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Abstract

Members of the nuclear factor | (NFI) family are key regulators of stem cell biology during development, with well-documented roles for NFIA,
NFIB, and NFIX in a variety of developing tissues, including brain, muscle, and lung. Given the central role these factors play in stem cell
biology, we posited that they may be pivotal for spermatogonial stem cells or further developing spermatogonia during testicular development.
Surprisingly, in stark contrast to other developing organ systems where NFI members are co-expressed, these NFI family members show
discrete patterns of expression within the seminiferous tubules. Sertoli cells (spermatogenic supporting cells) express NFIA, spermatocytes
express NFIX, round spermatids express NFIB, and peritubular myoid cells express each of these three family members. Further analysis of NFIX
expression during the cycle of the seminiferous epithelium revealed expression not in spermatogonia, as we anticipated, but in spermatocytes.
These data suggested a potential role for NFIX in spermatogenesis. To investigate, we analyzed mice with constitutive deletion of Nfix (Nfix-
null). Assessment of germ cells in the postnatal day 20 (P20) testes of Nfix-null mice revealed that spermatocytes initiate meiosis, but zygotene
stage spermatocytes display structural defects in the synaptonemal complex, and increased instances of unrepaired DNA double-strand breaks.
Many developing spermatocytes in the Nfix-null testis exhibited multinucleation. As a result of these defects, spermatogenesis is blocked at
early diplotene and very few round spermatids are produced. Collectively, these novel data establish the global requirement for NFIX in correct
meiotic progression during the first wave of spermatogenesis.

Summary Sentence
The transcription factor NFIX is required for meiotic progression during the first wave of spermatogenesis in the mouse.
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Introduction

Male infertility is surprisingly common and, although not life-
threatening, is associated with substantial emotional suffering
and financial costs. About 8-12% of couples of reproductive
age are infertile, and in at least half of these cases, the problem
is male factor infertility [1]. Spermatogenesis, the development
of mature functional haploid sperm from diploid spermato-
gonial stem cells, begins at puberty and continues throughout
life. Sperm production is a highly complex, multistep develop-
mental process that occurs within the seminiferous epithelium
of the testis tubules. The seminiferous tubules are comprised of
Sertoli or “nurse” cells, which support the complete, stepwise
development of the male germ line, from the spermatogo-
nial stem cells (SSCs), spermatogonia, spermatocytes, through
to elongated spermatids. Because sperm development occurs
over several weeks, and is an asynchronous process (i.e., the
stem cells begin differentiating at different times), a cross-
section through adult testis reveals tubules with different
combinations of the differentiating germinal cell types [2]. The
only exception to this asynchrony is during the initial round of
spermatogenesis in mice, in which differentiation is triggered
in a largely synchronous manner in all tubules shortly after
birth.

SSCs are responsible for the extraordinary feat of producing
copious numbers of differentiated sperm throughout life. As
well as undergoing self-renewal, SSCs produce progenitor
cells (spermatogonia) that undergo multiple mitotic divisions
before initiating meiosis, the reductive form of cell division
that is unique to the germ line, and which results in the
production of haploid sperm. Meiosis is supported in situ
by the somatic Sertoli cells. During meiosis, chromosomal
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recombination occurs, with this genomic shuffling ensuring
that every gamete produced is unique; as such, meiosis is
not only necessary for production of haploid gametes but
is also essential for evolution. Because gamete quality is of
paramount importance, there are multiple mechanisms by
which defective germline cells are eliminated, particularly
if they fail to progress through meiosis (reviewed by [3]).
Critically, our understanding of the molecular mechanisms
regulating meiotic progression remains limited, and unex-
plained meiotic arrest underlies many cases of male infertility.

Members of the Nuclear Factor I (NFI) family of tran-
scription factors are encoded by four closely related genes,
Nfia, Nfib, Nfic, and Nfix. NFI proteins are involved in a
diverse range of developmental processes [4, 5] with NFIA,
NFIB, and NFIX proving particularly important for regulating
stem cell behavior, including the balance between cellular
proliferation and differentiation in the developing brain [6—
8] and skeletal muscles [9]. NFI proteins share a conserved
DNA binding/dimerization domain at their N-termini and a
C-terminal transactivation/repression domain that is highly
variable due to alternative splicing [10, 11]. NFI proteins
homo- or heterodimerize to allow strong binding to the palin-
dromic consensus sequence 5'-TGGCA-(N3_s5)-TGCCA-3’ or
weaker binding to half sites, and are able to induce either
activation or repression of target genes in a cell-type and
promoter-specific manner [10, 12-14].

We, and others, have previously examined expression and
function of NFI proteins within the murine nervous system;
one common theme arising from these studies has been that
NFIA, NFIB, and NFIX share highly similar expression pat-
terns within neural stem cells [15]. For example, within the
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developing cerebral cortex, NFIA, NFIB, and NFIX are all
expressed by neural progenitor cells [8, 16, 17]. Similarly,
granule neuron progenitor cells within the nascent postna-
tal cerebellum, neural progenitor cells within the embryonic
spinal cord, and progenitor cells within the neural retina co-
express these NFI family members, as do adult neural pro-
genitor cells within the hippocampal dentate gyrus [18-21].
At a functional level, the fact that similar neural phenotypes
are observed in individual Nfi knockout mouse models also
hints at shared roles in regulating development of the nervous
system [20, 22, 23]. Given the strong, convergent evidence for
related and possibly redundant roles for NFI family members
in regulating neural progenitor cell activity during develop-
ment, we hypothesized that members of this family may play
a similar role in the testis, where stem cells are critical for
the ongoing production of sperm. Surprisingly, in contrast to
this hypothesis, we revealed limited overlap of expression of
NFIA, NFIB, and NFIX within the juvenile and adult testis
and demonstrated that NFIX was the only family member
expressed in spermatocytes during postnatal life. Although
we did not detect NFIX in spermatogonia, we did find that
NFIX was important for normal spermatogenesis: constitutive
deletion of Nfix culminated in aberrant meiosis and the
absence of round spermatids at P20. Collectively, this study
reveals previously unrecognized cell-type specific expression
patterns of NFIs within the testis and establishes the global
requirement for NFIX in correct meiotic progression during
the first wave of spermatogenesis.

Results

NFls show distinct patterns of expression within
the adult testis

To examine the expression of NFIA, NFIB, and NFIX
within the adult testis, we performed co-immunofluorescent
labeling of these factors alongside the cell-type specific
markers TRA98 (germ cell marker) and SOX9 (Sertoli cell
marker), followed by imaging using confocal microscopy.
Our analysis revealed an unexpectedly discrete pattern
of NFI protein expression. NFIA was expressed by Ser-
toli cells, peritubular myoid cells lining the seminiferous
tubules, and cells in the interstitial space of the testis
(Supplementary Figure SIA-D). In contrast, NFIB was
detected in cells of the interstitial space, as well as peritubular
myoid cells and round spermatids, but was absent from
Sertoli cells (Supplementary Figure STE-H). Finally, NFIX
expression was evident within germ cells, as well as within
cells in the interstitial space and peritubular myoid cells,
but not within Sertoli cells (Supplementary Figure S1I-L).
Due to unavailability of suitable antibodies for NFIC, we
were unable to assess its expression pattern during testis
development. However, we have investigated the expression
of Nfic by reanalyzing single cell RNA sequencing (RNA-
seq) data from three recent studies [24-26]. Here we found
that Nfic mRNA is expressed by spermatogonia, Leydig,
and Sertoli cells in adult testis (Supplementary Figure S2).
These data also indicate that expression we detect in the
interstitial space, for each of NFIA, NFIB, and NFIX, may
reflect expression in Leydig cells. These data suggest that,
unlike stem cells within the nervous system that co-express
these factors, spermatocytes express NFIX, but not NFIA or
NFIB, within the adult testis.
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NFIA and NFIX are expressed by Sertoli and germ
cells, respectively, in both juvenile and adult testes

Germ cells and Sertoli cells are the only cells present within the
seminiferous tubules, acting coordinately to ensure successful
and efficient spermatogenesis. Having determined that NFIA
and NFIX are expressed in the adult testis by Sertoli and
germ cells, respectively, we next sought to determine whether
this nonoverlapping expression was also evident during the
distinctive first round of spermatogenesis by examining post-
natal day (P) 20 testes. Using nuclear shape and cellular
position as a guide (via DAPI staining), we could reliably
identify both Sertoli cells and germ cells. Critically, in both
P20 (Figure 1A and B) and adult (Figure 1C and D) testes we
found that Sertoli cells expressed NFIA, but not NFIX, and
that only NFIX was expressed by germ cells. Consistent with
our initial observations (Supplementary Figure S1), peritubu-
lar myoid cells, which are located external to the testicular
tubules, expressed both NFIA and NFIX. Collectively, these
novel data indicate that members of the NFI family display
discrete patterns of expression within the juvenile and adult
testis, and that NFIX and NFIA expression patterns are
mutually exclusive in the important germ and Sertoli cell
populations. Expression of NFIX in the germ cells suggests
that it may have a role regulating germ cell differentiation and
spermatogenesis within both the postnatal and adult testis.

NFIX is expressed in the germline during a defined
window of spermatogenesis

In the mammalian testis, the epithelium of the seminifer-
ous tubules undergoes repetitious rounds of spermatogenesis
known as the cycle of the seminiferous epithelium. Tradition-
ally, the epithelium cycle has been subdivided into 12 stages
in mice [27] such that in any cross section of a seminifer-
ous tubule, 1 of 12 possible “cellular associations” will be
observed, indicating the “stage” of the seminiferous cycle at
that point in the tubule (Figure 2G, adapted from [2]). Having
discovered that NFIX was expressed in some germ cells in
both P20 and adult testes, we sought to determine the precise
pattern of NFIX expression within the seminiferous cycle. As
described previously [2], we divided the 12 stages into three
groups: Stages I-V as “early”; Stages VI-VIII as “middle”;
and Stages IX-XII as “late” (Figure 2). We performed co-
immunofluorescent labeling for NFIX and phosphorylated
histone H2AX (yH2AX), a marker of the DNA double strand
breaks that are crucial for recombination and pairing between
homologous chromosomes and are first observed diffusely
in the nucleus at the preleptotene stage, before becoming
restricted to the XY body in pachytene [28]. We also used
4/ ,6-diamidino-2-phenylindole (DAPI) staining to identify the
stage and maturity of cells within the seminiferous cycle.
The earliest expression of NFIX that we could detect was
in preleptotene (pl) spermatocytes, at stage VII/VIII. NFIX
remained in germ cells as they progressed through meiosis,
with NFIX protein detected at leptotene (L), zygotene (Z),
and early pachytene (P) spermatocyte stages (Supplementary
Figure 2A-F). NFIX was not detectable in the more mature
pachytene spermatocytes present in middle and late cellular
association stages. Taken together these results suggest that,
although NFI family members are often associated with stem
cell function in somatic systems, NFIX is not expressed in
spermatogonia, but is observed in more differentiated stages
in the germline.
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Adult

Figure 1. Nonoverlapping expression of NFIA and NFIX by germ cells within the first wave of spermatogenesis (P20) and adult seminiferous tubules. (A,
C) Cross section of the seminiferous tubules from P20 (A) and adult (C) testes. Dashed boxes indicate a representative region, shown at higher
magnification to the right in B and D, respectively. DAPI was used to visualize the cell nucleus (gray). (A, B) Immunofluorescent labeling of NFIA (green)
and NFIX (red) within the P20 testis. Within the seminiferous tubules germ cells expressed NFIX (arrow in B) while Sertoli cells expressed NFIA (double
arrowhead in B), while cells lining the tubules (peritubular myoid cells; arrowhead in B) were positive for both NFIX and NFIA. (C, D) In the adult testis,
the expression of these transcription factors was also nonoverlapping, with NFIA expression evident within Sertoli cells (double arrowheads in D) and
NFIX expression evident within germ cells (arrows in D). n=3. Scale bars: in A, C=50 um; B, D=25 um.

Gross morphology, including testis size, is reduced
in Nfix-null mice

Given the expression of NFIX in pre-leptotene through to
early pachytene spermatocytes, we hypothesized that this
transcription factor might play an important role during meio-
sis. To investigate this, we analyzed mice with a constitutive
targeted disruption of the DNA-binding domain region of
Nfix [29]. Mice lacking Nfix exhibit a range of phenotypes,
including a marked reduction in body size and hydrocephalus,
and survive only until ~P22 [30]: for this reason, we were only
able to investigate the unique first round of spermatogenesis
in the absence of Nfix. As expected, P20 mice lacking Nfix
were smaller, and exhibited a domed skull indicative of hydro-
cephalus (Figure 3A). Nfix-null mice had significantly smaller
testis measurements (Figure 3B, C, F, and G); however, these
were proportional to overall body size because testis/body
weight ratio was similar between Nfix-null mutants and con-
trols (Figure 3E).

In the absence of Nfix, germ cells in the testis are
blocked in prophase of meiosis |

We next assessed germ cell development in the Nfix mutant
males, examining hematoxylin-stained paraffin sections of
P20 testes. In wild-type mice we observed normal spermato-
genesis that included cell types ranging from spermatogonia
through to round spermatids (the most mature spermatogenic
cells expected at this developmental age; Figure 4A-C). In
contrast, testis sections from Nfix '~ mice revealed a range of
abnormalities, the most striking being the presence of many
aberrant multinucleated giant cells (termed “symplasts”) [31]
(Figure 4D-F). Quantification of germ cell stages also revealed
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an almost complete absence of round spermatids within Nfix-
null tubules (Figure 4G). In line with smaller testis size and the
almost complete lack of round spermatids, tubule diameter
was also significantly reduced in mutant mice in comparison
to wild-type controls (Figure 4H). These observations suggest
that most spermatocytes in postnatal testes of Nfix-null mice
are blocked during meiosis, prior to the formation of round
spermatids. To determine how far through meiosis, I the
Nfix-null germ cells progressed we analyzed expression of a-
tubulin, which can be used as a proxy for microtubule assem-
bly due to specific distributions during pachytene/diplotene
and metaphase (Supplementary Figure S3G). We observed
a-tubulin filaments in the cytoplasm and at the nuclear
periphery throughout meiotic prophase I, in both wild-
type and Nfix-null cells (Supplementary Figure S3A-F).
In the wild-type, we also observed cells with «-tubulin
positive spindle poles, indicative of cells in metaphase
(Supplementary Figure S3A-D). However, we did not observe
any cells with «-tubulin positive spindle poles in the
mutant, suggesting that Nfix-null spermatocytes do not reach
metaphase.

Some zygotene spermatocytes in Nfix-null testes
exhibited highly abnormal SYCP3 localization and
no cells progressed beyond early diplotene

Having determined that Nfix-null germ cells do not reach
metaphase of meiosis I, we next assessed progression from
leptonema through to zygonema. We visualized the presence
and localization of synaptonemal complex protein (SYCP1)
and SYCP3, which are two key markers of the synaptonemal
complex (SC). SYCP3 is a structural component of the
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Figure 2. Preleptotene, leptotene, zygotene, and early pachytene spermatocytes express NFIX. Cross section of the seminiferous tubules from an adult
testis. The boxed regions in A, C, and £ are shown at higher magnification in B, D, and F, respectively. Immunofluorescent labeling of NFIX (red), yH2AX
(green), and DAPI (gray) are shown at Early (A, B), Middle (C, D), and Late (E, F) stages of the epithelial cycle in the adult testis. (A, B) Representative
cross section of the seminiferous tubule in the “Early stage” which is characterized by a complete absence of preleptotene and leptotene
spermatocytes. Early pachytene (P) spermatocytes express NFIX at this stage. Note the specialized nuclear territory known as the XY body (yH2AX,
green). (C, D) Representative cross section of the seminiferous tubule in the “Middle” stage. Preleptotene (Pl) spermatocytes are round and visible
close to the basement membrane, are y H2AX positive, and are characterized by a small nucleus with some heterochromatic clumps. These
preleptotene spermatocytes express NFIX. Pachytene (P) spermatocytes do not express NFIX at this stage (dashed boxes in D). (E, F) Representative
cross-section of the seminiferous tubule in the “Late” stage. The stage is characterized by a complete absence of round spermatids. Leptotene (L) and
zygotene (Z) spermatocytes are present and are y H2AX positive; these cells also express NFIX. Pachytene spermatocytes do not express NFIX at this
stage (dashed boxes in F). Note that panel F shows adjacent tubules, one in “Late” stage (top) and the second in the “Middle” stage (bottom). (G)
Schematic of the cycle of the seminiferous epithelium. Stages were considered in three groups: Stage |-V as Early; Stages VI-VIII as Middle; and Stages
IX-XIl as Late. Expected expression and localization of yH2AX is shown in green; yH2AX is initially diffusely localized in pre-leptotene, leptotene, and
zygotene stages and then localized to the XY body at pachytene and diplotene stages (depicted by small green dots). The cell types that express
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axial/lateral elements that form along each chromosome
homolog and is detectable at leptonema. SYCP1 is the
main constituent of the transverse elements, first detectable
in regions of chromosome pairing (synapsis) at zygonema
[32-34]. At the diplotene stage the SC disassembles, but
homologues remain attached at cross-over points, and SYCP1
dissociates while SYCP3 remains attached [35]. In P20 wild-
type and Nfix-null samples we were able to identify spermato-
cytes in leptotene (SYCP3 marking the axes of chromosomes
in a thread-like pattern (Figure SA and B)). In P20 wild-type
samples we identified classical zygotene spermatocytes, in
which synapsis and the formation of the SC had occurred
(SYCP3 and SYCP1, a transverse filament marker, seen in
proximity, Figure 6C). In Nfix-null zygotene spermatocytes,
the extensive network of fine SYCP3 threads was not as closely
associated with SYCP1, suggesting a delay or defect in SC
formation (Figure 5D). In addition, we detected abnormal
zygotene cells displaying large aggregates of SYCP3 close to
the nuclear envelope (Figure SE). These abnormal zygotene
cells were readily identifiable in just over 50% of zygotene-
containing tubules (Supplementary Figure S4A). Despite
finding these abnormalities in the Nfix-null samples, the
proportion of tubules scored as containing apparently normal
pachytene spermatocytes (SC extended along the full length
of all chromosomes, SYCP1 and SYCP3 overlapping) were
similar in wild-type and Nfix-null samples (Figures SF and G,
Supplementary Figure S4B). Further, diplotene spermatocytes
(chromosomes beginning to separate as the SC disassembles),
comparable to wild-type, were observed in Nfix-null paraf-
fin sections (Figures SH and I, Supplementary Figure S4C).
However, no cells in diakinesis (SC disassembly is complete,
no SYCP1, chromosomes completely separated) were found
in Nfix-null sections (Figures 5], Supplementary Figure S4D).
We further visualized phosphorylated histone H3 (PH3),
which marks chromosome condensation characteristic of the
pachynema to diplonema transition [36, 37]. As expected,
PH3 was first detected at early/mid diplonema in wild-type
samples, but this marker was not observed in the Nfix-null
samples (Figure SK-N). This result indicates that meiosis I
chromosomes did not reach, or were unable to undergo,
condensation and progress beyond early diplonema in the
absence of NFIX.

Spermatocytes exhibit increased rates of apoptosis
during the first round of spermatogenesis in
Nfix-null testes

During our SYCP1 and SYCP3 immunofluorescence analysis
(Figure 5) we noted what appeared to be an increase in apop-
totic cells in  the Nfix-null mutant samples
(Supplementary Figure S4E), characterized by diffuse SYCP3
staining. We quantified the number of apoptotic cells per
tubule, using the TUNEL assay: TUNEL-positive cells were
found at a rate six times higher in P20 testes from Nfix-
null mice compared with wild-type, where apoptotic cells
were observed at a rate of less than 1 positive cell per tubule
(Figure 6).

Formation of double-strand breaks and XY body
appears normal in Nfix-null spermatocytes

Having discovered that some spermatocytes display abnormal
zygotene morphology with respect to SYCP3 staining, and
that diakinesis failed to occur in Nfix-null germ cells at P20,
we next examined whether double-strand breaks (DSBs) form
normally during the substages of prophase I of meiosis. We
examined P20 testis sections for the presence and localization
of yH2AX (a marker of DSBs that is actively induced in
meiosis I and required for meiotic recombination) [28]. In
wild-type mice, DSBs are identified by weak, diffuse y H2AX
staining at the preleptotene and leptotene stages and this
staining becomes localized to nuclear foci in zygotene and
early pachytene-stage spermatocytes. Following DSB repair on
the autosomes, yH2AX becomes localized to the XY body
(in a peripheral nuclear subdomain) in mid- to late pachytene
(Supplementary Figure S5) [38]. We observed normal local-
ization of yH2AX in the Nfix-null testes in pre-leptotene,
zygotene, pachytene, and diplotene cell types in comparison to
controls (Supplementary Figure SSB-O). These data indicate
that DSB formation and resolution, and XY body formation,
appears to occur normally in the absence of NFIX.

Accumulation of RAD51 foci along axial/lateral
elements of the synaptonemal complex is retained
in Nfix-null spermatocytes

Our analysis of yH2AX expression (Supplementary Figure S5)
revealed DSBs were occurring in the absence of Nfix, so
we next sought to investigate to what extent subsequent
homologous recombination was occurring. Homologous
recombination is essential to ensure correct segregation of
chromosomes at the first meiotic division and is mediated
by RAD51 and DMC1 recombinases. These recombinase
proteins load onto the single-stranded DNA produced at the
end of the DSBs, forming a nucleoprotein complex that drives
homology search and strand invasion, thus initiating recom-
bination between homologous chromosomes (reviewed by
[39]). Immunostaining of testis sections for RADS1 revealed
significantly more RADS1 foci in zygotene stage Nfix-null
spermatocytes, compared to controls (Figure 7B, D and F):
this was true for zygotene cells that were relatively normal
looking (Figure 7D), as well as for the abnormal cells
characterized by SYCP3 clumps at the nuclear periphery
(Figure 7F). We found an average of 56.57+8.3 RADS1
foci in control zygotene spermatocytes, but an average of
102.147.53 such foci per Nfix-null zygotene spermatocyte
(Figure 7G). Similarly, pachytene spermatocytes in the Nfix-
null testes showed intense RADS51 staining compared to that
observed in the control (Figure 7C; cells at the center of the
tubule). Normally RADS1 foci disappear from axial elements
by the end of pachynema, only remaining in association
with the sex chromosomes or in regions of failed synapsis
in autosomes [40]. Thus, the retention of RADS1 in the Nfix-
null spermatocytes may result from a high level of abnormal
homologous recombination: it is possible that this contributes
to the high level of apoptosis documented above (Figure 6).

Figure 2. NFIX are shown in the red shaded rectangle. Middle and Late stages of pachytene spermatocytes are enclosed by dashed boxes in both the
fluorescence images and in the schematic. n=3. Scale bars: A, C, E=100 um; B, D, F =25 um. Abbreviations: (A) spermatogonia cells, (In)
intermediate spermatogonia cells, (B) B spermatogonia cells, (Pl) preleptotene spermatocytes, (L) leptotene spermatocytes, (Z) zygotene
spermatocytes, (P) pachytene spermatocytes, (D) diplotene spermatocyte, (M) metaphase, (R) round spermatids, (E) elongated spermatids.
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Figure 3. Testis size and body size were reduced in Nfix-null mice. (A) Lateral view of P20 Nfix™/* and Nfix~/~ mice. Nfix~/~ mice were smaller and
exhibited a hunched back and a domed head shape. (B) Testicular morphology of wild-type (Nfixt/*) versus Nfix-null (Nfix~/~) mice. Testes were
dissected from P20 Nfix™* and Nfix~/~ mice and were inspected macroscopically. Note the reduction in testicular size in the mutant (right). (C—H) Bar
plots showing mean testis weight (C), body weight (D), and ratio of testis of body weight (E), as well as testis width (F), length (G), and body length (H)
of Nfix** and Nfix~/~ mice. There were significant reductions of testis width, length, and weight of Nfix~/~ mice compared with the control. However,
testis/body weight was not significantly different between Nfix*t/* and Nfix~/~ mice. Body length (H) was also significantly reduced in Nfix~/~ mice.
n=4 for each genotype. Scale bar, 2000 um. Error bars indicate SD, Students t-test, **P < 0.01, **P < 0.001 and ****P < 0.0001, ns = not significant.

Discussion

Based on what has been observed in other developmental
systems, we hypothesized that NFI transcription factors might
play important roles in mammalian testis development and/or
spermatogenesis, particularly with respect to regulation of
the proliferation/differentiation balance in spermatogonia. We
found that NFIA, NFIB, and NIFX are indeed expressed in
the mouse postnatal testis, but we were surprised to find
that there was little co-expression of family members; this
finding is in contrast to the overlapping expression patterns
that is more commonly observed in other organs [41]. There
are only two cell types within the testicular tubules, the
Sertoli cells and the germ cells, and we found that NFIA,
NIFB, and NFIX were expressed in discrete populations:
NFIA in Sertoli cells, NFIX in spermatocytes and NFIB in a
polarized region in round spermatids. Given the association
of NFI family members with stem and progenitor cells in
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other systems, we were surprised to find that NFIX is not
observed in spermatogonia. Instead, we found NFIX to be
predominantly expressed from pre-leptotene up until early-
pachytene stages of meiosis I. Outside of the testicular tubules,
NFIA, NFIB and NFIC were also apparently expressed by
some interstitial cells (Supplementary Figure S1). Although
such expression would be consistent with transcriptomic data
(Supplementary Figure S2), we note that nonspecific staining
in the interstitial region of the adult testis is commonly
observed (e.g., Supplementary Figure S6).

Analyzing a constitutively deleted Nfix mouse model [29],
we found that global loss of Nfix impaired the initial pubertal
round of spermatogenesis. Compared with adult rounds of
spermatogenesis, the first round is largely synchronized, with
each more differentiated spermatogonial cell type appearing in
an orderly and regular stereotypical manner, thereby allowing
more clarity in the analysis of any spermatogenic defects.
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Figure 4. Nfix deletion results in germ cell arrest prior to round spermatid formation in the first round of spermatogenesis. Cross sections through testis
samples collected from P20 Nfixt/+ (A-C) and Nfix~/= mice (D-F). Paraffin sections were stained with hematoxylin and eosin. The white lines in panels
Aand C show the measurements used to calculate the diameter of the seminiferous tubules. Panels B and E reveal a seminiferous tubule in a wild-type
(B) and a Nfix-null mutant (E), respectively; the dashed boxes in these panels are shown in C and F, respectively. Histological analysis of Nfixt/+ mice
revealed normal progression through the cycle of the seminiferous epithelium, with round spermatids (double arrowhead in C) being the most
developed spermatogenic cells present at this age. (D-F) In contrast, very few germ cells progressed to round spermatids in the testis of Nfix~/~ mice.
Moreover, numerous multi-nucleated cells were present in the mutant seminiferous tubule (arrows in F). Quantitative analysis showed that Nfix~/~ mice
had a significant reduction in the number of round spermatids (G) and in seminiferous tubule diameter (H) in comparison to controls. n= 4 for each
genotype. Scale bars: A, D=400 um; B, E=100 um; C, F=50 um. Error bars indicate SD, Students t-test, **P < 0.01, ***P < 0.001.

Using molecular markers to define the various stages of meio-
sis I, we found that (i) SYCP3 is mis-localized in some sperma-
tocytes during zygotene; (ii) abnormal multinuclear spermato-
cytes are produced which is likely linked to the increased levels
of apoptosis observed; (iii) although yH2AX localization
appears normal, the repair enzyme RADS1 is retained at
higher levels, suggesting a failure to successfully repair double-
stranded breaks; and (iv) the majority of remaining cells of the
germline do not progress further than late pachytene, as very
few round spermatids were evident. Because Nfix-null mice
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die by about 20-22 days post-partum, from a range of defects
previously detailed by others [29, 42], we were not able to
assess the importance of NFIX during adult spermatogenesis.

We observed the abnormal zygotene cells containing large
SYCP3-positive clumps or aggregates located next to the
nuclear membrane in just over 50% of zygotene-containing
tubules at P20. Rare cells with SYCP3 clumping have been
noted previously in wild-type rat testes, and this was inter-
preted as indicative of spermatocytes undergoing apoptosis
[43]. Based on this, it is possible that Nfix deletion results
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Figure 5. Meiosis is blocked at diplotene stage with defects in the early formation of the synaptonemal complex in Nfix-null testes. (A-L) The progress
of prophase | in P20 testes of wild-type (A, C, F, H, J, K, M, N) and Nfix-null (B, D, E, G, I, L) mice was analyzed via the detection of SYCP1 (red) and
SYCP3 (green) expression. Extensive networks of fine SYCP3 threads without the SYCP1 protein were observed in leptotene (A, B), with SYCP1
detected at zygotene in both wild-type and Nfix-null samples (C, D). Some zygotene stage cells in the Nfix-null testis exhibited large aggregates of
SYCP3 that have not assembled with the synaptonemal complex and appear at the periphery of the nuclear envelope (E, observed in approximately 23%
of tubules). Pachytene and diplotene spermatocytes had a normal configuration of transverse filaments (SYCP1) and lateral elements (SYCP3) of the
synaptonemal complex (F, G, H, /). However, although diakinesis was observed in wild-type samples (J), no examples of spermatocytes in diakinesis
were found in the Nfix-null testes. PH3 expression (purple), which is indicative of transition from prophase to metaphase, was observed in the wild-type
(K) and mutant (L) at early diplotene. However, while PH3 expression in the wild-type was observed at mid diplotene (M) and pro-metaphase (N), it was
not observed in the Nfix mutant, indicating that meiosis arrests in early diplotene in the absence of NFIX. n =3 for each genotype. Scale bar: 10 um.
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Figure 6. Increased apoptosis in the first wave of spermatogenesis in Nfix-null mice. Identification of apoptotic cells in the testis by TUNEL (green) in
P20 wild-type (4) and Nfix-null (B) mice. In the control, very few cells were observed undergoing apoptosis (A), but the majority of tubules from Nfix-null
mice contained apoptotic cells (B). (C) Quantification of TUNEL-positive cells per tubule. We observed that the mean of apoptotic spermatogenic cells in
Nfix~/= (2.705) testes was 10 times higher than that in Nfixt/t (0.2692) testes. Scale bar: 100 um, n=3 for each genotype. Error bars indicate SD,

Students t-test, **P < 0.001.

in germ cell apoptosis, making spermatocytes with obvious
SYCP3 clumping more common in mutant testes; alternatively,
Nfix deletion may lead to mis-localized SYCP3 per se, result-
ing in activation of the mid-pachytene meiotic checkpoint
and apoptosis. It has been reported that the SYCP3 protein
can self-assemble [44, 45], so it is possible that Nfix deletion
results in production of excessive SYCP3 protein which then
clumps abnormally. Unlike SYCP3 clumps that are observed in
the Dmc1-null [46] or Sycp2-null [47], the Nfix-null clumps
are rather regular in appearance and appear to be associated
with the nuclear envelope. In our Nfix-null model, formation
of DSBs appeared normal, as judged by staining for yH2AX;
however, we found that RADS51 protein was retained. This
might indicate that repair of DSBs is abnormal, or that chro-
mosomal asynapsis is incomplete in the absence of NFIX.
Although it has been reported that SYCP3 suppresses the
RADS51-mediated strand invasion reaction [48], we do not
think that mis-localized SYCP3 is causing retention of RADS1
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in our mouse model, because we observed retained RADS51 in
the relatively normal looking zygotene cells, as well as in those
with abnormal SYCP3 clumps.

Our present study has several limitations, including that our
constitutive deleted Nfix model cannot provide information
regarding a possible cell-autonomous role for NFIX in the
germline. Based on analysis of publicly available datasets,
Nfix transcript expression is not restricted to germ cells
during fetal life but is also expressed at high levels in fetal
interstitial cells (located outside the testis cords, including
fetal Leydig cells) [49] and at low levels in fetal Sertoli cells,
both before birth and during the second week after birth
(Supplementary Figure S2). Although this does not necessarily
mean that NFIX protein is expressed in fetal somatic cells, it is
possible that the progression of the first round of spermatoge-
nesis is compromised in part due to somatic defects that arise
during fetal and early postnatal life. A second limitation is that
we were unable to ascertain whether adult spermatogenesis
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Figure 7. RAD51 foci are retained in late zygotene and pachytene stages in the Nfix-null testes. Expression of SYCP3 (green), RAD51 (red), and DAPI
(gray) in P20 wild-type (A, B) and Nfixnull (C-F) testes. The dashed boxes in A, C, and E are shown at higher magnification in B, D, and F, respectively.
Zygotene stage spermatocytes retained more RAD51 foci in the Nfix-null testis than in the wild-type (compare the RAD51 expression (red) in B and D).
This was also true for those Nfix-null cells with abnormal SYCP3 localization (abnormal zygotene; E and F). Similarly, RAD51 staining was sparse in
pachytene stages of the wild-type (4), but remained strong in Nfix-null pachytene cells (C). (G) Quantification of RAD51 foci per cell in zygotene stage
from testis of Nfix™/* and Nfix~/~ mice. n=3 for each genotype. Scale bars: A, C, E=50 um, B, D, F =5 um. Error bars indicate SD, Students t-test,
*P <0.01.

requires Nfix, as the Nfix-null mice die at around weaning.  pubertal adult and aged mouse testes is required to determine
Although NFIX was only observed in spermatocytes and not ~ whether NFIX plays a role in SSC biology. Alternatively,
spermatogonia, the very low proportion of SSCs per tubule it is also possible that only the first, and not subsequent
means that expression in these stem cells cannot be excluded ~ rounds of spermatogenesis, requires NFIX: relevant to this
by our analyses. Analysis of steady-state spermatogenesis in possibility is the fact that the first-round proceeds directly
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from pro-spermatogonia, rather than from spermatogonial
stem cells [50]. Related to this issue, a third caveat of the
Nfix-null model is that normal spermatogenic progression
may be confounded by the severe growth defect of these mice;
nonetheless, formation of highly abnormal-looking zygotene
cells suggests that the phenotype we observed in Nfix-null
testes is not simply due to a spermatogenic delay. Additionally,
analysis by [29] revealed one instance of an Nfix—/— male
surviving to adulthood and being fertile. The morphology of
the testis was not examined however, so this does not preclude
the possibility of sub-fertility, nor of differences in background
strains between the colonies analyzed. All of these issues will
be addressed in the future by analysis of mouse model(s) in
which Nfix is specifically and/or conditionally deleted in the
germline.

Our results unlock an exciting new avenue of study. Because
NFI proteins are transcription factors, with the potential to
influence expression of large cohorts of target genes, it is
possible that NFIX and NFIA, in germ cells and Sertoli cells,
respectively, play pivotal roles in the regulation of testicular
function. Functional or regulatory mutations of NFIX would
be expected to cause a range of very serious implications
in humans and hence are not likely to underlie cases of
unexplained male infertility; nonetheless, it will be important
to identify the specific targets of NFIX in the context of
the postnatal testis as this may substantially increase our
understanding of the complex processes of meiosis and sper-
matogenesis. Recent studies have shown that both NFIX and
NFIB regulate open-chromatin domain “super-enhancers,”
and that ablation of Nfix or Nfib results in altered acces-
sibility for other transcription factors that, in turn, impacts
on lineage fidelity and cellular fate [51]. We are currently
preparing cell-specific and conditional deletions of NFIX
and NFIA; the unexpected specificity of expression of these
two NFI factors within their respective cell types, within the
seminiferous tubules, should make comprehensive functional
evaluation more tractable than has been the case in other
systems.

Materials and methods
Animals and genotyping

This research involved the use of animals. This study was
performed with the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes and was carried
out with approval from The University of Queensland Institu-
tional Biosafety Committee. The experiments were conducted
with approval from the University of Queensland Animal
Ethics Committee (AEC approval number QBI/351/16). For
analysis of postnatal and adult expression of members of the
NFI family, gonadal tissue samples were obtained from the
CS7BL/6 J wild-type mice. For the analysis of the Nfix~/~
(Nfix-null) phenotype, samples were obtained from Nfixt/*
(wild-type littermates) and Nfix~/~ mice maintained on a
C57BL/6 ] background. The knockout allele excises exon 2,
resulting in a premature stop codon, and no NFIX protein is
produced [29]. The day of birth was designated as P0O. P20
knockout and wild-type and adult wild-type animals were
used in this study (Nfix '~ mice die at weaning). The genotype
of each mouse was confirmed by polymerase chain reaction
(PCR) on DNA prepared from toe samples. The primers
used in the reaction amplified a 213 base pair DNA band
corresponding to the wild-type Nfix allele or a 309 base-pair
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DNA band corresponding to the Nfix-null allele as previously
described [29].

Morphological analysis of animal and testis

For comparative analysis of Nfixt/* and Nfix~/~ mice, ani-
mals were weighed at P20. These mice were also exam-
ined visually and photographed. After dissection, testes were
weighed, and photographed. All brightfield images of the
testes were captured using a Nikon camera (DS-Fil) at 10x
and visualized using Image] (National Institutes of Health,
Bethesda, MD, USA). Testicular length and width were mea-
sured using image analysis software Image].

Tissue collection

The whole testes were dissected from mice immediately after
euthanasia. One testis was fixed in Bouin’s fixative and the
other was fixed in 4% (mass/vol) paraformaldehyde (PFA)
overnight at 4 °C. The fixed tissue was dehydrated in various

grades of ethanol and finally embedded in paraffin wax
blocks.

Histological sectioning and staining

The testes embedded in paraffin were sectioned in a transverse
plane at 7-um thickness using a microtome. Serial sections
were mounted on glass slides and dewaxed by immersion
into xylene (three times for 5 min) and then rehydrated
through an ethanol series (ranging from 100 to 30% ethanol
(v/v) in ultrapure (Milli-Q) water). Histological staining of
Bouin’s fixed samples were performed using hematoxylin
and eosin (H&E, Sigma, # HT1101). Brightfield images were
captured using a Slide scanner Aperio XT Brightfield (Leica).
Immunofluorescence staining used rehydrated samples that
had been fixed in 4%PFA/PBS. Slides were submersed in 10-
mM citrate buffer (pH 6.0) to perform heat-mediated antigen
retrieval, at 95 °C for 15 min. Slides were washed three times
for 5 min in PBS/0.1% TX-100 and blocked for 2 h at room
temperature in 2% donkey or goat serum and 2% horse
serum in PBS (blocking buffer). Primary antibodies were
diluted in blocking buffer and applied to slides, incubating
overnight at 4 °C. Sections were then washed three times
for 5 min with PBS/0.1% TX-100 before the application of
appropriate secondary antibodies, diluted in blocking buffer
for 2 h. A list of primary antibodies and concentrations
used in this study is given in Supplementary Table S1 and
secondary antibodies in Supplementary Table S2. Slides were
washed as above and counterstained with DAPI for 10 min.
Finally, they were mounted in 75% glycerol on Lab-Tek
chambered coverglass (Nunc). In attempts to visualize NFIX
protein by immunofluorescence, NFIX antibodies ab101341
(Abcam) and NBP2-58904 (Novusbio) raised in rabbit
were used without success. The NFIX antibody raised in
mouse, listed in Supplementary Table S1, with a different
antigen retrieval procedure delivered a positive outcome.
The procedure required for NFIX visualization involved
microwaving slides in preheated Tris-Based, pH 9, antigen
unmasking solution from Vector Labs (LS-J1041-250), for
5 min (power output 550 W). All fluorescent images were
captured on an inverted spinning-disk confocal system (Axio
Observer Z1 Carl Zeiss; CSU-W1 Yokogawa Corporation
of America). The specificity of these anti-NFI antibodies
was previously demonstrated using Nfi-null tissue [18]. In
addition, the secondary antibody without primary antibody
(Supplementary Figure S6B) and immunostaining of sections
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of Nfix-null testes (Supplementary Figure S6C) were used as
controls to confirm the specificity of the NFIX antibody.

Image processing and cell counting

Different populations of cells were identified using immunoflu-

orescence with specific cell markers (Supplementary Table S1)
or by hematoxylin and eosin using morphological analysis.
Sections of testes from Nfixt/* and Nfix~/~ mice (minimum
n=3 of each genotype) were loaded onto Image] (National
Institutes of Health, Bethesda, MD, USA), and the cell counter
plugin was used to mark and quantify the populations
of cells. Levels of colors and brightness were adjusted so
that resulting multichannel merged images is aesthetically
pleasing. The minimum and maximum limits of displayed
range were set identically to all comparable images. To ensure
representative counts, the cells were counted from every
fifth section from serially sectioned testes (minimum three
sections for each testis). Within each testicular section, about
10 seminiferous tubules that were round or nearly round were
chosen randomly and measured for each group. The diameter
of the seminiferous tubules was also measured as part of the
morphometric analysis. The minor and major axes and the
mean diameter were obtained. RADS51 foci were counted in
zygotene nuclei from at least two cells per section selecting
only those foci that were located on the nucleus of the cell.
Foci counts was performed in images that were took three
consecutive 2-um-thick optical sections to generate a 6-um-
thick z stack.

Statistical analyses

All statistical analyses of data collected throughout this
project were performed using Prismé software (GraphPad).
Two-tailed unpaired Students ¢-tests were performed when
comparing two groups. Statistical significance was established
at a P-value of <0.05. Error bars represent the standard
deviation of the mean.

Analysis of scRNA-Seq data

The transcriptomes from different published datasets
(Supplementary Table S3) were normalized using the scran
package [52]. The quickCluster function was used to pre-
cluster cells with similar transcription of genes. Size factors
were calculated within each cluster using the computeSum-
Factors function. The log2-transformed of normalized counts
were used for downstream analysis. The developmental age
and cell type were obtained from metadata of published data.
Gene expression violin plots were produced using R ggplot2
package [53].

Code availability: All custom code used in this work is
available at the following GitHub repository: https://githu
b.com/bowleslab/nfiFamily.
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The data underlying this article are available in the article and
in its online supplementary material.
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