mutant
for comparison with WT PROKR2. A schematic outline of the
IP-MS approach is shown in Fig. 2A. For these studies, we gen-
erated stable HEK293T cell lines expressing WT or P290S
PROKR2 or expressing empty vector in control cells. We
selected stable cell lines that expressed modest levels of
PROKR2 forms to mimic their physiologic expression. Further-
more, we confirmed appropriate signaling responses by the dif-
ferent PROKR2 forms using the Fluo-4 calcium assay (SI
Appendix, Fig. S1B).

We identified a total of 683 proteins that interacted with
WT PROKR2, P290S PROKR2, or both. Of this total, 53
were present only in the WT PROKR2 interactome and thus
considered to have selective interaction with WT PROKR2.
On the other hand, 67 proteins were present only in the
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P290S PROKR2 interactome and thus considered to have
selective interaction with P290S PROKR2. We further com-
pared the proteins enriched in either the WT or P290S
PROKR2 interactome. In this analysis, the proteins were fil-
tered using a 1.5-fold enrichment cutoff. We found that 171
proteins were enriched in the WT PROKR2 interactome,
while 215 proteins were enriched in the P290S PROKR2
interactome. These results are summarized in Fig. 2B, and
all proteins identified in the interactome study are listed in
SI Appendix, Table S1.

To compare predicted biological processes associated with
either WT or P290S PROKR2-interacting proteins, we per-
formed enrichment analysis by gene ontology (GO) using the
Protein Analysis Through Evolutionary Relationships (PAN-
THER) database. The GO analysis for WT PROKR2 identified
biological processes, including protein folding and membrane
fusion, while P290S PROKR2 associated with pathways
involved in ERAD, ER to Golgi transport, retrograde transport
from Golgi to ER, and protein glycosylation (Fig. 2C). These
notable biological processes associated with P290S PROKR2
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Fig. 1. Trafficking-defective mutants of PROKR2 lack cell surface expression and signaling activity. (A) Schematic representation of human PROKR2 with
missense mutations L173R, W178S, and P290S indicated by red arrows. (B) Total and cell surface protein expression of WT, L173R, W178S, or P290S
PROKR2. A cell surface biotinylation assay was performed in HEK293T cells expressing each PROKR2-3xHA construct. A fraction (10%) of the total cell
lysate was immunoblotted (Upper), and biotinylated proteins were pulled down using streptavidin agarose and then immunoblotted (Lower). β-actin was
used as a loading control. Calnexin and Na/K ATPase were used as markers for intracellular versus surface proteins, respectively. (C) Representative confo-
cal images showing subcellular localization of WT, L173R, W178S, and P290S PROKR2. COS-7 cells expressing PROKR2–3F3H were coimmunostained with
anti-HA (green) and anti-calnexin (red, an ER marker) antibodies. The third set of panels show colocalization of PROKR2 forms and calnexin. (Scale bars,
10 μm.) (D) Glycosylation states of WT, L173R, W178S, and P290S PROKR2. The cell lysates expressing WT or mutant PROKR2–3F3H were treated with
Endo H and then analyzed by immunoblotting with an anti-FLAG antibody. β-actin was used as a loading control; ma, mature; in, intermediate; im, imma-
ture bands are indicated. (E) Functional analysis of PROKR2 signaling using an Egr1-Luciferase (Egr1-Luc) reporter assay. A PROKR2–3F3H form (WT,
L173R, W178S, or P290S) and Egr1-Luc were cotransfected in HEK293T cells. Intact WT PROKR2 (with no tag) was used to measure luciferase activity com-
pared to WT PROKR2–3F3H. The cells were treated with vehicle or PK-2 (10 nM) 24 h after transfection for 16 h, after which cell lysates were harvested
and luciferase activity measured. The bar graph shows mean ± SEM of the luciferase activity from triplicate samples. P values were determined using
paired one-tailed Student’s t tests; *P < 0.05; ***P < 0.001; ns, not significant. (F) Functional analysis of PROKR2 signaling using an intracellular calcium
assay. PROKR2–3F3H (WT, L173R, W178S, or P290S) or control (vector alone) were transiently transfected in COS-7 cells. The intracellular calcium mobiliza-
tion in response to the addition of PK-2 (10 nM) was assessed 24 h after transfection by measuring fluorescence using the direct Fluo-4 calcium assay.
Error bars represent mean ± SEM of fluorescence intensity from triplicate experiments.
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are shown in Venn diagrams in which a comparison of proteins
identified in the WT versus the P290S PROKR2 interactomes
are further detailed (Fig. 2D).

WT and P290S PROKR2 Are Degraded by the ERAD Pathway. In the
ER, protein-folding chaperones such as BiP bind to misfolded
proteins to promote refolding. The impairment of this process
results in misfolded proteins typically being targeted for ERAD.
Thus, as a subset of identified interactors relate to ERAD, we ini-
tially sought confirmation that the mutant P290S PROKR2
undergoes ERAD by examining HEK293 cells that transiently
express this mutant receptor. In the presence of cycloheximide
(an inhibitor of protein synthesis), the immature forms of the
receptor, which by endoH analysis (Fig. 1D) likely represent
those that have not been transported out of the early secretory
system, were observed to undergo degradation (Fig. 3A). More-
over, quantitation confirmed that the mutant receptor was
degraded more rapidly than the WT receptor (Fig. 3A). It is
worth further noting that this difference in the rate of degrada-
tion may be even greater than it appears since a portion of the
decrease in the intermediate band for WT PROKR2 may be
attributable to further processing to the mature form (upper
band) rather than to degradation. In contrast, because P290S
PROKR2 fails to undergo further maturation (as indicated by
the absence of the upper band), all of the decline in its interme-
diate band is attributable to degradation.

To gain insight into the degradation mechanism involved, we
next assessed protein stability in the presence of cycloheximide in

cells treated additionally with either MG132, a proteasome inhibi-
tor, or chloroquine, an inhibitor of autophagic and lysosomal deg-
radation. In the presence of MG132, both WT and P290S
PROKR2 protein levels, when expressed transiently, were higher
than in control cells, whereas chloroquine had no appreciable
effect (Fig. 3B). We confirmed that L173R and W178S PROKR2
also showed sensitivity to MG132 but not to chloroquine (SI
Appendix, Fig. S2A). We also confirmed that similar results were
seen when the PROKR2 forms are expressed stably in cells, as
WT and P290S PROKR2 displayed similar sensitivity to MG132
but not to chloroquine treatment (SI Appendix, Fig. S2B). As a
technical note, we also wish to point out that the intensity of the
upper (mature) band of WT PROKR2 varied depending on
whether stable cell lines (which were selected to have a lower level
of expression) or transiently transfected cells were studied. For
the latter, the intensity of the upper band could further vary
depending on the duration of the transient transfection.

To further confirm the findings in Fig. 3B, we also examined
the behaviors of WT and P290S PROKR2 in the presence of
bortezomib (another proteasome inhibitor), bafilomycin A1
(another autophagic and lysosome inhibitor), or wortmannin
(blocker of autophagosome), which revealed that WT and
P290S PROKR2 are sensitive to bortezomib (SI Appendix, Fig.
S2 C and D). Thus, these results further supported that both
WT PROKR2 and the three trafficking-defective mutants are
degraded through ERAD.

To further characterize this degradation, we next assessed if
ubiquitination occurred. Both WT and P290S PROKR2

A B

C D

Fig. 2. Comparative interactome of WT versus P290S PROKR2. (A) Schematic overview of the IP-MS experimental design and decision tree for the identi-
fication of proteins interacting with WT versus P290S PROKR2–3F3H. (B) Venn diagrams of the numbers of proteins identified in the interactomes of WT
or P290S PROKR2. The numbers of overlapping and unique interacting proteins are indicated. (C) GO analysis of proteins significantly enriched in either
the WT (Left, red) or P290S (Right, blue) PROKR2 interactome using the PANTHER database. Enrichment for GO “Biological process” classifications of pro-
teins detected in the interactomes of WT PROKR2 (n = 171; red bars) and P290S PROKR2 (n = 215; blue bars). (D) Venn diagrams of proteins enriched in
the interactomes of WT or P290S PROKR2. The genes categorized into the selected biological processes are shown in the Venn diagrams.
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underwent ubiquitination, which was more apparent in the
presence of MG132, with P290S PROKR2 being ubiquitinated
to a greater extent (Fig. 3C). We next considered that the inter-
actome results had suggested that gp78 (also known as AMFR)
associates more strongly with P290S than with WT PROKR2,
whereas HRD1 (also known as SYVN1) interacts similarly with

WTand P290S PROKR2. As these E3 ligases are known to act
in ERAD, we investigated their roles in PROKR2 degradation.
The results revealed that both WT and P290S PROKR2 inter-
act with gp78 and HRD1 proteins, with stronger interactions
occurring for P290S than for WT PROKR2 (Fig. 3D). To con-
firm that WT and P290S PROKR2 are substrates of both gp78

A B C

D E FF
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Fig. 3. WT and P290S PROKR2 are degraded via the ERAD pathway. (A) Stability of WT and P290S PROKR2 in transiently transfected HEK293T cells. The
proteins were harvested 24 h after transfection in the presence of cycloheximide (CHX, 100 μg/mL) for the times indicated. (Upper) Representative immu-
noblot. (Lower) Quantification of protein remaining in the intermediate (Endo H sensitive) bands. β-actin was used as a loading control. The error bars
represent mean ± SEM of intermediate band intensity from three independent experiments. P values were determined using paired one-tailed Student’s
t tests; *P < 0.05; **P < 0.01. (B) WT and P290S PROKR2 protein levels in transiently transfected HEK293T cells following treatment with the proteasome
inhibitor MG132 (MG, 10 μM) or the lysosome inhibitor chloroquine (CQ, 10 μM) in the presence of CHX (100 μg/mL) for 3 h. (Upper) Representative
immunoblot. (Lower) Quantification of the intermediate (Endo H sensitive) bands. The bar graph depicts mean ± SEM of the intensity of the intermediate
PROKR2 bands, normalized to β-actin, from four independent experiments. P values were determined using paired one-tailed Student’s t tests; **P <
0.01; ns, not significant. (C) HEK293T cells with stable expression of WT or P290S PROKR2–3F3H or control cells expressing vector (pcDNA) were treated
with MG132 or DMSO for 6 h followed by immunoprecipitation with an HA antibody and then were immunoblotted with an anti-ubiquitin antibody. A
total of 10% of the total lysate was immunoblotted with the indicated antibodies (Lower), and 90% of total protein was used for immunoprecipitation
followed by detection using the indicated antibodies (Upper). Ub(n)-PROKR2 indicates polyubiquitinated PROKR2 in Upper. (D) gp78 and HRD1 E3 ubiqui-
tin ligases interact with both WT and P290S PROKR2. Immunoprecipitation was performed using an anti-HA antibody on cell lysates derived from
HEK293T cells with stable expression of WT or P290S PROKR2–3F3H or control cells expressing pcDNA, and then gp78 and HRD1 were detected through
immunoblotting. A total of 10% of total lysate was immunoblotted with the indicated antibodies (Lower), and 90% of total protein was used for immu-
noprecipitation followed by detection using the indicated antibodies (Upper). The relative intensities of the gp78 and HRD1 bands were normalized to
the intensity in control cells that expressed pcDNA with quantitation shown in Lower. The bar graph values are mean ± SEM from three independent
experiments. P values were determined using paired one-tailed Student’s t tests; *P < 0.05. (E) HEK293T cells were cotransfected with gp78-FLAG, His/
Myc-HRD1, or pcDNA (as control) and also with WT or P290S PROKR2–3xHA. PROKR2 protein levels were determined by immunoblotting (Upper). In
Lower, quantitation of the intensity of the PROKR2 intermediate bands normalized to β-actin is shown; values are mean ± SEM from five independent
experiments. P values were determined using paired one-tailed Student’s t tests; ***P < 0.001. (F) Protein levels of WT or P290S PROKR2 were measured
in transiently transfected HEK293T cells in the presence of siRNA that targets either gp78 (Left) or HRD1 (Right). Scrambled siRNA was used as a control.
The bar graph values are mean ± SEM of the intermediate bands (indicated by solid black arrowheads) from three independent experiments. P values
were determined using paired one-tailed Student’s t tests; *P < 0.05.
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and HRD1 in the ERAD pathway, we next investigated the
effect of altering the expression level of these E3 ligases. When
gp78 was overexpressed, both WT and P290S PROKR2 levels
were decreased (Fig. 3E). Similar effects were observed with
the overexpression of HRD1 (Fig. 3E). We also examined the
effects of reducing the levels of either gp78 or HRD1. When
gp78 expression was reduced by small interfering RNA
(siRNA), protein levels of both WT and P290S PROKR2 were
increased (Fig. 3F). Similarly, the knockdown of HRD1 led to
the accumulation of both WT and P290S PROKR2 (Fig. 3F).
Collectively, the results further supported that WT and P290S
PROKR2 are degraded via the ERAD pathway rather than the
lysosomal pathway, with P290S PROKR2 being more suscepti-
ble to ERAD than WT PROKR2.

Both WT and P290S PROKR2 Are Transported to the Golgi. We next
noted that the interactome analysis identified proteins involved
in transport between the ER and the Golgi. Guided by this
observation, we performed confocal microscopy and found that
both WT and P290S have a significant distribution at the Golgi
(Fig. 4A). The L173R and W178S PROKR2 mutants also
exhibited a significant distribution at the Golgi (SI Appendix,
Fig. S3A). The finding that WT PROKR2 exits the ER was
expected, as a significant fraction of the WT had been detected
at the plasma membrane. However, the finding that the P290S
mutant also exits the ER was surprising, as it would have been
expected to be retained in the ER for disposal by ERAD. Thus,
to further confirm that the P290S mutant exits the ER, we
found that, like the WT, the mutant also associates with Sec24B
(Fig. 4B), a component of the coat protein complex II (COPII)
machinery that forms transport carriers for exit from the ER.
This result was also confirmed by examining the degree to
which Sec24B associates with the WT and P290S receptor (SI
Appendix, Fig. S3B). As such, we next sought insight into why
the mutant PROKR2 exits the ER.

Transport of P290S PROKR2 to the Golgi Relieves ER Stress. A pre-
vious study had shown that the exit of misfolded GPI-anchored
proteins from the ER provides a way to reduce ER stress by pre-
venting the oversaturation of the ER folding capacity (33). In this
case, the exit from the ER leads to misfolded proteins being tar-
geted to the lysosomal pathway for degradation. As such, we
hypothesized that the exit of the mutant (P290S) PROKR2 from
the ER also reduces ER stress. However, because the P290S
PROKR2 is disposed by ERAD, a different post-ER itinerary
would be predicted for this mutant PROKR2. Thus, we next pur-
sued studies to test these predictions.

We initially sought to detect ER stress by measuring the
messenger RNA (mRNA) levels of BiP, CHOP, and spliced
XBP1 (sXBP1) through qRT-PCR. However, we could not
detect an appreciable increase in these levels when comparing
cells that expressed P290S PROKR2 to those that expressed
WT PROKR2 or to control cells (Fig. 4C). As a positive con-
trol, we found that cells treated with dithiothreitol (DTT) for 1
h showed increased level of CHOP and sXBP1 mRNA levels
(Fig. 4C), while a longer exposure to DTT (6 h) resulted in BiP
mRNA levels also becoming elevated (SI Appendix, Fig. S3C).

We next considered that the expression of a single mutant
protein in the context of the myriad of proteins that exist in the
ER may not induce sufficient ER stress to be detected by con-
ventional means. Thus, we sought more sensitive approaches.
As one approach, we found that BiP exhibits a greater associa-
tion with the P290S mutant compared to that of WT PROKR2
(Fig. 4D). As another approach, we were led by the consider-
ation that ER stress can be alleviated by multiple response
pathways. Thus, we reasoned that crippling one pathway may
result in the ER being more sensitive to stress. Aldehyde 8-for-
myl-7-hydroxy-4-methylcoumarin (4u8C) has been shown to

inhibit one ER stress response pathway mediated by IRE1
(34–37). When cells were treated with 4u8C for 1 h, we found
that BiP and CHOP mRNA levels were induced by 1.4- and
twofold, respectively, as compared to untreated cells (see con-
trol conditions in Fig. 4E). As a positive control, DTT treat-
ment further increased these levels (Fig. 4E). In contrast, DTT
treatment did not increase sXBP1 mRNA levels (Fig. 4E),
which was expected because this readout measures the IRE1
pathway, which is incapacitated by 4u8C treatment. As another
control, we examined the effect of treating cells with brefeldin-
A (BFA). This pharmacologic agent prevents the ER exit,
which is predicted to induce ER stress. We found that BFA
treatment by itself induced a marginal level of ER stress, which
becomes more pronounced when 4u8C was added (SI
Appendix, Fig. S3D). We then found that cells expressing WT
PROKR2 had similar levels of CHOP mRNA as compared to
control cells in the presence of the 4u8C. However, the cells
expressing P290S PROKR2 showed a further increase in the
CHOP mRNA levels (Fig. 4E). Thus, through 4u8C treatment,
we achieved a more sensitive way of detecting ER stress
induced by the expression of P290S PROKR2.

We next sought to determine whether the transport of the
P290S mutant out of the ER reduces ER stress. Appending the
KKxx motif to the C terminus of transmembrane proteins has
been shown to enhance their ER localization (38). We first con-
firmed that appending the KKxx motif also results in the
mutant P290S PROKR2 having a greater distribution in the
ER (Fig. 4F). Consistent with this finding, immunoblotting
revealed that appending the KKxx motif to the C terminus of
the WT PROKR2 eliminates its higher molecular mass
(mature) form (SI Appendix, Fig. S3E). Notably, we then found
that appending the KKxx motif to the mutant P290S PROKR2
results in enhanced ER stress in cells treated with 4u8C as
assessed through CHOP mRNA levels (Fig. 4G). Thus, these
results revealed that the exit of the mutant P290S PROKR2
from the ER provides a way of reducing ER stress.

P290S PROKR2 Is Retrieved from Golgi to ER for Disposal by ERAD.
In considering how the exit from the ER could still lead to the
mutant P290S PROKR2 being disposed by ERAD, we were next
guided by the interactome results that had found this mutant to
associate with components of the COPI complex, which is known
to mediate retrograde transport from the Golgi to the ER (39).
Thus, we next examined the effect of blocking COPI transport on
the intracellular distribution of the mutant P290S PROKR2.

As a technical consideration, we noted that targeting subu-
nits of coatomer, which form the core components of the COPI
complex, not only inhibits COPI cargo transport but also dis-
rupts the Golgi complex (40). To overcome this conundrum, we
noted that ARFGAP1 is another component of the COPI com-
plex, and targeting against this auxiliary component has been
shown to inhibit COPI cargo transport while leaving the Golgi
intact (41). Using siRNA to reduce ARFGAP1 expression, we
found that the protein level of mutant P290S PROKR2
increased compared to that of WT PROKR2 (Fig. 5A). We also
performed kinetic analysis by treating cells with cycloheximide
and then comparing the stability of WT versus mutant, which
confirmed that siRNA against ARFGAP1 has a selective effect
on the protein stability of the mutant PROKR2 (Fig. 5 B and C).

We also found that ARFGAP1 knockdown results in the
mutant P290S PROKR2 having a greater distribution at the
Golgi (Fig. 5D). Moreover, we found that the mutant P290S
PROKR2 shows greater association with β-COP (Fig. 5E), a
component of the COPI complex (42). Thus, these results sug-
gested that the mutant P290S PROKR2, upon reaching the
Golgi, is retrieved to the ER through the COPI pathway.

We also examined the possibility that the inhibition of this
retrograde transport could result in mutant P290S PROKR2
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being rerouted from the Golgi to either the lysosomal pathway
for degradation or to the plasma membrane. However, when
cells were treated with chloroquine, we found that siRNA
against ARFGAP1 did not induce an increased level of the
mutant P290S PROKR2 (SI Appendix, Fig. S4A), which ruled
against the diversion from the Golgi to the lysosome for degra-
dation. Moreover, siRNA against ARFGAP1 did not enhance
the cell surface detection of the mutant P290S PROKR2 (SI
Appendix, Fig. S4B), which ruled against the diversion from the
Golgi to the plasma membrane.

RER1 Links P290S PROKR2 to the COPI Pathway. We next consid-
ered that the COPI complex recognizes dilysine-based motifs at
the C terminus of transmembrane cargo proteins for their ret-
rograde transport from the Golgi to the ER (43). However,
PROKR2 does not possess this motif at its C terminus. Thus,
how can PROKR2 be transported through the COPI pathway?
As an alternative to direct binding by the COPI complex, cargo
proteins can also engage the COPI complex indirectly through
transmembrane proteins known as cargo receptors. Such a situ-
ation would also explain why we had observed a relatively weak
interaction between the mutant P290S PROKR2 and β-COP
(Fig. 5E). Thus, we next examined whether a cargo receptor
links mutant P290S PROKR2 to the COPI complex.

A particularly well-known cargo receptor of the COPI pathway
is the Lys-Asp-Glu-Leu (KDEL) receptor, which binds soluble
luminal proteins that possess the KDEL motif at their C terminus
and retrieves them from the Golgi to the ER (39). Many protein-
folding chaperones in the ER possess the KDEL motif, including
BiP, and are known to be transported to the Golgi and then
retrieved to the ER through the KDEL receptor (44). Thus, as we
had detected an interaction between the mutant P290S PROKR2
and BiP (Fig. 4D), one possibility could be that the mutant P290S
PROKR2 is transported through the COPI pathway by interacting
with KDEL-bearing chaperones that can engage the KDEL recep-
tor (Fig. 6A, model i). Alternatively, RER1 has been shown to
bind transmembrane cargo proteins and link them to the COPI
complex for retrograde transport from the Golgi to the ER
(45–48). Thus, another possibility could be that the mutant P290S
PROKR2 is transported through the COPI pathway through asso-
ciation with RER1 (Fig. 6A, model ii). Performing coprecipitation
experiments, we found that neither P290S nor WT PROKR2
shows an appreciable association with the KDEL receptor (Fig.
6B), while both forms have an appreciable association with RER1,
with the mutant PROKR2 associating with RER1 better than the
WT PROKR2 (Fig. 6B). It is further notable that these results are
consistent with our interactome results which had revealed
PROKR2 to associate with RER1 but not with the KDEL recep-
tor (Fig. 2D).

We then pursued functional studies to further confirm that
RER1, but not the KDEL receptor, acts to retrieve the mutant
P290S PROKR2 from the Golgi to the ER. Performing siRNA
studies, we found that targeting RER1, but not the KDEL
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Fig. 4. P290S PROKR2 is transported out of the ER to reduce ER stress. (A)
Colocalization of WT and P290S PROKR2 with GM130, a cis-Golgi marker,
in COS-7 cells. WT or P290S PROKR2–3F3H were transiently transfected
into COS-7 cells, and then cells were immunostained with anti-HA (green)
and anti-GM130 (red) antibodies. Images were acquired using a Leica SPE
confocal microscope (Upper), and colocalization was quantified using
ImageJ software. (Scale bars, 10 μm.) The bar graph (Lower) represents
Pearson’s correlation coefficient of WT or P290S PROKR2 with GM130, and
values are mean ± SEM from 50 to 100 cells in 10 to 20 fields. P values
were determined using unpaired one-tailed Student’s t tests; ***P <
0.001. (B) Sec24B interacts with WT and P290S PROKR2. HEK293T cells with
a stable expression of WT or P290S PROKR2–3F3H were used to assess their
interaction with Sec24B. A total of 10% of total lysate was immunoblotted
with indicated antibodies (Lower), and 90% of total protein was used for
immunoprecipitation by HA antibody followed by detection using the
indicated antibodies (Upper). (C) Relative mRNA levels of BiP, CHOP, and
sXBP1 in cells expressing WT or P290S PROKR2. BiP, CHOP, and sXBP1
mRNA levels were measured in HEK293T cells with stable expression of WT
or P290S PROKR2–3F3H or pcDNA as a negative control. In addition, con-
trol cells expressing pcDNA were treated with DTT (1 mM; 1 h) as a posi-
tive control for detection of ER stress. mRNA levels were normalized to
that of GAPDH for quantitation. The bar graph values are mean ± SEM of
relative mRNA expression from three independent experiments. (D) BiP
protein associates with WT and P290S PROKR2. Immunoprecipitation was
performed on HEK293T cells with stable expression of WT or P290S
PROKR2 or control cells expressing pcDNA using an anti-HA antibody fol-
lowed by immunoblotting for proteins as indicated. A total of 10% of
total lysate was used for immunoblotting, and 90% of total protein was
used for immunoprecipitation. A representative experiment is shown on
Left, while quantitation from three independent experiments is shown on
Right. Bars represent mean ± SEM with P values determined using paired
one-tailed Student’s t tests. *P < 0.01. ***P < 0.001. (E) Relative mRNA lev-
els of BiP, CHOP, and sXBP1 with or without 4u8C treatment (500 μM; 1 h)
in HEK293T cells with stable expression of WT or P290S PROKR2 or pcDNA
as a negative control. DTT (1 mM; 1 h) was added in addition to 4u8C to
cells expressing pcDNA as a positive control. Bars represent mean ± SEM of
relative mRNA expression from three independent experiments. P values
were determined using paired one-tailed Student’s t tests. *P < 0.05. ns,
not significant. (F) Relative distributions of P290S and P290S(KKxx) PROKR2
in the ER and Golgi. The KKxx motif was appended to the C terminus of
P290S PROKR2–3F3H (Left). Intracellular distribution of P290S and
P290S(KKxx) PROKR2 was assessed by immunostaining (Right Upper).
P290S and P290S(KKxx) PROKR2 were transfected into COS-7 cells and

then immunostained using anti-HA (green) and either anti-calnexin or
anti-GM130 (red) antibodies (Right). (Scale bars, 10 μm.) The graph (Right
Lower) depicts Pearson’s correlation coefficient between PROKR2 recep-
tors and GM130. Bars represent mean ± SEM. P values were determined
using unpaired one-tailed Student’s t tests; ***P < 0.001. (G) Relative
mRNA levels of BiP, CHOP, and sXBP1 in HEK293T cells transiently trans-
fected with WT, WT(KKxx), P290S or P290S(KKxx) PROKR2, or pcDNA (as
vector control). Total RNA was harvested 24 h after transfection from cells
treated with or without 4u8C. The cells transfected with pcDNA were
treated with 4u8C with or without DTT for control comparisons. Bars rep-
resent mean ± SEM of relative mRNA levels from four independent experi-
ments. P values were determined using paired one-tailed Student’s t tests.
*P < 0.05. ns, not significant.
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receptor, results in the mutant P290S PROKR2 having increased
localization at the Golgi (Fig. 6C). Moreover, this effect of
siRNA against RER1 was reversed by rescue using an siRNA-

resistant form of RER1 (Fig. 6D). We also confirmed that siRNA
against RER1 results in less mutant receptor localizing at the ER
(Fig. 6E). Consistent with these results, we also found that
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Fig. 5. P290S PROKR2 undergoes retrieval from the Golgi to the ER for degradation. (A) Protein levels of WT and P290S PROKR2 from transiently trans-
fected HEK293T cells in the presence of siRNA against ARFGAP1 or scrambled siRNA were compared by immunoblotting (Upper). Quantitation (Lower)
depicts the mean ± SEM of the intensity of the intermediate PROKR2 band, normalized to β-actin, from eight independent experiments. P values were
determined using paired one-tailed Student’s t tests; ***P < 0.001; ns, not significant. (B) Rate of degradation of P290S PROKR2 in HEK293T cells trans-
fected with siRNA against ARFGAP1 or scrambled siRNA. Cycloheximide (CHX; 100 μg/mL) was added to the cells 72 h after siRNA transfection, and the
rate of P290S PROKR2 protein degradation was quantified. Upper shows representative immunoblot, while Lower shows quantitation of the rate of
P290S protein degradation as reflected by intensity of the intermediate bands; values represent mean ± SEM from three independent experiments. P val-
ues were determined using paired one-tailed Student’s t tests; **P < 0.01. (C) Rate of degradation of WT PROKR2 in HEK293T cells transfected with siRNA
against ARFGAP1 or scrambled siRNA. CHX (100 μg/mL) was added to the cells 72 h after siRNA, and the rate of WT PROKR2 protein degradation was
measured. Upper shows representative immunoblot, while Lower shows quantitation of the rate of WT PROKR2 protein degradation as reflected by rela-
tive intensity of the intermediate bands; values represent mean ± SEM from three independent experiments. (D) Colocalization of P290S PROKR2 with
the Golgi marker GM130 as assessed by confocal microscopy. COS-7 cells were cotransfected with P290S PROKR2 and siRNA against ARFGAP1 or scrambled
siRNA. P290S PROKR2 and GM130 were immunostained using anti-HA (green) and anti-GM130 (red) antibodies, respectively (Upper). (Scale bars, 10 μm.)
Quantitation (Lower) shows Pearson’s correlation coefficient between P290S PROKR2 and GM130. The bar graph shows mean ± SEM from quantitation
of 50 to 100 cells in 10 to 20 fields. P values were determined using unpaired one-tailed Student’s t tests; ***P < 0.001. (E) COPI interacts with WT and
P290S PROKR2. HEK293T cells with stable expression of WT or P290S PROKR2 or pcDNA as a negative control were immunoprecipitated for PROKR2 fol-
lowed by immunoblotting for β-COP, a component of the COPI complex. A total of 10% of total lysate was immunoblotted with the indicated antibodies
(lower section in Upper), and 90% of total protein was used for immunoprecipitation followed by detection using the indicated antibodies (upper section
in Upper panel). Relative intensity of immunoprecipitated β-COP was determined using ImageJ (Lower). Quantitation shows mean ± SEM of immunopreci-
pitated β-COP from three independent experiments. P values were determined using paired one-tailed Student’s t tests; *P < 0.05; **P < 0.01.
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Fig. 6. RER1 is involved in retrograde transport of P290S PROKR2. (A) Schematic model of the retrieval of P290S PROKR2 from the Golgi to the ER
through a cargo receptor. The KDEL receptor can link P290S PROKR2 to the COPI complex through its ligands, which are KDEL-bearing ER chaperones
that can interact with P290S PROKR2 1), or RER1 can also link P290S PROKR2 to the COPI complex 2). (B) Assessing interactions between cargo receptors
(KDELR or RER1) and WT or P290S PROKR2. Immunoprecipitation was performed using an anti-HA antibody directed against PROKR2-3F3H (WT or P290S)
that were stably expressed in HEK293T cells. Control cells were stably expressed vector (pcDNA). A total of 10% of total lysate was immunoblotted with
the indicated antibodies (lower section in Upper), while 90% of the total lysate was used for immunoprecipitation followed by detection using the indi-
cated antibodies (upper section in Upper). Quantitation shows mean ± SEM of intensity of immunoprecipitated KDELR or RER1, respectively, from three
independent experiments (Lower). P values were determined using paired one-tailed Student’s t tests; *P < 0.05; **P < 0.01; ns, not significant. (C) The
Golgi distribution of P290S PROKR2 is enhanced by siRNA against RER1 but not by siRNA against the KDEL receptor. P290S PROKR2–3F3H and GM130, a
Golgi marker, were immunostained using anti-HA (green) and anti-GM130 (red) antibodies, respectively. (Scale bars, 10 μm.) Quantitation shows Pearson’s
correlation coefficient between P290S and GM130. Values are shown as mean ± SEM. P values were determined using unpaired one-tailed Student’s t
tests; ***P < 0.001; ns, not significant. (D) The enhanced Golgi distribution of P290S PROKR2 induced by siRNA against RER1 is reversed upon rescue of
RER1. HeLa cells were cotransfected with P290S PROKR2 and siRNA against RER1 or additionally with siRNA-resistant RER1. P290S PROKR2 and GM130
were immunostained using anti-HA (green) and anti-GM130 (red) antibodies, respectively (Upper). Colocalization of P290S PROKR2 with GM130 was
quantified (Lower). Values are shown as mean ± SEM. P values were determined using unpaired one-tailed Student’s t tests; ***P < 0.001. (E) The level of
P290S PROKR2 in the ER is reduced by siRNA against RER1. HeLa cells were cotransfected with P290S PROKR2 and siRNA against RER1 or scrambled siRNA.
P290S PROKR2 and calnexin were immunostained using anti-HA (green) and anti-calnexin (red) antibodies, respectively (Upper). Colocalization of P290S
PROKR2 with calnexin was quantified (Lower). Values are shown as mean ± SEM. P values were determined using unpaired one-tailed Student’s t tests;
***P < 0.001. (F) Silencing RER1 prevents the degradation of P290S PROKR2. Protein level was quantified in the P290S PROKR2–3F3H–expressing stable
cells transfected with either siRNA against RER1 or scrambled siRNA. Immunoblot is shown on Left, and quantitation is shown on Right. Values reflect the
mean ± SEM of the intensity of the intermediate bands of P290S PROKR2 from four independent experiments. P values were determined using paired
one-tailed Student’s t tests; **P < 0.01.
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siRNA against RER1 increased the protein level of the mutant
P290S PROKR2 in cells (Fig. 6F).

The Key Findings for P290S PROKR2 Are Applicable to Another
Model GPCR. We next examined whether these findings for
PROKR2 could have broader implications, as the P290S muta-
tion involves a proline that resides in TM6 of PROKR2, which
is conserved among many GPCRs. Examining a model GPCR
known as muscarinic acetylcholine receptor M3 (CHRM3), we
found that mutating the conserved proline in this GPCR
(P506S) also reduces its stability in cells (Fig. 7A). Moreover, in
contrast to the WT form, the mutant P506S CHRM3 does not
acquire a higher molecular mass form (Fig. 7A), suggesting that
the mutant cannot reach the cell surface. As confirmation, we
performed confocal microscopy and found that, in contrast to
the WT form, the P506S mutant does not exhibit a significant
distribution at the plasma membrane (Fig. 7B). Moreover, simi-
lar to P290S PROKR2, the P506S CHRM3 shows a significant
distribution at the Golgi (Fig. 7B).

We next found that siRNA against ARFGAP1 increases the
protein level of the mutant P506S CHRM3 in cells (Fig. 7C).
Moreover, this siRNA treatment increased the localization of
the P506S CHRM3 at the Golgi (Fig. 7D). Finally, examining
ER stress by treating cells with 4u8C as we had done in study-
ing PROKR2, we found that enhancing the ER localization of
the mutant P506S CHRM3, by appending the KKxx motif to its
C terminus, results in enhanced ER stress (Fig. 7E).

Discussion
Newly synthesized proteins in the ER are subjected to quality
control surveillance in determining whether they can exit this
compartment (49, 50). The proteins that do not pass this check
are typically retained in the ER for disposal through ERAD. In
this study, we have uncovered an exception to this generaliza-
tion, finding a key role for post-ER transport to the Golgi in
determining whether proteins are transported to the cell surface
or returned to the ER for disposal by ERAD. We have also eluci-
dated two major reasons for this post-ER itinerary. First, it ena-
bles the cell to distinguish WT from mutant proteins when the
traditional ER-based mechanism falls short in this role. Second,
the post-ER itinerary reduces ER stress by keeping the level of
a misfolded protein to a manageable level in the ER.

We initially pursued a comparative interactome analysis, which
revealed that a mutant (P290S) PROKR2, identified in patients
with HH and KS and shown to have impaired function because of
the loss of cell surface expression, is associated with proteins
involved in biological processes that include protein folding and
ERAD. Interestingly, the mutant PROKR2 is also associated with
proteins related to the transport between the ER and the Golgi,
including components of COPI and COPII complexes. These
findings guided us to reveal that the mutant PROKR2 cycles
between the ER and Golgi through the sequential engagement of
the COPII machinery for the exit from the ER and then the
COPI machinery for retrieval from the Golgi to the ER. In the
latter case, we further elucidated that the transport of the mutant
P290S PROKR2 in the COPI pathway involves its interaction
with RER1, which acts as a cargo receptor in linking the mutant
PROKR2 to the COPI machinery. Notably, we then discovered
that this post-ER itinerary of the mutant PROKR2 helps to
reduce ER stress by reducing its level in the ER while still allow-
ing its ultimate disposal through ERAD.

Other proteins have been found previously to also exit the
ER and then be retrieved from the Golgi to the ER for disposal
by ERAD (32, 51–53). However, it has been unclear why this
occurs. Our explanation that this post-ER itinerary provides a
way to reduce ER stress was initially suggested by the observa-
tion that a higher level of BiP is found to associate with the

mutant P290S PROKR2 as compared to the WT counterpart.
We confirmed this explanation through a more sensitive way of
detecting ER stress by blocking one arm of the ER stress
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Fig. 7. Cycling between ER and Golgi also reduces ER stress for another
model GPCR. (A) HEK293T cells expressing WT or P506S CHRM3–3F3H with
or without MG132 (MG; 10 μM; 6 h) were examined by immunoblotting
using antibodies as indicated. β-actin was used as a loading control. (B)
COS-7 cells transiently expressing WT or P506S CHRM3–3F3H were immu-
nostained with anti-HA (green) and anti-GM130 (red) antibodies followed
by imaging with confocal microscopy. (Scale bars, 10 μm.) (C) P506S
CHRM3 protein levels were assessed by immunoblotting of lysates derived
from HEK293T cells that were transiently transfected with P506S CHRM3
and also treated with siRNA against ARFGAP1 or scrambled siRNA (Upper).
Quantitation (Lower) shows mean ± SEM intensity of the immature bands
from five independent experiments. P values were determined using
paired one-tailed Student’s t tests; *P < 0.05. (D) Colocalization of P506S
CHRM3 with GM130 as assessed by confocal microscopy. COS-7 cells
expressing P506S CHRM3–3F3H were transfected with siARFGAP1 or scram-
bled siRNA. P506S CHRM3 and GM130 were then immunostained using
anti-HA (green) and anti-GM130 (red) antibodies, respectively. (Scale bars,
10 μm.) Quantitation shows Pearson’s correlation coefficient between
P506S CHRM3 and GM130. Values reflect mean ± SEM from 50 to 100 cells
in 10 to 20 fields (Lower). P values were determined using unpaired one-
tailed Student’s t tests; ***P < 0.001. (E) The relative mRNA levels of BiP,
CHOP, and sXBP1 in HEK293T cells transiently expressing WT or P506S
CHRM3. Total RNA was harvested 24 h after transfection from cells treated
without or with 4u8C. The cells transfected with pcDNA were treated with
4u8C with or without DTT as controls. Quantitation shows mean ± SEM of
relative mRNA levels from six independent experiments. P values were deter-
mined using paired one-tailed Student’s t tests; *P < 0.05.
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response (mediated by the IRE1 pathway), which then allowed
us to show that enhancing the ER localization of the mutant
PROKR2 (by appending a KKxx motif to the C terminus)
results in increased ER stress.

We have also uncovered another key reason for why the
mutant P290S PROKR2 undergoes this more complex itinerary
for ultimate disposal by ERAD. In contrast to the usual circum-
stance, when the ER-based quality control system can efficiently
distinguish properly folded versus misfolded proteins in deter-
mining whether a protein becomes targeted to ERAD, we have
found that this is not the case for the PROKR2, as both the WT
and the P290S mutant are susceptible to ERAD. However, by
having both proteins transported out of the ER and then having
their ultimate fate being determined at the level of the Golgi
with the WT allowed to transit further to the cell surface while
the mutant is retrieved from the Golgi to the ER, the post-ER
itinerary acts essentially as an additional quality control system
when the traditional ER-based mechanism fails to function effi-
ciently in distinguishing WT versus mutant protein.

We have also pursued further studies to suggest that our find-
ings have broader applicability beyond PROKR2. The proline
residue in TM6 of PROKR2 (P290) is highly conserved among
GPCRs. Examining CHRM3 as another model GPCR, we find
that mutating this conserved proline in TM6 of CHRM3 to ser-
ine (P506S) also results in a significant fraction of CHRM3
becoming distributed to the Golgi. Moreover, further analysis
suggests that the mutant P506S CHRM3 similarly undergoes
cycling between the ER and the Golgi as a way to reduce ER
stress while also being disposed by ERAD.

Trafficking-defective mutant receptors have had cell surface
transport restored by chemical chaperones such as glycerol or
dimethyl sulfoxide (DMSO) as well as by pharmacological chaper-
ones, which are selective antagonists or agonists to the receptors.
As previously shown, glycerol, thought to broadly promote protein
folding by decreasing the solvent-accessible surface area of the
protein, promoted the cell surface transport of both W178S and
P290S PROKR2 (23). In addition, A457, a pharmacological chap-
erone of PROKR2, was shown to functionally rescue P290S, but
not W178S, PROKR2 (23). It was speculated that the inability of
A457 to rescue W178S PROKR2 reflected where this chemical
binds to the receptor—that is, A457 may only affect conformation
around its binding site. The discrimination by mutations at differ-
ent amino acid positions for the functional restoration of
PROKR2 may further contribute to our understanding of differ-
ent fates in the secretory pathway and thereby provide additional
insight into disease-causing GPCR mutations.

Overall, in addition to contributing to a fundamental under-
standing of the different ways that cellular quality control can
be achieved, our findings also suggest more avenues of thera-
peutic intervention for disease-causing mutations in GPCRs.

Materials and Methods
Cell Culture, Transfection, and siRNA Knockdown. HEK293T, COS-7, and HeLa
cells were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum and antibiotics. For the generation and mainte-
nance of stable cell lines, neomycin and geneticin were added to the cell
culture medium. Transfections of plasmids or siRNA were performed using
Lipofectamine 2000 or Lipofectamine RNAiMAX, respectively, following the
manufacturer’s instructions (Invitrogen). For experiments in which siRNA and

plasmid DNA were both transfected, siRNA transfection was performed first
followed by plasmid transfection. ARFGAP1 (L-013321-02), KDELR1 (L-019136-
01), RER1 (L-017170-01) ON-TARGETplus Human SMARTpool siRNAs and RER1
(L-017170-11) and customized siRNAs for HRD1 (50-AAGGUGAUGGGCAAGGU
GUUC) and gp78 (50-AAGACGGAUUCAAGUACCUUU) were purchased from
Dharmacon. Scrambled siRNAs were used as negative controls (Invitrogen).

Plasmid Constructs. The majority of expression vectors were generated using
Gateway cloning technology (Invitrogen). Briefly, complementary DNA
(cDNA) was amplified using PCR and then subcloned into the pENTR-D/TOPO
vector. Each cDNA in the TOPO vector was recombined into the pcDNA
expression vector, which contained various N-terminal or C-terminal tags (Invi-
trogen). The procedures were followed according to the manufacturer’s
descriptions and modified as previously described (54). pcDNA expression vec-
tors containingN or C terminus 3xFLAG-3xHA (3F3H) or C terminus 3xHAwere
used in these studies. Each PCR product encoding a GPCR conjugated with
KKTN sequences at the C terminus was amplified from pcDNA-GPCR-3F3H con-
structs using cloning primers listed in SI Appendix, Table S2 and then was
inserted into the KpnI and XbaI restriction sites of the pcDNA-PROKR2-GFP
plasmid. The expression plasmids for FLAG-tagged gp78 and His/Myc-tagged
HRD1 were kindly provided by Yihong Ye (National Institute of Diabetes and
Digestive and Kidney Diseases, NIH, Bethesda, MD) (55). All mutations were
generated by site-directed mutagenesis (QuikChange II Site-Directed Muta-
genesis Kit; Agilent) using primers listed in SI Appendix, Table S2.

Antibodies and Reagents. The ntibodies used for immunoblotting, immuno-
precipitation, and immunostaining are listed in SI Appendix, Table S3. Addi-
tional detailed methods and reagents are provided in SI Appendix.

Immunoblotting and Immunoprecipitation. The cells were lysed with M-PER
mammalian protein extraction reagent (Thermo Scientific) containing prote-
ase inhibitor mixtures (Roche). The extracted proteins were mixed with 5×
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer for 1 h at room temperature. The proteins were separated on SDS-
PAGE gels and then transferred to nitrocellulose membranes. The bands were
detected using the Chemidoc imaging system (Bio-Rad), and the signal inten-
sity was quantified by ImageJ software.

For immunoprecipitation, cells were lysed using M-PER buffer. Additional
detailed methods are provided in SI Appendix.

Mass Spectrometry and Bioinformatics. For the immunoprecipitation experi-
ments, the total protein from stable cell lines expressingWT PROKR2 or P290S
PROKR2 or from stable cell line expressing the pcDNA vector as a control was
harvested from 12 100-mm plates. Additional detailed methods are provided
in SI Appendix.

For the protein enrichment analysis of interacting proteins, GO analysis
was performed using the PANTHER database (released version 2015–08-06;
http://www.pantherdb.org/) (56).

Egr1-Luciferase Assay. An Egr1-luciferase assay was used to measure PROKR2
activity and was performed as previously described (57). Additional detailed
methods are provided in SI Appendix.

Real-Time qPCR. Total RNA was isolated from the cells using the RNeasy Mini
Kit according to the manufacturer’s instructions (Qiagen). The primers used in
qRT-PCR are listed in SI Appendix, Table S2.

Additional detailed materials and methods are provided in the online
SI Appendix.

Data Availability. All study data are included in the article and/or supporting
information.
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