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Mutations of Desert hedgehog (DHH) have been associated to 46,XY pure gonadal dysgenesis (PGD) and to
mixed gonadal dysgenesis (MGD); however, there have been no functional studies of mutations described in
DHH. To determine if mutations p.L162P and D1086delG yield functional impairment, we performed in vitro and
in silico analysis of both DHH mutants. In complementary DNA of DHH, we performed site-directed muta-
genesis, which was confirmed by DNA sequencing. Protein extracts were obtained from HEK293cells transfected
with different constructs and analyzed by Western blot; besides, densitometric analysis of chemiluminescent
signals was performed. In addition, the structure of the wt-DHH and its two mutant proteins was inferred using
in silico protein molecular modeling. In the Western blot analysis, we observed the absence of signal for p.L162P
in DHH-N and a diminished signal for D1086delG in DHH-C, when compared to wt-DHH. Protein modeling
showed notable conformational changes for the side chains of p.L162P, while the secondary structure was
drastically modified in D1086delG, when compared to wt-DHH. To our knowledge, this is the first study focused
to determine by in vitro studies, the effect of two specific mutations in DHH associated with 46,XY PGD and
MGD. Our results suggest that both mutations have a deleterious effect on the expression of the DHH mutant
proteins.

Introduction

Male sex determination in mammals depends on the
presence of the SRY gene located on the Y chromo-

some, as well as on the action of several other genes located
on autosomal and X-linked loci, which are involved in the
testis-determining pathway. A determinant event in testicu-
lar organogenesis is the specification of somatic cell lineages
which include Leydig cells, Sertoli cells, and peritubular
myoid cells. The specification of these lineages is critical for
establishing testis morphology and hormone production
(Yao et al., 2002).

One of the genes involved in testis development is Desert
hedgehog (DHH), a member of the hedgehog family of sig-

naling proteins, which also includes Sonic hedgehog (SHH)
and Indian hedgehog (IHH) (Ingham, 1998). In humans,
DHH is constituted by three exons and encodes a protein of
396 amino acids (Tate et al., 2000). Diverse evidences support
that Dhh/DHH is involved in testis differentiation, that is, it
has been demonstrated that differentiation of peritubular
myoid cells and the consequent formation of testis cords is
regulated by Dhh (Clark et al., 2000; Pierucci-Alves et al.,
2001). Likewise, Dhh/Ptch1 signaling triggers Leydig cell
differentiation by upregulating the Steroidogenic Factor 1
and P450 Side Chain Cleavage enzyme expression in Ptch1-
expressing precursor cells, which are located outside the
testis cords (Yao et al., 2002). Kawai et al. (2011) reported a
missense mutation in the Dhh gene that resulted in impaired
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2Unidad de Investigación en Obesidad, Facultad de Medicina, Universidad Nacional Autónoma de México, México, D.F., México.
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Leydig cell development in mp/mp rats, suggesting that this
mutation was responsible for the presence of pseudo-
hermaphrodite phenotypes of mp/mp rats. Furthermore, in
46,XY subjects with gonadal dysgenesis, mutations in this
gene have been described (Umehara et al., 2000; Canto et al.,
2004, 2005; Das et al., 2011; Paliwal et al., 2011).

In previous studies, our research group reported muta-
tions in the DHH gene in three individuals with 46,XY
complete pure gonadal dysgenesis (PGD), as well as in two
individuals with mixed gonadal dysgenesis (MGD) (Canto
et al., 2004, 2005). One individual with complete PGD had a
mutation located in the amino-terminal domain of the DHH
protein (p.L162P), while four individuals (two with complete
PGD and two with MGD) had a mutation in the carboxy-
terminal domain, consisting of a deletion of one nucleotide in
exon 3 (D1086delG, p.L362).

To our knowledge, there have been no functional studies
of mutations described in the DHH gene. Therefore, to de-
termine if mutations p.L162P and D1086delG yield functional
impairment, we performed in vitro analysis of both DHH
mutants. In addition, we analyzed the structure of both
mutated DHH proteins by using molecular modeling.

Methods

Site-directed mutagenesis and constructs

Complementary DNA of DHH was obtained from the
OriGene Company, TrueClone Human Collection, SC122903,
Homo sapiens DHH as transfection-ready DNA (OriGene
Technology, Inc.). On this plasmid, site-directed mutagenesis
of DHH was carried out using the QuickChange Mutagenesis
Kit (Stratagene), according to the manufacturer’s instruc-
tions. The mutagenic primer used for DHH-c.T485C
(p.L162P) was 5¢-CAAGTATGGGTTGCCGGCGCGCCTCG -3¢
(the bold and underlined base indicate the mutant nucleo-
tide); and for DHH-DG1086 was 5¢-CCTTGAGACT*CTG
CACGCGCTAGG-3¢ (the * means that a G nucleotide was
deleted). Polymerase chain reaction conditions consisted of
an initial denaturing step at 95�C for 1 min, followed by 18
cycles of amplification, divided into a denaturing step at
95�C for 50 s, an annealing step at 60�C for 50 s, an extension
step at 68�C for 7 min, and a final extension at 68�C for 7 min.
By this procedure, we obtained the constructs pCMV6-
XL5 + DHH-c.T485C and pCMV6-XL5 + DHH-DG1086. All
constructs were screened in Escherichia coli DH5a strain and
transformed into an E. coli BL21 (DE3) strain for expression.
The integrity of the construct was confirmed by DNA se-
quencing, on an automated DNA sequencer ABI 377 (Perkin-
Elmer, Applied Biosystems Division) using the DNA
Sequencing Kit BigDye� Terminator Cycle Sequencing Ready
Reaction (PE Biosystems), following the protocol supplied by
the manufacturer.

Cell culture and transfection

HEK293 cells were kindly provided by Dr. Felipe Vilchis
and Dr. Bertha Chávez (Instituto Nacional de Ciencias
Médicas y Nutrición ‘‘Salvador Zubirán,’’ México City) and
were cultured in growing conditions in the Dulbecco’s
modified Eagle’s medium (DMEM; Gibco Life Technology,
Co.), supplemented with 10% fetal bovine serum in a hu-
midified atmosphere at 37�C and 5% CO2. Once the cells

were confluent, differentiation was induced substituting the
growing medium by the DMEM containing 1% horse serum.

One microgram of each construct was transiently trans-
fected using Lipofectamine 2000 (Life Technologies, Invitro-
gen) according to the manufacturer’s instructions. Control
cells were obtained from HEK293 cells transfected with the
empty vector.

Western blot and densitometry analysis

Protein extracts were obtained from HEK293cells trans-
fected with the different constructs using the ProteoJet
membrane protein extraction kit (Fermentas, Thermo Scien-
tific Molecular Biology, Life Science), according to the man-
ufacturer’s instructions, and quantified by Bradford Protein
Assay (BioRad Laboratories, Inc.).

An aliquot of each of the protein extracts (30mg of each
one) was mixed with an equal volume of 2 · sample buffer
(1.5 mM Tris-HCl [pH 6.8], 10% sodium dodecyl sulfate
[SDS], 5% b-mercaptoethanol, 8% glycerol, 0.05% bromo-
phenol blue) and boiled for 5 min before analysis by 10%
SDS-polyacrilamide gel electrophoresis and Coomassie bril-
liant blue staining. A replica of the gel was electrotransferred
onto a polyvinyl difluoride membrane (Amersham Phar-
macia Biotech), which was incubated 1 h at 37�C in a
blocking buffer (phosphate-buffered saline, 6% low-fat dry
milk) and 1 h at 37�C with the polyclonal goat antibody anti-
DHH-N-17 (for the c.T485C-DHH) or anti-DHH-C-terminus
(for the DHH-DG1086) (SC-1197 and SC-33940; Santa Cruz
Biotechnology) a 1:100 dilution, followed by 1 h at 37�C with
rabbit anti-goat HRP-conjugated IgG (1:5000 dilution). As a
negative control, a rabbit anti-goat HRP-conjugated IgG
(Santa Cruz Biotechnology) was used. Immunoblots were
developed using an ECL Plus detection kit (Amersham
Biosciences). Negative controls were HEK293 cells without
the constructs; glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) detection was used for normalization of densito-
metric data. Experiments for each kind of DHH proteins
were repeated in four independent experiments.

Densitometric analysis of chemiluminescent signals was
performed with the Alpha Imager Software from Alpha
Imager Gel Documentator (Alpha Innotech Corporation).
Significance was assayed using the Mann–Whitney U test.
Data were obtained from at least four independent experi-
ments, carried out with different preparations of wt-DHH
and with both mutant DHH proteins.

Molecular modeling of wild/mutant DHH proteins

To analyze the potential effects of mutations on the human
DHH structure and to infer the potential consequences on
the protein folding and functionality, homology molecular
modeling of the proteins was done; we built DHH models
submitting to the Swiss-model (Schwede et al., 2003; Arnold
et al., 2006) and I-Tasser (Zhang, 2008) servers the original
protein sequence of human DHH ([www.ncbi.nlm.nih.gov/
sites/entrez], ID: O43323.1, GI: 6166118, 396 amino acids), a
manually edited sequence with a change at position 162
(p.L162P), a sequence with a deletion at residue 362, and a
sequence with a deletion that spanned from residues 362 to
370. For each protein, seven models were generated and
evaluated by submitting them to different assessment tools
as previously described (Soriano-Ursúa et al., 2011). The
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evaluation and selection of the models were carried out by
taking into consideration their root mean square deviation,
TM-score, C-score (Zhang and Skolnick, 2004), the stereo-
chemistry of polypeptide chain configurations from Ra-
machandran plots, as well as the score and observations
from Swiss-model server tools.

Prediction of structural consequences

To find out possible folding changes in the selected
models, they were analyzed by the straightforward Mole-
cular Dynamic minimization process. Briefly, samples were
subjected to a refinement process in vaccuo during 10,000
steps at 0 K by using the steepest descendent protocol and
the CHARMM27 parameters implemented in the Nanoscale
Molecular Dynamics (NAMD 2.6) program (Phillips et al.,
2005). The resultant refined models were structurally ana-
lyzed as described for their respective unrefined forms.

Additionally, to make a more accurate prediction on the
protein stability changes resulting from single amino acid
mutations, the structure with the point mutation at position
162 was submitted to three servers: MU-Pro, which uses
support vector machines to predict protein stability changes
for single amino acid mutations (Cheng et al., 2006), SDM, a
server that predicts effects of mutations on protein stability
and malfunction (Worth et al., 2011), and the SNAP
(screening for nonacceptable polymorphisms) server, which
predicts the functional effects of single amino acid substitu-
tions (Bromberg et al., 2008).

Results

Constructs codifying for wt-DHH and both mutant DHH
proteins (p.L162P and DHH-DG1086) were transiently
transfected in HEK293 cells, and their expression was mon-
itored by Western blot analysis using two polyclonal antisera
recognizing specifically DHH-N or DHH-C.

The immunoblotting analysis, showed an immunoreactive
band of 43.5 kDa in cells transfected with the wt-DHH con-
struct, which corresponds to the full-length uncleaved DHH
protein (Fig. 1A, lane 2). Regarding cells transfected with the
DHH-DG1086 mutant construct, a band corresponding to
39 kDa (Fig. 1A, lanes 3 and 4) was observed, which was in
concordance with the predicted molecular mass, after taking

into consideration the deletion of 30 amino acids. However,
the intensity of the band of the mutant DHH-DG1086 was
diminished when compared to the full-length wt-DHH band.
Protein loading was verified using GADPH, which corre-
sponded to 37 kDa (Fig. 1B).

Noteworthy, the signal corresponding to the precursor
protein that harbored the p.L162P mutant (located in the N-
terminal domain) was not evident in the performed Western
blot (data not shown); this result was reproduced in four
independent experiments. Besides, we could neither observe
the bands corresponding to the amino (19 kDa) or carboxyl
fragments (24.3 kDa).

To evaluate the relative protein quantities of wt-DHH and
the DHH-DG1086 mutant protein, intensity of the band was
measured in arbitrary optic density units, which was nor-
malized with GADPH bands intensity; results are presented
in percentage. In this regard, the mutant DHH-DG1086
protein showed a decreased level of 33.75% when compared
to the wt-DHH, this difference was statistically significant
( p < 0.05).

The DHH models were built using, as templates, data
from crystallized fragments of Hedgehog family proteins
(PDB codes: 3N1G, 3N1Q, 2WFR, 3K7I, 1AT0, 1VHH); those
with the highest score were evaluated. The models obtained
were deposited in the Protein Model Data Base (http://mi
.caspur.it/PMDB) with the following identification codes:
PM0078947 for wt-DHH, PM0078948 for the DHH-p.L162P
mutant protein, and PM0078948 for the DHH-DG1086 mu-
tant protein.

Moreover, protein segments with an alpha-helix or a beta-
sheet secondary structure were conserved in the p.L162P
mutant protein when compared with wt-DHH, but differ-
ences in coil segments were notable. Furthermore, bioinfor-
matics analysis of the p.L162P mutant protein threw score
values associated with defects in the stability or protein
folding (Table 1). These findings indicate that the mutation
located at position 162 is predicted to be highly destabilizing
and could cause protein malfunction.

In the refined form of wt-DHH of p.L162P, it was ob-
served that coils are predominant; as well as two clusters
with segments of the antiparallel beta-sheet and six alpha-

FIG. 1. Identification and analysis of full-length Desert
hedgehog (DHH) and the D1086delG mutant of DHH-C.
Analysis was performed by Western blot using antibodies
against DHH-N, DHH-C, and GADPH whose signal is pre-
sented as loading controls (B). In (A), the expected immu-
noreactive bands for wt-DHH (43.5 kD) (lane 2) and
D1086delG mutant DHH-C (39 kD) (lanes 3 and 4) are
shown. A rabbit anti-goat HRP-conjugated IgG control was
used as negative control (lane 1).

Table 1. Results from the Computational Analysis

of the p.L162P DHH-N Mutant Form

of Desert Hedgehog

Server Score Consequence

MU-Pro Pseudo delta
delta G: - 4.85

Decrease of the stability
of protein structure

SDM Delta delta G: - 4.87 This mutation is predicted
to be highly destabilizing
and causes protein
malfunction and disease

Confidence score:
- 0.18585369

SNAP Reliability: 6 This is considered a
non-neutral mutation,
can be related to
protein malfunction

Expected
accuracy: 93%

DHH, Desert hedgehog.
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helix segments (Fig. 2). Although this secondary structure
was preserved in the p.L162P mutant protein (Fig. 3C), this
mutant protein presents remarkable changes in the side
chains of residues at position 154, 156, 158, 174, and 178 in
comparison to the wt-DHH (Fig. 3A, C).

Regarding the DHH-DG1086 mutant protein, it presents
secondary structure modifications when compared to wt-
DHH (Fig. 3A). This mutant form showed only a cluster of
antiparallel beta-sheet and five alpha-helix segments. Be-
sides, there were evident changes in the secondary structure
of the regions that interact with cell adhesion molecules or
with the calcium or zinc binding region (Fig. 3D).

Discussion

The hedgehog (hh) gene was identified and isolated from
Drosophila melanogaster (Nüsslein-Volhard and Wieschaus,
1980). D. melanogaster has a single ortholog hh gene, while
mammals have three paralogous genes called SHH (MIM
*600725), IHH (MIM *600726), and DHH (*MIM605423),
which encode for signaling molecules that play an important
role in regulating morphogenesis (Ingham and McMahon,
2001). All known hedgehog proteins are synthesized as pre-
pro-proteins, whose signal peptide is removed during their
traffic through the endoplasmic reticulum, followed by an
autocatalytic cleavage into an N-terminal domain (DHH-N),
and a C-terminal domain (DHH-C) implicated in the au-
toproteolysis reaction (Porter et al., 1996).

Studies in animals show that Dhh is involved in testicular
differentiation (Clark et al., 2000; Pierucci-Alves et al., 2001;
Yao et al., 2002; Kawai et al., 2011), and that this function is
conserved among mammals (O’Hara et al., 2011); besides,
mutations have been described in this gene in individuals
with 46,XY PGD (Umehara et al., 2000; Canto et al., 2004; Das

et al., 2011; Paliwal et al., 2011) and MGD (Canto et al., 2005).
However, DHH is the signaling molecule of the HH family
least-studied since; so far, there are only five reports of
mutations in this gene and there are no functional studies of
mutated DHH proteins.

The p.L162P mutation, located in the mature amino-
terminal domain of the DHH protein (which presents all the
known biological activity of the molecule), leads to a non-
conservative amino-acid substitution, changing a highly
conserved amino-acid among Hh of the D. melanogaster, SHH
and IHH proteins (Roessler et al., 2009). Traiffort et al. (2004)
characterized for the first time the biochemical and biological
properties of several missense mutations located within the
SHH-N domain, demonstrating that some of these mutations
affect the stability of the SHH precursor protein or the SHH-
N fragment and its biological activity. In this sense, we did
not observe, by the Western blot analysis, neither the full-
length DHH precursor nor the DHH-N peptide harboring
the p.L162P mutant; this may be due to the synthesis of an
unstable mutant protein, or that the primary antibody may
not be able to recognize the structure of the mutant protein.
The 3D structural analyses of the DHH p.L162P mutant
protein, predicted that the secondary structure is conserved
(Fig. 3A, C), but this mutation is highly destabilizing, which
may cause protein malfunction and/or susceptibility to
proteolytic degradation.

Like it has been proposed by Traiffort et al. (2004), for
mutations in SHH-N, our model of DHH-N indicates that the
p.L162P mutated residue belongs to a cluster of amino acids
that lie on the surface of the protein. Therefore, it is plausible
that this region may interact directly with an as yet un-
identified protein stabilizing or preventing further degrada-
tion of DHH-N or alternatively, of DHH protein before
autoproteolysis. On the other hand, although the cluster of

FIG. 2. Computational ap-
proach of the structure for the
wt-DHH. Residues of amino
acids involved in interactions
with cell adhesion molecules
downregulated by oncogenes
(CDO) or brother of CDO, or
those included in a cluster
that interacts with calcium
and/or zinc are shown as
bonds. Residue in position
162 also is represented as
bonds and with a black line.
A black sphere was depicted
in the amine or carboxyl-ter-
minal region of DHH.
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residues for interaction with calcium or zinc are conserved in
the p.L162P mutant protein with respect to wt-DHH, notable
changes were found for the side chains of residues in posi-
tions 154, 156, 158, 174, and 178, which are also involved in
the interaction with cell adhesion molecules downregulated
by oncogenes (CDO) or brother of CDO (BOC) proteins,
which have an important role among mammalian Hh pro-
teins, since all of them (SHH, IHH, and DHH) interact with
CDO and BOC in a conserved manner (Kavran et al., 2010).
Likewise, Das et al. (2011) found a p.D90del in DHH-N in
46,XY subjects with complete gonadal dysgenesis, and their
docking studies showed that the mutant protein presents an
altered binding model with BOC, thus leading to a less stable
complex as compared to the wild DHH. In this regard, the
p.L162P mutant protein model obtained showed proximity
with the region related to the interaction with cell adhesion
molecules; likewise, there were also notable conformational
changes in the lateral chains of this region (Fig. 3C) that may

reduce the exposed surface and the interaction with other
molecules.

Regarding the D1086delG mutant DHH protein, this de-
letion is located in the C-terminal tail of the DHH-C protein
and leads to a nonconservative amino acid substitution,
changing a highly conserved amino acid among the Hh of
the D. melanogaster, SHH and IHH proteins (Roessler et al.,
2009). Besides, this mutation induces a decreased expression
of the mutant protein, as compared with the wild type. Lee
et al. (1994) examined the effects of several distinct types of
mutations in the carboxy-terminus domain of hedgehog of
D. melanogaster, demonstrating that deletion or modification
of residues, within this domain, are associated with the ab-
sence or reduced efficiency of autoproteolysis of the protein.
Like it has been observed by Lee et al. (1994), the D1086delG
mutant DHH protein presented a reduced expression
(33.75%), when compared to the full length, which may be
the effect of an inefficient autoproteolysis. On the other hand,

FIG. 3. Computational approach of the similarities/differences between the wt-DHH (A, B), the p.L162P DHH-N mutant
(C), and the D1086delG DHH-C mutant (D). In (A, C), the residue in position 162 is represented as bonds and with an arrow.
In these panels, only residues in positions 80 to 180 were depicted for clarity. Notable conformational changes were found for
the p.L162P mutant protein (C), specifically in the side chains of residues at positions 154, 156, 158, 174, and 178 when
compared to the wt-DHH (A). In (B, D) the complete structure of DHH and residues after position 351 are depicted in lighter
gray. Residues showed as spheres are those in positions 154, 156, 158, 174, and 178 for spatial reference. The secondary
structure for the D1086delG DHH-C mutant (D) is modified when compared to the wt-DHH (A). Indicates a 90� rotation
of the (B) figure in relation to the (A) figure.
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Traiffort et al. (2004) also characterized the biochemical and
biological properties of mutations located within the SHH-C
domain; one of these mutations was located in the 383 po-
sition of the SHH-C protein, which corresponds to the ho-
mologous position of our D1086delG mutant DHH protein.
These authors compared the crystal structure and molecular
studies of the autoprocessing domain of hedgehog of D.
melanogaster, of a construct lacking the last 63 amino acids at
the C-terminal and observed that this mutation was able to
form the intermediate thioester, but failed to transfer cho-
lesterol, suggesting a direct role in cholesterol binding for
this region. Thus, they proposed that structural modifica-
tions introduced by the A383T of SHH-C (which is located in
the same region of the deletion in Hh-C described above),
could prevent further binding and/or the transfer of the
cholesterol molecule.

Additionally, Kawai et al. (2011) described a mutation in
the C-terminal region of Dhh (p.G332R), in a rat with a
pseudohermaphrodite phenotype, finding that the DHH
protein was not detected by Western blotting in the testicular
extracts of the mp/mp rats, suggesting that this mutation has
a significant effect on the Dhh protein in the testis.

Moreover, the molecular modeling of the DHH-DG1086
mutant protein showed that several changes may be induced
by this mutation. The secondary structure was drastically
modified since we only found a cluster with segments in
antiparallel beta-sheet and five alpha-helix segments. Be-
sides, the deletion in the carboxyl-terminal region impacts
the second cluster, with segments in antiparallel beta-sheet
(Fig. 3D) and the spatial disposition of nearby segments. All
these structural modifications may affect the spatial dispo-
sition of residues involved in the interaction with the cell
adhesion molecules according with the description by Kav-
ran et al. (2010) (see spheres in Fig. 3B, D).

In conclusion, to our knowledge, this is the first study fo-
cused to determine, by in vitro studies, the effect of two specific
mutations in the DHH gene associated with the presence of
46,XY gonadal dysgenesis and MGD. Our results suggest that
both mutations may induce the synthesis of mutant proteins
prone to degradation, and they modify the C-terminal sec-
ondary structure as well as the interaction with cell-adhesion
molecules. Likewise, these data expand the knowledge about
the mammalian family hedgehog proteins.
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