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level during spermatogenesis. High‑throughput technologies such as 
RNA‑sequencing and microarray could help achieve it.

RESEARCH ON RODENTS
As the most widely used model animals in mammalian reproductive 
research, rodents have been the focus of research on the changes in 
RNA profiles during spermatogenesis.14

To monitor and describe the changes during spermatogenesis, it is 
necessary to determine the time points at which these changes occur. 
The adult mammalian testis is comprised of hundreds of seminiferous 
tubules at different spermatogenic phases,1,15 each of which contains 
germ cells at different stages of differentiation. Therefore, for 
transcriptomic studies, researchers had to isolate different types of cells 
from the tissues, which was difficult and time‑consuming. Fortunately, 
the timing of the first wave of spermatogenesis in rodents has been 
determined.16–18 It is feasible to sacrifice rodents at different ages and 
to collect seminiferous tubules at specific spermatogenic phases, with 
their unique patterns of germ cell composition.14 After the testicular 
tissue of rodents at different ages is collected, RNA can be extracted, 
and sequencing or microarray hybridization can be performed with 
or without cDNA subtraction. By comparing the RNA profiles of the 
testis at different stages, researchers could determine the dynamics of 
the transcriptional profile during spermatogenesis, demonstrate the 
molecular mechanism of male germ cell development, and elucidate 
the genes critical for spermatogenesis (Figure 1).

Schultz et  al.19 collected testes from C57BL/6 mice at different 
days postpartum individually and performed microarray processing 
to monitor the changes in the transcriptome profiles from birth to 
adulthood. By comparing the differences in the transcriptome profiles, 
it was easy to characterize the expression of specific genes initiated at 

INTRODUCTION
Gametogenesis is a unique and complex biological process, which 
requires undifferentiated diploid germ‑line cells possessing the ability 
to self‑renew undergo meiosis, halve their genetic information, and 
produce haploid gametes exponentially. The process of spermatogenesis 
is more intricate. To produce the mature male gamete called 
spermatozoon, male germ cells must experience two divisions in series, 
and this story does not end yet when haploid cells appear.1 Drastic 
changes take place to the spermatid, which is the initial haploid cell. 
Special structures such as the acrosome,2 mitochondrial sheath,3 and 
tail will take shape,4 the nucleus will be condensed,5 and the cytoplasm 
and most organelles will be discarded during spermiogenesis. The 
remolding process makes male gametes more robust and adaptive for 
transmitting the hereditary material to the oocyte.

Besides the incredible morphological changes during 
spermatogenesis, the distinguishing characteristics found during the 
development of male germ cells are different from those of female 
germ cells. For example, even in the adult testis, undifferentiated germ 
cells can proliferate as well as differentiate.6–8 The balance between 
proliferation and differentiation of the undifferentiated male germ 
cells, termed spermatogonial stem cells, is critical for the continuous 
production of male gametes.1,8,9

It has been reported that, 10%–15% coulples are infertile, and 
50% of the cases are caused by male factors.10,11 Many of these cases 
exhibit a disorder in spermatogenesis. With the help of a rodent 
model, the associations of hundreds of gene defects with abnormal 
spermatogenesis have been elucidated.12,13 However, the pathogenesis 
in many infertility cases is still unknown. Hence, it is necessary to 
determine the general molecular drive of normal spermatogenesis. 
Unfortunately, little is known about what happens at the molecular 
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different ages. For example, at day 11 postpartum, when meiosis is 
initiated, the abundance of a group of genes increased markedly. These 
genes were considered to be related to meiosis or later spermiogenesis. 
A total of 1652 genes were identified as being expressed solely in meiotic 
or postmeiotic germ cells, with 351 genes appearing to be expressed 
only in the male germline. Targeted disruption of 19 of these genes 
in mice has been reported to lead to an infertility phenotype,20–33 
indicating that these genes could be potentially used as contraceptive 
targets.

Similarly, in 2004, the localization of the transcripts within the 
testis was described by using a method based on in silico subtraction 
techniques for two categories of transcripts: enriched and specific.34 
This method helped the authors describe the changes in RNA profiles 
of specific cell types in the testis during spermatogenesis more 
accurately.

Other work described an overview of genetic events during 
spermatogenesis by using a novel specifically targeted gonadal gene set.35 

Two subtracted cDNA libraries, derived from the testes, were collected 
from mice at different days postpartum, enriched for testis‑specific and 
germ cell‑specific genes, and constructed and analyzed by microarray. 
The expression patterns of the identified genes were classified into 
24 clusters. In addition, four selected germ cell‑deficient models were 
used to correlate the expression of groups of genes with the appearance 
of defined germ cell types, suggesting their cellular expression patterns 
within the testis. A  total of 1748 previously uncharacterized genes 
showed significant changes during spermatogenesis, indicating their 
potential roles during spermatogenesis.

Previously, researchers had elucidated the importance of 
testis‑specific gene expression while the exact transcripts and 
comprehensive gene expression patterns remained unknown. In 2013, 
large‑scale sequencing techniques were introduced into transcriptome 
research on spermatogenesis.36 The SOliD 4 next‑generation 
sequencing platform was employed to investigate the gene expression 
patterns at five different time points during the first wave of murine 

Figure 1: The timing of the first wave of mouse spermatogenesis. Typical germ cells appear successively in the first wave of mouse spermatogenesis according 
to the observations of Bellve et al.18 are shown in the first line. The duration of each stage is approximately indicated by the bars with dots. The numbers 
shown below these bars indicate the timing of the appearance of specific cell types. The process of spermatogenesis can be divided into three stages: mitosis, 
meiosis, and spermiogenesis. The time points are arranged on an approximate scale. The plot shown below is a representative result from spermatogenic 
timing to monitor the transcriptome profile of spermatogenesis.34 PND: postnatal day.
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spermatogenesis. This work highlighted the up‑regulation of 
spermatogenesis‑related biological processes and associated cellular 
components. In all, 2494 differentially expressed genes were identified, 
with 160  000 gene isoforms, of which 29% were novel transcripts. 
Furthermore, a total of 947 up‑regulated long noncoding RNAs during 
the first wave of spermatogenesis were identified. This study provided 
a very valuable basis for investigating gene isoforms and regulation 
factors contributing to male fertility.

Transcriptome research has also been used to study the effect 
of cytokine, hormonal, and environmental factors on germ cells. 
Aguilar et al.37 have studied the effect of chronic cyclophosphamide 
treatment on male rat germ cells. A  velocity sedimentation cell 
separator apparatus (STA‑PUT) was used to isolate different types 
of germ cells by their sedimentation coefficient as described by 
Bellve et  al.38 According to their morphology, cell types were 
identified in different fractions and purities, and fractions with 
high‑purity  (>85%) were pooled. Germ cells were separated 
into pachytene spermatocytes, round spermatids and elongated 
spermatids. RNA was extracted from these cells and hybridized 
to rat stress and toxicology atlas arrays. The alterations in stress 
response genes’ expression in different germ cells caused by chronic 
cyclophosphamide treatment were recorded. Genes were classified 
according to their response to the treatment in every cell type, and 
12 different profiles of expression were obtained. The authors found 
that the treatment reduced the number of genes detected in all germ 
cell types. The altered genes included those involved in DNA repair, 
posttranslational modifications, and anti‑oxidant defense of male 
germ cells. These alterations might have adverse consequences on 
male fertility and progeny outcome.

Similar work has been done to explore the regulatory effect of 
androgens on gene expression in the neonatal mouse testis, and the 
expression of over 100 genes was found to be up‑ or down‑regulated, 
most of which were expressed by testicular somatic cells, which play 
a role in forming the spermatogenic micro‑environment.39 These data 
provided insights into what might occur in normal androgen‑supported 
spermatogenesis in the adult testis.

Other works included a study with the STA‑PUT method and 
immunomagnetic separation to enrich type A spermatogonia to study 
the changes in the RNA profile to glial cell line‑derived neurotrophic 
factor (GDNF) in vitro.40 GDNF is a known cytokine that promotes the 
proliferation of cells. It plays a key role in regulating the proliferation 
and self‑renewal of spermatogonial cells. In this work, it was described 
that the isolated cells proliferated in culture and underwent the first step 
of spermatogenesis after GDNF stimulation. A total of 19 genes related 
to cell proliferation, 24 related to cell differentiation, and 7 related 
to stem cell fate were revealed to be up‑regulated, thus identifying 
signaling pathways that might play a crucial role in maintaining 
germline stem cell proliferation and renewal.

RESEARCH ON HUMAN BEINGS
Although many informative and intr iguing features  of 
spermatogenesis and its dysfunction have been identified in rodent 
models,12,41 little is known about the process in human beings. The 
findings on rodents cannot translate to human beings because of 
the differences between human and rodent in spermatogenesis. As 
an ancient and critical reproductive process for all mammals, the 
basic molecular drive of gametogenesis is essentially conserved, 
while many assignable differences during the course of evolution 
have been derived. It has been reported that there are about 15 000 
protein‑coding genes expressed in the human, versus about 10 000 

in the mouse.42 The most convincing example of the different in gene 
expression in humans and rodents during spermatogenesis may be 
an expression in human male germ cells of the DAZ gene, which 
does not exist in the rodent genome.43 Derived from its autosomal 
homolog DAZL, DAZ is the major candidate of the Y chromosome 
microdeletion region AZFc,44 which usually relates to a disorder of 
spermatogenesis.45–48 Therefore, it is obvious that the study of human 
beings is indispensable.

To study the transcriptional profile of the human germ cell, semen 
containing mature spermatozoa is the most accessible resource.

Historically, spermatozoa were thought to be a desert for 
transcription because the highly condensed sperm nucleus was 
believed to be transcriptionally silent, and most RNA was discarded 
during spermiogenesis along with the cytoplasm.49,50 However, in the 
late 1980s, reports showed that RNA exists in the sperm nuclei of rats 
and humans.51,52 Thirteen years later, by using a suite of microarrays 
containing 27 016 uniquely expressed sequence tags (ESTs), human 
spermatozoa RNA profiles were determined.53 About 3000 ESTs were 
hybridized, demonstrating that the ejaculated spermatozoa contained a 
variety of RNAs, although the total amount may be low. Why did these 
RNAs remain in spermatozoa? Some researchers thought that these 
transcripts were simply residues from the process of spermatogenesis, 
which reflected the events that occurred during spermatogenesis, while 
others believed they would play an essential role in postfertilization 
events. A serial analysis of gene expression (SAGE) library of fertile 
human ejaculated sperm cDNA was established in 2006, and mRNA 
transcripts from these spermatozoa were characterized and quantified.54 
More than 2000 unique tags were identified, and 25 functional gene 
groups were revealed. Besides these, 54 novel tags were identified, 
which were thought to be candidates of new genes. In subsequent years, 
the existence of at least 5 novel human testis‑specific expressed genes 
was confirmed via rapid amplification of cDNA ends (RACE) on the 
basis of these tags (data not published).

From the RNA profile of fertile human spermatozoa, we can 
speculate on some events that take place during spermatogenesis. 
By comparing sperm RNA profiles between fertile and infertile men, 
we could speculate on the importance of these events. However, the 
time point at which the differences develop is still unknown. With 
regard to patients with nonobstructive azoospermia  (NOA), who 
have no spermatozoa in their semen, can we explain what went wrong 
during the generation of their gametes? To answer these questions, it 
is necessary to distinguish the different transcript profiles from germ 
cells at various differentiation stages.

Obviously, the methods employed in rodent research are 
inapplicable to research on the RNA profile of human gametogenesis 
since the samples are difficult to collect ethically. Therefore, researchers 
have turned to infertile patients with spermatogenic dysfunction.

Spermatogenic dysfunction can be divided into different 
histopathological types, from Sertoli cell  only  (SCO) to 
hypo‑spermatogenesis,55 and each can serve as a natural model for 
research on spermatogenesis. Some patients with NOA can use a 
spermatozoon obtained from the testis via surgery for intracytoplasmic 
sperm injection (ICSI),56 and even round spermatids have been reported 
to fertilize oocytes via round spermatid injection (ROSI).57 Many NOA 
patients would choose testicular sperm extraction (TESE) or testicular 
sperm aspiration (TESA) as the last hope to conceive their own baby.58 
A portion of the tissues obtained from these surgeries were sent for 
pathological analysis, and a Johnsen’s score from 1 to 10 would be 
given, according their most advanced spermatogenic level present, 
and which represent SCO, spermatogonia arrest, spermatocyte arrest, 
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spermatid maturation arrest, hypo‑spermatogenesis, and normal 
spermatogenesis59,60 (Figure 2). These tissues could be used for research 
purpose with the signed informed consent of the patients. By collecting 
testicular tissue from patients with different spermatogenic dysfunction, 
researchers can distinguish genes specifically expressed in germ cells of 
various differentiation stages by comparing their RNA profiles.

Chalmel et al. screened the transcript profiles of 47 biopsies from 
prepubescent children diagnosed with undescended testis, infertile 
adult patients whose spermatogenesis was arrested at consecutive 
stages, and fertile control individuals via GeneChip analysis. The 
results were integrated with data from enriched normal germ cells, 
nontesticular expression data, phenotype information, predicted 
regulatory DNA‑binding motif, and interactome data.61 A total of 
3580 genes were recorded and, of them, 933 genes were considered 
“specific expression in testis,” 754 genes were “preferential expression 
in testis,” 676 genes were “intermediate expression in testis” and 1552 
genes were “ubiquitous expression.” By combining a set of testicular 
samples lacking a specific cell population and by ranking them by age 
and an increasingly severe spermatogenic phenotype, the researchers 
assembled a global transcript profile of postnatal human male gonads 
before and after puberty. According to their expression patterns and 
functional annotations, these transcripts were clustered into 13 groups, 
and we could draw a dynamic curve of the molecular drive at key points 
of spermatogenesis (Figure 3). Furthermore, motif‑enrichment profiles 
in germ cell patterns and their relation to corresponding transcript 
factors were also analyzed in this work, providing an overview of the 

key transcription factors involved in the generation of male gametes, 
which can also be regarded as the switches of germ cell regeneration 
and differentiation.

This excellent work contributed many valuable findings. However, 
it is uncertain whether the data derived from patients with deficient 
spermatogenic function can represent the process occurring in 
healthy people, and prior research was cited to clarify.62 In that study, 
cDNAs derived from enriched germ cells provided by fertile donors 
were used to hybridize with GeneChip, and the data were compared 
to those of rats and mice in order to determine the conservation of 
the transcriptome from humans and rodents in male gametogenesis. 
On the basis of the diverse size and nucleo‑cytoplasmic ratio of 
germ cells at various differential stages, a modified density gradient 
centrifugation method was used to enrich pachytene spermatocytes 
and spermatids (Figure 4). An elutriation rotor was used to separate 
germ cells. This method was first introduced in 1981 to purify rat germ 
cells,63 and in 1996, it was used to separate human germ cells in the 
study of the expression of human leukocyte antigen (HLA) class I genes 
in meiotic and postmeiotic stages.64 Germ cells of different morphology 
could be identified by microscopy in different fractions flowing from 
the rotor. Enriched pachytene spermatocytes and spermatids, with a 
purity of 86% and 92%, respectively, could be acquired by collecting 
specific fractions. With the help of such a method, the authors reported 
a cross‑species whole‑genome expression profiling analysis of the male 
germ‑line in mammals. Conserved and differentially expressed meiotic 
genes in the mouse, rat, and human were identified. Though many 

Figure 2: Diagram of Johnsen’s score and corresponding testicular appearance. The appearance of spermatogenic dysfunction is classified into 10 levels based 
on the Johnsen’s score. The grading standard is listed in the second panel. The third panel shows the corresponding schematic of the cellular composition 
of testicular samples used in the work of Chalmel et al.61
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differentially expressed genes existed, it was revealed that there were 
hundreds of conserved genes expressed in all three species during the 
critical meiotic and postmeiotic stages of sexual reproduction. Some 
of these genes are listed in Table 1.

RESEARCH ON NONCODING RNA PROFILES
For a long time, the research on transcripts had been focused on the 
expression of mRNAs that could be translated into proteins because 
proteins were considered the executors of life processes. However, 
previous work revealed that noncoding RNAs also play important 
roles in the regulation of biological functions.65 These RNAs include 
microRNAs  (miRNAs), PiWi‑interacting RNAs  (piRNAs), and long 
noncoding RNAs (lncRNAs). Many papers have reported the essential 
roles of miRNAs and piRNAs during the process of spermatogenesis. 
miRNAs can silence the translation of their targets, thus playing a 
posttranscriptional regulatory role. Since germ cells are periodically 
transcriptionally silenced during spermatogenesis, posttranscriptional 
regulation is essential for germ cells.66 Disruption of miRNA synthetic 
pathways can reduce the spermatogonial population in mice, even 
leading to an SCO phenotype.67,68 The expression of many miRNAs has 

been shown to change significantly during male germ cell development, 
which is coincident with the highly active posttranscriptional control of 
gene expression during this process.66,69,70 Large‑scale gene transcription 
occurs before the cells enter quiescence during the process of meiosis and 
postmeiotically before nuclear silencing. Two‑thirds of the transcripts 
generated at these stages are stored for later translation. These findings 
suggest a potential role of miRNA in posttranscriptional regulation 
during spermatogenesis. However little is known about the changes 
in the germ cell miRNA expression profile during spermatogenesis.

Microarrays have been widely used in miRNA expression profile 
studies. Yan et  al.70 employed an miRNA microarray covering 892 
miRNAs to evaluate the expression of miRNAs in the mouse testis. It 
was found that the expression of 19 miRNA was significantly different 
between immature and mature individuals, including 14 up‑regulated 
and 5 down‑regulated miRNAs in immature mice. The putative target 
genes and the crucial roles of these miRNAs during spermatogenesis 
were predicted and identified (Table 2). Similar work was performed in 
2010 – an miRNA microarray containing 1260 miRNA probes was used 
to profile miRNA expression between sexually immature and mature 
pig testes.71 More differentially expressed miRNAs were identified 
and associated with spermatogenesis. Yan et  al.72 screened miRNA 
expression in the testis of primates via microarray. Samples included 
the adult human testis and mature and immature rhesus monkey testes. 
In all, 62 miRNAs were found to be differentially expressed in mature 
and immature rhesus monkey testes, while a total of 76 miRNAs were 
found to be differentially expressed in adult human and mature rhesus 
monkey testes. This work suggested a putative function of miRNA in 
spermatogenesis, along with a species‑specific expression of miRNA 
in the mammalian testis.

Figure 3: The dynamic curve of molecular drive during spermatogenesis. The 
curve was drawn according to the information provided by Chalmel et al.61 
Different spermatogenic levels (represented in the form of Johnsen’s score) 
are arranged according to the appearance of specific germ cells. Genes with 
different expression patterns fall into 13 clusters. Enriched gene ontology 
annotations of some clusters are listed; the number in parentheses indicates 
the number of corresponding genes. Cluster 1: cell‑cell adhesion (13), cell‑cell 
adherens junction  (7), nervous system  (38) and heart  (16) development, 
cell differentiation (42), signaling (61), plasma membrane (68). Cluster 2: 
collagen (5). Clusters 3 and 4: cell differentiation (61), cell adhesion (31), 
regulation of cell proliferation (37), extra‑cellular region (93), cell surface (23), 
extra‑cellular matrix organization (17), lipid metabolic processes (42), steroid 
metabolism  (19), cellular hormone processes  (9), anatomical structure 
development (89), platelet alpha granule (9), platelet degranulation (10), 
collagen  (7). Clusters 5 and 6: anatomical structure development  (62), 
nervous system  (34), reproductive structure  (10), and male gonad 
(7) development, cell adhesion (23), cell differentiation (43), migration (16). 
Cluster 9: regulation of gene expression  (46), gene silencing  (7), DNA 
methylation (5), cell cycle (32), mitosis (14), cell division (13), nucleus (88), 
chromosome (15), reproduction (23), spermatogenesis (13), P granule (5). 
Cluster 10: cell cycle  (108), nucleus  (201), cell‑cycle checkpoint  (30), 
DNA repair (23), replication (19), histone exchange (6), cell division (54), 
mitosis (50), cytoskeleton (72), microtubule (25), spindle (26), meiosis (26), 
chromosome (46), synaptonemal complex (6), chromosome organization (45), 
reproduction  (43), spermatogenesis  (27), germ cell development  (13). 
Cluster 11: cytoskeleton (56), microtubule (20), cilium (26), flagellum (8), 
axoneme  (9), dynein complex  (6), spermatogenesis  (29), spermatid 
differentiation  (8), cilium morphogenesis  (7), cell division  (21), cell 
cycle (50), mitosis (20). Cluster 12: reproduction (42), spermatogenesis (28), 
flagellum  (7), acrosome vesicle  (8), dynein complex  (6). Cluster 13: 
reproduction (52), sperm motility (8), fertilization (11), spermatogenesis (35), 
flagellum (7), acrosome vesicle (7).

Figure  4: The elutriation process. This figure is derived from the user’s 
manual of the JE‑5.0 Elutriation System (Beckman Coulter, Inc., Canada) 
to illustrate how an elutriation rotor separates different cells according 
their sedimentation. (a) Cells suspended in a medium are pumped into the 
chamber; (b) Centrifugal sedimentation of cells is balanced by flow velocity; 
(c) Flow increased smaller, slowly sedimenting cells elutriate out of the 
chamber.

c

b
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Work has also been done in comparing the expression of miRNA in 
the testis of patients with NOA to those of fertile controls, in attempts 
to determine the relationship between miRNA and spermatogenic 
dysfunction.73 Again, a microarray was employed to screen the 
differentially expressed miRNAs. A total of 154 down‑regulated and 
19 up‑regulated miRNAs was observed. Several of these miRNAs were 
identified as having oncogenic potential.

Since NOA can be divided into different histopathologic patterns, 
such work could be considered crude. Therefore, Abu‑Halima et al. 
screened miRNA expression profiles in human testicular tissue from 
infertile men with different histopathological patterns.74 The testicular 
biopsies derived from patients with azoospermia were classified into 
four groups – SCO, mixed atrophy, germ cell arrest at the spermatocyte 
stage, and normal spermatogenesis. Hundreds of differentially 
expressed miRNAs were identified via microarray, of which five 

miRNAs were validated and shown by bioinformatics to be involved 
in apoptosis, cell proliferation, and differentiation. The putative targets 
of these five miRNAs are known to be involved in spermatogenesis.

Another group of noncoding RNAs, piRNA, is also important 
in spermatogenesis.75–77 These small RNAs are abundantly expressed 
in animal gonads. By suppressing the activity of retro‑transposons, 
piRNAs ensure the stability of the transfer of genetic material.78

By using a gravity sedimentation procedure, Gan et al.79 isolated 
type A spermatogonia, pachytene spermatocytes, and round spermatids 
from mice of different ages, according to the timing at the first wave of 
spermatogenesis. Then, deep sequencing was employed to determine 
the expression profile of small RNAs in these cells. The authors focused 
on the expression of potential piRNAs. It was found that the transcripts 
of a large number of genes involved in spermatogenesis were precursors 
of piRNAs and were intricately regulated by alternative splicing and 
antisense transcripts.

Other work profiled small RNAs in normal human testes via 
next‑generation sequencing technology.80 A total of 775 miRNAs and 
20 121 piRNAs were detected. Again, the important roles played by 
these small RNAs were indicated by the nature of their putative targets.

Besides the small RNAs noted above, lncRNAs are also considered 
important for regulating biological processes.81–84 Although the 
mechanism is still unclear, their potential roles in spermatogenesis have 
attracted researchers. Bao et al. collected mouse testes at 6 times points, 
corresponding to the specific timing of murine spermatogenesis.85 The 
transcriptomes of these organs were profiled by microarray, and thousands 
of lncRNAs were shown to be differentially expressed at the six critical time 
points during spermatogenesis. The results indicated that lncRNAs might 
function to regulate gene expression during male germ‑line development. 
Other similar work compared the lncRNA profile obtained via microarray 
between neonatal and adult mice, and 3025 differentially‑expressed 
lncRNAs were identified.86 Many of these RNAs were related to key 
transcription factors and other genes involved in spermatogenesis, again 
emphasizing the importance of lncRNAs during spermatogenesis.

ONLINE DATABASE
There is a huge amount of data obtained from transcriptome research, 
and the perspectives of researchers may vary. Therefore, it is necessary 
to establish a database to share the data obtained from different works.

The National Center for Biotechnology Information’s  (NCBI) 
Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) 
is a public genomics data repository supporting MIAME‑compliant 
data submissions, which may be the most widely used database for 
array‑ and sequence‑based data. Any researcher can download data 
from GEO and upload their own data. Some works mentioned in this 
article cited the data from former research provided by GEO to draw 
comparisons to their own experimental data, thus supporting their 
findings. For example, Chalmel et al.62 reported 45 nontesticular data 
sets, each covering one tissue sample from GEO, to determine the 
extent to which transcripts are specifically present in male gonads 
before and after puberty. They also reported that 57 mouse MG430 2.0 
CEL files were downloaded from the NCBI GEO public repository, 
corresponding to five testicular cell types (spermatogonia A and B, 
pachytene spermatocytes, round spermatids, total testis), two female 
gonadal tissues, including the oocyte and ovary, and 17 normal somatic 
tissues, including the aorta, brain, CD4 + naïve cells, day 7 embryo, and 
eye, etc., GEO shares a wide range of transcriptome data derived from 
related studies. Sharing the research data can save many resources for 
transcriptome research and make full use of existing research results, 
thus helping researchers achieve more by referring to prior research.

Table  1: Genes that are conserved, differentially‑expressed and specific 
to the testis62

Expression 
stage

Conserved genes

Somatic Gata4, Abcal

Mitotic Osr2, Pcdh18, Dmrt1

Meiotic 4632434l11Rik, Gprk2l, Spdy1, 3300001k11Rik, 
D930005D10Rik, 4933417K04Ril, Ccna1, Acrbp, Adam18, 
4921513E08Rik, Cage1, Als2cr11, 4930550C14Rik, 
4930451G09Rik, Nmnat3, Aurkc, 2700059L22Rik, Zpbp, 
Gsto2, Rnf190, Adam2, 9630025C22, Ldhal6b, Ppp3r2, 
Tnp1, Dmrtb1, Ypel1, 4930518F03Rik, Nasp, Tcfl5, Lrrc27, 
Ribc2, Pla2g6, Tsga10, A530057A03Rik, Als2cr15, Hexim2, 
4930524B15Rik, Igf2bp3, 4932413O14Rik, Kbtbd8

Postmeiotic Tulp2, Fscn3, 4933417A18Rik, Ttll9, 4933401K09Rik, 
Odf1, Odf3, Ubqln3, Capza3, 1700095F04Rik, Tssk2, 
4931407G18Rik, Mell1, Sufu, Socs7, 4921517J23Rik, Rffl, 
2510048L02Rik, 4930432J16Rik, Slco6b1, 4931417G12Rik, 
Spaca3, Akap3, Ankrd5, Klhl10, Tnp2, Akap3, Cst8, 
1700027D21Rik, Zfp294, 1700120E14Rik, C230086A09Rik, 
1700026H06Rik

Table  2: Target genes for miRNA identified in germ cells70

miRNA name Chromosome 
location

Fold 
change

Putative targets

mmu‑miR‑411 12 77.3211 Usp42

mmu‑miR‑335 6 11.7969 Ccnt2, CcnD2, Rsbn1

mmu‑miR‑434‑5p 12 10.957 N/A

mmu‑miR‑337 12 8.4267 Yb×1, Ap1g1 Taf5, Taf12, 
Creb1, Ccnl1

mmu‑miR‑379 12 8.266 Eif4g2, Edn1, Rnf6

mmu‑miR‑127 12 7.2991 Brd2

mmu‑miR‑376a 12 6.8128 N/A

mmu‑miR‑214 1 5.2029 Hspd1, Te×27, Adcyap1r1, 
Hbp1, Ap1g1, Ssr1

mmu‑miR‑181c 8 4.9265 So×6, So×5, Rsbn1, Adm, 
Tnpo1, Dazap2, Kpnb1

mmu‑miR‑361 X 4.1878 Kpnb1, Zfp148, Bmpr2, Calm2

mmu‑let‑7e 17 4.1362 Nr6a1, Taf5, Fasl, Eif4g2, 
Suv39h2, Dzip1, Dd×19b

mmu‑miR‑181b 1 3.6619 Tbp11, Rsbn1, Adm, Dazap2, 
Pik3r3, Rnf6

mmu‑miR‑34a 4 0.4448 CcnD2, Bcl2, Gmfb

mmu‑miR‑29b 6 0.1871 Creb5, Bak1, Usp42, Mlf1, 
Hbp1, Sn×24

mmu‑miR‑449 13 0.067 So×11, CcnE2, Bcl2, Gmfb

mmu‑miR‑34c 11 0.0126 SPAG4, Ccnl1, Zfp148, Gmfb
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GEO is a comprehensive database for transcriptome research, but 
it also has some limitations. Since germ cells are so different from other 
cell types, a database focused on germ cells is needed.

In 2003, GermOnline (http://www.germonline.org), a cross‑species 
community annotation database on germ‑line development and 
gametogenesis, was developed.87 GermOnline includes an interactive 
platform for cross‑species gene annotation by research scientists. It 
allows researchers to contribute directly and update knowledge about 
genes of interest covering mitosis, meiosis, and germ cell development, in 
co‑operation with a team of database developers and scientific curators. 
This system permits up‑to‑date information to be readily available and 
facilitates species comparisons in a wide variety of areas that are now 
laborious to execute. Predictably, with the help of GermOnline, the 
study of germ‑line transcriptomes will be more efficient.

RESEARCH STRATEGY
As mentioned above, the key to transcriptome research on the 
molecular drive of spermatogenesis is to determine the specific gene 
expression profiles of germ cells at the various differential stages, 
although the separation of different germ cells is rather difficult.

cDNA subtraction was a good idea in the research of germ cells; 
there was no need to isolate target germ cells from the testis when this 
method was applied. If we know the timing of the first spermatogenetic 
wave, we could know the exact cell composition of the corresponding 
developmental stages. By comparing the transcriptional profiles of 
whole testicular tissue at different developmental stages, we could 
extract the expression profile of the specific type of cells. Such a 
method has been widely used in the work on rodents19,34,35,88 but is 
not suitable for human beings owing to ethical concerns. Although 
men with a particular spermatogenesis arrest could provide a natural 
model for such research,61 the limitations are also obvious. First, the 
data obtained from patients with deficient spermatogenesis cannot 
represent normal human spermatogenesis completely; second, the 
subtraction method can only provide “differential expression” data, 
but fails to offer “common expression” data. The data obtained via 
the subtraction method reflect the changes in the abundance of genes 
caused by the absence of specific cell types, not the changes caused by 
the differentiation of the germ cells. Therefore, it is essential to separate 
every type of germ cell for transcriptome research.

Since there are obvious morphological differences that distinguish 
various cell types in the testis, altered sedimentation conditions can 
be used to isolate cells of diverse types from the total testicular cell 
population. As stated, density gradient centrifugation and STA‑PUT 
have been widely used in this field.40,63,64,89–94 Each method can produce 
high‑purity specific cell populations if operated properly. However, these 
methods are limited because of the requirement for specific devices, such 
as an elutriation rotor or STA‑PUT, which are not popular in laboratories. 
The cellular yield is also inversely proportional to cell purity. Large 
amounts of tissue are required if we want to obtain a sufficient yield of 
high‑purity samples. However, the samples collected from surgery are 
usually very small and nearly impossible to separate with these methods, 
possibly explaining why there are few reports on the research on the 
transcriptome during human spermatogenesis. A comparison of the 
reported methods and their applications is shown in Table 3.

Another feasible method would be fluorescence‑activated cell 
sorting  (FACS). Flow cytometry has been widely used in ploidy 
analysis. Germ cells in the testis consist of haploid cells  (spermatids 
and spermatozoa), diploid cells  (including spermatogonial stem cells, 
spermatogonia, and secondary spermatocytes), and tetraploid (double 
diploid) cells, which are primary spermatocytes. These cells possess 

different numbers of chromosomes that can be stained with DNA 
dyes. When stained with a fluorescent DNA dye, different fluorescence 
intensities reflect the difference in DNA content, and cells with different 
ploidy can be distinguished easily by flow cytometry (Figure 5). It has 
been reported that germ cells derived from the testis can be separated 
into spermatogonia, preleptotene, leptotene‑zygotene, early‑pachytene, 
middle‑pachytene, late‑pachytene, diplotene, and round spermatids via 
FACS.95 Before sorting, testicular‑derived cells would be cultured for at least 
24 h to remove Sertoli cells and other somatic cells that attach to the culture 
dishes. The cell suspension, which mainly consists of germ cells, is collected, 
and the cells stained with Hoechst 33342, a dye that can stain the DNA in 
living cells. These cells would then be sorted by a fluorescence‑activated 
cell sorter into haploid cells, diploid cells, and tetraploid cells.

As the diploid cells mainly comprise spermatogonial cells and 
secondary spermatocytes, further processing should be carried out to 
enrich the spermatogonial cells for research purposes.

Magnet‑activated cell sorting  (MACS) is a generally accepted 
method to separate spermatogonial cells. Surface antigens such as G 
protein‑coupled receptor 125 (GPR125) and GDNF family receptor 
alpha 1 (GFRA1) are used as specific markers to isolate spermatogonial 
stem cells via MACS.96,97 Since there are not magnetic beads labeled 
directly with antibodies for these antigens, the cells need to be 
incubated with a corresponding primary antibody overnight, before 
incubation with the magnetic beads labeled with a secondary antibody. 
This procedure may influence cell viability. Fortunately, there are 
commercially available anti‑CD90 antibody‑labeled magnetic beads, 
and CD90 is one of the markers of undifferentiated spermatogonial 
cells.98 Though CD90 is also expressed by hematopoietic cells and 
mesenchymal stem cells,97 considering the low abundance of these cells 
in the testis, it is reasonable to use CD90 to enrich undifferentiated 
spermatogonial cells from FACS‑sorted diploid germ cells.

The combination of FACS and MACS could provide highly 
enriched undifferentiated spermatogonial cells, primary spermatocytes, 
and spermatids/spermatozoa for transcriptome research purposes.

Besides the methods used to isolate different germ cells, the 
methods used to profile the transcriptome are also important 
for transcriptome research on spermatogenesis. There are two 
kinds of methods used to generate the expression profile of genes: 
microarrays (GeneChips) and RNA‑Seq.

Microarrays, or GeneChip, are a technology that uses immobilized 
probes to detect large numbers of transcripts. The probes are designed 
according to known or predicted transcript sequences. When the 
probes hybridize with the corresponding transcripts, fluorescent 
signals can be detected, and the intensity of these signals can be 
correlated to the abundance of these transcripts. Such high‑throughput 
technology is very efficient, and the cost is relatively low. However, 
it cannot detect novel transcripts whose sequences are unknown, 
and it can hardly recognize mutants of the transcripts. On the other 
hand, RNA‑Seq, a technology based on sequencing, can compensate 
for these shortages.

In the RNA‑Seq procedure, a cDNA library is constructed, and 
cDNAs are broken into small fragments connected in series. The library 
is sequenced and the recorded sequences assembled according to the 
information provided by the genome database. The abundance of the 
original transcripts is reflected by “reads.” RNA‑Seq is more sensitive 
than microarrays. About 18% of low abundance transcripts will be lost 
during microarray analysis, which can be detected using RNA‑Seq.99 
With the progress of sequencing technology, RNA‑Seq has become 
increasingly sensitive, and even trace transcripts can be detected.
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Because of this sensitivity, results from both of these methods need 
to be validated to check for false positive results. As it is reported that 
data obtained from RNA‑Seq are more consistent with the results of 
later qPCR verification than those of microarrays,99 the application of 
RNA‑Seq in transcriptome research should increase. Especially in the 
research on human germ cell development, RNA‑Seq should be more 
feasible owing to the limitation of human samples.

PROSPECT
Transcriptome research on spermatogenesis could provide an overall 
view of the molecular events accompanying male gamete production. 
There is a view that the proteome is more important because proteins 
carry out biological functions. However, many genes are found to be 
noncoding genes, which have no corresponding protein products. 
These genes still play an important role in biological processes, 

including spermatogenesis, by regulating the transcription and 
translation of other genes and even epigenetic modifications.65 These 
genes include lncRNAs,100 miRNAs,101,102 and piRNAs,103,104 which 
are neglected by proteomic research. Transcriptome research can 
provide more complete information about the molecular drive of 
spermatogenesis.

Transcriptome research on spermatogenesis will likely generate 
massive amounts of data, which will be analyzed using various 
methods. We could compare the difference in the RNA profiles of 
germ cells at various differentiated stages, which would allow us 
to determine the molecules involved in specific processes during 
spermatogenesis. We could screen the RNA profiles of the germ cells 
from infertile patients with spermatogenic dysfunction and determine 
the molecular deficiency causing germ cell differentiation arrest or 
hypo‑spermatogenesis. Finally, we could reveal the key genes that 

Table  3: A  comparison of methods and their applications

Principle Species Methods to distinguish 
transcriptomic profile

Main discovery Pros Cons References

Subtraction Mouse Using testes derived tissue 
from mice 3 days from 
days 1–29 and at day 60 
postpartum. Transcriptome 
profiled by Affymetrix Murine 
Genome U74v2 A, B, and 
C arrays

A series of meiotic/postmeiotic 
specific genes

No need to isolate 
germ cells from the 
various differential 
phases and is easy to 
perform

The actual abundance 
of these genes in 
specific cell types 
remains unknown. 
Not suitable for 
research on humans

Schultz 
et al. 200319

Mouse Using testes derived from mice 
at days 0, 3, 6, 8, 10, 14, 
18, 20, 30, 35, and 56 
postpartum. Transcriptome 
profiled by Affymetrix Murine 
Genome U74v2 A, B, and 
C arrays

Types A and B spermatogonia 
demonstrated a similar 
expression profile to that of 
Sertoli cells, many of which 
are down‑regulated when 
germ cells enter meiosis. The 
spermatocytes and spermatids 
had enriched genes, including 
genes involved in forming sperm 
structure, DNA reorganization 
and condensation, unique 
metabolism, and sperm‑egg 
binding and motility

Shima 
et al. 200434

Mouse Using testes derived from 
mice at days 1, 5, 10, 
15, 23, 35, and 56 
postpartum and 4 mutant 
mouse models of male 
infertility. Transcriptome 
profiled by a customized 
specifically‑targeted gonadal 
gene array

The majority of clones showed 
their largest changes in 
expression between days 10 
and 23, which are associated 
with the presence of primary 
spermatocytes or round 
spermatids

Ellis 
et al. 200435

Mouse Using testes derived from 
mice at days 7, 14, 17, 
21, and 28 postpartum. 
Transcriptome profiled by 
SOliD 4 next‑generation 
sequencing

Cell cycle processes and 
chromosome processes were 
upregulated during the transition 
from spermatogonia to early 
meiotic cells. Acrosome reaction 
and sperm‑egg fusion‑related 
terms were enriched during 
postmeiotic spermiogenesis

Laiho 
et al. 201336

Human Using testes derived from 
patients with different 
types of spermatogenic 
dysfunction, the 
transcriptome was profiled 
by U133 Plus 2.0 GeneChips

Provides an initial glimpse 
into the complex regulatory 
network controlling germ‑line 
development

No need to isolate germ 
cells of different 
differential phases, 
easy to perform

The actual abundance 
of these genes 
in specific type 
of cells remains 
unknown. Results 
cannot represent 
normal people

Chalmel 
et al. 201261

Density gradient 
sedimentation

Mouse, 
rat, and 
human

Isolating different germ cell 
from an elutriation rotor. 
Transcriptome profiled by 
Affymetrix human U133 Plus 
2.0, mouse MG 430 2.0 and 
rat RG 230 2.0 GeneChips, 
respectively

Hundreds of conserved genes were 
obtained in all three species 
during the critical meiotic and 
postmeiotic stages of sexual 
reproduction

The actual abundance 
of these genes 
in specific cell 
types was clearly 
demonstrated

Low yield of isolated 
cells, litter 
individual repeat

Chalmel 
et al. 200762
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regulate the process of spermatogenesis; without the drive from their 
products, this process would be impaired. It would be possible to 
customize a biochip to detect these genes as a marker of male infertility 
for clinical purposes, and then we could determine the causes of 
infertility and provide targeted treatments.
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