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Received: 13 April 2016 . The CCCTC-binding factor (CTCF) is an architectural protein that governs chromatin organization and
Accepted: 01June 2016 : gene expression in somatic cells. Here, we show that CTCF regulates chromatin compaction necessary
Published: 27 June 2016 : for packaging of the paternal genome into mature sperm. Inactivation of Ctcf in male germ cells in mice
. (Ctcf-cKO mice) resulted in impaired spermiogenesis and infertility. Residual spermatozoa in Ctcf-cKO
mice displayed abnormal head morphology, aberrant chromatin compaction, impaired protamine
lincorporation into chromatin and accelerated histone depletion. Thus, CTCF regulates chromatin
organization during spermiogenesis, contributing to the functional organization of mature sperm.

In the gonads of mammalian organisms, diploid germ cells give rise to haploid gametes, egg and sperm. The male
germ cell differentiation process, spermatogenesis, takes place in testis"? During spermatogenesis, spermatogo-
nial stem cells act as a source for a continuous production of sperm. Differentiating spermatogonia undergo
several rounds of mitotic cell divisions and give rise to spermatocytes, which undergo two meiotic cell divisions,
resulting in the formation of round haploid spermatids. The round spermatids subsequently undergo a series of
morphological changes, in a process known as spermiogenesis, giving rise to mature sperm (also called sper-
matozoa)*>%. An important aspect of spermiogenesis involves the reorganization and compaction of the haploid
genome, allowing it to be packaged into the head of spermatozoa*. Chromatin compaction during spermiogen-
esis in mammals is made possible through the replacement of most histones with sperm-specific basic proteins,
protamine 1 (PRM1) and protamine 2 (PRM2)*®, both proteins being essential for sperm formation*¢-%. A small
fraction of histones (2%) remains bound to chromatin in association with promoter regions and repetitive DNA
sequences, in spermatozoa’!!. The functional role of histone retention in mature sperm, however, is not known.

CTCEF is a highly conserved DNA binding protein that regulates higher order chromatin structure and
genome topology in somatic cells, acting as a global regulator of gene transcription'?-'>. CTCF has a DNA binding
motif consisting of eleven zinc finger domains, recognizing tens of thousands DNA sites across the mammalian
genome'®. Binding of CTCF to DNA has been shown to contribute to the formation of three-dimensional DNA
loops, mediating long-range chromatin interactions between different regulatory sequences in somatic cells'>!”.
Interestingly, in round spermatids CTCF has been shown to be present on promoter regions of genes that are
actively transcribed in cancer cell lines'®, suggesting that CTCF contributes to chromatin organization and gene
expression in round spermatids. The functional role of CTCF in male germ cells, however, has not yet been ana-
lyzed, as inactivation of Ctcf results in embryonic lethality!®.

We have here studied the role of CTCF during male germ cell development. A male germ line-specific condi-
tional knockout mouse model (Ctcf-cKO) was generated, where Ctcf was inactivated in pre-leptotene spermato-
cytes. Ctcf-cKO mice displayed seminiferous tubule atrophy, accompanied by low sperm counts and infertility.
Elongating spermatids in the testis and mature spermatozoa in the cauda epididymis of Ctcf-cKO mice displayed
major defects in sperm head formation and chromatin compaction. Genes, expressed in round spermatids in the
testis of wild-type mice and contributing to sperm formation, were found to be down-regulated in Ctcf-cKO mice.
Furthermore, mature spermatozoa in Ctcf-cKO mice showed abrogated histone retention and PRM1 recruitment
to chromatin. Thus, CTCF contributes in a critical way to the differentiation process that controls formation of
mature sperm.
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Results

Conditional targeting of Ctcfin the testis. In order to study the function of CTCF during spermat-
ogenesis, Ctcf was conditionally targeted in male germ cells. We crossed mice carrying Ctcf-floxed alleles with
Stra8-iCre transgenic mice!>?, generating a Stra8-iCre-Ctcf*"/ heterozygote strain. The Stra8 promoter drives
expression of the Cre recombinase in spermatogonia and in pre-leptotene spermatocytes in the testis of male
mouse, allowing one to study the functions of conditionally inactivated genes in spermatocytes undergoing mei-
osis and during spermiogenesis®’. We found that conditional targeting of the Ctcf gene was restricted to the testis
in mice heterozygous for the floxed Ctcf allele (Stra8-iCre-Ctcf*"f) (Supplementary Fig. S1). Isolation of different
testicular cell populations from Stra8-iCre-Ctcf*"/ mice using FACS, identified the deleted version of the floxed
Ctcf allele in primary spermatocytes, secondary spermatocytes and in round haploid cells, showing that the ini-
tial Cre targeting events take place in spermatocytes (Supplementary Fig. S1). In agreement with this, LacZ gene
expression (which is activated upon conditional targeting of a floxed Ctcf allele) was observed in primary sper-
matocytes at the pre-leptotene stage of spermatogenesis (Supplementary Fig. S1).

We thereafter inter-crossed Stra8-iCre-Ctcf**f mice, to simultaneously inactivate both alleles of Ctcf, gener-
ating a Cicf conditional knockout mouse strain (Stra8-iCre-Cicf/4, hereafter referred to as Ctcf-cKO). We com-
pared the levels of CTCF in wild-type and Ctcf-cKO littermates, by immunoblotting of testis extracts, and found
that Ctcf-cKO mice showed a 60% reduction in CTCF protein levels (Supplementary Fig. S1). CTCF has been
shown to be expressed in all cell types of the testis®!, strongly suggesting that the residual expression of CTCF in
the testes of Ctcf-cKO mice, was due to CTCF expression in testicular cell types not targeted by the Stra8-iCre
approach used here. In agreement with this, while immunostaining of paraffin-embedded testis sections did not
reveal CTCF expression in spermatocytes and spermatids in Ctcf-cKO mice (Supplementary Fig. S2), expression
of CTCF was observed in Sertoli cells, Leydig cells and spermatogonial cells in the testis of Ctcf-cKO mice. Thus,
CTCEF expression is impaired in spermatocytes and spermatids in the testis of Ctcf-cKO mice.

Ctcf-cKO mice display impaired spermiogenesis and infertility. We next analyzed if depleted CTCF
levels in spermatocytes and spermatids in Ctcf-cKO mice had an effect on spermatogenesis. Ctcf-cKO mice were
found to have five-fold smaller testis compared to their wild-type littermates and were infertile (Fig. 1A,B).
Histochemical analysis of testis sections stained with hematoxylin and eosine (HE) showed that while formation
of spermatocytes and round spermatids was unaffected in Ctcf-cKO testes, formation of elongated spermatids was
defective (Fig. 1C). Analysis of the seminiferous tubules of Ctcf-cKO mice showed that 56% of them contained
on average three TUNEL-positive elongated spermatids (Fig. 1D), suggesting that they were being eliminated
through an apoptotic process. Mice heterozygous for Ctcf displayed reduced testis size but were fertile (Fig. 1A,B).
Furthermore, histological analysis did not reveal obvious defects in testis morphology and apoptotic elongated
cells were not observed in heterozygotes mice (Fig. 1C,D). Thus, spermiogenesis is severely affected in Ctcf-cKO
mice.

Elongated spermatids display aberrant head structures and irregular chromatin compaction in
Ctcf-cKO testis. In order to understand how CTCF contributes to the differentiation process that transforms
round haploid cells into spermatozoa, the ultrastructural organization of round, elongating and elongated sper-
matids in the testis of Ctcf-cKO mice was studied using transmission electron microscopy. We found the ultras-
tructural organization of round spermatids at steps 5-7 of spermiogenesis in wild-type and Ctcf-cKO mice to be
very similar, including formation of an acrosome (Fig. 2A) and a chromatoid body in these cells (Supplementary
Fig. §3). The first differences in the spermatid differentiation process in mutant and wild-type testis were observed
at steps 8-10 of spermiogenesis. We found the manchette, a microtubule-containing structure?, to be distributed
along the caudal, dorsal and ventral sides of the acrosome in elongating spermatids in Ctcf-cKO mice, whereas
the manchette was localized to the caudal side of the acrosome in wild-type spermatids (Fig. 2B,C). Elongated
spermatid heads in Ctcf-cKO mice at steps 1214 of spermiogenesis, also frequently showed changes in nuclear
morphology and chromatin compaction, relative to the organization of the same structures in wild-type elon-
gated spermatids (Fig. 2D). In addition, weakly stained chromatin structures were frequently found to protrude
out from a nuclear mass of strongly stained chromatin in mutant elongated spermatid heads (Fig. 2D). Thus,
CTCEF contributes to several critical aspects of spermiogenesis.

PRM1 incorporation into chromatin is deficient in Ctcf-cKO mice. Mature spermatozoa are released
into the cauda epididymis following completion of spermiogenesis®’. We found that Ctcf-cKO mice had a reduced
amount of sperm in the cauda epididymis compared to wild-type mice (Fig. 3A). Histochemical and electron
microscopy analysis of Ctcf-cKO sperm in cauda epididymis, revealed that one-third displayed abnormal head
structures and more than 50% of the sperm had abnormal tail structures (Fig. 3B,C).

Mice deficient for PRM1 and PRM2 show deficiencies in sperm formation”%%*, deficiencies similar to the
ones observed in Ctcf-cKO mice. To find out if PRM1 and PRM2 levels were affected in Ctcf-cKO mice, nuclear
protein extracts prepared from sperm isolated from cauda epididymis were analyzed by immunoblotting using
antibodies against PRM1 and PRM2. We found the protein levels of PRM1 to be reduced in Ctcf-cKO sperm com-
pared to wild-type sperm, whereas the protein levels of PRM2 seem unperturbed, producing an imbalance of the
PRM1/PRM2 ratio (Fig. 3D). The levels of PRM1 and PRM2 in wild-type and Ctcf-cKO mice were also analyzed
by immunolabeling of testis sections. The PRM1 antibody labeled all elongated spermatids in wild-type testis,
whereas in the Ctcf-cKO testis elongated spermatids were weakly labeled or not labeled. Again, no differences in
the staining pattern for PRM2 in the testis of Ctcf-cKO and wild-type mice were observed (Supplementary Fig.
S4). Our results show that expression and/or incorporation of PRM1 in elongated spermatids in Ctcf-cKO mice
is impaired.
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Figure 1. Conditional inactivation of Ctcf severely disrupts testis morphology and results in infertility and
elongated spermatids apoptosis. (A) Testis size was reduced in the absence of Ctcf. Testes weight was plotted
as a function of body weight in wild-type (1) (n=7), heterozygote (2.1, 2.2, 2.3) (n =3 for each genotype), and
Ctcf-cKO (3) (n=12) mice. Ratio testes/body were normalized against the wild-type littermates. (B) Breeding
attempts showed that the Ctcf-cKO mice were infertile. (C) Hematoxylin and eosine staining of paraffin sections
of seminiferous tubules from wild-type, heterozygote and Ctcf-cKO mice. Arrows indicate few elongated
spermatids found in some of the seminiferous tubules in the Ctcf-cKO testis sections. (D) Wild-type and Ctcf-
cKO testis sections were labeled using a TUNEL assay. TUNEL-positive elongated spermatids are indicated

by arrows. Right panel shows the quantification of the TUNEL assay. 56% of the seminiferous tubules in the
Ctcf-cKO mice contained on average three TUNEL-positive elongated spermatids, while no TUNEL-positive
elongated spermatids were identified in wild-type or heterozygote testis. Two mice of each genotype were
analyzed. Scale bars represent 100 micrometers.
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Figure 2. Elongated spermatids show chromatin compaction and sperm head defects in in Ctcf-cKO mice.
(A) Round spermatids at stages 5-7 of spermiogenesis in wild-type (WT, left) and Ctcf-cKO mice (right). The
arrows indicate the acrosome (red arrows) and the acrosome head cap (blue arrows). (B) Elongating spermatids
at stages 8-10 of spermiogenesis in wild-type (WT, left) and Ctcf-cKO mice (right). Enlarged images of regions
of spermatids at which manchette formation takes place are shown. Manchette formation appears to be
impaired or delayed in Ctcf-cKO spermatids. The red arrow points to the microtubules of the manchette in the
wild-type spermatid. (C) Elongating spermatids at stages 12-14 of spermiogenesis in wild-type (WT, left) and
Ctcf-cKO mice (right). Microtubules (asterisk) of the normal manchette (arrow) in wild-type elongated spermatids
are indicated. An abnormal manchette structure was apparent in Ctcf-cKO spermatids. A higher magnification of
the manchette structure seen in the Ctcf-cKO spermatids, shows that the microtubules (asterisk) that constitute the
manchette (arrow) display an aberrant organization relative to the sperm head. (D) Elongated spermatids at stages
15-16 of spermiogenesis in wild-type (W'T, top) and Ctcf-cKO mice (second and third pictures from the top).
Ctcf-cKO spermatids showed irregularities in chromatin compaction within the sperm head (middle picture),
decompacted chromatin that protruded from the sperm head sperm (lower picture, asterisk) and head defects with
a discontinuous nuclear membrane (lower picture, arrows). Scale bars represent 2 micrometers.
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Figure 3. Mature spermatozoa in Ctcf~cKO mice display aberrant head and tail morphology and low
protamine 1 levels. (A) The sperm count was reduced in Ctcf-cKO mice. Sperm from cauda epididymis

for three wild-type and 12 Ctcf-cKO mice were analyzed. (B) Brightfield images of wild-type and Ctcf-cKO
sperm. Aberrant head (arrows) and tail structures (asterisks) are found in spermatozoa in Ctcf-cKO mice. The
results are summarized in a table below the brightfield images. Percentages of sperm from three biological
replicates are indicated within the bars of the plot. (C) Electron microscopy analysis of Ctcf-cKO spermatozoa
identified aberrant head and tail structures. Left, a wild-type sperm head showing normal head structure and
tail attachment. Right, representative aberrant structures observed in the Ctcf-cKO spermatozoa. Scale bars
represent 2 micrometers. (D) Reduction in protamine 1 (PRM1) levels in Ctcf-cKO sperm. Representative
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western blot of nuclear proteins from cauda epididymis sperm in one wild-type mice and two Ctcf-cKO mice.
Right panel shows the quantification of western blot signals from three biological replicates. Inmonoblotting
of both protamines was done on the same membrane with an intermediate striping step, allowing comparing
the relative percentages of the protamines in the same sample. The intensity of the two bands (PRM1 and
PRM2) was set to 100% and used to obtain the relative percentage of the individual bands in the graph, showing
and imbalance of the PRM1/PRM2 ration in Ctcf-cKO sperm. The PRM2 band was also used as indicator for
loading control.

Expression of spermiogenesis-associated genes is down-regulated in Ctcf-cKO mice. It has
been shown by ChIP-seq analysis that CTCEF is bound to promoters of many genes in round spermatids in
wild-type testis’®. In order to evaluate if CTCF depletion abolishes expression levels of Prm1, Prm2 or other
spermiogenesis genes, we performed RNA expression microarrays. We found, using a 2-fold or greater expression
change cutoff (p <0.05), 2549 coding genes to be down-regulated and 1557 coding genes to be up-regulated in
the Ctcf-cKO testis (Supplementary Fig. S5, Supplementary Data S1 and S2). Comparison of the down-regulated
and up-regulated coding genes in Ctcf-cKO testis with gene expression data from wild-type mouse staged cell
populations (GSE21447 in the GEO database), showed that 84% of the down-regulated genes and 19% of the
up-regulated genes were predominantly expressed in round spermatids (Supplementary Fig. S5). Interestingly,
neither the PrmI nor the Prm2 genes, both genes being expressed in round spermatids, were found to be
down-regulated in Ctcf-cKO testis (Supplementary Data S3).

Functional analysis of the down-regulated coding genes in the Ctcf-cKO testis, using the functional anno-
tation clustering analytical module from the DAVID bioinformatics resources®?, identified a cluster of genes
contributing to sexual reproduction, spermatogenesis and sperm formation (Supplementary Data S4). This clus-
ter included genes known to affect the structural organization of elongated spermatids and spermatozoa, for
example HIfnt, Hookl, Spem1, Spatal6*’-3! (Supplementary Data S5). Functional clustering of coding genes that
were up-regulated in the Ctcf-cKO testis, showed the most significant annotation clusters to correspond to genes
associated with cellular components, such as lysosomes, vacuoles and extracellular regions, and to biological
processes related to responses to hormones and endogenous stimuli (Supplementary Data S6). The coding genes
being up-regulated in the Ctcf-cKO testis were not further analyzed here.

In order to evaluate if down-regulation of gene expression in spermatids in Ctcf-cKO mice is linked to CTCF
presence at the corresponding promoters (plus/minus 2 Kb around the TSS) or enhancers (2-20 Kb upstream
of the TSS), we performed a comparison of the CTCF ChIP-seq data (GSE70764) to the data set GSE21447 in
the GEO database and to our microarray expression assay. Our analysis identified 1289 and 2867 genes that
had CTCEF bound to the promoters or enhancers, respectively, and that were predominantly expressed in round
spermatids (Supplementary Data S7). We found, however, only 169 genes (13% of the 1289 genes with CTCF on
promoters) and 376 genes (13% of the 2867 genes with CTCF on enhancers) to be down-regulated in Ctcf-cKO
testis (Supplementary Fig. S5 and Supplementary Data S7). Our results therefore show that in most cases the
expression of genes with CTCF bound to their promoters in round spermatids, is not affected in Ctcf-cKO mice.
Furthermore, a large majority of the genes found to be down-regulated in spermatids in Ctcf-cKO mice, do not
have CTCF bound to their promoters or enhancers. Thus, down-regulation of gene expression in spermatids in
Ctcf-cKO mice is in most cases not a result of CTCF binding to the promoters or enhancers of the genes being
down-regulated. It is instead likely that the observed changes in gene expression in spermatids in Ctcf-cKO mice
are caused by aberrant chromatin organization in mutant sperm, resulting from CTCF depletion.

Histone retention in mature sperm is disrupted in Ctcf-cKO mice. It has been shown that positions
along chromosomes at which histones are retained in spermatozoa, frequently overlap with DNA binding motifs
bound by CTCF®. We hypothesized that disrupted expression of CTCF during spermiogenesis, would impair
histone retention in mature sperm. To monitor histone levels in mature sperm depleted for CTCE, the Ctcf-cKO
strain was crossed with a mouse strain expressing a nuclear encoded histone H2B-mCherry fusion protein®?, and
mature sperm then were isolated from cauda epididymis. We found the histone H2B-mCherry fusion protein
to be preferentially localized at the posterior region of the sperm head in wild-type mice (Fig. 4). In contrast, a
majority (56%) of the sperm isolated from Ctcf-cKO/H2B-mCherry mice did not display a histone H2B-mCherry
signal (Fig. 4), strongly indicating that CTCF contributes to histone retention in mature sperm.

Meiotic progression is not affected in Ctcf-cKO mice. The histochemical analysis of Ctcf-cKO testis
revealed no abnormalities in the formation or the differentiation of spermatocytes (Fig. 1C). This was surprising,
as immunostaining of testis sections from Ctcf-cKO mice showed CTCF expression to be abrogated in mutant
spermatocytes (Supplementary Fig. S2). To further analyze this, spermatocytes were isolated from the testis of
Ctcf-cKO and wild-type mice and immuno-labeled with an antibody against CTCFE. We found that whereas CTCF
labeled the XY body in spermatocytes in wild-type mice, no CTCF labeling of the XY body was observed in
Ctcf-cKO spermatocytes (Fig. 5A,B). In order to find out if CTCF depletion had a more subtle effect on meiotic
progression in spermatocytes, we used antibodies against the synaptonemal complex proteins SYCP3 and SYCE2,
the cohesin complex proteins REC8, RAD21 and RAD21L and the recombination protein MLH1, as markers to
monitor progression of meiosis in spermatocytes in Ctcf-cKO mice**~*. We observed no obvious differences in
the expression patterns of these markers in Ctcf-cKO and wild-type spermatocytes, suggesting that neither the
organization of the axes of meiotic chromosomes, formation of the synaptonemal complex, or the formation of
mature recombination intermediates, were affected by depletion of CTCF (Fig. 6A,B, Supplementary Figs S6
and S7). The XY body in spermatocytes becomes transcriptionally silenced during meiosis*'~*. The preferential
localization of CTCEF at the XY body in wild-type meiotic cells (Fig. 5A), suggested that CTCF could contribute
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Figure 4. Histone retention defects in mature sperm of Ctcf-cKO testis. Histone H2B-mCherry localizes
to the posterior region of the mature sperm head of wild-type/H2B-mCherry mice. Histone H2B-mCherry
signal is absent from the mature sperm head of Ctcf-cKO/H2B-mCherry mice in 56% of the analyzed sperm.
Calibration bar represents 10 micrometers.

to XY body formation. We found that 50% of the pachytene and diplotene spermatocytes in Ctcf-cKO mice dis-
played an abnormal NH2AX distribution pattern (Fig. 6C,D). However, analysis of the distribution patterns of
proteins that contribute to the functional organization of the sex body, including ATR*, RNA Polymerase II*>*
and MDC1*, failed to identify any changes in the expression pattern of these proteins in Ctcf-cKO spermato-
cytes relative to wild-type spermatocytes (Supplementary Fig. S7). Furthermore, X-Y chromosome pairing was
not affected in spermatocytes at the pachytene stage of meiosis in Ctcf-cKO mice (Supplementary Fig. S7). We
found that the expression levels of coding genes preferentially expressed in primary spermatocytes in wild-type
mice (e.g., Stra8, Rad51, Milh1, Rec8, Rad21, Rad21l, Sycp3, Syce2, Syce3, Tex12), were not affected in Ctcf-cKO
testis (Supplementary Data S3), in agreement with the lack of phenotypic changes observed in spermatocytes
in Ctcf-cKO mice. In summary, our experiments do not reveal a significant role for CTCF during meiosis in
Ctcf-cKO mice.

Discussion
We have here analyzed the role of CTCF during male germ cell development. Conditional inactivation of the Ctcf
gene in pre-leptotene spermatocytes drastically depleted CTCEF protein levels in spermatocytes and spermatids
and resulted in impaired spermiogenesis and infertility. Elongated spermatids in Ctcf-cKO mice showed aber-
rant chromatin compaction and manchette formation, whereas mature sperm displayed abnormal head and tail
structures, and loss of histone retention. Thus, CTCF has an important role in the formation of mature germ cells.
Gene expression analysis, using RNA microarrays, identified a large number of genes that were down-regulated
in the testis in Ctcf-cKO mice. A majority of the down-regulated genes were expressed in round spermatids, many
of them contributing to the structural organization of spermatozoa in wild-type mice. We found that a large
majority of the genes that were down-regulated in spermatids in Ctcf-cKO mice, did not have CTCF bound
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Figure 5. Localization of CTCF to the XY body is impaired in Ctcf-cKO meiotic cells. (A) Staining of
spermatocytes at different stages of meiosis in wild-type testis using DAPI (stains DNA), a SYCP3 antibody

and a CTCF antibody. SYCP3 labels the axis of meiotic chromosomes in a pattern unique to the different stages
of prophase I, identifying spermatocytes at the leptotene (L), zygotene (Z), pachytene (P) and diplotene (D)
stages of meiosis. The CTCF antibody preferentially labels the XY body in pachytene and diplotene meiotic cells
in wild-type testis. (B) Staining of spermatocytes at different stages of meiosis in Ctcf-cKO testis using DAPI
(stains DNA), a SYCP3 antibody and a CTCF antibody. A strong reduction of CTCF levels was observed in
meiotic cells in Ctcf-cKO testes. Scale bars represent 10 micrometers.

to their promoters or enhancers in spermatids in wild-type mice, and of the genes that had CTCF bound to
their promoters or enhancers in spermatids in wild-type mice, only 13% (for both cases) were down-regulated
in Ctcf-cKO mice. We therefore conclude that in a majority of cases, the observed changes in gene expression
Ctcf-cKO mice, is likely to be caused by aberrant chromatin organization in mutant spermatids.

DNA compaction during spermiogenesis is dependent on the replacement of histones with sperm-specific
protamines*?**. Haploinsufficiency for the PrmI gene in mice affects sperm head and tail morphology, as well as
chromatin compaction, in spermatozoa isolated from the cauda epididymis, resulting in infertility”$. We found
the levels of PRM1 in spermatozoa to be sharply reduced in spermatozoa from Ctcf-cKO mice, whereas the levels
of PRM2 appeared to be unaffected, resulting in a changed PRM1:PRM2 ratio. Prm1I transcription levels were
unaffected in the Ctcf-cKO mice, thus suggesting a post-transcriptional regulation of protamine deposition, as
suggested for the weak immunolabaleling pattern of PRM1 on Ctcf-cKO testis sections. The similarities in the
phenotypes seen for spermatozoa in Ctcf-cKO mice and PRM1 haploinsufficient mice, suggest that a reduced
expression of PRM1 in Ctcf-cKO spermatozoa affects chromatin compaction, and as a consequence also man-
chette organization, sperm head and tail formation.

The sperm count in the cauda epididymis of Ctcf-cKO mice was reduced by approximately 90% relative to the
situation in wild-type mice, whereas the sperm count in haploinsufficient PRM1 mice was reduced by approx-
imately 35%’. The further reduced sperm count in Ctcf-cKO mice, compared to haploinsufficient PRM1 mice,
could be a result of the lower PRM1 levels observed in Ctcf-cKO mice, relative to the situation in haploinsuf-
ficient PRM1 mice. Alternatively, the drastically reduced sperm count in Ctcf-cKO mice could result from the
down-regulation of genes that take part in the structural organization of elongated spermatids and spermatozoa,
for example HIfnt, Hookl, Spem1, Spatal6*-!. Thus the observed reduced expression of these genes in spermat-
ids is likely to add to the aberrant organization of spermatozoa in Ctcf-cKO mice.

A direct role of CTCF in histone retention on specific DNA sequences in mature mouse sperm has been sug-
gested by the presence of nucleosomes at CTCF binding motifs in mature sperm’ and by the presence of CTCF
on promoters in round spermatids, many of which show histone retention in mature sperm!8. Core histones have
been immunolocalized to the periphery of the mature mouse sperm nucleus*” while histone H4 and the testis
specific histone H2B (TH2B) have been immunolocalized to the center of the sperm nucleus, overlapping with
the DAPI-rich chromocenter’. Furthermore, the presence of all the five canonical histones in mature sperm has
been detected by mass spectrometry*s. We analyzed if CTCF depletion would impair histone retention in mature
sperm, using a mouse strain expressing a nuclear encoded histone H2B-mCherry fusion protein®, this approach
allowed us to monitor histone retention in mature sperm without the need of permeabilization and altering
sperm structure to allow histone detection using antibodies. We found that while the histone H2B-mCherry
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Figure 6. YH2AX staining patterns in spermatocytes from wild-type and Ctcf-cKO testis. (A,B) Labeling

of wild-type and Ctcf-cKO spermatocytes with antibodies against SYCP3, SYCE2 and \H2AX. NH2AX

labels DNA double strand breaks and the XY body, whereas SYCP3 and SYCE2 label the axis of homologous
chromosomes and regions of synapsis between homologous chromosomes, respectively. Leptotene (L), Zigotene
(Z), Pachytene (P) and Diplotene (D). (C,D) (i) Normal distribution of YH2AX at the XY body. (ii) Abnormal
distribution of YH2AX at the XY body and automosomic axes in pachytene (around 50%) and diplotene
(around 50%) spermatocytes of Ctcf-cKO testis. Labeling of spermatocytes at the pachytene and diplotene
stages of meiosis was done using antibodies against SYCP3, histone H1t and YH2AX. H1t accumulates in
spermatocytes at the midpachytene to diplotene stages of meiosis. Four mice of each genotype were used. Scale
bars represent 10 micrometers.

fusion protein preferentially localized to the posterior region of the sperm head in wild-type mice, a majority
(56%) of the sperm isolated from Ctcf-cKO/H2B-mCherry mice did not display a histone H2B-mCherry signal.
Thus, CTCF depletion results in an accelerated loss of histone from chromatin in nuclei of mature sperm. CTCF
is the only transcription factor that has been shown to produce well-positioned nucleosomes around its DNA
binding sites*’. This property could be important to retain specific histone variants during nucleosome replace-
ment in elongating spermatids. Furthermore, a recent model proposes that resistance to load transition proteins
prior to protamine deposition may be mediated by a DNA-binding protein that recognize unmethylated DNA
sequences'?, thus the ability of CTCF to bind preferentially to its unmethylated DNA-binding motif**! makes
CTCEF a strong candidate to contribute to histone retention in elongating spermatids. Histone retention in mature
sperm has been have been suggested to be a mechanism to transfer epigenetic memory from the sperm chromatin
to the embryo®~'"*>3, thus our mouse model provides an opportunity to assay the effects of histone retention in
mature sperm.

CTCF ha been shown to act as a global regulator of chromatin organization in somatic cells'>!”. Brother of
Regulator of Imprinting Sites (BORIS) arose from a gene duplication of Ctcf during early evolution in amniotes
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and its physiological expression is restricted to male germ cells and aberrantly expressed in some cancer cells*®°.

Both proteins are expressed throughout spermatogenesis of mammals, although the detailed expression pattern
of BORIS is still debated!®1:°. Analysis of BORIS-KO mice has discovered BORIS to be dispensable for mice
fertility, revealing only a small reduction in the number of round spermatids®. We show here that Ctcf-cKO
mice display infertility, a drastic reduction of testis weight, low mature sperm counts, severe structural defects in
elongated spermatids and mature sperm, and down-regulation of genes in spermatids required for formation of
sperm. Therefore CTCEF, but not BORIS, contribute in a critical way to sperm fertility in male mice.

Methods

Generation of a male germ line-specific conditional knockout mouse model. Animal care and
methods described here were carried out in accordance with the regulations set up by the Swedish National Board
of Agriculture. Experimental protocols were approved by the Karolinska Institutet biosafety committee and the
Swedish National Board of Agriculture. The mice used in the study had a C56BL/6] background. A mouse strain
with floxed Ctcfalleles® (Ctcf/) was crossed with a Stra8-cre (Stra8-iCre) transgenic mouse strain (Tg(Stra8-cre)
1Reb/J from the Jackson laboratory). The Stra8-iCre transgene effectively targets genes at the pre-leptotene stage
of meiosis I?%, and reach full penetrance at the pachytene stage®” in male mice. To maximize the efficiency of the
Stra8-iCre transgene®®, we used a heterozygous mouse strain in which one copy of Ctcf gene was excised, leaving
one copy being floxed (Stra8-iCre-Ctcf’* or Ctcf-cKO). We used mice that were 12 to 15 weeks old to minimize
age-related variations. We compared the Ctcf-cKO (Stra8-iCre-Ctcf?) strain to the wild-type littermates of geno-
type ctcf', ctcf*" or ctcf** and to the heterozygous littermates of genotypes Stra8-iCre-ctcf”", Stra8-iCre-ctcf*™,
ctcf'4 or ctcf**". No difference in body or testes size was observed for wild-type (Ctcf*"*") relative to strains hav-
ing one wild-type and one floxed Ctcf allele (Ctcf**) or strains having both Ctcf alleles floxed (Ctcf”) and these
mouse strains were therefore referred to as “wild-type”. To generate the Ctcf-cKO mice strain in a H2B-mCherry
genetic background, we crossed heterozygous mice of the Ctcf-cKO strain with homozygous mice of the reporter
mice strain R26-H2B-mCherry*? (CDB accession number: CDB0239K, http://www.cdb.riken.jp/arg/mutant%20
mice%20list.html) for several generations until obtain Ctcf~cKO/H2B-mCherry mice.

Histologic analysis and Immunofluorescence. Testes were prepared for immunohistochemistry by
fixing with Histochoice (Electron Microscopy Science), dehydrated and paraffin embedded. Sections (6 pm
thick) were mounted on glass slides stained with hematoxylin and eosine or processed for immunostaining.
For Immunostaining, antigen retrieval was performed using an antigen retrieval citra plus method (BioGenex),
according to the manufacturer’s instructions. Samples were then subjected to immunostaining. Nuclear spreads
of testicular cells were performed as previously described®. The following antibodies and dilutions were
used: mouse anti-SYCP3 (Santa Cruz Biotechnology), 1:400; rabbit anti-CTCF (Upstate), 1:400; guinea pig
anti-SYCE2, 1:200; rabbit anti-yH2AX (Upstate Biotechnology), 1:100; guinea pig anti-histone H1t (kindly pro-
vided by N. Hunter), 1:1000; monoclonal mouse anti-Hup 1N (Protamine 1, Briar Patch Biosciences LLC), 1:200;
monoclonal mouse anti-Hup 2B (Protamine 2, Briar Patch Biosciences LLC), 1:200; goat anti-ATR (Santa Cruz
Biotechnology), 1:100; rabbit anti-MDC1 (Abcam), 1:100; rabbit anti-RAD21 (Abcam), 1:200; rabbit anti-REC8%,
1:200; rabbit anti-RAD21L3%, 1:200; guinea pig anti-REC8%, 1:200; guinea pig anti-SYCE1®, 1:500 and mouse
anti-MLH1 (Pharmigen), 1:50. Signals were visualized using secondary antibodies as follows: donkey anti-mouse
Alexa Fluor 488 (Invitrogen), 1:1000; donkey anti-mouse Cy2 (Jackson ImmunoResearch), 1:200; donkey
anti-guinea pig Cy3 (Jackson ImmunoResearch), 1:600-1:1000; swine anti-rabbit FITC (DakoCytomation), 1:400;
and donkey anti-rabbit Cy5 (Jackson ImmunoResearch), 1:1000. Stained slides were mounted and DAPI-stained
using ProLong Gold (Invitrogen). Image acquisition of a single focal plane was done using a Leica microscope
with a Hamamatsu camera and Openlab 3.1.4 software (Improvision). Image processing and analysis was carried
out using the Volocity soft ware package (Perkin Elmer). FISH was performed according to the protocol provided
by the probe manufacturer using a chromosome paint probe for chromosome Y together with a point-probe
hybridizing with DXMit190 loci located on chromosome X (ID Labs Inc.). Spermatocytes were staged according
to DNA morphology and SYCP3 staining.

TUNEL assay. Testis sections were labeled according to the manufacturer’s instructions (ApopTag Red Insitu
Apoptosis kit, Milliport). Seminiferous tubules, sectioned transversally, with TUNEL positive and TUNEL nega-
tive elongated cells were counted. In total 79, 142 and 261 transversally sectioned seminiferous tubules from two
wild-type, two heterozygote and two Ctcf-cKO mice were used for analysis, respectively. The number of TUNEL
positive elongated spermatids within every tubule was used to obtain the average of TUNEL positive elongated
spermatids per positive-labeled tubule.

Electron microscopy. Small pieces of testis were fixed in 2.5% glutaraldehyde plus 4% PFA in cacodylate
buffer (pH7.2). After postfixation with 2% OsO4, pre-embedding staining was performed with 0.5% uranyl ace-
tate. Samples were dehydrated through graded ethanol solutions, embedded in epoxic-resin durcupan ACM
(Electron Microscopy Sciences) and polymerized for 48 hrs at 60 °C. Sample preparation of epididymal sperm was
performed as previously reported®’. 80 nm ultra-thin sections were collected on formvar/carbon-coated one-slot
copper grids (Agar scientific), contrasted with uranyl acetate and lead citrate before examination in a transmis-
sion electron microscope (Philips, CM120) with a voltage acceleration of 100 kilovolts.

Immunoblotting. Testes were homogenized in a buffer containing 0.32 M sucrose, 10mM HEPES (pH 7.4),
1 mM phenylmethylsulfonyl fluoride (PMSF), and the complete protease inhibitor cocktail (Roche). After cen-
trifugation at 1000 X g, the supernatant was collected as cytoplasmic extracts. The pellet was resuspended in

SCIENTIFICREPORTS | 6:28355 | DOI: 10.1038/srep28355 10


http://www.cdb.riken.jp/arg/mutant%20mice%20list.html
http://www.cdb.riken.jp/arg/mutant%20mice%20list.html

www.nature.com/scientificreports/

RIPA buffer (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% Na-deoxycholate, 0.1%
SDS, and protease inhibitors). After sonication and centrifugation at 16000 x g, the supernatant was recovered
as nuclear extracts. Extracts were separated on a 4-15% Mini-PROTEAN TGX Stain-Free Precast Gels (BioRad)
in Tris-glycine running buffer and were subsequently transferred onto PVDF membranes with the Trans-Blot
Turbo Transfer System (BioRad). To detect CTCF and Lamin B1 the following antibodies and dilutions were
used: rabbit anti-CTCF (Upstate), 1:1000; and goat anti-Lamin B1 (M20) (Santa Cruz Biotechnology), 1:300.
Signals were detected with horseradish peroxidase-conjugated secondary antibodies and visualized by ECL Prime
(GE Healthcare). The quantitative evaluation of the bands was carried out with Image Lab software (BioRad).

Analysis of sperm from the cauda epididymis. The cauda epididymides from wild-type, Ctcf-cKO and
Ctcf-cKO/H2B-mCherry mice were placed on a petri dish with 300 ul of PBS and cut into smaller pieces to release
sperm. After 30 min of incubation, the sperm containing solution was collected. Small aliquots of the sperm solu-
tion (5 pl) were taken for sperm counts and the rest of the solution was diluted 1:1 with a 4% PFA solution. 100 pl
of sperm solution was placed on poly-1-lysine covered slides and air-dried for 30 min. Dried slides were mounted
with ProLong Gold antifade reagent with DAPI (Invitrogen) or stained with hematoxylin-eosine and visualized
under florescence microscopy or bright filed microscopy.

Extraction of sperm nuclear proteins from cauda epididymis sperm and immunoblotting. The
cauda epididymis from wild-type or Ctcf-cKO mice were placed on a petri dish with 60 pl of Hanks’ balanced
salt solution (HBSS, SIGMA) and cut into smaller pieces to release sperm. After 30 min of incubation, the
sperm-containing suspension was collected and sperm counting was done. Protein extraction was performed
on fresh or frozen samples of sperm suspensions. Sperm tail dissociation and sperm nuclear protein extraction
were performed as previously described®?. For immunoblotting, the protein pellets were resuspended in Laemmli
sample buffer and boiled at 90 °C for 10 min. Protein separation, transfer and immunoblotting were done as
described above. To detect protamines 1 and 2, the following antibodies and dilutions were used: monoclonal
mouse anti-Hup 1N (Briar Patch Biosciences LLC), 1:1000; and monoclonal mouse anti-Hup 2B (Briar Patch
Biosciences LLC), 1:1000.

Microarray and gene ontology analysis. Seminiferous tubules of wild-type and Ctcf-cKO mice were
placed in RNA stabilization reagent RNAlater (QIAGEN). RNA was extracted and purified with the RNeasy kit
(QIAGEN). Three independent wild-type and four independent Ctcf-cKO microarray analysis were performed
using the GeneChip mouse transcriptome assay 1.0 (Affimetrix). Analysis of the microarray data was done
according to Affimetrix guidelines. The microarray data passed all the quality controls of the Expression Console
(Affimetrix) and transcriptional changes were monitor using the Transcription Analysis Console (Affimetrix).
Microarray data have been deposited in the Gene Expression Omnibus database (GEO) with the following acces-
sion number: GSE76439. Analysis of the wild-type expression patterns of the miss-regulated coding genes in the
Ctcf-cKO testis was done as previously reported®® using microarray gene expression data from FACS sorted testis
populations that has been deposited in the Gene Expression Omnibus database (GSE21447)% and visualized with
the Qlucore Omics Explorer 3.1 (Qlucore AB, Sweden). Database for annotation, visualization and integrated
discovery (DAVID) gene ontology (GO) analysis was performed using the DAVID Bioinformatics Resources
database®,

CTCF occupancy on gene promoters or enhancers. Genomic coordinates for the promoters (defined as
plus/minus 2 Kb around the TSS'”!%) and enhancers (defined as 2-20 Kb upstream of the TSS!) from the
down-regulated, up-regulated (in the Ctcf-cKO testis) and genome-wide coding genes were based on the
mouse mm9 assembly (July 2007 Build 37 assembly by NCBI and Mouse Genome Sequencing Consortium)
and downloaded from the UCSC table browser (http://genome.ucsc.edu/)®. For each gene, coordinates corre-
sponding to the canonical isoform were selected with the KnownCanonical table from the associated tables of
the Table Browser. Files with the gene and promoter genomic coordinates were intersected with the genomic
coordinates of CTCF occupancy in round spermatids (CTCF-Narrow-peaks-ChIP-seq data) from the GEO data-
base (GSE70764)!® using BEDtools suite®. Intersection files were then visualized and analyzed with the Galaxy
web-based platform (usegalaxy.org)®’-%.

Other methods. FACS sorting of testicular cells was done according to standard protocols”.

References

1. O’Bryan, M. K. & de Kretser, D. Mouse models for genes involved in impaired spermatogenesis. International journal of andrology
29, 76-89; discussion 105-108, doi: 10.1111/j.1365-2605.2005.00614.x (2006).

2. Clermont, Y. Kinetics of spermatogenesis in mammals: seminiferous epithelium cycle and spermatogonial renewal. Physiological
reviews 52, 198-236 (1972).

3. Jan, S. Z. et al. Molecular control of rodent spermatogenesis. Biochimica et biophysica acta 1822, 1838-1850, doi: 10.1016/j.
bbadis.2012.02.008 (2012).

4. Rathke, C., Baarends, W. M., Awe, S. & Renkawitz-Pohl, R. Chromatin dynamics during spermiogenesis. Biochimica et biophysica
acta 1839, 155-168, doi: 10.1016/j.bbagrm.2013.08.004 (2014).

5. Braun, R. E,, Behringer, R. R, Peschon, J. J., Brinster, R. L. & Palmiter, R. D. Genetically haploid spermatids are phenotypically
diploid. Nature 337, 373-376, doi: 10.1038/337373a0 (1989).

6. Braun, R. E. Packaging paternal chromosomes with protamine. Nature genetics 28, 10-12, doi: 10.1038/88194 (2001).

7. Cho, C. et al. Haploinsufficiency of protamine-1 or -2 causes infertility in mice. Nature genetics 28, 82-86, doi: 10.1038/88313
(2001).

8. Cho, C. et al. Protamine 2 deficiency leads to sperm DNA damage and embryo death in mice. Biology of reproduction 69, 211-217,
doi: 10.1095/biolreprod.102.015115 (2003).

SCIENTIFIC REPORTS | 6:28355 | DOI: 10.1038/srep28355 11


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=ofmlsscufrihxqj&acc=GSE76439
http://genome.ucsc.edu/

www.nature.com/scientificreports/

10.
11.

12.
. Millau, J. E. & Gaudreau, L. CTCE, cohesin, and histone variants: connecting the genome. Biochemistry and cell biology=Biochimie

14.
15.
16.
17.
18.
19.

20.

2

—_

22,

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

—

42.

43.

44.

45.

46.

47.

48.

49.

. Carone, B. R. et al. High-resolution mapping of chromatin packaging in mouse embryonic stem cells and sperm. Developmental cell

30, 11-22, doi: 10.1016/j.devcel.2014.05.024 (2014).

Erkek, S. et al. Molecular determinants of nucleosome retention at CpG-rich sequences in mouse spermatozoa. Nature structural &
molecular biology 20, 868-875, doi: 10.1038/nsmb.2599 (2013).

Ooi, S. L. & Henikoff, S. Germline histone dynamics and epigenetics. Current opinion in cell biology 19, 257-265, doi: 10.1016/j.
ceb.2007.04.015 (2007).

Phillips, J. E. & Corces, V. G. CTCF: master weaver of the genome. Cell 137, 1194-1211, doi: 10.1016/j.cell.2009.06.001 (2009).

et biologie cellulaire 89, 505-513, doi: 10.1139/011-052 (2011).

Merkenschlager, M. & Odom, D. T. CTCF and cohesin: linking gene regulatory elements with their targets. Cell 152, 1285-1297, doi:
10.1016/j.cell.2013.02.029 (2013).

Ong, C. T. & Corces, V. G. CTCF: an architectural protein bridging genome topology and function. Nature reviews. Genetics 15,
234-246, doi: 10.1038/nrg3663 (2014).

Feinauer, C. . et al. Zinc finger proteins and the 3D organization of chromosomes. Advances in protein chemistry and structural
biology 90, 67-117, doi: 10.1016/b978-0-12-410523-2.00003-1 (2013).

Lee, B. K. et al. Cell-type specific and combinatorial usage of diverse transcription factors revealed by genome-wide binding studies
in multiple human cells. Genome research 22, 9-24, doi: 10.1101/gr.127597.111 (2012).

Pugacheva, E. M. et al. Comparative analyses of CTCF and BORIS occupancies uncover two distinct classes of CTCF binding
genomic regions. Genome biology 16, 161, doi: 10.1186/513059-015-0736-8 (2015).

Heath, H. et al. CTCF regulates cell cycle progression of alphabeta T cells in the thymus. EMBO Journal 27, 2839-2850, doi: 10.1038/
emboj.2008.214 (2008).

Sadate-Ngatchou, P. I, Payne, C. ], Dearth, A. T. & Braun, R. E. Cre recombinase activity specific to postnatal, premeiotic male germ
cells in transgenic mice. Genesis (New York, N.Y.: 2000) 46, 738-742, doi: 10.1002/dvg.20437 (2008).

. Sleutels, F. et al. The male germ cell gene regulator CTCFL is functionally different from CTCF and binds CTCF-like consensus sites

in a nucleosome composition-dependent manner. Epigenetics ¢ chromatin 5, 8, doi: 10.1186/1756-8935-5-8 (2012).

Sun, X., Kovacs, T., Hu, Y. J. & Yang, W. X. The role of actin and myosin during spermatogenesis. Mol Biol Rep 38, 3993-4001, doi:
10.1007/s11033-010-0517-0 (2011).

Guyonnet, B., Dacheux, E, Dacheux, J. L. & Gatti, J. L. The epididymal transcriptome and proteome provide some insights into new
epididymal regulations. Journal of andrology 32, 651-664, doi: 10.2164/jandrol.111.013086 (2011).

Oliva, R. Protamines and male infertility. Human reproduction update 12, 417-435, doi: 10.1093/humupd/dml009 (2006).

Huang da, W, Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nature protocols 4, 44-57, doi: 10.1038/nprot.2008.211 (2009).

Huang da, W,, Sherman, B. T. & Lempicki, R. A. Bioinformatics enrichment tools: paths toward the comprehensive functional
analysis of large gene lists. Nucleic acids research 37, 1-13, doi: 10.1093/nar/gkn923 (2009).

Cole, A., Meistrich, M. L., Cherry, L. M. & Trostle-Weige, P. K. Nuclear and manchette development in spermatids of normal and
azh/azh mutant mice. Biology of reproduction 38, 385-401 (1988).

Dam, A. H. et al. Homozygous mutation in SPATA16 is associated with male infertility in human globozoospermia. American
journal of human genetics 81, 813-820, doi: 10.1086/521314 (2007).

Meistrich, M. L., Trostle-Weige, P. K. & Russell, L. D. Abnormal manchette development in spermatids of azh/azh mutant mice. The
American journal of anatomy 188, 74-86, doi: 10.1002/aja.1001880109 (1990).

Tanaka, H. et al. HANP1/H1T2, a novel histone H1-like protein involved in nuclear formation and sperm fertility. Molecular and
cellular biology 25, 7107-7119, doi: 10.1128/mcb.25.16.7107-7119.2005 (2005).

Zheng, H. et al. Lack of Speml1 causes aberrant cytoplasm removal, sperm deformation, and male infertility. Proceedings of the
National Academy of Sciences of the United States of America 104, 6852-6857, doi: 10.1073/pnas.0701669104 (2007).

Abe, T. et al. Establishment of conditional reporter mouse lines at ROSA26 locus for live cell imaging. Genesis (New York, N.Y.: 2000)
49, 579-590, doi: 10.1002/dvg.20753 (2011).

Costa, Y. et al. Two novel proteins recruited by synaptonemal complex protein 1 (SYCP1) are at the centre of meiosis. Journal of cell
science 118, 2755-2762, doi: 10.1242/jcs.02402 (2005).

Lammers, J. H. et al. The gene encoding a major component of the lateral elements of synaptonemal complexes of the rat is related
to X-linked lymphocyte-regulated genes. Molecular and cellular biology 14, 1137-1146 (1994).

Mahadevaiah, S. K. et al. Recombinational DNA double-strand breaks in mice precede synapsis. Nature genetics 27, 271-276, doi:
10.1038/85830 (2001).

Eijpe, M., Offenberg, H., Jessberger, R., Revenkova, E. & Heyting, C. Meiotic cohesin REC8 marks the axial elements of rat
synaptonemal complexes before cohesins SMC1beta and SMC3. The Journal of cell biology 160, 657-670, doi: 10.1083/jcb.200212080
(2003).

Prieto, I. et al. STAG2 and Rad21 mammalian mitotic cohesins are implicated in meiosis. EMBO reports 3, 543-550, doi: 10.1093/
embo-reports/kvf108 (2002).

Ishiguro, K., Kim, J., Fujiyama-Nakamura, S., Kato, S. & Watanabe, Y. A new meiosis-specific cohesin complex implicated in the
cohesin code for homologous pairing. EMBO reports 12, 267-275, doi: 10.1038/embor.2011.2 (2011).

Lee, J. & Hirano, T. RAD21L, a novel cohesin subunit implicated in linking homologous chromosomes in mammalian meiosis. The
Journal of cell biology 192, 263-276, doi: 10.1083/jcb.201008005 (2011).

Anderson, L. K., Reeves, A., Webb, L. M. & Ashley, T. Distribution of crossing over on mouse synaptonemal complexes using
immunofluorescent localization of MLH1 protein. Genetics 151, 1569-1579 (1999).

. Hunter, N., Borner, G. V., Lichten, M. & Kleckner, N. Gamma-H2AX illuminates meiosis. Nature genetics 27, 236-238, doi:

10.1038/85781 (2001).

Fernandez-Capetillo, O. et al. H2AX is required for chromatin remodeling and inactivation of sex chromosomes in male mouse
meiosis. Developmental cell 4, 497-508 (2003).

Inselman, A., Eaker, S. & Handel, M. A. Temporal expression of cell cycle-related proteins during spermatogenesis: establishing a
timeline for onset of the meiotic divisions. Cytogenet Genome Res 103, 277-284, doi: 76813 (2003).

Turner, J. M. et al. BRCAL, histone H2AX phosphorylation, and male meiotic sex chromosome inactivation. Current biology: CB 14,
2135-2142, doi: 10.1016/j.cub.2004.11.032 (2004).

Richler, C. et al. Splicing components are excluded from the transcriptionally inactive XY body in male meiotic nuclei. Molecular
biology of the cell 5, 1341-1352 (1994).

Ichijima, Y. et al. MDC1 directs chromosome-wide silencing of the sex chromosomes in male germ cells. Genes & development 25,
959-971, doi: 10.1101/gad.2030811 (2011).

Miller, D., Brinkworth, M. & Iles, D. Paternal DNA packaging in spermatozoa: more than the sum of its parts? DNA, histones,
protamines and epigenetics. Reproduction (Cambridge, England) 139, 287-301, doi: 10.1530/rep-09-0281 (2010).

Brunner, A. M., Nanni, P. & Mansuy, I. M. Epigenetic marking of sperm by post-translational modification of histones and
protamines. Epigenetics & chromatin 7, 2, doi: 10.1186/1756-8935-7-2 (2014).

Fu, Y, Sinha, M., Peterson, C. L. & Weng, Z. The insulator binding protein CTCF positions 20 nucleosomes around its binding sites
across the human genome. PLoS genetics 4, 1000138, doi: 10.1371/journal.pgen.1000138 (2008).

SCIENTIFICREPORTS | 6:28355 | DOI: 10.1038/srep28355 12



www.nature.com/scientificreports/

50. Kanduri, C. et al. Functional association of CTCF with the insulator upstream of the H19 gene is parent of origin-specific and
methylation-sensitive. Current biology: CB 10, 853-856 (2000).

51. Nguyen, P. et al. CTCFL/BORIS is a methylation-independent DNA-binding protein that preferentially binds to the paternal H19
differentially methylated region. Cancer research 68, 5546-5551, doi: 10.1158/0008-5472.can-08-1005 (2008).

52. Hammoud, S. S. et al. Distinctive chromatin in human sperm packages genes for embryo development. Nature 460, 473-478, doi:
10.1038/nature08162 (2009).

53. Tang, J. B. & Chen, Y. H. Identification of a tyrosine-phosphorylated CCCTC-binding nuclear factor in capacitated mouse
spermatozoa. Proteomics 6, 4800-4807, doi: 10.1002/pmic.200600256 (2006).

54. Hore, T. A., Deakin, J. E. & Marshall Graves, J. A. The evolution of epigenetic regulators CTCF and BORIS/CTCFL in amniotes. PLoS
genetics 4, 1000169, doi: 10.1371/journal.pgen.1000169 (2008).

55. Loukinov, D. I. et al. BORIS, a novel male germ-line-specific protein associated with epigenetic reprogramming events, shares the
same 11-zinc-finger domain with CTCE, the insulator protein involved in reading imprinting marks in the soma. Proceedings of the
National Academy of Sciences of the United States of America 99, 6806-6811, doi: 10.1073/pnas.092123699 (2002).

56. Suzuki, T. et al. Expression of a testis-specific form of Gal3st1 (CST), a gene essential for spermatogenesis, is regulated by the CTCF
paralogous gene BORIS. Molecular and cellular biology 30, 2473-2484, doi: 10.1128/mcb.01093-09 (2010).

57. Wu, Q. et al. The RNase III enzyme DROSHA is essential for microRNA production and spermatogenesis. Journal of Biological
Chemistry 287, 25173-25190, doi: 10.1074/jbc.M112.362053 (2012).

58. Bao, J., Ma, H. Y,, Schuster, A. & Lin, Y. M. & Yan, W. Incomplete cre-mediated excision leads to phenotypic differences between
Stra8-iCre; Mov1011(lox/lox) and Stra8-iCre; Mov1011(lox/Delta) mice. Genesis (New York, N.Y.: 2000) 51, 481-490, doi: 10.1002/
dvg.22389 (2013).

59. Peters, A. H., Plug, A. W,, van Vugt, M. J. & de Boer, P. A drying-down technique for the spreading of mammalian meiocytes from
the male and female germline. Chromosome research: an international journal on the molecular, supramolecular and evolutionary
aspects of chromosome biology 5, 66-68 (1997).

60. Kouznetsova, A., Novak, I, Jessberger, R. & Hoog, C. SYCP2 and SYCP3 are required for cohesin core integrity at diplotene but not
for centromere cohesion at the first meiotic division. Journal of cell science 118, 2271-2278, doi: 10.1242/jcs.02362 (2005).

61. Fukuda, N. et al. The transacting factor CBF-A/Hnrnpab binds to the A2RE/RT'S element of protamine 2 mRNA and contributes to
its translational regulation during mouse spermatogenesis. PLoS genetics 9, €1003858, doi: 10.1371/journal.pgen.1003858 (2013).

62. Hammadeh, M. E., Hamad, M. F,, Montenarh, M. & Fischer-Hammadeh, C. Protamine contents and P1/P2 ratio in human
spermatozoa from smokers and non-smokers. Hum Reprod 25, 2708-2720, doi: 10.1093/humrep/deq226 (2010).

63. Yuen, B. T,, Bush, K. M., Barrilleaux, B. L., Cotterman, R. & Knoepfler, P. S. Histone H3.3 regulates dynamic chromatin states during
spermatogenesis. Development (Cambridge, England) 141, 3483-3494, doi: 10.1242/dev.106450 (2014).

64. Fallahi, M., Getun, I. V., Wu, Z. K. & Bois, P. R. A Global Expression Switch Marks Pachytene Initiation during Mouse Male Meiosis.
Genes 1,469-483, doi: 10.3390/genes1030469 (2010).

65. Karolchik, D. et al. The UCSC Table Browser data retrieval tool. Nucleic acids research 32, D493-496, doi: 10.1093/nar/gkh103
(2004).

66. Quinlan, A. R. & Hall, I. M. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformatics (Oxford, England)
26, 841-842, doi: 10.1093/bioinformatics/btq033 (2010).

67. Blankenberg, D. et al. Galaxy: a web-based genome analysis tool for experimentalists. Current protocols in molecular biology edited
by Frederick M. Ausubel et al. Chapter 19, Unit 19 10 11-21, doi: 10.1002/0471142727.mb1910s89 (2010).

68. Giardine, B. et al. Galaxy: a platform for interactive large-scale genome analysis. Genome research 15, 1451-1455, doi: 10.1101/
gr.4086505 (2005).

69. Goecks, J., Nekrutenko, A. & Taylor, J. Galaxy: a comprehensive approach for supporting accessible, reproducible, and transparent
computational research in the life sciences. Genome biology 11, R86, doi: 10.1186/gb-2010-11-8-r86 (2010).

70. Bastos, H. et al. Flow cytometric characterization of viable meiotic and postmeiotic cells by Hoechst 33342 in mouse spermatogenesis.
Cytometry A 65, 40-49, doi: 10.1002/cyto.a.20129 (2005).

71. Vester, B, Smith, A., Krohne, G. & Benavente, R. Presence of a nuclear lamina in pachytene spermatocytes of the rat. Journal of cell
science 104 (Pt 2), 557-563 (1993).

Acknowledgements

This work was supported by grants from the Swedish Cancer Society (CH), the Swedish Research Council (CH),
Karolinska Institutet (CH), the European Union’s (EU) Horizon 2020 research and innovation programme under
grant agreement No. 634113 (GermAge) (CH) and the Netherlands Organization for Scientific Research (ALW
grant 822.02.018) (NG). We thank Marcelo Toro and Sarantis Giatrellis for help with FACS sorting assays.

Author Contributions

A.H.-H. designed and performed most of the experiments. C.H. supervised this study. I.L. performed the
characterization of the meiotic phenotype. N.E. performed the histological analysis of the mature sperm. N.G.
provided the floxed Ctcf-floxed mice strain. A.H.-H., C.H. and L.L. wrote the manuscript. All the authors have
taken part in the manuscript revision process.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Hernandez-Hernandez, A. et al. CTCF contributes in a critical way to spermatogenesis
and male fertility. Sci. Rep. 6, 28355; doi: 10.1038/srep28355 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

X or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:28355 | DOI: 10.1038/srep28355 13


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	CTCF contributes in a critical way to spermatogenesis and male fertility
	Introduction
	Results
	Conditional targeting of Ctcf in the testis
	Ctcf-cKO mice display impaired spermiogenesis and infertility
	Elongated spermatids display aberrant head structures and irregular chromatin compaction in Ctcf-cKO testis
	PRM1 incorporation into chromatin is deficient in Ctcf-cKO mice
	Expression of spermiogenesis-associated genes is down-regulated in Ctcf-cKO mice
	Histone retention in mature sperm is disrupted in Ctcf-cKO mice
	Meiotic progression is not affected in Ctcf-cKO mice

	Discussion
	Methods
	Generation of a male germ line-specific conditional knockout mouse model
	Histologic analysis and Immunofluorescence
	TUNEL assay
	Electron microscopy
	Immunoblotting
	Analysis of sperm from the cauda epididymis
	Extraction of sperm nuclear proteins from cauda epididymis sperm and immunoblotting
	Microarray and gene ontology analysis
	CTCF occupancy on gene promoters or enhancers
	Other methods

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                CTCF contributes in a critical way to spermatogenesis and male fertility
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28355
            
         
          
             
                Abrahan Hernández-Hernández
                Ingrid Lilienthal
                Nanaho Fukuda
                Niels Galjart
                Christer Höög
            
         
          doi:10.1038/srep28355
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep28355
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep28355
            
         
      
       
          
          
          
             
                doi:10.1038/srep28355
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28355
            
         
          
          
      
       
       
          True
      
   




