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Loss of the importin KpnaZ2 causes infertility
in male mice by disrupting the translocation
of testis-specific transcription factors

Paula Navarrete-Lépez," Marfa Maroto,’ Eva Pericuesta,’ Raul Fernandez-Gonzélez," Marta Lombé,’
Priscila Ramos-lbeas,! and Alfonso Gutiérrez-Adan’2.*

SUMMARY

Karyopherins mediate the movement between the nucleus and cytoplasm of
specific proteins in diverse cellular processes. Through a loss-of-function
approach, we here examine the role of Karyopherin Subunit Alpha 2 (Kpna2) in
spermatogenesis. Knockout male mice exhibited reduced body size and sperm
motility, increased sperm abnormalities, and led to the dysregulation of testis
gene expression and ultimately to infertility. Impaired mRNA expression mainly
affected clusters of genes expressed in spermatids and spermatocytes. Downre-
gulated genes included a set of genes that participate in cell adhesion and extra-
cellular matrix (ECM) organization. We detected both the enrichment of some
transcription factors that bind to regions around transcription start sites of down-
regulated genes and the impaired transport of specific factors to the nucleus of
spermatid cells. We propose that Kpna2 is essential in the seminiferous tubules
for promoting the translocation of testis-specific transcription factors that con-
trol the expression of genes related to ECM organization.

INTRODUCTION

The molecular events controlled by the distribution of proteins in the nuclear and cytoplasmic compart-
ments are essential during spermatogenesis. The nucleocytoplasmic transport machinery tightly coordi-
nates gene expression patterns by mediating transport into and out of the nucleus of transcription factors
and other proteins involved in functions such as mRNA processing, mitosis/meiosis, and chromatin remod-
eling, thereby controlling different cell processes including cell proliferation and differentiation, pluripo-
tency maintenance, organism development, DNA repair, and cell migrationﬁ’é The carrier molecules
that enable the transport of cargo proteins through the nuclear pore complex embedded in the nuclear
envelope are the karyopherin (KPN) family of proteins, consisting of more than twenty proteins categorized
into two groups, a and B. Karyopherin as are importins often termed importin as, while karyopherin Bs have
roles in nuclear import and export. The different o importins have distinct binding specificities, expression
patterns, and subcellular localizations in different cell types, indicating specialized cell roles. Moreover,
there is evidence that o importins contribute to functions other than nucleocytoplasmic transport,
including transcriptional regulation,”® spindle assembly,” or nuclear envelope formation.'® Moreover, im-
portin & members are known to build up in the nucleus under stress conditions such as heat shock and
oxidative stress, wherein they bind to a DNase-sensitive nuclear component.7 Further, the bifunctionality
of the importin 20 N-terminal region for nuclear transport and chromatin association has been described®
and several examples of protein anchoring in the cytoplasm by importins have been reported.’

The dysregulation of certain importins has been associated with a variety of disorders including multiple
cancer types'” as well as neurodegenerative diseases,’” along with infertility.'*"> Several studies have
described the role of karyopherin alpha proteins (KPNAs) in male and female gametogenesis.'®"'? Given 'Department of Animal

the complex nature of the multi-stage process of male germ cell differentiation, the controlled entry of fac- Reproduction, INIA-CSIC,

. - L . X . 28040 Madrid, Spain
tors regulating transcriptional activity is essential for the accurate tuning of regulatory mechanisms. Knock- SLosd contact
ead contac

outs (KOs) for several importin as in mice displayed distinct phenotypes.'”?>?" Hence, female Kpnal,

. . - . . *C d :
Kpnaé, and Kpna8 KOs and male Kpna4 and Kpnaé KOs show impaired fertility (discussed below), while aggtr-‘r:rsr%?:ia_ecr;fes
no phenotype of Kpna3 KOs has been identified.""?”?* No mouse line lacking Kpna2 has been reported. https://doi.org/10.1016/].isci.
The absence of importin Kpna4 in the testis led to the identification of subfertility traits in mice (reduced 2023.107134
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quality and motility of sperm and reduced offspring size)." KPNAZ2 is known to be the most expressed im-
portin in embryonic mouse testis (from sex determination to shortly after birth) as well as in adult testis
throughout spermatogenesis,”* suggesting a central role as a key mediator of nucleocytoplasmic transport
in the testis and/or other unexplored functions. This importin shows a dynamic cell type-specific pattern
throughout the process of spermatogenesis in the seminiferous tubules, where it is localized in the nucleus
of pachytene spermatocytes, the cytoplasm of round spermatids, and the cytoplasm and nucleus of elon-
gating spermatids.”” Moreover, several binding partners of KPNA2 that exert their function in the nucleus
have been identified in testis.”” According to the testicular expression pattern of Kona2 and its dynamic
subcellular localization during the differentiation process and cargoes identified in the testis, it has been
hypothesized that KPNA2 may play a critical role throughout spermatogenesis.

To understand the role of KPNA2 in the testis, we designed a Kpna2-KO mouse model to provide insight
into the regulatory networks controlled by KpnaZ2in the process of sperm production. Based on the pheno-
typic characterization and transcriptomic analysis of these mice, we found that Kpna2 controls directly or
indirectly the expression of specific clusters of genes during spermatogenesis.

RESULTS
Kpna2 is essential for male fertility

To determine the role of Kpna2 during mammalian spermatogenesis, we used CRISPR-Cas? technology to
produce Kpna2-KO mice with exon 2 deletion (Figure 1A). From the transgenic mice generated, two lines
were selected with deletions of 4 and 8 nt (Kpna2~"~ lines 4 and 7, respectively) that gave rise to a predicted
frameshift and early chain termination due to a premature stop codon generating proteins of 30 aa and 31
aa instead of the wild-type (WT) protein consisting of 529 aa (Figures 1B and 1C). Both alleles were trans-
mitted to the next generation after breeding. As the two lines showed similar phenotypes, the following
phenotyping results refer to Kpna2™~ line 4. Male and female Kpna2 heterozygotes were normal and
fertile, and we generated homozygous KOs by inter-crossing heterozygotes. Quantitative analysis of
Kpna2 expression in the homozygous testis revealed a dramatic reduction in the signal when compared
to controls (Figure 1D). In western blot and immunofluorescence analyses, KPNA2 was found to be absent
in the testes of Kpna2™~ mice (Figures 1E, 1G, and S1). Male and female homozygous KO mice were also
smaller than WT or heterozygous mice (Figure S2).

We then examined the outcomes of mating KO mice in terms of litter sizes and offspring genotypes.
Crosses between males and females heterozygous Kpna2*/~ mice produced an average litter size of 5.8
(total 35 mattings), smaller than the WT litter average of 7.4 (p < 0.07, t-student). Genotypes of offspring
from mating Kpna2*'~ females and males did not display a Mendelian ratio (1.34:2.44:0.22), and there
were no differences in the sex ratios of the offspring (Figure 1F), indicating the loss of KO embryos during
the preimplantation or fetal stage. When Kpna2™~ male mice were mated with WT females, these animals
proved infertile (20 males crossed with 2 females each were analyzed). No differences were detected in
apoptotic cell rates recorded for the testis of Kpna2 ™/~ male and WT mice (4.2 + 4vs. 3.9 + 7, respectively).
To try to understand the reason for the observed infertility, we calculated testis/body weight ratios and
examined the testis, but no differences emerged in testis weight, sperm concentration, or sperm viability
(Figures 2A, 2B, and S3A). Moreover, we found no differences in the appearance of testis cross-sections
(Figure S1). Differences between Kpna2~/~ and WT mice were detected in sperm abnormality percentages,
which emerged as significant for head, neck, and midpiece defects (p < 0.01, ANOVA) (Figures 2| and 2J),
suggesting a role of KPNA2 in maintaining normal sperm head morphology. In addition, Kpna2™"~ sperm
showed lower total and progressive motility than WT sperm (Figures 2C and 2D). In our computer-assisted
sperm analysis (CASA) of sperm motility, we observed reduced kinetic parameters VSL, VAP, LIN, and STR
inthe Kpna2™~ sperm (Figures 2E-2H) but no differences in the remaining CASA parameters (Figures S3C—
S3F), indicating a reduction in linearity and straightness of spermatozoa, along with their reduced progres-
sive motility (Videos STA and S1B).

To analyze the DNA integrity of the Kpna2™~ sperm, we examined fertilization rates in response to intra-
cytoplasmic sperm injection (ICSI). Fertilization and cleavage rates were similar for Kona2~'~ and WT sperm
(78% vs. 75% cleavage embryos and 47% vs. 51% blastocysts using Kpna2 ™/~ or WT sperm, respectively, n =
4 experiments). These data rule out DNA alterations or embryonic losses during preimplantation develop-
ment as the cause of Kpna2™~ infertility, suggesting that, in vivo, the Kpna2™'~ spermatozoon is unable to
fertilize oocytes.
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Figure 1. Diagrams of Kpna2-KO lines produced by CRISPR-Cas9 and their mRNA and protein expression

(A) The Kpna2 gene consists of 11 exons (vertical lines).

(B) Nucleotide deletions produced by CRISPR-Cas9 in exon 2 of the transgenic mouse lines Kpna2~~* and Kpna2~/~’.
Superscript numbers indicate nucleotides deleted and amino acids encoded by the WT and mutant proteins. Red letters
indicate the guide RNA (gRNA). PAM sequences are indicated in bold blue.

(C) RNA-seq coverage plot of the Kpna2 gene representing the WT data (brown) and the Kpna2~/~* data (purple). The
upper panel provides a zoom of Kpna2’s exon 2, showing the coverage and deletion of the mutant. The lower panel shows
the size of exon 2 in Kpna2™ =%,

(D) Relative mRNA expression of KpnaZ2in the testis of WT and Kpna2~~* mice measured by RT-qPCR and RNA-seq. Data
represent the mean + SEM.

(E) Western blot analysis of KPNA2 protein expression in the testes of 2WT and 2 Kpna2 /= mice, using ACTB as a loading
control and Ponceau S as a staining control of total protein. The positions of molecular mass markers are indicated in the
M lane.

(F) Litter sizes and offspring genotypes of crosses between Kpna2™~ (heterozygous) mice.

(G) Representative images of cross-sections of seminiferous tubules of WT and KpnaZ’/’ mice stained with nuclear dye
Hoechst (blue) and KPNA2 visualized with FITC-mouse antigoat antibody (green). Scale bar 200 pm.

Kpna2 expression patterns in mouse testis

In adult testes, KPNA2 was not detected in Sertoli cells but was abundant in germ cells, increasing from a
moderate signal in spermatogonia and primary spermatocytes to a peak in pachytene spermatocytes and
early round spermatids and becoming low in elongating spermatids to absent in condensing spermatids
(Figure 3). KPNAZ2 is mainly located in the cytoplasm of testicular cells except in spermatogonia, pachytene
spermatocytes, and early round spermatids, where the protein signal is nuclear and cytoplasmic (Figures 3
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Figure 2. Sperm characteristics in wild type and Kpna2~/~ mice. Sperm was obtained from cauda epididymis and
analyzed as described in Materials and Methods
(A and B) No differences were found in the gonadosomatic index or (B) sperm concentrations.

(C-H) Significant differences were observed between WT and Kpna2~~ mice in sperm motility (n = 6 WT, and 7 Kona2~

mice) and in some sperm motility parameters of spermatozoa (VSL, VAP, LIN, and STR).
(Iy Examples of normal WT and abnormal (i-iv) sperm isolated from the cauda epididymis of Kpna2™~ mice (stained with
Spermac stain kit and observed under a standard bright-field microscope). Around 50% of sperm show some type of

were found in sperm morphology (n = 6 WT, and 6 KpnaZ’/’ mice).
(J) Proportion of morphology categories of WT and Kpna2 ™~ sperm. Data represent the mean + SEM (one-way ANOVA,

Tukey's test).
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Figure 3. Immunolocalization of KPNA2 during spermatogenesis in mice testicles

Representative images of cross-sections of seminiferous tubules (A) stained with nuclear dye Hoechst (blue), (B) KPNA2
visualized with FITC conjugated secondary antibody (green), and (C) merged. Se, Sertoli cells; S, spermatogonia; PI,
preleptotene spermatocytes; L, leptotene spermatocytes; P; pachytene spermatocytes; Rs, round spermatids; Es,
elongated spermatids. Scale bar: 50 pm.

and S1). In Figure 3, we can see the cytoplasmic signal in preleptotene and leptotene spermatocytes, while
in spermatogonia, pachytene spermatocytes, and round spermatids, both the cytoplasmic and nuclear sig-
nals are visible. The most intense signals manifested in pachytene spermatocytes and early spermatids, and
a non-specific signal was found in Leydig cells (Figure S1).

Gene expression in Kpna2™/~ mice

To decipher the molecular mechanisms underlying infertility, mMRNA was analyzed in 4 wild types and 4
Kpna2 ™/~ testis samples. The processing of RNA sequencing (RNA-seq) data yielded an average of ~34 million
paired-end reads across samples solely aligned toward the reference genome. Next, the read quantification
led to the detection of ~23,800 RNAs among samples, considering a gene as expressed with raw counts above
10 (Table S2). The first principal component separated Kpna2~/~ from WT samples, and the hierarchical clus-
tering of samples indicated a similar within-conditions gene expression pattern (Figures S4A and S4B).

We observed clear dysregulation at the transcriptomic level in Kpna2-KO testes where 3,891 genes were differ-
entially expressed, as detailed in Table S2. The number of upregulated genes was 2,007, greater than the num-
ber of downregulated genes which was 1,884 (Table S2). Conversely, when increasing the fold change
threshold, we found that downregulated genes outnumbered upregulated ones, as illustrated in the volcano
plot (Figure 4A). Moreover, there were 103 differentially expressed genes (DEGs) showing considerably high
fold changes (Figure 4B). We should highlight Kirb1 gene as the most upregulated, showing no expression in
WT testis with a considerable increase in mutants. Klrb 7 belongs to the c-type lectin-like natural killer receptors
encoded by genes in the genomic region natural killer gene complex (NKC). Interestingly, among the top
genes displaying the greater differences, we also found the NKC receptors Kirb1c, Klra9, and Klra8 (Figure 4B),
also upregulated, and the Clec2e and Clec2h genes (C-type lectin domain family members), which were down-
regulated, code for ligands of these receptors, and are located in the same genomic region. It seems that
Kpna2 may be inhibiting somehow the expression of Klrb1 and other c-type lectin-like receptors, so the
absence of Kpna2 could have triggered their expression. Both Kpna2 and Kirb1 are known to play opposite
roles in cancer. Hence, while the excessive expression of Kpna2 is known to promote the proliferation and
migration of (lung) cancer cells,”® Kirb1 is downregulated in most tumors and its expression is associated
with a more favorable outcome of non-small-cell lung cancer.

In this context, we searched for gene clusters using Cluster Locator which assesses the significance of the
percentage of gene clustering in a set of genes based on their genomic positions.”” These results and
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Figure 4. Differential gene expression, ontology, and transcription factor enrichment analysis

(A) Volcano plot summarizing the transcriptional response to the Kpna2 mutation. The difference in fold change between
groups is represented on the x axis and the p value of this difference on the y axis. Genes with an FDR value below 0.05 and
a fold change over 2 are indicated in red.

(B) Heatmap of the DEGs showing the greatest difference in fold change (FC > 10) between KpnaZ’/’ and wild-type mice.
(C) Venn diagram of DEG classifications in the different testis cell types including the germ cells (spermatogonia,
spermatocyte, and spermatid) and the two major somatic testicular cells (Leydig and Sertoli cells).

(D) Significantly overrepresented biological process terms and KEGG pathways in downregulated genes in the Kpna2~/~
testes.

(E) Transcription factors that are enriched around the set of downregulated genes identified using the ChIP-Atlas
database. The gene count appears on the x axis and fold enrichment as a color gradient.

(F) Top 3 significantly enriched biological process terms in downregulated genes and their associated DEGs. The size of
the term nodes depends on the number of DEGs involved in the process, while the color of the gene nodes depends on
the difference between the two conditions.
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figures showing chromosomes with clusters of 5 or more genes can be found in Table S3. The uniformity
test using a p value of 0.05 revealed that downregulated genes were non-uniformly distributed at chromo-
somes 2, 6, 7, and 9 and up-regulated genes grouped at chromosomes 2, 6, 7, 9, 14, 16, 18, and 19
(Table S3). With a max-gap of 10, 79.14% of the downregulated genes clustered with a p value of
1.19e-4 while 77.04% of the upregulated genes were grouped with a p value of 3.86e-4. This indicates there
was a significant number of gene clusters in our set of genes with respect to the proportion of gene clusters
in the genome. The NKC genomic region at chromosome 6 described above is an example of the gene
clustering observed. This region shows two clusters as different genes of the complex were differentially
dysregulated (up or down). Another family of closely positioned genes that were found dysregulated is
the family of kallikrein-related peptidases (Klk1b27, Klk1b21, Klk1b22, Klk1b24, Klk1) (Table S3).

We should highlight that also varying widely between KOs and controls was a set of chemoreceptors,
comprising olfactory and vomeronasal receptors. This type of G-protein-coupled receptor has been asso-
ciated with sperm chemotaxis and motility as well as sperm maturation and migration during spermatogen-
esis.”* 9 The phenotypic differences in sperm motility could be explained by the dysregulation of this gene
family. In total, 29 olfactory receptors and 11 vomeronasal receptors were differentially expressed (Fig-
ure S4C). Those varying the most were Olfr1314, OIfr63, OIfr525, and Olfr463 (downregulated) and
Vmn2ré61, Vmn2r-psé0, Vmn2ré0, and Vmn2r52 (upregulated).

According to the single-cell RNA-seq analysis of Green et al., 201 8,%" and data from other studies, we clas-
sified the set of DEGs into the following testicular cell types according to their normal expression patterns:
spermatogonia, spermatocytes, spermatids, the two major somatic testicular cells Sertoli and Leydig, other
somatic cells (macrophages, endothelial, innate lymphoid, peritubular myoid cells, and fibroblasts), and
spermatozoids (Table S4). The DEGs were found to predominantly belong to spermatids, followed by sper-
matocytes (Figure 4C). In both, upregulated genes outnumbered downregulated genes. In contrast, in
spermatogonia, Sertoli, and Leydig cells, downregulated genes were more abundant.

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis

Our GO and KEGG overrepresentation analyses offered clues about the disrupted mechanisms existing in the
KO mice. The results of this complete analysis with the statistically significant categories and their associated
genes can be found in Table S5. The functional annotation reveals enriched biological processes mainly for
the downregulated genes (Figures 4D and 4F). A subset of 58 genes participates in cell adhesion processes
involving integrins (Igta2, Igta3, Itgav, ltgaé, and ltga8), components of the laminin complex (Lamal, Lamb2,
Lamb1, and Lamc1), and collagen (Col4a3, Coléal, Colba2, Coléas, Col7al, Col8al, Col14al, and Col19aT).
In line with this, the GO term extracellular matrix (ECM) organization was also enriched. The ECM is essential
for supporting Sertoli and germ cell function in the seminiferous epithelium and coordinating cell migration, pro-
liferation, and differentiation.*” Therefore, ECM dysfunction could disrupt the normal course of spermatogen-
esis. With regard to KEGG pathways, we also observed enrichment in specialized cell adhesion structures named
focal adhesions. Focal adhesions anchor cells to the ECM via integrins, which are transmembrane receptors that
bind to constituents of the ECM such as laminins and collagens in basement membranes. For instance, Ptk2,
which codes for FAK (focal adhesion tyrosine kinase), is downregulated and has been described as an important
player in coordinating germ cell migration in the testis during spermatogenesis.®* FAK transduces signals medi-
ated by integrin-based receptors following its activation by ligands found at the ECM. Another downregulated
tyrosine kinase is the non-integrin-type receptor for collagen Ddr1, which participates in cell proliferation and
migration.>® In this regard, there was enrichment in the collagen-activated tyrosine kinase receptor signaling
pathway (Col4at, Col4a2, Col4a3, Ddr1, Col4a5, Collal). Closely related to these overrepresented processes
and pathways, the cellular components in which the differential gene products seem to be participating were
mainly extracellular, namely proteinaceous ECM, extracellular exosome, and ECM (Figure S4D), supporting
the notion that KpnaZ2 could play a role in cell adhesion and migration functions.

Transcription factor binding enrichment

Because of the absence of KPNA2 in our transgenic mice, we considered that some proteins could not be
translocated into the nucleus, which may modify transcription factor action, therefore altering the regula-
tion of genes. To dissect the mechanism of dysregulation of protein levels in Kpna2™~ testis, we used the
chromatin immunoprecipitation sequencing (ChlP-seq) datasets in the ChIP-Atlas platform,*® which
searches for proteins significantly bound around multiple query genes. In particular, we looked for the
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enrichment of transcription factors that bind to the regions around the DEGs. This could help unveil the
regulatory mechanisms behind the gene expression imbalance observed. Our ChIP-Atlas enrichment re-
sults are detailed in Table Sé.

While upregulated genes showed no significant overrepresentation of transcription factor binding, we found
154 proteins that were enriched around the transcription start sites of downregulated genes. The transcription
factors found to be enriched in downregulated genes were mainly those of the pluripotent stem cell experi-
ments, particularly embryonic stem cells, and in only less than 1% of the gonad cell class experiments. Among
these enriched transcription factors, we identified the master regulators of embryonic stem cells NANOG,
POUF5F1, and SOX2. Thus, KpnaZ2seems to modulate certain genes related to pluripotency, which is in agree-
ment with the described role of importins in maintaining stem cells.' Remarkably, apart from stem cells, there
was enrichment of several transcription factors which are known to be specific or have an important role in the
testis, namely: TAF7L (TATA-Box-Binding Protein Associated Factor 7 Like), TBPL1 (TATA-Box-Binding Protein
Like 1), ZFP384 (Zinc Finger Protein 384), PRMD? (PR domain containing 9), DMC1 (DNA meiotic recombinase
1), TFAP2A (Transcription Factor AP-2 Alpha), and CDYL (Chromodomain Y Like) (Figure 4E). These factors
contribute to the transcriptional machinery in the testis and modulate specific processes during spermatogen-
esis such that their presence in the nucleus is critical in the process of male germ cell differentiation.**’

Additionally, we analyzed the aminoacidic sequence by using cNLS (classical nuclear localization signal)
mapper” to predict the presence of importin a-dependent nuclear localization signals. We found bipartite
NLS in Taf7l, Cdyl, and Tbpl1 and monopartite NLS in Zfp384 (Table S7). These transcription factors are
more likely to be dependent on the a-importome.

Subcellular localization of transcription factors in Kpna2~/~ testes

To examine the localization of the transcription factors that appear to be altering gene expression as a
result of the absence of KPNA2, we performed immunohistochemistry of ZFP384, TBPL1, PRDM9, and
TAF7L on stage VIII of the testis seminiferous epithelial cycle of spermatogenesis. We found differences
in the signal of the transcription factors between KO and WT testes that indicate they are not being trans-
located into the nucleus. As shown in Figure 5, ZFP384, which is present in the nucleus of WT spermatocytes
as well as round spermatids, is absent in the nucleus of Kona2~"~ where it accumulates in the cytoplasm. A
similar pattern of subcellular distribution is observed for TBPL1, which remains in the cytoplasm of germ
cells lacking KPNA2 (Figure 6). In WT testis, the signal of PRDM9 is observed in the nucleus of round sper-
matids which is lost in Kpna2_/_ cells (Figure 7). In the case of TAF7L, in normal conditions, it is present in
round and elongated spermatids (Figure 8). Interestingly, in the KO spermatids, but not in the WT, both
PRDM9 and TAF7L seem to be located at the acrosome besides some cytoplasmic signal (Figures 7 and
8). These differences observed in PRDM9 and TAF7L could be due to a reduced expression at the protein
level rather than altered transport to the nucleus. Therefore, the expression level of both proteins was
measured by western blotting after subcellular fractionation to obtain their expression in nucleus and cyto-
plasm of WT and KO testes. Differences in the total protein amount between the WT and KO testes, rep-
resented as integrated area/pg, were not significant for both factors (p > 0.05) (Figures SS5A-S5B). However,
proteins were measured in whole testis samples, which could be masking the effect on spermatids.

Our findings support the role of Kpna2 in regulating the entrance of transcription factors that control the
timely gene expression necessary at the different stages of spermatogenesis.

Structural homology of KPNA2 with the a-importins expressed in testis

FATCAT (Flexible structure AlignmenT by Chaining Aligned fragment pairs allowing Twists) alignment be-
tween KPNA2 and the importins expressed in testis, which are KPNA1, KPNA4, KPNA3, and KPNA4, re-
vealed the highest score between KPNA2 and KPNAS3 followed by KPNA4. Both belong to the same family.
Table S8 shows these results, where all comparisons were significant with p values of 0, as they are part of
the same family. This similarity in the structures is displayed in Figure Sé. The structural similarity with other
importins can help assess the specificity and compensation of the translocation of the potential cargoes.

DISCUSSION

Here we describe the generation of a Kpna2 null allele through CRISPR-Cas?-mediated genome editing.
Homozygous male mice lacking functional KpnaZ2feature normal testis determination, normal adult mutant
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Figure 5. Distribution of ZFP384 in tubules seminiferous of wild-type and Kpna2~'~ mice

Representative images of cross-sections of seminiferous tubules stained with (A, E) Hoechst (blue), (B, F) FITC-PNA (green), (C, G) anti-ZNF384 (orange), and
(D, H) merged images. C" and G’ are amplification of the images in the rectangle of C and G, showing that in WT testes ZFP384 is located in the nucleus of
round spermatids but in Kona2 ™~ spermatids ZFP384 is located in the cytoplasm of the spermatids. D'and H'are amplification of the same areas of merged
images D and H, showing that in WT nucleus are pink (blue color that represents nucleus staining by Hoechst + orange color that indicates ZNF384 proteins)
and in Kpna2 ™~ nucleus are only blue. Scale bar: 100 um.

testis size, and normal histology yet show a reduced body size and abnormal sperm morphology and
motility producing completely infertile males. These mice exhibit testes transcriptomic dysregulation
affecting clusters of genes related to adhesion proteins, integrins, components of the ECM, and several
gene complexes and families, such as the olfactory receptors which have been associated with sperm
chemotaxis.”® This modified gene expression could be mediated by the impaired translocation of testis-
specific transcription factors that control the expression of these genes which could be leading to abnormal
sperm and infertility.

Kpna2 is the main importin a expressed in the placenta and during embryonic testis development, sex
determination, and spermatogenesis.”**” Our Kpna2-KO mice were born in smaller litters than expected
and were smaller than normal, indicating that Kpna2 function is only partially compensated during fetal
development. KOs also undergo normal testes development and differentiation, indicating that another
importin o takes over this function in these processes. However, some specific Kpna2 functions cannot
be replaced especially during spermatogenesis, producing an abnormal sperm morphology and motility
and consequently causing infertility. Our immunofluorescence analysis indicates that the expression of
KPNAZ2 is cytoplasmic in spermatogonia and primary spermatocytes and both nuclear and cytoplasmic
in pachytene spermatocytes and spermatids, suggesting a dual function of Kpna2 in the testis. Previous
studies differ in these observations, owing to their use of different antibodies. Miyamoto et al.'” report
the presence of KPNA2 in the rat testis in the cytoplasm of pachytene spermatocytes, spermatids, and
Leydig cells and the nucleus of pachytene spermatocytes, while Ly-Huynh et al.26 detected KPNAZ2 in
the nucleus of pachytene spermatocytes, the cytoplasm of round spermatids, and nucleus and cytoplasm
in elongating spermatids. However, they all agree that there is a strong signal of KPNA2 in spermatocytes
and spermatids. When KPNAZ2 is only present in the cytoplasm, it can anchor proteins in the cytoplasm;
however, when present in both nucleus and cytoplasm, it could be working as a nucleocytoplasmic trans-
porter or as a regulator of gene expression in association with chromatin.*® The fact that in Kona2-KO mice
the number of produced spermatozoa is not affected indicates that KPNAZ2 is not essential until the protein
is present in the nucleus at pachytene spermatocyte and spermatid stages, suggesting that at these stages
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Figure 6. Distribution of TBPL1 in tubules seminiferous of wild-type and Kpna2 ’~ mice

Representative images of cross-sections of seminiferous tubules stained with (A, E) Hoechst (blue), (B, F) FITC-PNA (green), (C, G) anti-TBPL1 (orange), and
(D, H) merged images. C’ and G’ are amplification of the images in the rectangle of C and G, showing that in WT testes TBPL1 is located in the nucleus of
round spermatids but in Kpna2™~ spermatids TBPL1 is located in the cytoplasm of the spermatids. D'and H'are amplification of the same areas of merged
images D and H, showing that in WT nucleus are pink (blue color that represents nucleus staining by Hoechst + orange color that indicates ZNF384 proteins)
and in Kpna2 ™~ nucleus are only blue. Scale bar: 100 um.

its function may not be compensated by other importin as. In agreement with this, we found that most
DEGs occurred in spermatocytes and spermatids. This means it was the blocked nucleocytoplasmic trans-
port or nuclear functions in the KOs during late spermatogenesis that produced the phenotypic effects.

Different importin as have different cargo specificities. In terms of the importance of Kpna2for fertile sperm
production, KPNA2 is proposed to have binding selectivity for transcription or epigenetic factors with spe-
cific functions in spermatocytes and spermatids. Hence the genetic loss of Kpna2 may block the transport
of essential factors to the nucleus, therefore disrupting the specialized mechanisms that drive spermiogen-
esis. In line with this, we identified testes transcription factors showing over-representative binding in the
genes that were less expressed upon loss of KPNA2, which could mean the impaired transport of these
essential transcriptional activators to the nucleus.

The first transcription factor that was more enriched was ZFP384, also called NMP4 (nuclear matrix protein
4), a nucleocytoplasmic shuttling transcription factor that regulates the expression of collagen and matrix
metalloproteinases.’ Zfp384-KO mice tend to be smaller than WT mice, and spermatogenic cell degen-
eration produces infertility in some of these mice.* The second transcription factor found enriched was
PRDM9, a gene only expressed in the testis that codes for a zinc-finger protein with histone methyltrans-
ferase activity. This protein catalyzes histone H3 lysine 4 trimethylation (H3K4me3) during meiotic
prophase. H3K4me3 is commonly associated with activating the transcription of nearby genes related to
development and establishing cell identity.*” Prdm9-deficient mice are infertile and feature aberrant syn-
apsis and apparent impairment of DNA double-strand break (DSB) repair in spermatocytes.*® Another en-
riched transcription factor detected here was TAF7L, a component of the TFIID (transcription factor 1ID)
required for the transcription of most protein-coding genes by RNA polymerase II. TAF7L is a paralog of
TAF7, which is specific to male germ cell development in mice.”* As germ cell development progresses,
TAF7L expression increases and TAF7 expression diminishes. TAF7L is expressed after meiosis at a dynam-
ically regulated intracellular localization.** This transcription factor binds to promoters of activated post-
meiotic genes in the testis, and Taf7I-KO mice display no spermatogenic arrest but abnormal sperm
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Figure 7. Distribution of PRDM9 in tubules seminiferous of wild-type and Kpna2 '~ mice

Representative images of cross-sections of seminiferous tubules stained with Hoechst (blue) (A, E), FITC-PNA (green) (B, F), anti-PRDM9 (orange) (C, G), and

(D, H) merged images. D’ and H’ are amplification of the images in the rectangle of D and H, showing that in WT PRDM?9 is located in the nucleus and around

the nucleus of round spermatids but in Kpna2 ™~ spermatids PRDM?9 is located in the acrosome. Scale bar: 100 um.

morphology and motility, with differences in velocity parameters similar to our mutants. As well, mutations
in Taf7I might play a role in oligozoospermia in men.***> Another binding factor potentially translocated by
KPNAZ2 is DMC1, which is expressed specifically in the testis and has been described to regulate homolo-
gous recombination defects in pachytene spermatocytes. Male and female Dmc1-KO mice are infertile.*®
Another transcription factor identified is TBPL1, a gene specific to testis that encodes a member of the
TATA-box-binding protein family, which plays a critical role in transcription by RNA polymerase Il. Tbpl1
plays a critical role in spermatogenesis, and its complete absence leads to the arrest of spermiogenesis.®’
TBPL1 is recruited to active haploid cell promoters together with TAF7L and RNA polymerase II. A set of
genes activated in haploid spermatids during the first wave of spermatogenesis has been identified, whose
expression is downregulated by Tbpl1 inactivation, suggesting a critical role of Tbpl1 in haploid cell gene
expression.*” A further binding factor potentially translocated by KPNAZ2 is CDYL which is expressed only in
the testis. Deletion of Cdyl in mice leads to a reduction of sperm motility,*® as well as defects in spermato-
genesis maintenance and spermatozoon morphogenesis, producing teratozoospermia and a progressive
infertility phenotype in adulthood.*’

Considering the phenotypic effects of the deletion of TFs (transcription factors), the transport of ZFP384,
PRDM9, TBPL1, and DMC1 could be compensated by other importins. However, TAF7L and CYDL KOs
exhibit a similar phenotype as Kpna2 KOs, which could indicate a binding preference of KPNA2 to these
factors. In addition, we found potential importin a-dependent NLS motifs in both transcription factors
which supports the fact that these TFs could be translocated by an a-importin mechanism.

Remarkably, the factors described above show a similar subcellular localization as KPNA2. Some of these
proteins may be transported to the nucleus by other mechanisms, but the loss of Kpna2 has a clear effect of
reducing the expression of genes to which these factors bind, leading to the general dysregulation of the
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Figure 8. Distribution of TAF7L in tubules seminiferous of wild-type and Kpna2~/~ mice

Representative images of cross-sections of seminiferous tubules stained with Hoechst (blue) (A, E), FITC-PNA (green) (B, F), anti-TAF7L (orange) (C, G), and
(D, H) merged images. D’ and H' are amplification of the images in the rectangle of D and H, showing that in WT TAF7L is located in the nucleus of round and

elongated spermatids (nucleus are pink: blue color that represents nucleus staining by Hoechst + orange color that indicates TAF7L proteins) but in

Kpna2~™'~ TAF7L is located in acrosome. Scale bar: 100 pm.

intricate networks that participate in male gamete formation. As previously described, the nucleocytoplas-
mic transport of these transcription factors is critical for the progression of spermatogenesis. Importins
exert their function in a tissue- and cell-type-specific manner, and each a-importin has different NLS bind-
ing specificities. However, the transport of certain factors may be compensated by other a-importins in the
absence of Kpna2. Of the six mouse a-importins, apart from Kpna2 other 4 are expressed in the testis
(Kpnal, Kona3, Kona4, and Kpnaé),”® and in particular, at the spermatocyte and spermatid stage. Mamma-
lian importins are classified based on sequence homology in 3 subtypes: aP, aS, and «Q.”"" Kpna2
belongs to the aP clade together with Kpna7, not observed in testis, so among the testis-expressed a-im-
portins, KPNA2 may have different specificities than the rest which belong to the aS and 2Q clades. Further-
more, the structural similarity analysis identified KPNA3 as the most similar importin followed by KPNA4.
Although Kpna3 is not essential for spermatogenesis, Kpna4™’~ mice exhibit subfertility features.’® The
function of KPNA2 may be partially compensated by these importins. In fact, KPNA3 and KPNA4 have
been reported to bind to ZFP384 in rats,'” whose entry to the nucleus therefore may be facilitated by these
in the absence of KPNA2. This is also in accordance with the phenotypic differences between Zfp384 KOs
and our KOs.

Altogether, we report that the translocation of the transcription factors without KPNA2 is not enough to
maintain the normal transcriptional program and produce fertile sperm. Besides a nuclear import role,
KPNA2 may also act in the nucleus of late spermatocytes and spermatids by associating with chromatin
via its direct DNA-binding ability, promoting gene expression. This feature, which has been examined in
embryonic stem cells,*” should be further explored to determine whether KPNA2 binds to DNA in sper-
matogenic cells. Whether through the regulation of transcription factors transported to the nucleus or
through the control of expression due to its direct association with chromatin, KPNA2 was observed
here to exert a specific control of the expression of gene clusters present in certain chromosomes. Our
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findings point to KPNAZ2 as a pivotal importin in the process of sperm production through its unique func-
tion. This importin thus emerges as a key mediator of nucleocytoplasmic transport of transcription factors
specific to spermatogenesis.

Limitations of the study

We have described the phenotypic and molecular consequences of the loss of KpnaZ2 in the seminiferous
tubules. To decipher the mechanism of the importin, RNA-seq analysis helped to identify possible cargoes
of KpnaZ2 along spermatogenesis. Thanks to the immunohistochemical assays, we observed differences in
the subcellular localization of the transcription factors in the KO testes. However, further experimental vali-
dation is required to confirm the interaction of Kpna2 with the proposed transcription factors, as well as the
extent to which this is the only cause of underlying fertility. As well, Kona2 may be participating in additional
molecular functions other than nuclear import, which have not been explored here.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Goat polyclonal anti-KPNA2 antibody Invitrogen PA1-32094; RRID: AB_2133674

Mouse monoclonal anti-goat IgG-HRP

Monoclonal anti-B-actin

peroxidase-conjugated mouse antibody
Donkey anti-mouse IgG-FICT

Rabbit polyclonal anti-ZNF384

Rabbit polyclonal anti-TBPL1

Rabbit polyclonal anti-PRDM9

Rabbit polyclonal anti-TAF7L

Goat anti-rabbit

Rabbit polyclonal anti-U2AF1L3/35

Goat monoclonal anti-mouse IgGk-HRP

Santa Cruz Biotechnology

Sigma-Aldrich

Santa Cruz Biotechnology
Invitrogen

Sigma-Aldrich

FabGennix

Invitrogen

Invitrogen

Santa Cruz

Santa Cruz

SC-2354; RRID: AB_628490
A3854; RRID: AB_262011

SC-2099; RRID: AB_641167
PA5-120411; RRID: AB_2913983
AV35751; RRID: AB_1858266
PRDM9-901AP

PA5-100758; RRID: AB_2850261
A21245; RRID: AB_141775
SC-368532

SC-516102; RRID: AB_2687626

Critical commercial assays

mMMESSAGE mMACHINE T7 Ultra Kit Thermo Fisher Scientific AM1345

GeneArtTM Precision gRNA Synthesis Kit Thermo Fisher Scientific A29377

SURVEYOR® Mutation Detection Kit Transgenomic 706020

Spermac® Kit Minitube 15405/0000

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific 23225

TUNEL in situ Cell Death Detection Kit Roche 11684795910

Qubit® RNA Assay Kit Life Technologies Q32852

TruSeq RNA kit lllumina RS-122-2001

Deposited data

Mouse reference genome, release Ensembl http://ftp.ensembl.org/pub/release-
103, version GRCm39 103/fasta/mus_musculus/dna/
Mouse reference annotation, release Ensembl http://ftp.ensembl.org/pub/release-
103, version GRCm39 103/gtf/mus_musculus

RNA-seq data from wild-type and Kpna2™~ testes This paper GEO: GSE213442

ChlIP-Atlas

(Oki et al., 2018)**

https://chip-atlas.org/

Experimental models: Organisms/strains

Mouse: B6CBAF1 (C57BL/6xCBA) This paper N/A

Oligonucleotides

Primers for Kpna2~/~ and WT This paper N/A

genotyping, see Table S1

Primers for Kpna2~'~ gRNA, see Table S1 This paper N/A

Primers for Kpna2 gene expression, see Table S1 This paper N/A

Software and algorithms

Integrated Semen Analysis System Proiser https://proiser.com/es/
SigmaStat Systat https://systatsoftware.com/
SPSS 16.0 IBM https://www.ibm.com/es-es/spss

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

FastQC v0.11.7

Trimmomatic v0.38
Subread v2.0.0
featureCounts

edgeR

DESeq2

DAVID Functional Classification Tool
Cluster Locator

ChIP-Atlas

https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/
(Bolger et al., 2014)>?
(Liao et al., 2013)>
(Liao et al., 2014)>*
(Robinson et al., 2010)>°

(Love et al., 2014)*¢

(Huang et al., 2009)°”
(Pazos Obregén et al., 2018)%’
(Oki et al., 2018)**

https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

http://www.usadellab.org/cms/?page=trimmomatic

https://subread.sourceforge.net/
https://subread.sourceforge.net/

https://bioconductor.org/packages/
release/bioc/html/edgeR.html

https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

https://david.ncifcrf.gov/
http://clusterlocator.bnd.edu.uy/

https://chip-atlas.org/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Alfonso Gutiérrez-Adan (agutierr@inia.csic.es).

Materials availability

Mouse lines generated in this study are available from the lead contact upon request with a completed Ma-
terials Transfer Agreement.

Data and code availability
® RNA-seq data have been deposited at GEO and are publicly available as of the date of publication.

® The accession number for the raw and processed data files is GEO: GSE213442.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Kpna2-KO mice

Cas9 and sgRNAs targeting the mouse Kpna2 gene (Table S1) were produced using the mMMESSAGE mMA-
CHINE T7 Ultra Kit and GeneArt™ Precision gRNA Synthesis Kit (Thermo Fisher Scientific, USA), respec-
tively. The resultant RNAs were injected into B6CBAF1 (C57BL/6xCBA) zygotes, which were transferred
to pseudo-pregnant CD1 females (Envigo, Madrid, Spain). Pups were genotyped by PCR conducted in
standard conditions using Kpna2 primers (Table S1) and screened for mutations using the SURVEYOR®
Mutation Detection Kit (Transgenomic, NE, USA). Founders were confirmed by Sanger sequencing. Two
transgenic lines with nonsense deletions that modify the amino acid sequence of the protein were success-
fully generated. Homozygous were used in all experiments. Wild-type (WT) and Kpna2*~ (heterozygous)
were used as controls. Animal experiments were conducted according to European legislation. All study
protocols were approved by the Ethics Committee on Animal Experimentation of the INIA (Madrid, Spain)
and were registered at the Direccion General de Agricultura y Ganaderia de la Comunidad de Madrid
(Spain) (PROEX 137.2/21). Throughout the manuscript, we use KpnaZ’/’ to refer to results that are similar
between the two selected lines, always carrying the mutation in homozygosity.

METHOD DETAILS
Sperm collection

Wild-type and Kpna2~~ males were euthanized by cervical dislocation. Spermatozoa were collected by
squeezing the vas deferens and dissecting the cauda epididymis. Spermatozoa were allowed to swim-
out for 30 min at 37°C in a droplet of 500 pL HTF medium (2.04 mM CaCl,, 101.6 mM NaCl, 4.69 mM
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KCl, 0.37 mM KH2PO,4, 0.2 mM MgSQy, 21.4 mM sodium lactate, 0.33 mM sodium pyruvate, 2.78 mM
glucose, 25 mM NaHCO3, 100 U/mL penicillin, 50 pg/mL streptomycin and 0.001% (w/v) phenol red, sup-
plemented with 1% (w/v) BSA). The concentration of the sperm sample was determined in a Thoma cell
counting chamber. Sperm viability was assessed by eosin/nigrosin staining, examining 200 cells per male.”

Sperm morphology

To assess sperm morphology, 6 pL of sperm suspension were spread on a slide and stained using the
Spermac® Kit (Minitube) following the manufacturer’s indications. The head of the sperm cell appears
red, the acrosome, central piece, and tail green, and the equatorial zone is pale green, allowing for the
identification of different abnormalities. These were classified into the categories: normal morphology,
neck and midpiece defects, head defects and tail defects. The slides were observed under a light micro-
scope (Nikon Eclipse E400), analyzing at least 200 cells per male from WT (n = 6) and Kpna2™'~males
(n=6).

Sperm motility analysis

6 pL of sperm suspension were placed in a Mackler® chamber on the stage of a microscope heated to 37°C
(Nikon Eclipse E400) and fitted with a digital camera (Basler acA1300-200uc). Five 1.5-s videos were re-
corded and analyzed using the Integrated Semen Analysis System (ISAS® 2008). The parameters analyzed
were as described by Pérez-Cerezales et al.”®: straight-line velocity (VSL) (time-averaged velocity of the
sperm head along a straight line from its first position to its last position, expressed in um/s); curvilinear
velocity (VCL) (time-averaged velocity of the sperm head along its actual curvilinear path, expressed in
um/s); average path velocity (VAP) (velocity over an average path generated by aroaming average between
frames, expressed in pm/s); linearity (LIN) (defined as (VSL/VCL) x 100); straightness (STR) (defined as (VSL/
VAP) x 100); wobble (WOB) (defined as (VAP/VCL) x 100); amplitude of lateral head displacement (ALH)
(width of the lateral movement of the sperm head, expressed in um) and beatcross frequency (BCF) (num-
ber of times the sperm head crosses the direction of movement per second, expressed in Hz).

Gonadosomatic index

The testicles (6 from WT and 6 from KO mice) were extracted from each individual and weighed to establish
the relationship between gonad and body size, a measure known as the gonadosomatic index (GS).

Intracytoplasmic sperm injection (ICSI) and in vitro fertilization (IVF)

For our ICSl experiments, sperm were collected from the cauda epididymis and vas deferens in M2 medium
(4 adult individuals) as described previously.”” Sperm heads were decapitated by the freezing-thawing
method.®” The sperm sample was mixed with five volumes of a 10% solution of polyvinyl-pyrrolidone in
M2. ICSl was performed in M2 medium at room temperature.®’ In parallel, oocytes were collected at meta-
phase Il from 8-week-old B6D2F1 females, which had been superovulated by standard intraperitoneal in-
jection,®? and incubated with hyaluronidase (300 ug/mL) to remove cumulus cells.® After their recovery for
15 min, sperm was injected into the oocytes at M2 at room temperature (approximately 100 oocytes per
replicate). Surviving zygotes were cultured until the blastocyst stage to check their development or until
the 2-cell stage for embryo transfer experiments.

Western blots

Samples from the testicles of WT and Kpna2~~ mice were lysed in 300 uL of RIPA buffer containing 50 mM
trisHCI pH 7.6, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, and 0.1% SDS supplemented
with COmpIeteTM, EDTA-free Protease Inhibitor Cocktail (Roche) in constant agitation for 2 h at 4°C.
The lysate was centrifuged at 12,000xg for 15 min, and the supernatant collected for protein analysis. Total
protein was quantified using the Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific) following the
manufacturer’s instructions. Proteins were separated on an SDS-PAGE gel (8% acrylamide, loading
50 pg of total protein per well) and transferred to a nitrocellulose membrane for immunoblotting following
standard procedures. Blocking was conducted with 3% BSA in PBS-T (0.05% Tween) and membranes were
incubated overnight at 4°C with a goat polyclonal anti-KPNA2 antibody (PA1-32094; Invitrogen) diluted
1:1000 in blocking solution. Incubation with the secondary antibody, mouse monoclonal anti-goat 1gG-
HRP (SC-2354; Santa Cruz Biotechnology) diluted 1:5000 in 1% BSA in PBS-T, took place for 2 h at room
temperature. As a control, we used the monoclonal anti-B-actin peroxidase-conjugated mouse antibody
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(A3854, Sigma-Aldrich). The chemiluminescence signal was digitalized using an ImageQuant LAS 500
chemiluminescence CCD camera (GE Healthcare Life Sciences, USA, 29005063).

Before western blotting of TAF7L and PRDM9, proteins were extracted from the testicles of WT and
Kpna2~/~ mice and separated in the nuclear and cytoplasmic fractions with the Protein Fractionation Kit
for Tissues (87790 ThermoFisher Scientific). For each tissue sample, to obtain cytoplasmic (C) fraction, cyto-
plasmic and membrane proteins were mixed and for nuclear (N) fraction, soluble nuclear and chromatin-
bound proteins were mixed. Proteins were separated on an SDS-PAGE gel (8% acrylamide, loading
25 ng of total protein per well), transferred to a nitrocellulose membrane for immunoblotting following
standard procedures. Blocking was conducted as described before with the following antibodies: a rabbit
polyclonal anti-TAF7L antibody (PA5-100758, Invitrogen) diluted 1:1000 in blocking solution, a rabbit poly-
clonal anti-PRDM9 antibody (PRDM9-901-AP, Fabgennix International) diluted 1:500 in blocking solution, a
rabbit polyclonal anti-U2AF1L3/35 (sc-368532, SantaCruz) diluted 1:1000 in blocking solution, and a mouse
monoclonal anti-Adaptin-y (AP-2) (610386, BD Transduction Laboratories) diluted 1:2000 in blocking solu-
tion. PRDM9, TAF7L and U2AF1/U2AF35 membranes were incubated with the secondary antibody, mouse
monoclonal anti-goat IgG-HRP (SC-2354; Santa Cruz Biotechnology) diluted 1:5000 in 1% BSA in PBS-T,
took place for 2 h at room temperature. AP-2 membrane was incubated with the secondary antibody,
goat monoclonal anti-mouse IgGk-HRP (sc-516102, Santa Cruz) following the same procedure as the other
membranes. The chemiluminiscence HRP substrate used was Immobilon Forte Western HRP Substrate
(Millipore). The chemiluminiscence signal was digitalized as described before. Protein quantifications
from membrane blotting were performed by Image J using Integrated density values.

Immunohistochemistry

Experimental and control testicles were examined through standard histological procedures. Briefly, tes-
ticles were fixed in 4% (w/v) paraformaldehyde and paraffin-embedded. Sections 4-um sections from WT
and Kpna2™~ males were de-waxed, rehydrated and stained with hematoxylin and eosin.

To detect KPNA2, the sections were incubated in a buffer containing 10 mM sodium citrate and 0.05%
Tween at 100°C for 20 min. After washing with distilled water, they were permeabilized in 1% PBS-T (triton
X-100) for 20 min. Slides were then blocked in PBS supplemented with 3% BSA and 0.1% Tween for 1 hiin a
humid box. Next, they were incubated overnight at 4°C with anti-KPNA2 antibody (PA1-32094; Invitrogen)
diluted 1:200 in blocking solution. Following three washing steps in PBS, the slides were incubated with the
donkey anti-mouse IgG-FICT 1:300 (Santa Cruz Biotechnology; SC-2099) secondary antibody at 37°Cfor 1 h
followed by washing three times in PBS and staining of the nuclei with 6.5 ng/mL Hoechst. VECTASHIELD
Mounting Media for Fluorescence (Vector Laboratories, Peterborough, UK) was used for observation under
a Nikon Eclipse TE-2000 confocal microscope (Nikon Instruments, Melville, New York, USA). Afterwards, a
similar procedure was performed to examine the localization of ZFP384, TBPL1, PRMD9 and TAF7L, with
the following specifications. The antibodies used were, respectively: anti-ZNF384 (PA5-120411; Invitrogen),
anti-TBPL1 (AV35751; Sigma-Aldrich), anti-PRDM9 (PRDM9-901AP; FabGennix) and anti-TAF7L (PA5-
100758; Invitrogen), all of them diluted 1:100. Following the incubation with the goat anti-rabbit secondary
antibody 1:500 (A21245; Invitrogen) and the washing steps, we performed the staining of the acrosome and
the nuclei with 15 pg/mL FITC-PNA and 6.5 pg/mL Hoechst, respectively.

TUNEL-assay

To detect apoptotic cells, testes were fixed in 4% PFA (neutral buffered, Sigma-Aldrich, MI, USA) and sec-
tions (5-mm) stained using the TUNEL in situ Cell Death Detection Kit (Roche, Basel, Switzerland) following
the protocol provided by the manufacturer.®* Apoptosis was scored by counting TUNEL fluorescent cells in
20 random cross-sections of seminiferous tubules from 5 WT and 5 mutant mice and expressed as the num-
ber of apoptotic cells per seminiferous tubule.

RNA-seq analysis

Total RNA was extracted from 4 testes of Kona2™’~ mice and 4 testes of WT mice using TRIzol® reagent
(Invitrogen, CA, USA) and then treated with DNase (Promega, WI, USA) for 1 h. The purified total RNA
was stored in nuclease-free water and then used for first-strand synthesis. RNA concentrations were
measured using a Qubit® RNA Assay Kit in a Qubit® 2.0 fluorometer (Life Technologies, CA, USA).
RNA-seq libraries were prepared from the testes described above using the TruSeq RNA kit from lllumina®
(NEB, USA) according to the manufacturer’s recommendations. The cDNA libraries were then used for
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sequencing with an lllumina® HiSeg2500 sequencer, generating an average of 54 million 150 bp paired-
end reads per sample.

The quality of the resulting paired-end FASTQ files was evaluated using the FastQC tool v0.11.7 (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) before filtering and trimming, which was performed
by means of Trimmomatic v0.38.° Next, reads were mapped against the GRCm39 Ensembl reference
genome using the Subread aligner v 2.0.0.°* Prior to the downstream analysis, the gene count matrix
was obtained by the read quantification software featureCounts,”* using as reference the gene transfer
format (GTF) from Ensembl.

Differential gene expression and functional characterization

After preprocessing, the genes were filtered out considering a threshold of 10 counts in at least 2 samples
of any of the groups to improve the power of detection. Next, the TMM method was used to normalize sam-
ples accounting for the library size and RNA composition between samples. The differential expression
analysis was conducted by overlapping the genes with FDR<0.05 obtained by the edgeR v3.36.0 and DE-
Seq2 v1.34.0 methods, to increase reliability.”> %> Using the DAVID tool,”’ genes differing significantly
between Kpna2™~~ mice and WT mice were subjected to GO (biological process, molecular function
and cellular composition) and KEGG overrepresentation analyses, using an FDR below 0.05. Then, adjacent
gene clustering and chromosome uniformity were evaluated using Cluster Locator, with a max-gap of 10
and p value of 0.05. The set of differentially expressed genes was analyzed for transcription factor enrich-
ment via the web tool ChIP-Atlas,*® which uses chromatin immunoprecipitation sequencing experiments
(ChIP-seq). We considered experiments of all cell types, a distance of 5000 bp upstream and downstream
from the transcription start sites and an adjusted p value cutoff of 0.01.

Classification of genes according to their expression in the different testis cell types

To characterize the set of DEGs we classified them in the testis cell types in a similar way as previously we
have indicated.®® Briefly, we integrated data from diverse studies that analyzed the gene expression pro-
files throughout the process of spermatogenesis.®® The selected studies used different approaches or a
combination of these: exploit of the first spermatogenic wave, purification of the major spermatogenic
cell types and/or single-cell RNA-seq. Moreover, we also used data from the databases The Human Protein
Atlas v20.1%" and the Mouse Cell Atlas v2.0.°% In addition, we processed and analyzed the single-cell
transcriptomic data emerging from the study of Green et al.*' using the same reference annotation as
our RNA-seq analysis for a finer-tuned classification. The raw data, produced using Drop-seq technology,
was downloaded from GEO database (series GSE112393) and the preprocessing was performed using
Drop-seq tools v2.4.0 from the McCarroll laboratory.®” Altogether, DEGs were categorized in spermato-
gonia, spermatocytes, spermatids, Sertoli cells, Leydig cells, other somatic cells (macrophages, endothe-
lial, innate lymphoid, peritubular myoid cells and fibroblasts) and spermatozoa.

Structural pairwise alignment

We performed the structural pairwise alignment of KPNA2 towards the rest a-importins expressed in testis
using FATCAT flexible alignment.”” The .pdb structure files were retrieved from Alpha Fold (AF), with the
following identifiers: AF-P52293-F1 (KPNA2), AF-Q60960-F1 (KPNA1), AF-O35345-F1 (KPNA6), AF-035344-
F1 (KPNA3) and AF-035343-F1 (KPNA4).

QUANTIFICATION AND STATISTICAL ANALYSIS

Significant differences between KO and wild-type derived embryos produced by ICSI were assessed using
ANOVA (SigmaStat package), respectively. The rest of the data (mean + SEM) were analyzed by one-way
analysis of variance (ANOVA) followed by Duncan’s or Tukey multiple range test using SPSS 16.0 software
for comparisons of means. Significance was set at p < 0.05.
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