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Basonuclin 1 deficiency causes testicular
premature aging: BNC1 cooperates with TAF7L to
regulate spermatogenesis

Jing-Yi Li®-T, Yi-Feng Liu®:T, Hai-Yan Xu?, Jun-Yu Zhang?, Ping-Ping Lv!, Miao-E Liu?, Yan-Yun Ying?,
Ye-Qing Qian?, Kun Lil, Cheng Li?, Yun Huang!, Gu-Feng Xu?, Guo-Lian Ding?, Yu-Chan Mao?,
Chen-Ming Xu?, Xin-Mei Liu?, Jian-Zhong Sheng!-3, Dan Zhang!-*, and He-Feng Huang'>1:2*

Journal of Molecular Cell Biology (2020), 12(1), 71-83 | 71

1 Key Laboratory of Reproductive Genetics (Ministry of Education) and Department of Reproductive Endocrinology, Women’s Hospital, Zhejiang University
School of Medicine, Hangzhou 310006, China

2 International Peace Maternal and Child Health Hospital, Shanghai Jiao Tong University, Shanghai 200030, China

3 Department of Pathology & Pathophysiology, Zhejiang University School of Medicine, Hangzhou 310000, China

"These authors contributed equally to this work.
*Correspondence to: Dan Zhang, E-mail: zhangdan@zju.edu.cn; He-Feng Huang, E-mail: hhf57@zju.edu.cn

Edited by Jinsong Li

Basonuclin (BNC1) is expressed primarily in proliferative keratinocytes and gametogenic cells. However, its roles in spermatogen-
esis and testicular aging were not clear. Previously we discovered a heterozygous BNC1 truncation mutation in a premature ovarian
insufficiency pedigree. In this study, we found that male mice carrying the truncation mutation exhibited progressively fertility loss
and testicular premature aging. Genome-wide expression profiling and direct binding studies (by chromatin immunoprecipitation
sequencing) with BNC1 in mouse testis identified several spermatogenesis-specific gene promoters targeted by BNC1 including
kelch-like family member 10 (Klhl10), testis expressed 14 (Tex14), and spermatogenesis and centriole associated 1 (Spatc1).
Moreover, biochemical analysis showed that BNC1 was associated with TATA-box binding protein-associated factor 7 like (TAF7L),
a germ cell-specific paralogue of the transcription factor 1ID subunit TAF7, both in vitro and in testis, suggesting that BNC1
might directly cooperate with TAF7L to regulate spermatogenesis. The truncation mutation disabled nuclear translocation of the
BNC1/TAF7L complex, thus, disturbing expression of related genes and leading to testicular premature aging. Similarly, expressions
of BNC1, TAF7L, Y-box-binding protein 2 (YBX2), outer dense fiber of sperm tails 1 (ODF1), and glyceraldehyde-3-phosphate
dehydrogenase, spermatogenic (GAPDHS) were significantly decreased in the testis of men with non-obstructive azoospermia. The
present study adds to the understanding of the physiology of male reproductive aging and the mechanism of spermatogenic failure
in infertile men.

Keywords: testicular aging, spermatogenesis, BNC1, TAF7L, gene mutation

Introduction such as loss of libido, erectile dysfunction, decreased muscle

Premature testicular aging, which mainly results from sper-
matogenic dysfunction is an important pathogenesis of infertility
in elder men. Due to the loss of testicular function, symptoms
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strength, attention deficit, cognitive impairment, and depres-
sion may occur in patients with premature testicular aging. The
risks of long-term consequences of hypoandrogenism such as
osteoporosis, cardiovascular disease, and psychosocial seque-
lae are notuncommon in patients with premature testicularaging
(Zhu et al., 2011). However, there is no effective strategy to stop
or slow down the premature testicular reserve depletion process
in those patients. Early recognition of testicular aging and pre-
vention of degeneration of spermatogenic function are crucial for
preventing the male infertility, especially in consideration of the
advanced male reproductive age nowadays.
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Premature testicular aging is a heterogeneous disease (Zheng
et al., 2019). Potential causes of spermatogenic dysfunction
including chromosomal or genetic alterations, environmental
factors, infections, metabolic and autoimmune diseases, and
iatrogenic factors such as testicular surgery, radiotherapy, or
chemotherapy can all lead to premature testicular aging (Zheng
etal., 2019). Itis usually sporadic and/or simplex, and a genetic
basis is considered to be a strong component of the cause for
the disorder. Much research has been focused on genes involved
in spermatogenesis in recent years, based on animal models
and novel approaches such as genome-wide studies. The most
commonly known genetic causes of spermatogenic dysfunction
are zinc finger (Zf) MYND-type containing 10 (ZMYND10) (Moore
et al., 2013), nephrocystin 4 (NPHP4) (Alazami et al., 2014),
aurora kinase C (AURKC) (Ben Khelifa et al., 2011), dpy-19
like 2 (DPY19L2) (Harbuz et al., 2011), protein interacting
with PRKCA 1 (PICK1) (Liu et al., 2010), cation channel sperm
associated 1/2 (CATSPER1/2) (Avenarius et al., 2009; Avidan
et al., 2003), spermatogenesis associated 16 (SPATA16) (Dam
et al., 2007), ubiquitin-specific peptidase 9 Y-linked (USP9Y)
(Sun et al., 1999), and follicle-stimulating hormone receptor
(FSHR) (Tapanainen et al., 1997). The list of genetic causes
of spermatogenic dysfunction is expanding. Nevertheless, the
genetic cause of the majority of spermatogenic dysfunction
cases remains unknown.

Basonuclin (BNC1), which contains three pairs of C2H2 Zfs, a
nuclear localization signal (NLS) site and a serine stripe (Tseng
and Green, 1992), is mainly expressed in gametogenic cells
and proliferative keratinocytes and is known as a transcription
regulator for both RNA polymerases | and Il (Pol | & II). In our
previous study (Zhang et al., 2018), we identified a heterozy-
gous 5-bp deletion mutation (c.1153_1157del CCGGG) in the
fourth exon of BNC1 gene in a large primary ovarian insufficiency
pedigree. The mutated BNC1 protein was expected to lose its
three pairs of Zfs and part of NLS (Zhang et al., 2018) and suffer
from a nuclear localization disorder (Supplementary Figure S1).
Therefore, it cannot function normally, and was proved to be
involved in the pathogenesis of premature ovarian insufficiency
(Zhang et al., 2018).

A previous study reported that BNC1 existed in spermatogo-
nia, spermatocytes, and spermatids, but was absent in Sertoli
cells (Zhang et al., 2012). Bnc1-null male mice were sub-fertile,
losing germ cells progressively with age (Zhang et al., 2012).
However, the underlying molecular mechanisms remain poorly
understood. To investigate the role of the novel mutation de-
scribed above in testicularaging, we established Bnc1-truncated
mutant mice as described in our previous study (Zhang et al.,
2018) and found that Bnc1-truncated mutant males were losing
fertility progressively with age. Further studies with genome-wide
expression profiling and direct binding mapping with BNC1 were
conducted to explore the role of BNC1 in testicular function and
involved mechanisms. The finding that BNC1 insufficiency may
be a cause of testicular premature aging is further supported by
the lower expression level of BNC1 in non-obstructive azoosper-
mia (NOA) patients with spermatogenic dysfunction.

Results
Bnc1 truncation mutation leads to progressive fertility loss in
male mice

We established a mouse model carrying mutated Bnc1 with
a 5-bp deletion (c.1153_1157del CCGGG) in the fourth exon
to investigate the role of the mutation in male reproductive
aging.

To test the fertility of heterozygous mutant (Het, Bnc1*'") and
homozygous mutant males (Hom, Bnc1™"), Het males and Hom
males were mated respectively with wild-type (Wt, Bnc1t/t)
females with normal fertility at 6 weeks old. The Wt littermates
were used as controls. During the 5-month testing period, Het
males produced a total of 142 pups for a total of five matings and
their litter size decreased progressively with age (Figure 1A-C).
However, in the five matings with Hom males, only one produced
progeny (litter of six) (Figure 1A and B). For Hom males, the
single successful mating occurred in younger males (before
12 weeks), whereas no further pup was produced (Figure 1B).
By contrast, the mating of Wt males was performed successfully
24 times, producing a total of 213 progeny in five months
(Figure 1A). Those results demonstrated a progressive fertility
loss in Bnc1 mutant male mice.

In addition, we measured sperm count, sperm motility, testis
weight, and serum levels of testosterone, luteinizing hormone
(LH), and follicle-stimulating hormone (FSH) in the mouse model.
The results showed that decreased testes sizes and a decline in
testes/body weight ratio occurred in 8-week-old Hom males and
in 12-week-old Het males (Figure 1D and E). Similarly, histologi-
cal examination revealed a massive germ cell loss in 8-week-old
Hom testes and a progressive germ cell loss in Het testes since
the age of 24 weeks (Figure 1F). Hormone assay also showed
increased FSH and LH levels in 8-week-old Hom males and
increased FSH level in 24-week-old Het males (Supplementary
Figure S2A and B). Meanwhile, significantly lower serum level
of testosterone was also observed in 8-week-old Hom males
and in 12-week-old Het males (Supplementary Figure S20).
Consistent with the changes in hormone levels, computer-aided
sperm analysis (CASA assay) showed significantly decreased
sperm count and sperm motility in 8-week-old Hom males and
progressively decreased sperm motility in Het males since the
age of 24 weeks (Supplementary Figure S2D-F).

Bnc1 truncation mutation disrupts normal expressions of
spermatogenic genes in mouse testis

To gain a better understanding of the phenotypes observed
above, we compared the genome-wide expression profiles
of 8-week-old Wt and Bnci*/™ testes by gene chip. RNAs
were extracted from nine Wt and nine Bnc1*/" testes, which
were mixed separately to refrain from individual differences.
Microarrays were generated for both Wt and Bnc1*/" samples and
then analyzed by ingenuity pathway analysis (IPA). According
to the expression data, we identified 1611 downregulated
genes and 1276 upregulated genes in mouse testes carrying
a Bnc1 mutation (fold change > 2, P < 0.01, Figure 2A and B).
Gene ontology (GO) analysis showed that a handful of genes
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Figure 1 Bnc1 is essential for reproductive success of male mice. (A) Progeny produced over 5 months from five mating cages each with Wt
males and Wt females, Het males and Wt females, homozygous males, and Wt females. (B) Numbers of progeny per litter form those types of
matings described above at the age of different weeks. (C) Percentage of progeny numbers per litter for matings in Het males compared with
Wt males at the age of different weeks. (D) Testis/body weight ratio of Wt, Het, and Hom mice. (E) General appearances of testis from Wt, Het,
and Hom male mice at different ages (weeks). (F) Testes slides from Wt (column 1), Het (column 2), and Hom (column 3) mice of various ages
(3 weeks, 8 weeks, 12 weeks, 24 weeks, and 32 weeks) were stained with hematoxylin and eosin. Disrupted tubules in testis are indicated
by black arrows. Values in Figure 1 are expressed as mean & SEM (n = 5). Asterisks denote statistically significant differences compared with
Wt male mice. *P < 0.05; **P < 0.01; t denotes statistically significant differences compared with the group of Het male mice at the age of

20-32 weeks. TP < 0.05 (Student’s t-test).

involved in spermatogenesis and fertility were significantly
downregulated in the testes of Bnc1™™ males. We further
subdivided the relevant genes downregulated by the mutation of
Bnc1 into three groups. One prominent group of genes included
well-known spermatogenic activators and markers such as F-
box/WD-40 repeat-containing protein 7 (Fbwx7), spermatogenic
leucine zipper 1 (Spz1), cAMP responsive element modulator
(Crem), POU domain, class 3, transcription factor 1 (Pou3f1),
spermatogenesis and centriole associated 1 (Spatc1), and
spermatid associated (Spert) (Goto etal., 2010; Hsu etal., 2004;
Kanatsu-Shinohara et al., 2014; Nantel et al., 1996; Wu et al.,

2011). Othertwo groups of Bnc1-regulated genes including outer
dense fiber of sperm tails 1 (0df1), testis-specific serine kinase
6 (Tsské), four and a half LIM domains 5 (Fhl5), glyceraldehyde-
3-phosphate dehydrogenase, spermatogenic (Gapdhs), serpin
family Amember 5 (Serpina5), and H1 histone family, member N,
testis-specific (H1fnf) were associated with sperm motility and
morphology (Figure 2C) (Lardenois et al., 2009; Li et al., 2011;
Margaryan et al., 2015; Nair et al., 2008; Uhrin et al., 2000;
Yangetal., 2014). To confirm the microarray results, quantitative
reverse transcriptase-polymerase chain reaction (RT-gPCR) was
carried out on a number of representative genes from these
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Figure 2 Bnc1 insufficiency dramatically deregulates testis gene ex

pression in vivo and in vitro. (A) Global gene expression of Bnc1+/

and Wt testis were analyzed via gene chip. Green column represents genes downregulated (1611 genes); red column represents genes

upregulated (1276 genes). (B) Volcano plots of genes with differe

ntial expression in Bnc1™/™ versus Wt testes. The x axis represents

the log2 of the fold change, and the y axis represents the —log10 of the P-value from a student’s t-test. The red points in the plot
represent the differentially expressed genes with statistical significance (with a fold change > 2, and P-value < 0.05). (C) Relative expres-
sion levels of representative spermatogenic activators and markers, sperm motility-related genes, and sperm structure-related genes.
(D) Downstream effects of deregulated testis gene expression by mutated Bnc1. The orange column shows the upregulated effects including
asthenozoospermia, teratozoospermic, and oligospermia, and the purple column shows the downregulated effects including fertility. Red
dots denote —log(P-value) of each effect. (E) Knocking down Bnc1 disrupts the expressions of several genes in spermatogonia cells. Several
spermatogonial stem cell markers such as Magea4, Ret, and Plzf were downregulated, whereas the differentiation marker Kit was upregulated

in C18-4 cell and CRL-2053 cell after knocking down Bnc1. *P < 0.05;

three groups (Supplementary Figure S3). Those results provided
evidence that Bnc1 regulates a number of spermatogenic genes
in testis. Consistently, downstream analysis via IPA revealed that
the upregulated downstream effects by Bnc1 mutation include
sperm disorder, asthenozoospermia, teratozoospermic, and
oligospermia (Figure 2D).

**P < 0.01.

Furthermore, knocking down Bnc1 in spermatogenic cells
(C18-4 indicating type-A spermatogonial stem cell, CRL-2053
indicating type-B spermatogonial stem cell, and CRL-2196
indicating spermatocyte) via siRNA:small interfering RNA (siRNA)
also led to the downregulation of several markers for spermato-
gonial stem cells including MAGE family member A4 (Magea4),
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ret proto-oncogene (Ret), promyelocytic leukemia Zf (Plzf) and  genes in testis. Chromatin immunoprecipitation sequencing
the upregulation of kit proto-oncogene receptor tyrosine kinase  (ChIP-seq) mapping of BNC1 binding sites was carried out in
(c-kit), which is required for differentiation of spermatogonia Wt testes with histone H3 tri methyl K4 (H3K4Me3) binding sites
cells (Figure 2E). Those data also suggested an important role of  as positive controls and input as negative controls. Firstly, we
Bnc1 in the regulation of early stage spermatogenesis. use intersecting magnetic cell separation and Grizzly Peak algo-
rithms to analyze the mapped ChlIP tags from deep sequencing

with Bowtie. The analysis identified 11743 significant peaks

BNC1 directly binds to promoters of many target genes in mouse  for H3, 4922 significant peaks for BNC1, and no significant
testis peak for input control. The ChIP-seqg-detected binding sites of
Given that hundreds of genes are up- or downregulated by = BNC1 contain known BNC1 binding sites proposed by Tseng
>2-fold in Bnc1*'" testis, we further determined whether BNC1  and Green (1992) and Wang et al. (2006). Next, the distances
directly bound to the promoters of those differently expressed  of the BNC1 binding peaks to transcription start sites (TSS)
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Figure 3 ChIP-seq analysis identifies BNC1 and H3K4Me3 binding sites in testis. (A and B) Percentages of BNC1 (A) and H3K4Me3 (B) binding
peaks versus the distance of the peaks to TSS on genome-wide scale in testis. (C) Overlapping between BNC1 and H3K4Me3 binding peaks
in testis. (D-F) Read accumulation of BNC1 and H3K4Me3 are shown in Hook1 (D), Gsg1 (E) and Gdnf (F) gene loci. Co-localized peaks are
marked with red solid boxes. Input served as negative control for ChIP-seq analysis. (G) ChIP-qPCR analysis of IgG, and BNC1 on Tex14, Klhl10,
Spatc1, Gdnf, Hook1, Tsské, Vegfa, and Tnp2 promoters in Wt and Bnc1™'" testis; values are expressed as mean = SEM of three independent
experiments. Asterisks denote statistically significant differences of Bnc1™™ compared with Wt. *P < 0.05; **P < 0.01 (Student’s t-test).
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were analyzed, which showed that 56% of BNC1 peaks were
within 1 kb of TSS (Figure 3A and B). Co-localization analysis
revealed that nearly half of the BNC1 peaks overlap H3 peaks
(Figure 30), suggesting that BNC1 is largely associated with the
promoters of actively transcribed genes in testis. Furthermore,
we found that 132 genes downregulated by Bncl mutation
including many spermatogenic genes bore direct binding sites
for BNC1. In particular, co-localization analysis showed that
BNC1 co-localizes with H3 at promoter sites of hook microtubule
tethering protein 1 (Hook1) (Figure 3D), germ cell-specific gene
1 (Gsg1) (Figure 3E), and glial cell-derived neurotrophic factor
(Gdnf) (Figure 3F). ChIP-gPCR analysis with Wt and Bnc1™ testes
confirmed that BNC1 binding was dramatically decreased in
Bnc1'" testes at target promoters, including kelch-like family
member 10 (Klhl10), testis expressed 14 (Tex14), Tsské, Spatc1,
transition protein 2 (Tnp2), vascular endothelial growth factor
A (Vegfa), Gdnf, and Hook1 (Figure 3G), suggesting that Bnc1
truncation mutation impeded the effects of BNC1 on regulating
spermatogenic genes expression in testis.

BNC1 and TAF7L target similar spermatogenic genes

Based on IPA analysis, we found that many target genes of
BNC1 that play key roles in spermatogenesis were also regulated
by TATA-box binding protein associated factor 7 like (TAF7L). We
further compared all of the target genes regulated by BNC1 and
TAF7L in testis identified by RNA-seq or microarray (Zhou et al.,
2013) and found that BNC1 and TAF7L co-regulated a series of
genes directing post-meiotic spermatogenesis, such as Gapdhs
(Margaryan, et al., 2015), Thp1/2 (Zhao et al., 2004), protamine
1/2 (Prm1/2) (Steger et al., 2000), fascin actin-bundling
protein1/2 (Fscn1/2) (Zhou et al., 2013), sperm mitochondria-
associated cysteine-rich protein (Smcp) (Cullinane et al., 2015),
Y-box-binding protein 2 (Ybx2) (Najafipour et al., 2015), and
poly(A) polymerase beta (Papolb) (Kashiwabara et al., 2018)
(Figure 4A and B). Both BNC1 and TAF7L are required for
proper expression of those spermatogenic genes. The results
were also in accordance with the spermatogenesis defects
observed in both Bnc1™™ and Taf7I™" testes, which showed
similar reduced sperm count and motility (Cheng et al., 2007).
ChIP-gPCR analysis with Wt and Bnc1™" testes confirmed that
TAF7L binding at target promoters (Klhl10, Tssk3, Prm1/2,
Tex14, and Spatc1) also significantly decreased in Bnc1"" testes
(Figure 4C). Furthermore, according to CHIP-seq mapping of
binding sites, a few representative gene loci such as Klhl10,
Spatc1, and Tex14 clearly show co-localization of BNC1, TAF7L,
and H3 at their promoter sites (Figure 4D and F). These findings
suggest that BNC1 might cooperate with TAF7L to control the
expression of many spermatogensis-related genes, as deduced
from microarray, RT-qPCR, and ChIP-seq analysis.

Co-localization and interaction between proteins of BNC1 and
TAF7L

To further explore the possibility of cooperation between BNC1
and TAF7L in regulation of spermatogenic gene expression and

the effects of mutated BNC1 on the interaction, we co-transferred
FLAG-tagged TAF7L plasmid with CFP-tagged wild-type BNC1
plasmid (BNC1 WT) or CFP-tagged truncated mutated BNC1
plasmid (BNC1 MT) in HEK293T cells, and used FLAG antibody
to co-IP with BNC1 WT and BNC1 MT proteins or CFP antibody to
co-immunoprecipitation (IP) with FLAG-tagged TAF7L protein,
respectively. The results show that TAF7L can be efficiently
pulled down by both BNC1 WT and BNC1 MT proteins and
vice versa (Supplementary Figure S4). In consideration of the
nuclear localization disorder of BNC1 MT protein, we carried
out co-IP experiments in cytosolic protein and nuclear protein,
respectively. The results showed that co-precipitation of BNC1
WT protein and TAF7L mainly occurred in nuclei while the co-
precipitation of BNC1 MT protein and TAF7L occurred only in
cytoplasm (Figure 5A). Similarly, the same phenomenon was
observed in confocal scanning of HEK293T cell co-expressed
with RFP-tagged TAF7L and CFP-tagged BNC1 WT or BNC1 MT
plasmids (Figure 5C). In addition, we used affinity-purified
BNC1 antibody to co-immunoprecipitate endogenous TAF7L
in CRL-2196 cell line. The results indicate that BNC1 could
pull down endogenous TAF7L in the CRL-2196 cell (Figure 5B).
Finally, co-localization of BNC1 and TAF7L was confirmed via
immunofluorescence in vivo. BNC1 co-localized with TAF7L
mainly in post-meiotic germ cells in mouse seminiferous tubule
(Supplementary Figure S5). Those data suggested that BNC1, a
germ cell-specific transcription factor, might cooperate with an
atypical testis-specific core promoter recognition factor TAF7L to
regulate a subset of genes necessary for spermatogenesis.

BNC1 is associated with spermatogenic dysfunction in human

To further confirm the role of BNC1 in human spermatogenesis,
we validated the mRNA level of BNC1 and other selected
important genes, which were found in Het male mice, on
testicular biopsies of infertile patients with OA (n = 10) and
NOA (n = 10) (Figure 6A) by g-PCR. Expressions of BNC1, TAF7L,
GAPDHS, ODF1, and YBX2 were significantly decreased in NOA
group (Figure 6B and C). These results suggested that NOA
patients had a pattern of molecular markers similar to that
of male mice with truncated Bnc1 and further confirmed the
important role of BNC1 in human spermatogenesis.

Discussion

Spermatogenesis is a cyclic process when diploid spermato-
gonia differentiate into mature haploid spermatozoa, which is
mainly driven by two pre- and post-meiotic transcription waves.
Inthe pre-meiotic transcription phase, individual spermatogonia
differentiate into primary spermatocytes, which undergo two
meiotic divisions to generate haploid round spermatids later
(Greenbaum et al., 2011; Mahoney et al., 1998). With dramatic
biochemical and morphological changes, haploid round sper-
matids turn into the elongated shape of mature spermatozoa
later during the post-meiotic transcription phase of spermato-
genesis. Exploring the intricate mechanisms of spermatogenesis
has important implications for human health and reproduction.
Our data demonstrated that Bnc1 insufficiency promoted the
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Figure 4 Bnc1 mutation impairs the expression of spermatogenetic genes in a similarway to Taf7l="" in testis. (A) Expression of Taf7/-regulated
spermatogenic genes in Bnc1+/" testis were compared with those in Wt testis. A value of one was arbitrarily assigned to expression levels of
genes in Wt testis and their corresponding expression levels in Bnc1*/ testis were relative to this value. The expression levels of genes were
from the expression profile data. (B) Genes downregulated by Bnc1 mutation and involved in sperm disorder and testicular aging were also
regulated by TAF7L. Genes in blue were downregulated in Bnc1*/" testes. Genes in green were also downregulated in Bnc1*/™ testes, which
can be regulated by upstream genes in blue. The deeper the color, the higher the degree of downregulation. Imaginary in blue indicated
that the decreased expression level of the upstream genes might suppress the expression of the downstream genes. Imaginary in orange
means the decreased expression level of the upstream genes may lose their function as inhibitors of downstream effects. Full line in blue
means the upstream genes can definitely regulate the expression of the downstream genes and effects. Lines in gray mean the upstream
genes may have no effects on the regulation of downstream genes and effects. (C) ChIP-gPCR analysis of I1gG, and TAF7L on Klhl10, Prm1/2,
Spatc1, Tex14, and Tssk3 promoters in Wt and Bnc 1™ testis showed that Bnc1 mutation greatly diminished the binding of TAF7L to target gene
promoters. Values are expressed as mean + SEM of three independent experiments. Asterisks denote statistically significant differences of
Bnc1"™ compared with Wt. *P < 0.05; **P < 0.01 (Student’s t-test). (D-F) Read accumulation of BNC1, TAF7L, and H3K4Me3 are shown on
the KIhl10 (D), Spatc1 (E), and Tex14 (F) gene loci. Co-localized peaks are marked with red solid boxes. Input served as negative control for
ChIP-seq analysis.

age-related loss of testicular functions including spermatoge-  testis, the changes of reproductive hormones levels including
nesis and steroid hormone synthesis. Given that Bnc1 mainly  lower levels of testosterone and higher level of FSH in Bnc1
expressed in germ cells and not expressed in somatic cells in  mutated mice might result from the degeneration of the testes
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white dashed lines. Scale bar, 5 pm.

characterized by loss of germ cells. To further determine the
underlying mechanisms involved in Bnc1’s role in testes, we
analyzed the global influence of Bnc1 mutation in the whole
mouse testis via gene chip analysis. Bnc1 was expressed in germ
cells exclusively in testis. Therefore, both down- and upregulated
genes found by microarray and RT-gPCR in this study were prob-
ably direct consequences of Bnc1 mutation.

Transcription, beginning with the utilization of distinct pro-
moter elements (Kimmins et al., 2004) in uniquely reorganized
chromatin (Sassone-Corsi, 2002), is a key step in regulating
spermatogenesis. Transcription in testis is driven by several
testis-specific transcription factors such as TATA-binding protein
(TBP)-associated factor 4b (TAF4B, a testis-specific homolog
of TAF4) (Falender et al., 2005), TBP-related factor 2 (TRF2)
(Zhang et al., 2001), TAF7L (Cheng et al., 2007; Pointud et al.,
2003), and so on. For example, mice bearing deficient Taf4b
were initially normal, while underwent progressive germ-cell
loss and even became infertile at the age of three months with

Sertoli cells only in seminiferous tubules (Falender et al., 2005).
Taf7l-deficient mice showed defects in fertility, aberrant sperm
structure, reduced sperm count, and weakened motility (Cheng
etal., 2007).

Interestingly, in the present study, we found that Bnc1™/
mice resembled Taf7I="¥ mice in most of the phenotype, and
most of the downregulated genes directing spermatogenesis
upon mutation of Bncl were also downregulated by Taf7l-
null mutations such as Gapdhs, Tnp1/2, Prm1/2, Fscn1/2,
H1ifnt, and Smcp (Zhou et al., 2013). Taf7l, firstly identified
in spermatogonia, is a specific X-linked gene in testis and
adipose (Wang et al., 2005). It is expressed throughout the
whole process of male germ cell differentiation (Pointud et al.,
2003). Previous study indicated that Taf7l was reactivated from
meiotic sex chromosome inactivation and relocated into the
nuclei of pachytene/round spermatids where Bnc1 was highly
expressed during the post meiotic wave of spermatogenesis
(Pointud et al., 2003). We postulated that a testis-specific
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BNC1 and the mechanism of testicular aging caused by mutated BNC1. *P < 0.05; **P < 0.01.

transcription complex including both TAF7L and BNC1 was
formed to target to regulate BNC1-dependent genes expression
(Ohbayashi et al., 2003; Teichmann et al., 1999). Actually, our
biochemical analysis showed that BNC1 was associated with
TAF7L both in vitro and in mouse testis. Furthermore, a few

representative gene loci such as Klhl10, Tex14, and Spatcl
clearly showed co-localization of BNC1, TAF7L, and H3 at their
promoter sites according to ChlP-seq mapping of binding sites
and Bnc1 mutation greatly diminished the binding of TAF7L to
target gene promoters. We believe that BNC1/TAF7L complex
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is essential for regulation of spermatogenesis and testes
function. The truncation mutation of BNC1, which disabled
nuclear localization of BNC1 protein, might prevent BNC1/TAF7L
complex from binding with the promoters of target genes
and lead to impaired spermatogenesis and testicular aging in
male mice. The present study provided an important example
of functional cross-talk between two atypical core promoter
recognition factors performing coordinately to direct tissue-
specific gene transcription. However, further studies are needed
to clarify the way in which BNC1 is associated with TAF7L.

Zhang et al. (2012) first proposed that BNC1 may have
more than one function in spermatogenesis, based on a gene-
dosage effect. Similarly, an important testis phenotype of
Bnc1 mutant mice is the progressive germ cell loss, which is
different from Taf7I="¥ mice but similar to a null mutation of
Taf4b, another gonad-specific subunit of transcription factor 11D
(Falender et al., 2005). In a previous study, TAF7L was reported
to be expressed in cytoplasm in spermatogonia, while was
expressed in nucleus in spermatocytes (Pointud et al., 2003).
This indicates that the interaction between TAF7L and BNC1
may not occur in spermatogenic stem cells. Apart from this,
we still suppose that the TAF7L-BNC1 interaction may account
for some effects of BNC1, but not on maintaining stem cells.
Further study is needed in germ cell lineage to better clarify
this question, since our co-IP experiment was only done in
HEK cells. Genome-wide expression analysis and genome-wide
binding analysis suggest a role of BNC1 in the regulation of Gdnf,
stromal antigen 3 (Stag3), Pou3f1, and chemokine (C-X-C motif)
receptor 4 (Cxcr4), which are required for spermatogonial stem
cells maintaining (Chen et al., 2016). Furthermore, knocking
down Bnc1 in spermatogonial stem cells via siRNA also leads
to downregulation of Magea4, Ret, and Plzf (Figure 2E). Most
of those factors are known signal transducers of GDNF/RET/AKT
pathway. Thus, those data suggest an important role for BNC1
in GDNF/RET/AKT signal transduction, which is involved in the
effects of TAF4B on spermatogenesis and spermatogonial stem
cell maintaining (Falenderetal., 2005). Moreover, BNC1 appears
to be a transcription repressor for SCF/kit (Figure 2E). Loss of
Bnc1 therefore may lead to further stem cell differentiation.
This analysis suggested that in early stage of spermatogenesis
including self-renewal of spermatogonial stem cells, BNC1
might also play an important role. Zhang et al. (2012) has also
reported that the testis phenotypes of Bnc1 null mutation and
Taf4b null mutation are highly similar in spermatogonia stem
cell maintenance. Thus, BNC1’s role in spermatogenesis is not
confined to co-regulation with TAF7L but may also co-regulate
with other TAFs such as TAF4B.

In conclusion, we found a Bncl insufficiency mutation
promoted age-related loss of testicular functions in the present
study. BNC1, which co-regulates a subset of spermatogenic
genes together with TAF7L, appears to be essential for sper-
matogenesis. The truncation mutation of BNC1, which was found
in the premature ovarian insufficiency family described above,
disabled nuclear localization of BNC1 protein, thus, preventing
the BNC1/TAF7L complex from binding with the promoters of

target genes such as Prm1/2, Tex14, and Klhl10 (Figure 6D). It
may represent the possible mechanisms for the involvement
of Bnc1 truncation mutation in premature testicular aging.
Further studies in larger premature testicular aging cohorts
are recommended to clarify better the BNCI mutation rate
and its importance in patients with premature testicular aging.
Meanwhile, further studies performed with germ cells of different
stages may help to explore the entire molecular mechanisms
involved in the function of BNC1 in spermatogenesis and testic-
ularaging. Nevertheless, our results contribute to expanding the
list of genetic causes of premature testicular aging and provide
insight into a new target gene for early diagnosis, intervention
and future treatment of premature testicular aging. Based on our
study, we recommend that men with BNC1 mutations should
be monitored for their testicular function and life quality by
regular interview, blood hormone assay, and sperm quality
investigation. Early intervention including pro-active measures
of fertility preservation could be initiated for affected men if
necessary. Furthermore, pre-implantation diagnosis could be
performed to block transmission of the mutation to offspring.

Materials and methods
Fertility assay

Mice with mutated Bncl were generated by insertion of a
neomycin-resistance cassette in reverse orientation into the
fourth exon (c.1153_1157del CCGGG) of Bnc1 as described in our
previous study (Zhang et al., 2018) at the animal model research
center of Nanjing University. Het mice were backcrossed to the
inbred C57BL/6 strain. Mice were maintained ona 12L:12D cycle
with free access to food and water in the vivarium at Zhejiang
University. For natural breeding experiments, males were mated
with one female. Neonatal males were collected from timed
pregnancies. Tissues were frozen for RNA isolation. Mice were
maintained in accordance to the NIH Guide for the Care and Use
of Laboratory Animals with institutional oversight by Zhejiang
University.

Fifteen mating cages of three mating pattern were used as
follows: Wt females with Wt males, Het Bnc1*/™ males, or Hom
Bnc1"™ males for over 7 months, initiated at 6 weeks of age;
mating cage numbers, total progeny produced, and total litter
production times were recorded for 5 months.

Sperm assays

Uncapacitated cauda epididymal sperm were collected by
placing minced cauda epididymis from Wt, Bnc1*/7, and Bnc1™"
mice in HTF medium (Irvine scientific, 90126). One drop of the
sperm suspension was transferred to the incubation chamber at
37°C and incubated for 15 min in a 5% C0,-95% 05 incubator.
Aliquots of each sperm suspension were loaded into a 100-mm
deep chamber pre-warmed at 37°C. Sperm motility parameters
were evaluated via a computer-assisted semen analysis system
running IVOS (Hamilton Thorne Research, version 12.2L). Eight
motion parameters including motility, average path velocity,
straight-line velocity, curvilinear velocity (VCL), amplitude of
lateral head displacement, beat-cross frequency, straightness,



and linearity, were examined. For statistical testing, each
parameter was grouped for each genotype and for age of
observation. Student’s t-test for independent observations was
used to define differences between the Wt and the mutant in VCL
means (normalized by natural logarithms). Statistical analyses
were performed using the Graph Pad software.

Microarray

Total RNA was prepared from 8-week-old testes by the way
described in Supplementary Materials and methods. Both Wt
and Bnc1' testes were analyzed in three duplicates. For each
sample five micrograms of total RNA were used to generate
biotinylated cRNA. The cRNA samples were hybridized to
MouseWG-6 v2.0 Gene Chips (Illumina) at the Genergy Biotech-
nology Microarray Core Facility according to the manufacturer’s
technical manual (lllumina). The resulting bead chips were
scanned and individual hybridization signals were quantified
using an Illumina Bead Array Reader. To identify the differentially
expressed genes, Student’s f-test analysis was performed. The
threshold we used to screen up- or downregulated genes is fold
change >2 with a P-value cut-off of <0.01. GO and annotation
analysis was conducted using DAVID Bioinformatics Resources
6.7 for function analysis of the screened differentially expressed
genes. We referred to the National Center for Biotechnology
Information’s GEO database (www.ncbi.nlm.nih.gov/geo) under
accession no. GSE50807 for RNA-Seq data of Taf7l~"" testes.

Western blot analysis and IP

A total of 500 pg of whole-cell extracts or separated cytoplas-
mic and nuclear protein from HEK293T cells transfected with
CFP-BNC1 (WT) or CFP-BNC1 (MT) and FLAG-TAF7L plasmids.
TAF7L and CFP-BNC1 (WT) or CFP-BNC1 (MT) proteins were
immunoprecipitated with antibodies against FLAG (EarthOx,
E022060) or CFP (EarthOx, E022030) at 4°C overnight incubated
with 0.3 M NaCl and 0.2% NP-40. Then they were incubated
in 30 pl of protein A/G beads for an additional 2 h at 4°C. After
washing with buffer containing 0.3 M NaCland 0.1% NP-40, 10%
SDS/PAGE separation was conducted to the remaining beads,
which was followed by western blotting analysis with FLAG or
CFP antibodies to detect tagged proteins in the inputs and IPs.

ChIP, ChIP library preparation, and deep sequencing

Ten Wt testes from 8-week-old mice were fixed with 1% (v/v)
formaldehyde for in vivo cross-linking for 15 min at room tem-
perature, which were terminated with 0.125 M glycine for an
additional 5 min. A Covaris sonicator (Covaris, Covaris S220)
was used to fragment the chromatin obtained from Wt testis
tissue to sizes ranging from 100 to 500 bp. In each IP reaction
with 4 pg of antibodies against H3K4Me3 (Abcam, ab8580) or
BNC1 (Huaan), 1 mg of fragmented chromatin was used; input
was used as negative control. Preparation of the sequencing
libraries of the DNA samples from IP and inputs was precisely
followed the instructions of Illumina at Genergy Biotechnology
Microarray Core Facility; qualities of the libraries were assessed
using 2100 Bioanalyzer, ultra-high-throughput sequencing was
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conducted on the qualified libraries via lllumina HiSeq 2000
sequencer at Genergy Biotechnology Microarray Core Facility.
We referred to the National Center for Biotechnology Informa-
tion’s GEO database (www.nchi.nlm.nih.gov/geo/) under acces-
sion no. GSE50807 for ChIP-Seq data of TAF7L in testes.

For ChIP-gPCR analysis, three duplicates of sonicated chro-
matin were prepared separately from Wt testes or Hom testes as
described above, which was used in each IP reaction with 4 pg
of H3K4Me3 (Abcam, ab8580) or BNC1 (Huaan) antibodies, and
4 pg of rabbit IgG were used as negative control. Handling of
beads, including washings and elution, reversed cross-linking,
and DNA precipitation were performed as the manual of pierce
agarose ChlIP kit (Thermo Scientific, 26156). DNA samples of the
IP from antibodies and IgG were subjected to gPCR assay.

Testicular biopsy sample collection

Human testis tissues were collected from 20 azoospermic
patients referred to the Assisted Reproductive Technology Centre
of Women’s Hospital, School of Medicine, Zhejiang University.
Azoospermic patients were referred to the Department of Urol-
ogy for further assessment of the cause of azoospermia and
for sperm retrieval after the couple had undergone a complete
assessment, including a gynecological evaluation of the female
partner. The diagnosis of NOA or OA was based on the patient’s
history, physical, and genital examination, semen analysis, the
patient’s endocrine profile, and genetic studies. The data ana-
lyzed included age, weight and height, smoking and drinking
habits, and history of cryptorchidism, mumps orchitis, varico-
cele, environmental or radiation exposure, prescribed drug use,
previous chemotherapy, and surgical procedures. All patients
underwent a genital examination and a scrotal Doppler ultra-
sound scan to detect testicular volume and to exclude the pres-
ence of epididymis head or tail dilatation, unilateral or bilateral
absence of the vas deferens and varicocele. A transrectal ultra-
sound scan was performed to rule out the presence of prostate
median cysts and of anomalies of the seminal vesicles sugges-
tive of obstruction of the male genital tract. Genetic studies
were performed, including a karyotype, an analysis of microdele-
tions in the Y chromosome, and an analysis of mutations in the
CFTR gene. The hormonal profile was also documented during
hospitalization prior to testicular sperm extraction (TESE) in all
patients. All participants were adequately counseled, signed
a detailed consent form prior to surgery, and agreed to have
their data anonymously utilized. The use of discarded surgical
samples was approved by the Ethics Committee of the Women’s
Hospital, School of Medicine, Zhejiang University.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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