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Introduction

Sertoli cells provide structural and nutritional support to devel-
oping germ cells. At puberty in higher mammals, Sertoli cells 
undergo a complex process of structural and biochemical changes 
to support spermatogenesis and are thought to become termi-
nally differentiated. This terminal differentiation, occurring dur-
ing puberty, is defined by the conversion from a proliferative to 
non-proliferative state, changes in protein expression profile and 
the formation of Sertoli cell tight junctions, which are a major 
component of the blood-testis barrier (BTB).1,2

The idea of a terminally differentiated adult Sertoli cell 
population largely derives from findings that no overt Sertoli 
cell division or degeneration occurs in normal or hormonally 
manipulated adult rats.3 In addition, Sertoli cell numbers do not 
significantly change after chronic gonadotropin suppression in 
rats4 or in men.5-8 However, some undifferentiated characteristics 
(immature cellular architecture, presence of an immature pro-
tein expression profile, including cytokeratin 18, anti-mullerian 
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hormone, AMH) have been identified in Sertoli cells from adult 
individuals with testicular germ cell cancer (TGCT) and infertil-
ity.9-18 To date, a detailed assessment of Sertoli cell differentiation 
in men after gonadotropin suppression and in testicular disease 
has not been made.

There has been ongoing discussion whether the undifferenti-
ated Sertoli cells in men with testicular pathologies and/or infer-
tility are due to a lack of terminal differentiation at puberty or to 
secondary de-differentiation. Arguments for the lack of differen-
tiation are best summarized in the theory of the testicular dys-
genesis syndrome (TDS), which postulates that the main event 
in the pathogenesis of some forms of cryptorchidism, infertility 
and TGCT, which disturbed early testicular development that 
affects the differentiation and function of Leydig, Sertoli and 
germ cells.19 TGCTs are thought to arise from a common precur-
sor cell known as CIS.20 Similarities in the morphology and pro-
tein expression profile between CIS and fetal germ cells suggest 
that CIS originates from gonocytes that failed to differentiate 
during fetal development.21 CIS progresses to overt TGCT after 
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and undergo apoptosis,42 while germ cells do not progress past 
early spermatocytes.43

This study sought to clarify whether or not the differentiation 
state of Sertoli cells is terminal in men. The only human models 
available were normal healthy men before and after contraceptive-
based gonadotropin suppression, and men with testicular cancer 
(CIS and seminoma). The assessment of the status of Sertoli cells 
was achieved using two immunofluorescent markers of Sertoli 
cell proliferation (PCNA and Ki67), as well as expression of a 
marker of Sertoli cell differentiation (androgen receptor, AR) and 
a panel of Sertoli cell tight junction and associated junction pro-
teins (claudin 11, JAM-A, ZO-1 and connexin 43).

Results

Sertoli cells show a capacity to proliferate in men after gonad-
otropin suppression. No PCNA reactivity was detectable in 
Sertoli cells of sections from untreated normal men (Fig. 1A, 
green, asterisk) and after treatment of normal men with T 
and DPMA for 2 wk (Fig. 1B, asterisk). When treatment was 
extended to 12 wk, PCNA reactivity was detected in 1.7% ± 0.6 
of Sertoli cells (Fig. 1C and D, arrows). To verify the proliferat-
ing state of Sertoli cells after gonadotropin suppression, an addi-
tional marker of proliferation believed to be more specific for the 
actual growth fraction of a cell population was employed; Ki67.45 
No Ki67-positive Sertoli cells were present in untreated normal 
men (Fig. 1E, red, asterisk); however, positive Sertoli cells were 
observed after 12 wk of T + DMPA treatment [Fig. 1F and G 
(enlarged image of IF), green, arrow]. No PCNA was detect-
able in Sertoli cells of testis sections with CIS (Fig. 1H, asterisk). 
In the vicinity of seminoma, PCNA-positive Sertoli cells were 
identified (albeit infrequently) in tubules with a highly abnormal 
morphology. PCNA reactivity was detectable in germ cells of all 
assessed groups (Fig. 1A, 1I, triangles). In all sections analyzed, 

puberty, in response to hormonal changes (particularly andro-
gens and gonadotropins), which act via receptors located on the 
Sertoli cell.22 On the other hand, several pieces of evidence indi-
cate that Sertoli cells may be capable of de-differentiation. In the 
adult monkey, re-expression of the immature Sertoli cell protein 
marker cytokeratin-18 occurs after heat treatment.23 Proliferation 
of adult Sertoli cells is observed in the Djungarian hamster in 
response to FSH stimulation after gonadotropin suppression.24 
These findings are consistent with the idea of adult Sertoli cell 
de-differentiation in infertility phenotypes. Altogether, these 
findings challenge the convention that the adult Sertoli cell pop-
ulation is terminally differentiated in phenotypes of infertility 
and prompted the analysis presented here.

Several factors are known to affect Sertoli cell differentiation,1 
such as FSH,25-27 thyroid hormone,28,29 testosterone,30 retinoic 
acid, activin31 and transforming growth factor β family mem-
bers;32 however, these effects are inducible exclusively in the 
pre- and pubertal periods. Evidence shows that FSH promotes 
and thyroid hormone inhibits Sertoli cell proliferation.27-29,33-37 
Testosterone, thyroid hormone, retinoic acid and activin play 
a role in dictating Sertoli cell differentiation prior to puberty 
through interactions with regulators of the cell cycle,38 but their 
direct effects are yet to be elucidated.

An important part of normal pubertal Sertoli cell differentia-
tion and, thus, functionality, is the formation of a BTB. In the 
setting of testicular disease, data indicates there is a loss of BTB 
integrity as shown by dys-localization of junctional proteins in 
tubules with testicular CIS.16,39,40 The BTB is largely generated by 
the binding of transmembrane tight junction proteins [occludin, 
claudins and junction adhesion molecules (JAMs)] on adjacent 
Sertoli cell membranes, acting to inhibit the exposure of post-
meiotic germ cells to factors found in the general circulation.2,41 
In the absence of a functional BTB (through knockout of the 
major tight junction protein claudin-11), Sertoli cells proliferate 

Figure 1. Evidence for Sertoli cell proliferation in men. Confocal immunofluorescence of proliferation markers in testis tissue from normal (A and E) 
and gonadotropin suppressed men [2 wk, B; 12 wk, C and D (enlarged portion of C) and F and G (enlarged portion of panel F)], in testis with carci-
noma in situ (H) and in a tubule adjacent to a seminoma (I). Sections were probed with a combination of either GATA4 (green, in the nuclei of Sertoli 
cells) within the seminiferous epithelium (asterisks), and PCNA antibodies (red, staining cells with proliferation capacity - triangles) (A–D, H–I), or 
GATA4 (red) and Ki67 (green, staining proliferating cells) (E–G). Colocalization of GATA4 and PCNA or GATA4 and Ki67 in Sertoli cell nuclei (indicating 
a proliferative state, arrows) is shown by a yellow color. Figure 1E–G includes a transmitted light channel to illustrate histological detail. Inserts are 
negative controls. (Bar = 50 μm).
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population,46,47 but rather, have a variable differentiation status 
and the capacity to de-differentiate,24 at least in the condition of 
men with suppressed gonadotropins.

While a small fraction of the adult Sertoli cell population 
in gonadotropin-suppressed men showed signs of proliferative 
potential (as evidenced by PCNA and Ki67 expression) and, thus, 
has the potential to expand. In the seasonal breeding Djungarian 
hamster model, gonadotrophin suppression as a result of short 
day light exposure resulted in changes in the state of Sertoli cell 
differentiation (using the same markers of proliferation and blood 
testis barrier as used in this study), similar to those observed in 
gonadotropin-suppressed men in this study.24 Further to this, 
the hamster data show that replacement of FSH also promptly 
(within a week) and completely replenishes the Sertoli cell popu-
lation48 as a result of increased proliferation and restored blood 
testis barrier protein localization.24 Notwithstanding differences 
between hamster and human, the hamster data and that of oth-
ers46 provide proof that the adult Sertoli cell population is not 
terminally differentiated and, thus, provide potential for the 
human Sertoli cell population to also be replenished in infertility 
syndromes where the Sertoli cell population is subnormal. Sertoli 
cell numbers were not significantly altered in gonadotropin-sup-
pressed men.7,8 It is possible that Sertoli cells undergo apoptosis 

notable non-specific reactivity was observed in the interstitium, 
making it impossible to assess PCNA and Ki67 reactivity in these 
regions.

Androgen receptor immunoreactivity appeared lower in 
PCNA-positive Sertoli cells. AR expression was detected in all 
somatic cells (Leydig, peritubular myoid and Sertoli cells; as indi-
cated by colocalization with GATA4) of normal men (Fig. 2A, 
light blue, asterisk), though expression of AR by Sertoli cells 
was variable, even within a single tubule. This expression pat-
tern persisted after T+DPMA treatment for 2 wk (Fig. 2B) and 
12 wk (Fig. 2C–F) though PCNA-positive Sertoli cells consis-
tently appeared to express lower AR reactivity (Fig. 2D–I, yellow, 
arrow). In Figure 2F–I, a direct comparison of a PCNA-positive, 
AR low Sertoli cell (arrow) with a PCNA-negative AR-positive 
Sertoli cell (asterisk) can be seen. Expression of PCNA was 
detected in germ cells of all assessed groups (Fig. 2A–D, trian-
gles). Samples of tissue from men with testicular cancer could not 
be reliably assessed with this combination of markers due to their 
highly variable immunoreactivity.

Tight junction proteins are disorganized in testicular can-
cer. In the normal seminiferous epithelium, claudin-11 reac-
tivity was detected near the basement membrane luminal to 
pre-meiotic germ cells, in regions associated with inter-Sertoli cell 
tight junctions (Fig. 3A, red, asterisk). Connexin 43 reactivity 
was associated with Sertoli cells, spermatogonia and spermato-
cytes (Fig.  3A, open square) and colocalized with claudin-11 
in regions associated with inter-Sertoli cell tight junctions (yel-
low). Connexin 43 reactivity was also present between Leydig 
cells of the interstitium (Fig. 3B and C, triangles). Unexpectedly, 
JAM-A was localized to basally located spermatogonia and sper-
matocytes (Fig. 4A, asterisk) in the normal testis, as well as being 
present at inter-Sertoli cell tight junctions. In the same regions, 
ZO-1 was detected extending from the basement membrane, 
encircling spermatogonia and spermatocytes (Fig. 5A, asterisk) 
and also in association with inter-Sertoli cell tight junctions.

Claudin-11, JAM-A and ZO-1 were expressed in tubules 
with CIS, but the pattern was highly disorganized compared 
with that of normospermic men (Figs. 3B and C, 4B and 5B, 
asterisks) and in some CIS samples a decrease in JAM-A reac-
tivity was seen (Fig. 4C, asterisk). Connexin 43 reactivity was 
present in samples of CIS (Figs. 3B and C, 4B and C, 5B) an 
observation indicated elsewhere to be reduced compared with  
normal spermatogenesis.17

Discussion

This study is the first to identify Sertoli cells with a potential 
to proliferate in normal men after gonadotropin suppression, 
and in isolated seminiferous tubules of men with seminoma. 
These findings are in accord with in vivo data demonstrating 
adult Sertoli cells exhibiting undifferentiated characteristics in 
humans with various forms of testicular dysgenesis10,12,15,16,39 and 
in a rodent model of gonadotropin suppression24 and in vitro data 
showing adult Sertoli cells from mice and men can regain pro-
liferative ability.46 Taken together, these data provide evidence 
that adult human Sertoli cells are not a terminally differentiated 
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Figure 2. Downregulation of androgen receptor immunoreactivity in 
PCNA-positive Sertoli cells. Confocal immunofluorescence of human 
testis sections from normal (A) or gonadotropin-suppressed men (B, 
2 wk; C–I, 12 wk). Sections were probed for GATA-4 [green, Sertoli cells 
within the seminiferous epithelium, (asterisks), androgen receptor 
(blue), Sertoli (asterisks), Leydig and peritubular cells], and PCNA (red, 
labeling predominantly germ cells, triangles). Colocalization of GATA-4 
and PCNA in Sertoli cells indicated by yellow (arrows). G–I are individual 
channels of the merged image in F, highlighting a GATA4 and PCNA-
positive, AR-negative Sertoli cell (arrow) and a GATA4 and AR-positive, 
PCNA-negative Sertoli cell (asterisk). Inserts are controls where primary 
antibody was substituted for non-specific antibody of the same isotype. 
(Bar = 50 μm).
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vitro and this effect can be modulated by factors such as FSH.49 
In support, Sertoli cells in mice congenitally deficient in gonado-
tropins undergo apoptosis.50 It is important to note that PCNA 
has also been shown to be expressed in cells undergoing DNA 
repair and apoptosis51 and, thus, its expression may be associated 
with damaged Sertoli cells.

Our data demonstrates that Sertoli cells with proliferative abil-
ity have what appears to be diminished AR reactivity, thereby 
reflecting an altered state of “functional” differentiation. As AR 
expression varies as part of the normal cycle of the seminiferous 
epithelium,52 the expression of PCNA may be coincident with 
those stages that have low AR reactivity. Thus, the normal lower-
ing of AR reactivity may be permissive to PCNA expression rather 
than a consequence of de-differentiation. As only a small propor-
tion of Sertoli cells displayed features of an undifferentiated state, 
we speculate that all other Sertoli cells remain differentiated under 
the influence of residual levels of FSH and testicular testosterone.

In this study, rare proliferating Sertoli cells were also iden-
tified in men with TGCT. While the results do not implicate 
Sertoli cell de-differentiation in the progression from CIS to overt 
TGCT, the absence of PCNA-positive Sertoli cells in CIS tubules 
and presence in some tubules adjacent to seminoma, indicate that 
some secondary de-differentiation may occur, perhaps under the 
influence of the tumor. In pathological settings of infertility 
and testicular cancer, Sertoli cells have been reported to exhibit 
immature characteristics, as assessed either through histology15 or 
identification of specific markers associated with Sertoli cell dif-
ferentiation.10,12 These immature cells have also been proposed to 
be a result of de-differentiation,16,17 although others21 believe that 
undifferentiated Sertoli cells persist into adulthood after aberrant 
differentiation in fetal development, resulting from a disruption 
in hormonal microenvironment, notably androgen signaling.

The organization of trans-membrane tight junction pro-
teins at the BTB in tubules with CIS has not previously been 
assessed. The results presented here demonstrate claudin-11 and 
ZO-1 were expressed but the organization of junctions was dis-
rupted in CIS. This disorganization occurred coincident with the 
described downregulation in connexin 43 expression and loss of 
BTB functionality in this setting.17,39,40,51,53

Our study demonstrated that JAM-A is present on germ 
cells in the normal human testis, but only in spermatogonia and 
spermatocytes. This is supported by evidence in the rat54,55 and 
hamster.56 JAM-A localization was disorganized in tubules with 
CIS and, unexpectedly, JAM-A reactivity was relatively high in 
seminoma. JAM-A is known to be involved in immune cell trans-
migration across blood vessels via homophilic interactions with 
JAM-A expressed on endothelial cells.57,58 Thus, the expression 
of JAM-A by seminoma cells may promote tumor cell migration 
and infiltration.

In conclusion, there is a mixed phenotype of Sertoli dif-
ferentiation in men after gonadotropin suppression, a feature 
not observed in normal men, with a proportion of Sertoli cells 
expressing Ki67, and PCNA coincident with a possible downreg-
ulation of AR. This suggests that Sertoli cells in the men have the 
capacity to undergo “de-differentiation.” Sertoli cells in testicular 
carcinoma in situ also exhibited features of an undifferentiated 

as well as proliferation to maintain a relatively stable population, 
thus small fluctuations in number will fall within the errors of the 
counting system. Apoptosis of Sertoli cells has been observed in 

Figure 3. Claudin-11 and Connexin 43 are disorganized in testicular 
dysgenesis. Confocal immunofluorescence of normal (A) and carci-
noma in situ (B and C) human testis sections detecting claudin-11 (red, 
tight junctions, asterisks) and connexin 43 (green, gap junctions, open 
squares and triangles). Co-localization appears in yellow. Inserts are 
negative controls. (Bar = 50 μm).

Figure 4. JAM-A localization is disorganized in carcinoma in situ and 
becomes highly expressed in malignant seminoma. Confocal immu-
nofluorescence of normal human testis (A), carcinoma in situ (B and C) 
and seminoma sections (D) detecting JAM-A (red, asterisks) and con-
nexin 43 (green, gap junctions, squares). Inserts are negative controls. 
(Bar = 50 μm).

Figure 5. ZO-1 localization is disorganized in carcinoma in situ, in the 
presence of normal connexin 43 reactivity. Confocal immunofluores-
cence of normal human testis (A) and carcinoma in situ (B) detecting 
ZO-1 (tight and associated junctions, red, asterisks) and connexin 43 
(gap junctions, green, triangles). Inserts are negative controls. (Bar =  
50 μm).
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de-ionized H
2
O. Antigen retrieval was then performed by immers-

ing sections in 600 ml of 1 mM EDTA-NaOH (pH 8.0)44 and 
heating in an 800 W microwave at 100% for 5 min, then 20% for 
5 min, before cooling for 1 h at room temperature in EDTA buffer. 
Sections were then washed in de-ionized H

2
O followed by 0.9% 

phosphate-buffered saline (PBS). To block non-specific staining, 
sections were treated with 10% normal serum from the species 
in which the secondary antibody was raised before application 
of primary antibodies (outlined in Table 1). Sections were then 
washed in PBS (2 × 5 min), before addition of secondary antibody 
diluted 1:400 [goat anti-rabbit Alexa-546/647, goat anti-rat Alexa-
546, goat anti-mouse Alexa-488/546, rabbit anti-goat Alexa-488 
or donkey anti-goat Alexa-546 (Molecular Probes)] and incubated 
at room temperature for 30 min. For dual-immunohistological 
identification of GATA4 and PCNA in Sertoli cells, sections were 
incubated in 10% normal goat serum (Chemicon International) 
for 20 min after secondary detection of GATA4 and prior to the 
secondary detection of PCNA. For the simultaneous detection 
of GATA4 and Ki67, as well as GATA4, AR and PCNA, all pri-
mary antibodies were combined in the same cocktail for incuba-
tion as outlined in Table 1. Secondary detection was performed as 
outlined above. Specificity of primary antibodies was verified by 
incubating control sections in the equivalent concentration of non-
specific antibody of the same isotype. Following secondary detec-
tion, all sections were washed in PBS (2 × 5 min), mounted in 
FluorSave (Calbiochem) and visualized on a confocal microscope 
(Fluoview FV300, Olympus Australia).

Quantification of PCNA-labeled Sertoli cells. Fields were 
selected using a systematic uniform approach from a random 
start and images collected. Between 200–300 Sertoli cells 
were counted for each man. An unbiased counting frame was 
superimposed on each image and cells were counted if they fell 
within the frame or touched the acceptance boundary. GATA4 
was used as marker of Sertoli cells within seminiferous tubules. 
The percent of PCNA-positive Sertoli cells was determined 
by dividing the number of labeled Sertoli cells by the total 
number of Sertoli cells (both positive and negative).24 Sertoli 
cells were observed with varying intensities of PCNA stain-
ing and were designated PCNA low, intermediate or high, but 
only intermediate and high Sertoli cells were included in the  
quantification of proliferating cells. Samples were run over  
five experiments.

state, such as the disruption of tight junction protein localization 
but without evidence of proliferation, suggesting an immature 
phenotype persisting from aberrant differentiation during devel-
opment or puberty. A novel finding of the aberrant high expres-
sion of JAM-A in seminoma warrants further investigation, as 
the relevance of this to the disease process remains unknown.

Materials and Methods

Study design. Testicular biopsies were obtained from 30 normal 
men aged 31–46 y who underwent either no treatment or andro-
gen-based male contraceptive treatment for 2 or 12 wk, prior 
to a previously planned vasectomy and informed consent, and 
details have been reported.7,8 These studies were approved by the 
Southern Health Human Research and Ethics Committee, and 
the Institutional Review Board of the University of Washington.

Briefly, men (n = 5/group) received either a weekly dose of 
200  mg of testosterone enanthate (TE: Primotestin depot, 
Schering AG) alone or in combination with a single dose of 
300 mg of depot medroxyprogesterone acetate (DMPA (proges-
tin): Upjohn Pharmaceuticals, Rydalmere, Australia) by intra-
muscular injections for 2 or 12 wk before surgery.7 These sex 
steroid treatments resulted in feedback inhibition of gonadotro-
pin release and, thereby, spermatogenic inhibition and rendered 
oligospermic.7 Five normal men not receiving any treatment 
served as controls.7 A fragment of the testicular biopsy from one 
testis of each man was immersion-fixed in Bouin’s solution for 
3–5 h and paraffin-embedded for immunohistology.

Samples with TGCT were obtained from pathology depart-
ments in Copenhagen. All tumor samples were assessed by expe-
rienced pathologists and routinely stained with placental-like 
alkaline phosphatase (PLAP) to identify CIS cells. The samples 
included five seminomas, and five samples of the preserved testis 
tissue adjacent to an overt TGCT (seminoma or nonseminoma), 
which contained tubules with CIS. Permission for the use of these 
samples in immunohistochemical studies was obtained from the 
Regional Committee for Medical Research Ethics.

Immunohistochemistry. Paraffin-embedded sections (5 μm) 
were cut and adhered to Superfrost-Plus slides (HD Scientific) 
before drying at 37°C for 1 h. Sections were de-waxed in Histolene 
(2 × 8 min) and 100% ethanol (5 min) before air-drying and 
re-hydration in graded ethanol (90, 75 and 50%) and finally in 

Table 1. Details of primary antibody specificity and incubation conditions

Antigen Marker of: Supplier Catalogue # Host Concentration (ug/ml) Incubation time

GATA-4 Sertoli, peritubular, interstitial cells Santa Cruz Biotech SC-1237 Goat 5 30 min

GATA-4 Sertoli, peritubular, interstitial cells eBioScience 14-9980-82 Rat 1.25 2 h

PCNA Proliferation capacity BD Biosciences 555567 Mouse 5 2 h

Ki67 Proliferating cells Affinity Bioreagents PAI-38032 Rabbit 2.5 2 h

AR Sertoli, Leydig, peritubular cells Santa Cruz Biotech SC-816 Rabbit 5 2 h

Claudin-11 Sertoli cells Zymed 36-4500 Rabbit 2.5 O/N

JAM-A Sertoli cells Zymed 36-1700 Rabbit 2.5 2 h

Connexin 43 Sertoli, peritubular, interstitial cells Sigma-Aldrich C-8093
Mouse

ascites
- 2 h
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