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Maintenance of sex-specific germ cells requires balanced activation and repression of genetic hierarchies to
ensure gender-appropriate development in mammals. Figla (factor in the germ line, alpha) encodes a germ
cell-specific basic helix-loop-helix transcription factor first identified as an activator of oocyte genes. In
comparing the ovarian proteome of normal and Figla null newborn mice, 18 testis-specific or -enhanced
proteins were identified that were more abundant in Figla null ovaries than in normal ovaries. Transgenic mice,
ectopically expressing Figla in male germ cells, downregulated a subset of these genes and demonstrated
age-related sterility associated with impaired meiosis and germ cell apoptosis. Testis-associated genes, includ-
ing Tdrdl, Tdrd6, and Tdrd7, were suppressed in the transgenic males with a corresponding disruption of the
sperm chromatoid body and mislocalization of MVH and MILI proteins, previously implicated in posttran-
scriptional processing of RNA. These data demonstrate that physiological expression of Figla plays a critical
dual role in activation of oocyte-associated genes and repression of sperm-associated genes during normal

postnatal oogenesis.

Mouse gestation takes ~20 days, and at embryonic day 10.5
(E10.5) the bipotential mammalian gonad commits to becom-
ing a testis or an ovary, depending on the presence of the
male-specifying Y chromosome. Subsequent gender-specific
genetic hierarchies modulate the transition of the undifferen-
tiated gonad to an ovary or testis, which produces haploid
gametes through the reductive divisions of meiosis (5). How-
ever, sexual fate is plastic among metazoans (e.g., flies, worms,
and mice), and this reversible commitment indicates an ongo-
ing need for genetic controls to maintain one sex with concom-
itant nonexpression of genes that support the opposite identity
(21, 33). Recently, Fox/2, a forkhead transcription factor ex-
pressed in somatic cells, has been implicated in maintaining
female gonad sexual identify in adult mice; its ablation in
postnatal ovaries leads to sex reversal via upregulation of Sox9
in somatic tissue independent of oocytes (51). It seems likely
that genetic hierarchies expressed within oocytes complement
these somatic signals to maintain appropriate germ cell iden-
tity by activating oocyte-associated genes and repressing
sperm-associated genes during postnatal oogenesis.

Members of the basic helix-loop-helix (bHLH) family of
transcription factors are key regulators of cell growth and dif-
ferentiation that can either activate or repress transcription of
target genes (19). Figla (factor in the germ line, alpha; official
name, folliculogenesis-specific basic helix-loop-helix) encodes
a germ cell-specific bHLH transcription factor that was initially
identified by its ability to coordinate the expression of the
oocyte-specific zona pellucida genes (28). Although Figla tran-
scripts are first detected in oocytes at E14.5, few differences are
observed between normal and null transcriptomes prior to
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birth (20), at which time null oocytes do not form primordial
follicles, a defining structure in the female gonad, and become
sterile. Low levels of FIGLA are detected in adult testes (28),
but Figla null males have normal testicular histology and are
fertile (46).

In comparing the proteome of normal and Figla null new-
born ovaries, we unexpectedly identified 20 testis-associated
proteins that were more abundant in the null ovaries. These
gene products were detected at relatively lower levels in nor-
mal ovaries, suggesting that FIGLA physiologically represses
genes that are expressed normally in the testis. This hypothesis
was validated by ectopic expression of Figla in male germ cells
that resulted in downregulation of a subset of these genes and
multiple defects in postnatal spermatogenesis.

MATERIALS AND METHODS

Two-dimensional difference gel electrophoresis. Proteins were extracted from
newborn normal and Figla null ovaries and analyzed by two-dimensional differ-
ence gel electrophoresis (2D-DIGE; Etta 2D DIGE system) (2) and mass spec-
trometry (Proteomics Lab, Washington University, St. Louis, MO). 2D gel ex-
periments used instrumentation and protocols from Amersham Biosciences/GE
Healthcare Biosciences (Piscataway, NJ).

Establishment of transgenic mice. The 2.4-kb human TSPY! promoter (22, 44)
and a 4.3-kb genomic fragment containing the coding region (3.64 kb) and
3’-flanking region (0.66 kb) of mouse Figla were cloned into pGL2 (Promega,
Madison, WT) at Smal and HindIII restriction enzyme sites. After confirmation
of the DNA sequence across the junctions, the transgene was gel purified and
injected into the male pronucleus of one-cell embryos (38). Six founders were
identified, and germ line transmission of the transgene to their progeny was
followed by PCR and Southern analyses of tail DNA (primer sequences are
available upon request). The abundance of Figla transcripts was determined in
postpubertal male gonads by quantitative reverse transcription-PCR (qRT-
PCR). The two transgenic lines with the highest levels of expression were further
analyzed and had similar phenotypes. Normal and TSPYI-Figla transgenic males
were mated with normal and transgenic females (five pairs), and litters from each
fertile pair were analyzed for length of gestation and size. Differences were
compared statistically using Student’s ¢ test.

RT-PCR. Mouse tissues or mixed germs cells were isolated and homogenized
in individual microcentrifuge tubes, and total RNA was extracted using an
RNeasy microkit (Qiagen, Valencia, CA). After DNase I digestion, cDNA was
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generated from normalized RNA using the SuperScript III first-strand synthesis
system (Invitrogen, Eugene, OR). Samples were assayed by qRT-PCR using an
ABI Prism 7900HT thermal cycler and prevalidated TagMan primers and probes
to identify Figla and genes expressed in the testes. Gapdh transcripts were used
as an endogenous template control (Applied Biosystems, Foster City, CA). The
primers and probes used for these procedures are available upon request.

In situ hybridization. The expression of testis-associated mRNA was detected
by in situ hybridization of biotin-Green Star hyperlabeled oligonucleotide probes
(Gene Detect, Auckland, New Zealand) using the company’s online protocol,
which included detection with an antidigoxigenin antibody conjugated with a
tyramide signal amplification kit (DakoCytomation, Glostrup, Denmark).

Computer-assisted sperm analysis (CASA). Sperm were evaluated on an
HTM-IVOS motility analyzer (version 10.8; Hamilton Thorne Biosciences, Bev-
erly, MA) with the following settings: phase contrast; frame rate, 60 Hz; mini-
mum contrast, 30; low and high static size gates, 0.8 and 6.25; low and high
intensity gates, 0.25 and 1.50; low and high static elongation gates, 20 and 70;
default cell size, 5 pixels; default cell intensity, 55; magnification, X0.78. Sperm
(60 pl; 6 X 107 ml~!) were loaded into a prewarmed, 20 wm microcell counting
chamber (Conception Technologies, San Diego, CA) and observed under 4X
magnification. For each genotype, sperm from two cauda epididymides were
examined, and data were averaged from 20 fields with a total of >500 sperm.
After incubation (30 min, 37°C) in M16 medium (Specialty Media, Chemicon
International, Phillipsburg, NJ), sperm motility, viability, velocity (straight line
velocity [VSL] and curvilinear velocity [VCL]) and other movement character-
istics (linearity [LIN]and straightness [STR]) were determined, and total motility
or progressive motility was defined as the percentage of sperm with an average
path velocity of >7.5 or >25 wm/s, respectively.

Sperm binding assay and in vitro fertilization. Caudal epididymal sperm iso-
lated from normal and TSPYI-Figla transgenic mice were placed in M16 medium
(Chemicon, Millipore, Temecula, CA) and incubated under capacitating condi-
tions (1 h, 37°C, 5% CO,). Sperm binding was performed using ovulated eggs
from FVB female mice (17). At the end of the 30-min assay, samples were fixed
in 2% paraformaldehyde and stained with Hoechst 33242 (5 mg/ml; Sigma-
Aldrich, St. Louis, MO) prior to imaging by confocal microscopy (37). For in vitro
fertilization, 2 X 10° ml~! normal or TSPYI-Figla sperm were incubated with
ovulated eggs in cumulus obtained from gonadotropin-stimulated FVB mice
(38). After 24 and 48 h, embryos were isolated, fixed, stained with Hoechst 33342,
and imaged by confocal microscopy. Fertilization was confirmed by the presence
of pronuclei within the egg cytoplasm and by progression to two-cell embryos.

Histology. Testes were isolated, placed in Bouin’s fixative at room temperature
for 2 to 3 days, and dehydrated through graded ethanol solutions. After embed-
ding in paraffin, 5-um sections were stained with hematoxylin or periodic acid-
Schiff’s (PAS) reagent, counterstained with eosin, and digitally imaged on a Zeiss
Axioplan 2 microscope. Histological sections from at least three animals of each
age and genotype were examined.

TUNEL assay. To detect apoptosis, sections were deparaffinized by heating at
60°C followed by washing in xylene and rehydration through a graded series of
ethanol. Slides were then microwaved (1 min; 100 mM citrate buffer [pH 6.0])
and blocked (30 min; 3% bovine serum albumin-phosphate-buffered saline), and
an in situ cell death detection kit (Roche Applied Biosciences, Indianapolis, IN)
was used for terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick
end labeling (TUNEL) assays.

Chromosome spreads of mouse spermatocytes. Mixed germ cell preparations
were obtained by enzymatic digestion of testes from 5-month-old animals (25),
and chromosome spreads of spermatocytes were stained with (i) rabbit poly-
clonal anti-yH2AX (10 wg/ml; Upstate Biotechnology, Lake Placid, NY) using
Alexa-555-labeled donkey anti-rabbit IgG (1:200; Molecular Probes, Invitrogen,
Eugene, OR) as second antibody or (ii) biotin-labeled rabbit anti-SYCP3 (1:100;
Abcam, Cambridge, MA) using fluorescein isothiocyanate (FITC)-labeled Ex-
trAvidin (1:200; eBiosciences) to visualize staining. Nuclei were detected with
Hoechst 33242.

Analysis of TSPYI-Figla transgenic testes. Proteins were extracted from mixed
testicular germ cells for use in immunoblot assays (27) using as probes rabbit
polyclonal antibodies (1:500) to TDRD1, TDRD6, or TDRD7 (10). Proteins
were localized by immunofluorescence of lyophilized, frozen testicular sections
using the following primary antibodies: rabbit polyclonal antibodies to TDRD1
(1:500), TDRDG6 (1:500), TDRD7 (1:500), MVH (10 wg/ml; Abcam), MILI (10
wg/ml; Abcam), YH2AX (10 wg/ml; Upstate), and biotin-labeled rabbit anti-
SYCP3 (8 pg/ml; Novus Biologicals, Littleton, CO). Alexa-555-labeled donkey
anti-rabbit IgG (1:200; Molecular Probes) or FITC-labeled ExtrAvidin (1:200;
eBiosciences) was used to detect primary antibody staining. Nuclei of testes were
detected with Hoechst 33242 (10 pg/ml).
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FIG. 1. 2D-DIGE of proteins in normal and Figla null newborn
mouse ovaries. (A) Ovarian protein extracts of normal (green) and
Figla null (red) mice were labeled with Cy5 and Cy3, respectively, and
separated by 2D-DIGE. Molecular masses (in kDa) are shown on the
right, and the pI gradient was estimated from the label on the isoelec-
tric focusing gel. (B) Comparison of log volume ratios of proteins
expressed in normal and Figla null ovaries. While most (2,680) proteins
were similar (94.9% [yellow]), 101 protein spots were increased in
normal ovaries (3.6% [red]) and 42 (1.5% [green]) were increased in
Figla null ovaries.

Electron microscopy. Cells from mouse testes were fixed in 1.5% glutaralde-
hyde buffered in sodium cacodylate, pH 7.4, for 2 h at 4°C. After extensive
washing in cacodylate buffer, cells were pelleted by centrifugation and embedded
in melted (37°C) agarose. Samples were dehydrated through a graded series of
ethanol and processed for embedding in LR-White resin (32). Ultrathin sections
were counterstained with uranyl acetate followed by lead citrate and imaged in
a Phillips CM120 transmission electron microscope (FEI Company).

RESULTS

Overexpression of testis-associated genes in Figla null ova-
ries. To identify potential downstream targets of FIGLA, pro-
teins were extracted from newborn normal and Figla null ova-
ries and systematically analyzed by 2D-DIGE and mass
spectrometry (Fig. 1A). Of the 2,823 protein spots identified,
101 were significantly (>2-fold; P < 0.05) more abundant in
Figla null ovaries and 42 were more abundant in normal ova-
ries (Fig. 1B). Sixty-six proteins from the former and 48 (some
spots contained two proteins) from the latter were identified by
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TABLE 1. Abundance of mRNA encoded by genes potentially downregulated by FIGLA
No. of mRNA abundance in®: Null Null ovary
. ull vs
Gene® Description peptides . normal ovaries  *° normal I.(O
based on Normal Normal Figla null fold ch testes (%  available®
MS/MS ovary testis ovary (fold change) change)
1700019M22Rik RIKEN cDNA 1700019M22 3 19.8 = 1.6 32+12 o 16
Ttl13 Tubulin tyrosine ligase-like family 2 1.8+02 173*+83 59.1x37 33.6 342
member 13
1700009N14Rik RIKEN cDNA 1700009N14 2 37+07 271x83 59.7+6.7 16.2 220
Cypl7al Cytochrome P450, family 17, 10 23+04 1396*70 29.1 %52 12.6 21 29
subfamily a, polypeptide 1
Gsgl Germ cell-specific gene 1 10 47+18 1000=*04 522=*113 11.0 52
Tnp2 Transition protein 2 4 85*64 580x6.0 928=*29 10.9 160 1
Cypt4 Cysteine-rich perinuclear theca 4 5 45+01 283 *124 22.6=*37 5.0 80
Irgel Immunity-related GTPase family, 1 0401 242+38 1.5+09 43 6
cinema 1
Cypt3 Cysteine-rich perinuclear theca 3 4 35+18 615*58 132+88 3.7 21
Crisp2 Cysteine-rich secretory protein 2 6 45+20 3087 =x11.7 15872 35 5
Tdrd6 Tudor domain-containing 6 3 05+02 151x41 1.9+03 3.5 12 52
Slc2a3 Solute carrier family 2 (facilitated 2 99+16 553+20 308=*68 3.1 56 15
glucose transporter), member 3
1700011E24Rik  RIKEN cDNA 1700011E24 2 13205 6.3 0.6 40=*03 3.1 63
Adadl Adenosine deaminase domain- 3 249 1.1 1195 +169 66.1 =153 2.7 55 11
containing 1 (testis specific)
Dkkl1 Dickkopf-like 1 2 92*x58 304+30 240=* 2.6 79
Spatal9 Spermatogenesis-associated 19 5 1.1+00 324=17 24+03 2.2 7
Ly6k Lymphocyte antigen 6 complex, 4 159+03 114=02 315x03 2.0 276
locus K
Klhi10 Kelch-like 10 (Drosophila) 3 11.7+01 332x26 23.0*1.1 2.0 69 54
Lrre27 Leucine-rich repeat-containing 27 4 25383 1256+87 475%05 1.9 38
4930511111Rik  RIKEN cDNA 4930511111 3 22*03 25*07 33+12 1.5 135

“ Genes shown in boldface were downregulated in 7-week-old mouse TSPYI-Figla testes.
> Compared to the Gapdh control, which was assigned a value of 1. Values are means = SEM.
¢ Reference in which a KO (knockout) homozygous null mouse line has been reported.

microscale liquid chromatography and tandem mass spectrom-
etry (MS/MS). Twenty of the proteins found in greater abun-
dance in Figla null newborn ovaries were expressed in the
testes of normal mice (Table 1). To confirm the results from
the 2D gels, the abundance of the transcripts encoding testis
proteins was assayed by quantitative RT-PCR in normal tissues
and in Figla null ovaries. The abundance of 18 of the 20
transcripts was greater in normal testis than in normal ovary,
and their abundance in Figla null ovaries ranged from 5 to
342% of that observed in normal testis (Table 1). These results
raised the possibility that during oogenesis FIGLA not only
activates genes in oocytes but also participates in repression,
either directly or indirectly, of genes that are normally ex-
pressed during spermatogenesis.

TSPYI1-Figla transgenic mice. To determine its effect on the
expression of the genes encoding these testis-associated pro-
teins, FIGLA was ectopically expressed in transgenic mice by
using a human sperm-specific promoter (TSPY/; testis-specific
protein Y encoded) (Fig. 2A), which drives gene expression
in spermatogonia and early primary spermatocytes (22, 44).
Transgenic male and female mice, maintained on a pure FVB
background, appeared normal at birth, grew to adulthood, and
were initially fertile. Only low levels of FIGLA transcripts were
detected by qRT-PCR in normal testes (Fig. 2B), but tran-
scripts were abundant in TSPYI-Figla transgenic testis as early
as day 1 after birth (D1), reaching a maximum at D21 and
persisting in adults (Fig. 2C).

The abundance of transcripts encoding the 20 testis proteins

(Fig. 1; Table 1) was then determined by qRT-PCR of trans-
genic testes. No differences were observed at D5, but tran-
scripts from Irgcl (immunity-related GTPase family, cinema 1)
and Slc2a3 (solute carrier family 2, member 3, or Glut3) were
18% and 23% lower, respectively, than normal at D21. At 7
weeks, seven testis-specific (or testis-enriched) genes, includ-
ing Slc2a3, Tdrd6 (Tudor domain-containing 6), frgcl, and four
genes of unknown function (1700011E24Rik, 1700009N14Rik,
4930511111Rik, and 1700019M22Rik) were at least 5-fold
lower in transgenic testes than in normal controls (Fig. 2D and
E). This decrease in the TSPYI-Figla transgenic testes corre-
sponded to the increase in cognate protein expression ob-
served in Figla null ovaries in the initial 2D-DIGE screen (Fig.
1A, circles).

Each of the seven genes was testis specific or enhanced (Fig.
2F), and by using digoxigenin-labeled antisense probes to six of
the genes, transcripts were detected exclusively in germ lin-
eages, with no apparent signal in Sertoli or interstitial cells
of the testes. Only background levels of signal were observed
with control sense probes (data not shown). Slc2a3,
1700011E24Rik, and 1700009N14Rik were primarily located in
spermatogonia and spermatocytes, whereas 4930511111Rik,
1700019M22Rik, and IrgcI were detected in all stages of male
germ cells, including elongating spermatids (Fig. 2F). Expres-
sion of Tdrd6 has been previously reported to be germ cell
specific (18) and has been shown to participate in the chroma-
toid body, a defining structure of the round spermatid. Taken
together, these data suggest that at least seven sperm-specific
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FIG. 2. Ectopic expression of Figla in male germ cells. (A) Transgene containing the Figla genomic locus (4.3 kbp) downstream of the human
TSPY1 promoter (2.4 kbp), which is expressed in spermatogonia and early spermatocytes. Exons are represented by Arabic numbered red boxes.
(B) Figla transcripts in normal and TSPY!-Figla transgenic ovaries and testes at D1 and D18 were detected by qRT-PCR and are expressed as
means = SEM of total RNA isolated from three biological samples. Gapdh was used as an endogenous template control. (C) The same experiment
as shown in panel B, but using testicular RNA from D1 to 10-week-old TSPY1-Figla transgenic mice. (D) Transcript abundance levels of seven testis
genes (means = SEM) were determined by qRT-PCR relative to Gapdh in total RNA isolated from different organs harvested from 2-month-old
TSPYI-Figla transgenic mice. Lvr, liver; Kid, kidney; Br, brain; Hrt, heart; Lg, lung; Ov, ovary. (E) The same experiment as shown in panel D, but
using total RNA isolated from different organs in normal mice. (F) In situ hybridization of normal testes using antisense probes specific for
4930511111Rik, 1700009N14Rik, 1700019M22Rik, 1700011E24Rik, Irgcl, and Slc2a3. Arrows highlight localization of transcripts.

or -enriched genes are downstream targets of FIGLA and were TSPYI-Figla females had normal litter sizes (10.0 * 0.4) and, as
repressed by ectopic expression of FIGLA in male germ cells expected, 50% of their litters were transgenic.
in 7-week-old TSPYI-Figla transgenic mice. The persistence of Fewer sperm (~20%) were recovered from the cauda epi-
the remaining 13 transcripts indicates a specificity that cannot didymis of 5-month-old TSPYI-Figla transgenic mice com-
be accounted for by generalized loss of germ cells and suggests pared to age-matched normal male mice ([64.5 * 5.2] X 10°
that corepressors and modifications of chromatin structures ml~ ' versus [14.6 = 2.5] X 10° ml™ ") (Fig. 3B). After adjust-
not present in sperm may play a role in repression of these ment to the same concentration (2 X 10° ml~'), normal and
genes in growing oocytes. transgenic epididymal sperm were assayed for in vitro fertili-
Infertility of TSPYI-Figla transgenic mice. Although initially zation (IVF) of ovulated eggs in cumulus. Successful fertiliza-
fecund, all TSPYI-Figla transgenic males became sterile by 5 tion was scored by the presence of two pronuclei and subse-
months (some as early as 3 months) of age. Average litter sizes (+ quent progression to two-cell embryos. Even at 2 months, there
standard errors of the means [SEM]) for normal and transgenic was a decrease in successful IVF (81.7% = 2.4% versus
males were comparable (13.3 = 0.5 and 10.2 + 1.2, respectively), 52.6% = 7.4%) of normal compared to transgenic mice (Fig.
but transgenic males sired no more than three litters (Fig. 3A) 3C) that was dramatically accentuated by 6 months (50.00% =+
and passed the transgene to <20% of their offspring. In contrast, 4.6% versus 6.4% * 1.4%).
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FIG. 3. Age-related sterility of 7SPYI-Figla transgenic males. (A) Normal and TSPY!-Figla transgenic males were mated for >8 months with
normal females (five pairs) to assess fertility. Numbers of cumulative litters of normal and transgenic mice are expressed as the mean = SEM.
(B) Sperm concentrations from 5-month-old normal and transgenic 7SPY!-Figla epididymides were determined by CASA and are expressed as the
mean * SEM. (C) Comparison of successful IVF (mean = SEM) using normal and transgenic sperm isolated from 2- and 6-month-old males.
(D) Five-month-old normal and TSPYI-Figla transgenic mouse epididymal sperm were imaged by difference interference contrast (DIC)
microscopy. Nuclei were stained with Hoechst 33242. (E) A 30-min sperm binding assay was used to compare normal and 7SPYI-Figla sperm
binding to normal ovulated eggs. After washing with a wide-bore pipette, no more than two to five sperm remained bound to control two-cell
embryos (insets). Nuclei were stained with Hoechst 33242. Confocal and DIC images were obtained.

Unexpectedly, ~50% of the transgenic sperm had severe tail
angulation at the cytoplasmic droplet (Fig. 3D), characteristic
of defects in volume regulation (55). CASA documented de-
creases in motility (61.5% * 4.6% versus 18.0% * 1.7%),
progressive motion (39.3% * 4.9% versus 11.3% * 2.2%), and
hyperactivity (49.0% * 5.9% versus 14.0% * 2.1%) in trans-
genic compared to normal mice with little effect on viability
(79.3% = 1.5% versus 67.5% * 5.5%). To assay gamete rec-
ognition, epididymal sperm from S-month-old normal and
TSPY1-Figla transgenic mice were capacitated and incubated
with normal ovulated eggs. At the end of 30 min, eggs were
washed with a wide-bore pipette until no more than two to five
sperm remained bound to the control two-cell embryos. Com-
pared to normal sperm, there was a dramatic decrease in the
number of transgenic sperm bound to normal ovulated eggs
(Fig. 3E). Thus, defects in spermatogenesis imposed by ectopic
expression of Figla result in progressive, age-related male in-
fertility.

Histopathology of TSPYI-Figla transgenic mice. To investi-
gate the cellular and molecular basis of the age-related defects
in spermatogenesis, gonads of TSPY1-Figla testes were isolated
and examined in greater detail. By 7 weeks (Fig. 4A), the testes
of transgenic males were 73% of normal size (73.6 = 3.1 versus

100 = 2.1 mg). Prior to D50, transgenic epididymal sperm
appeared morphologically unaffected, and TSPY1-Figla testes
had normal histology with spermatogonia, spermatocytes, and
maturing spermatids present within seminiferous tubules (Fig.
4B). However, by 3 weeks, TSPYI-Figla transgenic tubules
contained fewer male germ cells at all stages of development,
and by 7 to 8 weeks, a few tubules (<5%) contained abnor-
mally large spermatocytes (Fig. 4B, panel 8, arrows).

Testes were assayed for germ cell apoptosis in a fluorescent
TUNEL assay based on nuclear DNA fragmentation (16).
Very few apoptotic germ cells were detected in normal testes,
but they were present in transgenic testis beginning at 4
months and became remarkably more abundant after 5 months
(Fig. 4C). A large number of apoptotic spermatogonia A and
intermediate spermatogonia germ cells were found in the edge
of stage IV to VI seminiferous tubules. In addition, later-stage
male germ cells, defined by their location within the germinal
epithelium, were apoptotic as well (Fig. 4C, panels on right). In
contrast, TUNEL-positive cells were not observed in somatic
Sertoli and Leydig cells in 5-month-old or older TSPYI-Figla
transgenic mice.

Secondary to germ cell loss, the seminiferous tubules of
aging TSPYI-Figla males became increasingly vacuolar. At 5
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FIG. 4. Testicular dysmorphology of TSPYI-Figla mice. (A) At 7 weeks, the TSPYI-Figla testes were smaller than normal and the average
weight (mean £ SEM) was 73.6 = 3.1 mg, compared to 100 + 2.1 mg for normal mice. (B) Cross-sections of seminiferous tubules of normal and
transgenic mice at D1, D21, and D50 after fixing in Bouin’s solution and staining with hematoxylin and counterstaining with eosin. Arrows (panel
8) indicate enlarged spermatocytes. (C) TUNEL assay at 4 and 5 months of normal and TSPY1-Figla transgenic testes. Apoptotic cells, Hoechst
33242-stained nuclei, and merged images are green, red, and yellow, respectively. Roman numerals refer to the stages of mouse spermatogenesis.
Arrows indicate apoptotic germ cells. (D) Testicular histology (fixed in Bouin’s solution and stained with periodic acid-Schiff’s reagent and eosin)
of normal and TSPYI-Figla transgenic animals at 5 and 7 months. Abnormal spermatogenesis and vacuolation (arrows) that were accentuated by

age were observed in transgenic tubules.

months, only patches of histopathology were observed, with 20
to 30% of tubules being affected, but by 7 months vacuolation
was widespread and more than half of the seminiferous tubules
exhibited histological signs of degeneration (Fig. 4D). Eventu-
ally the integrity of seminiferous tubules was disrupted and
germ and somatic cells were observed in the interstitial regions
of the testes (data not shown). Similar histopathology has been
reported in other genetic mutations that deplete male germ
cells (3, 6, 34).

Meiotic defects in spermatogenesis. Beginning at 5 months,
the defects in spermatogenesis became apparent and multiple
germ cells within transgenic tubules did not complete meiosis.
Consequently, stage IV to VII seminiferous tubules of 5-
month-old TSPY1-Figla mice (Fig. 5A) contained few postmei-
otic cell types (round spermatids, elongated spermatids, ma-
ture spermatozoa), and in a small subset of seminiferous
tubules in which meiosis progressed further (stages XI and
XII) there were noticeable morphological defects, including
spermatids with less-elongated heads (Fig. SA, panels 2 and 4,
insets).

Meiotic recombination occurs during the prophase of mei-
osis I when each pair of homologous chromosomes is joined by
a synaptonemal complex that includes SYCP3 (encoded by
Synaptonemal complex protein 3). yYH2AX, the phosphorylated

form of the variant histone H2AX, is recruited to the site of
double-strand breaks and localizes repair enzymes for their
subsequent resolution to ensure successful recombination.
vYH2AX persists in regions of asynapsis in the XY sex body
until the diplotene stage, and later, during spermiogenesis, it
localizes to double-strand breaks incurred by the repackaging
of DNA onto protamines (7, 26). Using immunofluorescence
and antibodies to SYCP3 and yH2AX, costaining was ob-
served in peripherally located primary spermatocytes of nor-
mal and TSPYI-Figla transgenic mice, and yYH2AX was de-
tected in the more centrally located elongating spermatids. No
significant differences were observed in the staining patterns of
these two antibodies, which are used to characterize meiotic
progression in prophase I (Fig. 5B).

Nuclear spreads of germ cells were then obtained from nor-
mal and TSPYI-Figla transgenic testes and stained with anti-
bodies to SYCP3 and yH2AX (Fig. 5C). In normal mice, the
substages of meiosis I were distributed among leptotene
(11.5%), zygotene (20.9%), pachytene (32.9%), diplotene
(23.2%), and diakinesis/metaphase I (11.5%). In TSPYI-Figla
transgenic germ cells, there was an ~6% decrease of diplo-
tene-stage cells (17.0% versus 23.2%), and fewer than 2%
germ cells were observed in the transition diakinesis/meta-
phase stages. As a result, the proportions of leptotene (13.9%)
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and zygotene (23.6%) stages increased and the pachytene stage
was dominant in transgenic spermatocytes (43.7%). Thus, mei-
osis progression is significantly delayed or arrested in the
prophase of meiosis I in older 7SPYI-Figla transgenic mice
(Fig. 5SD).

To complement these histological observations, total RNA
of mixed germ cells was isolated from 5-month-old TSPY1-
Figla transgenic and normal mouse testes for analysis by qRT-
PCR. Sycp3 and Ccnal (cyclin Al) are expressed during the
first meiotic division (35, 39). The abundance of their tran-
scripts was comparable in TSPY1-Figla transgenic and normal
mice, indicating a similar complement of spermatocytes (Fig.
SE). In contrast, the abundance of transcripts encoding three
spermatid-specific proteins, Prm1 (protamine 1), Prm2 (prota-
mine 2), and Tnp2 (transition nuclear protein 2), were dramat-
ically decreased (>5 times) in TSPYI-Figla transgenic com-
pared to normal testes. Somatic cell histology appeared
normal, and expression of Sox9, a Sertoli cell marker, was
unaffected in the transgenic testes (Fig. SE). Taken together,
these data suggest that postmeiotic defects in TSPYI-Figla
transgenic male mice result in defective spermatogenesis.

Expression of Tdrd genes and formation of the sperm chro-
matoid body. In the original proteomic screen (Fig. 1A),
TDRD6 was more abundant in Figla null than normal newborn
ovaries and was decreased in the male germ cells of TSPYI-
Figla transgenic mice (Fig. 2D). Intriguingly, the phenotype
observed in 7drd6 null male mice (52) partially recapitulates
that of TSPYI-Figla mice. Multiple members of the Tudor
domain family of genes, including 7drd1, Tdrd6, and Tdrd7, are
expressed in male germ cells (18). The TDRD proteins partic-
ipate along with MVH (official name, Ddk4, DEAD [Asp-Glu-
Ala-Asp] box polypeptide 4), an RNA helicase, and MILI
(official name, Piwi-like homologue 2), a Piwi-interacting RNA
(piRNA) binding protein in forming the chromatoid body ini-
tially derived from the male nuage and characteristic of the
postmeiotic, maturing spermatid (12, 56).

To explore the possibility that downregulation of one or
more of the Tdrd genes contributes to the defects in spermat-
ogenesis, we examined expression of Tdrdl, Tdrd6, and Tdrd7
in mixed populations of germ cells from TSPYI-Figla trans-
genic testes by qRT-PCR. Although the abundance of Tdrd6
transcripts was significantly decreased at 7 weeks in TSPY1-
Figla transgenic testes, neither Tdrdl nor Tdrd7 was affected.
At 4 months, when only minimal germ cell apoptosis was ob-
served (Fig. 4C), the abundance of Tdrd6 transcripts was re-
duced more than 3-fold in mixed germ cell populations, and
those of Tdrdl and Tdrd7 transcripts were reduced 68% and
70%, respectively, from normal controls. Although at 5 months
the abundance levels of the three Tdrd transcripts were <20%
that of normal controls (Fig. 6A), the onset of more wide-
spread apoptosis (Fig. 4C) and localized loss of cellular integ-
rity (Fig. 4D) suggest that germ cell loss plays an increasingly
large role in decreased TDRD expression.

A corresponding decrease of TDRDI1, TDRD6, and
TDRD7 proteins was observed on immunoblots of mixed germ
cell populations isolated from TSPYI-Figla transgenic testes at
4 and 5 months (Fig. 6B). Using immunofluorescence, each of
the TDRD proteins normally localize to germ cells, but the
abundance of each protein was substantially decreased in
transgenic males by 4 months (Fig. 6C). Using antibodies to
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MVH or MILI as markers, the chromatoid body was observed
as a discrete dot in normal male germ cells. However, with the
downregulation of the TDRD proteins in TSPYI-Figla mice,
these two markers appeared diffusely present in the cytoplasm,
consistent with the loss of chromatoid body integrity (Fig. 6D).
To confirm disruption of the chromatoid body, electron pho-
tomicrographs of testicular cells were obtained from normal
and TSPY1-Figla transgenic mice at 5 months (Fig. 6E). The
electron-dense chromatoid body, clearly visible in normal tes-
ticular cells, was greatly attenuated in cells from TSPY1-Figla
transgenic testes. These data are consistent with ectopic ex-
pression of FIGLA in male germ cells with downregulated
testis genes, some of which affect formation of the chromatoid
body and lead to postmeiotic defects in spermatogenesis.

DISCUSSION

Following embryonic sex determination in mice (~E10.5),
male and female germ cells establish genetic hierarchies to
maintain germ cell identity during mitotic proliferation, meio-
sis, and maturation. By comparing protein profiles of normal
versus Figla null ovaries and by ectopically expressing FIGLA
in male germ cells, we have provided evidence that Figla,
initially implicated as an activator of oocyte-specific genetic
hierarchies (28, 46), also inhibits sperm-associated develop-
mental pathways during postnatal oogenesis.

Ectopic expression of Figla in male germ cells in transgenic
mice downregulates a set of testis-associated genes that were
initially identified by upregulation in Figla null newborn ova-
ries. The consequent testicular pathology and pre- and post-
meiotic effects on spermatogenesis result in male sterility and
suggest a role for FIGLA in the downregulation of male-
associated genes during oogenesis, when Figla is normally ex-
pressed. Nanos2 also has a sexually dimorphic effect on gene
expression, although its effect is earlier in gametogenesis and
in the opposite sex. Nanos2 encodes an RNA binding protein
first observed in germ cells within the colonized gonad and, in
its absence, most male germ cells undergo apoptosis (50).
Expression levels of both Figla and Nobox, an oocyte-specific
homeobox transcription factor (36), were increased in Nanos
null male gonads at E16.5. To confirm the effect, Nanos2 was
ectopically expressed in female cells, where it suppressed Stra8
expression and inhibited meiosis but also activated several
male genes, including 7drdl and Dnmt3] (DNA cytosine-5-
methyltransferase 3-like) during embryogenesis (47). Nanos2 is
required for maintenance of stem cells as premeiotic sper-
matogonia (42), whereas Figla regulates events in growing oo-
cytes that are arrested in the prophase of the first meiotic
division (46), well after the establishment of sexual identity.
Nevertheless, both Figla and Nanos2 appear to support female
and male germ cell developmental programs, respectively, at
least in part by suppressing genetic hierarchies promoting the
developmental programs of the opposite sex.

The observed absence of male germ cell gene expression
within normal oocytes could result from the lack of activation
or from repression of testis genes. While limiting access to
DNA binding sites (e.g., nucleosome positioning, histone mod-
ifications, DNA methylation) can prevent gene activation, it
would not account for the ability of ectopically expressed FI-
GLA to repress male genes during spermatogenesis. However,
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FIG. 6. Tdrd expression and chromatoid body formation. (A) Expression levels of Tdrdl, Tdrd6, and Tdrd7 were determined as a percentage
of Gapdh expression by qRT-PCR (mean = SEM) in mixed germ cells isolated from normal and TSPY!-Figla transgenic mouse testes at 7 weeks,
4 months, and 5 months. (B) Immunoblot of extracts of mixed germ cells from normal and TSPY1-Figla transgenic mice at 7 weeks, 4 months, and
5 months that were probed with antibodies to TDRD1, TDRD6, and TDRD?7. (C) Immunofluorescence of 4-month-old normal and TSPY1-Figla
transgenic mouse testes probed with antibodies to TDRD1, TDRD6, and TDRD7 (red). Nuclei were stained with Hoechst 33242 (blue).
(D) Immunofluorescence of normal and TSPYI-Figla testes with antibodies to MVH (red) or MILI (red) as markers of the chromatoid body.
Nuclei were stained with Hoechst 33242 (blue). (E) Electron microscopy of normal and TSPY1-Figla testes (two biological samples), demonstrating
that the normally compact electron-dense chromatoid body in close proximity to the nucleus becomes less dense and more diffuse in transgenic

sperm.

changes in dimerization partners or independent cofactors that
interact with FIGLA could prevent expression of testis genes
during oogenesis. These effects could be direct or indirect.
Myogenic regulatory factors (MRFs), a family of canonical
bHLH transcription factors, are instructive and can both acti-
vate and repress downstream target genes (49), depending on
dimerization partners (30), epigenetic modifications (14, 31,
43, 45), and recruitment of additional proteins to the transcrip-
tional complex (4, 40). FIGLA is likely to utilize a similar
strategic repertoire for its physiological effects during oogen-
esis.

The developmental imperative of spermatogenesis is the
production of haploid gametes capable of fertilization, which is
necessary for propagation of the species. Following onset of
sexual maturity, TSPYI-Figla transgenic male mice were ini-
tially fertile, but the intervals between litters became delayed,
and none of the male mice sired litters after 5 months of
mating. Figla was robustly expressed in male germ cells by 3
weeks of age in TSPYI-Figla transgenic mice, and decreased

testicular size by 2 months was accompanied by repression of at
least seven testis-associated genes. However, significant abnor-
malities in spermatogenesis were not observed until 5 months.
The initial delay and progressive nature in the severity of the
phenotype could have several etiologies. Figla encodes a tran-
scription factor, and therefore its presence is manifest only
secondarily through the repression of target genes. At least
some of these target genes also encode transcription factors
which, while affecting a broader network of genes, could fur-
ther delay appearance of the full phenotype. In addition, Figla
is not fully expressed until several weeks after birth, and de-
pending on the stability of cognate mRNA and protein the
phenotype might not become evident until gene products are
degraded below a functional threshold.

Multiple molecular defects of spermatogenesis were ob-
served in the transgenic mice (Table 1). Tnp2, which was up-
regulated in Figla null ovaries, was less abundant, as were Prml
and Prm2, in TSPYI-Figla transgenic male mice. During nor-
mal spermatogenesis, DNA is repackaged from somatic his-
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tones via transition proteins (TNP1 and TNP2) onto prot-
amines (PRM1 and PRM2) to form a highly condensed nucleus
characteristic of the mature male gamete. Males lacking TNP2
have decreased fecundity (depending on genetic background)
and defects in spermatogenesis, including incomplete chroma-
tin condensation, sperm head abnormalities, and reduced
sperm motility (1, 57). Mice that are haploid insufficient in
either protamine 1 or 2 have normal sperm counts, but dys-
morphology and altered chromatin integrity results in a sterile
phenotype (8, 9). A similar sterile phenotype with haploid
insufficiency is observed in chimeric mice established from
embryonic stem cells with a null allele of Cyp17al (cytochrome
P450, family 17, subfamily a, polypeptide 1) (29), which is also
upregulated in Figla null ovaries. All four of these genes affect
the later stages of spermatogenesis with defects in morphology
and motility, and sperm with the Cyp17al null allele have the
same severe tail angulation observed with TSPY1-Figla sperm.

The infertility observed in TSPYI-Figla transgenic male mice
arises both from defective spermatogenesis and decreased
sperm production in older mice. Spermatogenic cell apoptosis
was detected by a TUNEL assay beginning in 4-month-old
mouse testes and mostly affected spermatogonia germ cells.
However, cell death of stem cells may not fully account for
decreased sperm counts in older TSPY1-Figla mice, which also
have widespread and progressive testicular degeneration be-
ginning at 5 months. Few elongated spermatids were detected
in stage XI and XII seminiferous tubules and there was a
dramatic decrease in epididymal sperm, which had concomi-
tant defects in sperm motility and apparent abnormalities in
sperm volume regulation. The cumulative effect of these ab-
normalities in spermatogenesis affects normal gamete devel-
opment and causes a striking reduction in rates of successful
fertilization in vitro and in vivo.

Perhaps most striking, ectopic expression of Figla severely
disrupts the chromatoid body, a cytoplasmic structure charac-
teristic of postmeiotic spermatids. It is derived from the nuage,
which are granulated, acellular, cytoplasmic structures inter-
spersed among mitochondria in both growing oocytes and in
the early stages of spermatogenesis. In male germ cells, the
chromatoid body is defined as an electron-dense structure ini-
tially scattered in the cytoplasm of spermatocytes which be-
comes condensed as a single structure in round spermatids and
persists in elongating haploid spermatids prior to sequestration
in the residual body (12, 13). Specific RNA and proteins have
been associated with this structure, including MVH, MILI,
TDRD1, TDRD6, and TDRD?7 (18, 23). Proteins encoded by
Mvh and Mili interact with one another, and disruption of
either gene blocks spermatogenesis in the zygotene or early
pachytene stage of MI prophase (24, 48). TDRD1, TDRD6,
and TDRD7 also interact with one another, and their localiza-
tion to the chromatoid body requires the presence of MVH
(18). More recent data have demonstrated that TDRD]1 inter-
acts with MILI, and the absence of TDRD1 in null mice acti-
vates germ line transposons and affects the profile of piRNAs
(41, 53). TDRD6 also binds to MILI and MIWI (official name,
Piwil), and altered miRNA expression profiles are observed in
Tdrd6 null testes (52). In addition, both TDRD1 and TDRD6
interact with MVH, and mice lacking either protein have small
testes with disorganized spermatogenesis and male sterility.
Tdrdl null testes have meiotic defects in prophase I, whereas
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Tdrd6 null testes are devoid of elongated spermatids. Although
the chromatoid body is present in normal round spermatids, it
is significantly disrupted in both 7drdl and Tdrd6 null male
mice (10, 52).

FIGLA, ectopically expressed in male germ cells, effectively
downregulates Tdrd1, Tdrd6, and Tdrd7, leading to a pheno-
type that encompasses those described in Tdrdl and Tdrd6 null
mice, including male sterility, meiotic defects in diakinesis/
metaphase stages, a postmeiotic defect in elongated round
spermatids, loss of the chromatoid body structure, and dis-
placement of MVH and MILI proteins. The absence of the
chromatoid body integrity and mislocalization of the chroma-
toid body-associated proteins in TSPYI-Figla transgenic testes
provide further evidence that TDRD proteins are required for
spermatogenesis and chromatoid body architecture. Thus, our
study provides evidence that FIGLA represses multiple male
germ cell-associated genes, the expression of which could dis-
rupt normal oogenesis.

These data are consistent with FIGLA, a bHLH transcrip-
tion factor, sustaining the female phenotype by activating fe-
male and repressing male germ cell genetic hierarchies in
growing oocytes during postnatal ovarian development. Com-
bining the gain of function of TSPYI-Figla transgenic males
with the loss of function of Figla null females provides com-
plementary models for further analysis of the genetic hierar-
chies that maintain a female-specific phenotype during oogen-
esis.
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