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Abstract
Purpose To identify the contribution of mutations in the Desert Hedgehog (DHH) gene to the disorders of sexual differentiation
(DSD) and male infertility.
Methods The study included a total 430 subjects, including 47 gonadal dysgenesis cases, 6 patients with undescended testis and
infertility characterized by azoospermia, 125 infertile male patients characterized by oligoasthenozoospermia, 24 patients with
oligoasthenoteratozoospermia, and 200 ethnically matched normozoospermic fertile men who had fathered a child in the last two
years. Sequencing of the complete coding region of the DHH gene was undertaken to find its contribution to the DSD and male
infertility.
Results We observed four novel mutations in the DHH gene in the cases with different reproductive anomalies. A synonymous
substitution, c. 543C>T (p.His181His) was observed in 6.6% oligoasthenozoospermic infertile males and 1.5% normozoosper-
mic fertile control samples (RR = 4.4077, 95%CI 1.19–16.29). Another synonymous substitution, c.990G>A (p.Ala330Ala) was
observed in an infertile patient with unilateral undescended testis (case #12). Insertion of G at c.1156insG (p.Arg385fs) was
observed in a case with bilateral undescended testis and azoospermia (case #23). In gonadal dysgenesis category, two mutations,
insertion of G at c.1156insG (p.Arg385fs) and c.997A>G (p.Thr333Ala) substitution were observed in one case (case #34).
These mutations were completely absent in control samples.
Conclusion Mutations in the DHH gene impact reproduction with mild mutations affecting fertility, and severe or multiple
mutations resulting in gonadal dysgenesis.

Keywords DHH gene . Gonadal dysgenesis . Male infertility . Cryptorchidism

Introduction

Testis differentiation begins with SRY expression in the
Sertoli cell precursors. The Sertoli cells eventually initiate

the process of spermatogenesis. Although the complete cell-
cell and molecular interactions in spermatogenesis are not yet
elucidated, a few major molecular events have been
deciphered. It has been shown in cell cultures that Sertoli-
derived cell line supported meiotic progression of the germ
cells [1, 2]. There are several signaling factors secreted during
this process of germ cell development [1]. One of these, the
desert hedgehog (Dhh) gene in mice starts expressing at the
testis differentiation stage and continues to express in the adult
testis [3, 4]. Out of three hedgehog family members, only
DHH is expressed in the testis [5]. DHH signaling protein is
produced by the Sertoli cells [6] and its receptor is localized on
the cells of interstitium in 12.5dpc gonads, which suggests its
role in the initiation of Leydig cell differentiation [7]. Its ex-
pression in spermatocytes and round spermatids in the adult
mouse testis suggests its role in spermatogenesis [8, 9].
Hedgehog signaling transmits its signals via the activation of
Gli transcription factors. In the absence of DHH ligand,
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inhibition of Smoothened (SMO); the full-length glioma as-
sociated oncogene (GliFL) undergoes proteolytic cleavage to
Gli repressor (GliR) after phosphorylation. GliR represses the
transcription of hedgehog target genes. On binding of hedge-
hog ligand to its receptor, the complex internalizes and is
degraded by lysosomes, relieving SMO protein. The SMO
protein through suppressor of fused (SUFU) protein signals
the release of Gli activator, resulting in the activation of its
target genes [10].

DHH gene in humans is located on 12q12-q13.1 and is
composed of 3 exons encoding a protein of 396 amino acids
[11]. Dhh expression (begins at 11.5 dpc) follows Sry expres-
sion (begins at 10.5 dpc). There is no expression of Dhh gene
in female mice during this developmental stage or later [4].
This indicates the role of Dhh gene in the initial architectural
organization of the testis. Dhh expression continues even in
the later embryonic stages [4], where Sry expression is lost
[12]. DHH signaling seems to be important for communica-
tion between the Sertoli and germ cells [4], which is critical to
testicular development and spermatogenesis. Dhh continues
to express even in the adulthood, indicating its plausible role
in the initiation and maintenance of spermatogenesis [6]. The
components of hedgehog signaling such as PTCH1, PTCH2,
SMO, SUFU are present in both mitotic and meiotic germ
cells. The increased expression of Sufu in the later stages of
spermatogenesis, such as round spermatids and elongating
spermatids adds to an active regulatory role of DHH signaling
in spermatogenesis [5, 8]. Dhh knockout had no effect on
female development and fertility, but male mouse lacked germ
cells, had reduced Leydig cell number and were infertile [4,
7]. Similarly, ectopic expression of Gli1 resulted in meiotic
arrest [13]. All the above-provided evidence suggests a critical
role of DHH signaling in the early embryonic testicular devel-
opment, spermatogenesis in the adult and male fertility.

Gonadal dysgenesis most often results from mutations in
the genes participating in the early stages of testis differentia-
tion. Apart from the SRY and SOX9 genes, mutations in the
DHH have been identified in the gonadal dysgenesis patients
[14–25]. However, its expression in the adult testis also makes
it an ideal candidate for screening of mutations in male infer-
tility. As mentioned above, DHH mutations have been ex-
plored in gonadal dysgenesis, but no study has been conduct-
ed on infertile male subjects or cases with reproductive anom-
aly other than gonadal dysgenesis. We hypothesized that mu-
tations in the DHH gene could result in gonadal dysgenesis,
loss of spermatogenesis or complete abolition of spermato-
genesis without affecting the development of external geni-
tals. Therefore, we undertook sequencing in the complete cod-
ing region of the DHH gene in the cases with partial/complete
gonadal dysgenesis and infertile males with apparently normal
external genitals and well-descended testis, and infertile males
with unilateral or bilateral undescended testis.

Materials and methods

Subjects and clinical history

The patients were recruited through the Institute of
Reproductive Medicine (IRM), Kolkata, India and King
George’s Medical University, Lucknow, India. The patients
reported to the hospital either due to sexual ambiguities, pri-
mary amenorrhea or male/female infertility. A detailed history
of each patient was taken along with physical examination. In
addition to the patient, information regarding the siblings was
collected, wherever possible.

The study included a total 430 subjects, including 47 go-
nadal dysgenesis (19 patients characterized by complete go-
nadal dysgenesis, 28 patients with partial gonadal dysgenesis),
6 patients with undescended testis and infertility characterized
by azoospermia, 125 infertile patients characterized by
oligoasthenozoospermia, but with apparently normal external
genitals and well-descended testis, 24 patients with
oligoasthenoteratozoospermia and normal external genitals
with well-descended testis, and 200 ethnically matched nor-
mozoospermic fertile men who had fathered a child in the last
two years. Partial gonadal dysgenesis patients presented with
female external genitals, blind ending vagina, rudimentary
uterus, and abdominal gonads with testis on one side and
undifferentiated gonad on the other. Individuals with complete
gonadal dysgenesis presented with female external genitals,
blind ending vagina, rudimentary uterus, and abdominal un-
differentiated gonads on both sides. Four of the undescended
testis cases had unilateral anomaly and two had bilateral
anomaly. Peripheral blood samples were collected with in-
formed written consent of each subject.

The classification of the infertile patients into groups was
done according to the WHO 2010 criteria [26]. Infertility du-
ration in these patients ranged from 2.5 to 7 years.
Oligoasthenozoospermic cases were characterized by sperm
count less than 15 million per ml and total motility less than
40%. Oligoasthenoteratozoospermia was defined as sperm
count less than 15 million per ml, total motility less than
40%, and abnormal sperm shape <4%. All structural deformi-
ties, including the head, mid-piece, and tail were considered
for defining teratozoospermia. Normozoospermic fertile men
had sperm count >15 million per ml, total motility >40%, and
normal forms >4%, considered normal as per the WHO 2010
criteria. In all infertile patients, female factors were ruled out
upon a detailed standard clinical investigation including reg-
ularity of menstruation, ultrasonography for structural normal-
cy of female reproductive system, intravaginal sonography for
follicular development for at least one menstrual cycle, hor-
mone levels, BMI, and/or the presence of significant co-mor-
bidities. Semen profiles of infertile cases and controls are pro-
vided in Table 1.
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Cytogenetic analyses

In order to rule out chromosomal abnormalities as the cause,
cytogenetic analysis was undertaken in the cases with gonadal
dysgenesis as per the protocol detailed in a previous study
[27]. Briefly, peripheral blood lymphocyte cultures were set
up in duplicate for all family members in 5-ml culture vials
with Roswell Park Memorial Institute (RPMI) media (Sigma-
Aldrich, Munich) supplemented with 10% fetal calf serum
(Sigma-Aldrich, Munich). Cells were cultured in the presence
of penicillin-streptomycin-gentamycin. Phytohemagglutinin
was added to stimulate cell division. Dividing cells were
arrested at the metaphase stage with colchicin and fixed in
methanol and acetic acid (3:1). Fixed cells were dropped onto
glass slides and allowed to air dry. Chromosomes were G-
banded by treating the preparations with trypsin followed by
staining with Giemsa (Sigma-Aldrich, Munich).

Gonadal histology in gonadal dysgenesis patients

To figure out gonadal dysgenesis, histology was performed in
this group of patients as per the protocol detailed elsewhere
[28]. Gonads were removed surgically in 19 patients charac-
terized by complete gonadal dysgenesis and 28 patients with

partial gonadal dysgenesis. Gonadal tissue was fixed with
10% buffered neutral formalin solution at room temperature
for 7 days. Tissue was dehydrated with isopropanol, cleared
with xylene at room temperature, and impregnated with par-
affin wax at 58°C. Tissue embedded in paraffin wax was cut
into 4-mm thick sections with a Leica RM2135 microtome
(Leica, Germany). The sections were directly taken on egg
albumin–coated glass slides and kept at 60°C for 1 hour.
Slides were dewaxed with xylene and stained with hematox-
ylin followed by eosin. After staining, the slides were
mounted with dipthyline xylene and observed with an
Axioplan imaging system (Zieman, Zeiss, Germany).
Images were captured at different magnifications.

Genetic analyses and DNA sequencing

DNA was extracted from peripheral blood by the protocol
described in our earlier study [12]. The gonadal dysgenesis
cases were ruled out for mutations in the SRY, SOX9, DAX1
and SF1 genes by sequencing the complete coding regions
including exon-intron boundaries of these genes. Briefly, all
exonic regions of these genes along with the exon-intron
boundaries were amplified by PCR and subjected to Sanger
sequencing for the identification of mutations. Similarly,

Table 1 Semen parameters of infertile and control groups. Data are provided as mean + SD

Parameters OA infertile cases (N =
125)

OAT infertile cases (N =
24)

Controls (N =
200)

One-way
ANOVA

Tukey’s post hoc test

Age (years) 36 + 3.5 36 + 2.3 37 + 4.3 P = 0.06 OA vs OAT: P = 0.99

OA vs Control: P = 0.07

OAT vs Control: P =
0.46

Semen volume (ml) 2.8 + 1.48 3.1 + 1.54 2.9 + 1.39 P = 0.61 OA vs OAT: P = 0.62

OA vs Control: P = 0.81

OAT vs Control: P =
0.79

Sperm count
(million/ml)

9 + 4.5 10 + 4.2 65 + 40 P = 0.00 OA vs OAT: P = 0.98

OA vs Control: P = 0.00

OAT vs Control: P =
0.00

Sperm motility (%) 23 + 9.5 16 + 12 63 + 16.5 P = 0.00 OA vs OAT: P = 0.07

OA vs Control: P = 0.00

OAT vs Control: P =
0.00

Progressive motility (%) 11 + 10.5 8 + 9.1 45 + 11 P = 0.00 OA vs OAT: P = 0.42

OA vs Control: P= 0.00

OAT vs Control: P =
0.00

Normal morphology >4% 2% >4% – –

*OA, oligoasthenozoospermic; OAT, oligoasthenoteratozoospermic
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infertile male individuals were ruled out for the Y-
chromosome deletions, specifically for the markers recom-
mended by the European Academy of Andrology (EAA) [29].

The complete coding region of the DHH gene along with
exon-intron boundaries was amplified using primers detailed
in Table 2. The amplicons were directly sequenced using
dideoxy chain terminator cycle sequencing protocol
(BigDyeTM) and ABI 3730 DNA Analyzer (Applied
Biosystems, USA) [30]. Multiple sequence alignment, editing
and consensus sequences building were undertaken using the
AutoAssembler software (Applied Biosystems, USA). The
sites of mutation were sequenced in three independent PCR
products in forward and reverse directions to confirm the pres-
ence of each mutation.

Results

No cytogenetic abnormality in any case

Cytogenetic analyses of all gonadal dysgenesis patients re-
vealed no numerical or structural chromosomal abnormality.
All individuals with gonadal dysgenesis had a normal 46, XY
karyotype in 80 karyotypes analyzed for each patient.

Histology

Out of a total 47 cases of gonadal dysgenesis, histology con-
firmed complete gonadal dysgenesis in 19 individuals and
partial gonadal dysgenesis in 28 individuals. Partial gonadal
dysgenesis patients presented abdominal gonads with testis on
the one side and undifferentiated gonad on the other while
individuals with complete gonadal dysgenesis presented ab-
dominal undifferentiated gonads on both the sides.

DHH mutations in gonadal dysgenesis and infertility
cases

We sequenced the complete coding region of the DHH
gene along with exon-intron boundaries. Four novel muta-
tions in the DHH gene in the cases with different reproduc-
tive anomalies were observed (Fig. 1). A synonymous sub-
stitution, c. 543C>T (p.His181His) CAC-CAT, was ob-
served in 6.6% (8 out of 121) oligoasthenozoospermic in-
fertile males. This substitution was observed in 1.5% (3 out
of 200) normozoospermic fertile control samples as well.
The substitution conferred a risk ratio of 4.4077 (95% CI,
1.19–16.29). Another synonymous substitution, c.990G>A
(p.Ala330Ala) GCG-GCA, was observed in an infertile
patient with unilateral undescended testis (case #12). The
patient had a normal male phenotype with apparently nor-
mal external genitals. The mutation was absent in control
samples. Insertion of G at c.1156insG (p. Arg385fs) posi-
tion in exon 3 was observed in a case (#23) with bilateral
undescended testis and azoospermia. The patient had small
penis and scrotum but was apparently normal otherwise.
The insertion resulted in a frameshift beyond codon 385,
and introduced delayed termination. This mutation was ab-
sent in the control samples. Gonadal dysgenesis is a higher
degree of abnormality when compared with male infertili-
ty. In gonadal dysgenesis category, mutations were ob-
served only in one case with external female genitals and
poorly developed breasts, and complete gonadal dysgene-
sis (#34). We observed two mutations in this case: inser-
tion of G at c.1156insG (p. Arg385fs) position in exon 3
(as reported above in an infertile man) and ACG-GCG
c.997A>G (p.Thr333Ala) substitution. This mutation was
completely absent in control samples.

Discussion

Umehara et al. (2000) identified the first mutation (missense
ATG-ACG) in the initiation codon of the DHH gene in a
patient having partial gonadal dysgenesis accompanied by
minifascicular neuropathy. The patient described by
Umehara et al. had minifascicular neuropathy similar to the
peripheral nerve abnormalities seen in Dhh null mice [14].
Looking at the concordance of the phenotype between Dhh
null mutant mice and human subjects, the authors concluded
about the pathogenic nature of this mutation. The authors em-
phasized on the quantitative effects of Dhh mutations and
added that a heterozygous mutation in this gene was insuffi-
cient to cause partial gonadal dysgenesis similar to the pheno-
type in heterozygous null mice. Later, Canto et al. (2004)
reported two mutations in the complete gonadal dysgenesis
patients, an L162P homozygous substitution in exon 2 in
one patient and a homozygous 1084delG in exon 3 in two

Table 2 The list of primers used for amplification of the coding region
of the DHH gene

Exon # Sequence (5’-3’)

EXON 1 F-ACACACTTCAGTCGCAAAATGGA

R- TCTTGTCCTCACTAACTCTCCTGT

EXON 1 F- TATGATGGTTTGTCAGTAGCAGGT

R- AGGCTAAACTCTCTGTAGGTGA

EXON 2 F- TAACAAAGAATCAACCCTCCT

R- TAGGGTGGCAACAGTACTACT

EXON 3 F- ATGACTGGCGATATCTGCGCT

R- AGCAAGAGGCCAGGACATCGTT

EXON 3 F- TTTGTGGCTGTGGAGACCGAGT

R- AGCCCCATATCTCAGCCAGCA

EXON 3 F- ATGCATTGGTACTCTCGGCT

R- TCCCAAAGACCCTGCTGAGGA
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patients [16]. The same group in a later report identified the
preceding mutation 1086delG in heterozygous form in two
other patients with mixed gonadal dysgenesis [17]. This report
further indicated that DHH mutations act in a dose-dependent
manner. Homozygous and heterozygous mutations in the
DHH gene in various degrees of gonadal dysgenesis, such as
complete gonadal dysgenesis (CGD), partial gonadal dysgen-
esis (PGD), PGD with neuropathy, PGD with primary amen-
orrhea have been reported [14–25] (Fig. 2).

We observed a synonymous mutation (His181His) associ-
ated with infertility characterized by reduced sperm count
(oligoasthenozoospermia). Another similar synonymous
change GCG 330 GCA (Ala330Ala) was observed in an in-
fertile man with partially descended testis in an individual
who was otherwise healthy. Most of the synonymous

mutations are either silent or cause little aberrance such that
they remain silent. However, it has been reported that synon-
ymous changes in codons may affect the stability of mRNA,
thus affecting the level of the corresponding protein [31]. Not
only this, synonymous changes in the codons have also been
shown to differ in the translation efficiency due to codon us-
age preference [32]. For example, CAC codon for histidine is
more efficiently used than CAT codon in E. coli. It is possible
that such preferences exist in humans too. Another reason
behind the molecular effects could be related to the generation
of small or long non-coding RNAs from this locus. To analyze
this possibility, we aligned all hairpin and mature miRNAs
available at miRBase to the DHH gene, finding no miRNA
originating from this locus. Analysis of lncRNAs using CNIT
server (coding non-coding identifying tool) and Noncode

Fig. 1 Sanger sequencing
electropherograms with mutation
sites highlighted

Fig. 2 DHH mutations reported in gonadal dysgenesis cases
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Database (http://www.noncode.org) identified three lncRNAs
( NONHSAT 0 2 8 0 6 9 . 2 , NONHSAT 0 2 8 0 7 0 . 2 ,
NONHSAT028071.2) originating from the DHH gene, of
which at least one (NONHSAT028070.2) overlapped with c.
543 C>T mutation. However, the impact of this change on
lncRNA function remains unknown. We hypothesize that
the partial loss of DHH function due to His181His and
Ala330Ala substitutions could be due to codon usage
preference, altered mRNA stability, or change in the
function of regulatory RNAs originating from this gene,
resulting in male infertility.

An insertion of G at 4944 position in the third exon resulted
in a frameshift beyond codon 385, resulting in delayed termi-
nation. The frameshift resulted in the change of all amino
acids beyond the point of insertion, causing a greater anomaly.
Accordingly, this case (#13) presented with severe abnormal-
ities characterized by undescended testis, smaller penis, and
infertility (azoospermia). This mutation, in combination with
another mutation, ACG 333 GCG (Thr333Ala), was observed
in a case with complete gonadal dysgenesis (#14). The indi-
vidual bearing these two mutations presented with female ex-
ternal genitalia, blind ending vagina, rudimentary uterus, and
complete gonadal dysgenesis. The severe phenotypic effect in
this individual was probably the result of more than one mu-
tation introducing changes in the protein sequence. The sever-
ity of the effect in this case could also be due to the replace-
ment of a polar amino acid (Thr) with a non-polar one (Ala).
The association of synonymous mutations in the DHH gene
with lesser degree of defect (male infertility), non-
synonymous with higher degree of defect (male infertility
with undescended testis), and non-synonymous mutation with
even higher degree of anomaly (sex reversal with gonadal
dysgenesis), suggests that DHH functionmutations may result
in quantitative loss of function. The varied effect of two syn-
onymous substitutions in the present study may be due to
different locations in the protein sequence, which defines the
level of the loss of function due to a particular mutation. The
preceding findings not only suggest the dosage dependent
effect of DHH mutations, but also the role of this gene in
proper testis differentiation, development of the external gen-
itals, and the onset and maintenance of spermatogenesis.

Dhh null mutant mice have peripheral nerve abnormalities.
These include perineurial cells ectopically located within the
endoneurial space, which formed minifascicles around small
groups of nerve fibers. Umehara et al., (2000) observed sim-
ilar minifascicle formation in a partial gonadal dysgenesis
patient with methionine-threonine (ATG-ACG) mutation.
Later, Canto et al. (2004) reported two other mutations in this
gene in gonadal dysgenesis; however, they reported no symp-
tom of nerve dysfunction [16]. None of the patients in the
present study had any symptom of nerve dysfunction. This
may indicate that the location of mutation in this gene is prob-
ably more important in determining the loss of nerve function.

It would also be interesting to explore if it is the extent of loss
of DHH function that determines the nerve abnormality.
However, no functional assay has been conducted till date to
understand the relation between the degree of the loss of DHH
function and gonadal dysgenesis or nerve phenotype.

We observed none of the previously reported DHH gene
mutations in our cases. This may be due to ethnic variations in
the samples analyzed. Since DHH signaling plays roles from
the beginning of testis differentiation to adult testis during
spermatogenesis, there are more opportunities for analyses
of this gene in a variety of the cases presenting anomalies of
the male reproductive system including infertility, ambiguous
genitalia, and sex reversal with gonadal dysgenesis, etc.
Crystal structure of the DHH protein is not available till date.
We believe that the determination of crystal structure of DHH
protein should help in explaining the phenotypes arising as a
result of mutations in this gene. Our study shows that the
prevalence of DHH mutations in the patients with disorders
of sexual differentiation is low. This could be due to their
direct impact on reproductive fitness and fertility. In the genes
that affect fertility, the mutations are not inherited, and new
mutations arise de novo. Only mild polymorphisms, which
reduce sperm count may be inherited in fertile individuals or
get transferred by assisted reproduction in infertile individ-
uals. This is the first report of DHH mutations in male infer-
tility and undescended testis cases, and none of the four mu-
tations has been reported earlier. This opens the field for anal-
ysis of the DHH gene sequence variations in individuals with
various male reproductive disorders in different populations.

It may be worth noting that in addition to the mutation,
genetic background also affects the overall phenotype.
Bitgood et al. (1996) reported variations in the Dhh null mice
phenotype depending upon the genetic background of the an-
imals [4]. The inbred animals of 129/Sv strain developed germ
cells up to the primary spermatocyte stage, but germ cells in
129/Sv-C57BL/6JF1 hybrids developed up to step 15 sperma-
tids. Similarly, Clark et al (2000) reported that Dhh null mice
bred on a mixed background exhibited a phenotype with more
severe abnormality than reported earlier [6]. It remains yet to
be explored if ethnic variations in human subjects with DHH
mutation(s) would affect overall phenotype in a manner sim-
ilar to mice; nevertheless, the plausibility of this is quite high.
Studies on patients with different ethnicities will be important
for understanding this aspect.

While mutations in the DHH gene are known to cause
gonadal dysgenesis, we conclude that milder mutations/
polymorphisms in this genemay result inmale infertility with-
out affecting testicular development or differentiation of the
external genitalia. We observed four novel mutations in the
DHH gene in the cases with different reproductive anomalies.
In a case of complete gonadal dysgenesis, two mutations,
insertion of G at c.1156insG (p. Arg385fs) and c.997A>G
(p. Thr333Ala) substitution were observed, an insertion of G
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at c.1156insG (p. Arg385fs) position in exon 3 was observed
in a case with bilateral undescended testis and azoospermia. A
synonymous substitution, c. 543C>T (p. His181His) showed
a significant correlation with male infertility, and another syn-
onymous substitution, c.990G>A (p. Ala330Ala) was ob-
served in an infertile patient with unilateral undescended tes-
tis. Mutations in theDHH gene have been previously reported
in gonadal dysgenesis cases, but this is the first study onDHH
mutations/polymorphisms in male infertility. While new mu-
tations were identified in this study, the major limitation of the
study is the lack of functional assays to affirm the causative
nature of these mutations.
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