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ABSTRACT: The identification of new genes involved in sexual development and gonadal function as potential candidates causing male in-
fertility is important for both diagnostic and therapeutic purposes. Deficiency of the onco-miRNA cluster miR-/7~92 has been shown to
disrupt spermatogenesis, whereas mutations in its paralog cluster, miR-106b~25, that is expressed in the same cells, were reported to
have no effect on testis development and function. The aim of this work is to determine the role of these two miRNA clusters in sperma-
togenesis and male fertility. For this, we analyzed miR-106b~25 and miR-17~92 single and double mouse mutants and compared them to
control mice. We found that miR-/06b~25 knock out testes show reduced size, oligozoospermia and altered spermatogenesis.
Transcriptomic analysis showed that multiple molecular pathways are deregulated in these mutant testes. Nevertheless, mutant males con-
served normal fertility even when early spermatogenesis and other functions were disrupted. In contrast, miR-17~92""=; miR-106b~25~"~
double mutants showed severely disrupted testicular histology and significantly reduced fertility. Our results indicate that miR-106b~25
and miR-17~92 ensure accurate gene expression levels in the adult testis, keeping them within the required thresholds. They play a crucial
role in testis homeostasis and are required to maintain male fertility. Hence, we have identified new candidate genetic factors to be
screened in the molecular diagnosis of human males with reproductive disorders. Finally, considering the well-known oncogenic nature of
these two clusters and the fact that patients with reduced fertility are more prone to testicular cancer, our results might also help to eluci-
date the molecular mechanisms linking both pathologies.

Key words: microRNA / miR-17~92 / miR-106b~25 / onco-miRNA / oligozoospermia / male infertility

© The Author(s) 2020. Published by Oxford University Press on behalf of European Society of Human Reproduction and Embryology. All rights reserved.
For permissions, please email: journals.permissions@oup.com


http://orcid.org/0000-0002-1427-7639
http://orcid.org/0000-0003-4103-8219
https://orcid.org/0000-0003-4103-8219
https://orcid.org/0000-0003-4103-8219

390

Hurtado et al.

Introduction

Human male infertility is frequently associated to disorders/differences
of sex development (DSD), which are relatively rare congenital condi-
tions in which the development of chromosomal, gonadal and/or ana-
tomic sex is atypical (Lee et al., 2006). Even though our knowledge of
the genes and molecular pathways involved in mammalian sex determi-
nation and differentiation has been significantly improved in recent
years, it is estimated that only a small fraction of the DSD patients re-
ceive a precise molecular diagnosis, and that many DSD-causative
genes remain unknown (Lee et al., 2016). Thus, the identification of
new genes involved in sexual development and gonadal function as po-
tential candidates for DSD is important for both diagnostic and thera-
peutic purposes.

MicroRNAs (miRNAs) are small regulatory RNA molecules able to
either cleave or translationally repress their target mRNAs (Bartel,
2004). They are involved in the control of diverse genetic networks
that affect many physiological processes, including development, differ-
entiation, metabolism and cancer (Zhang et al., 2007). In some cases,
miRNAs are grouped into clusters and transcribed as polycistronic
transcripts. The miR-17~92 cluster (also called Mirc! in the mouse)
includes six members (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1
and miR-92-1) that are highly conserved in vertebrates and expressed
in almost all tissues studied during pre- and postnatal stages (Ventura
et al, 2008). Hemizygous deletion of human MIRI7HG (the miR-
[7~92 host gene) causes the Feingold syndrome, an autosomal domi-
nant condition characterized by multiple skeletal abnormalities (de
Pontual et al., 2011). The miR-17~92 cluster is associated with several
types of both hematopoietic and solid tumor cancers (Mogilyansky and
Rigoutsos, 2013). Two paralog clusters exist in both the human and
the mouse genomes, the miR-106a~363 cluster (Mirc2), which com-
prises six miRNAs (miR-106a, miR-18b, miR-20b, miR-19b-2, miR-92a-2
and miR-363), and miR-106b~25 (Mirc3), with three members (miR-
106b, miR-93 and miR-25). The miRNAs of both miR-17~92 and miR-
106b~25 have similar expression patterns in most tissues, whereas
those of the miR-106a-363 cluster are rarely expressed (Ventura et dl.,
2008). Like miR-17~92, miR-106b~25 has been associated with differ-
ent types of cancer, including breast (Guarnieri et al., 2018), liver (Li
et al, 2009), lung (Lo Sardo et al, 2017), stomach (Zhang et dl.,
2014), prostate (Hudson et al., 2013), kidney (Xiang et al., 2015) and
ovarian cancer (Zhu, 2012), among others.

Many studies have reported expression of the members of miR-
106b~25 during the embryonic and postnatal development of primor-
dial germ cells and at early stages of spermatogenesis (Hayashi et al.,
2008; Niu et al., 201 I; Mclver et al., 2012; Smorag et al., 2012; Tong
et al., 2012; He et dl.,, 2013; Tan et al., 2014; Bhin, Jinhyuk et al., 2015;
Hilz et al., 2017). Also, several studies have shown that miR-106b~25
is mis-expressed in patients with testicular anomalies, miR-25 and miR-
93 being downregulated in testicular biopsies from patients with
Sertoli cell only syndrome (Abu-Halima et al, 2014; Cheng et dl.,
2017). Similarly, the expression of miR-93 was downregulated in the
seminal plasma of oligoasthenozoospermic subfertile men (Abu-Halima
et al., 2016), as well as in the testicular tissue of patients with non-
obstructive azoospermia (Lian et al., 2009), and reduced expression of
miR-106b seen in family members has been associated with human tes-
ticular cancer (Koster et al., 2010). In contrast, miR-106b was upregu-
lated in the seminal

plasma of both azoospermic and

asthenozoospermic patients (Wang et al., 201 1). Nevertheless, mice
with a deletion of miR-106b~25 were reported to be viable and fertile
and showed no obvious phenotypic abnormalities (Ventura et al.,
2008). Thus, prompted by the large number of studies showing ex-
pression of miR-106b~25 and miR-17~92 during testicular develop-
ment and its involvement in reproductive diseases, we decided to
perform a more detailed study of the testicular features and fertility in
mice carrying both single and double mutations of these clusters.

Materials and methods

Mice

miR-106b~25 null mutants and miR-17~92flox/flox control mice, both
on a C57BL/6 x 12954/Svjae genetic background, were obtained
from the Jackson Laboratory (Bar Harbor, ME, USA; Stocks No:
008460 and 008458, respectively). To generate miR-/06b~25~"";miR-
17~92""~ mutant mice, miR-17~9211 mice were crossed to
CAG-Cre mice (Belteki, 2005), and the resulting miR-17~92%"" off-
spring were crossed to miR-106b~25~"" mice to generate compound
double heterozygotes: the latter mice were back-crossed to miR-
106b~25""" mice to produce miR-106b~25""";miR-17~92+"~
mice. All animal experiments in this study were approved by the
University of Granada Ethics Committee for Animal Experimentation
(exp. No: 201 1-341), and performed in accordance with the relevant
guidelines and regulations dictated by this Committee.

Male fertility tests

Three control and three mutant males at postnatal day 60 (P60) were
mated separately with two P60 control females each for a period of 5
months and the size and the number of the resulting litters were
recorded.

Histological and immunohistological
methods

Gonads were dissected out, weighed and prepared for standard histo-
logical methods, including hematoxylin and eosin staining. Testes were
transversally sectioned to obtain cross sections of most seminiferous
tubules. To assess the spermatogenesis condition, Johnsen’s scores
were determined. For this, 100 different seminiferous tubules were an-
alyzed in each individual. Every tubular section was given a score rang-
ing from | to 10 according to the most mature germ cells present in it
(Johnsen, 1970). Also, single and double immunofluorescence analysis
was performed, as previously described (Dadhich et al., 2013). We
studied the spatial expression pattern of the following proteins:
Laminin (a principal component of the basement membrane),
Claudin| | (a transmembrane protein of the tight juntncions that form
blood-testis barrier [BTB]), MNCD2 (N-Cadherin) (a component of
the adherents junctions and ectoplasmic specialization formed in
Sertoli-Sertoli and Sertoli-germ cell interactions), DMCI (a recombina-
tion protein present from leptotene to early pachytene spermato-
cytes), PCNA (proliferating cell nuclear antigen present in both
spermatogonia and zygotene-pachytene spermatocytes), and Ubiquitin
(involved in protein degradation). Supplementary Table SI summarizes
the antibodies used.
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Analysis of BTB permeability

To test the permeability of the BTB in the testes of control and mu-
tant mice we used a biotin-labeled tracer compound [EZ-Link Sulfo-
NHS-LC-Biotin tracer, Thermo Scientific (Waltham, MA, USA)] as de-
scribed (Dadhich et al., 2013). Briefly, mice were anasthesized by halo-
thane inhalation, their testes were exposed, and 50 pl of the tracer
solution was placed beneath the tunica albuginea of the left testis,
injecting at several points. The right testis was also treated in a similar
way, but only PBS with | mM CaCl2 was injected, as a control. The
testes were placed again inside the body of the mice, and 30 min later
they were euthanized. The testes were then dissected out and fixed
overnight in 4% formaldehyde. Testes were dehydrated, embedded in
paraffin (Paraplast plus from Leyca Biosystems, Wetzlar, Germany)
and sectioned (5 um thick) according to standard procedures.
Histological preparations were dewaxed and rehydrated and the tracer
was detected by incubating the sections for 30 min with an Alexa
Fluor 568-conjugated streptavidin solution (included in the tracer kit)
at 25°C. To detect both the tracer and claudin |1, immunofluores-
cence for claudin || was performed before the tracer-detection tech-
nique was applied. Sections were then rinsed twice with PBS for 10
min, stained with DAPI (Sigma-Aldrich, Saint Louis, MO, USA), rinsed
four additional times with PBS (20 min each), and mounted in
Vectashield medium (Vector Labs. Burlingame, California).

Analysis of apoptosis

To detect apoptotic cells we used the terminal deoxynucleotidyl trans-
ferase (TdT)-mediated dUTP nick end labeling (TUNEL) technology,
using an in situ cell-death detection kit (Roche, Basel, Switzerland)
according to the manufacturer’s instructions. Briefly, 50 pl of the
TUNEL reaction mixture were placed on dewaxed and rehydrated tis-
sue preparations, covered with parafim and incubated for 60 min at
37°C in a humidified atmosphere in the dark and rinsed in PBS. After
being rinsed with PBS, preparations were treated with DAPI, mounted
in Vectashield and observed under a fluorescence microscope (Nikon,
Tokio, Japan) at 488-nm wavelength (green).

Testis transcriptome

Total RNA was isolated from the testes of three miR-106b~25~"~
and three control (miR-17~92/%X) mice at P60 using the Qiagen
RNeasy Midi kit (Hilden, Germany) according to the manufacturer’s
instructions. Subsequently, the six samples were sent to Macrogen Inc.
(Seoul, South Korea). After passing a quality check, libraries were pre-
pared using a TrueSeq RNA Sample Prep Kit V2 (lllumina, San Diego,
CA, USA) and they were paired-end sequenced separately in an
lllumina HiSeq 4000 platform. The ArrayExpress accession number for
these transcriptomes is E-MTAB-8964.

Bioinformatics

The RNA-seq reads (around 100 base in length) were mapped to the
NCBI GRCm38 mouse genome and counted with the dlign and
featureCounts function from the R subread package (Liao et al., 2019).
The number of reads varied from 42 to 57 million and from 60 to 67
million in the control and mutant samples, respectively. Successfully
assigned alignment varied from 35 to 46 million (more than 85%) and
from 46 to 55 million reads (more than 82%) in the control and

mutant samples, respectively. Only genes with | or more cpm (counts
per million) in at least two of the samples were considered to be
expressed and were used for further analysis. Analysis of differential
gene expression was performed with edgeR (Robinson et al., 2010).
The total number of reads per sample was normalized with the
calcNormFactors function of edgeR. Gene Ontology analysis was per-
formed for differentially expressed genes (false discovery rate (FDR)
<0.001) using the Database for Annotation, Visualization and Integrated
Discovery (DAVID) (Huang et al., 2007). To identify alternative splicing
(AS) changes, reads were mapped with Olego (Wu et dl., 2013) and
subsequently the Quantas pipeline was used to infer transcript struc-
ture and quantify AS (Yan et al., 2015). To visualize splice junctions,
RNA-seq reads were mapped to the NCBI GRCm38 mouse genome
with the subjunc function from the Rsubread package (Liao et dl,
2019), and Sashimi plots were generated with the Integrative Genome
Viewers (Robinson et al., 201 ). Prediction of target sites for the two
miR-106b~25 seed families was done using TargetScan (version 7.1)
(Agarwal et al., 2015). Protein—Protein interaction (PPI) analysis was
performed using the STRING database (Szklarczyk et al., 2019) and
the Cytoscape software platform (Shannon, 2003).

Epididymal sperm counts

The two entire epididymides of each mouse were dissected out,
placed in a small Petri dish containing 2 ml PBS and minced with a scal-
pel into pieces of [-2 mm. Then, the whole content of the Petri dish
was transferred to a 15 ml falcon tube and filled with more PBS to
reach a volume of 5 ml. The sperm was expelled out of the epididymis
fragments by gently pressing them against the tube wall with the coni-
cal end of a Kimble tissue grinder (Ref. 749515-1500; Kimble Chase,
Meiningen, Germany). The sperm suspension was allowed to stand for
| min and 100 pl were taken from the upper clean part and further di-
luted 30-50 times (depending on the initial sperm concentration) with
PBS before counting in a Neubauer chamber (Brand, Wertheim
Germany). Results are given as the total number of sperm per mouse.

Serum testosterone measurements

Control and miR-106b~25 knock out (KO) mice at P60 (five of each
genotype) were euthanized and their peripheral blood immediately
taken by heart puncture. Total serum testosterone concentrations
were measured by quantitative immunofluorescence using the
testosterone-specific kit of the iCroma TM Reader system (Boditech
Med Inc. Chungcheon, South Korea), according to the manufacturer
instructions.

Ubiquitination assay

HEK293T cells were cultured in 24-well plates (2.5 x 104 cells per
well) and transiently transfected with miR-106b mimic, miR-93 mimic
or a negative control miRNA mimic (Dharmacon) at O, 10, 25, 50 and
75 mM using INTERFERIN® in vitro siRNA/miRNA transfection re-
agent (Polyplus-transfection). At 48 h after transfection, cells were har-
vested, lysed and analyzed by western blotting using an anti-ubiquitin
antibody.



392

Hurtado et al.

Statistical analysis

Data are reported as mean * SD values. All groups of values fit a nor-
mal distribution, so we used Student’s t-tests to compare the respec-
tive means using the free software gnumeric (developed by the
GNOME Project). Differences between means were considered signifi-
cant when P < 0.05.

Results

miR-106b~25 KO mouse testes show
reduced size, oligozoospermia and altered
spermatogenesis

To study the role of the miR-106b~25 cluster during testis develop-
ment and function we used a previously generated null mutant mouse
strain in which the cluster was deleted from the |3th intron of its host
gene, Mcm7 (Ventura et al., 2008) without altering its expression and
splicing (we confirmed this in our RNA-seq study; Supplementary
Table Sll and Fig. S1). At P60, miR-106b~25""" mice presented a sig-
nificant 30% reduction in the testis mass compared to controls
(Fig. IA; Supplementary Table SlIl). However, as miR-106b~25~"~
mice were smaller than controls (Supplementary Table SlIl), we also
calculated the relative testis mass, expressed as a percentage of body
mass, and confirmed a significant reduction in testis mass in the
mutants (Fig. |B; Supplementary Table SIII). We also determined the
Johnsen’s score, as it is a widely accepted, histologically quantitative
method to check the spermatogenesis condition (Johnsen, 1970). The
average Johnsen’s scores (JS) was 8.8 in control (Fig. 1C and F), and
7.9 in mutant mice (Fig. 1C and G-I; Supplementary Table Slil). The
mutant mice contained a majority of normal tubules (JS = 9-10;
Fig. 1C and G) but also tubules with lower |S values (Fig. I1C and H),
including some with JS < 4, which were absent in controls (Fig. 1C
and I). Consistently, epididymal sperm counts were reduced (40%) in
mutant mice compared to controls (Fig. |D; Supplementary Table
SII). Finally, we checked whether the phenotype of the miR-106b~25
mutant mice could be associated with reduced testosterone produc-
tion, but no difference in serum testosterone levels was found com-
pared to controls (Fig. |E; Supplementary Table SlII). Consistent with
this, the relative seminal vesicle mass, (seminal vesicle mass/body
mass x 100) showed no difference between the mutant and control
condition (Supplementary Fig. S2 and Supplementary Table SllI). Our
results therefore show that miR-106b~25 deficiency induces oligozoo-
spermia in the mouse.

Multiple molecular pathways are
deregulated in miR-106b~25 KO mouse
testes

To shed light on the molecular mechanisms underlying the spermato-
genic alterations observed in miR-106b~25 KO mice, we used RNA-
seq to identify differentially expressed genes (DEG) when comparing
mutant and control testes at P60. Initially, we analyzed the differences
between the expression profiles of mutant and control samples using a
hierarchical clustering analysis. As expected, replicate samples from
the same condition clustered together, showing that the testis tran-
scriptome is significantly and consistently affected when miR-106b~25

is absent (Fig. 2A). We found 2409 deregulated genes [P adjusted
(FDR) < 0.001], 1130 being upregulated and 1279 downregulated
(Supplementary Table Sll). The smear plot, representing the logFC of
the expression against the average expression, showed that most
genes were deregulated by less than two-fold (Fig. 2B). Functional an-
notation clustering of DEG revealed a significant enrichment (Padj. <
0.05) in clusters related to cell division and mitosis, ubiquitination,
DNA repair, cell-cell adhesion, mRNA splicing and extracellular matrix
(Fig. 2C; Supplementary Table SIV). PPl analysis of DEG resulted in a
large interaction network that included several subnetworks individu-
ally enriched in one of the previously identified categories (Fig. 2D;
Supplementary Table SV). Depending on their target sequence, the in-
dividual members of miR-106b~25 can be grouped into two seed fam-
ilies, with miR-93 and miR-106 belonging to one family and miR-25 to
the other (Mogilyansky and Rigoutsos, 2013). As miRNA deletion typi-
cally results in the upregulation of predicted targets, we looked for
genes upregulated in miR-106b~25 deficient testes and containing pre-
dicted binding sites for both seed families in their 3’ UTRs. We identi-
fied 25 and 13 genes for the miR-106b/93 and miR-25 seed families,
respectively (Supplementary Table SVI). We also located these target
genes in our PPl network, highlighted their direct interactions with
other proteins, and observed that they were widely distributed
throughout all subnetworks (Fig. 2E). These results indicate that the
slight alteration in the expression levels of a multitude of genes in mu-
tant testes is the result of direct deregulation of several genes carrying
functional targets for the miR-106b~25 miRNAs that subsequently
alters the expression of many other genes with which they directly in-
teract at the molecular level.

Early spermatogenesis and other functions
are disrupted in miR-106b~25 KO mouse
testes

Cell division is an important biological process affected in miR-
106b~25 KO testes (Fig. 2C), and spermatogenesis includes both mi-
totic and meiotic divisions. To uncover stage-specific gene deregulation
in miR-106b~25 KO testes, we used the recently published gene ex-
pression signature of the |4 spermatogenic clusters identified by
Hermann et al. (2018), using single-cell RNA-seq technology. We iden-
tified which genes among those deregulated in miR-/06b~25 KO tes-
tes are known to be expressed in specific cell types, and found that
the stages with highest number of deregulated genes corresponded to
those of early spermatogenesis, from undifferentiated spermatogonia
to leptotene-zygotene spermatocytes (Fig. 3A; Supplementary Table
SVII), coinciding with the stages where members of the miR-106b~25
cluster are expressed. Interestingly, at these early stages, downregu-
lated genes were the most abundant. Also, we studied by immunofluo-
rescence the expression patterns of two germ cell markers, namely
PCNA, expressed in mitotic spermatogonia as well as in zygotene and
pachytene spermatocytes (Steger, 1998), and meiotic recombination
protein (DMCI), a marker for leptotene-to-early pachytene spermato-
cytes (Yoshida et al., 1998). A similar expression pattern was observed
in both mutant and control testes of P60 mice for both PCNA
(Fig. 3B, D, E and G) and DMCI (Fig. 3C, D, F and G). However, the
percentage of DMCI™ tubules was significantly increased (40%) in the
miR-106b~25 KO compared to controls (Fig. 3H;
Supplementary Table Slll). These results show that slight deregulation

testes
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Figure | Testicular phenotype and fertility of microRNA miR-106b~25 KO mice compared with controls at P60. (A) Testis mass.
(B) Relative testis mass calculated as: testis mass (g)/body mass (g) x 100. (C) Johnsen’s scores of three control and three miR-106b~25 deficient
testes. (D) Epididymal sperm counts. (E) Total serum testosterone concentrations. (F-1) Hematoxilin and eosin-stained histological sections of con-
trol (F) and mutant (G-I) testes, with indication of the Johnsen’s scores (JS) corresponding to the tubular sections marked with arrows. Bars in (A—E)
represent mean = SD. Statistical significance of the differences between mean values was determined using Student’s t-tests; n = 10 (5 control and 5
miR-106b~25 KO mice) in A, B, D and E; n = 6 (3 control and 3 miR-106b~25 KO mice) in (C). All numeric data are included in Supplementary
Table SllI. Scale bar shown in | represents 50 pm in all micrographs. KO, knock out.

of a high number of genes during early spermatogenesis in miR-
106b~25 KO testes leads to a delay of the cycle at these stages.
Sertoli-Sertoli and Sertoli-germ cell adhesions are necessary for the
correct progression of the spermatogenic cycle (Lui and Cheng, 2013)
and we found that cell adhesion is one of the biological processes altered
in miR-106b~25 KO testes (Fig. 2C; Supplementary Table SIV). We also
studied by immunofluorescence the expression of N-cadherin, present
in the ectoplasmic specializations existing in both Sertoli-Sertoli and
Sertoli-germ cell contacts, and claudin | I, a main component of the
BTB. No differences were observed between control and mutant testes
at P60 in the expression pattern of both proteins (Supplementary Fig.
S3A-C and F). Furthermore, the injection of a biotin-labeled tracer
showed that the BTB was functional (impermeable) in both miR-
106b~25 KO and control testes (Supplementary Fig. S3D, E, G and H).
Moreover, although some extracellular matrix genes appeared altered in
our transcriptome analysis, the expression pattern of laminin, a major
component of the basement membrane, remained unchanged in mutant
testes (Supplementary Fig. S3I and ]). These results show that mild

deregulation of cell adhesion and extracellular matrix genes does not ap-
pear to disrupt the assembly of these structures.

Using a TUNEL assay, we observed that miR-106b~25 KO testes
do not undergo increased apoptosis. The number of positive cells was
very low (Supplementary Fig. S3L and M) in both control and mutant
testes at P60, suggesting that cell death is probably irrelevant to the
alterations observed in the mutant gonads.

Another biological process affected in mutant testes was ubiquitina-
tion (Fig. 2C; Supplementary Table SIV). We checked whether these
miRNAs could affect ubiquitination in vitro by transfecting HEK293 cells
with increasing concentrations of miR-93 and miR-106b miRNA mimics
and checking the status of conjugated ubiquitin by western blotting.
However, no differences were detected between control and miRNA-
mimic-transfected cells (Supplementary Fig. S4), showing that the ab-
sence of these miRNAs appears not to affect ubiquitination at detect-
able levels.

Our transcriptomic analysis also revealed that mRNA splicing was
another functional category affected in mutant testes (Fig. 2GC;
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Supplementary Table SIV). Thus, we processed our RNA-seq datasets
with the Olego and Quantas pipelines to measure the different types
of AS (Wu et dl,, 2013). We identified |18 AS differences in the
mRNAs from 95 genes (Fig. 4A; Supplementary Table SVIII). Sashimi
plots confirmed the existence of AS events differing between mutant
and control conditions (Fig. 4B—H). Biological processes analysis of the
95 genes with AS differences between conditions identified several
groups of genes of particular Gene Ontology categories, including pro-
tein poly-ubiquitination, cell cycle and spermatogenesis (Supplementary
Table SIX). Overall, our results show that these miRNAs influence not
only the abundance but also the sequence of many mature mRNAs,
by regulating genes controlling their splicing.

Fertility is not compromised in
miR-106b~25 KO mice but it is severely
reduced in double miR-17~92"";
miR-106b~25"'"" mutants

An important aspect of our study was to check whether fertility had
been reduced in miR-106b~25 KO mice. Fertility tests detected no
statistical difference in either the size or the number of the litters
(Fig. 5A and B; Supplementary Table Slll). A possible explanation for
this is that another factor may be compensating for the lack of miR-
106b~25. Several observations indicate that the paralog cluster, miR-
17~92 is a good candidate: both clusters are expressed in the same
cell types during spermatogenesis (Tong et al., 2012); conditional inac-
tivation of miR-17~92 in germ cells (Tong et al., 2012) leads to a tes-
ticular phenotype similar to that described here for miR-106b~25 KO
mice; the expression of miR-106b~25 is dramatically increased in miR-
17~92"~ germ cells (Tong et al., 2012); and likewise, we found that
the transcription levels of the miR-17~92 host gene increased about
40% in miR-106b~25""" testes (Fig. 5C; Supplementary Table SII).
Hence, we decided to generate compound miR—I7~92+/7;miR-
106b~25"" mutant mice (hereafter, double knock out: DKO). We
could not generate double homozygous mutants because miR-
[7~92"" mice die at birth (Ventura et al., 2008). We analyzed these
new mutants in the same way as for miR-106b~25~"" mice. At P60,
both testis mass and body mass were significantly lower in DKO than
in both single mutants (either miR-106b~25~"" or miR-17~92"/7)
and controls. The relative testis mass reduction in DKO mice was sig-
nificant compared to the controls, but not regarding the single
mutants, owing to their lower body mass (Supplementary Fig. SSA-C).
In contrast, the relative seminal vesicle mass showed no difference be-
tween any condition (Supplementary Fig. S2 and Supplementary Table
SHI). Besides, JSs and the expression patterns of several proteins (cell
adhesion molecules and meiotic markers) of both miR-/7~92""~ and
DKO mutants were similar to those described above for miR-
106b~25""" testes at P60 (Fig. 5D and E; Supplementary Fig. S5D—
Q). However, at 12 months of age, miR-17~92""~ mice retained his-
tologically normal testes whereas DKO animals exhibited severe ab-
normalities, including tubules lacking the seminiferous epithelium and
containing only Sertoli cells (Fig. 5F, G and I-L). At P60, the epididymal
sperm counts in DKO mice revealed an important reduction com-
pared to any of the other genotypes (Fig. 5H; Supplementary Table
SHI). Consistently, we found no differences in fertility between miR-
[7~927/~ and either control or miR-106b~25""~ mice, but compari-
son between DKO mice and any of the other three conditions

revealed that litter size was reduced in about 35%, and the average
number of litters per month per female was reduced in about 75% of
mice (Fig. 5A and B; Supplementary Table SlIl). Despite this severely
reduced fertility detected in DKO mice at P60, they retained some de-
gree of fertility even at the age of | year, as their epididymides nor-
mally contained sperm (Fig. 5M). However, in a reduced number of
cases (2/12), 12-month-old DKO mice were completely sterile, as evi-
denced by the absolute lack of sperm in their epididymides (Fig. 5N).
Altogether, these results indicate that miR-17~92 and miR-106b~25
co-operate to maintain long-term fertility in the adult testis.

Discussion

The identification of new regulatory genes potentially responsible for the
cases of idiopathic male infertility associated with DSD conditions is im-
perative to meet the diagnostic and therapeutic needs of many of these
patients (Lee et al, 2016). The expression of both miR-106b~25 and
miR-17~92 has been shown to be deregulated in several male patients
with reproductive defects (Lian et al., 2009; Koster et al., 2010; Wang
et al., 201 |; Abu-Halima et al., 2016), suggesting that they could be in-
volved in the origin of these disorders. Here, we report that mice with a
deletion of miR-106b~25 exhibit reduced testis size, altered spermato-
genesis and low sperm count and that miR-17~92/miR-106b~25 DKO
mice may become completely sterile, showing that these two clusters
are necessary to maintain male fertility. Thus, we have identified new
candidate genetic factors to be screened in the molecular diagnosis of
human males with reproductive disorders.

In our transcriptomic analysis of miR-106b~25-deficient mouse tes-
tes, we identified more than 2000 deregulated genes, although most of
them showed very mild variations of their expression levels, as ob-
served previously in other tissues and organs (Baek et al, 2008;
Selbach et al., 2008). In all cases, including the present study, these
modest changes affected not only direct targets but also genes without
a predicted binding site in their 3 UTRs (Han et al., 2015). It seems,
therefore, that moderate alteration in the expression of a large num-
ber of genes observed in our mutant testes is the result of direct de-
regulation of a number of target genes, which, in turn, indirectly
changes the expression of many other genes functionally related to
them. This is consistent with the widely accepted view that miRNAS
may act as fine-tuners of large gene networks (Martinez and Walhout,
2009; Han et al., 2015; Rajman and Schratt, 2017). Our results indicate
that miR-106b~25 miRNAs ensure accurate gene expression in the
adult testis by keeping levels within the required thresholds, thus play-
ing a crucial role in testis homeostasis.

Previous studies have shown that members of the miR-106b~25 clus-
ter are expressed during early spermatogenesis, from spermatogonial
stem cells (SSC) to primary spermatocytes (Hayashi et al., 2008; Niu
et al, 201 |; Mclver et al., 2012; Smorag et al., 2012; Tong et al., 2012;
He et dl,, 2013; Tan et al., 2014; Bhin et dl., 2015; Hilz et al., 2017).
Consistently, several findings indicate that these early stages are particu-
larly altered in our miR-106b~25 KO testes: many genes involved in cell
division and mitosis (SSC undergo several mitotic rounds before enter
meiosis) are deregulated in mutant testes; the highest number of
deregulated genes are those expressed specifically in the cell types of
these early stages; and we found a significant increase in the number of
DMCI™ tubules in the mutant testes, indicating that spermatogenesis is
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slowed down at the primary spermatocyte stage. Therefore, our results
suggest that the absence of miR-/06b~25 in the testis causes deregula-
tion of genes involved in cell division that results in a slowing down of
spermatogenesis and the subsequent oligozoospermia.

Several studies have reported an increased risk of testicular cancer
in infertile men (Jacobsen, 2000; Raman et al., 2005; Walsh et al.,

2009; Ji et al, 2012; Eisenberg et al, 2013; Hanson et al., 2016).
Although the underlying molecular mechanisms linking the two condi-
tions are poorly understood so far, several considerations are impor-
tant in the present context: miR-/06b~25 members are misregulated
in patients with testicular dysfunction (Abu-Halima et al., 2014; Cheng
et al, 2017); members of the miR-106b seed family have been
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associated with testicular cancer (Koster et al, 2010); the same
miRNAs are involved in the control of the cell cycle (lvanovska et al.,
2008; Petrocca et al., 2008); our miR-106b~25 KO mice showed al-
tered spermatogenesis and oligozoospermia; and e) the absence of
miR-106b~25 in the testis leads to the deregulation of many genes in-
volved in cell division and ubiquitination, two processes frequently al-
tered in many types of cancer (Williams and Stoeber, 2012; Mansour,
2018). Hence, miR-106b~25 appears to be a good candidate factor
connecting the molecular etiologies of both male reproductive disor-
ders and testicular cancer.

RNA mis-splicing is associated with multiple human diseases (Scotti
and Swanson, 2016). The testis is one of the organs with a higher
number of splicing variants (Soumillon et al., 2013), the majority of AS
changes occurring during the mitosis-to-meiosis transition (Hannigan
et al, 2017). We found about 40 genes involved in mRNA splicing
that were deregulated in miR-106b~25 KO testes, some of which are
expressed in the germ line during spermatogenesis (Dev et al., 2007;
Phillips and Orwig, 2010; Hannigan et al., 2017). Accordingly, we also
found 95 genes with AS changes in mutants compared to controls.
These genes (Supplementary Table SVIII) are involved in different bio-
logical processes such as ubiquitination (Trim32, March8, Ubox5,
Rnf14), cell cycle (Ing4, Ddx | I, Hjurp, Crocc, Foxm|, Ppplcc) and trans-
port (Nxtl, Slc35c2, CIn3, Slcla5, Slc9a8, Ipo7, Ppid, Fdxr, Slc35a5,
Magohb, Atgl6ll and Ergicl). In addition, we also found AS changes in
genes with a known role in spermatogenesis, such as Spoll/
(Romanienko and Camerini-Otero, 2000), Cst8 (Parent et al.,, 201 1)
and Catsperg| (Wang et al., 2009). Altogether, these results indicate
that there is a deregulation of genes involved in MRNA-splicing in miR-
106b-25 KO testes that may cause mis-splicing of a number of genes
playing a role in diverse biological processes. This gene network dereg-
ulation is probably also partly responsible for the phenotype observed
in miR-106b-25 deficient testes, and provides further evidence of the
complexity of the molecular cascade controlled by these miRNAS dur-
ing testis function.

Our study of DKO mice supported the functional cooperation of
miR-17~92 and miR-106b~25 to maintain fertility. These mice showed
more severe spermatogenic alterations and significantly fewer epididy-
mal sperm than simple mutants. More importantly, fertility was severely
reduced in DKO mice compared to simple mutants. Fertility decreased
with age, as most DKO males are initially fertile (at 2 months) but may
become sterile at the age of | year. These results demonstrate that
both clusters act redundantly in the adult testis. Another interesting fea-
ture of DKO mice is their severe idiopathic body mass reduction when
compared to controls or simple mutants, a fact that further supports
the functional redundancy between both clusters. Their lower vigor
might reduce even further their fertility through factors other than
sperm production (reduced libido, for instance). In humans, hemizygous
deletions of MIRI7HG, the miR-17-92 host gene, leads to the Feingold
syndrome, characterized by skeletal malformations, but no reproductive
anomalies have been described in these patients and familiar cases
show that affected individuals may be fertile (de Pontual et al., 201 1). In
contrast, no human syndrome has been associated with deletions in the
miR-106b-25 cluster, probably because miR-17-92 may compensate for
its absence as we observed in mice.

In summary, here we report that miR-106b~25 KO mice show re-
duced testis size, altered spermatogenesis and oligozoospermia and
that, together with miR-17~92, miR-106b~25 is necessary to maintain

male fertility. Furthermore, taking into account that the two clusters
are oncogenic and that patients with reduced fertility are more prone
to testicular cancer, our results may also help to elucidate the molecu-
lar mechanisms linking both pathologies.

Supplementary data

Supplementary data are available at Molecular Human Reproduction
online.
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