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Abstract

Gonadotropin releasing hormone agonist (GnRHa) treatment following surgery to correct cryptorchidism restores
mini-puberty via endocrinological and transcriptional effects and prevents adult infertility in most cases. Several
genes are important for central hypogonadotropic hypogonadism in mammals, including many that are transcribed
in both the brain and testis. However, the expression of these genes in prepubertal gonads has not been studied
systematically, and little is known about the effect of hormone therapy on their testicular and neuronal expression
levels. In this review, we interpret histological sections, data on hormone levels, and RNA profiling data from adult
normal testes compared to pre-pubertal low infertility risk (LIR) and high infertility risk (HIR) patients randomly
treated with surgery in combination with GnRHa or only surgery. We organize 31 target genes relevant for
idiopathic hypogonadotropic hypogonadism and cryptorchidism into five classes depending on their expression
levels in HIR versus LIR samples and their response to GnRHa treatment. Nescient-helix-loop-helix 2 (NHLHZ2) was the
only gene showing a decreased mRNA level in HIR patients and an increase after GnRHa treatment. This
phenomenon may reflect a broader effect of hormone treatment on gene expression in both testicular and central
nervous system tissues, which could explain why the hypothalamus-pituitary-testicular axis is permanently restored
by the administration of GnRHa.

Keywords: NHLH2, Cryptorchidism, Infertility, Mini-puberty, Hypothalamus-pituitary-testicular axis, RNA-sequencing,
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Résumé

Le traitement par I'agoniste de I'hormone de libération des gonadotrophines (GnRHa) suite a une intervention
chirurgicale pour cryptorchidie rétablit la mini-puberté par des effets endocrinologiques et transcriptionnels et
prévient l'infertilité adulte dans la plupart des cas. Plusieurs génes jouent un role important dans I'hypogonadisme
hypogonadotrope central chez les mammiferes, dont certains sont transcrits a la fois dans le cerveau et les
testicules. Cependant, I'expression de ces génes dans les gonades prépuberes n'a pas été étudiée
systématiquement et l'effet de 'hormonothérapie sur leurs niveaux d'expression testiculaire et neuronale n'est pas
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connu. Dans cette revue, nous interprétons des coupes histologiques, des données sur les taux d’hormones et des
données de profilage d’ARN provenant de testicules normaux adultes et des patients prépuberes a faible risque
d'infertilité (LIR) et a haut risque d'infertilité (HIR) traités par chirurgie en association avec la GnRHa ou seulement la
chirurgie dans le cadre d'une étude randomisée. Nous organisons 31 génes cibles pertinents pour I'hypogonadisme
hypogonadotrope idiopathique et la cryptorchidie en cing classes en fonction de leurs niveaux d'expression dans

hypophyso-gonadique

les échantillons HIR et LIR et de leur réponse au traitement par GnRHa. Nescient-helix-loop-helix 2 (NHLH2) était
I'unique gene dont le niveau d’ARNm diminue chez les patients HIR par rapport aux LIR et augmente suite au
traitement par GnRHa. Ce phénomene pourrait étre révélateur d'un effet généralisé du traitement hormonal sur
I'expression des genes dans les tissus testiculaires et du systéeme nerveux central. Cela pourrait expliquer pourquoi
I'axe hypothalamo-hypophyso-gonadique est définitivement rétablie par I'administration de la GnRHa.

Mots-clés:: NHLH2, cryptorchidie, séquencage d’ARN, GnRHa, mini-puberté, infertilité, I'axe hypothalamo-

Introduction

Re-activation of the hypothalamus-pituitary-gonadal axis
occurs during the first weeks after birth and lasts approxi-
mately 6 months. During this period, serum gonadotropin
and testicular testosterone, Insulin-like 3 Protein (INSL3)
inhibin B, and Anti-Miillerian Hormone (AMH) levels in-
crease [1, 2]. The differentiation of gonocytes into Ad (A
dark) spermatogonia during mini-puberty is a highly critical
step during germ cell development [3, 4]. This process rep-
resents the switch from a fetal pool of stem cells (gono-
cytes) to an adult pool of stem cells (Ad spermatogonia)
that generates germ cells during a man’s entire adult life.
Normal development of Ad spermatogonia depends on
luteinizing hormone (LH) and testosterone [5]. However,
cryptorchid infants present with different degrees of impair-
ment of the testosterone increase during mini-puberty [6].
Patients whose mini-puberty and gonocyte differentiation
are strongly impaired experience the most severe forms of
infertility as adults [7]. Importantly, gonadotropin releasing
hormone (GnRH) treatment permanently induces the
transformation of gonocytes and undifferentiated spermato-
gonia into Ad spermatogonia, which rescues adult fertility
in 86 % of high infertility risk (HIR) patients [8].

In this review, we interpret previously published RNA
profile data obtained from testicular biopsies with a
focus on genes that are implicated in idiopathic gonado-
tropin deficiency via genetic data [9] and additional can-
didate genes for isolated gonadotropin deficiency that
are not yet corroborated by genetic analyses [10, 11].
Relevant samples from high and low infertility risk
(HIR/LIR) patients have been described elsewhere [12—
14]. RNA isolation, purification, library preparation, se-
quencing, data analysis, and expression analysis were re-
ported in a previous publication [12].

Among 31 genes, only NHLH2 shows decreased mes-
senger ribonucleic acid (mRNA) levels in HIR versus
LIR patients, whereas GnRHa treatment increases
NHLH2 mRNA. This intriguing result points to a novel

role for the brain NHLH?2 transcription factor in testicu-
lar cells and raises the interesting possibility that cura-
tive hormone therapy not only influences gene
expression in the testis, but in the central nervous sys-
tem (CNS) as well, as NHLH2’s role in the brain is
known to be critical for hypogonadotropic hypogonad-
ism. We also propose possible regulatory mechanisms
for multi-tissue responses to hormone treatment.

Genes involved in central hypogonadotropic
hypogonadism fall into five distinct GnRHa response
classes

We interpreted our expression data from LIR/HIR and
untreated/treated HIR samples for 31 genes and orga-
nized them into five classes according to their expression
patterns (Table 1). Class 1 (significantly lower in HIR
versus LIR and significantly lower after HIR treatment)
consisted of fibroblast growth factor receptor 2 (FGFR2).
This gene is one of four FGFRs, and the protein kinase it
regulates cell division, differentiation, migration, pro-
grammed cell death, and embryogenesis [15]. Single-cell
RNA sequencing (scRNA-Seq) data obtained with adult
testis samples revealed that the gene’s expression peaks
in a population of differentiating spermatogonia, which
is consistent with its detection in biopsies from pre-
pubertal testes that contain Ad spermatogonia (i.e., LIR;
Table 1; Fig. 1A,B) [16]. The expression pattern argues
against a role for this gene in idiopathic hypogonadotro-
pic hypogonadism (IHH), which is in line with the fact
that no currently known mutations associate this gene
with perturbed sexual development in males [11].

Seven genes fall into Class 2 (significantly lower in
HIR versus LIR but no significant change after HIR
treatment). These seven genes could be epigenetically si-
lenced and may therefore be unable to respond to GnRHa
treatment. All of them, except prokineticin receptor 1
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Table 1 scRNA-Seq profile of 31 genes known to be involved in idiopathic hypogonadotropic hypogonadism (IHH) as well as genes
localized downstream of Nescient-helix-loop-helix 2 (NHLJH2). Expression values correspond to RPKM (Reads Per Kilobase of
transcript per Million mapped reads), calculated from the model coefficients using the differential expression model described in
[12]. A das]h ("-") indicates that the gene was not detected in these samples; logFC: log2 fold-change of RNA level; FDR: false
discovery rate; n.s.. not significant. HIR Ad, high infertility risk group lacking Ad spermatogonia, LIR Ad+, low infertility risk group
displaying Ad spermatogonia, HIR/GnRHa, high infertility risk group, before (prior ) and after (post) GnRHa treatment

Symbol HIR LIR logFC FDR HIR/GnRHa logFC FDR

Ad- Ad+ prior  post

Class 1: lower in HIR versus LIR and lower after HIR treatment

FGFR2 Fiboblast growth factor receptor 2 2.05 43 -1.25 0.0005 4.10 2.75 -0.57 0.01
Class 2: lower in HIR versus LIR but no significant change after HIR treatment
CHD7 Chromodomain helicase DANN binding 394 6.53 -0.72 0.001 6.46 520 ns. ns.
protein 7
FGF9 Fiboblast growth factor 9 0.58 1.14 -1.06 0.001 081 1.20 ns. ns.
FGFR1 Fiboblast growth factor receptor 1 526 740 -049 0.019 7.60 594 ns. ns.
MET MET proto-oncogene, receptor tyrosine 040 0.98 -1.28 0.007 0.78 0.95 n.s. n.s.
kinase
PROKR1 Prokineticin receptor 1 0.58 143 -1.30 0.005 1.11 0.92 ns. n.s.
PROK2 Prokineticin receptor 2 0.22 1.23 -243 0.001 067 0.81 n.s. ns.
SPRY4 Sprouty RTK signaling antagonist 4 0.57 1.18 -1.05 0.001 1.20 1.16 ns. n.s.
Class 3: no significant difference between HIR and LIR and lower after HIR treatment
DMXL2 Dmx-like 2 9.84 12.35 ns. ns. 13.31 7.58 -0.81 0.001
CXCL12 C-X-C motif chemokine ligand 12 1357 13.81 ns. ns. 16.84 9.53 -0.82 0.003
GLCE Glucuronic acid epimerase 2047 17.38 n.s. ns. 21.30 11.80 -0.85 0.0006
GNRH Gonadotropin realeasing hormone 1037 895 ns. ns. 10.37 742 -048 0.035
GNRHR Gonadotropin realeasing hormone receptor 2.15 2.26 n.s. ns. 294 1.72 -0.76 0.002
ANOS1 Anosmin 1 13.14 11.36 ns. ns. 12.71 7.35 -0.79 0.0009
LEPR Leptin receptor 340 331 ns. ns. 4.16 2.56 -0.69 0.003
NDN Necdin, MAGE family member 28.99 29.08 ns. ns. 30.00 21.06 -0.77 0.001
OTuUD4 OTU deubiquitinase 4 2349 23.75 n.s. ns. 26.78 16.72 -0.67 0.005
TTF1 Transcription termination factor 1 7.52 740 ns. ns. 8.76 6.20 -049 0.02
VEGFA Vascular endothelial growth factor A 9.95 11.27 ns. ns. 12.22 7.58 -0.68 0.005
WDR11 WD repeat domain 11 19.99 17.77 n.s. n.s. 21.08 13.03 -0.69 0.003
Class 4: no significant difference between HIR and LIR and higher after HIR treatment
Coiled-coil domain containing 141 047 0.53 ns. ns. 063 1.06 +0.74 0.003
CCD141
EBF2 Early B-cell Faktor 2 0.19 0.22 ns. ns. 0.24 0.84 +1.76 2.07E-
05
FEZF1 Fez family zinc finger protein 1 - - - - 0.14 0.52 +1.84 0014
LEP Leptin 0.20 0.26 ns. ns. 0.02 0.80 +1.59 0.001
NHLH 1 Necient helix-loop-helix 1 - - - - 0.09 048 +1.95 0.01
Semaphorin 3E 0.66 1.08 ns. ns. 0.23 0.72 +1.59 0.0001
SEMA3E
PCK1 Phosphoenolpyruvate carboxykinse 1 - - - - 0.11 0.56 +2.36 0.001
PCSK1 Protein covertase subtilising/kexin 1 0.15 0.17 n.s. n.s. 0.15 0.71 +2,23 2.02E-
05
TAC3 Tachykinin precursor 3 - - - - 0.23 0.87 +1.87 0.011
TACR3 Tachykinin precursor receptor 3 - - - - 046 0.68 +2.93 0.003

VAX1 Ventral anterior homeobox 1 - - - - 0.07 043 +246 3.4E-05
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Table 1 scRNA-Seq profile of 31 genes known to be involved in idiopathic hypogonadotropic hypogonadism (IHH) as well as genes

localized downstream of Nescient-helix-loop-helix 2 (NHLJH2). Expression values correspond to RPKM (Reads Per Kilobase of

transcript per Million mapped reads), calculated from the model coefficients using the differential expression model described in

[12]. A das]h (*-") indicates that the gene was not detected in these samples; logFC: log2 fold-change of RNA level; FDR: false

discovery rate; n.s.. not significant. HIR Ad, high infertility risk group lacking Ad spermatogonia, LIR Ad+, low infertility risk group
displaying Ad spermatogonia, HIR/GnRHa, high infertility risk group, before (prior ) and after (post) GnRHa treatment (Continued)

Symbol

HIR
Ad-

LIR
Ad+

HIR/GnRHa

prior post

FDR

Class 5: lower in HIR versus LIR and higher after HIR treatment

NHLH2 Necient helix-loop-helix 2

NHLH2 target genes

NTN1 Netrin 1

UNC5D Unc-5 netrin receptor D

DCC Deleted in colorectal cancer, netrin 1

receptor
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Fig. 1 scRNA-Seq data for Class 1 genes. a A color-coded scatter plot shows the distribution of testicular cells. The reference is indicated at the
top. The cell populations are described in the key and replicates are numbered. Broad cell types are indicated for macrophage (MP), Sertoli cell
(SE), Leydig and peritubular cells (LE&PT), spermatogonia (SG), spermatocyte (SC), spermatid (ST), and non-obstructive azoospermia (NOA). b
Expression data for Class 2 gene FGFR2. ¢ Expression data for individual cells are shown in shades of red for seven Class 2 genes. The data were
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Fig. 2 scRNA-Seq data for Class 3 genes. a-b Expression data are shown as in Fig.1

(PROKRI), which is detected in a small population of sper-
matids, and MET proto-oncogene, receptor tyrosine kinase
(MET), which is not detected in any testicular cells, are
transcribed in adult spermatogonia or exhibit peak expres-
sion in mitotic male germ cells (Fig. 1 C). For FGF9 and
PROKRI1, the absence of any detectable response to

hormone treatment is consistent with the lack of genetic
evidence for a critical role in idiopathic hypogonadotropic
hypogonadism (IHH) [11]. This indicates that FGFR1 and
PROK2 may be regulated at the post-transcriptional level.
However, in the cases of chromodomain helicase DANN
binding protein 7 (CHD?), FGFRI, prokineticin 2 (PROK?2),
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and sprouty RTK signaling antagonist 4 (SPRY4), which  are predominantly expressed in meiotic and post-meiotic
were genetically associated with IHH the RNA-based evi-  germ cells, whereas anosmin 1 (ANOSI) and vascular endo-
dence currently available for any role in curative hormone  thelial growth factor A (VEGFA) are expressed in Sertoli
responses is inconclusive [10, 11, 17]. cells and testicular macrophages, respectively (Fig. 2B). C-
Twelve genes belong to Class 3 (no significant difference ~ X-C motif chemokine ligand 12 (CXCL12) expression is de-
between HIR and LIR and significantly lower after HIR  tected in Leydig cells while gonadotropin releasing hor-
treatment). Dmx-like 2 (DMXL2), necdin (NDN), a MAGE  mone 1 (GNRHI) has extremely weak, if any, expression in
family member, OTU deubiquitinase 4 (OTUD4), and tran-  germ cells (Fig. 2B). It is unclear if the weaker signals for
scription termination factor 1 (TTFI) exhibit strong expres-  Class 3 genes in samples from treated HIR patients are rele-
sion in spermatogonial stem cells and some or all vant for the curative effect of hormone treatment.
subsequent stages of male germ cell development (Fig. 2A,
B). In contrast, leptin receptor (LEPR)glucuronic acid Another 11 genes comprise Class 4 (no significant differ-
epimerase (GLCE), and WD repeat domain 11 (WRDII) ence between HIR and LIR and significantly higher after
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Fig. 4 RNA profiling data for Class 5 gene NHLH2. a A color-coded violin plot shows log10 transformed RNA-Seq expression data (y-axis) for
samples (x-axis) as indicated. A red arrow marks testis. The data were retrieved from the GTEX portal at www.gtexportal.org. b-c scRNA-Seq
1. A red arrow points to a key testicular cell type

HIR treatment). These findings indicate that GnRHa action
is necessary for the central neuroendocrine control of male
reproduction. For eight of these genes, the scRNA-Seq data
yield interpretable results. Semaphorin 3E (SEMA3E) is
weakly expressed in the entire male germline, whereas early
B-cell Factor 2 (EBF2), fez family zinc finger protein 1
(FEZF1), and tachykinin precursor 3 (TAC3) mRNAs are
detected in spermatocytes and coiled-coil domain contain-
ing 141 (CCDCI141) mRNA accumulates in spermatids
(Fig. 3A, B). TAC3 plays an important role in meiosis via its
interaction with proteins important for this early step in
spermatogenesis. This explains why TAC3 is detected in
RNA profiling data of GnRHa treated patients. [18] Little, if
any expression is detected for leptin (LEP), Protein

convertase subtilisin/kexin 1 (PCSKI), and ventral anterior
homeobox 1 (VAX1I) (Fig. 3B).

NHLH2 exhibits an expression pattern indicative of a
critical role in mini-puberty

NHLH?2 is the only gene in Class 5 (lower in HIR
versus LIR and higher after HIR treatment) and pre-
sents an expression pattern indicative of an abnor-
mally low mRNA level in HIR samples that is
corrected by hormonal treatment (Table 1). nescient-
helix-loop-helix 1 (NHLHI) and NHLH2 belong to
the basic-helix-loop-helix (bHLH) family of DNA
binding transcription factors. Both genes are
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shown as in Fig. 4A

expressed in largely overlapping patterns in different
areas of the central and peripheral nervous systems
during the embryonic and perinatal stages [19, 20].
Male Nhlh2-mutant mice develop hypogonadotropic
hypogonadism and are infertile, which shows that
Nhih2 expression is critical for neuroendocrine de-
velopment and maturation of the hypothalamic pitu-
itary axis [21]. Given the gene’s known neuronal
role, it is not surprising that its peak expression
levels are detected in a variety of brain samples;
however, a weak signal is also detected in total testis
(Fig. 4A). The scRNA-Seq data from adult testes
show that much of that signal is due to weak

NHLH2 expression in spermatogonial stem cells
(Fig. 4B, C).

Notably, netrin 1 (NTNI) and unc-5 netrin receptor D
(UNCS5D) form a complex with deleted in colorectal can-
cer, netrin 1 receptor (DCC) downstream in the NHLH2
pathway, and all three of them are expressed in both
testis and brain samples (Fig. 5). More specifically, the
scRNA-Seq data reveal weak (NTNI), medium
(UNCS5D), and strong (DCC) expression, predominantly
in spermatids (Fig. 6A,B). Loss of fibronectin type 3
(FN3)-domain protein Deleted in Colorectal Cancer
(DCC) deregulates the trajectories of a subset of
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Fig. 6 scRNA-Seq data for NHLH2 downstream genes. Expression
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vomeronasal axons that guide the migration of GnRH
neurons, which leads to their abnormal localization [22].
The combined inactivation of NHLHI and NHLH2
causes a complete absence of the pontine nuclei and
strongly reduces the number of reticulotegmental nuclei
[22]. Both genes are required for sustained expression of
the netrin receptor and DCC in the anterior extramural
migration stream [23]. Though the detailed mechanism
of axon guidance is not fully understood, it is known
that netrin attraction is mediated through UNC-40/DCC
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cell surface receptors and repulsion is mediated through
UNC-5 receptors. The association of NTNI, which con-
trols the guidance of commissural axons and peripheral
motor axons in the CNS, with either DCC or UNCS re-
ceptors attracts or repulses axons, respectively [23].
DCC and its ligand NTNI have been shown to contain
5.2% loss-of-function mutations in cases of central
hypogonadotropic hypogonadism [24]. In humans,
NHLHs, together with additional Lim-domain-only
(LMO) cofactors, directly control transcription of the
NECDIN gene, which is deleted in Prader—Willi syn-
drome with hypogonadotropic hypogonadism.

Possible regulatory mechanisms mediating brain/testis
expression of NHLH2

The observation that NHLH2, which is highly relevant
for IHH due to its neuronal function, appears to be in-
duced in samples from HIR patients after hormone
treatment raises the intriguing possibility that the gene’s
expression is not only altered in the testis, but also the
brain. It remains a matter of speculation as to what kind
of regulatory mechanism may mediate an effect that
simultaneously acts in distinct tissues. To explore this
question, we retrieved information about NHLH2’s up-
stream promoter region. Among 16 DNA-binding regu-
lators for which biologically functional motifs are
predicted, we found SRY-box transcription factor 2
(SOX2) and SRY-Box Transcription Factor 13 (SOX13)
(Fig. 7). Both are members of the Sex determining region
Y (SRY)-box family of transcription factors, which are in-
volved in developmental and disease processes [25].
Interestingly, both genes are expressed in the brain and
testis, as one would expect (Fig. 8). Moreover, scRNA-
Seq data indicate that SOX13 is also transcribed in a
sub-population of spermatogonia (and spermatids, as
well as Leydig cells), whereas SOX2 peaks in spermato-
cytes (Fig. 9). It is conceivable that both genes are also
expressed in pre-pubertal gonocytes and Ad spermato-
gonia. These observations beg for further experimental
evidence that may help explain how NHLH?2 is regulated
in the brain and testis during mammalian post-natal
development.

A novel role for neuronal regulator NHLH2 in testes?

RNA profiling data revealed the presence of NHLH2
mRNA in pre-pubertal testes and in adult spermato-
gonia (Table 1; Fig. 4A-C). This implies that the pro-
tein is present, and possibly active, in the male
germline, which raised the question of what role it
may play and how it may function during the estab-
lishment of spermatogenesis. NHLH2 physically inter-
acts with 19 proteins, including four DNA binding
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transcription factors present in adult testes Hes family
BHLH transcription factor 1 (HES1), transcription fac-
tors 3-4-,12 (TCF3-,4-,12), see https://thebiogrid.org)
[26]. Interestingly, HESI is a basic helix-loop-helix
transcription factor associated with notch receptor 3
(NOTCH3) signaling that is expressed in prepubertal
spermatogonia [27]. Moreover, TCF3 is highly specific
for adult spermatogonia and was predicted to be im-
portant for male gametogenesis (see www.proteinatlas.
org) [28, 29] TCF4 is expressed in germ cells and
was shown to be involved in wingless-type (WNT)
signaling, which is critical for spermatogenesis [30].
Finally, TCF12 has been genetically associated with
incurable brain tumors and, therefore, may play a
role in cell proliferation [31]. Moreover, NHLH2
mRNA is bound by 75 MIRs, including several
highly conserved RNAs, such as miR-93, miR130a,
and miR-383, which were previously associated with
spermatogenesis and fertility [32—34]. Thus, there is
good evidence supporting a yet unknown role for
NHLH?2 in the male germline, and further work on
this question appears to be justified.

Does GnRHa treatment affect NHLH2 function?

Gonadotropin deficiency in cryptorchid boys with al-
tered mini-puberty should be included in the “milder”
category of IHH. Restoring mini-puberty and adult
fertility is among the strongest arguments in favor of
a hormone replacement therapy for the missing go-
nadotropin stimulus in boys with cryptorchidism and
hypogonadotropic hypogonadism [8, 35]. However,
only a few reports describe the outcome of gonado-
tropin treatment in boys with isolated central hypogo-
nadotropic hypogonadism (CHH) within combined
pituitary hormone deficiency (CPHD) during the first
year of life [36—39]. Although the results from these
studies show a favorable gonadotropin increase, no
long-term follow-up data on these markers are avail-
able [36-39]. In contrast, two long-term studies of
GnRHa-treated HIR and CHH cryptorchid boys have
demonstrated that GnRHa treatment is capable of
permanently correcting phenotype and rescuing fertil-
ity [8, 35]. This is most likely because GnRHa induces
changes to the pathological state, which becomes ap-
parent when analyzing LH secretion; the HIR group
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presents with deficient LH and testosterone secretion
and, consequently, lacks Ad spermatogonia [1-4, 7].
GnRH treatment restores and normalizes LH secre-
tion, which indicates that gonadotrophic cell differen-
tiation occurs [8, 37, 38].

It is critical to better understand the molecular mecha-
nisms underlying this phenomenon. One intriguing
model would be that increased LH plasma levels and ele-
vated testicular expression of NHLH?2 after treatment re-
flect roles of the genes in both the testis and
hypothalamus during mini-puberty. The bHLH proteins
encoded by NHLHI and NHLH2 have been reported to
fulfill important regulatory functions in the developing
nervous system [40]. In mouse models, Nhi/h2 has been
shown to be responsible for gonadotroph cell migration
and differentiation, and that the Nh/h2 gene has an im-
portant role in spermatogenesis [41]. Male Nhlh2 homo-
zygous mutant mice are microphallic, hypogonadal, and
infertile with alterations in circulating gonadotropins, a
defect in spermatogenesis, and a loss of instinctual male
sexual behavior [21].

It has been hypothesized that mini-puberty depends
more on Kkisspeptin-dependent GnRH-induced LH

secretion than adolescent puberty [42]. However, Kissl-
metastasis suppressor (KISSI) gene expression was not de-
tectable in the HIR or LIR group and had no detectable
reaction to GnRHa treatment. Moreover, Nhlh2 regulates
the number and distribution of GnRH neurons and the
development and maturation of the adenohypophysis [35].
The combined inactivation of Nhlhi1/2 leads to a strong
reduction in the reticulotegmental nuclei. Furthermore,
NHLHs are required for sustained expression of the netrin
receptor and cell guidance molecule DCC in the anterior
extramural migration stream, and the UNC5D receptor
for netrin NTN4, which promotes neuronal cell survival
[22]. There are also other cases of bifunctional genes in
the testis and brain. One example is PROK2, which is in-
volved in central hypogonadotropic hypogonadism [3, 11].
NHLH?2 exhibits a similar pattern as PROK2, except that
NHLH?2 responds to GnRHa treatment (Table 1).

Conclusions

RNA profiling data from prepubertal HIR/LIR testes
provide insights into the effect of curative GnRHa treat-
ment, which permanently corrects hypothalamus-
pituitary-testicular axis function, on the expression of
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genes important for the process. A subgroup of these
genes that are known to act in neuronal tissue are also
expressed in the male germline before and/or after the
onset of spermatogenesis and respond to hormone treat-
ment. Among them, we find NHLH2, which is involved
in the functional and developmental maintenance of the
hypothalamic-pituitary-gonadal axis by regulating the
number and localization of GnRHa neurons, and in the
development and maturation of the adenohypophysis.
Critically, only NHLH2 exhibits weaker RNA signals in
HIR patients than in LIR patients and is induced by the
treatment. These observations raise two intriguing
possibilities. First, NHLH2 and various other IHH
genes could play novel roles specifically in male germ
cells, Leydig cells, and Sertoli cells. Second, GnRHa
may influence not only testicular, but also neuronal
NHLH?2 expression via transcription factors that are
present in both male gonads and the brain, such as
SOX2 and SOXI3. Further research aimed at
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unambiguously establishing NHLH2’s role in control-
ling mini-puberty is warranted.
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