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ABSTRACT Long noncoding RNAs (lncRNAs) are important regulators of various bi-
ological processes, including spermatogenesis. Our previous studies have revealed
the regulatory loop of mrhl RNA and Wnt signaling, where mrhl RNA negatively reg-
ulates Wnt signaling and gets downregulated upon Wnt signaling activation. This
downregulation of mrhl RNA is important for the meiotic progression of spermato-
gonial cells. In our present study, we identified the transcription factor Sox8 as the
regulatory link between mrhl RNA expression, Wnt signaling activation, and meiotic
progression. In contrast to reports from other groups, we report the expression of
Sox8 in germ cells and describe the molecular mechanism of Sox8 regulation by
mrhl RNA during differentiation of spermatogonial cells. Binding of mrhl RNA to the
Sox8 promoter is accompanied by the assembly of other regulatory factors involving
Myc-Max-Mad transcription factors, corepressor Sin3a, and coactivator Pcaf. In the
context of Wnt signaling, Sox8 directly regulates the expression of premeiotic
and meiotic markers. Prolonged Wnt signaling activation in spermatogonial cells
leads to changes in global chromatin architecture and a decrease in levels of
stem cell markers.
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The complexity of the eukaryotic genome has been attributed to its multifaceted
regulatory networks. Over recent years, significant advancements in high-throughput

analyses of the transcriptome have demonstrated the abundance of transcripts that do
not code for proteins (noncoding RNAs [ncRNAs]). These ncRNAs are broadly classified
as small and long noncoding RNAs. The small ncRNAs, such as microRNA (miRNA) and
small interfering RNA (siRNA), play important roles in transcriptional and posttranscrip-
tional gene regulation, while Piwi-associated RNAs (piRNAs) are involved in transposon
regulation (1, 2). Another class is that of the long noncoding RNAs (lncRNAs), which are
of various sizes between 200 bp and several kilobases (3). The role of lncRNAs in a
plethora of functions, for example, dosage compensation (Xist and roX) (4, 5), genomic
imprinting (Air and Kcnq1ot1) (6, 7), pluripotency (Evx1as and Hoxb5/6as) (8), cell
differentiation and development (Fendrr, Bvht, Miat, Hotair, etc.) (9), nuclear architecture
(NEAT1) (10), chromosome segregation (Concr) (11), immune response (lincRNA-EPS,
EGOT) (12, 13), etc., have been characterized. lncRNAs bring about such copious
functions by employment of diverse mechanisms such as translational inhibition
(lincRNA-p21) (14), mRNA degradation (1/2-sbs RNAs) (15), RNA decoys (Gas5) (16),
facilitation of recruitment of chromatin modifiers (HOTTIP, HOTAIR, and XIST) (17, 18),
regulation of protein activity (Evi2 and Lethe) (19, 20), regulation of the availability of
miRNAs by sponging mechanisms (linc-MD1) (21), modulation of splicing (MALAT1)
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(22), and alteration of protein localization (NRON) (23). In addition to this, various
lncRNAs have also been shown to regulate stress responses and disease pathobiology,
especially cancer metastasis, emphasizing their importance in cellular homeostasis (24).

Mrhl, one such lncRNA, discovered in our laboratory, is encoded in a meiotic
recombination hot spot locus of mouse chromosome 8, within the 15th intron of the
phkb gene (25). The primary transcript is 2.4 kb in length, RNA polymerase II (Pol II)
transcribed, nucleus restricted, polyadenylated, and unspliced (26). Ddx5/p68 RNA
helicase is an interacting partner of mrhl RNA in the nucleus and is required for the
regulatory function of mrhl RNA as a negative regulator of Wnt signaling (27). We have
also mapped the chromatin occupancy of mrhl RNA and shown that mrhl RNA regulates
the expression of several genes, many of which are known to play key roles in
spermatogenesis as well as Wnt signaling (28). One such gene is Sox8, which encodes
a developmentally important transcription factor, and mrhl RNA interacts with the
promoter of Sox8. We have previously shown that Wnt3a ligand triggers Wnt signaling
in mouse spermatogonial Gc1-Spg cells (derived from B-type spermatogonia) and at
the same time downregulates mrhl RNA gene expression (27). In our most recent study,
we have elucidated the molecular mechanism of mrhl RNA downregulation upon
activation of Wnt signaling. Ctbp1 acts as a corepressor for the downregulation of mrhl
RNA, and this Wnt-mediated downregulation of the RNA is a requisite for the expres-
sion of meiotic marker genes and the meiotic commitment of spermatogonial cells (29).

During the course of meiotic progression, mrhl RNA is highly downregulated in
spermatocytes compared to spermatogonial cells in the mouse testes. We have ob-
served that overexpression of mrhl RNA in trans abrogates the upregulation of various
premeiotic and meiotic marker genes (29), which are vital for the meiotic commitment
and progression of spermatogonia. Sox8 has an established role in Sertoli cell function,
and it has been shown through knockout studies that the absence of Sox8 leads to
defects in sex cord formation (30). In the light of this connection between Wnt
signaling, mrhl RNA, and Sox8, we were interested in delineating the detailed molecular
mechanism by which mrhl RNA regulates Sox8 during spermatogonial cell differentia-
tion. Here we present a detailed analysis of the promoter of Sox8 and have dissected
its regulation by mrhl RNA through interaction with the Myc-Max-Mad transcription
factors. The Max-Mad repressor complex with Sin3a as corepressor and the Myc-Max
activator complex including Pcaf as a coactivator bring about changes in chromatin to
facilitate the transition from a transcriptionally repressed state to an activated state of
the Sox8 gene, respectively. Interestingly, the binding site of the Myc-Max-Mad proteins
overlaps with the binding region of mrhl RNA on the Sox8 promoter. We also elucidated
the role of Sox8 in meiotic progression of spermatogonia and implicate Sox8 in the
direct regulation of important premeiotic and meiotic markers in the context of Wnt
signaling. We also observed a change in the global chromatin architecture of Gc1-Spg
cells upon prolonged Wnt ligand treatment which is corroborated by a gradual
decrease in the levels of stem cell markers and a concomitant increase in the expression
of differentiation marker genes.

RESULTS
Expression of Sox8 in mouse testicular germ cells. Sox8 is an important tran-

scription factor during spermatogenesis due to its crucial function in Sertoli cells (30,
31). However, there are no reports of Sox8 expression in testicular germ cells. We first
checked for its expression by immunofluorescence using testis cellular spread from
7-day-old (P7) and 21-day-old (P21) mice. Different testicular or germ cell types were
distinguished based on cell type-specific marker proteins such as Pou5f1 (Oct-4) for
spermatogonia, Scp3 for spermatocytes, and vimentin for Sertoli cells. The P7 testes
predominantly contain spermatogonia and represent the Wnt-repressed state, while
P21 testes which predominantly contain spermatocytes and represent the Wnt-
activated state (32). We have demonstrated the suitable use of P7 and P21 mouse testes
as an in vivo correlate of Wnt signaling in our previous studies (28, 29). In addition to
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expression of Sox8, we also looked for that of Sox9 since both belong to group E of Sox
proteins.

As can be seen, both Sox8 and Sox9 are expressed in spermatogonial cells as well
as in spermatocytes (Fig. 1A and B). We also confirmed the expression pattern in Sertoli
cells. Both Sox8 and Sox9 are expressed in Sertoli cells at both stages of testicular
development (Fig. 1C and D). Expression of Sox8 was also assessed at the transcrip-
tional level by reverse transcription-quantitative PCR (RT-qPCR) (Fig. 1E) and at the
protein level by Western blotting (Fig. 1F), which showed upregulation in the P21 testes
compared to the P7 testes. Therefore, these observations showed ubiquitous expres-
sion of Sox8 in mouse testicular germ cells.

Sox8 expression is upregulated in germ cells and Sertoli cells upon Wnt
signaling activation. It is known that Wnt signaling can downregulate mrhl RNA
expression and that mrhl RNA binds to the promoter of Sox8 and plays a role in the
expression of Sox8 (28). Sox8 expression was also revalidated in the B-type spermato-
gonial Gc1-Spg cell line and the Sertoli TM4 cell line (Fig. 2A). The specificity of the Sox8
antibody used in the present study was confirmed by immunofluorescence upon Sox8
silencing (Fig. 2B). We examined the expression of Sox8 and Sox9 (mRNA and protein
levels) upon Wnt signaling activation in the Gc1-Spg and TM4 cell lines. In addition to
scoring for mature transcript, we also scored for the prespliced primary transcript of
Sox8 by using the intron-exon junction primers (Table 1) to unequivocally establish that

FIG 1 Expression of Sox8 and Sox9 in mouse testes. The Sox8 and �-tubulin Western blots are from different gels.
For the Sox8 blot, the space separating P7 and P21 is due to a protein marker lane that was excised. (A and B)
Expression of Sox8 (A) and Sox9 (B) in 7-day-old mouse testis with Pou5f1 as a marker for spermatogonial cells and
in 21-day-old mouse testis with Scp3 as a marker for spermatocytes. (C and D) Expression of Sox8 (C) and Sox9 (D)
in 7-day-old and 21-day-old mouse testis with vimentin as a marker for Sertoli cells. (E) Expression analysis of Sox8
and Sox9 in P7 and P21 mouse testes. (F) Western blot showing Sox8 expression in P7 and P21 mouse testes. Data
in panel E are plotted as means � standard deviations (SD) (n � 4). **, P � 0.01; *, P � 0.05 (two-tailed Student’s
t test). Bars, 25 �m.
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the upregulation is due to transcriptional activation and not the stability of mature
mRNA. Wnt signaling activation leads to upregulation of Sox8 expression in the
spermatogonial Gc1-Spg cell line as well as in the Sertoli TM4 cell line, while expression
of Sox9 was not significantly perturbed (Fig. 2C). The transcriptional upregulation of
Sox8 is regulated at the level of the promoter as demonstrated by the increase in
luciferase activity upon Wnt signaling activation in Gc1-Spg and TM4 cells (Fig. 2D).
Even at the protein level, Sox8 expression was upregulated in both cell lines but Sox9
expression was not (Fig. 2E). Expression of Sox8 showed 5-fold to 6-fold upregulation
upon Wnt3A activation in Gc1-Spg cells at both the RNA and protein levels.

Role of mrhl RNA and the Tcf4 binding site present in the Sox8 promoter in
Wnt-mediated upregulation of Sox8. Sox8 has an interesting genomic architecture
and is transcribed from a bidirectional promoter in mouse (Fig. 3A). The binding region
of mrhl RNA is located at around 141 bp upstream of the transcriptional start site (TSS)
and stretches to around 89 bases on the chromatin. Bioinformatic analysis using the
MAPPER search engine for computational identification of putative transcription factor
binding sites revealed a Tcf4 binding site (CTTTGA) at around 800 bp upstream of TSS
in the Sox8 promoter. Tcf4 is a key transcription factor of Wnt signaling and brings

FIG 2 Upregulation of Sox8 upon Wnt3a conditioned medium treatment in Gc1-Spg and TM4 cells. (A) Expression and
localization of Sox8 in Gc1-Spg and TM4 cell lines. (B) Immunofluorescence analysis in Gc1-Spg cells upon Sox8 silencing
to show the specificity of the antibody used. (C) Expression analysis of Sox8 and Sox9 in Wnt3A conditioned medium-
treated Gc1-Spg and TM4. Ctrl, control. (D) Luciferase assay for Sox8 and Sox9 promoter in control and Wnt3A conditioned
medium-treated Gc1-Spg cells. (E) Western blot showing upregulation of Sox8 in Wnt3A conditioned medium-treated
Gc1-Spg and TM4 cells. Data in panels C and D are plotted as means � SD (n � 4). **, P � 0.01; *, P � 0.05 (two-tailed
Student t test). Bar (A and B), 25 �m.
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about activation or repression of various genes by recruitment of �-catenin and
associated coactivators and corepressors (33). We explored the possibility of Tcf4 and
�-catenin being the regulators of Sox8 upon Wnt signaling activation. For this purpose,
we examined the occupancy of Tcf4 and �-catenin on the Sox8 promoter by chromatin
immunoprecipitation-quantitative PCR (ChIP-qPCR). For the ChIP experiments, the DNA
was sonicated to be enriched in the size range of 100 to 300 bp (Fig. 3B). We found that
Tcf4 constitutively occupies the site (Fig. 3C) whereas �-catenin is recruited only upon
Wnt activation (Fig. 3D) in Gc1-Spg cells. The Ccnd1 gene promoter was used as a
positive control, and the �-actin gene promoter was used as a negative control for both
Tcf4 and �-catenin ChIP. The results were also validated in P7 and P21 mouse testicular
cells. To determine whether Tcf4 and �-catenin binding to the Sox8 promoter is directly
dependent on mrhl, we performed mrhl RNA silencing and checked the occupancy of
Tcf4 and �-catenin on the Sox8 promoter (Fig. 3E). Occupancy of TCF4 was unchanged,
while there was a significant increase in the occupancy of �-catenin at the Sox8

TABLE 1 List of primers used for RT-qPCR, ChIP-qPCR, and nucleosome mapping (NM1 to NM19)

Gene or locus (purpose) Forward primer Reverse primer

Actba (RT-qPCR) AGGTCATCACTATTGGCAACG TACTCCTGCTTGCTGATCCAC
Sox9 (RT-qPCR) TGCTGAACGAGAGCGAGAAGAGAC GGACCCTGAGATTGCCCAGAGTG
Sox8 primary (RT-qPCR) CTGTGTTTTCTGTAGCTTGCTG CCTGGAGCCCACCTGTGTG
Sox8 (RT-qPCR) GCTGTGGCGCTTGCTGAG CTGTGTGGTGGTCACTGTG
Mrhl (RT-qPCR) TGAGGACCATGGCTGGACTCT AGATGCAGTTTCCAATGTCCAAAT
c-Myc (RT-qPCR) CTAGTGCTGCATGAGGAGAC CTCTTGGCAGCTGGATAGTC
Max (RT-qPCR) GATAACGATGACATCGAGGTG TTGCTCCAGAAGAGCATTCTG
Mad (RT-qPCR) CTGTCCACCAAATAGACCAG TGCATGCTGCCTCGCTCG
Stra-8 (RT-qPCR) CGTGGCAAGTTTCCTGGACAAG GGCTCTGGTTCCTGGTTTAATGG
Lhx8 (RT-qPCR) GTCTGGAGATAGTTGGCTCGAGT GGATGGTAGGCTTTGTAAACTAG
c-Kit (RT-qPCR) CCCGACGCAACTTCCTTA CGCTTCTGCCTGCTCTTC
Mtl-5 (RT-qPCR) CGTCTGGGAGCTGCTAAA GGAGGTCCTGAGAACTTGG
Hspa2 (RT-qPCR) CTACGTGGCCTTCACTGACA GGTCAGGATGGACACATCGA
Actb (ChIP-qPCR) TCCACAAGGGCGGAGGCTAT GGGTTTTATAGGACGCCACA
Ccnd1 (ChIP-qPCR) CCATTCTCCCGGTTTAAGAACAG AGCCTTCGTAGATATGCAAATCG
Cad (ChIP-qPCR) CACACAAGACTTCCAGCTCAC TGTAGTCAATAATACAAATTAGTAC
NM1 GATCCCAGACCTGAAGGTTAG GTGGTCTCTAATATCTCCATCTC
NM2 GAGATGGAGATATTAGAGACCAC ACCTGTTTCCCAAGCCCGTG
NM3 CACGGGCTTGGGAAACAGGT CTTGTCTGGGTGGCATAGAG
NM4 CTCTATGCCACCCAGACAAG CGAAACTCAAAGGAGGCGATG
NM5 CATCGCCTCCTTTGAGTTTCG GAGGCGAGAGCCAAGCCTG
NM6 CAGGCTTGGCTCTCGCCTC CCTAGAGAGAAGGCGGAGAG
NM7 CTCTCCGCCTTCTCTCTAGG CTGGGTGGTCTGGCGGAG
NM8 CTCCGCCAGACCACCCAG GTCCTTCCGGGTATGACCTG
NM9 CAGGTCATACCCGGAAGGAC CTGGCAGTGACTGCTGAGTC
NM10 GACTCAGCAGTCACTGCCAG GCTAGACAGAGGTGGGAGG
NM11 CCTCCCACCTCTGTCTAGC CCAGGTGACCCTGGTAACTC
NM12 GAGTTACCAGGGTCACCTGG GCAACCAAACCCGGGTTCTG
NM13 CAGAACCCGGGTTTGGTTGC AAGGTTCCTGAGTCCAACATC
NM14 GATGTTGGACTCAGGAACCTT GCAGCACGGCTTGACTTTCG
NM15 CGAAAGTCAAGCCGTGCTGC GGTCAGAGGGCTAAGGGTG
NM16 CACCCTTAGCCCTCTGACC TCCGTACCACGTGGGCCAG
NM17 TGGCCCACGTGGTACGGAG AATCCAAAGAAGCCTTGCGAC
NM18 TCGCAAGGCTTCTTTGGATTC TCCGGGTTGGCAGGTCCTC
NM19 AGGACCTGCCAACCCGGAC CAGTTCTGGGACCCGCAAC
Mutant Tcf4 binding site GTACATCGCCTCCGCTGAGTTTCGCGGGG CCCCGCGAAACTCAGCGGAGGCGATGTAC
Zfp113 (ChIP-qPCR) ACCACAACTTCCACCTCACC GGGTCTGTAACAGGGTCCAA
Pou5f1 (RT-qPCR) GACACCTGGCTTCAGACTTC TCAGGCTGCAAAGTCTCCAC
Sox2 (RT-qPCR) AGTGGTACGTTAGGCGCTTC GACCACGAAAACGGTCTTGC
Nanog (RT-qPCR) TGATTCAGAAGGGCTCAGCAC AAGGCTGCAGAAAGTCCTCC
Scp3 (RT-qPCR) AAATCTGGGAAGCCACCTTTG CAATTTTCTGGTTACTGGCTTTG
Dmc1 (RT-qPCR) GCGGCTACTCAGGTGGAAAG AGTCGTGACAACATCTGGGC
Spo11 (RT-qPCR) TGCTGTGCCGACTAACATTC CGTAGGGATCTGCATCGAC
Sox8 (bp �139) CGAAAGTCAAGCCGTGCTGC AATCCAAAGAAGCCTTGCGAC
Sox8 (bp �500 to �700) CTCTCCGCCTTCTCTCTAGG CTGGCAGTGACTGCTGAGTC
Sox8 (bp �800) CACGGGCTTGGGAAACAGGT GAGGCGAGAGCCAAGCCTG
aBeta-actin gene.
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promoter upon silencing of mrhl RNA. Given that the site is occupied by �-catenin upon
Wnt activation, the functionality of the site was checked next. We performed a
luciferase reporter assay with the Sox8 promoter containing either the wild-type or
mutated Tcf4 binding site, the latter of which was mutated from CTTTGA to CGCTGA,
using site-directed mutagenesis. Even though there was a reduction in the Sox8
promoter function upon mutation (Fig. 3F), the reduction was not as drastic as would
be expected if the Tcf4 binding site were the sole regulator of Sox8 gene expression.

Wnt signaling downregulates mrhl RNA, which is in contrast to the expression of
Sox8 seen upon Wnt signaling activation. To test the role of mrhl RNA in Sox8
regulation, mrhl RNA was overexpressed and silenced under control and Wnt condi-
tions. It was observed that Sox8 expression was upregulated under control conditions

FIG 3 Analysis of the role of the Tcf4 binding site in the Sox8 promoter in Wnt-mediated upregulation of Sox8. (A) Genomic
architecture of Sox8. The bidirectional promoter of Sox8, its neighboring genes, and locations of the Tcf4 binding site and of
the mrhl RNA binding site are depicted. (B) Agarose gel (1.5%) showing the size range of sonicated DNA used for ChIP
experiments. (C and D) Tcf4 (C) and �-catenin (�-cat) (D) ChIP, showing their occupancy on the Sox8 gene promoter containing
the Tcf4 binding site (bp �800) selectively upon Wnt signaling activation. P7 testes represent the Wnt-repressed state, while
P21 testes represent the Wnt-activated state. Ccnd1 (bp �300) is used as a positive control, whereas the �-actin gene (bp
�250) is used as a negative control. (E) Occupancy of Tcf4 and �-catenin on the Sox8 gene promoter containing the Tcf4
binding site (bp �800) upon silencing of mrhl RNA. (F) Luciferase assay in Gc1-Spg cells treated with control medium or Wnt3A
conditioned medium using plasmid constructs containing the 1-kb upstream promoter region of Sox8 with either the wild-type
Tcf4 binding site or a mutant Tcf4 binding site. Data in panels C to F are plotted as means � SD, n � 4. ***, P � 0.001; **, P �
0.01; *, P � 0.05 (two-tailed Student t test). N. S, not significant.
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when mrhl RNA was silenced whereas the upregulation of Sox8 was abrogated under
Wnt conditions when mrhl RNA was overexpressed in trans (Fig. 4A). The results were
also corroborated by a luciferase reporter assay (Fig. 4B). The drastic change in the
expression of Sox8 upon mrhl RNA silencing or overexpression clearly establishes mrhl
RNA as the regulator of the Sox8 gene.

c-Myc binds to the Sox8 promoter at the mrhl RNA binding site upon Wnt
signaling activation. Bioinformatic analysis of the Sox8 gene promoter also revealed
binding sites for five putative transcription factors, among which Myc-Max-Mad was a
promising candidate (Fig. 5A). ABF1 and CPRF1 are not expressed in mammalian germ
cells, while SP1 is a ubiquitous chromatin remodeller and ultraspiracle encodes a
protein expressed in Drosophila. Interestingly, it was observed that the binding site of
all the transcription factors, including Myc-Max-Mad, overlapped the site where mrhl
RNA binds to the Sox8 promoter, indicating the importance of this region in Sox8 gene
regulation.

There were earlier reports showing upregulation of c-Myc upon Wnt activation (34).
We checked for the same in our model system, and it was observed that c-Myc is indeed
upregulated upon Wnt signaling activation in Gc1-Spg cells whereas there was no
significant effect on the expression of Max or Mad genes (Fig. 5B). Next, we checked for
the occupancy of c-Myc on the Sox8 promoter upon Wnt activation. As shown in Fig.
5C, c-Myc exhibits a strong occupancy on the Sox8 promoter upon Wnt signaling

FIG 4 Analysis of the role of mrhl RNA in Wnt-mediated upregulation of Sox8. (A) Expression analysis of
mrhl RNA and Sox8 in control and Wnt3A conditioned medium-treated Gc1-Spg upon mrhl RNA
overexpression (OE) and mrhl RNA silencing (si). pcDNA, vector control. (B) Luciferase assay for the Sox8
promoter in control and Wnt3A conditioned medium-treated Gc1-Spg upon mrhl RNA overexpression
and mrhl RNA silencing. Data are plotted as means � SD, n � 4. ***, P � 0.001; **, P � 0.01; *, P � 0.05
(two-tailed Student t test).
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activation both in Gc1-Spg cells and in mouse testis (P21), establishing it to be a
candidate responsible for the Wnt-mediated upregulation of Sox8. The Carbamoyl-
Phosphate Synthetase 2, Aspartate Transcarbamylase and Dihydroorotase (cad) gene
promoter was used as a positive control, and the bp �500 to �700 region of the Sox8
gene promoter was used as a negative control. Since c-Myc occupies the Sox8 gene
promoter only upon the cue of Wnt signaling, we went ahead with silencing the
expression of c-Myc using short hairpin RNA (shRNA) in Gc1-Spg cells. Analysis of Sox8
gene expression upon c-Myc silencing showed abrogation of the Wnt-mediated up-
regulation of Sox8 gene expression (Fig. 5D). It is known that c-Myc recruits the histone
acetyltransferase (HAT) Pcaf, which leads to an increase in the level of histone activation
mark H3K9ac, which in turn facilitates the transcriptional activation (35). Therefore, we

FIG 5 c-Myc binds to the Sox8 promoter at the Myc-Max-Mad binding site upon Wnt signaling activation. (A) The architecture of the
1-kb upstream promoter of the Sox8 gene with the CAAT box, Tcf4 binding site, mrhl RNA binding site, and putative transcription
factors is identified along with the binding sites. (B) Expression analysis of c-Myc, Max, and Mad in Gc1-Spg cells (control, Wnt3A
conditioned medium treated). (C) c-Myc ChIP in Gc1-Spg cells and mouse testis with Cad as a positive control for c-Myc occupancy.
The region from bp �500 to �700 in the Sox8 promoter was used as a negative control. (D) Expression analysis of c-Myc and Sox8
upon c-Myc silencing in control and Wnt3A conditioned medium-treated Gc1-Spg. (E) ChIP showing recruitment of c-Myc-associated
coactivator Pcaf at the Myc-Max-Mad binding site in Wnt3A conditioned medium-treated Gc1-Spg cells and in P21 mouse testes. (F)
Increased level of H3K9ac at the Myc-Max-Mad binding site upon Wnt activation in Gc1-Spg cells and in P21 mouse testes. Data are
plotted as means � SD, n � 4. ***, P � 0.001; **, P � 0.01; *, P � 0.05 (two-tailed Student t test). N. S, not significant.
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also scored for the occupancy of Pcaf and observed an increase in Pcaf occupancy at
the Myc-Max-Mad binding site but not in the region from bp �500 to �700 on the Sox8
promoter in both Wnt3A-treated Gc1-Spg cells and P21 mouse testis (Fig. 5E). Consis-
tent with the recruitment of Pcaf, there was also an increase in the level of the H3K9ac
mark at the Sox8 promoter (Fig. 5F).

Sin3A is bound at the Myc-Max-Mad binding site on the Sox8 promoter to keep
it in a repressed state. It is known that when Max heterodimerizes with c-Myc it acts
as an activator whereas when it heterodimerizes with Mad it acts as a repressor (36).
Our data clearly show the importance of Myc-Max in Sox8 gene upregulation upon Wnt
activation. Therefore, we were curious to see whether the Max-Mad complex was
involved in maintaining Sox8 in a repressed state under control conditions. Sin3A is the
major corepressor interacting with the Max-Mad complex (37, 38). We carried out Sin3A
ChIP at the Myc-Max-Mad binding site in the Sox8 promoter with Zfp113 as a positive
control (Fig. 6A). Sin3A is present at the site under control conditions, and upon Wnt
signaling activation the occupancy of Sin3A is depleted in Gc1-Spg cells and also in the
mouse testicular cells, indicating its role in maintaining Sox8 in a repressed state. Given

FIG 6 Sin3A is bound at the Myc-Max-Mad binding site on the Sox8 promoter to keep it in a repressed state. (A) ChIP
showing the presence of Max at the Myc-Max-Mad binding site on the Sox8 promoter in both control and Wnt3A
conditioned medium-treated Gc1-Spg cells. (B) ChIP in Gc1-Spg cells with Zfp113 as a positive control, showing the
occupancy of Sin3A in control Gc1-Spg cells but not in Wnt3A conditioned medium-treated Gc1-Spg cells. The region from
bp �500 to �700 in the Sox8 promoter is used as a negative control. (C) Sin3A ChIP upon mrhl RNA silencing. (D) ChIP
showing the presence of HDAC1 at the Myc-Max-Mad binding site on the Sox8 promoter in control Gc1-Spg cells but not
in Wnt3A conditioned medium-treated Gc1-Spg cells. Data are plotted as means � SD, n � 4. ***, P � 0.001; **, P � 0.01;
*, P � 0.05 (two-tailed Student t test). N. S, not significant.
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that Max is expressed under control conditions and upon Wnt activation, we also
carried out Max ChIP as an internal control (Fig. 6B). The importance of mrhl RNA in
repression of Sox8 has been established, as shown above (Fig. 4). To study the role of
mrhl RNA in the recruitment of Sin3A on the Sox8 gene promoter, we carried out Sin3A
ChIP upon mrhl RNA silencing; as can be seen from Fig. 6C, mrhl RNA plays an important
role in the establishment of the repressive chromatin involving Sin3A. We also checked
for the occupancy of histone deacetylase 1 (HDAC1) as it is the known chromatin
modifier recruited by Sin3A (37). HDAC1 is present at the Myc-Max-Mad binding site
under control conditions in Gc1-Spg cells but is depleted upon Wnt signaling activa-
tion, and the result was also corroborated in vivo in the mouse testicular cells (Fig. 6D).

Changes in histone modification marks and nucleosome dynamics on the Sox8
promoter upon Wnt signaling activation. So far, we have established that Sox8 is
upregulated upon Wnt signaling activation and that the removal of mrhl RNA from the
Sox8 locus is important for this transcriptional activation. The Tcf4 binding site is
occupied by �-catenin upon Wnt activation but is minimally active. Next, we were
interested in exploring the chromatin changes taking place in the promoter region to
facilitate this transcriptional activation. We looked at the histone activation and repres-
sion marks at both the sites where mrhl RNA physically binds to the chromatin and the
Tcf4 binding site. There was a decrease in the level of repression mark H3K27me3 at
both the sites upon Wnt signaling activation in Gc1-Spg cells and also in P21 mouse
testicular cells (Fig. 7A). An increase in the level of activation mark H3K4me3 was also
observed at these sites both in vitro and in vivo (Fig. 7B). Nucleosome depletion is a
common phenomenon and occurs primarily at transcriptionally active promoters to
facilitate the binding of the transcriptional machinery and various coactivators. There-
fore, the nucleosome position was mapped by histone H3 ChIP followed by qPCR at
every 50-bp interval on the Sox8 promoter in control and Wnt3A conditioned medium
(CM)-treated Gc1-Spg cells. Mononucleosomes were isolated by micrococcal nuclease
digestion (Fig. 7C) and then were subjected to H3 ChIP followed by qPCR to identify the
regions of chromatin bound to nucleosomes. Nucleosome depletion was indeed ob-
served at the mrhl RNA binding site as well as the Tcf4 binding site (Fig. 7D).

Role of Sox8 and Wnt signaling in meiotic commitment and progression of
spermatogonial cells. We showed earlier that Wnt-mediated downregulation of mrhl
RNA is essential for upregulation of various premeiotic and meiotic marker genes in
spermatogonial cells, thus paving the path for the differentiation of spermatogonia to
spermatocytes (29). Now that we have established that mrhl RNA can also regulate Sox8
expression, it is possible that Wnt-mediated mrhl RNA downregulation leads to an
upregulation of Sox8 which in turn leads to activation of these meiotic commitment
marker genes. When the Sox8 binding site was mapped on the promoter of these
genes, we observed that all of the genes, with the exception of the Lhx8 gene, possess
a Sox8 binding site in the 1-kb upstream sequence as shown in Fig. 8A. The function-
ality of Sox8 in the regulation of these genes was checked by silencing Sox8 gene
expression using the shRNA approach in Gc1-Spg cells (Fig. 8B). When the Wnt
signaling-mediated upregulation of Sox8 was perturbed, it also abrogated the upregu-
lation of these premeiotic and meiotic marker genes (Fig. 8C). This clearly establishes a
significant role for Sox8 in germ cells and also raises the possibility of Sox8 being
important for spermatogonial differentiation.

Given that the many factors which play a vital role in differentiation of spermato-
gonial stem cells to spermatocytes do so under the veil of Wnt signaling, we went
ahead to explore the significance of Wnt signaling independently initiating this differ-
entiation process. First, we studied the cell morphology changes of the Gc1-Spg cell
line, which is a B-type spermatogonial cell line, upon prolonged Wnt3A conditioned
medium treatment. As can be seen from Fig. 8D, there was a visible increase in number
of DAPI (4=,6-diamidino-2-phenylindole) intense chromatin foci after 4 to 6 days of
Wnt3A conditioned medium treatment. This change, however, was not due to apop-
tosis or compromise in the health of the cells (Fig. 8E). We therefore went ahead to
score for the Pou5f1, Sox2, and Nanog spermatogonial stem cell markers. There was a
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gradual decrease in the expression levels of all the three stem cell markers upon
prolonged Wnt3A conditioned medium treatment of Gc1-Spg cells (Fig. 9A). Next, we
scored for the spermatogonial cell differentiation markers—Stra8, Scp3, Dmc1, and
Spo11. Stra8 is a key molecule for this differentiation, which is known to be regulated
by retinoic acid (39). As can be seen in Fig. 9B and C, Stra8 expression levels drastically
increased upon Wnt signaling activation in Gc1-Spg cells for meiotic commitment of
spermatogonia. Furthermore, the other three meiotic marker genes encoding Scp3,
Dmc1, and Spo11, involved in chromosome pairing and recombination, were also
upregulated upon Wnt signaling activation in Gc1-Spg cells (Fig. 9B). Western blot
analysis also showed the gradual decrease in the level of Pou5f1 and an increase in the
level of Stra8 upon prolonged Wnt3A treatment (Fig. 9C).

DISCUSSION

An earlier report from our laboratory showed that mrhl RNA physically associates
with and regulates 37 genomic loci, 1 of which is the Sox8 genomic locus where the
RNA binds to its promoter region (28). In the present study, we explored the regulation

FIG 7 Changes in histone modification marks and nucleosome dynamics upon Sox8 promoter Wnt signaling activation. (A and B)
Levels of repression of mark H3K27me3 (A) and activation of mark H3K4me3 (B) at the Tcf4 binding site (bp �800) and the mrhl RNA
binding site (bp �141) on the Sox8 promoter in Gc1-Spg cells (control and Wnt3A conditioned medium treated) and mouse testes
(P7 and P21). (C) Micrococcal nuclease digestion of chromatin for different time intervals (50, 55, and 60 min) from control and Wnt3A
conditioned medium-treated Gc1-Spg cells to obtain mononucleosomes. (D) Change in nucleosome dynamics on the 1-kb upstream
Sox8 promoter upon Wnt signaling activation. Numbers 1 to 19 represent every 50-bp interval scored for in the 1-kb upstream Sox8
gene promoter, with 19 being adjacent to the TSS. The black line represents the Tcf4 binding site, and the red line represents
chromatin oligonucleotide affinity purification (ChOP) read results. Data are plotted as means � SD, n � 4. ***, P � 0.001; **, P � 0.01;
*, P � 0.05 (two-tailed Student t test). N. S, not significant.
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of Sox8 by mrhl RNA and identified possible players in the Wnt signaling-mediated
regulation of Sox8.

The members of the Sox (sry-related HMG box) group of transcription factors play an
important role in development, particularly in cell fate specification and differentiation;
among these, Sox8, Sox9, and Sox10 belong to subgroup E. The members of the Sox
E group of proteins are involved in neural crest development. Sox9 and Sox10 have
been very well studied in terms of their biological roles. Sox8 and Sox9 have overlap-
ping functions, and both of them are expressed in Sertoli cells and are implicated in sex
cord development. One of the earlier studies had shown that Sox8 is not expressed in
testicular germ cells and had implicated it in having a role only in Sertoli cell function
(30). However, since we did observe in our previous studies that Sox8 is expressed in
Gc1-Spg cells (B-type spermatogonial cells), we wanted to confirm that it is indeed

FIG 8 Role of Sox8 and Wnt signaling in meiotic progression and commitment of spermatogonial cells. (A) Sox8 binding site in the
1-kb upstream promoters of important premeiotic and meiotic marker genes. (B) Expression analysis of Sox8 by RT-qPCR and Western
blotting upon Sox8 silencing by shRNA. (C) Expression analysis of premeiotic markers (Stra8, Lhx8, and c-kit) and meiotic markers (Mtl5
and Hspa2) upon Wnt signaling activation as well as upon Sox8 silencing in control and Wnt3A conditioned medium-treated Gc1-Spg
cells. (D) Change in global chromatin architecture in mouse spermatogonial Gc1-Spg cells upon treatment with Wnt3A conditioned
medium for different time durations (2, 4, and 6 days). (E) Apoptosis assay of Gc1-Spg cells upon prolonged Wnt3A treatment (24, 48,
72, and 96 h). PE, R-phycoerythrin.
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expressed in testicular germ cells. All the initial experiments carried out in the present
study demonstrated that Sox8 is expressed in both spermatogonia and spermatocytes.
Since the earlier expression studies were done using minimal histochemistry, it is
possible that the Sox8 expression was not detected due to epitope masking in the
testicular sections.

In our present study, we showed that the Wnt signaling-mediated transcriptional
regulation of Sox8 involves substantial changes in the chromatin dynamics of the
promoter. The Max-Mad complex binds to the site under control conditions and recruits
the corepressor complex containing Sin3A and HDAC1 to keep Sox8 in a repressed
state, and the presence of mrhl RNA is imperative for this repression. Our experiments
clearly suggest that mrhl RNA, along with the corepressors, keeps Sox8 in a repressed
state and that the removal of the RNA makes the site available for the recruitment of
the coactivators and the activation of Sox8. Multiple transcription factors have binding
sites on the Sox8 promoter, and, interestingly, all of them are clustered at the mrhl RNA
binding site, showing the importance of this locus in Sox8 promoter regulation. The
Myc-Max binding site is present in the Sox8 promoter and overlaps with the mrhl RNA
binding site. We observed c-Myc occupancy on the Sox8 promoter upon Wnt activation,
and silencing of c-Myc abrogated Wnt-mediated upregulation of Sox8, proving its role
in the regulation of Sox8 gene expression as summarized in Fig. 10. The recruitment of
c-Myc-related coactivator Pcaf and the increase in the level of H3K9ac at the Myc-Max-

FIG 9 (A and B) Expression analysis of spermatogonial stem cell markers (Pou5f1, Sox2, and Nanog) (A)
and meiotic differentiation markers (Scp3, Dmc1, Spo11, and Stra8) (B) upon prolonged (24-, 48-, 72-, and
96-h) Wnt3A treatment in Gc1-Spg cells. (C) Western blot analysis of Pou5f1 and Stra8 upon prolonged
(24, 48, 72, and 96 h) Wnt3A treatment in Gc1-Spg cells. The significance values in panels A and B are
represented with respect to 24-h Wnt3A treatment. Data in panels A and B are plotted as means � SD,
n � 4. ***, P � 0.001; **, P � 0.01; *, P � 0.05 (two-tailed Student’s t test).
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Mad binding site further validate the involvement of c-Myc as an activator for the
Wnt-mediated upregulation of Sox8 gene expression. The mechanism by which mrhl
RNA facilitates the formation of the repressor complex at the Sox8 promoter is only a
matter of speculation. It is possible that mrhl RNA recruits Sin3A at the promoter site
through a direct interaction. Alternatively, the RNA can influence the heterodimeriza-
tion of Max-Mad at this locus. It is also not clear how the mrhl RNA interacts with the
Sox8 promoter or whether it is through RNA-DNA triplex formation as has been
demonstrated previously (40) or through the p68 protein or through yet another
uncharacterized bridging protein. We are currently investigating all these possibilities,
which should throw light on the detailed molecular mechanism of mrhl RNA-mediated
repression of Sox8 gene expression in spermatogonial cells.

Our results conclusively show that Sox8 is not only expressed in germ cells but also
temporally regulated by Wnt signaling activation. It has been reported that Wnt
signaling activation paves the path for differentiation of spermatogonia to spermato-
cytes by upregulation of various premeiotic and meiotic marker genes. We showed
earlier that Wnt signaling-mediated downregulation of mrhl RNA is essential for up-
regulation of these genes (28). Since we knew that mrhl RNA can in turn regulate Sox8,
we were interested in seeing the role of Sox8 in regulation of these marker genes and
in turn in meiotic progression. We found that silencing of Sox8 abrogates the upregu-
lation of these marker genes, showing that Sox8 can be an important transcription
factor in spermatogonial differentiation. We were also interested in studying the role of
Wnt signaling in spermatogonial differentiation, as it is the common factor in mrhl RNA
downregulation and Sox8 upregulation. Our preliminary data suggest that spermato-
gonial cells exhibit a global change in chromatin architecture upon prolonged Wnt3A
treatment and that the process also leads to a gradual decrease in the levels of
spermatogonial stem cell markers and to an increase in the levels of differentiation
markers. There is definitely a differentiation program initiated by Wnt signaling, but the
molecular details of this very perceivable change are still to be addressed. We note here
that B-type spermatogonia are progenitor cells that are primed to meiotic commitment
and enter the meiotic prophase upon exposure to the appropriate signal. At present,
we believe that Sox8 regulates expression of Stra8, which is a master regulator of a

FIG 10 Model summarizing the findings of present study. The model depicts the changes at the proximal
promoter region of Sox8 at the mrhl RNA binding site (bp �141) upon Wnt signaling activation with
respect to the binding of corepressors and the recruitment of �-catenin at the TCF4 binding site (bp
�800). The displaced corepressors could be replaced with unknown (?) coactivators. The changes in
histone modifications are also shown (Ac, acetylation; Me, methylation). Upon Wnt activation, the
upregulation of Sox8 leads to meiotic commitment and differentiation.
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transcription program leading to meiotic commitment and progression (39). In this
context, mrhl RNA plays a very important role in regulating expression of the Sox8
transcription factor. We are presently engaged in testing this hypothesis.

In past few years, there have been many studies on lncRNA profiling during different
stages of spermatogenesis (41–43). It is clear from such studies that the transcriptome
levels of lncRNAs are greater than those of mRNAs during spermatogenesis and that
the expression of lncRNAs is also dynamically regulated. Mechanistic details of lncRNA
function during spermatogenesis have been provided by only a few studies, including
our report of the role of mrhl RNA in regulation of Wnt signaling through p68 RNA
helicase (27, 44–46). The present report describes a new dimension in the context of
spermatogenesis, with lncRNA regulating the expression of an important transcription
factor and such regulation being crucial for meiotic entry or spermatogonial differen-
tiation. It would also be interesting to explore if the whole 2.4-kb RNA or just a part of
it is required for its function at the Sox8 locus. Addressing these issues would widen our
knowledge of the complex and diverse ways by which lncRNAs can bring about specific
spatiotemporal regulation of gene expression.

MATERIALS AND METHODS
Cell line, antibodies, plasmids, and reagents. Cells of the Gc1-Spg cell line (CRL-2053) and TM4 cell

line (CRL-1715) were obtained from ATCC. Cells of the mouse L-control cell line (ATCC CRL-2648) and
L-Wnt3A cell line (ATCC CRL-2647) were kind gifts from Jomon Joseph (NCCS, India).

All chemical reagents were of analytical reagent (AR) grade and were purchased from Sigma. Protein
G Dynabeads (10003D), protein A-agarose beads (15918-014), an apoptosis kit (V13242), and Lipo-
fectamine 2000 (11668027) were purchased from Invitrogen. DNase I (MO303), T4 DNA ligase (M0202S),
and restriction enzymes were purchased from New England BioLabs. A luciferase assay kit was supplied
by Promega. Sox8 shRNA (SHCLNG-NM_011447) and Myc-shRNA (SHCLNG-NM_010849) were obtained
from Sigma. An Mrhl siRNA pool was obtained from Dharmacon, and the siRNA sequences were
described before (27). Real-time PCR was performed using a Corbett rotor gene 2000 cycler (Qiagen).

The list of antibodies used in the present study, with the manufacturers and catalogue numbers
indicated in parentheses, is as follows: �-catenin (BD Biosciences; catalog no. 610154), TCF4 (Millipore;
catalog no. 05-511), alpha tubulin (Sigma; catalog no. T8203), Hdac1 (Cell Signaling; catalog no. 5356),
histone H3 (Abcam; catalog no. ab46765), H3K27me3 (Abcam; catalog no. ab6002), H3K4me3 (Abcam;
catalog no. ab12209), H3K9ac (Abcam; catalog no. ab4441), Sox8 (Pierce; catalog no. PA1-28072), Sox9
(Abcam; catalog no. ab3697), E-cadherin (BD Biosciences; catalog no. 610404), vimentin (Abcam; catalog
no. ab20346), Pou5f1 (Oct-4) (Abcam; catalog no. ab27985), Stra8 (Abcam; catalog no. ab49602), Sin3A
(Abcam; catalog no. ab3479), c-Myc (Santa Cruz; catalog no. 9E10), Pcaf (Sigma; catalog no. P7493), Scp3
(Abcam; catalog no. ab97672), and Max (Cell Signaling; catalog no. 4739).

Preparation of control and Wnt3A conditioned medium (Wnt3A CM). L-control or L-Wnt3A cells
(106 cells) were seeded in 90-mm-diameter culture dishes containing Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS). After 48 h, fresh medium was added to the cultured
cells and the reaction mixture was incubated for an additional 24 h. The medium was then collected,
centrifuged at 500 � g for 5 min, filtered, and stored at �20°C until further use. For treatment of Gc1-Spg
cells, the control as well as Wnt3A conditioned medium was diluted 2:1 with DMEM containing 10% FBS.

Cloning of the 1-kb sequence upstream of the Sox8 and Sox9 promoter and luciferase reporter
assay. The 1-kb sequence upstream of the Sox8 and Sox9 genes was cloned in pGL3-Basic vector. Clones
were confirmed by DNA sequencing. The Tcf4 binding site on the Sox8 gene promoter (bp �800) was
mutated from CTTTGA to CGCTGA using a Stratagene QuikChange site-directed mutagenesis kit (catalog
no. 200518). For the luciferase assay, Gc1-Spg cells were transfected with 1 �g of pGL3-Basic vector or
1 �g of a Sox8/Sox9 promoter clone in a six-well plate using Lipofectamine 2000. Transfection with a
cytomegalovirus–�-galactosidase (CMV-�Gal) plasmid (0.4 �g) was done as an internal control for
transfection efficiency. After 24 h, cells were harvested and processed for luciferase assay in accordance
with the protocol of the manufacturer (Promega). Luciferase readings for pGL3-Basic as well as for the
Sox8/Sox9 promoter plasmid were normalized with the luminometer readings obtained for CMV-�Gal.

shRNA- and siRNA-mediated silencing. All shRNA plasmids were transfected at a concentration of
1.5 �g/ml whereas scrambled and mrhl siRNA pool plasmids were transfected at a concentration of 100
nM using Lipofectamine 2000 at 60% to 70% cell confluence.

Quantitative PCR (qPCR). RNA isolation was performed using TaKaRa TRIzol in accordance with the
manufacturer’s protocol. A 2-�g concentration of DNase-treated RNA was used for processing 20-�l
reaction mixtures of cDNA using all reagents from Promega. A 2-�l volume of this cDNA was used for
each qPCR. �-Actin was used to normalize the threshold cycle (CT) values.

Western blotting. After SDS-PAGE and transfer, the membranes were blocked in 5% skimmed milk
for 45 min at room temperature and then incubated with the respective primary antibody dissolved in
1% skimmed milk– 0.05% phosphate-buffered saline with Tween 20 (PBST) overnight at 4°C. The
membrane was then washed with 0.05% PBST and incubated with the respective secondary antibody
dissolved in 1% skimmed milk– 0.05% PBST for an hour at room temperature. Washes were then given
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using 0.05% PBST, and the blot was developed in a dark room using either a Pico ECL kit or a Femto ECL
kit from Pierce.

Testis cellular spreads and immunofluorescence. The preparation of cellular spreads and subse-
quent immunofluorescence analysis were carried out as previously described (29).

Chromatin immunoprecipitation (ChIP). Cells were harvested and cross-linked using 1% formal-
dehyde for 10 min at room temperature followed by quenching using 0.125 M glycine for 5 min. The
cross-linked pellet was obtained by centrifugation at 1,000 � g at 4°C for 10 min. The cell pellet was
resuspended in 1 ml of SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl) and incubated on ice for
15 min. This was followed by sonication of the lysate using a Bioruptor for a total of 35 cycles (30 s on
and 30 s off at high pulse). Insoluble material was removed by centrifugation at 13,000 � g at 4°C for
10 min. Sonicated DNA was enriched in the range of 100 to 300 bp. The lysate was incubated with the
respective antibodies for immunoprecipitation overnight at 4°C. The immune complexes were allowed
to bind to protein G/A Dynabeads for 3 h at 4°C. The beads bound by immune complexes were obtained
by magnetic precipitation followed by one wash with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCl, 150 mM NaCl) and with high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris-HCl, 500 mM NaCl). The immunoprecipitated material was eluted from the beads by adding
400 �l of elution buffer (0.1 M NaHCO3, 1% SDS), and the samples were incubated in an end-to-end
rotator at room temperature for 45 min. The eluates were then processed for DNA isolation by the
phenol-chloroform method. The fold enrichment over IgG was calculated by considering the CT values
obtained for the target DNA as follows:

fold enrichment over IgG � 2CT�IgG��CT�ChIP� (1)

Microccocal nuclease digestion. Cells were harvested and pelleted at 2,000 � g for 3 min at 4°C.
The pellet was resuspended in lysis buffer (60 mM KCl, 15 mM NaCl, 15 mM Tris, 0.34 M sucrose, 2 mM
EDTA, 0.5 mM EGTA, 1 mM dithiothreitol [DTT], 0.03% Triton, 1% glycerol) and incubated on ice for 10
min with regular vortex mixing. The suspension was then centrifuged at 14,000 � g for 10 min at 4°C.
The pellet was then resuspended in wash buffer (60 mM KCl, 15 mM NaCl, 15 mM Tris, 0.34 M sucrose,
1 mM DTT) and centrifuged at 14,000 � g for 10 min at 4°C. The pellet was then suspended in MNase
buffer (10 mM Tris, 10 mM KCl, 2 mM CaCl2), and micrococcal nuclease enzyme (1.5 units) was added
followed by incubation at 37°C for 50 min. The reaction was then stopped by addition of 5 mM EGTA and
incubation on ice for 5 min. The digested nuclei were centrifuged at 2,000 � g for 10 min at 4°C. The
reaction mixture was then suspended in LSDB 250 buffer (20% glycerol, 50 mM HEPES, 3 mM MgCl2, 250
mM KCl) and was incubated overnight with histone H3 antibody. The beads were blocked with 0.1%
bovine serum albumin (BSA) at 4°C for 30 min, after which they were added to the nucleosome
suspension and incubated for a further 4 h at 4°C. The beads were then washed with LSDB 250 buffer
3 times (for 5 min at 4°C each time) and eluted as described for ChIP. The eluate was subjected to DNA
extraction.

Apoptosis assay. The apoptosis assay was performed in accordance with the protocol of the
manufacturer (Invitrogen).

IACUC approval. Experiments were performed using mice testes. The institution (JNCASR) has
obtained IACUC approval for research involving use of mice.
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