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Essential role of Plzf in maintenance of spermatogonial
stem cells

José A Costoya1’6’7, Robin M Hobbs!7, Maria Barna!, Giorgio CattorettiZ, Katia Manova’, Meena Sukhwani?,
Kyle E Orwig?*, Debra ] Wolgemuth® & Pier Paolo Pandolfi!

Little is known of the molecular mechanisms whereby
spermatogonia, mitotic germ cells of the testis, self-renew and
differentiate into sperm'2. Here we show that Zip145, encoding
the transcriptional repressor Plzf, has a crucial role in
spermatogenesis. Zfp145 expression was restricted to gonocytes
and undifferentiated spermatogonia and was absent in tubules of
W/WY mutants that lack these cells. Mice lacking Zfp145
underwent a progressive loss of spermatogonia with age,
associated with increases in apoptosis and subsequent loss of
tubule structure but without overt differentiation defects or loss
of the supporting Sertoli cells. Spermatogonial transplantation
experiments revealed a depletion of spermatogonial stem cells in
the adult. Microarray analysis of isolated spermatogonia from
Zfp145-null mice before testis degeneration showed alterations
in the expression profile of genes associated with
spermatogenesis. These results identify Plzf as a spermatogonia-
specific transcription factor in the testis that is required to
regulate self-renewal and maintenance of the stem cell pool.

Figure 1 Expression of Zfp145 in the developing testis. (a) Immuno-
histochemistry with an antibody to Plzf on sections from the embryonic genital
ridge at E13.5 and E17.5 and on the developing postnatal testis (at 1, 2 and 3
weeks). Expression of Plzf was first detected in the germ cells at E17.5 during
development and peaked at around 1 week postnatal. Plzf expression was
localized to the spermatogonia and Plzf-positive cells became progressively
sparser in the seminiferous tubules with age. Insets show higher
magnifications of the basal spermatogonia layer. Tubules from the W/WV
mouse that did not contain spermatogonia lacked expression of Plzf. (b) Bright-
field image of in situ hybridization of testis of juvenile (3-week-old) mice with
sense (S) and antisense (As) probes to Zfp145. Arrowheads in the antisense
panel show localization of signal to selected spermatogonia; the sense control
probe produced no specific signal. (¢) Serial sections (6 um) of testis from
juvenile (3-week-old) Zfp145*+ mice immunostained for cyclin D1 and Plzf
and for cyclin D2 and Plzf (paired sections). Scale bars, 50 pm. Plzf
expression is restricted to spermatogonia negative for both cyclin D1 and
cyclin D2 (mitotically inactive and nondifferentiating spermatogonia).
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Zfp145 (also known as Plzf, promyelocytic leukemia zinc-finger) was
identified by virtue of its involvement in chromosomal translocations
with the gene Rara (retinoic acid receptor-a), which is associated with
acute promyelocytic leukemia®. These translocations generate PLZF-
RARA and RARA-PLZF fusion proteins, which can interfere with
PLZF function®. PLZF exerts local and long-range chromatin remod-
eling activity through its ability to homodimerize and recruit DNA
histone deacetylases and nuclear corepressors®. Plzf is dynamically
expressed during embryogenesis® and has a crucial role in patterning
the developing limb and axial skeletal structures®. In addition, Plzf
exerts growth-suppressive activities accompanied by accumulation of
cells in the G0O/G1 compartment of the cell cycle®’.

Spermatogenesis is a highly organized cyclic process with distinct
phases: mitosis, meiosis and spermiogenesis. The mitotic germ cells in
the adult testis are the spermatogonia, which originate from primor-
dial germ cells (PGCs) during embryogenesis"2. In the mouse, the
PGCs proliferate and expand in number between embryonic day (E)
8.5 and E13.5. PGCs then enter a cell cycle arrest and become gono-
cytes in the postnatal testis. Gonocytes resume proliferation around
postnatal day (P) 3, giving rise to spermatogonia. Although spermato-
genesis represents a classical stem cell model, its complexity and the
lack of in vitro culture systems make it difficult to study the molecular
aspects underlying spermatogonial stem cell behavior.

Plzf was expressed in the male gonad during mouse embryogenesis
and postnatal life (Fig. 1a). Immunohistochemistry analysis detected
Plzf in the testis at E17.5. In the postnatal testis, protein expression
peaked at 1 week of age and was localized to the gonocytes and sper-
matogonia. At this stage of development, when expression of Plzf is
highest, gonocytes exit their cell cycle arrest and enter a wave of prolifer-
ation. Expression of Plzf decreased through time and was confined to
selected spermatogonia (Fig. 1a). Plzf expression was restricted to sper-
matogonia, as shown by the absence of Plzf staining in W/ WY mutants
that lack these cells except in rare tubules® and by in situ hybridization
(Fig. 1a,b). To understand the type of spermatogonia that express Plzf,
we immunostained serial sections of testis for Plzf, cyclin D1 (a marker
for mitotically active spermatogonia) and cyclin D2, which is expressed
as undifferentiated spermatogonia differentiate into A,-type cells’ (Fig.
1c). Expression of Plzf was restricted to spermatogonia that are negative
for both cyclin D1 and cyclin D2 and must therefore be largely quiescent
and nondifferentiating cells, characteristic of progenitor-type stem cells.

The testes of Zfp1457~ mice were much smaller than those of
Zfp145*"* and Zfp145*'~ mice (Fig. 2a). Histological analysis of testis
sections from Zfp145~'~ mice showed degenerated tubules with absence
of the gametes at the basal membrane (Fig. 2b). This progressive lack of
spermatogonia in the tubules impaired the spermatogenic process and
consequently decreased production of mature spermatozoa (Fig. 2¢).

Figure 2 Mice with a targeted disruption of

Zfp145 show testis atrophy. (a) The reproductive
tracts from 3-month-old Zfp145*+, Zfp145+-
and Zfp1457- male littermates. The testes from
Zfp1457- mice are markedly smaller than those
from Zfp145*+ or Zfp145*- controls (P < 0.02);
attached tissues show no significant differences
in size. Graph shows testis mass from sets of

Zfp145++ and Zfp1457~ adult mice. (b) Sections
of testis from adult Zfp145*+ and Zfp1457/~
littermates stained with hematoxylin and eosin to

show morphology of the seminiferous tubules. A
substantial proportion of tubules in the testis of
Zfp1457 mice had degenerated and no longer
contained spermatogonia or differentiating
spermatocytes (asterisk). Occasionally,
degenerated tubules contained elongated
spermatids (arrow). Higher magnifications of the

basal spermatogonia layer of the tubules are
shown as insets. Graph shows the numbers of
degenerating tubules found in Zfp1457 adult
mice (P < 0.05), defined as tubules that lacked
spermatogonia. (c) Tubule degeneration in

P Zfp1457- mice was associated with reduced

production of mature sperm. Hematoxylin and
eosin-stained sections through the epididymis of
Zfp145+*+ and Zfp1457 adult mice show
reduced levels of sperm, which correlated with
decreased sperm counts (right panels), both in
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terms of total sperm number (P < 0.02) and the
numbers of motile, actively progressive sperm (P
< 0.02). (d) Immunohistochemistry with
antibodies to PCNA (upper panels) and p27
(lower panels) on sections of testis from adult
Zfp145%+ and Zfp1457- mice. Black arrowheads
indicate the supporting Sertoli cells identified
either through their distinctive morphology or p27
immunoreactivity. White arrowheads indicate the
spermatogonia, which are PCNA-positive.
Degenerating tubules in testis of Zfpl457 mice
lack PCNA-positive spermatogonia but retain the
Sertoli cells. Scale bars, 50 um.
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Zfp1457'~ mice do not have fewer gonocytes, suggesting that there is
no defect in the production of PGCs during embryogenesis. To deter-
mine whether the gonocytes in testis of Zfp145~'~ mice could initiate
and complete spermatogenesis, we examined postnatal testis of
Zfp145*!*, Zfp145*- and Zfp145~~ mice. Gonocytes resumed prolif-
eration to become spermatogonia and migrated from the center of the
testis cords to the basement membrane of the testis tubules during the
first postnatal days in mice of all genotypes (Supplementary Fig. 1
online). Testis of adult Zfp145~'~ mice contained tubules with multi-
layered seminiferous epithelia, including some with mature sper-
matids lining the lumen (Fig. 2b), making it possible to identify the
diverse cell stages (Supplementary Fig. 1 online). This indicates that
Zfp14571- germ cells could initiate and complete the entire spermato-
genic process to produce apparently normal sperm. But the epididy-
mal spermatozoa number and sperm counts of Zfp145~7~ mice were
much lower than those of littermate controls (Fig. 2c). We wanted to
determine whether the low numbers of mature sperm produced by
ij]45‘/‘ mice were still functional, but the numbers of viable,
actively motile sperm from sets of Zfp145~/~ mice were too low for us
to carry out a standard in vitro fertilization procedure successfully
(data not shown and Fig. 2c).

To further define the progressive loss of spermatogonia and the
status of the Sertoli cells (a morphologically distinct cell population
that support the spermatogonia), we used proliferating cell nuclear
antigen (PCNA) and p27 as distinct markers for the proliferative
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LETTERS

spermatogonia'® and Sertoli cells!!, respectively. Many tubules of
Zfp145~'~ mice lacked PCNA-positive cells but retained p27-positive
Sertoli cells along the basement membrane (Fig. 2d).

In addition to some normal tubules and tubules containing only
Sertoli cells, we also observed tubules that contained only elongated
spermatids in testis of adult Zfp145~/~ mice (Fig. 2b). This indicated
that spermatogenesis had occurred in these tubules, leading to pro-
duction of spermatids, but that earlier stages of subsequent rounds of
the cycling seminiferous epithelium were lost.

We also noticed that as the tubules of Zfp145~~ mice degenerated,
the surrounding testosterone-synthesizing Leydig cell population was
able to expand. This correlated with increased levels of serum testos-
terone in these mice, ruling out an impairment in the pituitary-testis
axis (Supplementary Fig. 2 online)'.

Testis degeneration can be induced by an increase in spermatogonial
proliferation, which leads to aberrant entry of the cells into meiosis and
subsequent activation of meiotic checkpoints'3. This can result in an
increase in germ cell apoptosis and a reduction in the proliferative pop-
ulation in the seminiferous tubules with time. We therefore assessed
the proliferation of spermatogonia in testis of Zfp1457/~ mice by
immunostaining for cyclin D1 (ref. 9) and phosphorylated histone H3
and by assessing incorporation of bromodeoxyuridine (BrdU) at dif-
ferent postnatal ages. We observed a significant and progressive
decrease in the overall number of proliferative spermatogonia in testis
of Zfp145~'~ mice, which started at 2 weeks of age and was most notable
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Figure 3 Proliferation and apoptosis in the developing testis of Zfpl45*+ and Zfp1457 mice. (a) Representative immunohistochemistry staining of testis
from Zfp145*+ and Zfp1457 mice of various postnatal ages for cyclin D1, a marker of mitotic spermatogonia. Sections were counterstained with
hematoxylin. Scale bar, 50 um. (b) Number of cyclin D1-positive cells per seminiferous tubule in testis of Zfp145*+ and Zfp1457 mice of various ages.

The mean value is shown with standard error. More than 40 tubules were scored for each of the first three time points and genotypes, whereas all the tubules
from three independent microscope fields (>20 tubules) were scored for the 3-week and >12-week (adult) time points. *P < 0.05 for comparison of
Zfp145**+ and Zfp1457 mice; **P < 0.02. (¢) Graph showing expanded results from the scoring of testis from 1-week-old mice for cyclin D1-positive cells.
The value from each individual seminiferous tubule is shown in ascending order. The Zfp145*+ and Zfp1457- testes have similar numbers of high-activity
tubules (>10 cyclin D1-positive cells per tubule) and these tubules have a similar range of activities (graph lines show extensive overlap for the high-activity
tubules). The low-activity tubules (<10 cyclin D1-positive cells per tubule) of Zfp1457 mice had significantly more proliferating cells than the low-activity
of Zfp145** tubules (P < 0.02). In addition, there are fewer inactive tubules (O cyclin D1—positive cells per tubule) in testis of ZfpI1457~ mice than in testis
of Zfp145** mice. Dotted line represents arbitrary divider of high- and low-activity tubules. (d) Representative immunohistochemistry staining of testis of
Zfp145*+ and Zfp1457 mice at various ages with an antibody specific for cleaved, activated caspase 3 as a marker of apoptotic cells. Sections were
counterstained with hematoxylin. Scale bar, 50 um.
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Table 1 Number of tubules containing cleaved
caspase 3—positive cells

Age (wk) Zfp145++ Zfpl457-
0.5 9/117 (8%) 6/94 (6%)

1 37/119 (31%) 51/119 (43%)
2 19/85 (22%) 42/136 (31%)
3 4/48 (8%) 5/53 (9%)
>12 (adult) ND ND

Testes of Zfp145*+ and Zfp1457- mice of various ages were scored for the proportion
of seminiferous tubules that contained cleaved caspase 3—positive cells. Adult testis
was not scored (ND) as very few caspase 3—positive cells were observed.

in the adult, when overt tubule degeneration was readily apparent (Fig.
3a,b and Supplementary Fig. 3 online; data on phosphorylated H3 not
shown). This is in complete agreement with the progressive reduction
in spermatogonia observed in testis of Zfp145~/~ mutants. One might
expect adult Zfp145~~ mice to have fewer proliferating cells, as many
tubules have lost their spermatogonia, but we observed no obvious
degeneration of the tubules until 2 weeks of age, although numbers of
proliferating spermatogonia began to decrease. This suggests that the
proliferative capacity of spermatogonia was already compromised at
this early age. At the first postnatal week, however, even though testis of
Zfp1457~ and Zfp145*'* mice had similar numbers of proliferating cells
per tubule (Fig. 3a,b), we observed many fewer inactive tubules in
Zfp145~~ mice (Fig. 3c). This suggests that inactivation of ZfpI145
causes an initial increased burst of proliferation followed by the rapid
exhaustion of the proliferative spermatogonial compartment.

Increased proliferative activity in early postnatal testes is associated
with increased cell death and tubule degeneration at later stages®!>.
We therefore scored for apoptosis in testis of Zfp145*'* and Zfp145~'~
mice!4. At the first and second postnatal weeks, testis of Zfp145~/~ mice
had more seminiferous tubules that contained apoptotic cells than did
testis of Zfp145*/* controls (Fig. 3d and Table 1; TUNEL data not
shown). This accompanied and followed the observed aberrant prolif-
erative activity of spermatogonia from Zfp145~/~ mice during the early
postnatal stages.

o

40

Because the seminiferous tubules of Zfp145~/~ mice suffer a pro-
gressive degeneration (Fig. 2b,d) and Zfpl45 expression is
restricted to undifferentiated spermatogonia (Fig. 1c), we hypothe-
sized that Plzf is required to maintain the germline stem cell com-
partment. To test this, we transplanted cells from testes of
Zfp145*/* and Zfp145~'~ mice into testes of recipient mice that had
been chemically depleted of germ cells and assayed their ability to
repopulate the tubules'>~17. Only undifferentiated spermatogonial
stem cells are able to repopulate tubules in recipient testis. In mice
that received transplants from Zfp145~/~ donors, we distinguished
the possible residual repopulation from the recipient testis by
immunostaining for Plzf. We found that transplanted Zfp145~/~
cells were substantially less efficient than control cells at repopula-
tion (Fig. 4a,b). In addition, the limited numbers of repopulated
tubules from Zfp145~/~ cell transplantation contained Plzf-positive
spermatogonia (Fig. 4c) and were therefore derived from the low
numbers of remaining recipient undifferentiated spermatogonia.
Therefore, loss of Zfp145 leads to depletion of the germline stem
cells in testis.

Microarray analysis of spermatogonia isolated by flow cytometry
from Zfp145~~ mice before testis degeneration showed alterations
in its transcriptomic profile (Fig. 5a and Supplementary Tables 1-3
online). Expression of genes directly regulated by Plzf in other
model systems (e.g., Ccna2 (ref. 18), Myc'®) was not altered, but we
found several genes whose expression was perturbed. Among them
were genes involved in metabolism (Gpdl, Cypllal, Hsd17bl,
Ash2l), RNA binding (Rbm5, Rbm9, Paip1, Pabpcl), cell cycle con-
trol (Ccnd2, Chesl), cytoskeletal and cell-junction components
(Knsl7, Col4a3bp, Cldnll) and transcription factors (Dmrt2; Fig.
5b). We verified a selection of gene changes by semiquantitative RT-
PCR on whole-testis RNA from Zfp145"'* and Zfp145~~ mice and
confirmed that expression of Myc and Ccna2 was not altered (Fig.
5¢). Expression of Ccna2 was confirmed to be unaltered by quanti-
tative RT-PCR (data not shown). Several genes aberrantly expressed
in the testes of ZfpI45~/~ mice may have roles in spermatogene-
sis®?021. For instance, RNA-binding proteins are implicated in the
regulation of mRNA splicing and timing of translation during sper-
matogenesis and are affected in some cases of azoospermia in
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Figure 4 Zfpl457- spermatogonia are unable to repopulate germ cell-depleted recipient testis. (a) Sections of recipient testis after transplantation with
spermatogonia from testis of 3-4-month-old Zfp145*+ and Zfp1457- mice were stained with hematoxylin and eosin to show repopulated (white asterisk) and
remaining depleted (black arrowhead) seminiferous tubules. (b) Graph showing percentages of tubules in recipient testis judged as having restored
spermatogenesis. Individual counts from each testis are indicated with triangles; the mean of each data set is plotted with a horizontal bar. At least 200
tubules were counted for each testis. Eight and ten testes transplanted from Zfp145*+ and Zfp1457 cells, respectively, were analyzed. The numbers of
repopulated tubules from the Zfp145** transplantation was significantly higher than that from the Zfp1457- (P < 0.05). (¢) Immunostaining of repopulated
tubules for Plzf. In testis repopulated from Zfp1457~ mutants, the residual spermatogenesis derives entirely from the recipient (Plzf-positive) spermatogonia.
Scale bars, 50 um. Spermatogonia staining positive for Plzf are indicated with black arrowheads.
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humans. Chesl has a role in regulating the G2/M checkpoint,
important in controlling mitosis and meiosis
genes (e.g., Ccnd2 (ref. 9), Morc?® and Tsx?*) are implicated in sper-
matogonia differentiation. Deregulated expression of these genes
probably disrupts the tight balance between spermatogonial self-
renewal and differentiation. Looking for Plzf binding sites in the

promoter regions of these genes, we found
only two putative Plzf responsive elements
in Tsx, which is downregulated in testis of
Zfp145~/~ mice. Tsx and the other genes are
therefore probably indirect Plzf targets.

, and another set of

LETTERS

Zfp145++
Zfp1d5-+

Plzf, these data implicate chromatin remodeling and transcrip-
tional regulation in the control of stem cell maintenance in the
germ cell compartment. The ability of Plzf to regulate molecular
pathways underlying stem cell maintenance may be perturbed in
acute promyelocytic leukemia, thus lending leukemic hemopoi-
etic progenitors a proliferative advantage.

. . . 4.0
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target genes directly transactivated by Plzf%>. 5 2.5

. . 2.0
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METHODS

Mice and sperm analysis. We inactivated ZfpI45 in mice as previously
described®. All mice were housed at the Memorial Sloan Kettering Cancer
Center animal facility in compliance with National Institutes of Health guide-
lines on the use of laboratory and experimental animals. We carried out sperm
counts by microscopic analysis of sperm extracted from the epididymis and vas
deferens of sets of Zfp145*/* and Zfp145~'~ adult mice (6 months old). Sperm
counts and in vitro fertilization procedures were done at the Memorial Sloan
Kettering Transgenic Facility.

Histology and immunohistochemistry. We fixed testes in Bouin’s or formalin
fixative solutions and embedded them in paraffin. We cut 8-pum sections,
removed the wax from them and stained them with periodic acid Schiff~-hema-
toxylin (Polyscientific) or with hematoxylin and eosin. For immunohistochem-
istry, we fixed these sections in ice-cold acetone and quenched endogenous
peroxidase activity by incubating them with 0.1% hydrogen peroxide. We sub-
jected the sections to antigen retrieval by microwaving in Antigen Unmasking
Solution (Vector Laboratories) or Citra Plus (Biogenex) and incubated them
overnight at 4 °C with primary antibody. We used antibodies to Plzf (provided
by P.G. Pelicci; Department of Experimental Oncology, European Institute of
Oncology and FIRC Institute of Molecular Oncology, Milan, Italy), PCNA
(clone PC10), p27 (rabbit polyclonal), cyclin D1 (polyclonal), cyclin D2 (poly-
clonal; Santa Cruz Biotechnology), p27 (monoclonal; BD Transduction
Laboratories), activated caspase-3 and phosphorylated H3 (Cell Signaling
Technology). We carried out staining with mouse monoclonal antibody using a
MOM kit (Vector Laboratories). We washed sections three times in phosphate-
buffered saline and then incubated them with the appropriate biotinylated sec-
ondary antibody (DAKO and Vector Laboratories) followed by
StreptABComplex/HRP (DAKO and Vector Laboratories). We then developed
sections using diaminobenzidine and counterstained them with hematoxylin.

For BrdU staining, we injected mice intraperitoneally with 100 mg of BrdU
(Sigma) per kg body weight. After 2 h, we dissected, fixed and processed testes
in paraffin. We detected BrdU incorporation with monoclonal antibody to
BrdU (Roche), incubated samples with biotinylated secondary antibody and
streptavidin-HRP and then detected with diaminobenzidine. We carried out
staining for activated caspase-3, phosphorylated H3 and BrdU using the auto-
mated staining processor Discovery from Ventana Medical Systems.

In situ mRNA hybridization. We incubated paraffin-embedded testis sections
(8 wm) with sense and antisense riboprobes to Zfp145 radioactively labeled
with 33P-UTP and hydrolyzed them in alkali as described?®. We carried out
autoradiography for 2 weeks and counterstained the sections with hematoxylin
and eosin.

Testis transplantation. The spermatogonial transplantation technique allows
the study of germline stem cells of the testis'>!®. We obtained donor testis cell
populations from 3—4-month-old Zfp145*/* and Zfp145~ mice and trans-
planted them into testis of busulphan-depleted recipient nude mice!” (busul-
phan-treated testes are almost completely devoid of endogenous germ cells).
Three months after the transplantation procedure, we collected testes and
processed them for hematoxylin and eosin staining and immunohistochem-
istry. The numbers of repopulated tubules give an indication of the numbers of
germline stem cells in the donor cell population, as only the nondifferentiated
spermatogonia are able to persist and repopulate the recipient seminiferous
tubules. To quantify the percentage of tubules repopulated by the donor, we
analyzed sections at three distinct points throughout each testis.

Testosterone assay. We extracted blood from male adult Zfp145*/* and
Zfp145~~ mice (<6 months old) during the evening when mice are most sexu-
ally active. We than assayed the isolated serum for testosterone levels by a spe-
cific Enzyme Immunoassay kit (Diagnostic Systems Laboratories).

Cellisolation and RNA preparation. We obtained single-cell suspensions from
mice of the different genotypes at the first postnatal week and prepared them by
enzymatic digestion. We pooled dissociated testis cells from more than six mice
of each genotype and stained them with primary antibody to o6-integrin
(GoH3; BD PharMingen) conjugated to R-phycoerythrin as previously

described”. We sorted cells using a FACSVAntage flow cytometer (BD
Biosciences). We isolated total RNA with a TRIZOL kit (Life Technology) from
cells sorted for high levels of 06-integrin and low levels of side scatter (sper-
matogonia) and precleaned them with an RNeasy kit (Quiagen) before
microarray analysis.

DNA microarray analysis. We carried out total RNA quality control before
labeling. We analyzed 25-50 ng of total RNA on a RNA 6000 Nano Assay
(Agilent) using a Bioanlyzer 2100. We then labeled 2 ng of good-quality total
RNA according to protocols recommended by manufacturers. After reverse-
transcription with an oligo-dT-T7 (Genset), we generated double-stranded
cDNA with the Supercript double-stranded cDNA synthesis custom kit
(Invitrogen Life Technologies). In an in vitro transcription step (with T7 RNA
polymerase (MessageAmp aRNA kit from Ambion), we linearly amplified the
cDNA and labeled it with biotinylated nucleotides (Enzo Diagnostics). We then
hybridized 10 pg of labeled and fragmented cRNA onto MGU74v2 A/B/C
GeneChips (Affymetrix) and processed them as previously described®. We
quantified the image using MAS 5.1 (MicroArray Suite, Affymetrix) with the
default parameters for the statistical algorithm and all probe set scaling with a
target intensity of 500. We then filtered the data so that the absolute value of the
relative change was 21.5. We also removed genes that were scored as increasing
and scored as absent in the numerator (i.e., the experiment in the ratio whose
value is the numerator) and genes that were scored as decreasing and scored as
absent in the denominator (also referred to as the base experiment).

RT-PCR analysis. We isolated total RNA from the testis of 1-week-old
Zfp145** and Zfp145~~ mice and used it to synthesize first-strand cDNA using
a Superscript III first-strand cDNA synthesis kit and random hexamer priming
(Invitrogen). We then used ¢cDNA for PCR using Platinum PCR Supermix
(Invitrogen) and appropriate primers. Primer sequences were designed in dif-
ferent exons of the target genes to prevent productive PCR from genomic DNA
contamination (sequences are available on request). We isolated PCR products
from a range of different cycle numbers (25, 30 and 35 cycles) to ensure reac-
tions were analyzed during the exponential phase. We separated PCR products
on 1.5% agarose gels. We carried out quantitative RT-PCR directly from testis
total RNA extracts with a LightCycler (Roche) and SYBR-Green RT-PCR kit
(Qiagen) according to manufacturers’ instructions. We normalized semiquan-
titative and quantitative RT-PCR reactions against levels of the transcript for a
housekeeping gene (Hprt).

GEO accession number. GSE1399.
Note: Supplementary information is available on the Nature Genetics website.
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