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Abstract

The testis zinc finger protein (Tzfp), also known as Repressor of GATA, belongs to the BTB/POZ zinc finger family of
transcription factors and is thought to play a role in spermatogenesis due to its remarkably high expression in testis. Despite
many attempts to find the in vivo role of the protein, the molecular function is still largely unknown. Here, we address this
issue using a novel mouse model with a disrupted Tzfp gene. Homozygous Tzfp null mice are born at reduced frequency but
appear viable and fertile. Sertoli cells in testes lacking Tzfp display an increase in Androgen Receptor (AR) signaling, and
several genes in the testis, including Gata1, Aie1 and Fanc, show increased expression. Our results indicate that Tzfp function
as a transcriptional regulator and that loss of the protein leads to alterations in AR signaling and reduced number of
apoptotic cells in the testicular tubules.
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Introduction

The Testis Zinc Finger Protein (Tzfp), also known as Repressor

of GATA, is a transcription factor belonging to the BTB/POZ-ZF

(Broad complex, Tramtrack, Brick à brack (BTB) or poxvirus and

zinc finger (POZ)-zinc finger) protein family [1,2]. The BTB

domain is a widely distributed protein-protein interaction motif

that is often found at the N-terminus of zinc finger transcription

factors, whereas the C terminal Krüppel C2H2 zinc fingers are

thought to be an important DNA-binding domain. The BTB/

POZ-ZF proteins generally function as transcription regulators

and are involved in a broad range of biological processes,

including cell survival and differentiation [3,4]. Tzfp is homolo-

gous to another BTB/POZ-ZF protein, Plzf (promyelocytic

leukemia zinc finger protein). BLAST analysis reveals over 50%

identity, with the highest similarity in the zinc finger domain.

PLZF is regarded as a tumor suppressor and works as

a transcriptional repressor and chromatin remodeller implicated

in cancer and the self-renewal of spermatogonial stem cells [5,6].

Mice deficient of Tzfp have previously been generated [7,8],

revealing that loss of the protein is not embryonic lethal and that

mice lacking Tzfp develop without any obvious phenotype. In

blood, TZFP is expressed at high levels in the early stages of

differentiation but declines during subsequent differentiation into

erythroid and myeloid lineages [9]. Disruption of the Tzfp gene

leads to increased T lymphocyte proliferation, cytokine production

and altered hematopoetic stem cell homeostasis [8], whereas

overexpression of the protein is accompanied by accumulation in

G1 and increased rates of apoptosis. Tzfp thus seems to be

a negative regulator of T lymphocyte activation [7]. Recent

findings also suggest a role in B lymphocyte differentiation [10].

TZFP makes a heterodimer with the FA group C protein

(FANCC) [11], which is one of at least 13 distinct complemen-

tation proteins involved in the autosomal recessive disorder

Fanconi anemia (FA) [12]. Tzfp also binds GATA-3, one of six

members in the GATA transcription factor family [13]. GATA-3

is involved in the development of the T cell lineage and TZFP

represses GATA-3-induced transactivation.

Tzfp probably exists in at least two isoforms [13,1,14]. Isoform 1

consists of 465 amino acids (Fig. 1A) and is predicted to be testis

specific, whereas the shorter isoform 2 is expressed in B-and T

lymphoid cells and lacks the N-terminal BTB/POZ domain

[1,13]. In 2001, Tang et al. showed that the zinc finger domain

binds to a specific genetic sequence, the Tzfp binding site (tbs)

TGTACAGTGT, in the upstream flanking sequence of the Aie1

gene [15]. They also showed that the BTB domain has a repressive

effect, indicating that Tzfp negatively regulates the expression of

genes carrying the tbs sequence. Aie1 encodes Aurora-C, a member

of the Aurora kinase protein family, and is primarily expressed in

germ cells where it is thought to regulate chromosome segregation

and cytokinesis during male meiosis [16].

A link between TZFP and the Androgen Receptor (AR) was

recently discovered by Kaufmann et al. who show that TZFP can

form a trimeric complex with AR and the endogenous retrovirus

encoded protein Rec [17]. AR is a member of the nuclear receptor

superfamily and functions as a ligand-dependent transcription

factor, regulating the expression of an array of androgen-

responsive genes [18,19]. AR and androgens are vital for

spermatogenesis [20], and can be detected in Sertoli cells (SC),

the Peritubular myoid (PM) cells, and cells in the interstitial spaces

including Leydig cells and perivascular smooth muscle cells in the

testis [21,22].

Based on the results of previous studies, Tzfp seem to play a role

during the proliferative stages of primitive hematopoetic progeni-

tors and lymphocytes [7,8,10,13,9], but its precise roles in other

forms of cell differentiation remain unknown. The protein is,

however, thought to play a role in spermatogenesis due to its high

expression in testis [1,11,13]. We previously identified Tzfp to
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interact with the dioxygenase Alkbh1, a histone H2A dioxygenase,

and that these two proteins regulate the expression of a piRNA

cluster located on chromosome 7 in the mouse genome [23,24]. A

remarkable .1000-fold upregulation of individual piRNAs de-

rived from this cluster was found in pachytene spermatocytes

isolated from mouse Alkbh1- and Tzfp-deficient testes. In the

present study we use Tzfp deficient mice to further investigate the

role of this protein in spermatogenesis. In agreement with previous

studies, we find a remarkably high expression of Tzfp in testis

[1,11,13]. We further show that Tzfp is most highly expressed in

pachytene spermatocytes during prophase I of meiosis. Mice

targeted at both Tzfp alleles are born at reduced frequency but

Figure 1. The TzfpGTi/GTi mouse model. (A) Overview of the Tzfp protein with the BTB/POZ and zink finger domains (top), and of the wild-type and
mutated Tzfp allele upon insertional mutagenesis (middle). The wild-type and mutated Tzfp transcript is also included (bottom). (B) Genotyping gel
showing fragments indicating samples from wild-type, heterozygous and TzfpGTi/GTi mice. (C) Gene expression analysis of Mll4 and Plzf in wild-type
and TzfpGTi/GTi testis reveals no significant difference between wild-type and TzfpGTi/GTi testis. (D) Crosses between heterozygous animals reveal a sex-
ratio distortion and fewer than expected homozygous mutant pups. The x2 -test was used to determine significance. (E) Weight distribution of testis
and epididymus in wild-type and TzfpGTi/GTi mouse reveal a small, but not significant reduction in testis weight in the TzfpGTi/GTi mice.
doi:10.1371/journal.pone.0062314.g001
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appear viable and fertile. Moreover, we show that removal of Tzfp

leads to altered regulation of Fancc, Aie1, and Gata-1 in testis, and

that it leads to increased Androgen Receptor signaling in Sertoli

cells. These results show that Tzfp is a potent repressor of several

genes in murine testis and that it is part of a complex system that

ensures proper regulation of meiosis.

Materials and Methods

Generation of the TzfpGTi/GTi Mouse
Embryonic stem (ES) cells containing a gene trap cassette

inserted upstream of the Tzfp exon 1 were obtained from the

Texas Institute of Genomic Medicine (C57Bl/6 gene trap ES cell

clone IST12443F7). Briefly, the gene trap vector includes a pro-

moter-less reporter gene (b-GEO) downstream of a splice acceptor

(SA) sequence followed by a polyA tail. Insertion of the gene trap

cassette terminates transcription prematurely, resulting in a tran-

script containing none of the exons within the Tzfp gene. We

injected the IST12443F7 ES cells into C57Bl/6 blastocysts and

obtained male mice capable of transmitting the mutated Tzfp

allele.

The gene trap insertion site was determined using iPCR-based

direct-sequencing protocol. ES cells were microinjected into

blastocysts and implanted into recipient female mice to permit

development of the embryos into chimeras, and subsequent

breeding was performed to select founders with germ line

transmission of the gene trap allele. The mice were maintained

on a C57Bl/6 background.

All mouse experiments were approved by the Norwegian

Animal Research Authority (Ref. nr. 08/109551) and done in

accordance with institutional guidelines at the Centre for

Comparative Medicine at Oslo University Hospital. Animal work

was conducted in accordance with the rules and regulations of the

Federation of European Laboratory Animal Science Association’s

(FELASA). Mice were weaned between 3 and 4 weeks of age, and

genotyped by PCR on genomic DNA prepared from ear clips.

Genomic DNA was prepared by incubation in 75 mL Hot Shot

Lysis Buffer (25 mM NaOH, 0.2 mM Na2EDTA, pH 12) at 95uC
for 30 min, and then cooled down to 4uC before adding 75 mL
Hot Shot Neutralization Buffer (40 mM Tris-HCl, pH 5). Samples

were PCR amplified for 40 cycles with an annealing temperature

of 58uC using the following primers:

Wild-type allele Tzfp gene:

59-ACTGTGGCAGACTAATACTT-39.

59-GCTCAACAAGTCAAGACTTT-39.

Targeted allele Tzfp gene:

59-ACTGTGGCAGACTAATACTT-39.

59-CTTGCAAAATGGCGTTACTTAAGC-39.

StaPut Isolation of Pachytene Cells
Pachytene spermatocytes and round spermatids were isolated

from 12-week old testes using an adapted version of the StaPut

method [25]. Six 12-week old male pups were sacrificed using

CO2 and the testes were detunicated and the tubules treated with

DNase1 (200 mg) and collagenase (10 mg) in 10 ml DMEM for

8 min at 34uC. The tubules were then incubated with DNase1

(200 mg), collagenase (10 mg), trypsin (10 mg) and hyaluronidase

(15 mg) in 10 ml DMEM for 15 min at 34uC (all enzymes from

Sigma-Aldrich). These steps remove connective tissue and

extratubular cells, yielding a cell suspension of germinal cells in

DMEM containing 0.5% BSA. The cell suspension was loaded

into the cell loading chamber of the StaPut apparatus and

subsequently separated by sedimentation velocity at unit gravity in

a 2–4% w/v BSA gradient in DMEM medium at 4uC for 2.5

hours. After sedimentation, 10 ml fractions were collected, and the

fractions containing pachytene spermatocytes and round sperma-

tids were found based on size and morphological features. Pure

fractions were pooled and the cell number counted on a CountessH
Automated Cell Counter (Invitrogen). The cells were spun down

and the cell pellet was snap frozen in liquid nitrogen. An aliquot of

purified cells was fixed on glass slides using Cell Adherence

Solution (Crystalgen) on SuperFrost Plus slides (VWR) for

microscopic analyses. One separation yielded approximately

1.56106 pachytene cells with an average diameter of 12.5 mm
and 16107 round spermatids with an average diameter of 9.9 mm.

TaqManH Gene Expression Analysis
Total RNA was isolated from cells and tissue using the Fast

RNA Pro Green Kit (MP Biomedicals) or the mirVanaTM miRNA

Isolation Kit (Ambion) according to the manufacturers’ protocol.

Any DNA remnants were removed using TURBO DNase

(Ambion), and cDNA syntesis was made using High Capacity

cDNA Reverse Transcription Kit (Applied Biosystems). The RT-

PCR reactions were carried out on a StepOnePlus instrument

using 50 ng cDNA, TaqManH Fast Universal PCR Master Mix

and appropriate TaqMan primers and probes (all from Applied

Biosystems). GAPDH was used as endogenous control in all assays

except in the mouse tissue analysis where 18 s was used. The

following pre-designed TaqManH probes were used:

GAPDH: Mm99999915_g1.

18s: Hs99999901_s1.

Tzfp: Mm00491292_g1.

Fancc: Mm01301576_m1.

AuroraC: Mm03039428_g1.

Mll4: Mm01175395_g1.

Plzf: Mm01176865_m1.

Gata-1: Mm01352636_m1.

Gata-4: Mm00484689_m1.

Tissue and cells from 12 week old animals were used unless

stated otherwise. The expression profiling was done using the

relative quantitative method DDCT. All samples were run in

triplicates and with two technical parallels (2 runs per sample). A

minimum of two biological parallels were used for each organ, and

testis from 6 animals were pooled when performing analysis on

germ cells. Statistical analysis was performed using non-paired,

two-tailed Student’s t test.

In Situ Hybridzation
Testes from 12 week old mice were removed and subsequently

placed in Tissue-tek O.C.T Compound (Sakura) on dry ice. The

samples were cut into 15 mm thick slices onto SuperFrost Plus

slides (VWR) and allowed to air dry. Sections were labeled with

DIG-RNA sense and anti-sense probes, covering an area of 801

bases (base 238 to 1038) of the Tzfp transcript. The probes were

made using a PCR product with T7 and T3 sequence flanking the

two strands, and DIG RNA labelling mix (Roche). The following

primers were used:

Forward primer with T3 sequence: 59-aattaaccctcactaaaggg-
gagagagtatagagctaca-39.

Reverse primer with T7 sequence: 59-taatacgactcactatagggc-
gagcaggagagggtaaag-39.

In Situ hybridization was performed using an adapted version of

the protocol by Hoover and Goldman [26]. The sections were

fixed in 4% paraformaldehyde, dehydrated in 100-50% ethanol

and rinsed in 26SSC (150 mM NaCl and 15 mM sodium citrate,

pH 7.4). Permeabilization was performed using 10 mg/ml Pro-

teinase K (Roche) in 0.1 M Tris–HCl, pH 7.5 with 50 mM EDTA

for 15 min at 37uC. Sections were post-fixed in 4% para-
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formaldehyde and treated with 0.2 M HCl for before acetylation

in 0.1 M triethanolamine (TEA), pH 7.5, with 0.25% acetic

anhydride. Sections were dehydrated and air dried before

incubation with hybridization solution (10 mM Tris–HCl,

pH 7.5, 50% formamide, 0.3 M NaCl, 1 mM EDTA, 10%

dextran sulfate (Fluka) and 1% blocking solution (Roche)),

containing 100 ng DIG-RNA probe. Slides were incubated at

55uC over night and then rinsed. Unhybridized RNA was digested

by incubation with RNase (50 mg/ml) in NTE buffer (10 mM Tris

pH 7.5, 0.5 M NaCl, 1 mM EDTA) for 30 min at 37uC. Slides
were then washed in the NTE buffer for 30 min at 60uC.
Unspecific staining was blocked by incubating in 26SSC with

0.05% Triton X-100 and 1% blocking solution for 2 hours before

incubation with anti-DIG-alkaline phosphate (1:1000) (Roche) in

MAB buffer (100 mM maleic acid, 150 mM NaCl, pH 7.5) over

night at 4uC. The sections were washed in MAB and incubated

with equilibration buffer (100 mM Tris–HCl, 100 mM NaCl and

50 mM MgCl) before detection with NBT (Nitro blue tetrazolium

chloride) and BCIP (5-bromo-4-chloro-3-indolyl phosphate, tolu-

idine salt) tablets (Roche), and counterstained with haematoxylin.

Pictures were taken using an AxioCam ICc1 camera on an Axio

Observer.Z1 microscope (Carl Zeiss).

Immunofluorescent Staining of Frozen Testis Sections
Ten mm thick frozen sections were cut onto SuperFrost Plus

slides (VWR) and allowed to air dry. Before staining, the sections

were fixed in 4% Pfa for 10 minutes, permeabilized in PBS with

0.5% Triton for 5 minutes and blocked in PBS containing 5%

BSA and 5% normal Goat Serum (Invitrogen) for 30 min at room

temperature. The slides were then incubated with primary

antibodies overnight at 4uC or 37uC prior to detection with

secondary antibodies. Primary antibodies used were rabbit anti-

AR (1:50, Abcam), rabbit anti-GATA-1 (1:100, Cell Signaling),

chicken anti-laminin (1:50, Abcam). Secondary antibodies used

were donkey anti-rat Alexa Fluor 594 (1:500, Invitrogen), and goat

anti-rabbit Alexa 594 (1:500, Invitrogen). The slides were

counterstained with DAPI (Invitrogen) and mounted with Mowiol

(Merck Biosciences Ltd). Pictures were taken using an AxioCam

MR Rev3 camera on an Axio Observer.Z1 microscope with

Apotome (Carl Zeiss). The images were processed using AxioVi-

sion 4.8 software (Carl Zeiss) and Image J.

Signal Intensity Measurements
Signal intensity upon immunohistochemistry was measured in

selected cells using the ImageJ software. The same conditions and

exposure times were used on all samples when comparing cells on

different slides. Cells of interest were defined using the Region of

Interest (ROI) applications, and a mean intensity was found

measuring several cells from three different tubules from each

genotype. Statistical analysis was performed using non-paired,

two-tailed Student’s t test.

Haematoxylin and Eosin Staining
Paraffin embedded mouse testes were cut in 4 mm thick slices on

a microtome and fixed on SuperFrost Plus slides (VWR). The

slides were deparaffinated in ClearRite3 and rehydrated in 100-

70% ethanol. Staining was performed by incubation in haema-

toxylin 7211 for 2 min, Blueing Reagent 7301 for 1 min and eosin

71204E for 1.5 min (all solutions from Richard-Allan Scientific).

Slides were dehydrated, washed in ClearRite 3 and mounted using

Mounting Medium 4111 (Richard-Allan Scientific). Pictures were

taken using an AxioCam ICc1 camera on an Axio Observer.Z1

microscope (Carl Zeiss) and the images were processed using

AxioVision 4.8 software (Carl Zeiss) and Image J.

Apoptosis Detection
Paraffin embedded tissue sections from wild-type and knock-out

mouse testis were made and deparaffinated and rehydrated as

described above. The sections were quickly rinsed in PBS before

Proteinase K treatment (20 mg/ml) for 20 minutes at 37uC.
TUNEL assay was performed according to the manufacturer’s

protocol using Cell Death detection kit, TMR red (Roche). The

sections were counterstained with DAPI and mounted using

Mowiol (Merck Biosciences Ltd). Slides from at least two different

animals from each genotype were used. Pictures were taken using

an AxioCam MR Rev3 camera on a microscope Axio Ob-

server.Z1 with Apotome (Carl Zeiss). Slides from 3 different

animals from each genotype were used and .100 tubules from

each genotype were evaluated and the number of positive cells

determined. The average number of apoptotic cells was then

determined. Statistical analysis was performed using non-paired,

two-tailed Student’s t test.

Western Blot
Proteins were isolated from wild-type and TzfpGTi/GTi testis

using RIPA buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl,

1 mM EDTA, 0.5% NP-40, 0.1% SDS, 0.5 mM PMSF

(AppliChem) and 16 Protease Inhibitor Coctail (Sigma)). The

protein concentration was measured using Protein assay dye

reagent concentrate (BioRad) and 150 mg protein was loaded onto

NuPAGEH 10% Bis-Tris Gel 1.0 mm (Invitrogen). After SDS-

PAGE, the proteins were blotted onto a PVDF membrane and the

membrane was blocked in PBS with 5% skim milk before

incubating with primary antibody over night at 4uC. A HRP-

conjugated secondary antibody was used and the proteins detected

using Immune Star WesternC kit (BioRad).

Primary antibodies used are: Anti-AR (Abcam, 1:100), anti-

GATA-1 (Cell Signaling, 1:1000), anti-GATA-4 (Santa Cruz,

1:100) and anti-b-actin (Abcam, 1:2000). Secondary antibodies

used are: HRP-conjugated anti-rabbit (Abcam, 1:20,000) and

HRP-conjugated anti-goat (Abcam, 1:20,000).

Results

Tzfp Deficient Mice are Viable and Fertile
A Tzfp mutant mouse was generated using C57BL/6 ES cells

containing a splice acceptor site from the gene trap vector

(Omnibank Gene Trap Vector 76) upstream of exon 1 of the Tzfp

gene (FIG 1A). Genotyping confirmed the presence of heterozy-

gous animals in the first litter and later homozygous animals

(FIG 1B). RT-PCR analysis showed an average CT value

reduction of .9 in the homozygous mutant mouse compared to

wild-type (avg. CT value = 22.8 in wild-type and 33.0 in TzfpGTi/

GTi testes), indicating a decrease in transcript amount of .99%.

Absence of the Tzfp transcript was also confirmed through In Situ

hybridization on testis sections (FIG 2D). Mice homozygous for

the insertion are hereafter called TzfpGTi/GTi.

Another gene located just 1.0 kb upstream of the Tzfp gene was

identified. This neighboring gene, Mll4 (mixed-lineage leukemia),

is suggested to function as a methyltransferase capable of

methylating H3K4 [27]. The expression of Mll4 was analyzed

by RT-PCR to make sure that the expression of this gene was not

affected in the TzfpGTi/GTi mouse. As described above, Tzfp is

homologous to Plzf, a protein encoded by the Zfp145 gene. The

expression of this gene was analyzed to confirm that Plzf does not

work as a backup protein in our model, masking any effect of the

Tzfp deletion. No significant changes in Mll4 or Zfp145 expression

was observed in the TzfpGTi/GTi mice when compared to wild-type

(p.0.05) (FIG 1C).
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Intercrossing of heterozygous animals obtained normal, fertile

homozygous pups with no apparent phenotype. The observation

that Tzfp is not essential for the survival of mice pups or the

formation of gametes, is in concurrence with the findings of other

groups [7,8]. During the first generations of heterozygous breeding

(number of litters = 10), we observed a deviation from the expected

frequencies of sex- and genotype distributions (FIG 1D). Trans-

mission ratio distortion (TRD) led to a frequency of homozygous

null mice of only 10% rather than the expected 25% (p= 0.02

using x2 test). In addition, the average litter size was 5.1,

significantly smaller than the average litter size of 7.0 pups per

litter for C57BL/6J mice, indicating loss of homozygous embryos.

Breeding revealed a sex ratio distortion yielding 70% female pups

rather than the expected 50% (p= 0.003 using x2 test). The male

homozygous null mice had testes of size and weight slightly lower

than average (p,0.05), but normal epididymus (p.0.5) (FIG 1E).

The Tzfp Transcript is Most Highly Abundant in
Pachytene Spermatocytes in the Testis
We found Tzfp to be most highly expressed in testes (FIG 2A).

This correlates well with the findings of other groups [1,11,13]. In

order to identify which cells in the male mouse germline that

expresses the Tzfp gene, we isolated pachytene spermatocytes and

round spermatids from adult animals (12 weeks) using unit gravity

sedimentation. RT-PCR analysis showed Tzfp expression to be

highly elevated in pachytene spermatocytes (FIG 2B), where the

gene is upregulated by approximately 50 fold compared to whole

testis. The transcript can also be detected in round spermatids,

Figure 2. Tzfp gene expression peaks in pachytene spermatocytes. (A) RT-PCR results showing expression of Tzfp in various tissues and
organs. (B) Expression of Tzfp in testis and meiotic germ cells. (C) A diagram of Tzfp expression in developing, juvenile and adult testis with the
highest developed germ cell present indicated in the top panel. (D) In Situ hybridization with DIG labeled Tzfp probe on testis cryo sections. Wild-type
(top) and TzfpGTi/GTi testes (bottom) are shown. Left panel shows tubules hybridized with anti-sense probe, indicating positive pachytene
spermatocytes in the wild-type (dark color), and absence of signal in the TzfpGTi/GTi sample. Right panel shows tubules hybridized with sense probe,
indicating no presence of a sense transcript. The slides are counterstained with haematoxylin (light blue). Scale bar: 20 mm. Abbreviations: GC: germ
cells, E./L. pachytene: early and late pachytene spermatocyte, R./E. spermatids: round and elongated spermatid.
doi:10.1371/journal.pone.0062314.g002
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although at a lower level. There is no expression in the vas

deferens and epididymus, indicating absence of Tzfp in mature

spermatozoa.

To further investigate the Tzfp expression, C57BL/6J male

pups were sacrificed at specific time points corresponding to the

appearance of different spermatocytes and spermatids in the first

wave of spermatogenesis in the juvenile mouse [25]. The Tzfp

expression rapidly increases as spermatogenesis progresses through

prophase I (FIG 2C). The Tzfp transcript amount increases rapidly

from day 16, indicating high expression from mid-pachynema

[28,25]. The expression continues to increase as more cells

expressing Tzfp develop, and peaks at day 24. To verify the high

expression of Tzfp in pachytene spermatocytes, we performed In

Situ hybridization on frozen sections using a DIG-labeled RNA

probe (FIG 2D). Most tubules have a clear ring of positive cells,

indicating Tzfp-expressing pachytene cells. There is no signal in

the TzfpGTi/GTi samples and in the samples incubated with sense-

probe.

Removal of the Tzfp Protein Leads to Alterations in
Testicular Gene Expression
In order to identify a possible pathway in which Tzfp is

involved, RNA was isolated from juvenile (12 dpp) and adult (12

weeks) testes (i.e. when Tzfp expression is low/absent and high,

respectively), and the expression pattern of several candidate genes

was analyzed. A possible link between Tzfp and the Androgen

Receptor has previously been identified [17], yet no significant

difference was found in the expression pattern of the AR transcript

between wild-type and TzfpGTi/GTi testes (FIG 3). TZFP has also

been linked to the Fanconi Anemia pathway due to its ability to

bind to the FA factor FANCC [11]. Our RT-PCR analysis show

that Fancc is significantly upregulated in the adult TzfpGTi/GTi testis

when compared to the wild-type (p,0.001) (FIG 3).

We also wanted to investigate whether loss of Tzfp has an effect

on the Aie1 expression. As described above, Tang et al. have

proposed a mechanism in which Tzfp represses this gene by

binding to the tbs motif in the Aie1 flanking region [15]. In line

with these observations, we showed a significant upregulation of

Aie1 expression in TzfpGTi/GTi adult testes when compared to wild-

type (p,0.001) (FIG 3).

Tzfp has been described as a repressor of GATA [13], and we

therefore studied the expression levels of Gata mRNAs and

proteins in TzfpGTi/GTi testis. GATA-1, 4 and 6 are expressed in

the Sertoli cells of the testis where they serve to drive

spermatogenesis [29,30,31]. GATA-1 is expressed in a stage-

specific manner, where the strongest signal is found in the Sertoli

cells in stage VII-XI seminiferous tubules [32]. RT-PCR analysis

revealed that Gata1 expression is significantly upregulated

(p,0.001) in adult TzfpGTi/GTi testis when compared to wild-type

(FIG 3), indicating a role for Tzfp in the regulation of GATA-1 in

testes. A slight downregulation was found in the expression of Gata-

4 in adult testis (p = 0.01) (FIG 3). As expected, no differences in

gene expression were observed in juvenile testes where Tzfp is

absent (FIG 3).

Removal of the Tzfp Protein Leads to Increased Amount
of Androgen Receptor Signaling in Sertoli Cells
The Androgen Receptor is important for normal progression

through spermatogenesis and is expressed by the Sertoli cells and

the Peritubular myoid cells (PTMs) within the testicular tubules

[33,34,35]. As described above, no significant differences in AR

expression were found between wild-type and TzfpGTi/GTi testes

(FIG 3), indicating that Tzfp has no effect on AR transcription.

Figure 3. Gene expression analysis. RT-PCR results showing gene expression in wild-type and TzfpGTi/GTi testis at age 12 days and 12 weeks.
Transcripts analyzed are Androgen Receptor, Fanconi anemiaC, Aie1, Gata-1 and Gata-4. Statistical analysis was performed by using the two-tailed
Student’s t test: *p,0.05; **p,0.01; ***p,0.001.
doi:10.1371/journal.pone.0062314.g003
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However, when staining wild-type and TzfpGTi/GTi testis sections

with anti-AR, a stronger signal in the nuclei of Sertoli cells in the

TzfpGTi/GTi samples were detected (FIG 4A). This indicates that

AR localization, turnover and/or activity are altered upon

removal of Tzfp. This, in turn, may indicate a possible role for

Tzfp as an AR regulator. As expected, anti-AR revealed similar

AR levels in wild-type and Tzfp deficient juvenile testes.

Quantification of the signal intensity in Sertoli cells from adult

testis revealed a significant difference (p= 0.001) between TzfpGTi/

GTi and wild-type samples (FIG 4C). The data was confirmed by

Western analysis, showing AR upregulation in the TzfpGTi/GTi

samples (FIG 4D). The strongest AR signal was seen in stage VII-

VIII tubuli, which contain preleptotene and mid-pachytene

spermatocytes, and step 7–8 and 16 spermatids. A strong AR

signal in these stages has previously been established [22],

indicating a crucial role in AR signaling in these cell types.

Despite the upregulation of Gata-1 observed in TzfpGTi/GTi

testes, immunostaining with anti-GATA-1 revealed no difference

in signal intensity when comparing TzfpGTi/GTi testis sections with

wild-type (FIG 4B–C). No significant difference was detected for

GATA-1 and GATA-4 with Western analysis (FIG 4D), indicating

that lack of Tzfp does not alter the production of these GATA

proteins in the testis.

Tzfp Null Mice Display Normal Progression through
Spermatogenesis, but have a Decreased Amount of
Tubular Apoptosis
We investigated wild-type and TzfpGTi/GTi testis by staining

sections with haematoxylin and eosin (HE) to see whether the

increased AR signal and changed gene expression in the TzfpGTi/

GTi mouse testis results in abnormalities in testis anatomy. Stage

VII–VIII tubules were of particular interest as these stages contain

cells with high Tzfp expression, are androgen sensitive, and have

high expression of GATA-1. The histological sections, however,

looked normal and appear to contain all spermatogenic cell types

(FIG 5A). This is not surprising, as the mice are fertile and display

normal sexual behavior. The tubular and luminal area was

measured and we found that both parameters were slightly smaller

in the TzfpGTi/GTi testis compared to the wild-type (p = 0.01 and

0.001, respectively) (data not shown). This is in accordance with

the slightly smaller testis size found in the TzfpGTi/GTi mouse

(FIG 1E). We also counted the number of Sertoli cells per tubuli

and the Sertoli cell nuclear area in wild-type and adult TzfpGTi/GTi

testis. No differences were found (data not shown).

We wanted to see whether the TzfpGTi/GTi testis had an altered

rate of apoptosis in the testis tubules. For this purpose we

performed a TUNEL assay followed by statistical testing to see if

absence of Tzfp gave increased cell death. Surprisingly, the

number of positive cells was lower in TzfpGTi/GTi mice compared

to in wild-type (p= 0.02) (FIG 5B).

Discussion

In the present study we show that removal of the Tzfp protein is

not lethal, but that breeding mice heterozygous and homozygous

for the gene trap insertion yields fewer TzfpGTi/GTi pups than

expected, indicating decreased survival of Tzfp deficient embryos.

The protein has previously been shown to be a negative regulator

of proliferation and differentiation in hematopoetic cells

[7,8,10,13,9]. Lack of Tzfp leads to increased lymphocyte

proliferation and increased cytokine production upon antigen

stimulation [8,7], whereas enforced expression is associated with

decreased cytokine production and accumulation in the G1 phase

of the cell cycle followed later by apoptosis [13,9]. Tzfp thus seems

to play a role in the proliferative stages of hematopoetic cells, but

its precise roles in other forms of cell differentiation remain

unknown. Although the protein has its highest expression in testis,

it is dispensable for the formation of germ cells in both the male

and female mouse. Our lab previously identified a role for Tzfp in

the PIWI-piRNA pathway [23], but its precise role in spermato-

genesis is still unclear. The gene is most highly expressed during

pachynema, which is the stage in prophase I of meiosis where the

synapsis of homologous chromosomes is completed and crossing

over occurs.

Consistent with the presumed role of TZFP as a transcriptional

regulator, the protein has been found to localize to distinct nuclear

speckles at or near sites of DNA replication [11,9]. Several BTB/

POZ-ZF proteins work as transcriptional regulators through the

activation of HDACs via recruitment of the transcriptional co-

repressors SMRT and N-CoR [36,37]. Studies indicate that TZFP

work through a similar mechanism, conferring repression of

histone acetylation of target cytokine genes in lymphocytes by

binding to the genes and recruiting HDAC1 and HDAC2 [38].

Overexpression of TZFP in myeloid cell lines is accompanied by

increased rates of apoptosis [9]. We found that Tzfp deficiency

leads to a reduced number of apoptotic cells in the testicular

tubules from TzfpGTi/GTi mice. Interestingly, we found Fancc,

which encodes the Tzfp interaction partner Fancc, to be

upregulated in the TzfpGTi/GTi mouse. This protein prevents

apoptosis in hematopoietic cells [39], probably through its role in

mutational repair of endogenously generated abasic sites [40].

Combined, these results indicate that Tzfp might play a role in cell

faith determination during proliferation and differentiation.

TzfpGTi/GTi testes have increased Androgen Receptor signaling

in the nuclei of Sertoli cells in testicular tubules when compared to

wild-type. The signal was found to be increased 3-fold, indicating

that Tzfp has a direct or indirect repressive effect on AR. The

Sertoli cells (SCs) are somatic cells that nurture and support

developing germ cells [41]. They communicate with adjacent cells

through specialized cell junctions called gap junctions, ectoplasmic

specializations (ES), and tubulobulbar complexes, through which

nutrients and locally produced signaling molecules can be

transported [42,43,35]. SCs extend from the base to the apex of

the seminiferous epithelium, interacting directly with developing

germ cells throughout spermatogenesis. This allows for the SCs to

receive, integrate, and emit signals required for the spermatogenic

process, making them indispensable for the development and

movement of germ cells [44,41,43]. Studies have demonstrated

that not only do SCs secrete factors important for the developing

germ cells, but the germ cells can also induce transcription and

enhance protein synthesis and/or secretion in Sertoli cells

[45,46,47]. Thus, even though Tzfp and the androgen receptor

are not expressed in the same cell types, it is possible that Tzfp

expression in pachytene spermatocytes affects Sertoli cells, leading

to alterations in AR signaling.

Sertoli cells are important for all phases of gametogenesis,

including germ cell proliferation, meiosis and differentiation [41].

Studies with a Sertoli cell selective AR knockdown (SCARKO)

have revealed that the presence of AR in Sertoli cells is vital for

a successful completion of spermatogenesis [44,48]. In the

SCARKO mouse, no germ cells develop to elongated spermatids,

rendering mutant male mice infertile. This is probably due to the

strong dependence on androgens for mid-pachytene spermatocytes

and stage 7 spermatids, which are found in stage VII-VIII tubuli

[22,34]. AR signaling fluctuates with the spermatogenic cycle and

peaks in these stages [22].

The GATA factors are other candidates for proteins under Tzfp

control that may regulate AR activity. The gonads are prominent
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sites of GATA expression, with detectable levels of GATA-1, 2, 4

and 6 [49,50]. Of these factors, only GATA-2 is expressed in the

germ-cells [49], whereas Sertoli cells express GATA-1, 4 and 6. As

described above, Tzfp is known to be a repressor of GATA, and

an interaction between TZFP and the GATA factors 2 and 3 have

been shown [13,51]. However, all vertebrate GATA proteins

share a conserved DNA and protein-binding domain composed of

two zinc fingers [52]. This leads to an apparent redundancy in

binding properties to target sequences, indicating that other

GATA members might also bind TZFP.

GATA-1 exerts a temporal expression in Sertoli cells [50,30]

and is only found in stage VI–XII tubules of the seminiferous cycle

[31,32]. This phenomenon appears to be dependent on the

presence of maturing germ cells. The expression of GATA-1

coincides with the androgen-sensitive stages of the seminiferous

cycle [22] and with the stages containing cells with a high Tzfp

expression. A 3-fold upregulation of Gata-1 was apparent in

TzfpGTi/GTi testis, indicating that Tzfp has a repressive effect on the

Gata-1 gene. This makes GATA-1 perhaps the most likely

candidate for a protein under Tzfp control to regulate AR

Figure 4. Expression of Androgen Receptor and GATA in wild-type and TzfpGTi/GTi testis. Left panel showing sections of adult wild-type
and TzfpGTi/GTi testes incubated with anti-AR (A) and anti-GATA-1 (B) (both displayed in red). Anti-AR samples are co-stained with anti-laminin (green).
The slides are counterstained with DAPI (blue). Star (*) in magnified area indicates Sertoli cell. Scale bar: 20 mm. C) Quantification of the antibody
signal. Statistical analysis was performed using the two-tailed Student’s t test: *p,0.05; **p,0.01; ***p,0.001. D) Western blot analysis showing the
presence of Androgen Receptor, GATA-1 and GATA-4 in adult wild-type and TzfpGTi/GTi testes. b-actin is used as a loading control.
doi:10.1371/journal.pone.0062314.g004
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activity. The mechanism through which this occurs is currently

unknown, but it is possible that the repression occurs by the

recruitment of HDACs. GATA-1 interacts with several HDAC

proteins [53], of which HDAC1 has been shown to bind AR and

specifically down-regulate AR transcriptional activity [54].

GATA-1 also regulates the androgen receptor corepressor

19 kDa (ARR19), which co-translocates into the nucleus with

AR and suppresses AR activity through the recruitment of

HDAC4 [55,56].

Regulation of AR by Tzfp could also occur via Aurora-C,

a member of the Aurora kinase protein family. An interaction

between Tzfp and the Aurora-C-encoding gene, Aie1, has

previously been established [15] and in addition, a significant

upregulation of this gene was apparent in the TzfpGTi/GTi testis

when compared to wild-type. The Aurora kinase proteins are

serine/threonine kinases essential for cell proliferation and are

believed to play important roles in chromosome segregation [57].

Aurora-A interacts with and phosphorylates AR in prostate cancer

cells, leading to increased AR activation [58]. Aurora-C has also

been associated with cancer formation and transformation, as

overexpression of Aurora-C in cell lines induces abnormal cell

division resulting in centrosome amplification and multinucleation

[59]. Such morphological abnormalities were not observed in the

TzfpGTi/GTi samples, indicating that the Aie1 overexpression is not

dramatic enough to cause problems with meiotic divisions.

In summary, we generated a viable and fertile TzfpGTi/GTi

mouse using a gene trap ES clone. We found the gene to be

dispensable for life and the formation of germ cells and that the

gene is most highly expressed during pachynema, a stage in

meiotic prophase I characterized by the occurrence of crossing

over. Tzfp most probably has a regulatory role during spermato-

genesis and most likely functions as a transcriptional repressor.

Removal of the protein leads to a significant increase in the

expression of the genes Fancc, Aurora-C and Gata-1, and an

increased AR signaling in Sertoli cells.
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