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Abstract

Context: There are at least twenty-four missense, non-conservative mutations found in the
ACTH receptor (Melanocortin 2 receptor, MC2R) which have been associated with the autosomal
recessive disease Familial Glucocorticoid Deficiency (FGD) type 1. The characterization of these
mutations has been hindered by difficulties in establishing a functional heterologous cell
transfection system for MC2R. Recently the melanocortin 2 receptor accessory protein (MRAP)
was identified as essential for trafficking of MC2R to the cell surface; therefore a functional
characterization of MC2R mutations is now possible.

Objective: To elucidate the molecular mechanisms responsible for defective MC2R function in
FGD.

Methods: Stable cell lines expressing human MRAPa were established and transiently
transfected with wild-type or mutant MC2R. Functional characterization of mutant MC2R was
performed using a cell surface expression assay, a CAMP reporter assay, confocal microscopy and
co-immunoprecipitation of MRAPa..

Results: Two thirds of all MC2R mutations had a significant reduction in cell surface trafficking
even though MRAPa interacted with all mutants. Analysis of those mutant receptors that reached
the cell surface indicated that 4/6 failed to signal, following stimulation with ACTH.

Conclusion: The majority of MC2R mutations found in FGD fail to function because they fail to
traffic to the cell surface.
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Introduction

Familial Glucocorticoid Deficiency (FGD) is a rare autosomal recessive disease which is
characterized by isolated glucocorticoid deficiency and ACTH resistance; presenting
features include severe neonatal hypoglycaemia, frequent childhood infection and excessive
skin pigmentation (1-3). This is a genetically heterogeneous disorder with mutations in the
ACTH receptor (Melanocortin 2 receptor, MC2R) accounting for approximately 25% of
cases of FGD (4-7) and this is referred to as FGD type 1 (OMIM 202200).

MC2R is one of five melanocortin receptors (8). It is a 297 amino acid seven transmembrane
receptor, the smallest of all G protein-coupled receptors (GPCRS); it is expressed
predominantly in adrenocortical cells and is highly specific for ACTH, which stimulates the
production of glucocorticoids. Earlier studies on MC2R were hampered by significant
difficulties in expressing this GPCR in heterologous cells. The MC2R cDNA is transcribed
and translated from transfected expression plasmids, but the protein product fails to traffic
from the endoplasmic reticulum (ER) (9). The observation that human MC2R could be
expressed in cells of adrenal origin but which lack endogenous melanocortin receptors (the
mouse Y6 and OS3 cell lines) (10-12), has lead to the hypothesis that a cofactor for
expression is required. Identification of the genetic cause of a second form of FGD (FGD
type 2) lead to the identification of a novel gene encoding a single transmembrane domain
protein, named Melanocortin 2 receptor accessory protein (MRAP) which appears to fulfil
this role. MRAP interacts with MC2R and facilitates the trafficking of the receptor from ER
to the cell surface (13;14).

The discovery of MRAP now provides the opportunity to characterise fully the MC2R in
readily transfected and maintained cell lines, such as Chinese hamster ovary (CHO) and
human embryonic kidney 293 (HEK293) cells, both of which are known not to
endogenously express melanocortin receptor (MCR) and to be unresponsive to ACTH and
NDP-MSH (15;16). This MCR-free system allows the complete characterization of naturally
occurring mutations enabling the analysis of cell surface expression and signal transduction.

Previous studies have shown that some of these mutations have impaired ligand binding and
cAMP signaling, but the mechanisms for this defect were not investigated. This
comprehensive analysis of MC2R mutations is the first study to examine the effect of the
clinically identified mutations on both receptor trafficking and signal transduction.

Materials and Methods

CHO and HEK293 cell lines expressing human MRAPa

Human MRAPa amplified from human adrenal cDNA (Ambion) was subcloned into
pcDNA3.1(+) vector (Invitrogen). CHO cells were grown in DMEM/Ham's F12 (1:1) with
10% foetal bovine serum and penicillin/streptomycin. HEK293 cells were grown in DMEM
with 10% foetal bovine serum and penicillin/streptomycin. Cells were transfected with the
appropriate pcDNA3.1 vector, either empty vector or pcDNA3.1-MRAPa, using
Lipofectamine ™2000 (Invitrogen) and selected with Geneticin (G418) at 700.g/ml for
CHO and 1500p.g/ml for HEK293 cells. Monoclonal stable cells were selected by the
dilutional method plating in 96 well plates, at less than 1 cell per well. Expression of
MRAPa mRNA in the selected stable cell lines was confirmed using RT-PCR. In addition,
the cell surface assay with wild-type hemagglutinin (HA) epitope tagged at the N-terminus
MC2R (Wt-HA-MC2R) was performed to ensure cell surface expression of MC2R.
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Site directed mutagenesis
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Mutant MC2R expression constructs were generated by site-directed mutagenesis
(QuickChange®Il XL) using human Wt-HA-MC2R (Missouri S&T cDNA Resource
Center) as template. Primer sequences are available on request. The entire mutant MC2R
constructs were then sequenced to confirm the presence of specific mutations and ensure the
absence of unwanted errors.

assay

CHO cells stably expressing MRAPa (CHOa1) were seeded in 24 well plates and
transfected with Wt-HA-MC2R or mutated HA-MC2R. 24 hours post transfection, cells
were washed with PBS and fixed in 4% formaldehyde for 10minutes. Cells from one plate
were then permeabilised with 0.025% Triton. Both permeabilised and unpermeabilsed plates
were blocked with Odyssey® Blocking buffer (LI1-COR) for 1 hour, followed by incubation
with anti-HA antibody (1:1000) for 1 hour. Infrared-labelled secondary goat anti-mouse
antibody was then added at 1:1000 (Odyssey® Goat anti-mouse IR Dye @800CW) for one
hour. Thorough washes with PBS were crucial after each step. The plates were then
analysed with the LI-COR Odyssey® plate reader (800nm). The relative values of cell
surface expression of the receptors were calculated by the ratio of unpermeabilised and
permeabilised cells which was then normalised to wild type expression in each experiment.

ting and co-immunoprecipitation

Interaction of mutated MC2R with MRAPa was assessed by co-immunoprecipitation (Co-
IP) and immunoblotting as previously described (13;14) CHO cells were transiently
transfected with MRAPa-Flag, and mutant HA-MC2R constructs and twenty four hours
after transfection, cells were lysed with 0.1% D-dodecyl-p-maltoside in PBS in the presence
of protease inhibitors. Anti-HA agarose conjugate beads (Sigma) were added to the cell
lysate and incubated overnight, at 4°C. The beads were collected, washed thoroughly and
resuspended in SDS sample buffer before heating at 95°C for 10 minutes. The samples were
then subjected to immunoblotting using anti-Flag (Sigma) antibodies at a dilution of 1:2000,
followed by secondary antibody incubation (IRDye 800CW Goat Anti-Mouse IgG, LI-COR)
at 1:10000 for 1 hour and imaged with LI-COR's Odyssey Infrared Image System.

croscopy

CHOa1 cells were seeded into 12 well plates containing sterile cover slips and transfected
with either Wt-HA-MC2R, empty vector or mutated HA epitope-tagged MC2Rs for 24
hours. After fixing, the cells were permeabilised with 0.025% Triton and incubated with
blocking buffer (3% BSA, 10% donkey serum in PBS) to block non-specific binding for 1
hour. The cells were then incubated with mouse anti-HA antibody (1:200 dilution in buffer
A) for 90 minutes. This was followed by incubation with Cy™3-conjugated Donkey anti-
mouse antibody 1:100 (Jackson ImmunoResearch, PA, US) for 1 hour. For co-localization
with the ER, fixed and permeabilised cells were incubated with rabbit anti-calnexin
antibodies 1:300 (Sigma) and anti-HA antibody 1:200 in blocking buffer for 90 minutes.
Secondary antibody incubation was performed with Cy™3 (mouse) at 1:100 and Cy™?2
(rabbit) at 1:50 (Jackson ImmunoResearch, PA, US) for 1 hour. Nuclei were stained with
PBS containing 2pg/ml DAPI, 4 ,6-diamidino-2-phenylindole. The cover slips were then
carefully placed onto a clean slide and mounted with drops of fluorescent mounting media.
Fluorescent images were taken using a Zeiss LSM 510 confocal microscope.

CAMP reporter assay

Stable HEK293 MRAPa. (HEKa7) cells grown to 70-80% confluence in 6 well plates were
transfected with 1000ng of receptor expression plasmids along with 900ng a GSU-846
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luciferase and 100ng pRL-CMV Renillaluciferase plasmid constructs (14). 24-48 hours
after transfection, cells were stimulated with ACTH (10~’M) for 6 hours. Cell lysates were
collected and assayed using the Dual luciferase reporter assay system (Promega). Luciferase
activity was measured using a multiplate reader (Lumistar Omega BMG Labtech), and
values were normalised to the Renilla luciferase activity.

Statistical analysis

Results

The data reported are the mean = SEM of at least three independent experiments, performed
in duplicates. Statistical comparison was performed using unpaired two-tailed Student's t-
test, and Pvalues are indicated as *, £<0.05; **, £<0.01; ***, P<0.0001.

Cell surface expression of MC2R mutations

A clonal CHO cell line stably expressing human MRAPa (CHOa1) was established as a
host for transient transfection of N-terminal tagged HA MC2R and all 24 MC2R missense
mutations. A cell culture plate based assay was used to monitor cell surface expression of
epitope-tagged MC2Rs to the plasma membrane by detection of fluorescent signals (Figure
1). Eighteen out of 24 MC2R mutations demonstrated varying degrees of intracellular
retention when compared with wild type. These are subsequently referred to as the
trafficking-defective mutations. To confirm the result of cell surface expression assay,
confocal analysis of CHOa.1 cells expressing HA-MC2R mutants was performed (Figure 2).
Wild type MC2R displayed efficient cell surface expression in permeabilised cells. Similarly
D103N and R128C showed substantial plasma membrane expression, as did the other
mutants which reached the cell surface, (D20N, 144M, D107N and H170L-data not shown).
The trafficking-defective mutants such as R146H, T159K and Y254C (Figure 2D, E and F)
exhibit marked intracellular retention consistent with the results from the cell surface assay.
These mutants demonstrate ER retention, an example shown with T159K which co-localises
with calnexin (Figure 2J, K and L). The other trafficking-defective mutants also displayed
similar findings (data not shown). The majority of these mutations lie within the
transmembrane domain (10/18) and second intracellular loop (5/18) (Figure 3A). The S74l,
I1130N (Figure 2G and H) and T152K demonstrated partial trafficking impairment, which
did not reach a statistically significant difference on cell surface assay.

Of the six mutants with intact trafficking function, three are located in the extracellular
domain of MC2R (Figure 3B) consistent with the hypothesis that these mutations may lead
to failure of ligand binding. Interestingly, one of the trafficking-competent mutation located
within the 2" intracellular loop of the MC2R is the R128 substitution (R128C), which lies
within the highly conserved DRY (Asparagine-Arginine-Tyrosine) motif, which is required
for G protein coupling and activation (17;18). The schematic diagram in Figure 3 maps out
the distribution of the trafficking-defective and the trafficking-competent mutants.

Co-immunoprecipitation with MRAP

Considering the importance of MRAPa in cell surface expression and receptor function, we
investigated whether any mutation in MC2R leads to failure of interaction with MRAPa..
Wild type CHO cells were transiently transfected with MRAPa-Flag and either Wt-HA-
MC2R or mutant HA-MC2R. Immunoprecipitation of MC2R followed by immunoblotting
with anti-Flag antibody provides a qualitative indication of the interaction of Wt-MC2R and
MRAPa (Figure 4a). Interestingly, all of the MC2R mutants examined also interacted with
MRAPa. Figure 4b demonstrates interaction with MRAPa for L55P, 1130N, R137W and
G226R.
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Signaling function of the trafficking-competent mutants

To determine whether there is a loss of MC2R signaling in the mutants expressed at the cell
surface, HEKa7 cells were transfected with either Wt-HA-MC2R, untagged Wt-MC2R or
mutant HA-MC2R and stimulated with ACTH. The stable HEK cells were chosen in place
of the CHOa 1 because of their high levels of transfection efficiency, protein expression and
good cAMP responsiveness. Interestingly, results showed that the untagged Wt-MC2R
generated 40% more cAMP than Wt-HA-MC2R. Furthermore, both D20N and 144M
demonstrated similar function when compared with Wt-HA-MC2R (Figure 5). However, all
other mutants (D103N, D107N, R128C and H170L) had significant impairment of cAMP
generation, as seen by the decreased luciferase activity.

Discussion

In this study, we systematically characterized the functional defect of twenty four naturally
occurring missense mutations of the MC2R found in FGD type 1. It transpires that the
majority of the mutations traffic poorly to the plasma membrane despite direct interaction
with MRAP and those that do traffic efficiently mainly fail to signal after stimulation with
ACTH. This study provides a novel insight into the molecular mechanisms accounting for
the MC2R functional defects, and confirms the problem of MC2R trafficking from the ER as
that most likely to cause FGD type 1.

Four out of six trafficking-competent mutations, D103N, D107N, R128C and H170L, failed
to signal despite receptor cell surface expression. Previous studies found that both D103N
and D107N fail to bind ACTH (10;19).

The only receptor mutation which traffics successfully to the cell surface and is located
intracelluarly is R128C. This is an interesting mutation as it lies in the Asp-Arg-Tyr (DRY)
region in the second intracellular loop, which is the most conserved region of all GPCRs
(20). Indeed, the arginine residue in this motif is the only amino acid conserved among all
subclass 1 receptors (21). Substitution of the arginine residue within the highly conserved
DRY motif will abolish or drastically reduce G protein coupling (17;18) and is proposed to
represent the primary trigger for the release of GDP from the receptor-G protein complex
(22). Interestingly, substitution of the next amino acid in the DRY motif - the Y129C mutant
caused significant intracellular retention. Tyrosine is the least conserved of the triad
sequence, and in other GPCRs this tyrosine mutation often only marginally affects receptor
function, if at all (23).

Both D20N and 144M were found to have efficient cell surface expression and cell
signaling. 144M was described in a Finnish girl by Weber et a/ (6), as a compound
heterozygous mutation in combination with L192fs. This frame shift results in a nonsense
sequence of 54 residues followed by a premature stop codon. It is not clear how the 144M
mutation alters receptor function, if at all, as this isoleucine in the first transmembrane
domain is not a conserved residue and is substituted by the relatively hydrophobic
methionine in the bovine ACTH receptor. No novel splice site was created by either
mutation as predicted by analysis using http://www.fruitfly.org/seq_tools/splice.html. A
further possibility is that both D20N and 144M are in linkage disequilibrium with a more
functionally significant mutation elsewhere in the gene and outside the coding region such
as the previously reported -2 substitution in the MC2R promoter initiator element (24;25).
This is a relatively common polymorphism which is found in 6.5% of a healthy population
(25) and normal subjects homozygous for the rarer C allele displayed higher ACTH/cortisol
ratios in response to CRH testing (24). This variant has been proposed as a cause of FGD
when combined as a compound heterozygote with a frameshift mutation on the other allele
(25).
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The majority of the mutant receptors trafficked inefficiently to the plasma membrane.
Notably, the most severely affected mutations are located towards the C-terminus of the
receptor. Previous functional studies performed for a variety of mutations such as G116V
(26), R137W (27), R146H (6;10), T159K (10), C251F (19) and Y254C (27) all found that
there was impaired receptor signaling when stimulated with ACTH and low affinity for
ACTH binding. It is now apparent that this was because of impaired cell surface expression
of the receptors. We investigated the hypothesis that mutations that affect trafficking do so
by interfering with the interaction between MRAP and MC2R, as the latter plays an
important role in facilitating trafficking of the receptor to the cell surface. No mutation was
found to block this interaction, indicating that this was not the mechanism underlying
trafficking failure.

Several inherited diseases are now found to result from GPCR trafficking defects. These
include, rhodpsin mutations in retinitis pigmentosa (28), vasopressin 2 receptor mutations
causing nephrogenic diabetes insipudus (29) and GnRHR point mutations causing
hypogonadotrophic hypogonadism (30). The strict quality control mechanisms within cells
ensures that improperly folded proteins are targeted for degradation via the proteosome or
other pathways (31). Some low molecular weight compounds have been shown to inhibit
aggregation and/or enable mutant proteins to escape the quality control system and,
theoretically, this will result in the “rescue” of their function. These small molecules, named
chemical chaperones, are thought to non-selectively stabilise mutant proteins and facilitate
their folding (32). Receptor ligands or enzyme inhibitors, which selectively recognise the
mutant proteins and rescue conformational mutants, are referred to as pharmacological
chaperones, and these present promising therapeutic avenues (33;34). In principle this
approach could also be applied for rescuing MC2R mutations with trafficking defects, but
this therapy is not likely to be practical, as there already exists a simple and effective
treatment in the form of replacement with hydrocortisone.
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Figure 1.

Majority of MC2R mutations cause trafficking defects. The cell surface assay was used to
quantify cell surface expression comparing Wt-HA-MC2R with all 24 MC2R missense
mutations. The quantified relative values of cell surface expression are seen (n=3). *,/<0.05;
** £<0.01; ***, P<0.0001, relative to Wt-HA-MC2R. The majority of MC2R mutations
had significant reductions in cell surface expression. There is partial cell surface expression
in S741, 1130N and T152K, as there is no significance difference when compared with wild

type.

J Clin Endocrinol Metab. Author manuscript; available in PMC 2009 February 03.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

TTetal.

Page 10

Wt-MC2R

MRAP negative
+ Wt-MC2R

Calnexin ——

Figure 2.

Confocal analysis of MC2R mutants in permeabilised stable CHOa1 confirms results from
the cell surface assay. CHOa.1 cells were transiently transfected with A: Wt-HA-MC2R
(positive control); B: D103N; C: R128C all of which show good cell surface expression. D:
R146H; E: T159K and F: Y254C fail to reach the plasma membrane and are retained
intracellularly. G: S741 and H: 1130N have partial expression at the cell surface. I: Wt-
MC2R in MRAP negative cells was used as the negative control. J, K and L: MC2R
harbouring mutation T159K (red) co-localise with ER marker, calnexin (green). Cells were
incubated with anti-HA antibody (red) and nucleus stained with DAPI, 4”,6-diamidino-2-
phenylindole (blue). The scale bar represents 10um.
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Figure 3.
Pseudostructural plot of the MC2R mapping the locations of the 18 trafficking-defective
mutations in 2A and the 6 trafficking-competent mutations in 2B.
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Figure 4.
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MC2R mutations do not affect interaction with MRAPa. CHO cells transiently transfected
with empty vector, MRAPa-Flag, Wt-HA-MC2R or MRAPa-Flag + Wt-HA-MC2R are
immunoblotted with anti-Flag antibody (4A). Cell lysates were immunoprecipitated with
anti-HA and washed prior to SDS-PAGE and immunoblotting with anti-Flag antibody. Co-
immunoprecipitation study demonstrates that Wt-MC2R interacts with MRAPa., the major
isoforms are identified as shown by the arrow heads. IP = immunoprecipitation. * represents
light chain. CHO cells were transfected with Wt-MC2R, L55P, 1130N, R137W and G226R
mutants and MRAPa-Flag (4B). Cell lysates were immunoprecipitated with anti-HA and
washed prior to immunoblotting. Co-immunoprecipitation studies of these and all 20
additional missense mutations (data not shown) show interaction with MRAPa..

IP

J Clin Endocrinol Metab. Author manuscript; available in PMC 2009 February 03.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

TTetal.

0.29

*kk

0.1

*kk kkk

Relative Luciferase
(normalised to Renilla)

Figureb5.

* k%

Page 13

Most trafficking-competent mutants fail to signal. Luciferase assay was employed to assess
the effect of MC2R mutations on cell signalling in response to ACTH (10~M) in the
HEKa7 clonal cells. All trafficking-competent mutations were transiently transfected.

** p£<0.01; ***,P<0.0001 (compared with Wt-HA-MC2R). Despite good cell surface
expression, 4/6 mutations did not respond to stimulation by ACTH after 6 hours treatment.
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