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Abstract

Long-term mammalian spermatogenesis requires proper development of spermatogonial stem cells 

(SSCs) that replenish the testis with germ cell progenitors during adult life. TAF4b is a gonadal-

enriched component of the general transcription factor complex, TFIID, which is required for the 

maintenance of spermatogenesis in the mouse. Successful germ cell transplantation assays into 

adult TAF4b-deficient host testes suggested that TAF4b performs an essential germ cell 

autonomous function in SSC establishment and/or maintenance. To elucidate the SSC function of 

TAF4b, we characterized the initial gonocyte pool and rounds of spermatogenic differentiation in 

the context of the Taf4b-deficient mouse testis. Here we demonstrate a significant reduction in the 

late embryonic gonocyte pool and a deficient expansion of this pool soon after birth. Resulting 

from this reduction of germ cell progenitors is a developmental delay in meiosis initiation, as 

compared to age-matched controls. While GFRα1+ spermatogonia are appropriately present as 

Asingle and Apaired in wild type testes, TAF4b-deficient testes display an increased proportion of 

long and clustered chains of GFRα1+ cells. In the absence of TAF4b, seminiferous tubules in the 

adult testis either lack germ cells altogether or are found to have missing generations of 

spermatogenic progenitor cells. Together these data indicate that TAF4b-deficient spermatogenic 

progenitor cells display a tendency for differentiation at the expense of self-renewal and a 

renewing pool of SSCs fail to establish during the critical window of SSC development.
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Introduction

Throughout most of an adult male lifespan, unipotent stem cells in the testis called 

spermatogonial stem cells (SSCs) support long-term spermatogenesis. These SSCs undergo 

both self-renewing and differentiating divisions, allowing for the production of millions of 

sperm each day. In mammals, the process of germ cell development is complex and highly 

coordinated. Following specification in the proximal epiblast, primordial germ cells (PGCs) 

migrate from the hindgut through the dorsal mesentery, proliferate and colonize the nascent 

somatic gonad between embryonic days (E)8.5 and E13.5 [1-4]. Once inside the male gonad 

around E13.5, PGCs transition to undifferentiated gonocytes that become enveloped in 

testicular cords with the somatic support cell precursors. In mice, gonocytes proliferate until 

about E16 and then become mitotically quiescent until postnatal day (P)4 when they migrate 

to the basement membrane and resume proliferation, to produce differentiating 

spermatogonia, as well as a population of SSCs that will support long-term spermatogenesis 

[5]. As with all stem cell populations, there is a delicate balance between self-renewal and 

differentiation of SSCs that is highly regulated and required for long-term spermatogenic 

differentiation. The signals and molecular mechanisms governing the decision of SSCs to 

renew or differentiate remain enigmatic. In the adult testes, SSCs represent only 0.03% of all 

germ cells and are difficult to distinguish from closely related and positioned differentiating 

spermatogonia [6]. However, over the past two decades, several experimental advances in 

stable SSC culturing and transplantation paradigms have allowed us to explore many aspects 

of SSC biology [7-12]. These advances facilitated the discovery and characterization of 

several genes important for SSC function, which include transcription factors (Bcl6b, Lhx1, 

Etv5, Id4 and Plzf), translational regulators (Nanos2), extracellular signaling factors 

(GDNF, GFRα1, and Ret), intracellular signaling factors (PI3K/AKT, SFK) and more 

recently, microRNAs (miR-21)[3, 12-21]. Together, morphological and molecular analyses 

identified Asingle (As) spermatogonia as a population of undifferentiated germ cells that 

contain SSCs. Recent identification of the transcription factors Pax7 and Id4 marking two 

independent As subpopulations, each containing robust SSC properties, underscores the 

potential cell type and lineage heterogeneity that exists within As spermatogonia [21, 22]. 

During spermatogenesis, As spermatogonia give rise to 2 Apaired (Apr) and 4-16 Aaligned 

(Aal) spermatogonial chains through cell division and incomplete cytokinesis [23-27]. Aal 

spermatogonia synchronously differentiate into the first generation of differentiating type 

spermatogonia that progress through differentiating spermatogonial divisions, followed by 

meiotic and post-meiotic differentiation to produce mature sperm. This cyclical process 

includes 12 (I-XII) subsequent morphologically distinct seminiferous epithelial stages [28]. 

Glial cell line-derived neurotrophic factor (GDNF) signaling from Sertoli cells promotes 

proliferation of undifferentiated spermatogonia and is also required for SSC maintenance 

[29-32]. A subset of SSC-containing undifferentiated As and Apr spermatogonia express the 

GPI-anchored cell surface GDNF receptor, GFRα1 [26, 33, 34]. GFRα1 has proven a 

valuable marker for observation of As/Apr/Aal dynamics during spermatogenesis, as well as 

their isolation and characterization [35, 36].

Transcriptional regulation plays a central role in the precise control of animal growth, 

development and fertility. RNA polymerase II (PolII)-mediated transcription initiation 
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depends upon a complex assembly of general transcription factor complexes on core 

promoter elements [37, 38]. TFIID contains the TATA-box binding protein (TBP) along 

with 14 TBP-associated factors (TAFs) and is required for core promoter recognition and 

activator-dependent PolII recruitment [39-44]. Over the past 15 years, several studies have 

identified TBP-like and TAF-like paralogs that confer unique transcriptional regulation in a 

variety of cell types, most notably in germ cells [45, 46]. Therefore, germ cell-specific gene 

expression programs require not only specialized transcriptional activators and repressors, 

but also alternate forms of the general transcription machinery [46, 47].

TAF4b is a gonadal-enriched TFIID subunit required for both male and female fertility in 

the mouse [48-52]. Male Taf4b-deficient mice are subfertile, exhibiting extensive germ cell 

loss and impaired expression of several SSC-specific genes by 3 months of age [49]. 

Furthermore, long-term cultured mouse SSCs and human SSCs display elevated expression 

of TAF4b [53, 54]. While our previous study indicates that TAF4b is required for long-term 

spermatogenesis, it is unknown whether TAF4b is required for the establishment and/or 

maintenance of SSCs. Therefore, to better understand TAF4b function in male germ cell 

development and fertility, we have characterized the establishment of gonocytes during late 

embryonic development and the initial rounds of spermatogenic differentiation in the 

context of the Taf4b-deficient testis. Surprisingly, TAF4b is already required for gonocyte 

development during embryogenesis. While TAF4b-deficient gonocytes can ultimately 

differentiate into healthy sperm, they are unable to maintain a self-renewing SSC pool. 

Together these data uncover a novel role of TAF4b in embryonic spermatogonia 

development and highlight the role of TAF4b in promoting the establishment of the initial 

SSC pool.

Materials and Methods

Animals

Wild type C57BL/6 and Taf4b −/− mice were housed and maintained in the Brown 

University Animal Care Facility in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals. The Taf4b −/− mice have a C57BL/6 genetic background and were 

generated as described previously [48]. All offspring were genotyped using genomic DNA 

from tail-snips and PCR analysis of the Taf4b gene locus targeted by homologous 

recombination.

Quantitative RT-PCR (qPCR)

RNA was purified from detunicated whole testes by Trizol extraction (Invitrogen, Carlsbad, 

CA). Template cDNA was generated using the iScript cDNA Synthesis Kit (Bio-Rad, 

Hercules, CA). Primer sets were designed to amplify 100-175 base pair-sized products 

(Table 1). The ABI 7900H Real-Time PCR system (Applied Biosystems) and the Power 

SYBR® Green qPCR Master Mix with ROX™ (Invitrogen, Carlsbad, CA) were used for 

qPCR data acquisition. The qPCR reactions were incubated at 50°C for 2 minutes, 95°C for 

10 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for seconds and a 

dissociation curve analysis. Data from each gene were normalized to 18S rRNA levels and 

represented as a fold change relative to RNA levels in the indicated embryonic or postnatal 
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testes for each respective qPCR figure panel. Each qPCR reaction was performed in 

triplicate and averaged. Error bars indicate the standard deviation resulting from 

experimental and normalized triplicate qPCR reactions.

Immunofluorescence

Testes were dissected from various embryonic and postnatal stage mice, embedded in 

Tissue-Tek® O.C.T. Compound (Sakura Finetek, Torrance, CA) and frozen in liquid 

nitrogen. Serial sections were cut at 8 μM thickness onto glass slides with a Leica cryostat 

and stored at °80°C until use. Prior to incubation, slides were fixed in 4% paraformaldehyde 

for 20 minutes and permeabilized in 0.5% Triton X-100 for 20 minutes. They were then 

incubated in blocking buffer (PBS with 3% goat serum, 1% BSA and 0.5% Tween-20), 

incubated in primary antibody for 1 hour, washed 3X in PBS-0.5%Tween-20 (PBST), 

incubated in secondary antibody for 1 hour, washed 3X in PBST and mounted in DAPI-

containing Vectashield® Mounting Medium (Vector Laboratories, Burlingame, CA). 

Primary antibodies used were affinity purified rabbit anti-TAF4b (1:200;[48]), anti-TRA98 

(1:500; B-Bridge, Cupertino, CA), anti-γH2Ax (1:500; EMD Millipore, Billerica, MA), anti-

GFRα1 (1:200; R&D Systems, Minneapolis, Minnesota), anti-PLZF mouse mAb (2A9)

(1:200; EMD Millipore, Billerica, MA), anti-cKit rabbit (1:100; Cell Signaling, Danvers, 

MA) and anti-Cleaved Caspase-3 rabbit (1:100; Cell Signaling, Danvers, MA). For 

immunofluorescence, the secondary antibodies used were Alexa Fluor® 488-conjugated 

anti-rat IgG (H+L)(1:500; Invitrogen, Carlsbad, CA), Alexa Fluor® 594-conjugated anti-

rabbit IgG (H+L)(1:500; Invitrogen, Carlsbad, CA), Alexa Fluor® 488-conjugated anti-

mouse IgG (H+L)(1:500; Invitrogen, Carlsbad, CA). Images were acquired with a Zeiss 

Axio Imager M1 and a Zeiss LSM 710 Confocal Laser Scanning Microscope (Carl Zeiss 

Inc., Thornwood, NY).

Immunohistochemistry and Histology

Testes were dissected from various embryonic and postnatal stage mice, fixed overnight in 

1:10 formalin, dehydrated through serial washes of 70%, 95% and 100% ethanol followed 

by a final wash with xylene and allowed to perfuse in paraffin overnight before embedding. 

Serial sections were cut to 5 μm thickness onto glass slides and oven dried overnight. Slides 

for staining were incubated in xylene, hydrated in serial washes of 100%, 95% and 70% 

ethanol, treated for antigen retrieval using 1% Antigen Unmasking Solution (Vector 

Laboratories, Burlingame, CA) in a steamer for 20 minutes, permeabilized with 0.1% Triton 

and 0.1% sodium citrate buffer and blocked for endogenous peroxidase activity using 

Bloxall Solution (Vector Laboratories, Burlingame, CA) each for 5 minutes. They were then 

blocked with Vectastain R.T.U. 2.5% normal horse or goat serum (Vector Laboratories, 

Burlingame, CA), incubated in primary antibody as previously described overnight at 4°C 

and in biotinylated anti-rabbit secondary antibody (1:500; Vector Laboratories, Burlingame, 

CA) for 1 hour with 3X PBS wash after each incubation. To develop the staining, slides 

were incubated with R.T.U. Vectastain® Elite® ABC System for 45 minutes, NovaRED 

substrate kit for 2 minutes and counterstained with methyl green for 10 minutes (Vector 

Laboratories, Burlingame, CA). Brown University’s Molecular Pathology Core performed 

PAS staining for histology sections. Images were obtained using the Scanscope CS Aperio 

(Leica Microsystems Inc., Buffalo Grove, IL).
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Results

TAF4b expression during testis development

To better understand the cell-autonomous functions of TAF4b, we determined Taf4b mRNA 

expression and protein enrichment during embryonic and neonatal testes development in 

wild type mice. Previous protein localization analyses found TAF4b to be highly enriched in 

neonatal gonocytes and to be present in adult spermatogonia and spermatids, whereas 

TAF4b was not detected in meiotic spermatocytes or somatic cells [49]. We extended this 

analysis to embryonic day (E) 18.5 testes, as well as postnatal day (P) 1, P2, P3, P4, P8 and 

P12 testes. Consistent with previous results, TAF4b is enriched in early postnatal gonocytes. 

In addition, it is also expressed in embryonic gonocytes at E18.5 (Figure 1A). TAF4b 

colocalizes with the germ cell marker TRA98 in P2 seminiferous tubule whole mounts and 

P8 testes sections (Figure 1B)[55]. In P12 testes, TAF4b is readily detected in PLZF+ 

undifferentiated spermatogonia, as well as PLZF- differentiating spermatogonia (Figure 1B). 

In adult testes, we found TAF4b protein in nuclei of type A and B spermatogonia, as well as 

of pachytene and diplotene spermatocytes in various stages of the epithelial cycle (Figure 

1A). Furthermore, TAF4b is detected in the somatic Sertoli cell nuclei as well (Figure 1A; 

black arrows). Quantitative RT-PCR (qPCR) analysis of Taf4b mRNA shows an increase in 

transcript abundance between P7 and P19, coincident with the onset of meiosis 

(Supplemental Figure 1). This increase also coincides with the expanded Taf4b expression 

in somatic and differentiating germ cells. The presence of TAF4b protein in late embryonic 

gonocytes suggests it might play a much earlier role in embryonic and neonatal 

spermatogonial pool establishment than previously known. The detection of TAF4b protein 

in Sertoli cell nuclei is also intriguing. Germ cell transplantation experiments, using Taf4b 

−/− recipient testes, support a nonessential role for TAF4b in Sertoli cells regarding 

spermatogenesis [49]. However, Sertoli cell-specific TAF4b may function in proper testes 

physiology beyond germ cell colonization and subsequent initial rounds of spermatogenesis. 

Together, these data suggest that TAF4b may have several novel and cell type-specific 

functions during germ cell development and spermatogenesis.

Taf4b-deficient testes display a reduced embryonic gonocyte pool and a deficient neonatal 
germ cell expansion

Germ cell deficiencies were previously reported in P2 Taf4b −/− males [49]. However, in 

view of the strong TAF4b expression in embryonic gonocytes (Figure 1B), Taf4b −/− 

animals may exhibit germ cell defects at a much earlier time point. To test this possibility, 

we assayed germ and somatic cell numbers and proliferation, using immunostaining with the 

germ cell marker TRA98 and phospho-histone H3 Ser10 as a marker of mitosis, during late 

embryonic and early postnatal testes development in litter matched wild type and Taf4b −/− 

animals. Strikingly, Taf4b-deficient testes have 3.6-fold fewer germ cells at E18.5 compared 

to wild type (Figure 2B). Moreover, while TRA98-staining in P3-P8 testes illustrates the 

normal neonatal germ cell expansion in wild type testes, Taf4b −/− testes fail to expand their 

germ cell population (Figures 2A, 2B, and Supplementary Figure 2).

One of the most prominent differences between the wt and Taf4b−/− testes is the virtual 

absence of gonocyte proliferation at P3 and P4 in the mutant testes. This cell proliferation 
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defect is unique to germ cells in Taf4b −/− testes, as somatic cell proliferation is unaffected 

(Figure 2D). Despite fewer germ cells in E18.5 Taf4b −/− testes, when tubules do contain 

germ cells they have nearly the same germ cell density as in the wild type (Supplemental 

Figure 2). However, this germ cell density similarity is lost by P8, following neonatal germ 

cell expansion. Although P8 Taf4b −/− testes have fewer germ cells, a significantly higher 

percentage of germ cells are actively proliferating compared to wild type (Figure 2C and 

Supplemental Figure 3). This may be due to the appearance of non-mitotic spermatocytes, 

diluting the percentage of mitotic germ cells in wt testes. These results suggest that Taf4b −/

− germ cells are capable of proliferation, but the initiation of spermatogenesis, with its 

concomitant postnatal increase in proliferative activity, is delayed in Taf4b−/− testes.

Altered GFRα1+ spermatogonial chain dynamics during Taf4b −/− testes development

Taf4b −/− testes have reduced germ cells numbers because of the low number of gonocytes 

they start with and their delayed spermatogenesis. To learn more about these germ cells, we 

studied GFRα1 expression in spermatogonia in mutant testes. GFRα1 immunofluorescence 

in P16 and P60 testes reveals fewer GFRα1+ cells in Taf4b −/− animals compared to wild 

type mice. Furthermore, there is a conspicuous disruption in their cellular organization 

within the seminiferous tubules. In the wild type testis, GFRα1+ spermatogonia were 

predominantly in As and Apr undifferentiated spermatogonia. However, most GFRα1+ 

Taf4b −/− spermatogonia were in Aal-like spherical cell aggregates (Figure 3A, 

Supplemental Movies 1 and 2). Quantitative analysis of GFRα1+ spermatogonia revealed an 

altered distribution in spermatogonial chain lengths between Taf4b −/− and wild type 

animals (Figure 3A and 3B). These results are strikingly similar to those observed in 

GFRα1+ spermatogonia following germ cell transplantation and may reflect a shared 

compensatory mechanism used by testes to cope with a severely limited spermatogonial 

population [35]. Remarkably, relatively few As spermatogonia are present at P16 in Taf4b −/

− mice, while one would expect this number to be sufficiently high to enable recovery from 

the few gonocytes and spermatogonia present at the start of spermatogenesis. This indicates 

a problem in the regulation of the balance between self-renewal and differentiation of the 

SSCs. To directly test whether Taf4b −/− germ cells exhibit a higher propensity for 

differentiation, we assayed differentiating germ cell numbers in litter matched P12 wild type 

and Taf4b −/− testes using immunostaining with TRA98 (germ cells) and c-KIT 

(differentiating spermatogonia) (Figure 3C). Remarkably, while 25.8% of the wild type 

TRA98+ germ cells were committed to differentiation, we observe a significantly higher 

proportion of Taf4b −/− germ cells, at 64.6%, are committed to differentiation (Figure 3D).

TAF4b is required for timely formation of spermatocytes and meiotic entry

During juvenile testes development and maturation, spermatogenic initiation occurs in a 

coordinated fashion. To test whether Taf4b-deficiency affects the timely formation of 

spermatocytes and their entry into meiosis, we quantified meiotic initiation and progression 

by way of staining for γH2AX in wild type and Taf4b −/− testes at several time points 

between P10 and P30. During meiosis, the histone variant H2AX is rapidly phosphorylated 

at serine 139 (γH2AX) and accumulates at DNA double-strand breaks. The pattern of 

γH2AX localization is dynamic through meiosis I prophase and can distinguish between the 

earlier leptotene/zygotene and pachytene stages. While leptotene/zygotene spermatocytes 
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exhibit nuclear foci of γH2AX staining, pachytene spermatocytes have XY body-specific 

γH2AX localization [56, 57].

Wild type testes have progressed to the leptotene/zygotene spermatocytes stage or beyond, 

in 70% of their tubules at P10 and nearly all tubules at P12. By P15, 45% of the tubules 

progressed to the pachytene spermatocytes stage or beyond and this number increased to 

100% by P23 (Figure 4A and 4B). Taf4b −/− testes contain no prophase spermatocytes at 

P10 and only 35% of their tubules have leptotene/zygotene stage spermatocytes at P12. We 

first observe tubules with pachytene spermatocytes at P19 in Taf4b −/− testes and this 

number peaks at 90% by P28, while the remaining tubules contain no cells in meiotic 

prophase (Figure 4A and 4C). By P30, we observe various degrees of germ cell depletion in 

Taf4b −/− testes. We characterized phenomenon in 4 categories: normal (1), partial absence 

of spermatocytes (2), having spermatids undergoing spermiogenesis but lacking 

spermatocytes (3) or completely devoid of meiotic spermatocytes and spermatids (4) (Figure 

4A). Empty tubules have either lost all their germ cells due to sloughing or were part of the 

10% observed with no cells in meiotic prophase. An important distinction between wild type 

and Taf4b −/− testes at P30 is the appearance of category 3 degenerate tubules in Taf4b −/− 

testes, which contain advanced post-meiotic cells, such as round spermatids, but lack 

spermatocytes in meiotic prophase. This missing generation of germ cells suggests a paucity 

of differentiating spermatogonia, either caused by a too low number of SSCs or a problem in 

the differentiation of spermatogonia.

The data over the period of P10 to P30 show that Taf4b−/− tubules have a delay in the 

production of spermatocytes. This delay likely reflects the earlier defect in spermatogonial 

population development and expansion. Although a vast majority of Taf4b −/− tubules are 

able to initiate meiosis and progress through prophase, they lag developmentally by 

approximately 4-5 days compared to wild type. Seminiferous tubule diameter measurements 

between wild type and Taf4b −/− littermates show slight but statistically significant 

differences and are in agreement with the observed developmental lag (Supplemental Figure 

4). Taf4b −/− testes at least partially recover from this delay and ultimately produce mature 

gametes. However, germ cell exhaustion ensues shortly thereafter. Together, these results 

suggest that while Taf4b is not required for entry into meiotic prophase or progression, it is 

essential for punctual meiotic initiation during the initial rounds of spermatogenesis and 

maintenance of the progenitor cells required for subsequent rounds of spermatogenesis.

Taf4b is required for spermatogonial progenitor maintenance and renewal

Taf4b −/− testes undergo an age-dependent premature decline in germ cells and fertility 

[49]. To directly test whether adult Taf4b −/− testes lack or display impaired SSC renewal, 

we examined germ cell differentiation in P60 testes by detailed histological analysis. All 

tubules in wild type P60 testes contain a variety of spermatogenic cell types (Figure 5B). 

The tubules in Taf4b −/− P60 testes, however, are remarkably heterogeneous. While many 

tubules appear normal, several show one or more missing generations of germ cells up to a 

complete Sertoli cell-only phenotype lacking all germ cells (Figure 5A and 5C). We also 

observed tubules lacking spermatogonia and spermatocytes, but containing round and 

elongated spermatids (Figure 5A and 5D). Tubules in mature testes missing all types of 
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spermatogonia suggest they have also lost their ability to maintain an undifferentiated 

spermatogonial progenitor pool, which includes SSCs. One source for this observed germ 

cell loss may be enhanced apoptosis in Taf4b −/− testes. To test this possibility, we assayed 

the apoptosis in litter matched P21 wt and Taf4b −/− germ cells by immunostaining with 

TRA98 (germ cells) and cleaved Caspase 3 protein (apoptotic cells). We observed no 

significant increase in cleaved Caspase 3-stained germ cells in Taf4b −/− testes, suggesting 

apoptosis is not a major mechanism for germ cell loss in Taf4b-deficient mice 

(Supplementary Table 2). Together, these data indicate that TAF4b is required for the proper 

embryonic gonocyte development and suggest that TAF4b is required for establishing the 

proper balance between SSC renewal and differentiation. In the absence of TAF4b, this 

balance is disrupted and the testis displays an age-dependent depletion of germ cells 

progressive increase in Sertoli cell-only tubules [49](data not shown).

Discussion

Understanding how stem cells balance self-renewal with differentiation is paramount in 

understanding the regulatory mechanisms governing their behavior and exploring their 

therapeutic potential in regenerative medicine. In the mammalian testis, unipotent 

spermatogonial stem cells (SSCs) are required for long-term sperm production and male 

fertility. Loss of function genetic analyses in mice have revealed several factors required for 

SSC maintenance such as Nanos2, Bcl6b, PLZF, Foxo1, GFRα1, Ret, Etv5, Rb, and Id4 [16, 

19, 21, 30, 33, 58-62]. Our results indicate a requirement for Taf4b in SSC maintenance as 

well. TAF4b-deficient male mice are initially fertile, but they exhibit a progressive germ cell 

loss leading to complete infertility. Taf4b-deficiency does not completely block a particular 

stage in germ cell development or spermatogenic differentiation. The initial fertility 

followed by complete infertility in Taf4b −/− mice is consistent with aberrant SSC 

development and is a characteristic phenotype for SSC maintenance defects [63]. 

Furthermore, wild type spermatogonia can repopulate adult Taf4b −/− testes, also suggesting 

a germ cell-autonomous requirement for TAF4b in SSCs [49]. However, the pathways in 

which TAF4b functions in germ cell development and SSC maintenance are unclear.

Here we report an unexpected pattern of TAF4b expression, localization and function during 

gonocyte development and the first wave of spermatogenesis. Taf4b −/− mice have 

significantly fewer gonocytes during late embryogenesis, which subsequently fail to timely 

produce differentiating type spermatogonia at the start of spermatogenesis. These mice 

exhibit a significant delay in the formation of spermatocytes and subsequent meiotic 

initiation. A potential cause for the delay in the appearance of spermatocytes is the reduced 

numbers of neonatal gonocytes in Taf4b −/− mice. Indeed, mice lacking a functional Bmp8b 

gene have a similar neonatal phenotype with germ cell proliferation defects and delayed 

occurrence of meiotic initiation [64]. Mice may require a minimum number of gonocytes in 

the neonatal testis before they form differentiating type spermatogonia and Taf4b −/− testes 

may not have sufficient gonocyte numbers for this process to appropriately occur in a timely 

fashion.

The insufficient number of gonocytes in neonatal Taf4b −/− testes may alter SSC balance 

and drive differentiation at the expense of self-renewal, whereby a renewing pool of SSCs 
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fail to establish during the critical window of SSC development. Alternatively, TAF4b may 

have additional unique functions in SSCs that promote their establishment and/or 

maintenance regardless of the neonatal gonocyte pool size. The latter possibility seems to be 

the more likely one. In general, stem cells will increase their rate of self-renewal in response 

to a shortage in differentiated cell numbers. A recent study by Hara and coworkers suggests 

that GFRα1+ chain fragmentation is important in SSC renewal [65]. The many long and 

clustered GFRα1+ chains we observe in the TAF4b-deficient testes do not seem to 

contribute to normal SSC numbers unless TAF4b is involved in SSC chain fragmentation 

regulation. However, a recent study by Chakraborty et al., failed to find a relation between 

chains of Aal spermatogonia and SSC renewal [66]. We observed TAF4b expression in 

embryonic gonocytes, as well as in spermatocytes and Sertoli cells. While TAF4b may not 

be required in all these cell types for the initial rounds of spermatogenesis, it may have cell 

type-specific functions that are masked by the SSC renewal phenotype of Taf4b −/− mice.

The present results support a functional requirement for TAF4b in gonocyte development 

and proliferation, as well as in a proper establishment of the SSC population required for 

long-term spermatogenesis in the mouse (Figure 6). Indeed, TAF4b may play a similar role 

in human spermatogenesis. A recent genetic analysis supports a functional requirement for 

TAF4b in male reproductive health as well. Ayhan and colleagues identified a nonsense 

mutation in the human Taf4b gene. Four brothers that were homozygous for this mutation 

had reduced sperm levels, three being azoospermic and one oligospermic [67]. These 

findings are compatible with defective SSCs and the progressive loss of germ cells in these 

individuals. Further studies in our mouse model will test whether PGC proliferation or 

migration is impaired in Taf4b −/− mice, which genes are regulated by TAF4b in embryonic 

gonocytes to ensure proper establishment and proliferation, and which cofactors function 

with TAF4b in gene regulation. Understanding how TAF4b regulates gene expression 

programs necessary for SSC development may help us to better address fertility defects in 

men and may uncover common general transcription factor-based regulatory principles for 

self-renewal in other important stem cell populations.

Conclusion

Several lines of evidence suggest that the gonadal-enriched general transciption factor 

variant TAF4b is essential for SSC establishment and maintenance. Our results support an 

earlier requirement for TAF4b in embryonic and neonatal spermatogonial pool 

establishment than previously thought. We find testes lacking Taf4b have fewer gonocytes 

during late embryogenesis, deficient neonatal gonocyte expansion and several SSC-related 

abnormalities during the initial the initial waves of spermatogenesis. Our results indicate that 

TAF4b plays a critical role in the delicate balance between SSC self-renewal and 

differentiation and is required to sustain long-term and SSC-mediated fertility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Germ and somatic cell TAF4B protein enrichment during testes development
(A) Immunohistochemistry analysis of TAF4b protein localization during late embryonic, 

early postnatal and adult testes sections. Corresponding colored arrows indicate examples of 

TAF4b protein enrichment in different somatic and germ cell types. Scale bars = 50 μm. (B) 

P2 testes whole mount and P8 testes section immunofluorescence show colocalization of 

TAF4b (red) with TRA98 (green) in gonocytes, as well as TAF4b enrichment in TRA98-

negative somatic cells. P12 testes sections show TAF4b protein enrichment (red) in both 

PLZF-positive (green) and PLZF-negative spermatogonia. DAPI (blue). Scale bars = 50 μm.
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Figure 2. Reduced Embryonic testes germ cell number and delayed neonatal gonocyte 
proliferation in Taf4b −/− testes
(A) Identification of germ cell numbers in wild type and Taf4b-deficient testes using TRA98 

immunofluorescence (green) at indicated embryonic (E) and postnatal (P) developmental 

time points. DAPI (blue). Scale bars = 200 μm. (B) Germ cell quantification normalized to 

total cross section area. Comparative Taf4b +/+ and −/− germ cell differences are 

statistically significant at all time points. * (p<0.05). Phosphorylated histone H3 (PH3) and 

TRA98 immunofluorescence distinguished proliferating germ and somatic cells. The 

number of germ cells (C) and somatic cells (D) positive for PH3 were normalized to total 

cross-section area in both Taf4b +/+ and −/− testes. N≥3 for each data point. ** (p<0.001), 

ns = not significant.
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Figure 3. Altered GFRα1-positive spermatogonia chain length in Taf4b −/− testes
(A) GFRα1 immunofluorescence (green) and DAPI (blue) of wild type and Taf4b −/− 

whole-mount P17 testes and confocal imaging of whole-mount P30 wild type and Taf4b −/− 

testes. Scale bars = 50 μm. (B) Quantification of GFRα1+ spermatogonial chain length in 

P16 and P60 testes from both wild type and Taf4b −/− mice. Each time point represents 

250-400 chains from a minimum of 3 animals. (C) Immunofluorescence analysis of P12 

testes sections show nuclear TRA98 (green) staining in germ cells and cell surface cKIT 

(red) staining in differentiating germ cells. Grey arrowheads indicate TRA98+/cKIT- cells 

more prevalent in Taf4b −/− testes and pink arrows indicate TRA98+/cKIT+ cells more 

prevalent in wild type testes. Scale bars = 50 μm. (D) Quantification of TRA98+ germ cells 

exhibiting or lacking cKIT staining in both wild type (n=142 seminiferous tubules) and 

Taf4b −/− (n=255 tubules) testes sections. Data are represented as mean and error bars 

indicate +/− SEM. *** (p<0.0001).
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Figure 4. Delayed meiosis initiation and progression in Taf4b −/− testes
(A) γH2AX immunofluorescence (green) of P19, P23 and P30 testis sections from wild type 

and Taf4b −/− mice. P30 Taf4b −/− seminiferous tubule phenotypic categories: (1) normal, 

(2) partial absence of spermatocytes, (3) having spermatids undergoing spermiogenesis but 

lacking spermatocytes, (4) completely devoid of meiotic spermatocytes and spermatids. 

DAPI (blue) * Denotes leptotene/zygotene stage spermatocytes with diffuse γH2AX 

staining, ** denotes pachytene stage spermatocytes with XY-body γH2AX foci. Scale bars = 

100 μm. Quantitative analysis of γH2AX staining and meiotic progression during the first 

wave of spermatogenesis in wild type (B) and Taf4b −/− (C) testes. Tubules containing 

multiple meiotic cell types are categorized by furthest stage. Between 100 and 200 tubules 

were counted for each data point.
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Figure 5. Taf4b −/− testes have missing generations of progenitor spermatogonia
(A) Hemoxylin and eosin stained P60 Taf4b −/− testis section, * indicate seminiferous 

tubules devoid of germ cells. (B) Somatic and germ cell types present in the P60 Taf4b −/− 

tubule. Cell types are distinguished by their respective pseudocoloring. (C) Left tubule – 

Complete complement of germ cells present. Right tubule – Sertoli-cell only phenotype. (D) 

A tubule missing progenitor spermatogonia and elongated spermatids but containing 

differentiated pachytene spermatocyte and round spermatid cell types. Scale bars = 100 μm.
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Figure 6. TAF4b function in germ cell development and spermatogenesis
A schematic representation highlighting the major events in germ cell development from 

PGC specification to spermatogenesis. The requirement for TAF4b during each step is 

indicated.
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Table 1

Forward Reverse

18S rRNA 5’-CCG CGG TTC TAT TTT GTT GG-3’ 5’-GGC GCT CCC TCT TAA TCA TG-3’

Taf4b 5’-GAT GTT ACT AAA GGC AGC CAA GAG T-3’ 5’-CTG CTC TGG ATC TTC TTT ATT GGA G-3’
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Table 2

Tubule Number TRA98+ Cell Number Cleaved Caspase 3+/
TRA98+ Cell Number

%TRA98+ Cells with
Cleaved Caspase 3

Taf4b +/+ 110 5363 27 0.5034496

Taf4b −/− 171 6319 11 0.1740782

p<0.0303
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