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Spermatogenic failure
Subfertility is defined as the inability of a sexually active, non-

contracepting couple to achieve spontaneous pregnancy in one 
year (1, 2). Subfertility affects approximately 10-15% of couples and 
in about half of these cases semen quality of the male partner is 
below WHO criteria for normal spermatogenesis (3). Semen quality, 
characterized by the number, motility and morphology of spermatozoa 
in the ejaculate, is directly correlated with the chance of spontaneous 
conception (4). Since subfertility is a characteristic that is determined 
by the couple, we preferably speak about spermatogenic failure 
when describing low semen quality. Spermatogenic failure can be 
categorized as azoospermia (no spermatozoa in the entire ejaculate), 
oligzoospermia (low numbers of spermatozoa), asthenozoospermia 
(a low percentage of motile spermatozoa), teratozoospermia (a low 
percentage of spermatozoa with normal morphology, or a combination 
of the previous three categories). 

Spermatogenic failure is distinct from azoospermia due to 
obstruction of the urogenital tract, which occurs either because 
of congenital or acquired urogenital abnormalities (including 
vasectomy) or because of urogenital infections. In case of obstruction, 
spermatogenesis is unaffected but the haploid spermatozoa simply do 
not reach the ejaculate hence resulting in (obstructive) azoospermia. 
Non-obstructive azoospermia, oligozoospermia, asthenozoospermia 
or teratozoospermia all reflect aberrant spermatogenesis, which we 
term spermatogenic failure. 

Causes of spermatogenic failure
Although the vast majority of cases of spermatogenic failure 

are idiopathic, some causes have been identified. These include 
previous chemo- or radiotherapy, hypogonadotrope hypogonadism, 
hyperprolactinemia and certain genetic factors (3). Genetic factors 
include Klinefelter syndrome (a 47, XXY karyotype), structural 
chromosomal abnormalities (mainly translocations), Y-chromosome 
deletions, Kallmann syndrome and mutations in genes involved in 
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the hypothalamus-pituitary-gonadal axis(5). 
The human Y chromosome is of special interest when studying 

spermatogenic failure because it contains numerous genes that are 
critical for spermatogenesis and development of the male gonad(6). 
Our understanding of the Y-chromosome and its association with 
spermatogenic failure has increased tremendously over the past 
decade. Initially, microscopically visible deletions of the entire long 
arm of the Y-chromosome (Yq) were described in a few Italian 
azoospermic men (7). In 1996, three non-overlapping regions on 
Yq were identified and called Azoospermic factor region a, b and 
c (AZFa, AZFb and AZFc). Deletions of these regions were found 
in about 10% of men with spermatogenic failure (8). Apart from 
a complete deletion of one or more of these regions, a variety of 
structural Y-chromosome variations has been reported, including 
duplications, inversions and repeat extensions and contractions 
(9-11). The effect of structural variations involving the AZFa, b or 
c regions on semen quality has been investigated extensively by 
various groups including ours (12-16). Several deletions, including 
gr/gr, P5/Proximal-P1 and P5/distal-P1 deletions negatively affect 
semen quality (10, 11, 16-19). These deletions exert their effect on 
semen quality by reducing the number of one or more testis-specific 
gene families. Interestingly, a recently identified deletion termed 
P3c, removes the proximal part of the AZFc region and seems to be 
associated with increased sperm count (16). Alternatively, (partial) 
duplications of AZFc, also appear to result in poor semen quality 
(20). In all, structural variations of the human Y chromosome appear 
to exert their effect on semen quality by altering the number of one 
or more testis-specific gene families.

There are additional structural variations on the Y chromosome 
that are of unknown functional consequence (21). One of the 
profound sources of variation is the length of a repeat on the 
Y-chromosome short arm involving the testis-specific protein 
Y-linked encoded (TSPY) gene. A systematic study of 47 diverse 
human Y-chromosomes has shown that TSPY copy numbers can 
vary from 23 to 64 copies (21).  In human testis, TSPY is expressed 
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in spermatogonia and spermatocytes, and it is also expressed 
abundantly in gonadoblastoma, testicular germ cell tumors (22) and a 
variety of somatic cancers, including melanoma (23), hepatocellular 
carcinoma (24) and prostate cancer(25). Various studies suggest 
that TSPY accelerates cell proliferation and growth, and promotes 
tumorigenesis (26). However, unlike variations involving the AZFc 
region, it is unknown whether variation in TSPY copy number also 
affects semen quality and spermatogenesis.

Treating spermatogenic failure
Despite extensive research into the causes of spermatogenic 

failure, there are hardly any means to directly treat spermatogenic 
failure, the only examples are treatment with a dopamine-agonist 
in case of hyperprolactinemia and treatment with gonadotropins in 
case of hypogonadotrope hypogonadism (27, 28). Surely men with 
spermatogenic failure that still produce some spermatozoa can 
achieve genetic parenthood via treatments such as intra cytoplasmic 
sperm injection (ICSI) but this circumvents the spermatogenic failure 
phenotype and involves a burdensome and invasive procedure of 
the unaffected female partner. Moreover, such medically assisted 
reproduction (MAR) is known to be associated with adverse short-
term outcomes, including preterm birth, lower birth weight and a 
higher prevalence of birth defects (Hansen et al. 2013, Helmerhorst 
et al. 2004). In addition, the long term health of MAR-offspring is yet 
unknown. Identifying genetic factors that can affect semen quality is 
thought to be important for understanding the underlying causes of 
spermatogenic failure as it can open up avenues to treat oligozoo- 
and azoospermia. However, spermatogenic failure is likely to be 
multifactorial and it is very likely that different environmental and 
genetic factors act differently in patients making it difficult to identify 
common causes (29). As such it is questionable if identifying genetic 
aberrations will actually lead to the development of a treatment for 
spermatogenic failure. 

Recent developments in spermatogonial stem cell (SSC) 
biology might provide a more direct way to overcome some forms 
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of spermatogenic failure. SSCs are the progenitors of spermatozoa 
and thus critical for sperm production (30, 31). Spermatogenesis is 
a complex developmental process during which SSCs enter the 
differentiation pathway and ultimately give rise to spermatozoa. SSCs 
are located on the basal membrane of the seminiferous tubules and 
are embedded between Sertoli cells. SSCs can self-renew to maintain 
the stem cell population or enter the proliferative phase in which they 
undergo a series of mitotic divisions to form chains of differentiating 
spermatogonia with intercellular bridges. These cells then enter the 
meiotic phase as spermatocytes where chromosomal recombination 
and two consecutive meiotic divisions produce haploid spermatids. 
Finally, haploid round spermatids elongate and differentiate into 
spermatozoa, which are released into the lumen of seminiferous 
tubules (Figure 1)(31-33).  

Figure 1: Right: Schematic representation of spermatogenesis in the seminiferous epithelium 
of the testis (adopted from de Rooij et. al, 2008)(67). Left: representation of successive 
developmental steps of male germ cells during spermatogenesis in the human testis (adopted 
from Nieschlag et.al 2000)(68). Ad: A-dark spermatogonium, Ap: A-pale spermatogonium, 
B: B spermatogonium, PI: preleptotene spermatocytes, L: leptotene spermatocytes, EP: 
early pachytene spermatocytes, MP: mid pachytene spermatocytes, LP: late pachytene 
spermatocytes, II: secondary spermatocytes.  
For both schematics permission has been granted.  
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When examined histologically, two aberrant forms of spermatogenic 
failure can be identified: Sertoli cell only (SCO) syndrome, in which 
no germ cells at any stage of development are found, or maturation 
arrest (MA), which is characterized by a block in differentiation, most 
often at the meiotic stage. Although SCO and MA can occur uniformly 
throughout the entire testis, in many men with non-obstructive 
azoospermia there are foci of seminiferous tubules in which full sperm 
production still takes place (focal spermatogenesis). In such a situation, 
sperm production is so low that it does not spill over into the ejaculate 
and hence the man will be diagnosed with azoospermia. However, 
spermatozoa can still be retrieved via testicular sperm extraction 
(TESE) in 50% of men with azoospermia (34) and these spermatozoa 
can subsequently be used for intra cytoplasmic sperm injection (ICSI) 
to achieve fertilization, pregnancy and genetic parenthood. 

Of note, the presence of mature fertilization competent spermatozoa 
in half of all these azoospermic men, suggests that their SSCs are still 
functional albeit to a lesser extend or that their SSCs are present in 
fewer numbers. A theoretical approach to treat azoospermia in these 
cases would be to increase the number of spermatozoa producing 
SSCs in these men. Such a therapy would involve a testicular biopsy, 
in vitro propagation of SSCs and subsequent autotransplantation of 
these SSCs (Spermatogonial Stem Cell Transplantation, or SSCT). 
Upon transplantation, these SSCs would then migrate to the basal 
membrane, occupy specific SSC niches and develop into sperm 
allowing for normal spermatogenesis and hence natural conception. If 
successful, SSCT would not only be a direct treatment of spermatogenic 
failure but would also obviate the need for ICSI which, as said, requires 
burdensome and costly methods of ovarian stimulation and oocyte 
collection in the healthy fertile female partner.

SSC transplantation therapy for men with Y-chromosome 
deletions

As mentioned before, Y-chromosome deletions in the AZFc region 
are a frequent cause of oligozoo- or azoospermia. Spermatozoa can 
be found upon TESE in 70% of azoospermic men with AZFc deletions, 
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although histological evaluation of the testis of these AZFc deleted 
men have shown that on average 43% of tubules shown Sertoli cell 
only (SCO) (35). It thus appears that focally existing AZFc-deleted 
spermatogonia are at least capable of developing into spermatozoa. 
For SSCT to work in men with AZFc deletions, it is important to 
investigate whether AZFc deleted spermatogonia are equally 
functional as non-deleted spermatogonia. If indeed AZFc deleted 
spermatogonia are equally functional, SSCT might provide a direct 
way to treat azoospermia in men with focal spermatogenesis due to 
AZFc deletions.

Important steps to take in SSC transplantation
In 1994, SSCT was performed successfully for the first time in 

the mouse (36).  Since then, successful auto/allogenic SSCT has 
been achieved in a wide range of species, including mouse, hamster, 
bovine, goat, and monkey (37-41). In addition, it has been shown that 
SSCs from various species,(42-44) including human (45), can migrate 
to the basal membrane of seminiferous tubules of immunodeficient 
mice after xenotransplantation, making it possible to functionally 
test SSCs in experimental preclinical settings. Furthermore, SSCs 
from different species have been successfully propagated in vitro 
while their specific characteristics are maintained, such as the ability 
to form colonies that can develop through spermatogenesis upon 
allogenic transplantation (46, 47).

Our group was the first to successfully isolate human testicular 
cells from frozen testis biopsies and propagate SSCs in vitro from 
these biopsies for more than 50 days (48, 49). As SSCT efficiency is 
highly dependent on the number of SSCs (50), propagation in vitro 
might be a required step in a future clinical application.  In this culture 
system, not only spermatogonia (including SSCs) divide but also the 
feeder layer of supporting testicular somatic cells. Therefore within 
this testicular cell culture system, propagated SSCs are only a small 
portion of the entire propagated cell population. Studying the intrinsic 
properties of cultured SSCs requires enrichment of SSCs from the 
heterogenous cell population. 
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Applying cell-sorting methods based on extracellular matrix 
(ECM) - and surface-specific antigens would also help in obtaining 
a relatively pure population of SSCs for transplantation. Several 
cell surface markers have been used successfully for enrichment 
of spermatogonia or SSCs in rodents (51-53) and human (54-
59). Magnetic-assisted cell sorting (MACS) for ITGA6 has led to 
a 5- to 10-fold enrichment of SSCs (53) and GPR125 sorting from 
mouse spermatogonial progenitor cells showed almost a nine fold 
enrichment of SSCs (59). ITGA6 sorting for non-cultured human 
spermatogonia has also been applied, but the enrichment of SSCs 
by transplantation was not investigated (56). As glial cell-derived 
neurotrophic factor family receptor alpha-1 (GFRA1) plays a crucial 
role for the proliferation of SSCs in rodents (60)it has also been used 
for enrichment of human SSCs from non-cultured testicular cells 
(58). However, GFRA1 enrichment of SSCs was not confirmed by 
transplantation. Until now, such sorting methods have never been 
tested in cultured human spermatogonia. 

Besides enrichment, another important issue in all stem cell 
based therapy is genomic stability of in vitro cultured cells. Since 
germ line stem cells after development into mature germ cells 
transmit their genome to the next generation, genomic abnormalities 
might be transferred to the next generation. Therefore, especially for 
germ line stem cells, evaluating the genetic and epigenetic stability 
during in vitro propagation would be one of the essential early steps 
in an attempt to introduce this technique clinically. At the time of 
the initiation of this thesis, studies on the genetic and epigenetic 
stability of cultured human spermatogonia were absent and very 
limited for mice spermatogonia. In mouse, the karyotype of SSCs 
remained stable in culture even after 24 months of culture (61) and 
the methylation status of some paternally imprinted genes (H19, 
Meg3 and Rasgrf1), some maternally imprinted genes (Igf2r, Peg10) 
as well as some imprinting center regions (H19/Igf2, Meg3/Dlk1) did 
not change during culture (58, 61, 62). The paternally imprinted H19 
is a conserved gene in mammals. In human, a region of H19, known 
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as H19-DMR (differentially methylated region) 1, was shown to be 
fully unmethylated in fetal male germ cells (from 24 week fetal testis) 
suggesting that all pre-existing methylation imprints are already 
erased by this stage. 

The methylation of H19 typical of the paternal allele first appears 
in a subset of adult spermatogonia and then is maintained in 
spermatocytes, spermatids and mature spermatozoa (63). H19-DMR 
showed hypermethylation in adult spermatogonia (up to 69%, in the 
last step of spermatogonial differentiation just before the first meiotic 
division) which increased further in spermatocyte-I (95%), spermatids 
and spermatozoa (100%) (63). H19-DMR has been suggested to be 
particularly prone to modifications in response to altered testicular 
environment (64) and chemical endocrine disruption (65, 66). All this 
data has been obtained from non-cultured human spermatogonia 
and nothing is known about the imprinting status of cultured human 
spermatogonia including SSCs.

In all, several preclinical safety steps will need to be overcome 
before SSCT will become clinically available but studies in multiple 
species suggest that it will likely work in humans as well.
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Aim of the thesis
The aim of this thesis is to determine if TSPY copy number changes, 
one of the major sources of Y-chromosome variation, are related 
to spermatogenic failure. Furthermore, we aim to determine the 
functionality of AZFc deleted spermatogonia in culture in order to 
determine whether spermatogonial stem cell therapy (SSCT) can in 
theory be a treatment for spermatogenic failure in men with AZFc 
deletions. Finally, we investigate aspects of safety and effectiveness 
of propagating human SSCs as part of a future SSCT.

Our specific questions are:
1. Is TSPY copy number variation associated with semen quality?
2. Do SSCs from men with an AZFc deletion during culture maintain the 

same characteristics as SSCs from men without an AZFc deletion?
3. Which marker(s) can be used to enrich in vitro propagated human 

SSCs?
4. Do human SSCs remain genomically stable during long-term 

culture?
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Outline of the thesis
In Chapter 2, we investigate the correlation of TSPY copy number 

with semen quality. We determine TSPY copy number in a nested 
case-control study with 100 cases with the lowest total number of 
progressively motile sperm (TMC) and 100 controls with the highest 
TMC.

In Chapter 3, we investigate the in vitro behavior and gene 
expression of spermatogonia of men with complete AZFc deletions 
and compare this to that of cultured spermatogonia from men without 
Y-chromosome deletions with normal spermatogenesis. We compare 
the expression levels of multiple genes associated with self-renewal 
or differentiation in short-term and long-term cultured spermatogonia. 

In Chapter 4, we try to identify cell surface markers for efficient 
enrichment of human SSCs from 50-day testicular cell cultures. We 
compare expression of spermatogonial specific genes in cultured 
testicular cells after single and double sorting with that of non-sorted 
cultured testicular cells. Furthermore, we determine the enrichment 
for SSCs in sorted cultured testicular cells compared to the non-
sorted cultured testicular cells by xenotransplantation to the testis of 
immunodeficient mice.

In Chapter 5, we evaluate the genetic and epigenetic stability of 
human spermatogonia that are cultured for 50 days in our testicular cell 
culture system. Genetic and epigenetic stability in cultured and non-
cultured spermatogonia is analyzed by single cell aneuploidy screening 
and bisulfite sequencing of the paternally imprinted genes H19, H19-
DMR, MEG3 and the maternally imprinted genes KCNQ1OT1 and 
PEG3, respectively.

In Chapter 6, we put the results of the previous chapters in 
perspective of the literature and provide suggestions for future studies.

In Chapter 7, we summarize the obtained results. 
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Abstract 

Objective: To determine whether variation in testis-specific protein 
Y-encoded (TSPY) gene copy number affects semen quality.

Design: Nested case-control study. 
Setting: University hospital. 
Patient(s): From a consecutive cohort of 1,016 male partners of 

subfertile couples, unselected for sperm counts, we selected as cases 
100 men with the lowest total number of progressively motile sperm 
(TMC) and as controls 100 men with the highest TMC. 

Intervention(s): Quantitative real-time polymerase chain reaction 
(PCR) and Southern blot to determine TSPY copy number.

Result(s): The quantitative PCR method showed excellent 
agreement with the southern blot analysis. Cases had a median TSPY 
copy number of 35 (range 20-73), whereas controls had a median 
TSPY copy number of 34 (range 26-76). This difference was not 
statistically significant. 

Conclusion(s): We found no association between TSPY copy 
numbers and severe spermatogenic failure. The observed variation 
in TSPY copy number therefore appears to have no functional 
consequences for semen quality. 

Key Words: 
TSPY; Y chromosome; gene copy number; semen quality; quantitative 

PCR; spermatogenesis
 

Introduction

Testis-specific protein Y-encoded (TSPY) is expressed in 
male germ cells during embryogenesis, and in spermatogonia, 
spermatocytes and elongating spermatids in adult testis (1-3). The 
TSPY protein harbours a cyclin B-binding domain and a SET/NAP 
domain. The interaction of TSPY with cyclin B through the cyclin 
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B-binding domain has been suggested to play an important role 
in male meiotic division (4). Through the SET/NAP domain, TSPY 
can bind to elongation factor 1 alpha, a potential oncogene that is 
highly expressed in tumour germ cells of human seminomas (3). 
Given its expression pattern and function, TSPY is considered to be 
a candidate gene for impaired spermatogenesis in humans.

In humans, TSPY is located on the short arm of the Y 
chromosome and is organized in one large and one small array (5). 
The reference sequence of the male-specific region of the human 
Y chromosome was shown to carry approximately 35 TSPY copies 
(6). Individual TSPY copies can differ from one another because 
of single nucleotide variations (7). It is well established that TSPY 
copy number varies between men (5). In a systematic study of 47 
diverse human Y chromosomes, we have recently shown that TSPY 
copy numbers varied between 23 and 64 copies (8). 

It has previously been shown that a reduction in gene copy number 
variation within the AZFc region on the human Y chromosome as a 
result of a gr/gr deletion is associated with reduced sperm counts 
(9). It is currently unknown whether variation in TSPY copy number 
also affects semen quality. 

We set out to investigate whether TSPY gene copy number 
variation is associated with reduced semen quality using a nested 
case-control study. Because the golden standard methods to 
detect TSPY copy numbers (i.e. pulse-field gel electrophoresis and 
Southern blot) are laborious and require cells or cell lines, we first 
designed a novel quantitative real-time polymerase chain reaction 
(PCR) method for rapid and accurate determination of TSPY gene 
copy numbers.
 

Materials and Methods

Study population 
Seven healthy unrelated volunteer men donated blood for validation 

of our novel quantitative PCR method in comparison with the gold 
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standard Southern blot analysis. 
We isolated DNA from a venous blood sample using a salting out 

procedure (10), for quantitative PCR and used 21 ml blood for the 
generation of agarose plugs containing genomic DNA for Southern 
blot analysis.

To investigate the association of TSPY copy number with semen 
quality we performed a nested case-control study. We selected 
cases and controls from a consecutive cohort of 1,016 male partners 
of subfertile couples who presented at the Center for Reproductive 
Medicine of the Academic Medical Center of Amsterdam from January 
2000 until July 2007 and from whom written informed consent was 
obtained. All men in this consecutive cohort were included prior to 
semen analyses to avoid a possible selection bias based on semen 
quality. At least two semen analyses were performed as part of the 
fertility workup for each patient according to WHO guidelines and 
retrospectively linked to each included patient. We excluded men with 
known causes of spermatogenic failure, namely, hyperprolactinemia, 
hypogonadotrophic hypogonadism, previous chemo- or radiotherapy, 
bilateral cryptorchidism, surgery of the vas deferens, orchitis, and 
bilateral orchidectomy. Men were also excluded if the fertility workup 
identified retrograde ejaculation, obstructive azoospermia, an AZFa, 
P5/proximal-P, P5/distal-P1, AZFc or gr/gr deletion, or numerical or 
structural chromosome abnormalities. As cases we selected 100 men 
from the cohort with the lowest semen quality expressed as the lowest 
total number of progressively motile sperm (TMC). As controls we 
selected from the same cohort the 100 men with the highest TMC. 

From cases and controls DNA was isolated from a venous blood 
sample using a salting out procedure. Institutional Review Board (IRB) 
approval was granted for This research.

Quantitative Polymerase Chain Reaction (qPCR)
We performed probe-based quantitative PCR using a 

LightCycler 2.0 machine (Roche diagnostics, Mannheim, Germany) 
on DNA samples from all men. The primers and probe were 
located within a region of exon one where no SNVs (Single 
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Nucleotide Variants) have been reported. Primers and probe were 
as follows: forward: 5’–ATGACCCAGATCTGCACT-3’; reverse: 
5’CTGGCTTGGGCATTAACC-3’; probe 17 from Universal Probe 
Library (Cat No. 04 686 900 001, Roche, Mannheim, Germany). The 
PCR conditions were 15 minutes at 95 °C, followed by 50 cycles of 
1 minute at 95 °C, 20 seconds at 55 °C and 20 seconds at 72 °C, 
and finally 20 seconds at 40 °C. The PCR mix consisted of 10 µl 
ABsolute QPCR Capillary Mix (Cat No. AB-1283/A; ABgene®UK via 
Thermoscientific), 0.9 µl primer set (10mM), 0.2 µl Universal probe, 
8.9 µl genomic DNA (50 ng/µl). The final reaction volume was 20 µl.

We used as reference samples four serial dilutions of DNA from one 
of the seven volunteer men from which the TSPY copy numbers were 
determined by Southern blot. Two sets of these four serial dilutions 
were used in each run. We excluded runs that showed efficiency below 
1.7 or above 2.3, an error rate >0.05, and/or standard deviation >0.1 
between reference replicas. Each sample was tested in duplicate in 
two separate runs and the average of both runs was used as the final 
outcome.

Agarose plugs
We generated agarose plugs containing the genomic DNA from 

the blood of the seven volunteer men according to manufacturer’s 
instructions (Cat. No. 170-3592; Bio-Rad laboratories).

Southern blot     
First, we digested the plugs containing genomic DNA overnight 

using 60 units of the restriction enzyme PmeI. The next morning 10 
additional units were added and the samples incubated for an additional 
2 hours. Samples were then separated via pulse field gel electrophoresis 
(PFGE) on a 1.5% gel in 0.5 x Tris-Borate-EDTA (TBE) buffer (voltage: 
200 V; pulse time: 60 seconds). After electrophoresis, the gel was 
depurinated in 0.25 N HCl for 20 min followed by a denaturation in 0.5 
M NaOH, 1.5 M NaCl for 40 min and transferred overnight on a Hybond 
XL nylon membrane (Amersham, Bioscience, UK, Cat. No.RPN303S)  
using the denaturation buffer. The Y chromosome marker sY1256 was 
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used as probe and labeled using a Megaprime labeling kit according to 
manufacturer’s protocol (Amersham, Mege pure DNA labeling system, 
UK, Cat. No.RPN1606). All membranes were hybridized with sY1256 
using Church and Gilbert hybridization buffer overnight at 65 ºC. The next 
morning these membranes were washed 2 x 15 min in 0.1 x SSC, 0.1% 
SDS at 65 ºC. The membranes with hybridized probes were exposed 
to a radiation sensitive film (Amersham haperfilm, Cat.No.91237) and 
stored at -80 ºC. Films were developed after 48 hours exposure.

The exact number of TSPY copies was calculated by subtracting 
10.9 kb from the size of the band (accounting for the regions outside 
of the TSPY array) and then dividing by 20.4 kb, which is the size of 
one TSPY copy (11).
   
Data Analysis

We evaluated the agreement between quantitative PCR and 
Southern blot (as the gold standard method) by means of Bland-
Altman analysis. Bland–Altman analysis was performed by plotting the 
copy number difference between Southern blot and quantitative PCR 
vs. the mean TSPY copy number of Southern blot and quantitative 
PCR. A two-tailed probability value of .05 was considered significant.

In all analyses we used the average of all available semen analyses 
from each patient. We applied two- tailed Mann-Whitney U test (Wilcoxon 
rank-sum test) for our TSPY copy number variation study and a Pvalue 
<.05 was considered statistically significant. Analysis was carried out 
using the statistical package SPSS for Windows 16.0 (SPSS Inc., 
Chicago, IL) and figures were generated with GraphPrism 5.0.
 

Results

We validated our novel quantitative PCR method by performing 
quantitative PCR and Southern blot on DNA samples derived from the 
blood of seven healthy volunteers and compared the TSPY copy numbers 
found by these methods. No statically significant difference was seen in 
TSPY copy number detected by means of the two methods (Figure 1). 
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Figure1: Bland-Altman plot for TSPY copy number. The mean TSPY copy number as detected 
by Southern blot and quantitative polymerase chain reaction (qPCR) is shown on the X-axis. The 
Y-axis shows the difference between qPCR and Southern blot. The middle line shows the mean 
difference for all samples and the top and bottom line indicates the 95% confidence interval (CI). 
All seven samples are within the 95% CI indicating good agreement between qPCR and Southern 
blot. Note: there are two samples with a mean copy number of 32 and difference of 0; the dots of 
these two samples overlap in the figure. 

Mean age of the men, country of origin, and semen quality 
characteristics of the entire cohort as well as for the selected cases 
with the lowest total motile count and controls with the highest total 
motile count are shown in Table 1. 
Table 1: Baseline characteristics of the entire cohort and of the selected cases and controls.

Entire cohort
(n=1016)

Cases
n=100

Controls
n=100

Age(yr)
Country of origin(%)

Netherlands
Surinam & Dutch Antilles

Morocco
Turkey
Ghana
other

Unknown

Semen quality
volum(ml)

concentration(106/ml)
molitity(%progressive)
morphology(%normal)

total count(106)
total motile count(106)

36.7(32-48)

66
10
4
3
2

14
2

3.2(2.3-4.2)
59.7 ± 49.7
37(25-46.4)
35.6±14.7

188.6 ± 171.4
74.5 ± 82.3

38.5(34-45)

42
23
6

10
0

16
3

2.9(1.8-3.8)
2.8 ± 10.4*
2.5(0-8.3)

11.3±9
8.2 ± 31.2
0.02 ± 0.1

40(35-43)

65
12
3
3
2

13
2

4.5(3.7-5.4)
118 ± 38.8

48.3(43-53.8)
48.9±8.3

524.1 ± 147.8
254.1 ± 76

Data are expressed as mean ± SD or median (25th-75th percentile);
 * 52 out of 100 cases were azoospermic.
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We used our validated quantitative PCR method to determine the 
TSPY copy numbers in both cases and controls. TSPY copy number 
varied between 20 and 73 copies in cases (median 35 copies) and 
between 26 and 76 copies in controls (median 34 copies) (Figure 2). 
This was not statistically different. There was also no difference in TSPY 
copy number in men with azoospermia (n=52; median 36 copies) and 
men with oligozoospermia (n=48; median 34 copies)

Figure 2: TSPY copy numbers in cases and controls. The median copy number in cases (35) and 

controls (34) did not differ significantly.

Discussion

We successfully developed a novel quantitative PCR method to 
rapidly and accurately determine TSPY copy number. Using this novel 
method, we did not observe any statistically significant differences in 
median TSPY copy number in cases and controls in our nested case-
control study. Thus, the TSPY copy number within the range observed 
in our study did not affect semen quality. 

 A previous study assessed TSPY/AMELY ratios in 84 infertile 
men with low sperm count and in 40 normospermic fertile fathers 
(12). The TSPY/AMELY ratio was increased in the infertile males as 
compared to the normospermic fertile fathers. However, their novel 
method was not validated by the gold standard method and the authors 
therefore were unable to provide reliable TSPY copy numbers for their 
cases and controls. In addition, selection bias might have been present 



31TWO
Chapter

in their study since cases and controls were selected from different 
populations. Our nested case control design entailed that all cases 
and controls were drawn from the same population, thereby avoiding 
such selection bias which is inherent to the classic case-control design 
(13, 14). 

  Although our results did not show an association for TSPY 
copy number variation and reduced semen quality, there may be a 
correlation between TSPY copy number and the incidence of prostate 
cancer. A recent study showed that the incidence of prostate cancer 
was increased among white and Hispanic men with less than 20 TSPY 
copies (15). In addition, elevated levels of TSPY mRNA were identified 
in tumour cells of prostate cancers at various degrees of malignancy, 
while low levels of TSPY mRNA were found in normal epithelial cells of 
prostate and benign prostatic hyperplasia (16). Although an elevated 
TSPY expression is one of the first hallmarks of testicular carcinoma 
in situ, it is still unknown whether TSPY copy number variation affects 
TSPY expression and as a result affects the susceptibility for testicular 
cancer (3, 17).

In conclusion, we did not find an association between TSPY 
copy numbers and reduced semen quality. Future research should 
determine whether TSPY gene copy number variation is correlated 
with testicular cancer. The novel quantitative PCR method described 
in this paper might be of use for such a study.
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Abstract 

Azoospermic factor c (AZFc) deletions are the underlying cause in 10% 
of azoo- or severe oligozoospermia. Through extensive molecular analysis 
the precise genetic content of the AZFc region as well as the origin of its 
deletion have been determined. However, little is known about the effect of 
AZFc deletions on the functionality of germ cells at various developmental 
steps. The presence of normal, fertilization-competent sperm in the 
ejaculate and/or testis of the majority of men with AZFc deletions suggests 
that the process of differentiation from spermatogonial stem cells (SSCs) to 
mature spermatozoa can take place in the absence of the AZFc region. To 
determine the functionality of AZFc-deleted spermatogonia, we compared 
in vitro propagated spermatogonia from six men with complete AZFc 
deletions with spermatogonia from three normozoospermic controls. We 
found that spermatogonia of AZFc-deleted men behave similar to controls 
during culture. Short-term (18 days) and long-term (48 days) culture of 
AZFc-deleted spermatogonia showed the same characteristics as non-
deleted spermatogonia. This similarity was revealed by the same number of 
passages, the same germ cell clusters formation and similar level of genes 
expression of spermatogonial markers including UCHL1(ubiquitin carboxyl-
terminal esterase L1), ZBTB16 (zinc finger and BTB domain containing 16) 
and GFRA1(glial cell line-derived neurotrophic factor family receptor alpha 
1), as well as germ cell differentiation markers including STAT3 (signal 
transducer and activator of transcription 3), SOHLH2 (spermatogenesis 
and oogenesis specific basic helix-loophelix 2), KIT (v-kit Hardy-Zuckerman 
4 feline sarcoma viral oncogene homolog) and SYCP3 (synaptonemal 
complex protein 3). This data suggests that, at least in vitro, spermatogonia 
of AZFc-deleted men are functionally similar to spermatogonia from non-
deleted men. Potentially, this enables treatment of men with AZFc deletions 
by propagating their SSCs in vitro and autotransplanting these SSCs back 
to the testes to increase sperm counts and restore fertility.

Key words: 
AZFc, Spermatogonia, SSC, Infertility
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Introduction: 

Azoospermic factor c (AZFc) deletions are a common molecular 
cause of spermatogenic failure with a frequency of about 10% in men 
with non-obstructive azoospermia or severe oligozoospermia (1, 2). 
The AZFc region contains five multicopy gene families namely Deleted 
in azoospermia (DAZ), Chromo domain on Y (CDY1), Basic charge 
Y-linked 2 (BPY2), Golgi autoantigen Golgin subfamily A2 like Y 
(GOLGA2LY) and Chondroitin sulfate proteoglycan 4 like Y (CSPG4LY) 
(1, 3). These genes are all expressed exclusively or predominantly in 
the testis and are therefore thought to play a role in spermatogenesis 
(Skaletsky, et al., 2003). However, the precise function of AZFc genes 
in humans is unknown. Most of our knowledge on the function of AZFc 
genes comes from animal studies (4-7). In Cynomolgus monkey for 
instance, cyn DAZ/DAZL (the homolog of human DAZ) is expressed in 
spermatogonia, spermatocytes, round and elongated spermatids and 
its associated protein is suggested to shuttle RNA between nucleus and 
cytoplasm (5, 6). Cyn CDY1 is only expressed in round and elongated 
spermatids and it is suggested to be involved in chromatin binding and 
fatty acid oxidation (4). In more distant species such as drosophila and 
mouse, genetic knockout studies have demonstrated that homologs 
of human DAZ, are essential for male fertility (8-10). However, the 
function of GOLGA2LY and CSPG4LY is still largely unknown.

In humans, AZFc deletions always cause either oligozoospermia 
or azoospermia (2). In 70% of azoospermic men with AZFc deletions, 
mature sperm can be found in their testes upon testicular sperm 
extraction (TESE) (11-14). Spermatozoa retrieved from men with 
AZFc deletions are fertilization competent and, when used for ICSI 
(intracytoplasmic sperm injection), produce viable embryos and 
pregnancy at similar rates as spermatozoa of men without AZFc 
deletions (15, 16). In several cases AZFc deletions have even been 
transmitted to offspring via natural conception (17-21). Histological 
evaluation of testes in men with AZFc deletion indicates the presence of 
a heterogeneous phenotype of Sertoli cell only (SCO) tubules, tubules 
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with maturation arrest (MA) and tubules with normal spermatogenesis 
(22). All together, these observations indicate that in the majority of 
men with an AZFc deletion there is continuous spermatogenesis up 
to spermatozoa albeit to a much lesser extent (30-75%) potentially 
as a result of a low number of spermatogonia or a lower efficiency of 
differentiation (23-28).

In this study we aimed to determine the functional capacity of 
spermatogonia from men with AZFc deletions. We compared the 
behavior of spermatogonia in culture as well as the expression levels of 
specific spermatogonial and germ cell differentiation markers in cultured 
spermatogonia of AZFc-deleted men to cultured spermatogonia of 
men without an AZFc deletion with normal spermatogenesis. 
 

Material and Methods 

Patients
AZFc-deleted patients were selected from our cohort of 2206 

consecutively included male partners of subfertile couples, who were 
referred to the Center for Reproductive Medicine of Academic Medical 
Center (Amsterdam, the Netherlands) from January 2000 until December 
2012. We identified 19 men with a complete AZFc deletion and of six of 
these men (AMC1295, AMC1426, AMC1835, AMC2200, URO0099, and 
URO0155) we had enough spare testicular tissue from a TESE procedure 
to investigate the characteristics of spermatogonia in vitro. As controls 
we used healthy testicular tissue from three prostate cancer patients who 
underwent bilateral orchidectomy as part of their treatment (URO0034, 
URO0059, and URO0077). All these controls had normal spermatogenesis 
as determined by histology and all were confirmed to have an intact AZFc 
region. Testis tissue of these control men has also been used in previous 
studies (29, 30). From all men, patients and controls, we obtained informed 
consent to use their spare tissue for research purposes. According to Dutch 
law, spare human tissues can be used for research without approval of a 
medical ethical committee as none of the patients had to undergo any 
additional intervention to obtain the material for this research.
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Histological evaluation
Part of the testis biopsy from all men were fixed in diluted Bouin’s 

solution, processed as paraffin blocks and cut in 5 µm sections. For 
each patient one slide was stained by conventional hematoxylin and 
eosin and seminiferous tubules were graded using the Johnsen score 
(31). In this classification system, at least 40 seminiferous tubules are 
evaluated and individually scored in a range from one to ten. Transversal 
tubules in this section with complete spermatogenesis with more than 
10 spermatozoa without apoptotic cells are given a score of 10 and with 
apoptotic cells in the lumen are given a score of 9, SCO is scored as 2 
and sclerotic tubules without Sertoli cells are given a score of 1.

Sequence-tagged sites (STS) deletion confirmation
To confirm the presence or absence of AZFc deletions, testicular 

tissue DNA was extracted using QIAamp DNA Mini Kit (51304, Qiagen). 
Multiplex PCR was performed using six STS markers: sY142, sY1191, 
sY1197, sY1201, sY1206 and sY1291 as previously described (32).

Testicular cell isolation and culture
Testicular cells were isolated and cultured as previously described 

(33). The input of tissue varied depending on the amount of material 
that was left over from the TESE procedure (range 150-300µl). Briefly, 
after two steps enzymatic digestion and overnight plating, floating 
cells were collected, plated in uncoated plastic dishes and cultured 
in supplemented stempro-34 (Invitrogen) in 5% CO2 at 37°C. The 
cells were passaged every seven to ten days. The formation of germ 
line stem cell clusters (GSCs) in culture was checked. Cultured cells 
were harvested at 18 days (short-term culture) and 48 days (long-term 
culture) of culture for magnetic assisted cell sorting (MACS) to enrich 
for germ cells or SSCs for further expression analyses.

Magnetic Assisted Cell Sorting (MACS)
Short term and long term cultured cells were labeled with biotin 

conjugated anti-ITGA6 (313604, Biolegend) to enrich for SSCs 
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(ITGA6+ cells) (29) or APC conjugated anti-HLA I (human leukocyte 
antigen I, 555555, BD Pharmingen) to enrich for germ cells at all 
steps of development including spermatogonia and SSCs (HLA- cells) 
(34). MACS was performed according to the manufacturer’s protocol 
(Miltenyi Biotec Inc, USA). Briefly, after trypsinization, cells were 
washed in MEM and incubated for 30 minutes at 4°C with the primary 
antibodies for ITGA6 or HLA I and subsequently with microbeads 
conjugated with anti-biotin (130-090-458, Miltenyi biotech) or anti-
APC (130-090-855, Miltenyi biotech) respectively, for 15 minutes at 
4°C and sorted using the MS column separator (130-042-201, Miltenyi 
biotech). Cells were snap-frozen in a cell pellet and stored at -80°C for 
later RNA extraction.

For MACS sorting we used all cultured testicular cells and the 
average retrieved percentage of HLA- cells was 45.6% ± 4.4% and for 
ITGA6+ this was 13.2 %± 3.1%.

Quantitative real time polymerase chain reaction (qPCR)
RNA was extracted from the cell pellet of the sorted human short-

term and long-term cultured testicular cells using the RNeasy Mini kit 
(74104, Qiagen). Copy DNA (cDNA) was synthesized from an equal 
amount of RNA of all samples using random primers and M-MLV 
reverse transcriptase (28025-021, Invitrogen). Although we used 
various amount of tissue for culture, after culture, sorting and RNA 
isolation an equal amount of RNA was used as input for the gene 
expression analyses. 

To investigate whether AZFc genes were expressed in 
spermatogonia in our culture system, expression of BPY2, CDY1, 
DAZ1, GOLGA2LY and CSPG4LY was checked in MACS sorted 
ITGA6+ short-term cultured (18 days) and long-term cultured (48 
days) testicular cells of control men. PCR products were visualized 
using gel electrophoresis.

To compare the degree of possible spermatogonial differentiation 
to more advanced germ cells during culture of testicular cells of 
AZFc-deleted patients with that of controls, expression levels of 
spermatogonial markers (UCHL1, ZBTB16, GFRA1 and MAGEA4) 
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and differentiating germ cell markers (STAT3, SOHLH2, KIT and 
SYCP3) were determined using QPCR in cultured testicular cells that 
were HLA- MACS sorted for germ cells. 

All Q-PCR reactions were probe based using Universal probes 
(Exicon probes, Roche diagnostic, Manheim, Germany) and all 
primer sets were selected from the universal probe library (seeTable 
1) of Roche-applied science (www.roche-applied-science.com) 

Table 1: Primer sets and specific universal probe for detecting specific transcripts in real time.

Gene symbol Transcript ID Primer set Probe No. Product size

BPY2 NM_004678.2
Fw: cgtgcaggacaggatcatta
Rev: tgccctctgtaagcagcac

#43 67bp

CDY1 NM_004680.2 Fw: ggccaatgagagagagtgtga
Rev:gctttatatcccaacagaggtatttt #73 96bp

DAZ1 NM_004081.5 Fw: atcacgccgaatcctgtaac
 Rev: tggagatggttgagtttgga #84 73bp

GOLGA2LY2 ENST00000398377.3 Fw: ggccatgcatcatctgcta
Rev: cagggccactgctagttctc #36 64bp

CSPG4LY NR_001554.2
Fw: gagaggcagctgagatcagaa

Rev: cggctccgagatgatgaa
#78 62bp

POL2A ENST00000322644 Fw: ttgtgcaggacacactcaca
Rev:caggaggttcatcacttcacc #1 83bp

PLZF NM_001018011 Fw: gcacagttttcgaaggagga
Rev: cagaagacggccatgtca # 80 78bp

UCHL1 NM_004181.4 Fw: cctgaagacagagcaaaatgc
Rev:aaatggaaattcaccttgtcatct #27 110bp

GFRA1 NM_005264.4 Fw: gtcgggcaatacacacctct
Rev: gcagccattgattttgtgg # 11 93bp

MAGA4 NM_001011548 Fw:cccaggctctataaggagacaag
Rev: cagcaggcaagagtgcag # 61 143bp

c-KIT
NM_000222.2

NM_001093772.1

Fw: ctttcctcgcctccaagaat
Rev: gtgatccgaccatgagtaagg # 71 76bp

SOHLH2 NM_017826.2 Fw: ctgtggagctcctcctgct
Rev: cccacagtgacatctccaacta # 43 146bp

STAT3 NM_213662.1 Fw: ctgcctagatcggctagaaaac
Rev: ccctttgtaggaaactttttgc # 25 112bp

SYCP3 ENST00000392924.1  Fw: tttgtttcagcagtgggattt
Rev:tcttttgttgctgtcgaaacat # 73 86bp
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 Q-PCRand optimized on RNA from human testis tissue. The specificity of
 the primers was confirmed by sequencing the obtained PCR product.
 Real time PCR was performed in the Lightcycler 480 Real time PCR
 system (Roche diagnostic) in 384 well plates using the following
 program: 15 minutes at 95°C, 50 cycles of 15 second at 95°C, 20
 second at 55°C, 20 second at 72°C. The total volume for each PCR
 reaction including Absolute PCR master mix (AB-1132, Abgene) was
 10 µl. POL2A was selected as reference gene (35). All samples were
 run in triplicate. The mean Ct values for each transcript was normalized
 to that of the reference gene and comparison between short and long
 term cultured AZFc-deleted and control samples were calculated with
 the ΔΔCT method. In cases where no gene expression was observed,
 the Ct value was assumed 50 cycles (the number of total performed
.(cycles

Statistics
One way anova with Tukey-Kramer post hoc test was used to compare 
the expression of different markers in AZFc-deleted samples with 
controls after 18 days and 48 days of culture. A P-value < 0.05 was 
considered to be significant. 
 

Results

Confirmation of AZFc deletion in testicular tissue
The initial diagnosis of an AZFc deletion was based on the absence 

of STS markers SY1191, SY1206 and SY1291 and the presence of 
SY142, SY1197 and SY1201 in blood. In order to rule out germ line 
mosaicism (i.e. the presence of an AZFc deletion in blood but not in 
testis) we investigated the presence of the same STS makers in testis 
derived DNA. We confirmed the presence of the deletion in testicular 
tissue from all six patients and the absence of the deletion in all three 
controls (Figure 1).
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Figure 1: Confirmation of the absence of the complete AZFc region in testis tissues of all AZFc-
deleted patients. The complete absence or presence of the AZFc region in testicular genomic DNA of 
all patients and controls was performed in a multiplex PCR by testing six STS markers. Primer set 1 
contains sY142, sY1191 and sY1197. Primer set 2 contains sY1206, sY1291 and sY1201.  Absence of 
sY1191, sY1206 and sY1291 in the presence of sY142, sY1197 and sY1201 (LANES 4-9) confirmed 
the AZFc-deletion in our azoospermic patients. All controls had no deletion (LANES 1-3).

Histological evaluation of testicular tissue
We determined the Johnsen score of 40-70 tubules in testes 

section of each AZFc-deleted and non-deleted control men. From 
the six AZFc patients, one patient showed only SCO tubules in the 
examined biopsy sections, while all others showed a mixed phenotype 
of which three showed SCO and maturation arrest and two SCO with 
maturation arrest and full spermatogenesis (Table 2).

The percentage of SCO tubules in the scored biopsy varied between 
18 and 100% in the evaluated sections (Table 2). Upon TESE, sperm 
was found in two out of six patients (URO0099 with 18% SCO tubules 
and URO0155 with 56% SCO tubules). In testis sections of controls, 
we evaluated 58-122 tubules per control. Almost all tubules showed 
elongated spermatids and hardly any SCO tubules were observed 
(Table 2). 
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Testicular cell culture
To study the behavior of testicular cells of AZFc-deleted 

patients and controls during short-term culture (18 days) and 
long-term culture (48 days), the number of germline stem cell-
clusters (GSCs) formed in culture was evaluated. During short-
term culture, testicular cells of all patients and controls underwent 
two passages and no cluster formation was observed in any of 
the cultures. During long-term (48 days) culture, testicular cells 
of AZFc-deleted patients went through 5-6 passages and GSCs 
were observed in four out of six patients, while testicular cells of 
controls went through 6-7 passages and GSCs were present in 
all of them. Whenever GSC formation was observed, it was first 
observed at the end of the third week. In two out of three controls 
and two out of six patients more than 20 GSCs were formed, while 
the number of GSCs in the other two cultures (one patient and one 
control) was less than 10 (Table 2). 

Expression of AZFc genes in ITGA6 sorted spermatogonia 
during culture

We determined whether AZFc genes are expressed in non-
cultured human spermatogonia and found that all five AZFc genes 
were expressed in non-cultured spermatogonia of all three controls. 
During culture the expression of GOLGA2LY and CSPG4LY 
expression was maintained throughout the entire culture period, 
while the expression of BPY2 and CDY1 was lost already in short-
term culture and the expression of DAZ was maintain in short-term 
culture but lost in long-term culture (Figure 2).
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Figure 2: Expression of Basic charge Y-linked, 2 (BPY2), Chromo domain on Y (CDY1), Deleted 
in azoospermia (DAZ), Golgi autoantigen Golgin subfamily A2 like Y (GOLGA2LY) and Chondroitin 
sulfate proteoglycan 4 like Y (CSPG4LY) in testicular tissue; non-cultured; short-term (18 days) cultured 
and long-term (48 days) cultured spermatogonia from three men with no deletion of AZFc (URO0077, 
URO0034 and URO0059). Except for total testicular tissue, MACS sorted ITGA6+ cells were used. 

Expression of spermatogonial genes in HLA- germ cells 
during culture

We next examined the expression of spermatogonial markers 
in HLA- germ cells during short-term and long-term culture in all 
patients and controls. We quantified the expression of UCHL1, 
GFRA1, ZBTB16 (also known as PLZF) and MAGE A4 in HLA-  
germ cells. During culture similar expression levels of UCHL1, 
GFRA1 and ZBTB16 were detected in testicular cell cultures of 
AZFc-deleted and control men (Figure 3A). The expression level of 
MAGE A4 was low in controls at short term culture but AZFc-deleted 
samples showed a significantly lower expression in comparison to 
controls. In long term culture, expression of MAGEA4 in both AZFc-
deleted and control samples was hardly detectable (Figure 3A).  
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Expression of genes associated with spermatogonial 
differentiation

To investigate whether AZFc deletions enhance or reduce 
differentiation of spermatogonia, we determined the expression of 
markers for early and later steps of spermatogonial differentiation 
in cultured and HLA- sorted germ cells of AZFc-deleted patients 
and that of non-deleted controls. Spermatogenesis and oogenesis 
specific basic helix-loop-helix 2 (SOHLH2) and signal transducer 
and activator of transcription 3  (STAT3), both important markers for 
early differentiation (36), were equally expressed in cultured germ 
cells of AZFc-deleted patients and controls in short and long term 
cultures (Figure 3B). Although, the mean expression of SOHLH2 
in AZFc-deleted germ cells was slightly higher than in controls, the 
difference was not significant. 

v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog 
(KIT), another spermatogonial differentiation marker showed 
relatively low expression and Synaptonemal complex protein 3 
(SYCP3), known as a late meiotic marker, showed very limited 
expression in short-term and long-term culture of germ cells of both 
AZFc-deleted patients and controls. Statistical analysis showed 
no significant difference in expression of both markers in cultured 
germ cells of AZFc-deleted men compared to that of control men 
and no difference in expression levels between short and long term 
cultured HLA- germ cells (Figure 3B). 
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Figure 3: Relative gene expression of germ cell markers in non-deleted (controls) and AZFc-
deleted short-term and long-term cultured and MACS sorted HLA- germ cells. (A) Spermatogonial 
marker expression: ubiquitin carboxyl-terminal esterase L1 (UCHL1), zinc finger and BTB domain 
containing 16 (ZBTB16), GDNF family receptor alpha 1 (GFRA1) and melanoma antigen family 
A4 (MAGEA4). (B) Germ cell differentiation marker expression: signal transducer and activator of 
transcription 3 (STAT3), spermatogenesis and oogenesis specific basic helix-loop-helix 2 (SOHLH2), 
v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (KIT) and synaptonemal complex 
protein 3 (SYCP3). Polymerase (RNA) II polypeptide A (POLR2A) was used as reference gene. 
Data expressed as mean ± SEM compared to the short term or long term cultured control cells. 
Asterisks highlight significant differences with p<0.05. 
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Discussion 

In this study, we showed that spermatogonia of azoospermic patients 
with an AZFc deletion behave similar in culture and are indistinguishable 
in terms of expression of markers for undifferentiated spermatogonia 
(ZBTB16, UCHL1, GFRA1) and germ cell differentiation (SOHLH2 
and STAT3, KIT and SYCP3) when compared to spermatogonia of 
men without an AZFc deletion. 

Five genes located in the AZFc region are most likely translated 
into protein, including BPY2 and DAZ that are known to be expressed 
in human spermatogonia (37, 38).  In the current study, for the first 
time, we have demonstrated that all AZFc genes are expressed in 
freshly isolated non-cultured human spermatogonia. During in vitro 
propagation, expression of two of these genes (BPY2 and CDY1) is lost 
within three weeks and expression of DAZ is lost within seven weeks 
of culture. Although we still do not know what the impact of losing the 
expression of some genes during culture is, at least it is apparent that 
these genes are not essential in survival of SSCs in vitro. The function 
of GOLGA2LY and CSPG4LY in human testis is unknown (39) but the 
steady-state expression of these genes in spermatogonia during in 
vitro human SSC culture suggests that they exert their function in these 
cells. What is true for all AZFc genes based on the results described 
here is that they are not crucial for proliferation of spermatogonia at 
least in vitro.

Although some inter-patient variation was observed, the expression 
of early spermatogonial markers UCHL1 (40, 41), ZBTB16 (42) 
and GFRA1 (43, 44) was similar in AZFc-deleted as in non-deleted 
spermatogonia in both early and late culture. This again suggests that 
the presence of AZFc genes is not critical for survival and propagation 
of SSCs. Among spermatogonial markers, the expression of MAGE A4 
was lost during long-term culture in all samples including non-deleted 
controls.It is well known that cells change their expression profile in 
response to an altering microenvironment especially when taken from 
an in vivo to an in vitro environment (45). The expression of MAGEA4 
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in short term culture was low in controls and AZFc-deleted samples 
showed significantly lower expression. The earlier loss of MAGEA4 
expression in spermatogonia of AZFc-deleted men is of unknown 
significance but the loss of MAGEA4 during long term culture suggests 
that MAGEA4 is not required for SSC maintenance and proliferation 
at least in vitro. 

In histological evaluation, the overall Johnsen score was 2.6 ± 
0.6 for men with AZFc deletions and 1 out of the 6 studied patients 
showed a complete SCO tubular phenotype in the examined biopsy 
(17%), 3 out of 6 showed maturation arrest (50%) and 2 out of 6 
(33%) showed normal spermatogenesis (at least in some tubules). 
In two out of six patients (33%) sperm was successfully retrieved 
upon TESE. The Johnsen score for men with AZFc deletions was 
reported in only one other study that evaluated nineteen AZFc-
deleted patients. In this study the Johnsen score was 5.1 ± 1.7 which 
is higher than the score observed in our study possibly reflecting 
the variable phenotype of men with AZFc deletions (23). Multiple 
studies have reported sperm retrieval rate and testicular histology 
in men with AZFc deletions. In these studies the sperm retrieval 
rate with TESE varied between 30-87% and the frequencies for 
the three histological phenotypes varied between 16%-58% for 
complete SCO, 6%-65% for maturation arrest and 6%-38% for 
normal spermatogenesis (14, 23-28). The corresponding rates in 
our study all fall within these ranges.

It has been suggested that AZFc deletions cause a progressive 
phenotype in which patients transition gradually from oligozoospermia 
to azoospermia with increasing frequency of SCO tubules (46). To 
investigate whether a progressive SCO phenotype is the result of 
SSCs depletion due to increased SSCs differentiation, we investigated 
the expression of markers for differentiating germ cells, i.e. SOHLH2 
(36, 47), STAT3 (48, 49), KIT (50) and the meiosis marker SYCP3 (51, 
52). The expression of all four markers was very low and similar in 
spermatogonia from AZFc-deleted and that of control men at all-time 
points in culture. This indicates that AZFc deletions do not affect the 
differentiation rate of spermatogonia, at least not in vitro. 



51THREE
Chapter

Isolated testicular cells were cultured using our previously 
described testicular cell culture system (33). In this culture system, 
we take advantage of accompanying somatic cells as feeder 
cells that provides the suitable microenvironment for propagating 
spermatogonial cells including SSCs. As the behavior of AZFc-
deleted spermatogonia in culture was not different from controls, we 
might conclude that also the microenvironment provided by (AZFc-
deleted) somatic cells in culture is similar in AZFc-deleted men and 
controls. Thus, somatic cells in the testis appear not to be affected by 
AZFc deletions in respect to supporting spermatogonial maintenance 
and proliferation. One patient (AMC 1295) with SCO that showed 
stem cell clusters upon culture. Although all tubules examined with 
histology demonstrated SCO, it is still very well possible those other 
parts of the testis of this man still contain spermatogonia and thus, 
spermatogonia could have been included in the biopsy that was used 
for testicular cell culture. The opposite is also true in our hands: we 
have experienced that in some cases with full spermatogenesis, 
SSCs could be identified in culture by expression markers while no 
GSCs were formed in culture. This reflects the heterogeneous nature 
of our testicular cell culture system.   

The heterogeneous cell population in our culture system makes it 
difficult to directly analyze specific cell types. We relied on membrane 
specific markers to purify spermatogonia or germ cells. Specifically, 
we used ITGA6 MACS to enrich for cultured human spermatogonia 
including SSCs (29). Similarly, we used MACS HLA- germ cells (53-
55) to study the potential enhanced spermatogonial differentiation 
to more advanced germ cells. As equal amounts of RNA for all 
samples were used for RT-PCR and results were normalized against 
a reference housekeeping gene, similar gene expression levels 
most likely reflects similar gene expression per cell in AZFc deleted 
samples and in controls.  

Since spermatogonia in culture do not appear to be affected by 
AZFc deletions and AZFc deleted spermatogonia can progress fully 
to spermatozoa in vivo, increasing the number of spermatogonia in 
culture might be a way to directly treat men with AZFc deletions. 



52 THREE
Chapter

Such treatment would involve a testicular biopsy, propagation of 
SSCs in vitro and subsequent transfer of these propagated SSCs to 
the patients’ testis. These transferred SSCs would then home to their 
niche in the testis, colonize the testis and then initiate self-renewal 
and differentiation. Eventually this would then revert the azoospermia 
phenotype to oligozoo- or even normozoospermia. If successful, this 
treatment would prevent the use of ICSI with its associated risks, 
costs, burden and possible long-term health effects on offspring (56-
58). Of course, the SSC transplantation technique is not yet clinically 
applicable (59) but it will likely be in the near future. Besides treating 
men with AZFc deletions, SSC transplantation could theoretically 
also be used to treat other cases in which there is a shortage of 
spermatogonia in vivo as long as the existing spermatogonia are fully 
functional. The experiments described in this study could provide 
a roadmap for determining whether such treatment would work in 
these cases.

In conclusion, the current study demonstrates that AZFc-deleted 
spermatogonia behave very similar to normal spermatogonia in 
vitro and show equal levels in expression of spermatogonial and 
differentiation markers as spermatogonia from non-deleted control 
men. This indicates that treatment of men with AZFc deletions by 
propagating their SSCs in vitro and autotransplanting them back 
to the testis is potentially feasible treatment option to restore their 
fertility.

Funding
This study was supported by a VIDI grant to SR (ZonMw VIDI-

grant 91796362). 
 

Acknowledgement

We thank Dr. Madelon van Wely for statistical advice and Maryam 
Nazm Bojnordi for technical assistance.



53THREE
Chapter

References

1. Kuroda-Kawaguchi T, Skaletsky H, Brown LG, Minx PJ, Cordum HS, Waterston RH et al. 
The AZFc region of the Y chromosome features massive palindromes and uniform recurrent 
deletions in infertile men. Nat Genet 2001;29:279-86.

2. Vogt PH, Edelmann A, Kirsch S, Henegariu O, Hirschmann P, Kiesewetter F et al. Human Y 
chromosome azoospermia factors (AZF) mapped to different subregions in Yq11. Hum Mol 
Genet 1996;5:933-43.

3. Skaletsky H, Kuroda-Kawaguchi T, Minx PJ, Cordum HS, Hillier L, Brown LG et al. The male-
specific region of the human Y chromosome is a mosaic of discrete sequence classes. Nature 
2003;423:825-37.

4. Kostova E, Rottger S, Schempp W, Gromoll J. Identification and characterization of the 
cynomolgus monkey chromodomain gene cynCDY, an orthologue of the human CDY gene 
family. Mol Hum Reprod 2002;8:702-9.

5. Gromoll J, Weinbauer GF, Skaletsky H, Schlatt S, Rocchietti-March M, Page DC et al. The Old 
World monkey DAZ (Deleted in AZoospermia) gene yields insights into the evolution of the 
DAZ gene cluster on the human Y chromosome. Hum Mol Genet 1999;8:2017-24.

6. Vera Y, Dai T, Hikim AP, Lue Y, Salido EC, Swerdloff RS et al. Deleted in azoospermia associated 
protein 1 shuttles between nucleus and cytoplasm during normal germ cell maturation. J Androl 
2002;23:622-8.

7. Richardson TE, Chapman KM, Tenenhaus Dann C, Hammer RE, Hamra FK. Sterile testis 
complementation with spermatogonial lines restores fertility to DAZL-deficient rats and 
maximizes donor germline transmission. PLoS One 2009;4:e6308.

8. VanGompel MJ, Xu EY. A novel requirement in mammalian spermatid differentiation for the 
DAZ-family protein Boule. Hum Mol Genet 2010;19:2360-9.

9. Ruggiu M, Speed R, Taggart M, McKay SJ, Kilanowski F, Saunders P et al. The mouse Dazla 
gene encodes a cytoplasmic protein essential for gametogenesis. Nature 1997;389:73-7.

10. Eberhart CG, Maines JZ, Wasserman SA. Meiotic cell cycle requirement for a fly homologue 
of human Deleted in Azoospermia. Nature 1996;381:783-5.

11. Gambera L, Governini L, De Leo V, Luddi A, Morgante G, Tallis V et al. Successful 
multiple pregnancy achieved after transfer of frozen embryos obtained via 
intracytoplasmic sperm injection with testicular sperm from an AZFc-deleted man. 
Fertil Steril 2010;94:2330 e1-3.

12. Choi JM, Chung P, Veeck L, Mielnik A, Palermo GD, Schlegel PN. AZF microdeletions of the Y 
chromosome and in vitro fertilization outcome. Fertil Steril 2004;81:337-41.

13. Silber SJ, Alagappan R, Brown LG, Page DC. Y chromosome deletions in azoospermic and 
severely oligozoospermic men undergoing intracytoplasmic sperm injection after testicular 
sperm extraction. Hum Reprod 1998;13:3332-7.



54 THREE
Chapter

14. Oates RD, Silber S, Brown LG, Page DC. Clinical characterization of 42 oligospermic or 
azoospermic men with microdeletion of the AZFc region of the Y chromosome, and of 18 
children conceived via ICSI. Hum Reprod 2002;17:2813-24.

15. Page DC, Silber S, Brown LG. Men with infertility caused by AZFc deletion can produce sons 
by intracytoplasmic sperm injection, but are likely to transmit the deletion and infertility. Hum 
Reprod 1999;14:1722-6.

16. Liu XH, Qiao J, Li R, Yan LY, Chen LX. Y chromosome AZFc microdeletion may not affect 
the outcomes of ICSI for infertile males with fresh ejaculated sperm. J Assist Reprod Genet 
2013;30:813-9.

17. Zhu XB, Liu YL, Zhang W, Ping P, Cao XR, Liu Y et al. Vertical transmission of the Yq AZFc 
microdeletion from father to son over two or three generations in infertile Han Chinese families. 
Asian J Androl 2010;12:240-6.

18. Minor A, Wong EC, Harmer K, Ma S. Molecular and cytogenetic investigation of Y chromosome 
deletions over three generations facilitated by intracytoplasmic sperm injection. Prenat Diagn 
2007;27:743-7.

19. Patsalis PC, Sismani C, Quintana-Murci L, Taleb-Bekkouche F, Krausz C, McElreavey K. 
Effects of transmission of Y chromosome AZFc deletions. Lancet 2002;360:1222-4.

20. Kuhnert B, Gromoll J, Kostova E, Tschanter P, Luetjens CM, Simoni M et al. Case report: 
natural transmission of an AZFc Y-chromosomal microdeletion from father to his sons. Hum 
Reprod 2004;19:886-8.

21. Toth A, Tardy EP, Gombos S, Hajdu K, Batorfi J, Krausz C. AZFc deletion detected in a newborn 
with prenatally diagnosed Yq deletion. Prenat Diagn 2001;21:253-5.

22. Luetjens CM, Gromoll J, Engelhardt M, Von Eckardstein S, Bergmann M, Nieschlag E et 
al. Manifestation of Y-chromosomal deletions in the human testis: a morphometrical and 
immunohistochemical evaluation. Hum Reprod 2002;17:2258-66.

23. Zhang F, Li L, Wang L, Yang L, Liang Z, Li J et al. Clinical characteristics and treatment of 
azoospermia and severe oligospermia patients with Y-chromosome microdeletions. Mol 
Reprod Dev 2013;80:908-15.

24. Kim MJ, Choi HW, Park SY, Song IO, Seo JT, Lee HS. Molecular and cytogenetic studies of 
101 infertile men with microdeletions of Y chromosome in 1,306 infertile Korean men. J Assist 
Reprod Genet 2012;29:539-46.

25. Patrat C, Bienvenu T, Janny L, Faure AK, Fauque P, Aknin-Seifer I et al. Clinical data and 
parenthood of 63 infertile and Y-microdeleted men. Fertil Steril 2010;93:822-32.

26. Stouffs K, Lissens W, Tournaye H, Van Steirteghem A, Liebaers I. The choice and outcome 
of the fertility treatment of 38 couples in whom the male partner has a Yq microdeletion. Hum 
Reprod 2005;20:1887-96.

27. Ferras C, Fernandes S, Marques CJ, Carvalho F, Alves C, Silva J et al. AZF and DAZ gene 
copy-specific deletion analysis in maturation arrest and Sertoli cell-only syndrome. Mol Hum 
Reprod 2004;10:755-61.



55THREE
Chapter

28. Hopps CV, Mielnik A, Goldstein M, Palermo GD, Rosenwaks Z, Schlegel PN. Detection of 
sperm in men with Y chromosome microdeletions of the AZFa, AZFb and AZFc regions. Hum 
Reprod 2003;18:1660-5.

29. Nickkholgh B, Mizrak SC, Korver CM, van Daalen SK, Meissner A, Repping S et al. 
Enrichment of spermatogonial stem cells from long-term cultured human testicular cells. 
Fertil Steril 2014.

30. Chikhovskaya JV, van Daalen SK, Korver CM, Repping S, van Pelt AM. Mesenchymal origin of 
multipotent human testis-derived stem cells in human testicular cell cultures. Mol Hum Reprod 
2013;20:155-67.

31. Johnsen SG. Testicular biopsy score count--a method for registration of spermatogenesis in 
human testes: normal values and results in 335 hypogonadal males. Hormones 1970;1:2-25.

32. Repping S, Skaletsky H, Brown L, van Daalen SK, Korver CM, Pyntikova T et al. Polymorphism 
for a 1.6-Mb deletion of the human Y chromosome persists through balance between recurrent 
mutation and haploid selection. Nat Genet 2003;35:247-51.

33. Sadri-Ardekani H, Mizrak SC, van Daalen SK, Korver CM, Roepers-Gajadien HL, Koruji M et 
al. Propagation of human spermatogonial stem cells in vitro. JAMA 2009;302:2127-34.

34. Hutter H, Dohr G. HLA expression on immature and mature human germ cells. J Reprod 
Immunol 1998;38:101-22.

35. Radonic A, Thulke S, Mackay IM, Landt O, Siegert W, Nitsche A. Guideline to reference gene 
selection for quantitative real-time PCR. Biochem Biophys Res Commun 2004;313:856-62.

36. Toyoda S, Miyazaki T, Miyazaki S, Yoshimura T, Yamamoto M, Tashiro F et al. Sohlh2 affects 
differentiation of KIT positive oocytes and spermatogonia. Dev Biol 2009;325:238-48.

37. Vogt PH, Falcao CL, Hanstein R, Zimmer J. The AZF proteins. Int J Androl 2008;31:383-94.

38. Menke DB, Mutter GL, Page DC. Expression of DAZ, an azoospermia factor candidate, in 
human spermatogonia. Am J Hum Genet 1997;60:237-41.

39. Navarro-Costa P, Goncalves J, Plancha CE. The AZFc region of the Y chromosome: at the 
crossroads between genetic diversity and male infertility. Hum Reprod Update 2010;16:525-42.

40. Wang YL, Liu W, Sun YJ, Kwon J, Setsuie R, Osaka H et al. Overexpression of ubiquitin 
carboxyl-terminal hydrolase L1 arrests spermatogenesis in transgenic mice. Mol Reprod Dev 
2006;73:40-9.

41. Luo J, Megee S, Rathi R, Dobrinski I. Protein gene product 9.5 is a spermatogonia-specific 
marker in the pig testis: application to enrichment and culture of porcine spermatogonia. Mol 
Reprod Dev 2006;73:1531-40.

42. Costoya JA, Hobbs RM, Barna M, Cattoretti G, Manova K, Sukhwani M et al. Essential role of 
Plzf in maintenance of spermatogonial stem cells. Nat Genet 2004;36:653-9.

43. Gassei K, Ehmcke J, Dhir R, Schlatt S. Magnetic activated cell sorting allows isolation of 
spermatogonia from adult primate testes and reveals distinct GFRa1-positive subpopulations 
in men. J Med Primatol 2010;39:83-91.



56 THREE
Chapter

44. Buageaw A, Sukhwani M, Ben-Yehudah A, Ehmcke J, Rawe VY, Pholpramool C et al. GDNF 
family receptor alpha1 phenotype of spermatogonial stem cells in immature mouse testes. Biol 
Reprod 2005;73:1011-6.

45. Sandberg R, Ernberg I. The molecular portrait of in vitro growth by meta-analysis of gene-
expression profiles. Genome Biol 2005;6:R65.

46. Simoni M, Gromoll J, Dworniczak B, Rolf C, Abshagen K, Kamischke A et al. Screening 
for deletions of the Y chromosome involving the DAZ (Deleted in AZoospermia) gene in 
azoospermia and severe oligozoospermia. Fertil Steril 1997;67:542-7.

47. Hao J, Yamamoto M, Richardson TE, Chapman KM, Denard BS, Hammer RE et al. Sohlh2 
knockout mice are male-sterile because of degeneration of differentiating type A spermatogonia. 
Stem Cells 2008;26:1587-97.

48. Kaucher AV, Oatley MJ, Oatley JM. NEUROG3 is a critical downstream effector for STAT3-
regulated differentiation of mammalian stem and progenitor spermatogonia. Biol Reprod 
2012;86:164, 1-11.

49. Oatley JM, Kaucher AV, Avarbock MR, Brinster RL. Regulation of mouse spermatogonial stem 
cell differentiation by STAT3 signaling. Biol Reprod 2010;83:427-33.

50. Rossi P, Lolicato F, Grimaldi P, Dolci S, Di Sauro A, Filipponi D et al. Transcriptome 
analysis of differentiating spermatogonia stimulated with kit ligand. Gene Expr Patterns 
2008;8:58-70.

51. Aarabi M, Modarressi MH, Soltanghoraee H, Behjati R, Amirjannati N, Akhondi MM. Testicular 
expression of synaptonemal complex protein 3 (SYCP3) messenger ribonucleic acid in 110 
patients with nonobstructive azoospermia. Fertil Steril 2006;86:325-31.

52. Shi YQ, Zhuang XJ, Xu B, Hua J, Liao SY, Shi Q et al. SYCP3-like X-linked 2 is expressed 
in meiotic germ cells and interacts with synaptonemal complex central element protein 2 and 
histone acetyltransferase TIP60. Gene 2013;527:352-9.

53. Jassim A, Ollier W, Payne A, Biro A, Oliver RT, Festenstein H. Analysis of HLA antigens on 
germ cells in human semen. Eur J Immunol 1989;19:1215-20.

54. Kurpisz M, Fernandez N, Szymczynski G, Kowalik I. The non-mature sperm cells: evaluation 
of surface markers and interaction in in vitro cultures. Arch Immunol Ther Exp (Warsz) 
1986;34:101-9.

55. Anderson DJ, Narayan P, DeWolf WC. Major histocompatibility antigens are not detectable on 
post-meiotic human testicular germ cells. J Immunol 1984;133:1962-5.

56. Okun N, Sierra S. Pregnancy outcomes after assisted human reproduction. J Obstet Gynaecol 
Can 2014;36:64-83.

57. Alukal JP, Lamb DJ. Intracytoplasmic sperm injection (ICSI)--what are the risks? Urol Clin 
North Am 2008;35:277-88, ix-x.

58. Chambers GM, Sullivan EA, Ishihara O, Chapman MG, Adamson GD. The economic impact 
of assisted reproductive technology: a review of selected developed countries. Fertil Steril 
2009;91:2281-94.



57THREE
Chapter

59. Struijk RB, Mulder CL, van der Veen F, van Pelt AM, Repping S. Restoring fertility in sterile 
childhood cancer survivors by autotransplanting spermatogonial stem cells: are we there yet? 
Biomed Res Int 2013;2013:903142.





Enrichment of spermatogonial stem cells
from long term cultured human testicular cells

Bita Nickkholgh
S. Canan Mizrak
Cindy M. Korver

Saskia K.M van Daalen
Andreas Meissner

Sjoerd Repping 
Ans M.M. van Pelt 

Fertil Steril. 2014 Aug; 102(2):558-565

Chapter

4
FOUR



60 FOUR
Chapter

Abstract 

Objective: To evaluate the degree of enrichment of 
spermatogonial stem cells (SSCs) from human testicular cell 
cultures by ITGA6+, HLA-/ITGA6+, GPR125+ and HLA-/GPR125+ 
Magnetic assisted cell sorting (MACS).

Design: Experimental basic science study.
Setting: Reproductive Biology laboratory 
Patient(s): Multiple samples of cryopreserved human 

testicular cells from two prostate cancer patients with normal 
spermatogenesis were used.

Intervention(s): Cultured human testicular cells were subjected 
to four sorting strategies based on MACS and xenotransplanted to 
testes of mice to determine the enrichment for SSCs. 

Main outcome measure(s): The enrichment for human 
spermatogonia and SSCs was tested by expression analysis of 
spermatogonial markers ITGA6, GPR125, ZBTB16, UCHL1, and 
ID4 using Q-PCR and by xenotransplantation into the testes of 
mice, respectively. 

Result(s): Compared to the non-sorted cultured testicular 
cells, only the ITGA6+ and HLA-/GPR125+ sorted cells showed 
enrichment for ID4, while no difference in expression of ZBTB16 
and UCHL1 was observed. Xenotransplantation of sorted cell 
fractions showed a 7.1 fold enrichment of SSCs with ITGA6+.

Conclusion(s): MACS of cultured human testicular cells 
using ITGA6 allows for enrichment of SSCs, which aids in further 
molecular characterization of cultured human SSCs and enhances 
testicular colonization upon transplantation in future clinical 
settings.  

Key words: Spermatogonial stem cells, enrichment, ITGA6, 
autotransplantation.  
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Introduction

Early diagnosis of childhood cancers combined with effective 
treatment protocols have significantly increased life expectancy 
of patients with childhood cancer (1). Given this increase in life 
expectancy, treatment side effects and quality of life after treatment are 
of increased importance (2-4). One of the severe side effects of cancer 
treatment is infertility. Spermatogonia are highly sensitive to cytotoxic 
therapies and consequently sterility is common among male childhood 
cancer survivors (5-7). In contrast to adults, cryopreservation of semen 
before cancer treatment cannot be applied in prepubertal boys as 
spermatogenesis does not commence until puberty. For these boys, 
cryopreservation of a testicular biopsy before chemotherapy for later 
autotransplantation of spermatogonial stem cells (SSCs) has been 
suggested (8-11). However, SSCs are rare in the testis and therefore 
a small prepubertal testicular biopsy will only contain a limited amount 
of SSCs that by itself are not enough for repopulation of an entire testis 
after chemo/radiotherapy. This necessitates the in vitro propagation 
of SSCs before SSC autotransplantation to allow for full repopulation 
of an adult testis. We have recently developed a testicular cell culture 
system that allows for in vitro propagation of both adult and prepubertal 
human SSCs (12, 13). However, successful culture of human SSCs 
requires accompanying somatic cells to provide an appropriate niche 
for survival and propagation of SSCs in vitro (12, 14). Our previously 
established cell culture system therefore contains a heterogeneous 
population of testicular cells, and SSCs represent only a minor fraction 
of these cells. 

Before clinical application of SSC autotransplantation can take 
place it is important to further analyze cultured SSCs in terms of 
genetic and epigenetical stability as well as for functionality(11). To 
investigate the characteristics of human SSCs in this culture system it 
is important to separate SSCs from the other cultured testicular cells. 
In addition, efficient autotransplantation is dependent on the purity of 
transplanted SSCs (15, 16). Thus, both from a basic science as well as 
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a clinical point of view, enrichment of SSC from testicular cell cultures 
is important.

 Table 1: overview of the number of transplanted cells and obtained human SSCs colonies 8
weeks after transplantation in mouse testis.

Transplanted cell populations aNumber of transplanted cells   bNumber of SSCs /105

Non-sorted cells (n=4) 3±0.7× 10 5 26.9±14.6

ITGA6+ (n=2) 1±0.7× 10 5 192±117c

HLA-/ITGA6+ (n=5) 3×±0.8 10 5 54±36.4d

GPR125+ (n=5) 1×±0.3 10 5 104±53e

HLA-/GPR125+ (n=3) 1×±1.1 10 5 105±21f

 a- Mean ± SEM of transplanted cells; b- Mean ± SEM of Number of COT positive human SSC colonies
 on the basal membrane of mouse testes per 105 injected cells. Transplantation of different sorting was
 performed on cultured testicular cell of patient URO0077. P-values as compared to the number of SSCs
 in non-sorted cells: p =0.06 (c); p =0, 69 (d); p =0.22 (e); p =0.11 (f).

Cell separation using either spermatogonial markers (positive 
selection) or somatic cell markers (negative selection) has been 
suggested as a way to enrich SSCs before autotransplantation (17). 
Indeed, several cell surface markers have been used successfully for 
enrichment of SSCs in rodents (16, 18, 19). Magnetic Assisted Cell 
Sorting (MACS) for ITGA6 led to 5-10 fold enrichment of SSCs (16) and 
GPR125 sorting from mouse spermatogonial progenitor cells showed 
almost a 9-fold enrichment of SSCs (20). Based on these rodent 
studies, ITGA6 sorting for non-cultured human spermatogonia has also 
been applied, but the enrichment of SSCs by transplantation was not 
investigated (21, 22). MACS for enrichment of human spermatogonia 
from non-cultured testicular cells has been successfully attempted 
using antibodies against GFRA1 (23), GPR125 (24), SSEA4 (25) and 
HLA/CD9 (26).  However, all these studies have used freshly isolated 
rather than long term cultured human testicular cells. Thus, to date, 
enrichment of human SSCs from long term cultured testicular cells 
has not been demonstrated. The ability to enrich for SSCs from long 
term testicular cell cultures might very well be different from freshly 
isolated non-cultured cells, because cultured cells are likely to alter 
their expression of cell surface markers in the in vitro environment. 
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Previously, it has been shown that ITGA6, GPR125, ZBTB16 
and UCHL1 are among several spermatogonial markers that 
remain expressed during culture (13, 24). In this study, we therefore 
investigated whether single (ITGA6+ or GPR125+) and double (HLA-/
TGA6+ or HLA-/GPR125+) sorting allows for enrichment of SSCs from 
long term cultured human testicular cells.

 
Material and Methods

Testicular cell isolation and culture
Both patients (URO0034 and URO0077) provided informed consent 

for donating their spare tissue for research. Testis samples were 
donated after undergoing bilateral orchidectomy as part of prostate 
cancer treatment. Testicular tissues used for research was ‘left-over’ 
after clinical diagnostic and treatment procedures. According to Dutch 
law, these spare tissues can be used for research without approval of 
a medical ethical committee as none of the patients had to undergo 
any additional intervention to obtain the material for this research. Both 
patients had no history of chemotherapy or radiotherapy. Morphological 
analyses of testicular sections revealed normal spermatogenesis in 
both cases (Supplemental Figure 1).     

Testis samples were rapidly divided into small pieces and 
cryopreserved in MEM medium containing 8% DMSO and 20% FCS 
in a slow freezing container overnight at -80°C and then stored at 
-196°C. For this particular experiment, testis tissues were thawed and 
testicular cells were isolated and cultured as previously described 
(12).  Briefly, testicular cells were isolated by two step enzymatic 
digestion. After overnight plating, floating cells were collected and 
cultured in supplemented Stempro-34 (Invitrogen) at 37°C in a 
humidified atmosphere with 5% CO2 in air and were passaged with 
Trypsin-EDTA 0.25% (25200, Invitrogen/Gibco) every 7-10 days 
in one or several new dishes. The cultured cells were harvested 
around day 50 for Magnetic Assisted Cell Sorting (MACS) and further 
characterization.
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Labeling and Magnetic Assisted Cell Sorting (MACS) of 
cultured cells

Cultured testicular cells were labeled with anti-GPR125 
(AB1705, Abcam) or anti-ITGA6 (313604, Biolegend) for single 
positive selection and with anti-HLA I (human leukocyte antigen I, 
555555, BD Pharmingen,) (Supplemental Table 1) and subsequently 
with anti-GPR125 or ITGA6 for double selection i.e. HLA-/ITGA6+ 
and HLA-/GPR125+. MACS was performed according to the 
manufacturer’s protocol (Miltenyi Biotec Bergisch Gladbach, 
Germany). Briefly, after trypsinization, cells were washed in MEM 
and MACS buffer before incubation for 30 minutes at 4°C with one 
of the primary antibodies and subsequently with the appropriate 
conjugated microbeads (Supplemental Table 1) for 15 minutes at 
4°C. After washing in 4 ml MACS buffer, cells were passed through 
the column separator. Negative selection for HLA was performed 
through LS columns (130-042-401, Miltenyi Biotec Bergisch 
Gladbach, Germany) and positive selection for ITGA6 or GPR125 
was performed through MS columns (130-042-201, Miltenyi Biotec 
Bergisch Gladbach, Germany). The number of cells in the non-
sorted as well as in the positive and negative cell fractions after 
sorting was counted using a Bürker counting chamber. 

Quantitative real time polymerase chain reaction (Q-PCR)
To quantify the expression of spermatogonial markers ZINC 

FINGER AND BTB DOMAIN CONTAINING 16 (ZBTB16 also known 
as PLZF) and UBIQUITIN CARBOXYL-TERMINAL ESTERASE L1 
(UCHL1), RNA was extracted from the cell pellet of sorted and 
non-sorted human cultured testicular cells using RNeasy Mini kit 
(74104, Qiagen) and copy DNA (cDNA) was synthesized using 
the 1st strand cDNA synthesis kit for RT PCR-AVR (11483188001, 
Roche). To quantify the expression of INTEGRIN A6 (ITGA6), G 
PROTEIN-COUPLED RECEPTOR 125 (GPR125) and INHIBITOR 
OF DNA BINDING 4 (ID4), 2 ng of extracted RNA was amplified 
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using the Ovation PicoSL WTA system V2 (NuGEN, CA) and used 
for Q-PCR. 

Primer/probe sets were selected from the universal probe 
library of Roche-applied science (www.roche-applied-science.
com) for human ITGA6, GPR125, ZBTB16, UCHL1, ID4, and 
Polymerase (RNA) II polypeptide A (POLR2A) (Supplemental 
Table 2) and optimized using RNA (cDNA) of human testis tissue. 
The specificity of the primers was confirmed by sequencing the 
obtained PCR product. Real time PCR was performed using the 
LightCycler 480 Real time PCR system (384 well plate) using the 
following program: 15 minutes on 95°C, 50 cycles of 1 minute at 
95°C, 20 second at 60°C, 20 second at 72°C and finally 1 minute 
in 37°C for extension.

 POLR2A was selected as a housekeeping gene (27) and 
expression of genes was normalized to this gene and relative 
expression in sorted cell fractions compared to non-sorted cell 
fractions was determined with the ΔΔCT method. Q-PCR analyses 
were performed on sorting experiments from 2-4 separate cultures 
from each of the two patients.

Immunofluorescent staining
Immunohistochemical detection of spermatogonia in long 

term cultures was performed using an antibody against ID4, a 
marker known to be expressed in early spermatogonia including 
SSCs(28). Immunofluorescent staining was performed on 4% 
paraformaldehyde–fixed cytospins of cultured cells. The cells were 
treated in 0.2% Triton-X-100 for 10 minutes. Nonspecific adhesion 
sites were blocked with 3% BSA and 0.1% BSA-C (Sigma-
Aldrich,#A3059) for 1 hour at room temperature. Then cells were 
incubated with anti-ID4 (1:100 # M106, Calbioreagents) overnight 
at 4°C. Cells were incubated with donkey anti-rabbit Alexa 488 
(1:1000 Invitrogen, Carlsbad, USA) for 1 hour at room temperature. 
Afterwards, 4, 6-diamidino-2-phenylindol (DAPI) was used as a 
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nuclear counter staining. As negative controls, we used isotype 
rabbit IgG instead of the primary antibody. Slides were examined 
using a Leica DMRA fluorescence microscope (Leica Microsystems 
Inc, Bannockburn, Illinois).

Xenotransplantation of sorted and non-sorted cultured 
human testicular cells 

Sorted and non-sorted cultured human testicular cells (1-3×105 
cells) were transplanted into testes of recipient immunodeficient 
NMRI (Naval Medical Research Institute) nu/nu male mice to 
determine the enrichment of SSCs. To deplete endogenous 
spermatogenesis, the recipient mice received 38 mg/kg busulfan, 
intraperitoneally, 6 weeks before donor cell transplantation. 
Xenotransplantation in recipient mice took place under full 
narcosis using isoflurane in air and human cells were injected via 
efferent duct and rete testis into the seminiferous tubules of the 
testis. The whole transplantation procedure was approved and 
performed according to the regulations provided by the animal 
ethics committee of Academic Medical Center of the University of 
Amsterdam, the Netherlands. 

The culturing, sorting and transplantation of testicular cells 
were repeated multiple times for all sorting strategies creating 2 to 
5 biological replicates of cultured non-sorted and sorted cells for 
transplantation of the same patient (URO0077).

Detection of migrated human SSCs after xenotransplantation
To identify the migrated human SSCs, recipient mouse testes 

were collected 8 weeks after transplantation, fixed in 4% PFA, 
embedded in paraffin and analyzed as described before(12, 13). 
Briefly every fifth section of serially sectioned mouse testis was 
analyzed by human COT-1 DNA (the most common human repetitive 
DNA sequences) by Fluorescent in situ hybridization (FISH). 
Human COT-1 DNA (Roche, Basel, Switzerland) was labeled by 
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nick translation with biotin conjugated UTP and used as a probe 
to recognize human cells in mouse testis. Avidin Cy3 was used 
to visualize the COT-1+ cells in the mouse testis section. Nuclear 
counterstaining is performed with 4’, 6-diamidino-2-phenylindol 
(DAPI). The co-localization of COT-1 and DAPI was used as the 
main criterion for detecting COT+ cells.

The final number of colonized spermatogonial stem cells in the 
entire transplanted testis was determined by counting the number 
of COT-1+ single, paired and multiple cell colonies in every fifth 
section of serial sectioned transplanted testes. Considering the 
nuclear diameter of SSCs (10 µm) and the thickness of each section 
(5 µm), the number of counted colonies was multiplied by 2.5 to 
obtain the total number in the transplanted testis. This number was 
normalized against the number of injected cells and expressed as 
the number of COT-1 positive colonies per 105   injected cells.

Statistics
Data are presented as Mean ± standard error of mean (SEM). 

The results on gene expression measured by Q-PCR were compared 
by nonparametric matched/paired comparisons (Friedman test) 
followed by Dunn’s multiple comparison post test. The results 
of migrated SSC colonies by transplantation assay of different 
cultured sorted versus non-sorted populations were compared 
using a one-sided independent sample Kruskal Wallis test. The 
Bonferoni correction for multiple comparisons was applied. In both 
tests P≤0.05 was defined as significant results.

Results

Evaluation of spermatogonial enrichment 
Cultured human testicular cells were MACS sorted in order to 

enrich for SSCs and the recovery rate, ie the number of cells in 
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the positive cell fraction compared to the number of cells before 
sorting, was 5.3%±3.8 for ITGA6+ sorting, 1.99%±1.5 for HLA-/
ITGA6+ sorting, 1.89%±0.9 for GPR125+ sorting, and 2.33%±0.7 
for HLA-/GPR125+ sorting.

The enrichment of sorted cells for sorting markers ITGA6 and 
GPR125 is shown in Figure1A. Although with high variation, both 
ITGA6+ and HLA-/ITGA6+ sorted fractions showed increased 
expression of ITGA6, while GPR125+ and HLA-/GPR125+ sorted 
fractions displayed decreased expression of ITGA6 as compared 
to the expression level in the non-sorted cultured testicular cells. 
GPR125 expression was elevated in ITGA6+, GPR125+ and HLA-/
GPR125+ sorted fractions with the highest expression level in the 
GPR125+ sorted fraction, while the HLA-/ITGA6+ sorted fraction 
showed a similar expression level for GPR125 as the non-sorted 
cultured testicular cells. 

The enrichment for spermatogonia, in ITGA6+, HLA-/ITGA6+, 
GPR125+ or HLA-/GPR125+ sorted fractions was further evaluated 
by Q-PCR analysis for spermatogonial markers ZBTB16, UCHL1, 
and ID4. As expression of ID4, a marker for SSCs in mouse testis, (28, 
29), has not been determined in human testes, we first determined 
the expression of ID4 in human testis and cultured testicular cells. 
We found that ID4 was expressed in both human testes in vivo and 
in long term cultured testicular cells (Supplemental Figure 2). 

The expression of the spermatogonial markers ZBTB16 and 
UCHL1 was not increased in any of the sorted fractions compared 
to the non-sorted cultured testicular cells, while ID4 expression was 
increased in ITGA6+ and HLA-/GPR125+ sorted cultured testicular 
cells (Figure 1B). The expression of ID4 protein in the non-sorted 
and sorted fractions is shown in Supplemental Figure 3. 
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Figure 1: Enrichment of spermatogonia in sorted cells. A. Fold change expression of ITGA6 
and GPR125 in various sorted fractions compared to non-sorted cultured testicular cells 
derived from two patients (two independent cultures for each patient; mean ± SEM-) * p≤0.05. 
B. Relative enrichment of spermatogonia as measured by means of fold change expression 
(Q-PCR) in sorted populations compared to non-sorted populations of cultured testicular cells 
(mean ± SEM) of ZBTB16 (n=4 independent cultures with sortings for each patient), UCHL1 
(n=4 independent cultures with sortings for each patient) and ID4 (n=2 independent cultures 
with sortings for each patient).  
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Evaluation of SSCs enrichment
To determine whether MACS for ITGA6+, HLA-/ITGA6+, 

GPR125+ or HLA -/GPR125+ also enriched for SSCs, we 
transplanted sorted and non-sorted cultured testicular cells 
into the testes of busulfan treated immunodeficient nude mice. 
Although not statistically significant, an increase in SSCs for all 
sorted populations as compared to non-sorted cells was found 
(Table 1).  The highest enrichment for SSCs was found in sorted 
ITGA6 cells (7.1 fold, p=0.06).  Double sorting for HLA-/ITGA6+ 
resulted in a two-fold (p=0.69) enrichment of SSCs as compared 
to the non-sorted cells, while single sorting for GPR125 (GPR125+ 
fraction) and double sorting for HLA-/GPR125+ both showed a 3.9 
fold (p=0.22 and p=0.11, respectively) enrichment as compared to 
the non-sorted cells. 

Interestingly, after xenotransplantation the migrated human 
cultured SSCs were found as single cells, pairs and even colonies 
containing four or more cells (multiple cells) in 15 out of 19 
recipient testes sections and confirmed in serial sections (Figure 
2). Colonies of single cells, pairs and multiple cells were found 
after transplantation of cells of all sorting strategies as well as 
after transplantation of non-sorted cells (Figure 3).
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Figure 2:  COT-1 positive single, paired and multiple cell human SSC colonies (red, first colomn) 
after xenotransplantation of non-sorted cells to immunodeficient mouse testis; DAPI nuclear 
counterstaining (blue, second column); merged images of co-localization of COT-1 and DAPI 
(third column) and magnified view of colonies (fourth column). First row shows two COT-1+ 
colonies, one containing a single cell and the other one containing multiple cells (four cells); 
second row shows two COT-1+ colonies containing pairs of cells. Scale bars in the big images 
and all magnified pictures are 10 µm.

Figure 3: Number of human COT+ SSC colonies in the recipient mouse testes eight weeks after 
transplantation of non-sorted, ITGA6 sorted (ITGA6+), HLA and ITGA6 sorted (HLA-/ITGA6+), 
GPR125 sorted (GPR125+) and HLA and GPR125 sorted (HLA-/GPR125+) cells. Numbers 
are expressed as the number of colonies per testis per 105 injected cells of the corresponding 
fraction. (A) Total number of human SSC colonies found in transplanted mice testis. (B) Number 
of SSC colonies containing single cells (green), pairs (blue) or multiple cells (purple). 
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Discussion

Based on expression of markers for undifferentiated spermatogonia, 
we demonstrated enrichment of spermatogonia in ITGA6+ and HLA-/
GPR125+ sorted cultured testicular cells, while xenotransplantation 
demonstrated enrichment of SSCs for all sorting strategies with ITGA6 
single sorting being the most efficient with 7 fold enrichment of SSCs. 

We used different spermatogonial markers for evaluation of 
enrichment of spermatogonia in different sorting strategies. Although 
the differences were borderline non-significant, , most likely due to the 
variance in the number of spermatogonia between the cultures, the 
expression of ITGA6 and GPR125 in sorted population showed that 
our sorting strategies were effective in enriching for spermatogonia. 
Interestingly, cells sorted for GPR125 show a decreased expression of 
ITGA6, while cells sorted for ITGA6 show elevated levels of GPR125. 
This might indicate differences in translational regulation of these two 
markers in spermatogonial subpopulations. Among the other markers, 
ID4 showed higher expression in ITGA6+ and HLA-/GPR125+ sorted 
cultured testicular cells compared to non-sorted or HLA-/ITGA6+ and 
GPR125+ sorted cells.  ID4 is selectively expressed by a subpopulation 
of undifferentiated spermatogonia (30). ID4 is known as a regulator 
of stem cells and expressed in self-renewing spermatogonial 
stem cells (29). It was shown that ID4 expression does not overlap 
entirely with widespread expression of PLZF by undifferentiated 
spermatogonia and the existence of ID4+/ZBTB16-, ID4+/ZBTB16+, 
ID4-/ZBTB16+ subpopulations of undifferentiated spermatogonia 
indicates heterogeneity among undifferentiated spermatogonia (28). 
Our qPCR results showed almost similar expression of ZBTB16 in 
all sorted and non-sorted cultured testicular cells, while only ITGA6+ 
and HLA-/GPR125+ sorted cultured testicular cells showed increased 
expression of ID4 compared to non-sorted cells. These results could 
be explained by the hypothesis that both sorted cell types ITGA6+ and 
HLA-/GPR125+ are subpopulations of ZBTB16+ cells and do enriched 
for SSCs. The results of the xeno-transplantation experiments were 
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in line with the detection of ID4 as SSCs enrichment was highest in 
ITGA6+ sorting followed by HLA-/GPR125+ and GPR125+ sorting. 

Our findings regarding the ITGA6 sorting of cultured human 
testicular cells are similar to the enrichment of SSCs with ITGA6 
reported for mice, i.e. a 5 to 10 -fold enrichment of mouse non-cultured 
SSCs (16), while our GPR125 sorting strategy showed less enrichment 
of SSCs than what was previously found in mouse non-cultured SSCs 
(20). In human testis, ITGA6 is expressed in all spermatogonia as well 
as in Sertoli cells (21). Therefore, theoretically both spermatogonia 
and Sertoli cells will be selected in a single sorting of testicular 
cells for ITGA6. It has recently been suggested that double sorting 
might result in a higher enrichment of SSCs (17). Since most human 
somatic cells express HLA (31), we used double sorting for HLA-/
ITGA6+ i.e. negative selection for  HLA to reduce somatic cells and 
afterwards positive selection for ITGA6 to enrich for spermatogonia 
including SSCs within the HLA- fraction. However, we found no further 
enrichment of human SSCs with double sorting compared to ITGA6 
single sorting as measured by SSC migration to the basal membrane 
of mice seminiferous tubules upon transplantation. 

In addition, the expression of ID4 was not elevated after double 
sorting for HLA-/ITGA6+ compared to ITGA6 single sorting. This 
most likely indicates that the number of Sertoli cells in our cell 
culture system is very low. Indeed, we earlier described the presence 
of various somatic cell types like MSCs and fibroblasts, while the 
presence of Sertoli cells in our primary testicular cell culture is very 
low as confirmed by the lack of expression of FSHR, a Sertoli cell 
specific marker (14). UCHL1 is also described to be expressed in both 
spermatogonia and Sertoli cells (32-34). The absence of changes in 
expression of UCHL1 between non-sorted and any of the sorted cell 
populations, thereby showing a similar pattern of expression as the 
spermatogonial specific marker ZBTB16, also indicates that no Sertoli 
cells are present in the culture system.  The lack of Sertoli cells in 
our testicular culture system might be due to the isolation procedure 
that includes an overnight cellplating thereby eliminating most of the 
somatic cells including Sertoli cells. Indeed, the previously described 
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absence of FSHR expressing cells after the testicular cell isolation 
preceding testicular cell culture also indicate that no or hardly any 
Sertoli cells are present in the initial testicular cell culture (14).

GPR125 is expressed in human spermatogonia as well as in Leydig 
cells (24). It was shown that MACS sorting of non-cultured human 
testicular cells for GPR125 enriches the number of spermatogonia 
as determined by immunohistochemistry. That study demonstrated 
that 0.5% of tubular cells prior to sorting ended up in the GPR125+ 
fraction. In the current study we retrieved 1.9% of all cells in the 
positive fraction after GPR125 single sorting of human cultured 
testicular cells. This suggests either enrichment or an increase in 
the percentage of GPR125+ cells during our testicular cell culture. 
However, the possibility of non-specific staining cannot be ruled out. 
We also found a 3.9-fold enrichment of SSCs in the GPR125 sorted 
fraction compared to the non-sorted fraction as assayed by means 
of xenotransplantation. Unfortunately, in the previous described 
study on GPR125 sorting of non-cultured human testicular cells 
(24), xenotransplantation to verify enrichment of SSCs was not 
performed. Theoretically, double sorting for HLA-/GPR125+ could 
enrich spermatogonia more efficiently by reducing the number of 
HLA+ Leydig cells in this fraction. Although, we detected differences 
in human spermatogonia by increased ID4 expression compared to 
non-sorted testicular cells, no SSCs enrichment between GPR125+ 
single sorting and HLA-/GPR125+ double sorting was observed, 
indicating the number of Leydig cells is also very low in our human 
testicular cell culture system. 

Double sorting using HLA class-I in combination with CD9 was 
recently used to sort non-cultured isolated human testicular cells 
and upon transplantation SSC enrichment was shown for the HLA-/
CD9+ fraction(26). Unfortunately, in that study no single CD9+ sorted 
fraction was taken in parallel to identify the additional enrichment of 
the HLA- sorting. In the present study, HLA was also used as a marker 
for negative selection of testicular somatic cells in double sorting 
settings, in this case prior to positive selection for spermatogonial 
markers ITGA6 or GPR125. Although, HLA in combination with 
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ITGA6 and GPR125 does not enhance the enrichment of SSCs in our 
cultured cells probably due to the lack of Leydig cell and Sertoli cell, 
these double sorting strategies might show different results when 
applied on non-cultured testicular cells that still contain all testicular 
cell types.

In 15 out of 19 (79%) recipients’ testes, human SSCs colonies 
were observed as single cells, pairs or multiple cells. This was also 
found after xenotransplantation of freshly isolated non-cultured 
human testicular cells (26, 35) indicating that cultured and propagated 
human SSCs behave similar as freshly isolated non-cultured human 
SSCs and suggesting that long term cultured SSCs do not lose the 
ability to migrate and self-renew after xenotransplantation.

The recovery rate, ie the percentage of cells that end up in the 
desired fraction, was <10% in all sorting strategies. Of course this 
recovery rate is a combination of desired cell loss, ie loss of cells 
that do not possess the required cell surface marker profile, and 
undesired cell loss in the column. Previous studies have suggested 
that the use of LS columns for testicular cell sorting is superior to the 
MS column with respect to cell loss in the column (19). In our hands 
there was no difference between those columns (data not shown).  
It is likely that this is an internal restriction of the system as it is 
optimized for single hematopoietic cells, while testicular cells tend to 
form chains or clusters and might be lost during one of the several 
steps of the sorting procedure i.e. filtering, labeling, several washing 
steps and in the column itself. 

In conclusion, MACS for ITGA6+ and HLA-/GPR125+ of cultured 
human testicular cells all can enrich for spermatogonia based 
on expression of specific spermatogonial markers, with ITGA6+ 
single sorting showing the highest enrichment of SSCs based on 
xenotransplantation. This enrichment will potentially be beneficial 
for more efficient re-colonization after SSC autotransplantation 
in future clinical application to restore fertility in childhood cancer 
survivors. Furthermore, enrichment of SSCs will be required in further 
investigation of molecular characteristics of cultured and propagated 
human SSCs.
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Supplemental matrials
Supplemental Table 1: Antibodies and microbeads used in MACS

antibody amount Related microbeads

APC mouse anti-human HLA ABC 10µl/ 106 cells  Anti-APC Microbeads

 Biotinilated anti- human/mouse CD49f 2-4µl/ 106 cells  Anti- biotin Microbeads

 rabbit polyclonal anti-GPCR GPR125 15µl/ 106 cells  Anti-rabbit IgG Microbeads

Supplemental Table 2: Primer and probe information for probe based real-time PCR

Gene name Transcript ID Primer set Universal probe

ITGA6 ENST00000409080 fw: tttgaagatgggccttatgaa
rev: ccctgagtccaaagaaaaacc 22

GPR125 ENST00000334304 fw: cgattcagtgctactcccttagta
rev: gcggtagtataaaccacaggatg 75

ZBTB16 (PLZF) NM_001018011 fw: gcacagttttcgaaggagga
rev: cagaagacggccatgtca 80

UCHL1 NM_004181.4 fw: cctgaagacagagcaaaatgc
rev:aaatggaaattcaccttgtcatct 27

ID4 ENST00000378700 fw: atcgactacatcctggacctg
rev: ggtgttgagcgcagtgag 77

POLR2A ENST00000322644 fw: tgaagctcctccagttccat
rev: acgcccagacttctgcat 27

 ITGA6: Integrin A6, GPR125: G protein-coupled receptor 125, ZBTB16: zinc finger and BTB domain
containing 16 (also known as PLZF: promyelocytic leukemia zinc factor), UCHL1: ubiquitin carboxyl-
 terminal esterase L1, ID4: inhibitor of DNA binding 4, POLR2A: polymerase (RNA) II (DNA directed)
polypeptide A.
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 Supplemental Figure 1: Histology of testis of both patients (A)URO0034 and (B) URO0077.
Both men show normal spermatogenesis.

 Supplemental figure 2: Expression of ID4 in human testis and two independent long term
 cultured testicular cells of both included patients. ID4 product size is 144 base pairs (bp). 50
bp ladder was used as an indicator. POLR2A used as reference.



82 FOUR
Chapter

 Supplemental Figure 3: ID4 Immunofluorescent staining showing ID4 protein expression
 (green) of this spermatogonial marker as shown in fine speckles pattern in the nucleus of cells in
 cytopsins of the non-sorted and sorted fractions similar as the transplanted fractions; columns
 from left to right: Differential Interference Contrast (DIC) image, ID4 immunofluorencent

staining, DAPI, merged pictures. Scale bar is 10µm.
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Abstract 

Objective: To determine the genetic and epigenetic stability of 
human spermatogonial stem cells (SSCs) during long term culture

Design: Experimental basic science study
Setting: Reproductive Biology laboratory of a University based 

Center for Reproductive Medicine.
Patient(s): Cryopreserved human testicular tissue from two 

prostate cancer patients with normal spermatogenesis was used.
Intervention(s): None
Main outcome measurement(s): Testicular cells before and 

50 days after culturing were subjected to ITGA6 magnetic activated 
cell sorting (MACS) to enrich for SSCs. Individual spermatogonia 
were analyzed for aneuploidies using single cell 24–chromosome 
screening.  Furthermore, the DNA methylation status of the paternally 
imprinted genes H19, H19-DMR (differentially methylated region), 
MEG3 and the maternally imprinted genes KCNQ1OT1 and PEG3 
was identified by means of bisulfite sequencing. 

Result(s):  Aneuploidy screening showed euploidy with no 
chromosomal abnormalities in all cultured and most non-cultured 
spermatogonia from both patients. The methylation assays 
demonstrated demethylation of the paternally imprinted genes 
H19, H19-DMR and MEG3 of 11-28%, 43-68%, and 18-26%, 
respectively and increased methylation of the maternally imprinted 
genes PEG 3 and KCNQ1OT of 13-50% and 30-38%, respectively 
during culture.

Conclusion(s): In the current culture system for human SSCs 
propagation, genomic stability is preserved, which is important for 
future clinical use. Whether the observed changes in methylation 
status have consequences on functionality of SSCs or health 
of offspring derived from transplanted SSCs, requires further 
investigation.

Key words: Human spermatogonial stem cell, testicular culture, 
genomic stability, aneuploidy screening, epigenetic imprinting.
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Introduction 

Tremendous progress in diagnostic tools and therapeutic 
interventions has opened new horizons in the life of childhood cancer 
survivors (1, 2). Currently, it is estimated that one in every 250 young 
adults is a childhood cancer survivor (3-5). Based on this high survival 
rate, increased attention is given to side effects of cancer treatment. 
Given their gonadotoxicity, one of the side effect of some cancer 
treatment regimens is sterility (6). The ability of biological fatherhood 
has been shown to be an important issue for male childhood 
cancer survivors (7). Unlike in adults, cryopreservation of semen 
before cancer treatment cannot be applied in prepubertal boys as 
spermatogenesis does not commence until puberty. For these boys, 
cryopreservation of a testicular biopsy before cancer treatment for 
potential later autotransplantation of spermatogonial stem cells 
(SSCs), is currently employed (8). However, SSCs are rare in the 
testis and therefore a small testicular biopsy from a small prepubertal 
testis will only contain a limited amount of SSCs. This necessitates 
in vitro propagation of SSCs from this biopsy to allow for enhanced 
repopulation of an adult testis after SSC autotransplantation. A 
testicular culture system has recently been established that allows 
for in vitro propagation of both adult and prepubertal human SSCs 
(9, 10). Before clinical application can be considered, one of the 
most critical elements that need to be investigated is the genetic and 
epigenetic stability of human SSCs during culture.

In vitro cell culture and propagation are known to cause instability 
in chromosomal integrity and changes in methylation status of imprinted 
genes in hematopoietic cell lines(11). Although stem cells, in contrast to 
other cells of the body, are suggested to have a special machinery to 
maintain their replication potential without accumulation of epigenetic 
abnormalities (12), recent data suggests that the expression of imprinted 
genes of human embryonic stem cells and human fetal mesenchymal 
stem cells changes significantly during in vitro culture (13). Careful 
evaluation of (epi) genetic stability is important for any stem cell based 
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therapy but especially for germline stem cells since these cells transmit 
their genome to the next generation and possible genetic or epigenetic 
abnormalities might be present in all cells of the future child with potential 
effects on the health of these children. 

Studies on the genetic and epigenetic stability of cultured 
spermatogonia are absent for human and limited for mouse. The 
karyotype of mouse SSCs remained stable in culture even after 24 
months of culture. By using COBRA analysis on genomic DNA of these in 
vitro cultured mouse spermatogonial stem cells, no significant changes 
were found in the methylation status of some paternally imprinted genes 
(H19, Meg3 and Rasgrf1) and some maternally imprinted genes (Igf2r, 
Peg10) as well as some imprinting center regions (H19/Igf2, Meg3/Dlk1) 
(14-16). 

Here, we examined the chromosomal stability of human 
spermatogonial stem cells before and after culture by means of single 
cell 24-chromosome-aneuploidy screening. The DNA methylation 
status of five parentally imprinted genes is determined by bisulfite 
sequencing. 
 
Material and Methods

Samples
Testis samples were donated by two patients (URO0034 and 

URO0077) undergoing bilateral orchiectomy as part of the prostate 
cancer treatment. Both patients provided informed consent for donating 
their spare tissue for research.  According to the Dutch law, these spare 
tissues can be used for research without approval of a medical ethical 
committee as none of the patients had to undergo any additional 
intervention to obtain the material for this research. Both patients had 
no history of chemotherapy or radiotherapy. Morphological analyses 
of testicular sections revealed normal spermatogenesis in both cases. 
Testis samples of both patients were also used in a previous study 
assessing the efficiency of MACS sorting to enrich for SSCs from 
human testicular cell cultures(17). 
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Testicular cell isolation and culturing
Testis samples were divided into small pieces, cryopreserved in MEM 

medium containing 8% DMSO and 20% FCS in a slow freezing container 
overnight at -80°C and then stored at -196°C.  Testis samples were 
thawed; testicular cells were isolated and cultured as previously described 
(Sadri-Ardekani et al. 2009).  Directly after cell isolation with a two steps 
enzymatic digestion and overnight plating on plastic dishes, floating non-
cultured cells were collected by ITGA6 Magnetic Assisted Cell Sorting 
(MACS) sorting to enrich for SSCs (17). Cells were cultured on plastic 
culture dishes or flasks in supplemented stempro-34 (Invitrogen) at 37°C 
in a humidified atmosphere with 5% CO2 in air and were passaged with 
Trypsin- EDTA 0.25% (25200, Invitrogen/Gibco) every 7-10 days. After 50 
days, cultured cells were also collected by ITGA6 MACS.

Magnetic assisted cell sorting (MACS)
To enrich for SSCs, both non-cultured and cultured testicular cells 

were sorted for ITGA6 using MACS as previously described (17). 
Briefly, non-cultured and cultured cells were labeled for 30 minutes at 
4˚C with biotinylated anti-ITGA6 (313604, Biolegend) and subsequently 
incubated with anti-biotin Microbeads (130-090-485, Miltenyi biotec) for 
15 minutes at 4˚C. MACS was performed using MS columns (130-042-
201, Miltenyi biotec) and the ITGA6+ spermatogonial cell fraction was 
collected for further analyses.

Immunoflorescent staining
Immunocytochemical detection of spermatogonia in ITGA6 sorted 

non-cultured and cultured testicular cells  was performed using 
ZBTB16 (also known as PLZF) antibodies. Staining was performed on 
4% paraformaldehyde–fixed cytospins of ITGA6 sorted non-cultured 
and cultured cells. The cells were treated in 0.2% Triton-X-100 for 10 
minutes. Nonspecific adhesion sites were blocked with 3% BSA and 
0.1% BSA-C (Sigma-Aldrich,#A3059) for 1 hour at room temperature. 
Then cells were incubated with anti-PLZF (1:50, Sigma #HPA001499) 
overnight at 4°C and then with donkey anti-rabbit Alexa 555 (1:1000 
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Invitrogen, Carlsbad, USA)  for 1 hour at room temperature. Afterwards, 
4, 6-diamidino-2-phenylindol (DAPI) was used as a nuclear counter 
staining. As negative controls, we used isotype rabbit IgG instead of 
the primary antibody on unsorted cultured cells. Slides were examined 
using a Leica DMRA fluorescence microscope and Leica software Las 
Af (Leica Microsystems Inc, Bannockburn, Illinois).

Aneuploidy screening  
Sorted ITGA6+ cells were diluted to a concentration of 3000-5000 

cells/ml and placed in drops in ultra-low attachment dishes (3471, Corning 
Costar). Spermatogonia were picked up manually using a digital interference 
contrast microscope based on their distinct morphological characteristics 
including large size, low cellular and nuclear complexity and high nuclei/
cytoplasm ratio. Single cells were transferred in RNase-, DNase-free 0.2-
mL PCR tubes and snap-frozen and stored at −80°C until DNA amplification. 
From each condition (i.e. non-cultured and cultured) of each patient, 16 
single spermatogonia were selected for 24-sure aneuploidy screening. 
For whole genome amplification, single cells were lysed and DNA was 
randomly fragmented and amplified using the GenomePlex kit (WGA-
4, Sigma) with the modifications described for single-cell samples (18). 
The 24-Sure-V3 CGH array kit (BlueGnome, Cambridge, UK) was used 
for labeling and hybridization of the samples following the manufacturer’s 
protocol. Hybridization results were scanned on an InnoScan 700 scanner 
(Innopsys Carbonne, France), images were analyzed and interpreted using 
BlueFuse Multi v2.6 software (BlueGnome, Cambridge, UK). The cut-off 
log2 ratio of the test over the control DNA set on the analysis software for 
gain was +0.3 and for loss −0.3. As a reference, normal 46, XX female and 
normal 46, XY male human DNA was used. The average confidence in 
chromosome analysis was 98% (data not shown). 

DNA methylation analysis
The methylation status of CpG islands in H19, H19-DMR, MEG3, 

KCNQ1OT1 and PEG3 regions were investigated. From non-cultured 
ITGA6 sorted and 50 days cultured ITGA6 sorted testicular cells, total 
genomic DNA was isolated using the Qiamp mini kit (51306, Qiagen) 
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according to manufacturer’s protocol. Genomic DNA was denatured 
and bisulfite converted using the EpiTect Bisulfite Kit (59104, Qiagen). 
Amplification was performed on bisulfite modified DNA using 10µM 
of related primer sets (Table 1) using the following condition: 95°C 
for 10 min followed by 37 cycles of 95°C for 1 min, the corresponding 
annealing temperature (Table 1) for 1 min, 72°C for 1 min and final 
extension of 72°C for 10 min. The PCR product for each gene was 
purified (High Pure PCR Cleanup Kit, 4983912001, Roche) and 
cloned into TOPO Vector  using TOPO TA Cloning Kit (K453020,  
Invitrogen) and transformed into One Shot® TOP10 Chemically 
Competent E. coli  (4500-40, Invitrogen). DNA from 60 clones for each 
gene was sequenced. The sequences were aligned to the related 
target gene sequence according to NCBI reference sequence using 
the Quma software (http://quma.cdb.riken.jp). The bisulfite reaction 
was validated using EpiTect PCR Control DNA Set (59695, Qiagen). 
Genomic peripheral blood DNA and genomic DNA of human sperm of 
men with normal sperm counts was used as reference samples. The 
methylation status of blood cells with parental expression of imprinted 
genes and sperm as a fully paternal imprinted cell confirmed the high 
efficiency of the bisulfate conversion.

Table 1 : Primer information for imprinted genes used for methylation PCR.

Gene ID Sequence size  No. of CPG
sites

Ta
ºc

H19 (26) Fw:5’ATATTGAAGTTTTTAGAGTGTGATTT3’
Rev: 5’TTCCCCTTCTATCTCACCA3’ 276 19  53

H19 DMR (28, 32)
Fw1:5′AGGTGTTTTAGTTTTATGGATGATGG3′

Fw2:5′TGTATAGTATATATATGGGTATTTTTGGAGGTTT3′
Rev:5′TCCTATAAATATCCTATTCCCAAATAACC3′

230 18  58

MEG3 (33)  Fw:5′GGGTTGGGTTTTGTTAGTTGTT3′
 Rev:5′CCAATTACAATACCACAAAATTAC 3′ 259 15  55

KCNQ1OT1 (34) Fw:5′ATGGTAATGTTTGGTATTTAGAAGG 3′
Rev:5′ACCCCTAAAAACTTAAAACCTCAAA3′ 242 22  53

PEG3 (34)
Fw: 5′GTTAAATTGTTGTTGTGGTAAT3′

Rev: 5′ACCAACCCAAAATAAACATCTC3′
223 12  56
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Results 

Characterization of sorted uncultured and cultured 
spermatogonia 

Although recently it was reported that ITGA6 sorted non-
cultured and cultured testicular cells could be enrich for 
SSC (17, 19), we first determined whether the ITGA6 MACS 
sorted population is highly enriched of cells expressing the 
spermatogonial marker ZBTB16. Indeed the majority of ITGA6 
sorted cells in uncultured and cultured testicular cells showed 
immunofluorescent staining for the spermatogonial markers 
ZBTB16 (Supplemental figure 1). 

Aneuploidy screening  
To investigate the genomic stability of human spermatogonia 

during in vitro propagation, single-cell microarray comparative 
genomic hybridization (a-CGH) was performed on single cells 
from non-cultured and cultured ITGA6 sorted testicular cells of two 
patients (16 cells per condition per patient). From all single cells 
tested, two failed to amplify (both cultured cells from URO0077) and 
in five cases, the arrays were not readable (three cultured cells from 
URO0034, one cultured cell from URO0077 and one non-cultured 
cell of URO0077). All cultured cells (13 cultured URO0034 cells and 
13 cultured URO0077 cells) had a euploid 46, XY karyotype (Table 
2, Figure 1). Four non-cultured cells (one cell from URO0034 and 
three cells from URO0077) showed various abnormalities with no 
common aberration. Detailed results on the gains and losses in 
these four cells are described in Table 2. 
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Samples
 No. of

samples
 (single

cells)

 No. of
successful
 analyzed

single cells

No. of
  samples

 with normal
chromosomes

No. of
cells  with
 abnormal

chromosomes

Abnormality description
(confidence of detection)

URO0077
Non-cultured 16 15 12 3

 Sample 12:-Y (74%), +X (80%),
+13(91%), +6(65%)

Sample 15: +X (81%)

 Sample   8: -22(52%), +6(91%),
+13(91%)

URO0077
cultured 16 13 13 0

URO0034
Non-cultured 16 16 15 1  Sample 10: -Y (78%), +X (90%),

+11(58%), +13(95%)

URO0034
cultured 16 13 13 0

Figure 1: Single cell 24-chromosome aneuploidy screening was applied on spermatogonia, 
picked up from non-cultured (a) and 50 days cultured (b) ITGA6 sorted human testicular 
cells. A representative example of a karyomap diagram for non-cultured (c) and cultured (d) 
spermatogonia from URO0077 is shown.  Normal male (e) and female human cells (f) were 
used as reference DNA. Scale bar is 10 µM.

 Table 2: Aneuploidy screening in non-cultured and 50-days cultured ITGA6 sorted single
spermatogonia
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DNA methylation analysis 
To investigate the epigenetic stability of human spermatogonia 

during in vitro propagation, the methylation status of the paternally 
imprinted H19, the DMR region of H19 and MEG3 as well as the 
maternally imprinted genes KCNQ1OT1 (also known as LIT1) and 
PEG3 were investigated in sperm, non-cultured ITGA6 sorted and 
cultured ITGA6 sorted testicular cells. As expected, the selected 
paternally imprinted regions H19, H19-DMR and MEG3 were fully 
hypermethylated in sperm and non-cultured ITGA6+ spermatogonia 
showed a similar hypermethylation pattern. 

The methylation level of H19 was 93% in sperm and changed 
in ITGA6+ spermatogonia during testicular cell culture from 93% 
to 65.3% in URO0034 and from 86.9% to 75.9% in URO0077. The 
methylation level of H19-DMR was 92.5% in sperm and changed 
in ITGA6+ spermatogonia during cell culture from 90.8% to 47.7% 
in URO0034 and from 77.8% to 9.3% in URO0077 (Figure 2). The 
methylation level of MEG3 was 97.5% in sperm and changed in 
ITGA6+ spermatogonia during cell culture from 93.2% to 66.9% in 
URO0034 and from 90.5% to 72.9% in URO0077. 

The maternally imprinted KCNQ1OT1 gene showed 
hypomethylation in sperm (4.1%) and changed in ITGA6+ 
spermatogonia during testicular cell culture from 12.3% to 42% in 
URO0034 and from 8.4% to 46.1% in URO0077 (Figure 2). The 
selected region of maternally imprinted PEG3 was hypomethylated 
in sperm (6.5%) while non-cultured spermatogonia showed an 
unexpected high methylation status for this region. The methylation 
level of PEG3 in ITGA6+ spermatogonia increased during testicular 
cell culture from 33.6% to 83.8% in URO0034 and from 76.4% to 
89% in URO0077 (Figure 2).
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Figure 2: DNA methylation status of non-cultured vs. 50 days cultured ITGA6 sorted testicular 
cells are shown in both patient for paternally imprinted gene H19, H19-DMR, MEG3 and 
maternally imprinted gene KCNQ1OT1 and PEG3. (Column A)  Structural characteristics of a 
CpG island in the respective gene region; The transcriptional start sites are indicated by arrows 
and methylation sites are shown by small vertical lines. (Column B) Detailed dot graph of the 
methylation status; as the methylation status slightly differs between patients, the results from 
both patients were shown separately. Each row of circles represents a single cloned allele and 
each individual circle represents a single methylation site within the CpG region. In general, at 
least 60 clones were sequenced. Open circles show unmethylated cytosines and filled circles 
show methylated cytosines. (Column C) The bar chart shows the methylation status of non-
cultured (N) and cultured (C) and that of sperm and blood as controls samples. 
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Discussion

The present study demonstrates that ITGA6 sorted human 
spermatogonia remain euploid during 50 days of culture. Comparison 
of the DNA methylation status of selected imprinted regions in ITGA6 
sorted non-cultured and cultured spermatogonia showed demethylation 
of paternally imprinted genes and increased methylation of maternally 
imprinted genes.

To investigate the genetic and epigenetic status of spermatogonia 
amongst testicular cells during culture, it is necessary to sort for these 
cultured spermatogonia before applying genomic screenings. We 
and others have already shown that among different spermatogonial 
surface markers, ITGA6 is the most suitable marker for the enrichment 
of human SSCs from non-cultured or cultured testicular cells(17, 19). 
Xenotransplantation of human ITGA6-sorted non-cultured testicular 
cells revealed a 10-fold enrichment of SSC(19) and ITGA6 sorting 
of cultured testicular cells showed a 7-fold enrichment of SSCs(17). 
Therefore, in line with these studies, we have used ITGA6 MACS 
sorting for enrichment of SSCs to examine their genomic status 
during culture.

Chromosomal ploidy was tested using microarray comparative 
genomic hybridization (a-CGH), an accurate aneuploidy detection 
method for single cells (20). No aneuploidy was detected in cultured 
spermatogonia. We did find that four out of thirty-one non-cultured 
cells had chromosomal aneuploidies. This was unexpected and we 
hypothesize that this most likely reflects cells that are undergoing 
apoptosis probably as a result of the cryopreservation or isolation 
procedure. Our results are in accordance with the results for cultured 
rodent spermatogonia in which more than 80% of cultured mouse 
spermatogonia were euploid (14). 

The DNA methylation status of some paternally and maternally 
imprinted gene regions in ITGA6 sorted spermatogonia changed 
during culture by demethylation of paternally imprinted genes and 
increased methylation of maternally imprinted genes.  According to 
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these results, it seems that cultured spermatogonia tend to erase 
their androgenic imprinting marks during culture. The impact of 
this change on the function of these cells is not clear and needs 
more investigation. The consequences of these changes for future 
offspring are even more difficult to assess. It could be possible 
that after transplantation, when cultured SSCs return to their in 
vivo niche to resume spermatogenesis, the transplanted SSCs and 
the spermatozoa that derive from them after spermatogenesis will 
regain their normal paternal methylation status. It might also be 
possible that epigenetically abnormal spermatogonia are unable 
to progress through meiosis, or embryos that derive from sperms 
originated from epigenetically abnormal cultured SSCs do not 
progress through early embryogenesis. It is very well possible that 
some important processes and check points would be active during 
meiosis and early embryogenesis to ensure healthy offspring  which 
would act as a smart biological filters for possible genomic changes 
that have occurred in SSCs during their in vitro propagation. 
Indeed, it was recently shown that in vitro generated mouse PGC-
like cells from ES cells with a typical PGC DNA methylation status 
of imprinting erasure were able to develop into spermatids upon 
transplantation that  subsequently could contribute in generating 
healthy fertile male and female offspring with normal imprinting 
status of their placenta (21). However, they reported that some of 
the pups died due to tumors in the neck area. The epigenetic status 
of these died animal was not reported. One of the mechanisms 
to rescue in vitro obtained DNA methylation aberrations during 
later in vivo spermatogenesis could be the DNA methylation that 
is progressively occurring during various steps in spermatogenesis 
up until at least late pachytene spermatocytes and possibly even 
beyond that point (22, 23). Nevertheless, possible implications for 
spermatogenesis, fertilization, embryo development and postnatal 
health of unrepaired epigenetic aberrations in in vitro propagated 
SSCs need to be explored (24, 25).

The imprinted regions that we selected to investigate included 
two regions upstream of the H19 gene. One of them (H19) was 
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previously shown as highly methylated region in ITGA6 sorted 
non-cultured human spermatogonia (26, 27) and the other one 
(H19-DMR) has been well studied in human germ cells (28). It was 
shown that the methylation imprint of H19-DMR is acquired in adult 
spermatogonia, in the last stage of spermatogonial differentiation 
just before the first meiotic division. More precisely, H19-DMR was 
fully unmethylated in fetal male germ cells (from 24 week fetal 
testis), hypermethylated in adult spermatogonia (up to 69%)  and 
increased further in adult spermatocyte-I (95%), spermatids and 
spermatozoa (100%) (28). Indeed also in our study, the methylation 
level of sperm for the same region was 92.5%, while that of non-
cultured ITGA6+ spermatogonia was 90.8% and 77.8% for the two 
patients, respectively.

H19-DMR has been suggested to be particularly prone to 
modifications in response to altered testicular environment (29) and 
chemical endocrine disruption (30, 31). In the present study, we indeed 
showed that H19-DMR underwent the most significant alterations in 
CpG methylation (43-68%). 

Somewhat surprisingly, we found that PEG3 showed a 
heterogeneous methylation status of 33.6% and 76.4% in non-cultured 
spermatogonia in contrast to the expected hypomethylation found in 
sperm (6.5%). These results suggest that this region of PEG3 might 
be a differentially methylated region (DMR) that does not obtain full 
androgenic methylation until later in spermatogenesis, similar as 
described above for H19-DMR.

This is the first study to report the DNA methylation status of 
human SSCs in culture. One previous study assessed the DNA 
methylation status of cultured mouse SSCs and demonstrated a 
stable androgenic pattern for imprinted genes during a 24-month 
culture period using COBRA analyses (14). More precisely, the 
methylation status of three selected paternally imprinted genes 
fluctuated between 75 to 100% during this culture period. However, 
in that study the DNA methylation status of mouse SSCs was 
determined during the culture period of 3 to 24 months in regular 
intervals and no comparison was made with non-cultured SSCs. 
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Thus, it is unknown whether mouse SSCs change their methylation 
status from day 0 to 3 months in culture. Future studies should 
address how rapid the observed changes in methylation status 
occur during the culture of human and mouse SSCs. Reassuringly, 
mouse SSCs that were cultured for 24 months maintained their 
functionality to develop into spermatids upon transplantation and 
generated healthy offspring. (Xeno)transplantation of non-cultured 
and cultured spermatogonia to mice testis might help to address 
whether such epigenetic aberrations are corrected or maintained 
when SSCs return to their spermatogenic niche. Although we 
previously have shown that human cultured spermatogonia 
are competent to colonize mouse testes (9, 17), currently no 
experimental methods are available to test the full spermatogenic 
potential of cultured human SSCs. 

In conclusion, chromosomal integrity was preserved in cultured 
human spermatogonia.  Whether the observed changes in methylation 
of imprinted genes in cultured human spermatogonia have implications 
on the functionality of SSCs and the SSC derived sperm upon 
transplantation needs further investigation. 
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Supplemental matrials

 Supplemental Figure 1: ZBTB16 protein is expressed in the majority of the non-cultured
 and cultured testicular ITGA6 sorted cells. Non-sorted cultured cells were used as a positive
 (ZBTB16 staining) and negative control (isotype IgG) to show the specificity of the ZBTB16
 antibody. Columns from left to right: ZBTB16 immunofluorencent staining (red), DAPI (blue),
merged pictures. Scale bar is 10µm.
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Among subfertile men, there is a high prevalence of 
spermatogenic failure, which affects up to 7% of men at reproductive 
age(1). Despite many years of research into the underlying causes, 
the vast majority of cases remain unexplained. We are even further 
away from directly treating spermatogenic failure. Currently, from 
those men producing some spermatozoa, Intra Cytoplasmic Sperm 
Injection (ICSI) is widely used to circumvent spermatogenic failure; 
in the Netherlands alone, over 8,000 cycles of ICSI are conducted 
each year (2). With ICSI, a single spermatozoon is taken from the 
ejaculate or the testis and injected directly into the oocyte, which 
in turn is retrieved following ovum pickup after ovarian hyper-
stimulation. The ICSI procedure however, is burdensome, costly 
and associated with stress, morbidity and of unknown long-term 
consequence for the woman and the offspring (3). It goes without 
saying that understanding spermatogenic failure and developing a 
safe and effective method to directly treat it, would revolutionize 
reproductive medicine as we know it today.

Most research on the causes of spermatogenic failure has 
focused on the human Y chromosome. Our understanding of the 
Y chromosome has increased tremendously over the past decade 
especially with the completion of the sequence of the male specific 
region of the human Y chromosome (MSY) that was reported to 
contain 78 genes (4). The most frequently involved region in men 
with spermatogenic failure is the AZFc region located on the long 
arm of the Y chromosome (Yq)(5). As mentioned in chapter 1, a 
myriad of deletions, duplications and inversions can occur within 
the AZFc region. The effect of this variation on spermatogenesis 
has been studied intensively (6-13). Little is known about the genes 
located on the short arm of the Y chromosome (Yp) and their effect 
on semen quality. The most likely candidate to study on Yp is TSPY. 
TSPY is a tandemly repeated gene and the majority of TSPY copies 
are arranged in a 20.4 kb repeat unit. The copy number of TSPY 
has been investigated in four different studies (including our study 
described in chapter 2) and ranges from 11 to 76 copies (14-18). 
This variation is likely to be generated by unequal sister chromatid 
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exchange (16, 19). Such a structure is highly unusual in the human 
genome. Only 12 protein-coding genes with more than three copies 
are present in tandem clusters in the human genome and none 
of these (except TSPY) show more than 16 copies in the current 
genome assembly, although it cannot be excluded that these 
repetitive regions are ill analyzed given the difficulty to sequence 
repetitive regions (20). There appears to be an evolutionary 
conservation of multiple copies of TSPY on the Y chromosome. For 
example, in cattle, the Y chromosome can contain up to 200 copies 
of TSPY (21, 22).

The nature of the putative selective force on TSPY copy number 
is unknown, but it has been suggested that it could very well act 
through an effect on spermatogenesis (23-25). Again in cattle, no 
correlation was found between TSPY copy number and semen 
parameters (21). In humans, only three of four studies on TSPY copy 
number (14-16, 18) have addressed the question of whether or not 
TSPY copy number variation influences spermatogenesis. Vodicka 
et. al found that high copy number of TSPY in infertile men with low 
sperm count  was associated with impaired sperm production (18). 
However, this study used an unvalidated quantification method 
of TSPY copy number and had a small sample size (84 infertile 
in compare to 40 fertile men). Giachini et al. found a correlation 
between low copy number of TSPY (< 33 copies) and total sperm 
count, but only in some Y haplotype groups (15). In contrast we 
found no association between TSPY copy number and sperm 
quality in a nested case-control study (Chapter 2). As our study did 
not assess Y haplotype, we cannot exclude a haplotype specific 
effect of TSPY copy number. In all, there is no strong evidence 
to suggest that TSPY copy number effects spermatogenesis and 
thus TSPY copy number variation can be dismissed as possible 
causes of spermatogenic failure. The absence of an association 
between TSPY and spermatogenic failure does not stand on its 
own. There are hundreds of publications on genetic associations 
with spermatogenic failure and nearly all have failed to adequately 
demonstrate an association (26).
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The end goal of this research is of course to develop a treatment 
for spermatogenic failure. In view of this, recent developments in 
spermatogonial stem cell (SSC) biology now open up the possibility 
to do exactly so. The concept of a treatment with SSCs is in vitro 
propagation of isolated SSCs from the patient and subsequent 
autotransplantation of these long-term cultured SSCs back into the 
testis. This SSC transplantation (SSCT) has been mainly discussed 
as a treatment option to restore fertility after chemo/radiotherapy 
especially in childhood cancer survivors (27). For these boys, 
cryopreservation of a testicular biopsy to preserve SSCs before 
chemotherapy and/or radiotherapy for later SSC propagation 
and autotransplantation is used since spermatogenesis does not 
commence until puberty and thus storing spermatozoa in these 
boys, commonly used in adult men with cancer, is not an option (27-
30). The idea of using SSCT for treatment of spermatogenic failure 
with underlying genetic causes was first suggested in 2000 (31) 
after successful transplantation of mouse SSCs (29).  One of the 
common examples of spermatogenic failure is the Y-chromosome 
AZFc deletion. For SSCT to work in men with AZFc deletions, their 
spermatogonia need to be fully functional. Before writing of this thesis, 
functional studies in germ cells from men with AZFc deletions were 
virtually absent. We demonstrated that AZFc deleted spermatogonia 
are equally functional as normal spermatogonia, at least in vitro, 
suggesting that SSCT in these men can indeed theoretically work 
(Chapter 3). But before SSCT can be applied clinically, in childhood 
cancer survivors and men with AZFc deletions alike, several 
important preclinical studies need to be undertaken. Human SSCs 
have thus far been successfully propagated in vitro from adult and 
prepubertal testicular human samples (32, 33), different methods of 
testicular tissue banking have been evaluated (34-36) and different 
markers have been discussed for characterization and enrichment 
of human SSC population (37-41).

The usefulness of different markers for enrichment of SSCs 
(SSEA4, CD9, ITGA6, THY1 and EPCAM) has been tested only 
for non-cultured human testicular cells by xenotransplantation of 
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respective sorted human testicular fractions to nude mice. These 
non-cultured human testicular cells have been sorted for SSEA4, 
CD9 or ITGA6 and the number of migrated SSCs to the basal 
membrane of mouse testes upon transplantation (as a sign of SSC 
specific homing ability) was higher than in the case of non-sorted 
transplanted cells (37, 40, 41). The efficiency of transplantation 
is highly dependent on the number of SSCs transplanted and 
thus propagation of human SSCs will likely be required before 
transplantation in a future clinical setting. The testicular culture 
system benefits from the accompanying somatic cells by providing 
a suitable support for SSC propagation(42). However, these 
accompanied somatic cells also propagate exponentially. The 
question then rises which marker(s) could be used to enrich human 
SSCs from cultured testicular cells? We demonstrated that among 
different double and single markers used in MACS (magnetic 
assisted cell sorting), ITGA6 as single marker had the highest 
ability for the enrichment of cultured human SSCs, confirmed by 
the highest number of migrated SSCs to the basal membrane of 
mouse seminiferous tubules upon transplantation and the highest 
expression of spermatogonial markers (chapter 4). Since no SSC 
specific marker is known today, sorting will not result in a pure SSC 
population. On the other hand, to investigate characteristics of SSCs 
from freshly isolated testicular cells or during testicular cell culture 
like gene expression or genetic and epigenetic stability, enrichment 
is crucial to eliminate as much as possible the somatic cells as the 
percentage of SSCs in the testis and in the testicular cell cultures 
is very low. Based on our finding and that of others (43, 44)that 
ITGA6 is a good marker to enrich SSCs from testicular cells in our 
culture system or from freshly isolated testicular cells, respectively, 
we used this method for characterization of human SSCs during 
culture in chapter 3 and 5. Although sorting will enrich the SSC 
population, it is not clear whether somatic feeder cells affect SSCT. 
Very recently it was shown in a mouse model that the presence of 
testicular peritubular cells in SSC culture and SSCT considerably 
increased the number and length of the transplanted SSC derived 
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colonies (45). The human somatic testicular cells in our testicular 
cell culture system are required for the propagation of human SSCs 
(42). Whether these human somatic feeder cells also increase the 
efficiency of SSCT needs to be investigated. 

Genetic stability of cultured SSCs is another important 
concern in the available testicular cell culture system. Since SSCs 
are the only stem cells in the male body that after maturation 
into sperm are  responsible for transmitting paternal genetic 
information to a subsequent generation, it is crucial that these 
cultured and propagated cells are genetically identical to their in 
vivo counterparts. Alterations to the genome are well known to 
change cellular phenotypes and can lead to a spectrum of genetic 
diseases including cancer (46-49). These alterations, for example, 
translocations, small deletions or duplications, base pair mutations 
or copy number variations (CNVs) can be the direct result of an 
instable genome (27). Cultures of mouse SSC showed a normal 
euploid karyotype after 139 passages (~2 years of culture), indicating 
that they remain genetically stable even after prolonged exposure to 
culture conditions (50). This suggests that SSCs possess a unique 
mechanism to prevent or repair genetic changes during culture. The 
genetic stability of cultured human SSCs was discussed in chapter 
5. Karyomapping of cultured human SSCs showed that human 
SSCs remain genetically stable during 50 days culture.

Besides genetic integrity of cultured human SSCs, the epigenetic 
state of cultured SSCs is also important for the safe application of 
the technique.  An epigenetic trait is a stably heritable phenotype 
resulting from changes in a chromosome without alterations in the 
DNA sequence (51). Two major epigenetic regulations are DNA 
methylation and histone modifications. In a study comparing sperm 
derived from mouse SSCs in testicular tissue grafts versus sperm 
derived from mouse SSC transplantation, no DNA methylation 
changes were found between the two groups, but transplantation-
derived sperm showed some variation in histone 4 acetylation (52). 
Aberrant histone acetylation at this stage of development early 
in spermatogenesis might have limited significance because in 
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humans 85–95% of all histones are replaced by protamine during 
spermiogenesis to ensure proper packaging of DNA before delivery 
(53). On the other hand, DNA methylation is a relatively dynamic 
epigenetic process that mediates silencing of repetitive elements 
and gene promoters. Long-term culture of mouse germ line cells 
also does not alter DNA methylation as was shown by combined 
bisulfite restriction analysis (COBRA) of five selected imprinted 
genes (50). However, in both studies the DNA methylation status 
of cultured SSCs were not compared with that of non-cultured 
SSCs, but with that of short term cultured SSCs. In chapter 5 we 
evaluated the methylation status of 50 days cultured human SSCs 
compared to that of their non-cultured counterparts. Three out of five 
investigated parentally imprinted regions showed obvious changes 
in methylation. Interestingly, although methylation status of H19 
did not change significantly, H19-Differentially Methylated Region 
(H19-DMR) in cultured human SSCs demonstrated a considerable 
decrease in DNA methylation compared to non-cultured SSCs. The 
observed results encourage more focus on research in this field of 
genome wide epigenetic changes and impact of these changes on 
the function of cultured SSCs and  the health of offspring derived 
from transplanted cultured SSCs. Reassuring, sperm derived from 
transplanted long term cultured mouse SSCs was able to contribute 
to healthy offspring (Kanatsu-Shinohara et al., 2005). It is possible 
that after transplantation, when cultured SSCs return to their in 
vivo niche to resume spermatogenesis, the SSCs and SSC-derived 
spermatozoa might regain their normal parental DNA methylation 
status in this natural micro-environment. This hypothesis needs to 
be investigated. Modern next-generation sequencing techniques 
make it feasible to map the entire genome and epigenome of 
cells and organs (54-56). Indeed, there are already a number of 
publications available that describe genome-wide DNA methylation 
or acetylation for a range of cell types in the reproductive field (57-
59). These methods provide us with a powerful tool to investigate 
the reaction of SSCs to an in vitro environment in terms of DNA 
methylation, histone acetylation and genetic alterations.
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General health of offspring is another important issue in SSC 
transplantation (SSCT) that has only been studied very superfluous. 
In mouse studies, while growth abnormalities in SSCT-derived 
offspring was reported in one study (60), another study showed 
normal karyotypes of first and second generation of SSCT-
conceived mice compared to naturally conceived mice (61). Since 
genetic alterations are essentially irreversible, they will surely be 
transmitted to the next generation. It is therefore crucial that the 
health of experimental cultured and transplanted SSC derived 
offspring is screened in detail to exclude formation of potentially 
harmful genetic mutations that might arise during cultured SSCs 
(27). 

As mentioned above, when SSCT becomes clinically available, 
many subfertile men with spermatogenic failure who have intact 
SSCs could benefit from this treatment option and if successful, this 
treatment would prevent the use of ICSI with its associated risks, 
costs and burden for the healthy female partner and their offspring 
(62, 63). 
 
Conclusion and Implications for future research
Apart from underlying cause of spermatogenic failure, long term 
culture and in vitro propagation of human SSCs from testis biopsies 
has been discussed as a potential novel treatment in spermatogenic 
failure. Some of the important issues in bringing SSCT to the clinic 
namely, enrichment of SSCs, genetic and epigenetic stability of 
cultured SSCs have been addressed in this thesis. Still, several 
important steps need to be undertaken before SSC transplantation 
can be applied clinically including studies on the necessity of removal 
of testicular somatic cells by SSC enrichment before transplantation, 
modifications on culture condition to minimize epigenetic alterations 
in SSCs during culture, the health of the recipient undergoing SSC 
transplantation, the health of offspring born from SSC transplantation 
recipients, translating SSC culture conditions to clinical grade GMP 
conditions and scaling up of the culture without losing the stem cell 
characteristics of the human SSCs.  
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Summary

In this thesis, we focused on the effect of Y-chromosome variation 
(TSPY copy number and AZFc deletions) on spermatogenesis and 
spermatogonial function as well as on effectiveness and safety of 
spermatogonial stem cell transplantation (SSCT) as a future treatment 
for spermatogenic failure. We briefly summarize the findings below.

Chapter 1 of this thesis provides an overview of genetic causes 
of spermatogenic failure and the rationale of using in vitro propagated 
SSCs for autotransplantation as a novel treatment option for men with 
spermatogenic failure.

Chapter 2 explores the effect of testis-specific protein Y-linked 
encoded (TSPY) copy number variation on semen quality. The total 
number of motile sperm (Total motile count) was used as an indicator 
of semen quality. From a consecutively included cohort of 1,016 male 
partners of subfertile couples unselected for sperm counts, we selected 
as cases 100 men with the lowest total number of progressively motile 
sperm (TMC) and as controls 100 men with the highest TMC. We used 
a novel quantitative real-time PCR (qPCR) method to rapidly screen 
for TSPY copy number and validated this method using Southern blot 
analysis. The qPCR method showed excellent agreement with the 
southern blot analysis. Cases had a median TSPY copy number of 
35 (range 20-73) while controls had a median TSPY copy number of 
34 (range 26-76). This difference was not statistically significant. The 
absence of an association between TSPY copy numbers and total 
motile sperm counts indicate that variation in TSPY copy number in 
the observed range appears to have no functional consequences for 
semen quality. 

Chapter 3 discusses the functionality of AZFc deleted 
spermatogonia in vitro. The presence of normal, fertilization-
competent sperm in the ejaculate and/or testis of the majority of men 
with AZFc deletions, suggests that the process of differentiation from 
spermatogonial stem cells (SSCs) to mature spermatozoa can take 
place in the absence of the AZFc region. We found that during culture, 
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spermatogonia of AZFc-deleted men behave similar to spermatogonia 
from men without AZFc deletions. Within short term (18 days) and long 
term (48 days) culture, AZFc-deleted spermatogonia went through 
the same number of passages, displayed similar germ cell cluster 
formation and expressed similar levels of spermatogonial markers 
(UCHL1, ZBTB16 and GFRA1) and germ cell differentiation markers 
(STAT3, SOHLH2, KIT and SYCP3) as non-deleted spermatogonia. 
The only exception was MAGEA4 which showed significantly lower 
expression in AZFc-deleted samples than controls in short term 
culture while in long term culture it was hardly detected in both AZFc-
deleted and control spermatogonia. This data suggests that, at least 
in vitro, spermatogonia of AZFc-deleted men are functionally similar 
to spermatogonia from non-deleted men. Potentially, this enables 
treatment of men with AZFc deletions by propagating their SSCs in 
vitro and autotransplanting these SSCs back to the testes to increase 
sperm counts and restore fertility.

In Chapter 4 we attempted to develop a protocol for enrichment 
of cultured human SSCs by MACS sorting of testicular cells in our 
cultures using spermatogonial markers for positive sorting and somatic 
cell markers for negative sorting; ITGA6+, HLA-ABC-/ITGA6+, 
GPR125+ and HLA-ABC-/GPR125+. To evaluate the enrichment 
of spermatogonia and SSCs, spermatogonial gene expression by 
qPCR analysis and xenotransplantation was used respectively. 
Although not significant, sorting for ITGA6+ or HLA-/ITGA6+ showed 
an increased expression of ITGA6 compared to non-sorted cells and 
sorting for ITGA6+ and HLA-/ GPR125+ showed an increase in ID4 
expression. Interestingly, although both markers GPR125 and ITGA6 
are described to enrich for uncultured SSCs, cells sorted for GPR125 
showed a significantly reduced expression of ITGA6 compared to 
ITGA6 sorted cells, whereas cells sorted for ITGA6 showed elevated 
levels of GPR125. Furthermore, ITGA6+ and HLA-/ GPR125+ sorted 
cells both showed an increase in ID4, although not significant. 
Expression of ZBTB16 and UCHL1 was not changed in any of the 
sorted cell fractions when compared to non-sorted cells. Compared 
to non-sorted testicular cells, xenotransplantation of ITGA6+ sorted 
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cell fractions showed the greatest enrichment of SSCs (7.1-fold). 
HLA-/ITGA6+, GPR125+, and HLA-/ GPR125+ sorted cell fractions 
showed an increase inSSCs of 2, 3.9 and 3.9-fold, respectively. Again 
these differences were not statistically significant. We concluded 
that MACS of cultured human testicular cells using ITGA6 allows the 
most efficient enrichment of SSCs, which will potentially be beneficial 
for more efficient colonization after transplantation in a future clinical 
setting and will enable further molecular analyses of cultured human 
SSCs. 

Chapter 5 focuses on genetic and epigenetic stability of human 
SSCs after long-term culture. Genetic and epigenetic stability are 
crucial factors in establishing a safe future application of SSCT, as 
possible acquired (epi)genetic abnormalities could be transmitted to 
SSCT derived offspring. We used single cell 24–chromosome screening 
and DNA methylation analysis by means of bisulfite sequencing of the 
paternally imprinted genes H19, H19-DMR (differentially methylated 
region) and MEG3 and the maternally imprinted genes KCNQ1OT1 
and PEG3. ITGA6+ MACS sorted cells from long-term (50 days) 
testicular cell cultures from two normal men were used to study the 
(epi) genetic stability of SSCs in culture. All cultured spermatogonia 
and most non-cultured spermatogonia from both patients showed 
an euploid karyotype. The DNA methylation assays in all cultured 
spermatogonia compared to non-cultured spermatogonia from both 
patients demonstrated demethylation of the paternally imprinted 
genes H19, H19-DMR and MEG3 of 11-28%, 43-68%, and 18-26%, 
respectively and increased methylation of the maternally imprinted 
genes PEG 3 and KCNQ1OT of 13-50% and 30-38%, respectively. 
In the current culture system for human SSCs propagation, genomic 
stability is preserved, which is important for future clinical use. Whether 
the observed changes in methylation status have consequences on 
functionality of SSCs or health of offspring derived from transplanted 
SSCs, requires further investigation.

In Chapter 6 we put the results from the previous chapters in 
perspective, provide implications and propose further questions to be 
addressed in future research. 
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Samenvatting (Nederlands)

In dit proefschrift hebben we ons gericht op het effect 
van Y-chromosoom variatie (aantal kopieën TSPY en AZFc 
deleties) op de spermatogenese en spermatogoniale functie 
als ook op de effectiviteit en veiligheid van spermatogoniale 
stamceltransplantatie (SSCT) als een toekomstige behandeling 
voor falende spermatogenese. We vatten hieronder kort de 
bevindingen samen.

Hoofdstuk 1 van dit proefschrift geeft een overzicht van 
de genetische oorzaken van falende spermatogenese en de 
beweegredenen voor het gebruik van in-vitro-gepropageerde  
spermatogoniale stamcellen (SSCen) voor autotransplantatie als 
een nieuwe behandelingsoptie voor mannen met een falende 
spermatogenese.

Hoofdstuk 2 onderzoekt het effect van variatie in kopie aantal 
van het testis-specifieke en Y-gebonden gecodeerde eiwit (TSPY) 
op spermakwaliteit. Het totale aantal bewegelijke zaadcellen werd 
gebruikt als een indicator van sperma kwaliteit. Uit een opeenvolgend 
geïncludeerd cohort van 1016 mannelijke partners van subfertiele 
koppels, ongeselecteerd voor spermakwaliteit, hebben wij als cases 
100 mannen met het laagste totale aantal progressief beweeglijke 
zaadcellen (TMC) geselecteerd en als controles 100 mannen met de 
hoogste TMC. We hebben een nieuwe kwantitatieve real-time PCR 
(qPCR) methode gebruikt om snel te screenen op TSPY kopie aantal 
en deze methode gevalideerd  middels Southern blot-analyse. De 
resultaten van de qPCR methode kwamen uitstekend overeen met de 
Southern blot-analyse. Cases hadden een mediaan TSPY kopie aantal 
van 35 (range 20-73), terwijl de controles een mediaan hadden van 
34 kopieën (range 26-76). Dit verschil was niet statistisch significant. 
De afwezigheid van een associatie tussen TSPY kopie aantal en 
het totale aantal beweeglijke zaadcellen geeft aan dat de variatie in 
het aantal TSPY kopieën binnen de waargenomen spreiding geen 
functionele gevolgen lijkt te hebben voor de kwaliteit van het sperma. 



122 SEVEN
Chapter

In hoofdstuk 3 wordt ingegaan op de in vitro functionaliteit 
van spermatogonia met een AZFc deletie. De aanwezigheid van 
normaal bevruchtings-competente zaadcellen in het ejaculaat en/
of de testis van de meeste mannen met AZFc deleties, suggereert 
dat het proces van differentiatie van spermatogoniale stamcellen 
(SSCen) tot gerijpte spermatozoa kan plaatsvinden in afwezigheid 
van de AZFc regio. We hebben gevonden dat spermatogonia van 
AZFc-gedeleteerde mannen zich tijdens het kweken vergelijkbaar 
gedragen als spermatogonia van mannen zonder AZFc deleties. 
Tijdens korte termijn (18 dagen) en lange termijn (48 dagen) 
kweek gingen AZFc-gedeleteerde spermatogonia door hetzelfde 
aantal passages, vertoonden vergelijkbare kiemcel clustervorming 
en brachten een vergelijkbaar niveau spermatogoniale mitose 
markers (UCHL1, ZBTB16 en GFRA1) en kiem celdifferentiatie 
markers (STAT3, SOHLH2, KIT en SYCP3) tot expressie als niet-
gedeleteerde spermatogonia. De enige uitzondering was MAGEA4, 
welke aanzienlijk lagere expressie vertoonde in AZFc-gedeleteerde 
monsters ten opzichte van controles tijdens korte termijn 
kweek, terwijl expressie tijdens lange termijn kweek nauwelijks 
gedetecteerd werd in zowel AZFc-gedeleteerde als controle 
spermatogonia. Deze gegevens suggereren dat, althans in vitro, 
spermatogonia van AZFc gedeleteerde mannen een soortgelijke 
functionaliteit bezitten als spermatogonia van niet gedeleteerde 
mannen. Potentieel maakt dit de behandeling mogelijk van mannen 
met AZFc deleties door middel van het propageren van hun SSCen 
in vitro en autotransplantatie van deze SSCen terug naar de testes 
teneinde de zaadcel productie te verhogen en de vruchtbaarheid 
te herstellen.

In hoofdstuk 4 hebben we geprobeerd om een protocol te 
ontwikkelen voor verrijking van gekweekte menselijke SSCen 
door MACS sortering van testiculaire cellen in onze cultures met 
gebruik van spermatogoniale markers voor positieve sortering 
en somatische celmarkers voor negatieve sortering (ITGA6+, 
HLA-ABC- / ITGA6+, GPR125+ en HLA-ABC- /GPR125+). Om 
de verrijking van spermatogonia en SSCen te evalueren, werd 
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respectievelijk spermatogoniale genexpressie door qPCR analyse 
en xenotransplantatie gebruikt. Hoewel niet significant, toonde 
sorteren voor ITGA6+ of HLA- / ITGA6+ een toegenomen expressie 
van ITGA6 aan in vergelijking met niet-gesorteerde cellen en sorteren 
voor ITGA6+ en HLA- / GPR125+ gaf een verhoogde expressie 
van ID4. Een interessante bevinding is dat cellen gesorteerd 
voor GPR125 een significant verminderde expressie van ITGA6 
in vergelijking met ITGA6 gesorteerde cellen vertoonden, terwijl 
cellen gesorteerd voor ITGA6 verhoogde niveaus van GPR125 
vertoonden. Dit is in contrast met eerdere bevindingen dat beide 
markers (GPR125 en ITGA6) bruikbaar zijn om te verrijken voor 
ongekweekte SSCen. Bovendien vertoonde ITGA6+ en HLA- / 
GPR125+ gesorteerde cellen in beide gevallen een toename van 
ID4, hoewel niet significant. Expressie van ZBTB16 en UCHL1 was 
onveranderd in alle gesorteerde celfracties in vergelijking met niet-
gesorteerde cellen. Vergeleken met niet-gesorteerde testiculaire 
cellen, toonde xenotransplantatie van ITGA6+ gesorteerde 
celfracties de grootste verrijking van SSCen (7.1-voudig). HLA- / 
ITGA6+, GPR125+, en HLA- / GPR125+ gesorteerde cel fracties 
vertoonden een respectievelijke 2, 3.9 en 3.9-voudige stijging in 
SSCen. Ook deze verschillen waren niet statistisch significant. 
We concluderen dat MACS van gekweekte humane testiculaire 
cellen met ITGA6 resulteert in de meest efficiënte verrijking van 
SSCen, wat potentieel nuttig is voor efficiëntere kolonisatie na 
transplantatie in een toekomstige klinische setting en verdere 
moleculaire analyses van gekweekte menselijke SSCen mogelijk 
zal maken.

Hoofdstuk 5 richt zich op genetische en epigenetische 
stabiliteit van menselijke SSCen na langdurige kweek. Genetische 
en epigenetische stabiliteit zijn cruciale factoren bij het vaststellen 
van een veilige toekomstige toepassing van SSCT, aangezien 
mogelijke verkregen (epi) genetische afwijkingen overgedragen 
kunnen worden op van SSCT afgeleide nakomelingen. We 
gebruikten 24-chromosoom screening voor individuele cellen en 
DNA-methylatie analyse door middel van bisulfiet sequencing 
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van de vaderlijk geïmprinte genen H19, H19-DMR (differentieel 
gemethyleerde regio) en MEG3 en de moederlijk geïmprinte  genen 
KCNQ1OT1 en PEG3. ITGA6+ MACS gesorteerde cellen van 
lange-termijn (50 dagen) testiculaire celkweken van twee normale 
mannen werden gebruikt om de (epi) genetische stabiliteit van 
SSCen in kweek te bestuderen. Alle gekweekte spermatogonia 
en de meeste niet-gekweekte spermatogonia van beide patiënten 
vertoonden een euploid karyotype. De DNA methylering assays 
van alle gekweekte spermatogonia in vergelijking met niet-
gekweekte spermatogonia van beide patiënten vertoonden 
demethylering van de vaderlijk geïmprinte  genen H19, H19-
DMR en MEG3 van respectievelijk 11-28%, 43-68% en 18-26%, 
en toegenomen methylering van de moederlijk geïmprinte genen 
PEG 3 en KCNQ1OT van respectievelijk 13-50% en 30-38%. In het 
huidige kweeksysteem voor menselijke SSC vermeerdering blijft 
genomische stabiliteit behouden, wat belangrijk is voor toekomstig 
klinisch gebruik. Of de waargenomen veranderingen in methylatie 
status gevolgen hebben voor de functionaliteit van SSCen of de 
gezondheid van nakomelingen afgeleid van getransplanteerde 
SSCen, moet verder worden onderzocht.

In hoofdstuk 6 hebben we de resultaten uit de voorgaande 
hoofdstukken in perspectief geplaatst, noemen we implicaties en 
stellen we verdere vragen die in toekomstig  onderzoek aan de 
orde gesteld moeten worden. 
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