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ful surgery. The new important finding was a decreased 
 PROK2, CHD7, FGFR1,  and  SPRY4  gene expression in the HIR 
group. Furthermore, identification of multiple differences in 
gene expression between HIR and LIR groups underscores 
the importance of an intact hypothalamic-pituitary-gonadal 
axis for fertility development. Our RNA profiling data strong-
ly support the theory that in the HIR group of cryptorchid 
boys insufficient  PROK2 / CHD7 / FGFR1 / SPRY4  gene expres-
sion induces deficient LH secretion, resulting in impaired 
mini-puberty and infertility. We therefore recommend hor-
monal treatment for this cohort of cryptorchid boys with de-
fective mini-puberty following a seemingly successful orchi-
dopexy.  © 2016 The Author(s)

Published by S. Karger AG, Basel 

 
 Idiopathic central hypogonadism (ICH), with or with-

out anosmia, is a disorder characterized by absent or in-
complete sexual maturation by the age of 18 in conjunc-
tion with low levels of circulating gonadotropins and
testosterone and no other abnormalities of the hypotha-
lamic-pituitary axis [Bonomi et al., 2012]. Genetic inves-
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 Abstract 

 The whole genome RNA profiling of testicular biopsies by 
DNA strand-specific RNA sequencing was examined to de-
termine a potential causative role of isolated congenital 
cryptorchidism in azoospermia and/or infertility in the con-
text of our previously published GeneChip data. Cryptorchid 
patients, aged 7 months to 5 years and otherwise healthy, 
were enrolled in this prospective study. During surgery, tes-
ticular tissue biopsies were obtained for histological exami-
nation and RNA sequencing. Fifteen patients were selected 
based on the histological results and were divided into 2 
groups. Seven were classified as belonging to the high infer-
tility risk (HIR) and 8 to the low infertility risk (LIR) group. 
Cryptorchid boys in the HIR group lacked transformation of 
gonocytes into Ad spermatogonia due to impaired mini-pu-
berty. This group of patients will be infertile despite success-
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tigations of a human disease model of isolated gonado-
tropin-releasing hormone (GnRH) deficiency have re-
vealed several key genes crucial for GnRH neuronal 
ontogeny and GnRH secretion [Martin et al., 2010]. 
Among these,  PROK2  has emerged as a critical regulator 
of human reproduction [Martin et al., 2010]. In mam-
mals, a unique network within the hypothalamus initiates 
and maintains reproductive function by virtue of GnRH, 
which acts as a key messenger on the anterior pituitary 
gland [Antunes et al., 1978; Merchenthaler et al., 1984; 
Wray and Hoffman, 1986]. GnRH bound to receptors on 
pituitary gonadotrope cells stimulates the synthesis and 
release of luteinizing hormone (LH) and follicle-stimu-
lating hormone (FSH). Furthermore, each of the tran-
scription factors that recognize LH promoter binding 
sites (SF1, EGR1, and PITX1) can function alone or in 
synergy with others to activate the LH promoter through 
direct physical interaction [Tremblay and Drouin, 1999].

  Cryptorchidism is the most frequent congenital dis-
order in newborn boys [Miller et al., 2009; Chung and 
Brock, 2011]. Noticeably, cryptorchidism represents 
the most common cause of nonobstructive azoosper-
mia in man [Fedder et al., 2004]. During a period of 
between 30 and 90 days after birth, activation of the 
hypothalamic-pituitary-gonadal (HPG) axis leads to a 
transient increase of gonadotropins and testosterone 
[Forest et al., 1974; Winter et al., 1976; Corbier et al., 
1992]. Over the course of this time period, which in 
2004 we termed mini-puberty, the transformation of 
gonocytes into A dark (Ad) spermatogonia occurs in a 
testosterone-dependent manner [Hadziselimovic et al., 
2004, 2005]. Fifteen years ago, impaired secretion of LH 
and testosterone during mini-puberty was claimed to 
be the main reason for cryptorchidism-induced infer-
tility [Hadziselimovic et al., 2004, 2005]. As a conse-
quence of defective mini-puberty, the transformation 
of Ad spermatogonia was abolished (high infertility risk 
group, HIR), resulting in infertility after puberty de-
spite early and successful surgery [Hadziselimovic and 
Hoecht, 2007, 2008]. In a recent study, a HIR subgroup 
was reported to constitute 47% of all cryptorchid boys 
[Bilius et al., 2015].

  Microarray analyses of differentially expressed genes 
in the HIR group, compared to a low infertility risk group 
(LIR), revealed absent or low expression of multiple genes 
involved in the control of the HPG axis, i.e.,  DLX5 ,  FGFR3,  
and  ISL1  [Hadziselimovic et al., 2009, 2011]. Noticeably, 
insufficient  EGR4  gene expression as well as a relative 
 EGR1  deficiency was observed in the HIR group of crypt-
orchid boys [Hadziselimovic et al., 2009]. To date, the 

available molecular data favors LH deficiency, with  EGR4  
as a master regulator responsible for defective mini-pu-
berty in the HIR group of cryptorchid boys.

  Furthermore, in the serum of male Egr1-deficient 
mice, LH levels are found to be adequate in terms of the 
maintenance of Leydig cell steroidogenesis and fertility 
because of a partial functional redundancy with the close-
ly related transcription factor Egr4 [Tourtellotte et al., 
2000]. Moreover, a normal distribution of GnRH-con-
taining neurons and normal innervation of the median 
eminence in the hypothalamus, as well as decreased levels 
of LH gene expression in Egr4/Egr1- versus Egr1-defi-
cient male mice, indicates a defect of LH regulation. These 
results emphasize a novel level of functional redundancy 
between Egr4 and Egr1 in regulating LH production in 
male mice [Tourtellotte et al., 2000].

  The aim of this work was to validate and extend our 
previous microarray study by analyzing different groups 
of cryptorchid boys with identical histological changes. 
The RNA-seq data has uncovered additional deregulated 
genes in the HIR group, with potential involvement in the 
HPG axis.

  Materials and Methods 

 Study Population and Biopsy Sample Collection 
 We selected 15 patients with isolated cryptorchidism based on 

histological results and divided them into 2 groups. Seven be-
longed to the HIR and 8 to the LIR group. The cryptorchid boys
(7 unilateral and 8 bilateral undescended testes) had a median age 
of 15 months (range 7–55 months) and had no prior hormonal or 
surgical treatment. Cryptorchid testis is defined as a testis localized 
outside the scrotum and incapable of being brought into a stable 
scrotal position. All undescended testes in this study were located 
in the inguinal region. The cryptorchid boys entering the study 
underwent an extensive examination with no clinical signs of de-
velopmental malformations or syndromes. Performing clinical ex-
amination in accordance with STROBE criteria for case-controlled 
studies [von Elm et al., 2014], we excluded small testes, small penis, 
lack of normal scrotal rugae and pigmentation and gynecomastia. 
We further determined serum FSH, LH, testosterone, and inhibin 
levels [Verkauskas et al., 2016]. No MRI scans of the brain and 
sella turcica were performed. No clinical symptoms were found for 
hyperprolactinemia, pituitary lesions (tumor, granuloma, and ab-
scess), Cushing syndrome, severe or chronic illness, trauma or sur-
gery, and genetic mutations such as Prader-Willi syndrome. None 
of our patients suffered from a systemic diseases such as hemo-
chromatosis, sarcoidosis, and histiocytosis X.

  Testicular biopsies were taken at the time of orchidopexy. A 
5-mm incision was made into the tunica albuginea in the superior 
pole of the testis, and a sample of approximately the size of a rice 
grain was isolated from the protruding tissue using separate blades. 
The sample was then divided into 2 small fragments, one of which 
was fixed in glutaraldehyde for histological processing. The second 
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was immediately immersed in RNAlater ©  (ThermoFisher Scien-
tific) and stored at –80   °   C until further processing for RNA extrac-
tion and RNA sequencing.

  Histological Analyses 
 Biopsies were fixed in 3% glutaraldehyde in PBS and were then 

embedded in Epon resin. Semi-thin sections (1 μm) were cut on a 
Reichert Om-U3 ultramicrotome, mounted on glass slides, stained 
with 1% toluidine blue, and examined under a light microscope at 
a total magnification of 600×. Biopsy material from all patients was 
histologically examined by 2 authors (F.H., D.D.), experienced in 
analyzing semi-thin sections of prepubertal testes.

  During histological analyses, biopsies were evaluated with re-
gard to their number of spermatogonia per tubule (S/T) and pres-
ence of dark-type (Ad) spermatogonia. In the prepubertal testis, 
Ad spermatogonia are identified according to criteria first pub-
lished by Seguchi and Hadziselimovic [1974]. This type of germ 
cell has a typical halo in the nucleus, termed the rarefication zone, 
and a cytoplasm with a darker aspect in comparison to Ap or fetal 
spermatogonia [Seguchi and Hadziselimovic, 1974]. Crucially, 
the predominant factor in the development of infertility is the ob-
servation that gonadotropin levels show a more striking correla-
tion with the presence or absence of Ad spermatogonia in both 
gonads than with the category of undescended testes, i.e., unilat-
eral or bilateral [Hadziselimovic and Hoecht, 2008]. For each bi-
opsy, at least 100 tubular cross sections were evaluated. On the 
basis of this evaluation, biopsies were categorized into 2 groups, 
HIR and LIR, respectively, of infertility outcome. The HIR group 
included biopsies with S/T  ≤ 0.2 and no Ad and the LIR group re-
corded S/T scores of >0.6 with Ad. Biopsies categorized in the HIR 
(n = 7) and LIR (n = 8) groups were included in our RNA-seq 
analyses.

  RNA Isolation and Purification 
 Total RNA was isolated from RNAlater © -treated biopsies. 

Briefly, tissues were mixed with 500 μl of Tri-Reagent (Ambion) 
and homogenized for 2 min at 30 Hz using a TissueLyser II (Qia-
gen). Following homogenization, 500 μl of absolute ethanol was 
added to each sample and mixed. The mixture was loaded onto 
Zymo-Spin IIC columns, and RNA was further purified using a 
Direct-Zol kit (ZymoResearch) according to the manufacturer’s 
instructions. These included DNAse I treatment to remove any 
contaminating genomic DNA. The concentration of the eluted 
RNA was determined using a NanoDrop 2000 spectrophotometer 
(ThermoScientific) and quality-controlled using RNA 6000 Pico 
chips on a 2100 BioAnalyzer (Agilent).

  RNA Library Preparation 
 Library preparation was performed from 300 ng total RNA us-

ing the TruSeq Stranded Total RNA Kit with Ribo-Zero Gold (Il-
lumina). This workflow includes a prior step to remove ribosomal 
RNA in order to facilitate sequencing of both coding and noncod-
ing RNAs and the ligation of specific indexes. Libraries were qual-
ity-controlled on the Fragment Analyzer (Advanced Analytical) 
using the Standard Sensitivity NGS Fragment Analysis Kit (Ad-
vanced Analytical). Libraries were of excellent quality with an av-
erage concentration of 128 nmol/l and average size of 367 bp. Sam-
ples were pooled to equivalent molarity in 2 equally large series of 
samples. Each pool was run on the Fragment Analyzer for quality 
control purposes and quantification.

  RNA Sequencing 
 Library pools were adjusted to 1.3 or 1.4 pM and used for clus-

tering on the NextSeq 500 instrument (Illumina). Each of the 2 
pools was sequenced on a 2 flow-cell to yield more reads, increas-
ing our ability to detect poorly expressed transcripts and noncod-
ing RNAs. Samples were sequenced as singlereads of 81 bases using 
the NextSeq 500/550 High Output Kit v2 kit 75-cycles (Illumina). 
The pools yielded between 91 and 95% of pass-filter reads equiva-
lent to, or in excess of, the Illumina quality score of 30. Primary 
data analyses were performed with the Illumina RTA version 2.4.6 
and bcl2fastq v2.17.1.14.

  RNA-Seq Data Analyses 
 Reads were aligned to the UCSC human hg19 genome assem-

bly (GRCh37) using STAR (version 2.5.0a) with parameters that 
report no more than a single alignment per read for reads with up 
to 20 hits. Around 60 million reads were mapped per sample 
(range from 46 to 100 million reads). On average, 96% of reads 
were mapped (range from 94 to 97.5%) with less than 10% of multi-
mappers.

  To identify any potentially contaminating ribosomal RNA or 
nucleic acids from other species, a random subset of reads from 
each sample was also aligned to a collection of alternative refer-
ences. Apart from a few reads of bacterial origin (typically  E. coli,  
 ∼ 1%), only nonribosomal human sequences were detected in all 
samples. Raw data files are available at the Database of Genotypes 
and Phenotypes (dbGaP).

  Expression Level Quantification 
 To quantify gene expression, alignments were counted per 

gene and sample using the QuasR Bioconductor package [Gaid-
atzis et al., 2015] with known genes from the UCSC  knownGene  
table (TxDb.Hsapiens.UCSC.hg19.knownGene Bioconductor 
package from 2015-10-07), combined with noncoding RNAs 
from the UCSC  lincRNAsTranscripts  table (TxDb.Hsapiens.
UCSC.hg19.lincRNAsTranscripts Bioconductor package from 
2015-10-07).

  To remove technical biases and enable a comparison of tran-
scripts, the resulting raw data (mapped read counts per gene) were 
normalized for RNA length and for total read number in the lane 
to reads per kb and per million mapped reads (RPKM).

  Data and Differential Gene Expression Analyses 
 Normalized data for all samples were analyzed by unsupervised 

principal component analysis (PCA) and hierarchical cluster anal-
ysis (HCA) to identify patterns in the dataset and highlight simi-
larities and differences among the samples. The effect of patient 
age as a potential confounder was tested but was found to be insig-
nificant for our statistical analyses. Age did not significantly asso-
ciate with patient group (one-way ANOVA, p value = 0.349), and 
analyses of differential expression related to age failed to yield any 
significant genes (false discovery rate, FDR <0.05) with a >2-fold 
expression difference over 6 months. Data analyses were therefore 
performed to determine genes differentially expressed in HIR ver-
sus LIR patients, excluding age as a factor in R using the edgeR 
package [Robinson et al., 2010] and the therein implemented qua-
si-likelihood methods of Lund et al. [2012]. Only genes with at least 
1 read per million in at least 2 samples were included. Differen-
tially expressed genes were defined as genes displaying a FDR 
<0.05 and an absolute change in expression of at least 2-fold.
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(For legend see next page.)
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  Results 

 Illumina sequencing and gene expression quantifica-
tion of barcoded libraries from 7 HIR and 8 LIR testes 
yielded a total of 23,737 detected genes (out of a total of 
45,089 quantified genes). Global characterization of the 
dataset using PCA showed that the major source of vari-
ance (28.5% of the total variance in the dataset) corre-
sponded to the differences between HIR and LIR patient 
groups ( fig. 1 a, b). Other experimental factors had lower 
contribution to the variance, for example patient age con-
tributed to principle components 3 and 5 ( fig. 1 c). Dif-
ferential gene expression analysis identified 2,033 signifi-
cant genes with a FDR <0.05 and an absolute change of at 
least 2-fold between the HIR and LIR groups. Most of 
these 2,033 differential genes were expressed at a lower 
level in the HIR group (1,986, 97.7%), while only 47 
(2.3%) were upregulated in the HIR versus the LIR group.

  A hierarchical clustering of relative gene expression 
levels for the top 1,000 significant genes identified in the 
HIR and LIR biopsies is represented as a heatmap in  fig-
ure 1 d. Distinct gene expression profiles in terms of their 
categorization in either the HIR or LIR groups could be 
clearly identified.

  RNA-Seq Confirmation of Genes Previously Reported 
to Be Downregulated in the HIR Group 
 An independent study analyzing differentially ex-

pressed genes involved in germ cell development and in 

the HPG axis (using oligonucleotide microarray technol-
ogy) reported 59 downregulated genes in the HIR versus 
the LIR group [Hadziselimovic et al., 2011]. The differen-
tial gene expression analyses conducted in this study con-
firmed 57 of these gene targets ( table 1 ). All confirmed 
differentially expressed genes were significant with a FDR 
<0.05 and an absolute fold-change of at least 2. The 3 ex-
ceptions  (DDX25 ,  NRG1,  and  TLE1)  were also significant 
but had absolute fold-changes <2. The 2 genes  DAZ1  and 
 TDRD10 , which were previously reported to be signifi-
cantly downregulated in HIR compared to a control 
group but not compared to a LIR group, were identified 
in this study to be significantly downregulated in HIR 
versus LIR. In contrast, we could not confirm a differen-
tial expression for the genes  MBD2 ,  SRY,  or  UTF1 . Ad-
ditionally, while  RBMY1A1  was not assessed in this study, 
we did identify a decreased expression of the members B, 
E, F, and J of the same  RBMY  gene family 1.

  Identification of PROK2 and Other Novel Genes 
That Are Downregulated in HIR, with Potential 
Involvement in the HPG Axis and Pituitary 
Development 
 We next screened for additional, as yet unknown genes 

that play a role in the HPG axis and for which mRNA lev-
els were also decreased in the HIR group. We identified 
38 additional genes, including prokineticin 2  (PROK2) , 
early growth response 2  (EGR2) , paired-like homeodo-
main 1  (PITX1) , chromo domain helicase DNA binding 

  Fig. 1.  Principal component analysis and relative gene expression of 
HIR and LIR patients.  a  Percent of total variance explained by the 
first 10 principle components (PCs). PC1 accounts to 28.5% of the 
total variance.  b  Projection of individual samples using PC1 and 
PC2. Percent of the explained variance is shown in parentheses.
 c  Heatmap with Pearson’s correlation coefficients between PCs and 
patient age or group (HIR or LIR). PC1 is strongly associated with 

patient group, whereas PC5 is weekly associated with age.  d  Heat-
map showing the log2 expression of the 1,000 most significant dif-
ferential genes between HIR and LIR patients relative to the average 
expression of each gene across all patients. Patient age and group are 
indicated by color on top of the heatmap, and both patients and 
genes have been reordered by hierarchical clustering to group similar 
profiles (clustering dendrograms shown on top and on the left side). 
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  Fig. 2.  Expression levels of  EGR2 ,  EGR4,  and  PITX1  analyzed by RNA sequencing in HIR and LIR cryptorchid testes. Gene expression 
shown as median RPKM values, mean absolute deviations and FDR values is presented. 
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Table 1.  Genes involved in germ cell development and in the HPG axis (bold) and downregulated in the HIR group

Gene ID Name logFCa FDR pHAZR/LAZR

ALDH1A2 aldehyde dehydrogenase 1 family, member A2 –2.36946 0.000175 0.0006
AMPH amphiphysin –1.51873 0.000888 0.02
CACNA2D2 calcium channel, voltage-dependent, alpha 2/delta subunit 2 –1.87634 0.00024 0.0007
CBL Cbl proto-oncogene, E3 ubiquitin protein ligase –1.28185 0.0007 0.0004
CDC20 cell division cycle 20 –2.5884 0.000154 0.003
CLGN calmegin –1.04018 0.014042 0.01
CSRP2 cysteine and glycine-rich protein 2 –1.79674 0.000264 0.002
CXCL9 chemokine (C-X-C motif) ligand 9 –1.98042 0.00121 0.0007
DAZ1 deleted in azoospermia 1 –2.08964 0.004096 n.s.
DAZL deleted in azoospermia-like –1.30306 0.007261 0.03
DDX25 DEAD (Asp-Glu-Ala-Asp) box helicase 25 –0.97862 0.003528 0.001
DDX4 DEAD (Asp-Glu-Ala-Asp) box polypeptide 4 –2.86159 0.000222 8.25E-05
DMRTB1 DMRT-like family B with proline-rich C-terminal, 1 –3.26495 0.000154 0.003
DPYSL4 dihydropyrimidinase-like 4 –1.09804 0.02908 0.001
DTL denticleless E3 ubiquitin protein ligase homolog (Drosophila) –1.51525 0.00036 0.0007
DUSP5 dual specificity phosphatase 5 –2.14862 0.000267 0.008
EGR4 early growth response 4 –3.35225 0.000322 0.006
ESX1 ESX homeobox 1 –3.34104 0.000154 8.63E-05
FGF9 fibroblast growth factor 9 –1.06052 0.001631 0.0001
FGFR3 fibroblast growth factor receptor 3 –3.32791 0.000154 0.0001
FOXG1 forkhead box G1 –1.60584 0.004397 1.21E-05
FST follistatin –1.99538 0.000624 0.001
GAGE1 G antigen 1 –1.79238 0.007285 0.001
GTSF1 gametocyte-specific factor 1 –2.96989 0.000154 0.0001
ID4 inhibitor of DNA binding 4, dominant negative helix-loop-helix protein –1.53417 0.001103 0.0002
ISL1 ISL LIM homeobox 1 –2.09731 0.000515 0.0004
KIF21B kinesin family member 21B –1.9747 0.000218 0.0001
LIN28B lin-28 homolog B (C. elegans) –2.2908 0.000264 0.01
LIN7B lin-7 homolog B (C. elegans) –1.94848 0.000322 0.02
MAGEA4 melanoma antigen family A4 –2.65916 0.000218 0.009
MAGEC1 melanoma antigen family C1 –2.50237 0.000154 8.24E-05
MND1 meiotic nuclear divisions 1 homolog (S. cerevisiae) –2.18184 0.000547 0.004
MORC1 MORC family CW-type zinc finger 1 –2.46752 0.000281 0.0001
NLRP2 NLR family, pyrin domain containing 2 –1.4955 0.001143 0.005
NMU neuromedin U –2.1983 0.001858 0.005
NRG1 neuregulin 1 –0.92134 0.013631 0.004
PIWIL2 piwi-like RNA-mediated gene silencing 2 –1.75871 0.000877 0.0001
PIWIL4 piwi-like RNA-mediated gene silencing 4 –2.08022 0.000154 0.0001
RGS7 regulator of G-protein signaling 7 –1.6375 0.001783 0.001
RNF17 ring finger protein 17 –2.36921 0.001931 0.01
SH3GL2 SH3-domain GRB2-like 2 –1.42897 0.000322 0.008
SIX1 SIX homeobox 1 –2.53474 0.000218 0.02
SNAP91 synaptosomal-associated protein, 91 kDa –1.71458 0.00038 0.008
SOX30 SRY (sex-determining region Y)-box 30 –1.94278 0.00025 0.002
SPA17 sperm autoantigenic protein 17 –1.85214 0.001258 0.01
SSX2 synovial sarcoma, X breakpoint 2 –2.02297 0.001142 0.003
SYCP3 synaptonemal complex protein 3 –2.24491 0.002046 0.0002
TAF5 TAF5 RNA polymerase II, TATA box binding protein (TBP)-associated factor, 100 kDa –1.08538 0.000894 0.005
TAF7L TAF7-like RNA polymerase II, TATA box binding protein (TBP)-associated factor, 50 kDa –1.98595 0.001673 0.03
TDRD10 tudor domain containing 10 –1.80786 0.000981 n.s.
TDRD5 tudor domain containing 5 –2.64116 0.000294 0.01
TDRD6 tudor domain containing 6 –1.80614 0.000154 0.0003
TDRD9 tudor domain containing 9 –1.52239 0.00057 0.009
TEX14 testis expressed 14 –1.53753 0.000453 0.001
TLE1 transducin-like enhancer of split 1 (E(sp1) homolog, Drosophila) –0.90022 0.001061 0.0001
TSPY1 testis-specific protein, Y-linked 1 –2.49393 0.000323 8.24E-05
WNT3 wingless-type MMTV integration site family, member 3 –2.64239 0.000154 0.0003
MBD2 methyl-CpG binding domain protein 2 n.s. n.s. 0.03
SRY sex-determining region Y n.s. n.s. 0.002
UTF1 undifferentiated embryonic cell transcription factor 1 n.s. n.s. 0.0002
RBMY1A1 RNA binding motif protein, Y-linked, family 1, member A1 NA NA 0.0008
RBMY1B RNA binding motif protein, Y-linked, family 1, member B –1.93256 0.000405
RBMY1E RNA binding motif protein, Y-linked, family 1, member E –1.90322 0.002026
RBMY1F RNA binding motif protein, Y-linked, family 1, member F –2.02817 0.000822
RBMY1J RNA binding motif protein, Y-linked, family 1, member J –1.95224 0.000653  

Table adapted from Hadziselimovic et al. [2009].
 a Absolute fold-changes <2 are highlighted in italics.
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protein 7  (CHD7) , and sprout homolog 4  (SPRY4)  as well 
as fibroblast growth factor receptor 1 ( figs. 2 ,  3 ;  table 2 ). 
With the exception of 7 genes  (ATF3 ,  CHD7 ,  CLOCK , 
 FGFR1 ,  FGFRL1 ,  RUNX1,  and  SEMA4D) , all were ex-
pressed with an absolute fold-change >2.

  Furthermore,  OTX2 ,  PITX1 ,  PITX2 ,  GATA2, LHX2 , 
 LHX6,  and  LHX8  transcripts involved in pituitary devel-
opment and differentiation had a lower signal in the HIR 
group ( tables  1 ,  2 ).  ISL1 , a paralog of  LHX4 , showed a 
significantly lower signal in HIR ( table 1 ). As a paralog, 
this gene is related to  LHX4  by duplication within the ge-
nome and subsequently evolved a new function. The 
 LHX4  gene encodes a member of a large protein family 
which contains the LIM domain, a unique cysteine-rich 
zinc-binding domain. The encoded protein is a transcrip-
tion factor involved in the control of differentiation and 
development of the pituitary gland.

  Discussion 

 GeneChip-based whole genome expression profiling 
of testicular tissue collected from cryptorchid boys with 
impaired mini-puberty revealed a decreased expression 
of multiple genes essential for HPG axis function. RNA-
seq analysis of a new group of HIR and LIR patients that 
we selected using identical histological criteria confirmed 

and extended our previous results [Hadziselimovic et al., 
2009, 2011]. Nearly all of the genes implicated in the HPG 
axis that were reported to be downregulated in the HIR 
group were confirmed by our RNA-seq analysis ( table 1 ). 
In addition, we identified genes for which transcripts are 
decreased in HIR that are also known to be involved in 
the HPG axis ( figs. 2 ,  3 ;  table 2 ). The reproducibility of 
the gene sets downregulated in either study of cryptor-
chid boys (with defective mini-puberty and lack of Ad 
spermatogonia) clearly supports a role for the HPG axis 
in the development of azoospermia and infertility.

  Moreover, we confirmed in HIR patients a previously 
reported strongly reduced expression of  EGR4  and found 
a significant relative downregulation of  EGR2  and  PITX1,   
( fig. 2 ;  table 1 ). Although a critical role of EGR2 has been 
shown in hindbrain development [Schneider-Maunoury 
et al., 1993; Swiatek and Gridley, 1993] and peripheral 
nerve myelination [Topilko et al., 1994], no specific func-
tion in testis or spermatogenesis has been described yet. 
In contrast, its family member EGR4 is expressed within 
maturing germ cells and plays a critical role in spermato-
genesis [Tourtellotte et al., 1999]. Furthermore, it was 
suggested that gene misregulation in Leydig cells (medi-
ated by  Egr1 ) and in germ cells (mediated by  Egr4 ) dis-
rupts critical intrinsic regulatory pathways leading to 
complete spermatogenic arrest in the absence of both 
transcription factors [Tourtellotte et al., 2000]. A specif-

  Fig. 3.  Expression levels of Kallmann syndrome involved genes  PROK2 ,  SPRY4 ,  CHD7  and  FGFR1  analyzed by 
RNA sequencing in HIR and LIR cryptorchid testes. Gene expression shown as median RPKM values, mean ab-
solute deviations and FDR values is presented. 
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ic function of PITX1 and PITX2 in the testis is yet un-
known. However, all 4 genes,  EGR4 ,  EGR2 ,  PITX1,  and 
 PITX2,  are directly involved in the regulation and expres-
sion of the LHβ subunit in the pituitary gland [Kaiser et 
al., 1998, 2000; Wei et al., 2002; Fortin et al., 2009]. No-
ticeably, we identified a decreased expression of the genes 
 MSX1 ,  DLX2 ,  DLX3 ,  NR4A1,  and  LHX3  in the HIR group 
( table  2 ). In mice, Msx1 functions as a repressor and
Dlx2 and Dlx3 as transcriptional activators of glycopro-
tein hormone α subunit (αGSU) and GnRH receptor 
(GnRHR) [Xie et al., 2013]. NR4A1 and LHX3 have been 
implicated in  GnRHR  gene expression [Sadie et al., 2003; 
McGillivray et al., 2005]. Thus, our finding of downregu-
lated genes directly involved in the modulation of LHβ, 
αGSU, and GnRHR expression implies an effect on LH 

production and provides a plausible explanation for the 
reduced LH levels measured in HIR patients.

  Kallmann syndrome accounts for 30–40% of the total 
caseload of ICH and has been considered to be a distinct 
subgroup of ICH [Bonomi et al., 2012]. Both Kallmann 
syndrome and HIR group cryptorchid patients have the 
following in common: (a) low LH levels, (b) extensive 
Leydig cell atrophy and impaired testosterone secretion, 
(c) similar testicular histology lacking gonocytes trans-
formation into spermatogonial stem cells, (d) infertility 
frequently combined with azoospermia, and (e) impor-
tantly, both groups can be successfully treated with GnRH 
(LH releasing hormone) to rescue fertility [Cole et al., 
2008; Sinisi et al., 2008]. In contrast to Kallmann syn-
drome, which is caused by one or several mutations in 22 

Table 2.  New identified genes downregulated in HIR and involved in the HPG axis

Gene ID Name HIR median LIR median logFCa FDR

ARID3B AT rich interactive domain 3B (BRIGHT-like) 1.25 3.35 –1.44965 0.000171
ATF3 activating transcription factor 3 0.47 1.10 –0.96099 0.009544
AXIN2 axin 2 2.33 5.75 –1.28981 0.000283
BMP7 bone morphogenetic protein 7 0.27 0.76 –1.58963 0.00144
BMPR1B bone morphogenetic protein receptor, type IB 0.72 3.90 –2.5653 0.000184
CHD7 chromodomain helicase DNA binding protein 7 3.57 5.94 –0.72742 0.001522
CLOCK clock circadian regulator 9.47 13.82 –0.46419 0.01024
DLX2 distal-less homeobox 2 0.05 0.28 –2.60142 0.003894
DLX3 distal-less homeobox 3 0.06 0.28 –2.07726 0.006612
DLX5 distal-less homeobox 5 0.20 0.87 –1.92109 0.00407
DUSP4 dual specificity phosphatase 4 0.21 0.74 –1.73444 0.000154
EBF3 early B-cell factor 3 0.33 1.59 –1.94656 0.000218
EGR2 early growth response 2 0.34 0.84 –1.17858 0.001333
FGF14 fibroblast growth factor 14 0.19 0.49 –1.23942 0.020814
FGFR1 fibroblast growth factor receptor 1 4.79 7.61 –0.49372 0.024252
FGFR2 fibroblast growth factor receptor 2 1.98 4.32 –1.25292 0.00052
FGFRL1 fibroblast growth factor receptor-like 1 1.33 2.84 –0.97919 0.010591
GATA2 GATA binding protein 2 0.33 1.06 –1.52714 0.000339
ISL2 ISL LIM homeobox 2 0.08 0.27 –1.6183 0.008855
KLF4 Kruppel-like factor 4 (gut) 1.43 4.11 –1.16046 0.008282
LHX2 LIM homeobox 2 0.03 0.28 –3.13022 0.0019
LHX6 LIM homeobox 6 0.35 1.17 –1.72084 0.000238
LIN28B lin-28 homolog B (C. elegans) 0.43 1.78 –2.2908 0.000264
MSX1 msh homeobox 1 0.29 0.69 –1.37378 0.00227
NHLH2 nescient helix loop helix 2 0.21 0.62 –1.65737 0.000772
NOS1 nitric oxide synthase 1 (neuronal) 0.12 0.29 –1.57741 0.000352
NR4A1 nuclear receptor subfamily 4, group A, member 1 1.52 2.80 –1.05698 0.00366
OTX2 orthodenticle homeobox 2 0.12 0.34 –1.7389 0.03221
PCSK1N proprotein convertase subtilisin/kexin type 1 inhibitor 0.28 1.87 –2.57264 0.003657
PITX1 paired-like homeodomain 1 0.00 0.26 –4.21104 0.000866
PITX2 paired-like homeodomain 2 0.07 0.47 –2.36513 0.00097
POU3F1 POU class 3 homeobox 1 0.09 0.43 –2.53507 0.000391
PROK2 prokineticin 2 0.22 1.05 –2.43563 0.000184
RUNX1 runt-related transcription factor 1 0.40 0.67 –0.95564 0.008482
SEMA3F sema domain, immunoglobulin domain (Ig), short basic domain, secreted, 

(semaphorin) 3F
0.15 0.43 –1.67332 0.004377

SEMA4D sema domain, immunoglobulin domain (Ig), transmembrane domain (TM) 
and short cytoplasmic domain, (semaphorin) 4D

2.27 4.07 –0.83474 0.001076

SPRY4 sprouty homolog 4 (Drosophila) 0.46 1.14 –1.05327 0.001517
TRPC3 transient receptor potential cation channel, subfamily C, member 3 0.45 1.04 –1.34278 0.004737

 a Absolute fold-changes <2 are highlighted in italics.
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genes [Valdes-Socin et al., 2014; Kim, 2015], the HIR 
group showed 4 differentially expressed genes:  FGFR1 , 
 PROK2 ,  CHD7  and  SPRY4  which are important for LH 
secretion ( fig. 3 ). Thus, observed LH insufficiency in the 
HIR group is likely to result from a compromised gene 
expression. Furthermore, in contrast to boys with Kall-
mann syndrome, cryptorchid boys in the HIR group had 
normal FSH and inhibin plasma values [Verkauskas et al., 
2016]. Our data do not show a direct causal relationship 
since they are not confirmed experimentally. However, 
observed insufficient gene expression in the HIR but not 
in the LIR group strongly supports the notion that the 
above described 5 main points of similarities between 
Kallmann syndrome and the HIR group are caused by an 
abnormal gene expression. This is the first step in under-
standing a potential new risk factor for infertility develop-
ment in cryptorchidism, which is vital if we are to develop 
new approaches for hormonal treatment and early risk 
detection in the future.

  Consequently, in cases of isolated congenital cryptor-
chidism, we hypothesize that oligogenicity contributes to 
the phenotypic presentation of defective mini-puberty 
and infertility. This observation indicates a broader ge-
netic spectrum of ICH and may explain the development 
of defective mini-puberty in otherwise healthy cryptor-
chid boys. Interestingly, among other tissues  PROK2  ex-
pression was found predominantly in brain and testis 
[Wechselberger et al., 1999]. In human and mice, the 
highest similarity in gene expression profiles is between 
brain and testes [Guo et al., 2003]. Besides its role in the 
HPG axis, PROK2 is highly expressed in primary sper-
matocytes and in seminiferous tubules in the testis 
[Wechselberger et al., 1999; Samson et al., 2004]. There-
by, PROK2 functions as an angiogenic mitogen to pro-
mote growth and survival of the testicular interstitial ves-
sels [LeCouter et al., 2003]. Subsequently, this might af-
fect the modulation of testosterone secretion out of the 
testis and of regulatory factors into the testis [Samson et 
al., 2004]. In addition, PROK2 functions as a mediator of 
the inflammatory response [Samson et al., 2004] and may 
perform this function in the context of the epididymis 
[LeCouter et al., 2003]. Therefore, the presence of  PROK2  
transcripts in the primary spermatocytes associated with 
an angiogenic role in the testis suggests an important role 
of this prokineticin in spermatogenesis.

  As a consequence of impaired mini-puberty, 97% of 
cryptorchid HIR males were infertile with an average of 
9.1 × 10 6  sperm per ejaculate, while 33% out of this group 
developed azoospermia [Hadziselimovic, 2008; Hadzise-
limovic et al., 2011]. However, if cryptorchid boys with 

impaired mini-puberty received treatment with a GnRH 
analogue following orchidopexy, a normal spermiogram 
was achieved in 86% of subjects [Hadziselimovic, 2008]. 
Thus, hormonal treatment with GnRH in early childhood 
permanently restored fertility and prevented the develop-
ment of azoospermia [Hadziselimovic, 2008]. Superior 
fertility results were achieved for hormone (Buserelin)-
treated cryptorchid boys <6 years of age [Hadziselimovic 
and Herzog, 1997; Hadziselimovic, 2008]. Therefore, it 
seems likely that the observed success with Buserelin de-
pends on an optimal treatment window when a perma-
nent reversal of PROK2 neuronal plasticity can be 
achieved.

  In conclusion, the results obtained from RNA-seq 
analyses strongly support the theory that an impaired 
mini-puberty causes azoospermia and infertility in crypt-
orchidism. Multiple differences in gene expression iden-
tified when comparing the HIR and LIR groups con-
firmed the results of our previously published whole
genome microarray expression analyses and further un-
derscore the importance of an intact HPG axis in fertility 
development and spermatogenesis. Thus, molecular ob-
servations support a crucial role for PROK2 in the physi-
ology of mini-puberty with impaired  PROK2/CHD7/
FGFR1/SPRY4  gene expression inducing LH deficiency 
as controlled by the regulators  EGR4  and  PITX1 .
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