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Abstract

The human luteinizing hormone/chorionic gonadotropin receptor (LHCGR) plays a fundamental role in male
and female reproduction. In males, loss-of-function mutations in LHCGR have been associated with distinct
degrees of impairment in pre- and postnatal testosterone secretion resulting in a variable phenotypic spec-
trum, classified as Leydig cell hypoplasia (LCH) type 1 (complete LH resistance and disorder of sex differ-
entiation) and type 2 (partial LH resistance with impaired masculinization and fertility).

Here, we report the case of an adolescent who came to the pediatric endocrinologist at the age of 12 years old
for micropenis and cryptorchidism. Testis biopsy showed profound Leydig cell hypoplasia and absent ger-
minal line elements (Sertoli-only syndrome). The sequence analysis of the LHCGR gene showed the pres-
ence of a compound heterozygosity, being one variation, c.1847C>A p.S616Y, already described in associa-
tion to Hypergonadotropic Hypogonadism (HH), and the other, ¢.29 C>T p.L10P, a new identified variant in
the putative signal peptide of LHCGR. Functional and structural studies provide first evidence that LHCGR
have a functional and cleavable signal peptide required for receptor biogenesis. Moreover, we demonstrate
the pathogenic role of the novel p.L10P allelic variant, which has to be considered a loss-of-function muta-
tion significantly contributing, in compound heterozygosity with p.S616Y, to the Leydig cell hypoplasia type

2 observed in our patient.
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Introduction

The human luteinizing hormone/chorionic gonadotropin receptor (LHCGR: OMIM #52790) belongs to the
class A G-protein-coupled receptor, and consists of 699 amino acid with a molecular weight of 85-95KDa
(2). Its gene is located on chromosome 2p21 and consists of 12 exons. Exons 1-10 and a part of exon 11 en-
code for the extracellular domain (ECD), which is responsible for ligand binding. The remaining exon 11 en-
codes for the transmembrane domain consisting of seven helices (TMH) and the intracellular C-terminal tail,
which are involved in signal transduction (2,3). The LHCGR transduces intracellular signaling cascades up-
on activation by the pituitary luteinizing hormone (LH) or the placental human chorionic gonadotrophin
(hCG). Its role is fundamental in male and female fetal sex differentiation and reproductive physiology (4).
Indeed, homozygous or compound heterozygous loss-of-function mutations in the LHCGR gene have been
described in males and females and have provided important insights into distinct physiological roles of LH
in reproduction of both sexes (5). Depending on the severity of the LHCGR inactivation, a variable spectrum
of disorders of sex differentiation (DSDs) has been described (6). In Leydig cell hypoplasia (LCH, OMIM
#238320), male to female DSD and absence of sexual maturation at puberty are the phenotypic features of
46,XY patients with the severe form of LHCGR resistance, also called LCH type 1. Patients with milder
forms of resistance, LCH type 2, have micropenis and/or hypospadias or only infertility without sexual am-
biguity. These patients present low testosterone levels unresponsive to the rise of endogenous LH concentra-
tions after pubertal age or to exogenous hCG stimulation associated to only slight reduction in testes size but
with variable LCH. Currently, more than 30 LHCGR variants have been identified with variable loss-of-
function (1). These inactivating variations are scattered throughout the different domain of the LHCGR, ei-
ther the ECD or the TMH or the C-terminal tail. Very recently a 27 bp deletion was detected in exon 1 at
amino acid number 12 involving the signal peptide region of the LHCGR (7). Nevertheless, no specific func-
tional studies were provided in this report regarding the role of the LHCGR signal peptide. Here, we report a
new case of LCH type 2 due to a biallelic defect in the LHCGR gene. One substitution, p.S616Y, was previ-
ously described in a patient with LCH (8), while the second one, p.L10P, is a novel substitution located in
the putative signal peptide of LHCGR. In this work, we have functionally characterized the LHCGR receptor
signal peptide and the impact of p.L10P substitution. We show that the signal peptide of LHCGR is indeed

necessary for receptor expression and trafficking, but not for the formation of a functional receptor entity and
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that p.L10P variant strongly impair receptor biogenesis.

Results

3.1 Patient characterization and genetic analysis

The patient, a 46 XY male, presented at birth with micropenis, cryptorchidism and hypospadias. At 5 years
of age, he underwent surgery for bilateral cryptorchidism. At 12 years, he came to the pediatric endocrinolo-
gist for the evaluation of auxological parameters and pubertal development: his height was >97°percentile
and weight >97°percentile, the Tanner stage was PH3 with a testicular volume of 4 ml bilaterally and defec-
tive penis length (2 cm; <2.5 SDS for age). Hormonal evaluation showed prepubertal total Testosterone (T
<0.69 nmol/L) with slight elevation of gonadotropin levels (LH=10.9 IU/L; FSH=6.5 IU/L), and an exagger-
ated response of LH to GnRH test and a poor increase of T to hCG stimulation (see Fig.1A). A second eval-
uation at the age of 15 years showed primary hypogonadism (LH=40.8 IU/L; FSH=16.0 IU/L; total T=4.09
nmol/L, Fig.1A). No other hormonal deficiencies were present. Testis biopsy showed profound Leydig cell
hypoplasia and absent germinal cells. The sequence analysis of the LHCGR gene showed the presence of a
compound heterozygosity: one variation, ¢.1847C>A (p.S616Y), was previously described in association to
LCH (8,9), and the other, ¢.29 C>T (p.L10P), revealed to be a new variant (Fig.1B).

Investigations in the family, revealed that the two parents were heterozygous carriers of the two variants,
with paternal allele encoding the p.S616Y variant and the maternal allele carrying the new variant. The nor-
mal phenotype of the parents indicates that one functional allele of the LHCGR gene is sufficient for normal
LHCGR function and reproductive processes.

3.2 The p.L10P variant do not completely abolish LHCGR activity but affect receptor expression

In a cCAMP stimulation assay on COS7 cells transfected with the wild type (WT) LHCGR or p.L10P variant,
the cells expressing the p.L10P construct respond to hCG with a reduced Emax (to 58.6% of the WT level)
and an equal ECs (0.063 IU/L versus 0.064 1U/L) in comparison with the wild-type LHCGR (Fig.2A).

The level of receptor expression on the cell surface was then investigated by immunofluorescence, using a
specific antibody directed against a linear epitope mapping in the LHCGR ECD, but far from the N-terminal
domain where is located the mutant p.L10P. As shown in Fig. 2B, the wild type LHCGR is correctly ex-
pressed and trafficked on the cell surface, whereas the L10P substitution results in a significant reduction of

receptor expression level. The WT LHCGR expression was also quantified through flow cytometry in non-
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permeabilized cells (Fig.2C) and we show that the cell surface amount of the p.L10P mutant is largely re-
duced to 14.6 + 2.17% (P < 0.001, ANOVA) of the WT receptor. Similarly, the total receptor expression
amount of p.L10P in permeabilized cells (Fig.2D) is drastically impaired (26.3 = 1.34% (P < 0.001, ANO-
VA) of the WT receptor), while the total receptor expression of p.S277L variant, already known to be an in-
tracellular retained mutant (10), is similar to WT. The ratios between membrane associated/intracellular re-
ceptors (panel 2E) are consistent with a prevalent trafficking defect for p.S277L and a prevalent synthesis de-
fect for p.L10P.

Finally the LHCGR expression was tested by Western blot experiments in COS7 transfected cells. Using a
specific antibody directed against the C-terminal domain of LHCGR, two bands of the expected molecular
size (Fig.2E, lane 2) can be seen in total homogenates of COS7 transfected with the WT receptor. The
amount of these two different receptor isoforms is drastically reduced (up to 80%, Fig.2F) in total homoge-
nates of cells transfected with p.L10P mutant.

3.3 The putative signal peptide of LHCGR is functional and cleavable

Because the p.L10P mutation is located in the hydrophobic region of the putative signal peptide of LHCGR,
the decreased receptor activity and expression may result from an altered function of the signal peptide itself.
Signal peptides of membrane proteins are predictable by computer programs such as SP Scan (Genetics
Computer Group, Madison, WI, U.S.A.). The human LHCGR receptor contains a putative signal peptide
when monitored with the program “Signal IP 3.0” (11,12) (Fig.3A). The likelihood of the identified signal
peptide in WT receptor sequence is very high (0.966) and the maximal cleavage site probability (cp) occurs
between residues Ala24 and Leu25 (probability: 0.662). According to the computational analyses, the
p.L10P substitution affects both of the above mentioned parameters: signal peptide and maximal cleavage
site probability are decreased at 0.702 and 0.286, respectively.

To assess whether the putative signal peptide of the LHCGR receptor is functional, the sequence for the N
tail of the receptor with signal peptide was fused with a His-tagged GFP as a soluble marker protein. Con-
structs containing the N tail of the CRF-R1 (Corticotropin-Releasing Factor Receptor 1) and CRF-R2a (Cor-
ticotropin-Releasing Factor Receptor 2a) were used as positive and negative controls, respectively. Alken
and colleagues (13) report that if a cleavable signal peptide is present in the N-terminal domain of the

LHCGR receptor, it should direct the soluble GFP marker to the endoplasmic reticulum (ER) and subse-
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quently via the secretory pathway to the cell culture medium. On the opposite, if the sequence does not con-
tain a functional signal peptide, the marker protein is expected to remain in the cytosol. According to this ap-
proach, we transiently transfected COS7 cells with these constructs and the GFP fluorescence signals were
localized by confocal LSM (Fig.3B). In case of the WT LHCGR receptor and CRF-R1 positive control, re-
ticular signals and a GFP-free nucleus (Fig.3B) can be detected, indicating that the fusion protein is directed
to the ER membrane and into the ER lumen. Moreover the presence of the GFP protein in the cell culture
medium (Fig.3C) shows that the N-terminal domain of LHCGR contains a cleavable signal peptide. In con-
trast, cytosolic and nuclear GFP signals are seen in the case of p.L10P mutant and CRF-R2a negative con-
trol, indicating that the mutant signal peptide is unable to mediate ER targeting/insertion of heterologous pro-
teins.

3.4 Specific mutations at position 10 of the LHCGR signal peptide are not predicted to disturb the secondary
structure

The potential effect of the p.L10P mutation on the LHCGR structure was estimated by assembling a complex
model between the signal recognition particle protein (SRP) and the signal peptide of the LHCGR.

SRP proteins include three domains: the N-terminal four-helix bundle (N domain), a Ras-like GTPase do-
main (G domain), and the carboxy-terminal methionine-rich (M-) domain (Fig.4A) that associates with SRP-
RNA and the signal peptide (SP) sequence (14).

Three subsequent portions (the n-, the h- and the c-region) generally constitute the signal peptides (see
Fig.4A). Amino acids in the h-region of the signal peptide (Fig.4A) are in a a-helical conformation, but the
helix probably extends to Arg23, with a bend at Pro19 and Pro20. It’s worth noting that three glutamates of
the SRP M domain are interacting in complementation with positively charged residues of a M domain loop
structure and arginines of the LHCGR SP C-terminus (Fig.4A). The p.L10P substitution is located at the
transition between the n- and the h-region of the SP. The n-region includes also few hydrophilic residues like
GIn9, which can interact with a glutamine at the SRP M domain. However, the hydrophobic part of the SP is
likely responsible for the correct relative orientation of the components (15). This orientation is finally also
critical for justifying of the M domain relative to the exit channel in the ribosome. The simulated substitution
of Leul0 to Prol10 in a complexed SRP/SP structure results only in a slight modification of the SP backbone,

however proline substitutions are known to induce structural modifications like helix-kinks (16). In order to
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asses and to distinguish if changes in biophysical properties or structural prerequisites at this position are
critical for the SP function, we created three additional “in silico” variants and experimentally tested the ex-
pression of the mutated LHCGR receptor by western blot analyses. A marked reduction of receptor expres-
sion is observed also when the leucine at position 10 is substituted by the polar amino acid serine (Fig.4B).
Indeed the p.L10S substitution should lead to different SRP/SP interaction pattern, like with hydrophilic
amino acids at the M domain, which would finally cause a dis-arrangement of the general complex architec-
ture. We therefore conclude, that the change in biophysical properties like hydrophobicity at this position is
responsible for observed dysfunction, rather than drastic changes in the secondary SP structure.

3.5 The pL10P variant is recovered by MG132 treatment

Typically, a cleavable signal peptide mediates ER targeting/insertion of the nascent chains. Therefore, the
reduced expression of the p.L10P mutant may result either from an impaired ER targeting/insertion of the re-
ceptor with an abnormal signal peptide, or from decreased transcription or translation. To exclude the latter
alternative, we performed Real Time PCR experiments with total RNA derived from transiently transfected
COS7 cells (Fig.5A). Both transcripts were present in similar amounts, demonstrating that differences in
transcription do not account for the reduced expression of the signal peptide mutant.

Taken together, our results indicate that the signal peptide of LHCGR improves one of the early steps of re-
ceptor biogenesis such as targeting and/or insertion. We thus speculate that the p.L10P substitution could
impair receptor biogenesis leading to a premature degradation of the immature receptor. To test this hypothe-
sis, COS7 cells transfected with the wild type and the p.L10P construct were treated with the proteasome in-
hibitor MG132 24 hours after transfection. Accordingly, treatment with MG132 leads to accumulation of a
lower molecular weight form (approximatively 65 kDa) in cells transfected with the p.L10P mutant com-
pared to the WT counterpart (Fig 5B). Moreover, immunofluorescence experiments shows the appearance of
an intracellular signal in cells transfected with the construct p.L10P following the treatment with the pro-
teasome inhibitor MG132 (Fig 5C). To further investigate the nature of this lower molecular weight form,
the lysates of MG132-treated cells were digested with PNGaseF, a glycosidase that removes all types of N-
linked glycans (Fig 5D). In accordance with previous published data (17), PNGaseF treatment affects elec-
trophoretic mobility of the two distinct WT-LHCGR species leading to the accumulation of a ~ 62 KDa low-

er band. On the contrary, the PNGaseF treatment does not affect the molecular weight of the ~65-kDa band
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observed in cells transfected with the p.L10P, indicating that the p.L10P protein should not be able to trans-
locate into the ER lumen but is rather located in the cytosol, where it cannot be glycosylated in accordance
with the GFP targeting experiments. Furthermore, the shift of the two different molecular species of WT-
LHCGR to a smaller size (~ 62 KDa) indicates that this protein species has undergone signal peptide cleav-
age, whereas the p.L10P 65-kDa fragment has not.

Discussion

We describe the functional impact of the new p.L10P substitution in the signal peptide of LHCGR that was
found in a male adolescent with LCH type 2. The sequence analysis of the LHCGR gene in this patient re-
vealed a compound heterozygosity, between p.S616Y and p.L10P inherited from the unaffected heterozy-
gous mother and father, respectively. Indeed, the in vitro results here shown, including the experiments after
co-expression of the different LHR isoforms (wt and/or L10P and/or S616Y) (see Supplemental Figure 1),
correlate well with the clinical expression of the disease in the family. Because the p.L10P insertion is locat-
ed in the hydrophobic region of the putative signal peptide of LHCGR, we thought that the decreased recep-
tor activity and expression (Fig.2A-D) might result from an altered function of the signal peptide itself.

Few data are presently available on the role of the signal peptide in the GPCR field. One possible role is to
mediate the translocation across the ER membrane if the N-terminal domain of a receptor cannot be translo-
cated post-translationally, as previously reported for the endothelin B receptor (18). Removal of such a signal
peptide leads to abnormally folded and non-functional receptors. A second role, as described for CRF-R1, is
to modulate receptor expression by a still incompletely understood mechanism (13). In the CRF-R1, the sig-
nal peptide precedes the N-terminal domain that can be translocated post-translationally, but it is not required
for the formation of a functional receptor.

In the present study, we provide a functional characterization of the cleavable signal peptide in LHCGR. We
show that an abnormal signal peptide does not completely abolish the LHCGR activity as both the wild-type
and the SP-mutant receptors were able to stimulate the adenylate cyclase system without significant changes
in the ECso (0,064 versus 0,063 1U/L) (Fig.2A). However, the signal peptide has a strong impact on receptor
expression. Western blot experiments, FACS analysis and confocal laser scanning microscopy (Fig.2B-D)
consistently revealed that expression of the p.L10P mutant is decreased by 70-80%. Since a mechanism for

specific mMRNA degradation in response to the synthesis of defective proteins was recently reported (13,19),
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we have also excluded the possibility that the sequence encoding the signal peptide has an effect on mMRNA
level or translation efficiency (see Fig.5A).

Thus the LHCGR signal peptide influences one of the processes of the early secretory pathway. It may facili-
tate targeting of the nascent chain—~SRP-ribosome complex to the ER membrane or alternatively prevent an
early degradation process. We explored the potential effect of this mutation on the protein structure assem-
bling by a structural homology complex between the signal recognition particle protein (SRP) and the signal
peptide of the LHCGR. The simulated substitution of Leul0 to Pro10 in a complexed SRP/SP structure re-
sults only in a slight modification of the SP backbone. However, based on insights from the model in combi-
nation with mutagenesis studies (e.g. Leul0Ser) we speculate, that the change in biophysical properties like
hydrophobicity at this position has effects on component justification (de-justification), which is likely re-
sponsible for the SP malfunction in the interaction with the SRP.

Typically, the signal peptide sequence is co-translationally recognized by SRP (20). The ribosome-nascent
chain-SRP complex is targeted to its receptor in the ER membrane where the nascent chain is translocated
into ER lumen by the Sec61p/TRAM translocon, and finally the signal sequence is removed by signal pepti-
dase (13,21-23). Based on our data, we hypothesize that the p.L10P mutation causes a disarray in the assem-
bling of the SRP/SP complex, thus interfering with the translocation of the nascent receptor chain into ER
lumen.

The experiments addressing signal peptide functionality of the p.L10P mutant strongly suggest that its signal
peptide is completely non-functional. However, the cAMP accumulation assay revealed that minor amounts
of the mutant are nevertheless present at the plasma membrane. On the one hand, these results indicate that
the signal peptide of the LHCGR is not an absolute requirement for a functional receptor similar to the signal
peptide of the CRF-R1 previously described (13). On the other hand, these results raise the question on the
rescue mechanism allowing minor amounts of the p.L10P mutant to reach the ER and consequently the
plasma membrane. In the absence of a functional signal peptide, the transmembrane segment 1 (TM1) of the
receptor could take over the ER targeting/insertion functions as a signal anchor sequence. In the case of the
p.L10P mutant, one may speculate that a small ancillary functional population could be successfully inte-
grated into the ER membrane by the signal anchor sequence mechanism and reach the plasma membrane.

This might be also dependent on the fact that we are working in heterologous cell system with an overex-
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pression of the mutant receptor and not in the natural host cells. However our data suggest that both ER tar-
geting/insertion or N tail translocation are mainly defective also by using such rescue mechanism. In the case
of the p.L10P mutant the larger receptors population may not even reach the ER membrane or may be mis-
folded due to an impaired N-terminal domain translocation. These receptors would be present in their non-
glycosylated form in the cytosol, rapidly degraded by the proteasome and consequently stabilized by MG132
treatment (Fig.5C).

In conclusion, we provide the first experimental evidences that LHCGR have a functional and cleavable sig-
nal peptide required for receptor biogenesis. Moreover, our in vitro results demonstrate the pathogenic role
of the novel p.L10P allelic variant, which is to be considered a novel loss-of-function mutation significantly
contributing, in compound heterozygosity with the p.S616Y mutation, to the Leydig cell hypoplasia type 2
observed in our patient.

Materials & Methods

2.1. DNA isolation and sequencing analysis

Genomic DNA from the patient and his parents was extracted from peripheral blood using the QlAamp DNA
Blood Mini Kit (Qiagen Inc., Valencia, CA, USA) and stored at —20°C until use. Written informed consent
was obtained from all the subjects. Exons of the LHCGR gene (GeneBank accession number NM_000233.3)
were amplified by PCR with intron spanning primers as previously described (24). Genomic DNA was se-
guenced using a CEQ Dye-Terminator Cycle Sequencing kit (Beckman Coulter Inc., Miami, FL, USA) ac-
cording to the manufacturer’s protocol. Sequence alignments were performed with DNAStar program
(DNAStar Inc., Madison, W1, USA). Sequences with DNA variations were confirmed from a separately
DNA extraction, PCR amplification and sequence reaction. All the sequence reactions were performed using
a CEQ XL2000 DNA Analysis System (Beckman Coulter).

2.2 Mutant expression vectors

Plasmid pSVL-hLHCGR (25) was a generous gifts from Dr. Sabine Costagliola (IRIBHM, Bruxelles, Bel-
gium) and it is based on the receptor sequence published by Minegishi et al (Minegishi et al, 1990; Rodien P
et al, 1998). Restriction enzymes were from New England Biolabs (Beverly, MA, USA); Pfu Turbo poly-
merase was from Stratagene (La Jolla, CA, USA). Go Taq polymerase from Promega (Madison, WI, USA).

Purified hCG was obtained from Sigma (Sigma Chemical CO, St Louis, MO, USA). The pSVL-hLHCGR
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vector was then used as template to introduce the allelic variant p.L10P by QuickChange (Stratagene; La Jol-
la, CA, USA) site-direct mutagenesis method using specific oligonucleotides.

Plasmids pCRF1 and pCRF2A were a generous gift of Prof. Ralf Schuelein. These vectors encode GFP fu-
sions to the N tail of the CRF1 and CRF2A receptor (position Alal21) with signal peptide, respectively, in
the vector pSecTag2A. In the case of the LHCGR, the N terminal sequence of the wild type and p.L10P sig-
nal peptide mutant (position 66) replace the N tail of the CRF1 in the pCRF1plasmid before the GFP se-
guence. An additional C-terminal His6 sequence in all four constructs allows the purification of the GFP fu-
sions.

2.3 Mutant Expression and functional studies

Signal transduction- For cCAMP determinations COS7 cells were seeded in 3.5 cm dishes and used 48h post-
transfection with FUGENE HD (Promega Corporation, Madison, WI, USA). Experiments were run in dupli-
cates dishes and repeated at least three folds. For intracellular CAMP level determinations we used a previ-
ously described method (25) using various concentration of purified hCG as stimulus. The results are ex-
pressed as fold of the WT. Concentration-effect curves were fitted with GraphPad Prism 5.0 (GraphPad
Software, Inc., San Diego, CA), and EC50 values were determined.

Fluorescence-activated cell sorting (FACS) analysis- COS7 cells seeded in 3.5 cm dishes were used 48h
post-transfection with 1ug of DNA (FUGENE HD). The immunoreactivity of transfected cells was deter-
mined after fixing them for 10 min on ice with 1% paraformaldehyde and treatment (only for permeabilized
cells) with 0.2% saponine for 30 min at RT. Receptor expression was determined by using the 4G2 mono-
clonal antibody and the fluorescine-conjugated y-chain-specific goat antimouse 1gG (Sigma, St. Louis, MO,
USA) as secondary antibody. The monoclonal antibody (mAb) 4G2 was obtained by genetic immunization
with the cDNA coding for the hLHCGR (Bonomi et al, unpublished results) as previously described (Costa-
gliola et al, BBRC, 2002) and it is directed against a linear epitope in the C-terminal portion of LHCGR
ECD, between the aminoacid 317 and 356. The fluorescence of 10,000 cells/tube was assayed by a FACScan
flow cytofluorometer (Becton Dickinson and Co., Franklin Lakes, NJ, USA).

Immunocytochemistry- COS7 cells were plated (1x10°) on sterile coverslips placed in 35 mm Petri dishes
and transfected with 1 pug of DNA. 24 hours after transfection, cells were washed with PBS, fixed with PBS

containing 3% paraformaldehyde (Sigma-Aldrich St. Louis, MO, USA) for 10 min at room temperature and
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rinsed twice with PBS. Cells were permeabilized with 0,1% Triton X-100 (Sigma-Aldrich, St. Louis, MO,
USA), blocked with 5% goat serum (Invitrogen, Auckland, NZ), incubated with primary antibody 1:10 in
goat serum (4G2) overnight at 4°C and incubated with the appropriate secondary antibodies (Alexa Fluor
488 goat anti-mouse IgG, Life Technologies, Carlsbad, CA, USA) 1:1000 for 1 h at room temperature. Final-
ly cells were mounted with SlowFade Gold antifade reagent with Dapi (Life Technologies, Carlsbad, CA,
USA). Images were acquired by using a laser scanning confocal system installed on a Nikon Eclipse Ti mi-
croscope with a 60X oil immersion objective. Alexa Fluor 488 was excited with a 488-nm argon laser and
detected with a 525-550-nm band pass filter.

Western Blotting- COS7 cells were plated (1x10°) in 35 mm Petri dishes and transfected with 1pg of DNA.
48h after transfection, cells were washed with PBS and suspended in 200 pl of RIPA Buffer (10 mM Tris-
HCI pH 7,2, 150 mM NaCl, 0,1% SDS, 1.% Triton X-100, 1% sodium deoxycholate, 5 mM EDTA) supple-
mented with protease inhibitors and lysed using a syringe with a small gauge needle. Homogenates were cen-
trifuged at 4000 x g for 10 min at 4 °C to remove cell debris. Protein content was assayed by the BCA pro-
tein Assay Kit (Pierce, Rockford, IL 61101 USA). Total proteins were fractionated by SDS electrophoresis
on NuPage 4-12 % Bis-Tris gel (Life Technologies) and electrotransferred onto nitrocellulose membranes
(Hybond-C super, Amersham Biosciences, Bucks HP97 9NA, UK). After blocking with TBS supplemented
with 5% non-fat dry milk and 0.1% Tween 20, membranes were incubated overnight at 4 °C with mAb 4G2
or anti-GAPDH (Santa Cruz Biotechnology sc-25778) as internal control. After three washings in TBS-0.1%
Tween solution, membranes were incubated for 1 h at room temperature with a 1:10000 dilution of peroxi-
dase-coupled goat anti-mouse antibody. Antibody-protein complexes were then detected using the Novex
ECL Chemiluminescent substrate reagent kit (Life Technologies, Carlsbad, CA, USA) followed by autoradi-
ography. For deglycosylation reactions with N-glycosidase F (PNGaseF), the manufacturer’s instructions
were followed (New England Biolabs, Westburg, Leusden, The Netherlands).

MG132 treatment-The proteasome inhibitor MG132 (Z-Leu-Leu-Leu-al, purity ~80% HPLC, Sigma-Aldrich
St. Louis, MO, USA) was dissolved in DMSO (Sigma-Aldrich St. Louis, MO, USA) at 100 mM stock solu-
tion and stored at —20°C. COS?7 cells were plated at 1x10° cells/well in 35mm Petri dishes or sterile co-
verslips placed in 35 mm dishes and transfected with 1ug of DNA. 24 hours after transfection, cells were

treated with 10 uM of MG132 for different time points (from 8 up to 24 hours) or DMSO as control . Subse-
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quently cells were washed with PBS and processed for immunocytochemistry and western blotting as previ-
ously described.

2.4 Quantitative detection of secreted GFP fusion proteins

Secreted GFP fusion proteins were analyzed by confocal laser scanning microscopy and immunoblotting.
COS7 cells (1x10°) grown on glass coverslips in 35-mm diameter dishes were transiently transfected with
plasmid DNA (1 pg) and FUGENE HD according to the supplier’s recommendations. Cells were incubated
overnight, washed once with PBS, and mounted with SlowFade Gold antifade reagent with Dapi (Life Tech-
nologies, Carlsbad, CA, USA). Images were acquired by using a laser scanning confocal system installed on
a Nikon Eclipse Ti microscope with a 60X oil immersion objective. Alexa Fluor 488 was excited with a 488-
nm argon laser and detected with a 525-550-nm band pass filter.

COST7 cells (4x10°) grown on 100 mm diameter dishes were transiently transfected with 6 pg of plasmid
DNA and 20 ul of FUGENE HD. After 24h the cell-culture medium (8 ml) was collected and cell debris was
removed by centrifugation (5 min, 200 g). TALON metal-affinity resin beads (500 pl bed volume) were
washed twice with washing buffer (37 mM Na2HPO4, 11mM NaH2 PO4 and 300 mM NacCl, pH 7.0) and
added to the cell-culture medium. The sample was incubated for 30 min to allow coupling of the His-tagged
GFP fusion proteins with the beads. Resin beads were collected (2 min, 700 g), washed three times with
washing buffer and resuspended in 200 pl of elution buffer (37 mM Na2HPO4, 11 mM NaH2PO4, 300 mM
NaCl and 150 mM imidazole, pH 7.0). The GFP fusion proteins were solubilized for 15 min and the resin
beads were separated by centrifugation as described above. For Western-blotting detection of the CRF1 se-
creted fusion proteins, 30 pl of the resulting supernatant was treated with PNGase F. The sample was sup-
plemented with Laemmli buffer (60 mM Tris/HCI, 2%, w/v, SDS, 10%, v/v, glycerol, 5%, v/v, 2-
mercaptoethanol and 0.1%, w/v, Bromophenol Blue, pH 6.8), incubated for 3 min at 95°C and proteins were
analyzed by SDS/ PAGE/immunoblotting as previously described. Secreted proteins were detected with the
polyclonal rabbit anti-GFP (Roche, 11814460001).

2.5 Real-time guantitative PCR (qPCR)

Total RNA was isolated from subconfluent (~90%) cells seeded in 10 cm diameter Petri dishes, by using a
Qiagen RNeasy Protect Mini kit (Quiagen, Italy) according to manufacturer instructions. Total RNA concen-

tration was spectrofotometrically quantified, and structural integrity of the RNA samples was confirmed by
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electrophoresis in 1% Tris-borate-EDTA (TBE)-agarose gels. After digestion with DNAse | (Sigma-Aldrich,
Italy), 2 ug of mMRNA were retro-transcribed to cDNA via SuperScript 11 Reverse Transcriptase (Life
Thecnologies, Italy). Real-time qPCR assays were performed in a 25 ul reaction volume containing 12.5 pl
2x SYBR Green | PCR Master Mix (Applied Biosystems, USA), 10 (actin) or 50 ng (all the other genes)
cDNA, 10 uM forward and reverse primers. Reactions were performed in 96-well pultraAmp PCR Plates -
FastPlate96 (Sorenson) using the ABI Prism 7900 high-throughput sequence detection systems (Applied Bi-
osystems) and data were processed by the associated SDS software version 2.3 (Applied Biosystems).

For each gene an amplification curve was made to evaluate the amplification efficiency. The sequences of
forward and reverse primers are: LHCGR forward primer 5’-ctgccgagctatggcctag-3’and reverse primer 5°-
attctgttcttttgttggcaagtt-3’; GAPDH: forward primer 5'-gggaagcttgtcatcaatgga-3' and reverse primer 5'-
cgccccacttgattttgg-3'. After each PCR, a melting curve was always made, to check for specificity of PCR.

2.6 Structural homology modeling of an SRP/LHCGR SP complex

To build a structural homology complex between the signal recognition particle protein (SRP) and the signal
peptide (SP) of the LHCGR we used as a homology model-template the high resolution structure from Sul-
folobus solfataricus in complex with a signal peptide from yeast dipeptidyl aminopeptidase B (pdb code
3KL4, PMID: 20364120, sequence KLIRVGIILVLLIWGTVLLLKSIPHH). The crystallized signal peptide
was modified towards the LHCGR signal peptide by side-chain substitutions (sequence 7-
ALQLLKLLLLLQPPLPRALR-26) and fitted it into the SRP domain M binding site (as suggested by the
template) by bioinformatic methods like energy minimization and dynamic simulations.

In short, after substitution of the amino-acids from the LHCGR into the determined peptide structure, the
peptide and M domain were energetically minimized until converging at a termination gradient of 0.05
kcal/mol*A, by fixing the backbone atoms and by using the AMBER 7 force field. This step was followed
by a dynamic simulation of 1.5 ns with restraint backbone atoms to justify the side-chains optimal to each
other. A further dynamic simulation step was proceeded for 0.5 ns without any constraints on the protein
structure. The resulting entire system was again minimized. This protocol was repeated with the bound L10P
variant starting with the initial substitution step. We also performed single SP peptide modifications without
the M domain. For this purpose the original SP peptide was extracted from the complex structure and the

LHCGR side-chains were substituted, for wild type and the L10P mutant. The dynamic simulation (2 ns) of
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the isolated peptides without backbone constraints showed generally high flexibility for both peptides (de-
formation of the backbone) without contacting partners. For modeling procedures the software Sybyl-X 2.0
version was used (Certara, NJ, US). Structure images were produced using the PyMOL software (The

PyMOL Molecular Graphics System, Version 1.3 Schrddinger, LLC).
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Legends to Figures

Fig.1. Patient phenotype and genomic analysis of the LHCGR gene. (A) Hormonal evaluation of proband.

Reference range: (1) M.B. Ranke and P.E. Mullis, Karger, 2011. (2) W. Tabb Moore and Richard C. East-

man, Moshy, Diagnostic Endocrinology, 2° edition, 1996.(3) Segal TY, Mehta A, Anazodo A, Hindmarsh

PC, Dattani MT, JCEM 2009, 94(3):780-5 (B) Histological sections of a biopsy of the patient’s right testis

(15 years old) at different magnifications (4x and 20x). Testis were processed for paraffin sectioning,

mounted on glass slides and stained with hematoxylin and eosin by standard procedures. The Leydig cells

are not visualized, and seminiferous tubules with a thick basal membrane and Sertoli cells can be seen with-

out evidence of germinal cells. (C) DNA sequence analysis of the proband LHCGR gene.

Fig.2. Effects of the pL10P mutation on LHCGR function and expression. (A) hCG-induced cAMP produc-
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tion of transiently transfected COS7 cells. cCAMP response to increasing concentrations of hCG in COS7
cells transfected with constructs containing the wild type LHCGR or the p.L10P mutation is shown. B) Intra-
cellular distribution of the wild type LHCGR or the p.L10P mutation in COS7 cells. Immunofluorescence
images of fixed cells expressing the wild type LHCGR , the p.L10P and the S277L variants, captured 48h af-
ter transfection. Images are representative of three independent experiments. Scale bar, 10um. FACS analy-
sis of intact (C) and permeabilized (D) COS7 cells transiently transfected with the wild type LHCGR or the
p.L10P and S277L variants. Results are expressed as fold of WT. (E) Ratio between membrane associat-
ed/intracellular receptors. Data are derived from FACS analysis on intact and permeabilized cells.(F) West-
ern blot of COS7 cells transfected with WT LHCGR or the p.L10P mutation and lysed in RIPA buffer 48h
post transfection. While in the LHCGR an accumulation of the two distinct species with molecular masses of
6575 kDa, 85-95 kDa was observed, in the mutated protein we observed a faint signal (approx. 20% of the
wild type) only 48h post transfection. Anti-GAPDH antibody was used as internal loading control. (G) Quan-
titative densitometric analysis of the blots, based on 3 different experiments (mean £SEM). All statistical
analyses were performed using Prism 5. Differences between WT and mutant receptors were tested for statis-
tical significance by using 1-way ANOVA followed by Tukey’s test (** p<0,01, *** p<0,001, ns_not signif-
icant)

Fig 3. Experimental proof of the signal peptide cleavage of LHCGR. (A) Depiction of the signal peptide se-
guences of the LHCGR receptor (upper panel) and the L10P mutant (lower panel). The probabilities of the
presence of n (green), h (blue), and c (light blue) regions and the cleavage probabilities (cp, red) are indicat-
ed for each signal peptide in a score ranging from 0 to 1. (B) Representative cartoon of the fusion protein en-
gineered between the GFP and the N-terminal domain of wild-type or mutated LHCGR and the two control
receptor, CRF-R1 and CRF-R2a: the signal peptide is shown as grey box and the N-terminal domain is de-
picted as a black line. (C) Localization of the GFP fluorescence signals of LHCGR and its signal peptide mu-
tant p.L10P in transiently transfected COS7 cells by confocal LSM. The corresponding constructs of the
CRF-R1 and CRF-R2a receptor were used as a control for signal peptide primary functions. Scale bar, 10
pm. (D) Detection of secreted, purified constructs by immunoblotting using a monoclonal anti-GFP anti-
body. In each lane, the isolated protein of 4* 10° cells was loaded. The immuno-blot is representative of

three independent experiments.
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Fig.4. The structural homology model visualizes the putative general mode of binding and detailed interac-
tions between parts of the LHCGR signal peptide (SP) and the signal recognition particle (SRP).

(A) The SRP model is subdivided into three domains (N-, G-, and M- domain) according to the determined
high resolution structure (pdb code 3KL4, SRP54, bacterical SRP homologue, PMID: 20364120) that served
as a structural model-template. The crystallized signal peptide was modified (side-chains were substituted)
towards the LHCGR (from position Ala7 to Arg26) and fitted by energy minimization and dynamic simula-
tions into the SRP domain M (translucent surface and backbone-ribbon presentation). Of note, we highlight-
ed the signal peptide amino acids as lines, or in case of Leul0 (green) and the substitution L10P (cyan) as
sticks. The biophysical properties of the side-chains are visualized by different colors: green-hydrophobic,
red-negatively charged, orange-hydrophilic and uncharged, blue-positively charged. These colors are also
visible at the M-domain surface and it reflects, therefore, complementary biophysical properties at the
SRP/SP complex. (B) Western blot analysis of cells expressing the wild type LHCGR, the naturally occur-
ring p.L10P variant or the “in silico” designed LeulOlle (p.L10l1), Leul0Ser (p.L10S), and LeulOAla
(p.L10A) variants.

Fig.5. Premature degradation of the p.L10P variant. (A) mRNA expression of LHCGR and signal peptide
mutant p.L10P in transiently transfected COS?7 cells by Real Time analysis. GAPDH mRNA was used to
normalize template levels. Values represent the relative expression compared to controls (LHCGR/GAPDH
MRNA levels). The gPCR is representative of three independent experiments. (B) Western blot analysis of
cells expressing the wild type LHCGR or the p.L10P mutation treated with proteasome inhibitor MG132 for
24 hours. In cells transfected with the p.L10P mutant and treated with MG132 we observed the robust accu-
mulation of an immature form of the LHCGR receptor (approximately 65kDa) respect to the wild type coun-
terpart. (C) Immunofluorescence images of fixed cells expressing the WT LHCGR or the p.L10P mutation
treated with proteasome inhibitor MG132 for 24 hours. Images from empty vector (pSVL) and S277L vari-
ant have been acquired as controls. Images are representative of three independent experiments. Scale bar, 10
pm. (D) The 65-kDa p.L10P species is not glycosylated, indicating a cytosolic location. COS7 cells were
transfected with the wild type LHCGR or the pL10P mutation and treated with proteasome inhibitor MG132
for 24h. Protein was extracted in RIPA buffer, left untreated (—) or treated with PNGaseF, and subsequently

analyzed using Western blotting.

GTOZ ‘v Jequieidas uo oue|iN 1p 1pNIS 1Bep yiseAIUN e /B1o'sfeunofpioxo Buuy//:dny wouy pepeojumoq


http://hmg.oxfordjournals.org/

Table 1. Hormonal evaluation of the patient

Variable
LH (IUL) Basal

FSH(UL) Basal

T (nmolL) Basal

AGC vest peck

Reference Range (1.2,3)

Pre-pubertal: < 5.0
Adult: 1.7-8.6

AR

Peri-pubertal: 2-3 fold x basal
Adult: 2-5 fold x basal

Pre-pubertal: <3.0
Aduit: 1.5-12.4

Peri-pubertal: 2-3 fold x basal
Adult: 1-2 fold x basal
Pre-pubertal
10-lyears: 0.17-17
12-14 yeays: 0.35-1985

15-17 years:7.6-27.8
Adult: 9.7-27.8

>3.6

12yr
109

713

6.5
104

<0.69

149

15yr
40.8

16.0

4.09
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