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Targeted JAM-C deletion in germ cells by Spo11-
controlled Cre recombinase
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Summary

Meiosis is a crucial process for the production of functional gametes. However, the biological significance of many genes expressed
during the meiotic phase remains poorly understood, mainly because of the lethal phenotypes of the knockout mice. Functional analysis
of such genes using the conditional knockout approach is hindered by the lack of suitable Cre transgenic lines. We describe here the
generation of transgenic mice expressing Cre recombinase under the control of the meiotic Spol/ gene. Using LacZ-R26' and EYFP-
R26!*F reporter mice, we show the specific expression and activity of Cre during meiosis in males and females. Spo /1" mice were
then crossed with floxed Nbsl and JAM-C mice to produce conditional knockouts. A strong reduction of Nbsl and JAM-C protein
levels was found in the testis. Although Nbsl-deleted mice developed minor gonadal abnormalities, JAM-C-knockout mice showed a
spermiogenetic arrest, as previously described for the null mice. These results provide strong evidence that Spol/™ transgenic mice
represent a powerful tool for deleting genes of interest specifically in meiotic and/or in postmeiotic germ cells.
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Introduction

Gametogenesis is a maturative process of germ cell formation, in
which mitotic, meiotic and differentiative phases orderly occur. In
males, meiosis occurs postnatally, when spermatogonia first
differentiate into spermatocytes. After two subsequent divisions,
spermatocytes give rise to haploid spermatids, which enter into the
spermiogenetic process (de Rooij and Mizrak, 2008; Rossi et al.,
2003). During this phase, spermatids elongate, condense their
chromatin, develop the flagellum and the acrosome, and lose most
of their cytoplasm to become spermatozoa (Cheng and Mruk,
2002). In females, meiosis starts during fetal development, when
primordial germ cells (PGCs) stop proliferating, and it is eventually
completed postnatally, during fertilization.

Although it is well known that meiotic and postmeiotic
alterations are critical for the production of functional gametes, the
molecular pathways involved in the correct initiation, signaling
and resolution of these differentiative processes are poorly
understood. This is mainly due to the early embryonic lethality of
mice lacking functional copies of candidate genes implicated in
meiotic progression. These findings suggest that many of the
proteins involved in meiotic progression also have an important
role in other cellular processes.

The Nijmegen breakage syndrome (NBS) gene, which encodes
nibrin, a protein essential for DNA double-strand breaks (DSB)
repair events (Carney et al., 1998; Chapman and Jackson, 2008;
Chen et al., 2000; Difilippantonio et al., 2007; Stracker et al.,
2007; Zhu et al., 2001), is one such example. Indeed, Nbs/-null

mice show early embryonic lethality and have poorly developed
embryonic and extra-embryonic tissues (Zhu et al., 2001). However,
mice with a hypomorphic mutation in Nbs/ are viable, but females
are sterile as result of arrest during meiosis at pachytene stage,
whereas males show a delay in the first wave of spermatogenesis
(Cherry et al., 2007; Difilippantonio et al., 2005; Morales et al.,
2005). Another such example is the junctional adhesion molecule-
C (JAM-C), a cell-surface protein of the immunoglobulin
superfamily. These proteins colocalize with tight junctions in
endothelium and epithelium and they are also found on blood cells,
where they are mainly involved in inflammatory events (Cera et
al., 2004; Orlova et al., 2006; Santoso et al., 2005; Santoso et al.,
2002; Zimmerli et al., 2009). Gliki and co-workers (Gliki et al.,
2004) generated JAM-C-null mice by targeted disruption. Although
a major proportion of the JAM-C-null offspring die during postnatal
development because of infections, about 40% of the mutants are
viable. JAM-C-deficient males are infertile and fail to produce
mature sperm cells. The testes of J4M-C-null mice were reported
to be about 50% smaller than those of littermate controls and
lacked differentiated elongated spermatids.

Conditional gene knockout is a commonly used technique to
examine the biological function of essential genes, which result in
embryonic lethality, in postnatal tissues. This is accomplished by
generating conditional alleles of genes by flanking them with /oxP
sites, so that the gene can be deleted by crossing to Cre expressing
transgenic mice. Unfortunately, to date there are no Cre transgenic
lines that can be used to delete genes in early stages of meiosis.
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We describe here the generation of a Cre transgenic line under the
genetic control of Spoll.

S. cerevisiae sporulation protein (Spoll) is an evolutionarily
conserved topoisomerase-like protein that, in mammals, is
functionally expressed in gonads of both male and female during
meiosis and is responsible for physiological DNA DSB formation
during the early meiotic prophase in spermatocytes and oocytes
(Baudat et al., 2000; Keeney et al., 1999; Klein et al., 2002;
Romanienko and Camerini-Otero, 1999; Romanienko and
Camerini-Otero, 2000). To obtain transgenic mice expressing Cre
during early meiosis, we used the bacterial artificial chromosome
(BAC) engineering technology in which an IRES-Cre sequence
has been inserted into the murine Spol1 locus. After studying the
developmental stage of germ cells in which Cre was functional,
we tested the efficiency of deletion by breeding the Spol1™ mice
with mice containing conditional alleles of Nbs/ (Reina-San-
Martin et al., 2005) or JAM-C (H. F. Langer and T.C., unpublished
results). The deletion of the conditional alleles is expected to
generate a spermatogenic arrest during the meiotic and postmeiotic
phases, respectively.

In Spol1°" transgenic mice, the Cre recombinase begins to be
specifically expressed during meiotic germ cell development. We
found that Cre expression driven by Spoll regulatory regions is
able to delete NbsI'™P and JAM-C'F alleles, partially displaying
the Nbs1 hypomorphic gonadal phenotype and fully recapitulating
the JAM-C-null phenotype in male testis. In summary, we describe
here the generation of a novel transgenic mouse model in which
exogenous Cre is expressed and fully functional during meiosis in
both sexes.

Results

Generation of Spo11-IRES-Cre mice

To generate transgenic mice expressing the Cre recombinase in
germ cells, presumably in the early stages of meiosis, we inserted
the Cre cDNA within the Spoll genomic locus cloned in a BAC
vector. The structure of the targeting construct used to generate
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transgenic mice expressing Cre during the early meiotic phase of
spermatogenesis and oogenesis is depicted in Fig. 1A. The Cre
cDNA was inserted immediately downstream from the stop codon
present in exon 13 of Spoll BAC by recombineering as previously
described (Liu et al., 2003; Yang and Sharan, 2003), and used for
generation of transgenic mice. Two founder mice, D5 and H9,
were analyzed in detail. Both founders gave germline transmission
and the expression of the transgene was identical to each other in
every aspect studied. Furthermore, RT-PCR analysis of Cre mRNA
in different tissues from transgenic mice revealed Cre expression
in adult testis and thymus, and in ovary from 14.5 days post coitum
(d.p.c.) embryos (Fig. 1B, upper and lower panels, respectively),
consistent with the reported Spo11 expression pattern (Romanienko
and Camerini-Otero, 1999).

Spo11-Cre is expressed in meiotic germ cells

To test the in vivo expression of Cre in germ cells during
development, we analyzed Cre mRNA levels by semiquantitative
RT-PCR in testes and ovaries of Spoll" transgenic mice. Cre
mRNA expression started to be evident in testes from 7 days post
partum (d.p.p.) mice (Fig. 2A, left panel), when pre-meiotic
differentiating spermatogonia are the most abundant germ cells
population. Cre mRNA was also evident in testes from 10 d.p.p.
mice, which mostly contained spermatocytes at the leptotene
stage, but appeared to reach its maximal expression levels in the
adult testis (Fig. 2A, middle panel), where pachytene
spermatocytes and postmeiotic cells were the prevailing germ cell
types.

In fetal ovaries, Cre mRNA was evident at 13.5 d.p.c,,
coincidently with the beginning of meiosis, it peaked at 16.5 d.p.c.,
when most of the oocytes are at the pachytene stage, and was
downregulated at birth (Fig. 2A, right panel). To verify the
specificity of excision achieved by the Spol/¢"¢ transgenic lines,
we crossed the two independent founders with ROSA26 loxP-f3-
galactosidase (lacZ-R26'"/**Py mice (Soriano, 1999). These mice
express the lacZ transgene only after Cre-mediated excision. The
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Cre -4oobp Fig. 1. Generation and evaluation of Spol1-
IRES-Cre mice. (A) BAC targeting of the murine
Spoll locus after the stop codon of the gene. The
DNA fragment containing the homology regions
ARM1 and ARM?2 for the DNA recombination and
the IRES-Cre-Neomycin (Neo) sequences was
” obtained by Scal enzymatic digestion from the
6\\0&@ modified PL459 plasmid. The restriction enzymes
K& used to insert the homology regions into the
Cre -—400bp original PL459 plasmid are indicated. Spo// exons
; are shown as red boxes, and exons 12 and 13 are

Actin - e magnified. Frt sites flanking the Neo cassette are
shown. In the /RES-Cre sequence the location of
primers used for Cre analyses is shown. CM(R)
represents the chloramphenicol resistance gene
used as a probe to identify founder mice.
(B) Representative RT-PCR analysis of testis, lung,
liver, spleen and thymus mRNA isolated from a 2-
month-old mouse of the D5 founder line (top panel)
and ovaries mRNA from 14.5 d.p.c. embryo
(bottom panel), showing tissue-specific Cre mRNA
expression. Actin PCR was used as a loading
control.
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D5 and H9 transgenic Spoll“lacZ-R26"""*F mice showed a
similar intensity of B-galactosidase (B-gal) staining in adult testes
and ovaries (Fig. 2B,D).

In Spoll“lacZ-R26'""*F transgenic testes, Cre activity, as
monitored by B-gal staining, was found within the seminiferous
tubules as early as at the meiotic stages. Spermatocytes were [3-
gal-positive cells and corresponded to the germ cell type in which
Spoll is expressed. The basal layer of the tubules, where
spermatogonia and somatic cells are located, appeared to be
negative for B-gal staining (Fig. 2B, black arrows). A detailed
analysis of testis sections revealed an apparent lack of B-gal staining
also in germ cells at the lepto-zygotene stage of the first meiotic
division, identifiable by their position within tubules and by the
typical staining of the condensed chromatin (Fig. 2B, asterisk). On
the contrary, a strong and consistent staining was observed in
pachytene spermatocytes and in postmeiotic cells (Fig. 2B, black
and white arrowheads, respectively), namely round and elongating
spermatids. We then bred Spo/1" transgenic mice with ROSA26
loxP enhanced yellow fluorescent protein (EYFP-R26/"/*P) mice
(Srinivas et al., 2001). Using this reporter gene, we also observed
a consistent EYFP staining of spermatocytes in earlier stages of
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Fig. 2. Spo11-Cre is expressed in meiotic germ
cells. (A) Semiquantitative PCR of cDNA
prepared from 3, 5, 7, 10 d.p.p. and adult testes
(left and middle) and from 12.5, 13.5, 16.5 d.p.c.
and 1 d.p.p. ovaries (right). Cre and Spo!I alpha
and beta isoform mRNA (Bellani et al., 2010;
Romanienko and Camerini-Otero, 2000)
amplifications are shown. Actin PCR was used as
a loading control. (B) B-gal-stained sections of
seminiferous tubules of adult testis counterstained
with nuclear Fast Red. Black arrows indicate 3-
gal-negative spermatogonia and somatic Sertoli
cells; black and white arrowheads show [3-gal-
positive pachytene spermatocytes and spermatids,
respectively. Asterisk indicates lepto-zygotene
spermatocytes. (C) EYFP expression in testis from
a 21 d.p.p. male. White and yellow arrowheads
indicate pachytene spermatocytes and spermatids,
respectively. White asterisk shows early meiotic
spermatocytes and white arrows indicate
spermatogonia or preleptotene cells. (D) B-gal-
stained sections of adult ovaries counterstained
with nuclear Fast Red. PF, primordial follicles;
PrF, primary follicles; SF, secondary follicles.

(E) EYFP expression in fetal ovaries from 14.5
d.p.c. mice. Arrowheads indicate meiotic oocytes
and the asterisk, early meiotic preleptotene cells.
The cell types were recognized by differential
Hoechst 33342 staining of the nuclei. Scale bars:
100 um in B and D; 10 um in E.
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meiosis and occasionally in some spermatogonia or preleptotene
spermatocytes (Fig. 2C).

In adult female gonads, we detected a strong signal exclusively
in oocytes from primordial, primary and secondary follicles (Fig.
2D), indicating that Cre deletion occurred during the early phases
of embryogenesis when the meiotic process takes place. To verify
the Cre-mediated deletion event during the meiotic phase, we
analyzed fetal ovaries from 14.5 d.p.c. embryos born from mating
Spol1€® and EYFP-R26'' mice. The EYFP signal was
observed specifically both in early and late meiotic germ cells,
identified according to previous reports (Dolci and De Felici,
1990), but not in somatic cells (Fig. 2E). Together, these results
demonstrate that the Cre transgene driven by Spoll regulatory
elements is functionally expressed in vivo, in both male and female
mice starting from the meiotic stages of gametogenesis.

Nbs1%~ mice partially recapitulate the meiotic phenotype
of hypomorphic Nbs1 mice

It is known that Nbs1 hypomorphic females lack oocytes and that
spermatogenesis is delayed in the male mice (Difilippantonio et
al., 2005). To investigate the role of Nbs1 during the meiotic phase
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of oogenesis and spermatogenesis in a conditional null background,
we crossed Spol1¢ mice with the Nbs1”"~ mice, which we have
previously used to investigate the role of Nbsl protein in B cells
(Reina-San-Martin et al., 2005).

Transgenic Spoll*Nbs 1"~ (Nbs1%") males and females were
both fertile. Indeed, when females were euthanized at 5 weeks of
age, they did not show the canonical Nbs1 hypomorphic phenotype
(Difilippantonio et al., 2005), even though we noticed that about
50% of the analyzed animals showed a reduction of the ovary size
and oocyte number (Fig. 3A and supplementary material Fig. S1A).
To investigate the efficiency of Cre deletion in oocytes, we crossed
two NbsI?~ females with wild-type males. One hundred pups were
screened by PCR to verify the presence of loxP sites or the deleted
band (see below) in their tail DNA. We estimated that 52% of the
newborns had undergone the deletion as expected for mendelian
inheritance and only 6% were loxP positive (supplementary material
Fig. SIB).

Conditionally deleted males did not present the strong delay of
spermatogenesis at different ages that was instead described for the
hypomorphic Nbsl mice (Difilippantonio et al., 2005) (data not
shown). The extent of Cre-mediated excision was also evaluated
in males. Using PCR analysis, we monitored the disappearance of
the loxP sites and the appearance of a band that is amplified as a
result of the deletion event in testis DNA of Nbs/%~ males (Fig.

C133 4+ W123 + Mut2

LoxP-F + LoxP-R

Primer Pairs

Fig. 3. NbsI%~ mice do not show the canonical
meiotic phenotype of hypomorphic Nbs1 mice.
(A) Hematoxylin and eosin stained sections of
ovaries from 5-week-old females. Scale bar:

100 um. (B) Identification of Cre-mediated
recombination by semiquantitative PCR of
genomic DNA obtained from tail and testis of 2-
week-old Nbs 1/~ and Nbs1%~ mice. Nbs1
genotype was determined by C133, W123 and
Mut2 primers, as previously described (Zhu et al.,
2001). Primer pairs LoxP-F and LoxP-R show the
extent of Cre-mediated deletion of loxP sites,
whereas NB5F and 148-R were used for detection
of Cre-mediated band (Reina-San-Martin et al.,
2005). (C) Identification of Cre-mediated
recombination. For PCRs we used sequential
tenfold dilutions of genomic DNA (indicated by
wedges) obtained from tail and testis of 3-week-
old mice. As determined by semiquantitative PCR,
90-94% of the loxP-flanked Nbs! alleles were
deleted from the genome in NbsI¥" testis cells
(middle). NBS primers C133 and W123 in the
NBS 59 region were used as control to normalize
for the amount of input DNA (top). Primer pairs
NBSF and 148-R detected the Cre-mediated
recombination band (bottom). Data are
representative of three independent experiments.
(D) Western blot analysis of murine Nbs1 in
whole-cell extracts prepared from total testis (left
panel), sperm and thymocytes (right) of Nbs/%~
mice relative to Nbs 1"~ normalized to tubulin.
Numbers reflect the intensity of bands
representing the amount of Nbs1 protein. No
reduction of the Nbs1 protein was evident in
thymocytes. Data shown are representative of two
independent experiments.
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3B,C, respectively). Undiluted or diluted DNA extracts, obtained
from tails and germ cells isolated from testis of 2 and 3 weeks old
animals were analyzed by semiquantitative PCR. As expected, we
did not observe the deleted band in genomic DNA obtained from
tails but a newly formed strong band was amplified in all DNA
dilutions prepared from testicular cells, indicating that a deletion
event occurred following Cre activity (Fig. 3B,C, bottom panels).
On the contrary, loxP sites were present in tail DNA in all dilutions
tested and at extremely low levels in testis samples, confirming
again that a dramatic deletion event occurred. We estimated a 90—
94% reduction for the JoxP sites, as calculated by using Nbs! PCR
product as a loading control (Fig. 3C, top and middle panels).
Because we did not observe any spermatogenetic delay or
fertility problems, despite an almost 100% efficiency of deletion,
we evaluated Nbsl protein levels in transgenic Nbs/*~ testicular
cells at 3 weeks of age, when spermatocytes are the predominant
germ cell type in the testis (Fig. 3D, left). Densitometric analysis
revealed a residual Nbsl band corresponding to 30% of the wild-
type band in both D5 and H9 transgenic founder lines. To rule out
the possibility that Nbs1 is expressed in contaminant spermatogonia
or Sertoli cells, we prepared protein lysates from spermatozoa,
isolated from the cauda of NbsI?~ and NbsI'™"" mice, and we
compared the relative Nbsl protein level in the two samples (Fig.
3D, right). A similar 70% reduction in Nbsl was observed in
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spermatozoa from transgenic mice. However, we cannot exclude
the possibility that the residual Nbsl protein arises from somatic
epididymal cells that contaminate these sperm preparations. Nbs /4~
thymus, which was positive for Cre mRNA expression (Fig. 1C),
did not show decreased levels of Nbsl protein compared with
levels in NbsI'®"~ mice, indicating the absence of Cre activity in
this organ.

JAM-CY- mice display the postmeiotic phenotype of
JAM-C-null mice

Since Spo11°7 mice showed the maximal Cre activity in pachytene
spermatocytes, we thought that the Spol1-Cre protein would be
useful to reveal a phenotype in postmeiotic germ cells. To test this
hypothesis, we bred the Spo<" mice with a conditional knockout
mouse model of JAM-C (H. F. Langer and T.C., unpublished
results), whose homozygous deletion causes defects during
spermiogenesis  (Gliki et al., 2004). By breeding the
Spoll€°JAM-C*~ mice with JAM-C'*"" mice, we generated
Spol1°eJAM-C'~ (JAM-C*") mice, which were analyzed at
different stages of development. J4M-C*~ mice showed a reduction
in testis size (collected at 7 months of age) compared with
JAM-C"*""~ mice (supplementary material Fig. S2A). Starting from
2 months of age, we observed a strong decrease in sperm number
ranging from 90% to 95% relative to control mice.

JAM-C-null mice are infertile as a result of a maturation arrest
from round spermatids to elongated spermatids. This phenotype is
related to the role of JAM-C in the assembly of a cell polarity
complex (Gliki et al., 2004). Histological analysis of JAM-CY~
testes showed that more than 80-90% of the tubules were arrested
at the round stage of spermatid differentiation and rare elongating
spermatids were found (Fig. 4A). Within the JAM-C*~ tubules,
several degenerating spermatids and spermatocytes were also
observed (Fig. 4A,B). TUNEL assay confirmed a widespread
apoptosis in JAM-C*~ testes but not in mice expressing
Spoll°JAM-C*"~, which were used as control (supplementary
material Fig. S2B), indicating that the germ cell degeneration is
effectively due to the deletion of JAM-C allele and not to the
presence of the transgene per se.

To monitor the Cre-mediated recombination event, we
performed a semiquantitative PCR analysis of /oxP sites on DNA
extracted from tails and spermatozoa of adult JAM-C"*"~ and
JAM-CY~ mice. Whereas the tail genomic DNA showed a similar
loxP content, the JAM-C*~ sperm DNA revealed only 10-20% of
the original JoxP sites compared with JAM-C"~ sperm DNA
(Fig. 4C), providing an explanation for the previous observed
phenotype. We then analyzed the protein levels of JAM-C in
isolated spermatocytes and spermatids that were conditionally
deleted. As shown in Fig. 4D, JAM-C was expressed in normal
JAM-CP~ spermatocytes and its levels were higher than those
in spermatids. However, in JAM-C%~ mice, we found a dramatic
reduction of the protein levels in isolated spermatocytes and
spermatids, indicating that the deletion occurred efficiently. The
reduction ranged between 90% and 98%, according to whether
Erk2 or actin were used as loading controls. It is known that F-
actin is abnormally distributed in JAM-C-null spermatids, and that
bundles fail to form at Sertoli—spermatid junctions. We observed
similar cytoskeletal defects in most JAM-C*~ isolated round
spermatids. As previously reported in JAM-C'*"~ mice (Gliki et
al., 2004), F-actin appeared uniformly distributed within the
cytoplasm in spermatids from J4M-C?~ mice, rather than being
localized in restricted zones of the cells (Fig. 4E). We detected the

F-actin polarization only in a subpopulation of control spermatids,
probably because we disrupted the Sertoli—spermatid connection
during germ cell purification, but this polarization was preserved
extremely rarely in deleted cells.

Discussion

Generation of Spo11-IRES-Cre mice and Cre expression
Conditional gene targeting has proved to be a powerful approach to
study the function of genes in particular cell lineages without
compromising gene expression in other tissue and cell compartments
(Lobe and Nagy, 1998). The success of this approach clearly relies
on the availability of mice that express Cre in the cell or tissue of
interest. Several mouse models of Cre recombinase, conditionally
expressed in germ cells during different developmental stages, have
been reported: PGK-1-Cre, TNAP-Cre and Nanos3-Cre mice
express Cre in primordial germ cells (Lallemand et al., 1998; Lomeli
et al., 2000; Suzuki et al., 2008); Zp3-Cre mice in oocytes
(Lewandoski et al., 1997); c-Kit-Cre in germ cells and Stra8-Cre in
male premeiotic germ cells (Bergqvist et al., 1998; Sadate-Ngatchou
et al., 2008); Pgk2-Cre and Sycpl-Cre in spermatocytes (Ando et
al., 2000; Bhullar et al., 2001; Chung et al., 2004; Vidal et al.,
1998); and Prm1-Cre in haploid spermatid (O’Gorman et al., 1997,
Schmidt et al., 2000). However, several of these transgenic and
knock-in mice show ectopic or mosaic expression of Cre (Bergqvist
et al., 1998; Bhullar et al., 2001; Lallemand et al., 1998; Lomeli et
al., 2000; Suzuki et al., 2008), and inefficient or abnormal Cre
activity (Schmidt et al., 2000; Suzuki et al., 2008). Furthermore,
even though the Cre-expressing mice have been proposed to be a
valuable tool for studying genes potentially essential for
spermatogenesis or oogenesis, very few have been crossed to test
the actual Cre-mediated deletion of meiotic or postmeiotic genes
targeted with JoxP sequences.

Sycpl-Cre is a current mouse model in which Cre is restricted
to the zygotene through the pachytene and later stages during male
meiosis, but it is not expressed during oogenesis (Chung et al.,
2004; Sage et al., 1999; Vidal et al., 1998). These mice have been
successfully used to delete the androgen receptor gene in spermatids
from young animals, but the Cre-induced recombination was
completely lost in older mice (Tsai et al., 2006). The same failure
of loxP sites recombination over several generations was described
for germ-cell-specific nuclear-factor-kB knockdown mice obtained
through a floxed IkB kinase 3 gene (Rasoulpour and Boekelheide,
2000).

In this study, we report a new meiotic deleter strain, Spo//¢"®
mice, which show specific Cre activity during meiosis both in
male and female germ cells. Since the Spoll promoter region has
not been fully characterized and it is well known that other
regulatory elements, such as enhancer sequences, are important for
proper spatial and temporal regulation of transgenes, we inserted
the Cre cDNA sequence within a BAC containing the entire
genomic Spoll locus, to correctly drive Cre mRNA expression.

In Spo11<"*LacZ-R26"°xP males, we observed that Cre activity
was apparently not detectable during the lepto-zygotene stage,
even though Cre is expressed at 7 d.p.p., but it was clearly evident
at the pachytene stage of meiosis, as judged by B-gal staining of
the testes. This result is in apparent contrast with the expression
pattern and activity of Spoll gene, which was found in all the
stages of the meiotic prophase up to pachytene cells (Baudat et al.,
2000; Romanienko and Camerini-Otero, 2000; Shannon et al.,
1999). This discrepancy can be explained by a difference in the
timing of Cre translation with respect to Spoll, and/or by a Cre
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Fig. 4. JAM-C*~ mice display the postmeiotic phenotype of JAM-C-null mice. (A) Hematoxylin and eosin stained sections of testis from 10-week-old
littermates showing the depletion of elongated spermatids in J4M-C¥~ relative to control JAM-C'*"~ mice and the consequent spermatogenetic arrest. Scale bar:
100 um. (B) Higher magnification of sections in A of seminiferous tubules from JAM-C*" and JAM-C'**""~ mice. The white arrowhead indicates elongated
spermatids in control littermate and the black arrowhead shows degenerating spermatids in JAM-C*~ mice. Asterisks indicate spermatozoa in control and JAM-C*~
mice. Scale bar: 10 um. (C) Identification of Cre-mediated recombination by semiquantitative PCR of genomic DNA obtained from tails and sperm of JAM-Co*"~
and JAM-CY~ mice. JAM-C F1 and JAM-C R1 primer pairs show the extent of Cre-mediated deletion of /oxP sites, whereas JAM-C F1 and JAM-C R4 were used
for detection of the null allele, used as control to normalize for the amount of input DNA. The ratio between the intensity of the JAM-C**"~ bands in sperm and tail
was arbitrarily considered 1. Data shown are representative of three independent experiments. (D) Western blot analysis of JAM-C in whole-cell extracts prepared
from lung, spermatocytes (Spcytes) and spermatids (Sptids) of JAM-C 7, JAM-CY~ mice relative to JAM-C'™"". Numbers represents the ratio of residual JAM-C
protein in JAM-C*~ germ cells with respect to JAM-C'*"~ germ cells, using either actin or Erk2 as loading controls. (E) Immunofluorescence in freshly isolated
round spermatids showing polarized F-actin (phalloidin, red), in most of the control JAM-C**"~ cells (arrowheads), but disorganized in JAM-C-deleted spermatids.

recombinase activity below the threshold detectable by [-gal
staining at the beginning of male meiosis, arguing for the
requirement of an accumulation of Cre to efficiently delete loxP
sites. This latter hypothesis is supported by the evidence that Cre
is expressed at lower levels in 10 d.p.p. versus adult testis, when

leptotene and lepto-zygotene cells are first observed. Moreover, it
is known that Spo// gene expression actually increases in pachytene
spermatocytes, where an alternative splicing product accumulates
(Baudat et al., 2000; Bellani et al., 2010). However, by using
EYFP as a reporter gene, whose detection assay is more sensitive
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compared with B-gal staining, we also found Cre activity in
spermatogonia committed to meiotic entry and early meiotic cells.

In female gonads, positive B-gal staining was evident in diplotene
oocytes within primordial follicles, suggesting that Cre was
expressed at earlier meiotic stages. This hypothesis was confirmed
by revealing Cre in fetal ovaries through semiquantitative RT-PCR
analysis of Cre expression and EYFP staining. Notably, we found
that Cre is expressed at the beginning of meiosis, it increases at the
pachytene stage and it is subsequently downregulated at birth. In
14.5 d.p.c. ovaries, preleptotene and early meiotic oocytes expressed
EYFP, suggesting that the timing of Spo /] transgene expression
overlapped that of the endogenous Spoll gene.

To further validate actual gene deletions in meiosis, we used
Spol1°7 to delete floxed NbsI and JAM-C alleles, which have
been described to have a role in meiotic and postmeiotic cells,
respectively (Difilippantonio et al., 2005; Gliki et al., 2004).

Nbs1 and JAM-C gene deletions mediated by Spo11-Cre
The role of Nbs1 in gametogenesis has been previously studied in
hypomorphic animals (Difilippantonio et al., 2005) because null
mice are embryonic lethal (Zhu et al., 2001). Although females are
completely sterile, the onset of spermatogenesis is delayed in Nbsl
hypomorphic males. Our NbsI?~ females were fertile despite an
efficient deletion occurring, as evaluated in the progeny of these
mice. These results might suggest a potential crucial role of Nbs1
before meiosis, during the mitotic phases of oogenesis. However,
we observed a reduction of ovarian size and oocyte number in
about 50% of Nbs*~ females. Because Cre activity, as monitored
by EYFP, was found in preleptotene oocytes, we hypothesize that
a portion of the preleptotene oocytes that underwent deletion are
also sensitive to Nbs1 levels. Nbs/*~ males were also fertile and
we did not observe any gross spermatogenetic defect by
morphological analysis. Although Cre-mediated deletion was
almost complete in Nbs/*~ mice, western blot analysis indicated
that a small amount of Nbs1 protein was still detectable in Nbs/%~
isolated spermatozoa. If this residual protein is not due to somatic
contaminants, this discrepancy could be due to the stability of the
protein already present before the Cre-mediated deletion of the
conditional allele, and, as in females, Nbs1 could be required also
before meiosis. However, we cannot completely exclude a
detrimental effect of the deleted form of Nbsl protein that is
produced in hypomorphic Nbs1 mice (Difilippantonio et al., 2005),
which is not present in our conditionally deleted mice.

Proper gene ablation in meiotic cells by Spol1-Cre was further
confirmed when we specifically targeted JAM-C, a gene involved
in cytoskeletal protein polarization during spermatid differentiation
(Gliki et al., 2004). In JAM-C*Y~ mice, we noticed an apparent
increase in actin protein levels in germ cells, which might be
correlated to the dramatic alteration of F-actin polarization that we
observed in mutant spermatids.

Similarly to what observed in JAM-C-knockout mice (Gliki et
al., 2004), adult JAM-CY~ mice displayed a consistent reduction of
testis size and a strong decrease in sperm number. A detailed
analysis showed an arrest of round spermatid differentiation and
few elongating spermatids were found within the affected tubules.

Our conditional mouse model provides a clear evidence of a
direct role played by JAM-C during spermiogenesis, as previously
suggested by the JAM-C-null phenotype (Gliki et al., 2004).
Furthermore, with the use of this conditional knockout strategy we
demonstrated that the testicular phenotype of J4M-C-null mice is
germ cell autonomous and we could exclude defects during the

mitotic phase of spermatogenesis. In all the different breeding that
we have generated, we did not observe a decrease in the efficiency
of deletion in aged mice, as described for Sycpl-Cre mice
(Rasoulpour and Boekelheide, 2006; Tsai et al., 2006). Moreover,
we did not observe the illegitimate chromosome rearrangements in
transgenic spermatids that were reported in mice carrying a
promoter fragment of Prml driving Cre in spermatids (Schmidt et
al., 2000).

Collectively, our results demonstrate that the expression pattern
of Cre recombinase overlaps with that of the endogenous Spoi/
gene during the meiotic prophase of both oogenesis and
spermatogenesis. Its expression, which reaches greatest levels at
the pachytene stage, is able to efficiently recombine the loxP sites
in the Nbsl and JAM-C loci specifically in meiotic germ cells.
Thus, Spo11°* mice might be useful to investigate whether a gene
required for fertility has an essential role in the meiotic or post-
meiotic phases of gametogenesis.

Materials and Methods

Generation of mice

To generate transgenic mice, the murine BAC RP23-20N4, which consists of a 260-
kilobase (kb) insert, including 188 kb of sequence upstream and 57 kb of sequence
downstream of the Spo!/ initiation and stop codons, respectively, was engineered by
homologous recombination as previously described (Liu et al., 2003; Yang and
Sharan, 2003). Briefly, we electroporated the /RES-Cre-Neo fragment of the PL459
plasmid (Liu et al., 2003), flanked by two homology regions (ARM1 and ARM2) of
the Spoll gene immediately downstream from the stop codon site, into bacteria
containing the Spoll BAC. Xhol-Scal-Spoll for EcoRI-Spol1 rev and Bg/II-Spol1
for Scal-Not1-Spoll rev pair primers were used to amplify ARMI1 (295 bp) and
ARM?2 (135 bp) fragments (supplementary material Table S1).

The IRES sequence was inserted upstream of Cre to allow proper translation of
the Cre protein. The Neomycin (Neo) resistance was used for the screening of the
positive recombined bacteria containing the Spoll-IRES-Cre-Neo BAC.
Subsequently, the recombined BAC was electroporated into (L)-arabinose inducible
EL250 330G11 bacteria for flp-mediated Neo deletion. Spoll-Ires-Cre BAC was
purified and microinjected into the pronuclei of fertilized Balb C57 eggs by standard
methods. Founder lines were identified by southern blotting analysis using a probe
amplified in the chloramphenicol resistance cassette with CMfor and CMrev primers.
All experiments were performed with D5 and H9 founder lines, unless otherwise
noted.

Transgenic founders were crossed to homozygous LacZ-R26'*F (a generous
gift from Richard J. Hodes, EIB_NCI_NIH, USA), homozygous EYFP-R26'"
(kindly provided by GianGiacomo Consalez, University of San Raffaele,
Milan, Italy), NbsI’*"~ (Zhu et al., 2001) and JAM-C"*"~ mice. Briefly, the
ploxPFRTPGKneoFRT (kindly provided by Guinther Schiitz, German Cancer
Research Center, Heidelberg, Germany) containing exon 1 and 560 bp of the
promoter region of JAM-C gene flanked by loxP sites, as well as the 6.4 kb 5" long
and 3 kb 3’ short arms for homologous recombination, was used as targeting vector.
The targeted ES cells were injected into blastocysts and chimeric mice were crossed
with C57BL/6 to select for germline transmission. Positive mice were crossed with
an flp-deleter mouse line, resulting in a wt/flox mouse. JAM-C*P~ mice were
propagated in a mixed 129:B6 background. For Nbs/ genotyping C133, W123 and
Mut2 primers were used as previously described (Zhu et al., 2001). JAM-C F1,
JAM-C R1 and JAM-C F1 and JAM-C R4 were used for tail DNA screening of
JAM-C mice. JAM-C F1 and JAM-C R1 primers amplify a floxed band of 640 bp
and a wild-type band of 460 bp, whereas JAM-C F1 and JAM-C R4 primers
amplify a floxed band of 1.3 kb, a wild-type band of 1 kb and a knockout band of
400 bp. All experiments were performed in compliance with the Tor Vergata
University Institutional Animal Care and National Institutes of Health Intramural
Animal Care and Use program. All procedures adhered to the standards published
in Guide for the Care and Use of Laboratory Animals.

Germ cell isolation and sperm count

Testicular cells were obtained at 10, 12 d.p.p. or from adult mice by sequential
digestions in 0.5 mg/ml type II collagenase (Gibco) and saline solution (Cellgro) and
used for DNA and protein extraction. Spermatocytes and spermatids were isolated
by elutriation as previously described (Barchi et al., 2009; Meistrich, 1977; Pellegrini
et al., 2003). Briefly, testes were sequentially digested in 0.25 mg/ml collagenase
type IX (Sigma) (dissolved in EKRB), trypsin 0.5 mg/ml (Sigma) and 0.05 mg/ml
DNase type I (Sigma). The cell suspension was loaded into the elutriator (JE-6B
Beckman). Spermatozoa were squeezed with fine needles in 1 ml PBS from caudae
epididymi. Cells were counted on a Thoma chamber and used for DNA and protein
extraction.
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Semiquantitative PCR

For semiquantitative RT-PCR (sqRT-PCR), testis RNA was extracted using Trizol
reagent (Invitrogen) and contaminating genomic DNA was removed using DNA-
Free RNA Kit (Zymo Research). cDNA synthesis was subsequently performed with
the SuperScript™ TII First-Strand Synthesis System (Invitrogen). Spoll1-2-F and
Spoll-lex-R primers amplify the mRNA for alpha (134 bp) and beta (248 bp)
isoforms of Spol1. Actin mRNA was amplified by B-actin F and R primers (400 bp).
For semiquantitative genomic PCR, tail and testis DNA was extracted following
standard procedures and serial dilutions were prepared. Spoll“ transgene was
detected with Crefor and Crerev pair primers (490 bp). LoxP-F, LoxP-R, NB5F and
148-r amplified the /oxP band or the deleted band of Nbs1 as previously described
(Reina-San-Martin et al., 2005). According to the different primer sets, samples were
amplified at 55-60°C for 25-30 cycles. Primer sequences for sqRT-PCRs are listed
in supplementary material Table S1. Densitometry was performed using a Molecular
Dynamics Densitometer and ImageQuant software.

Western blotting and immunofluorescence

For western blotting analysis, cells were lysed in 1% Triton X-100 lysis or in RIPA
buffers. Sperm protein extraction was performed using Laemmli 1X buffer. Proteins
were separated by 10% SDS-PAGE and transferred to nitrocellulose membrane
(Amersham). Membranes were incubated overnight at 4°C with rabbit polyclonal
anti-Nbs1 (Chen et al., 2000), goat polyclonal anti-JAM-C (1:500, R&D AF1213),
rabbit polyclonal anti-Erk2 (sc-154), rabbit polyclonal anti-actin (sc-7210) and
mouse monoclonal anti-tubulin (Sigma). The horseradish-peroxidase-conjugated
secondary antibodies were revealed by chemiluminescence. Densitometry was
performed using a Molecular Dynamics Densitometer and ImageQuant software.
Protein values were normalized against tubulin or actin levels. For
immunofluorescence analysis, isolated round spermatids were fixed for 10 minutes
in 2% paraformaldehyde (PFA), permeabilized with 0.1% Triton X-100 and processed
with o-phalloidin-TRITC antibody (1:200, Sigma 77418) and Hoechst 33342 for
DNA staining.

Histology

Testes and ovaries were fixed in 10% formalin and paraffin embedded. Sections
were stained with hematoxylin and eosin. TUNEL analysis was performed using the
In Situ Cell Death Detection kit according to manufacturer’s instructions (Roche).
For B-galactosidase staining, testes and ovaries were processed as previously
described (Sanes et al., 1986). Paraffin sections were counterstained with Nuclear
Fast Red (Sigma). For EYFP detection, ovaries were fixed in 4% PFA and then
immediately frozen in OCT compound (Tissue-Tek). 5-um-thick cryosections were
counterstained with Hoechst 33342 before observation by epifluorescence using
Pan-Neofluar 10X/0.30, 20X/0.50 or 100X/1.3 objective lenses onto an Axioskop
microscope (Carl Zeiss). Images were acquired using an RT slider camera (Diagnostic
Instruments) and IAS2000 software (Biosystem 82).
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