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WNK1 is required during male
pachynema to sustain fertility

Ru-pin Alicia Chi,1 Xiaojiang Xu,2 Jian-Liang Li,2 Xin Xu,3 Guang Hu,3 Paula Brown,1 Cynthia Willson,4

Oleksandr Kirsanov,5 Christopher Geyer,5,6 Chou-Long Huang,7 Marcos Morgan,1 and Francesco DeMayo1,8,*

SUMMARY

WNK1 is an important regulator in many physiological functions, yet its role in male reproduction is unex-
plored. In the male germline, WNK1 is upregulated in preleptotene spermatocytes indicating possible
function(s) in spermatogenic meiosis. Indeed, deletion of Wnk1 in mid-pachytene spermatocytes using
the Wnt7a-Cre mouse led to male sterility which resembled non-obstructive azoospermia in humans,
where germ cells failed to complete spermatogenesis and produced no sperm. Mechanistically, we found
elevated MTOR expression and signaling in the Wnk1-depleted spermatocytes. As MTOR is a central
mediator of translation, we speculated that translation may be accelerated in these spermatocytes. Sup-
porting this, we found the acrosome protein, ACRBP to be prematurely expressed in the spermatocytes
withWnk1 deletion. Our study uncovered an MTOR-regulating factor in the male germline with potential
implications in translation, and future studies will aim to understand howWNK1 regulates MTOR activity
and impact translation on a broader spectrum.

INTRODUCTION

Male infertility has been on the rise with a progressive and consistent decline in both semen quality and sperm quantity.1,2 It has been esti-

mated that 40–50%of the total infertility cases are attributed tomale factors,1 which impactsmore than 70million couples globally.3 Of partic-

ular concern is that a substantial portion of total male fertility cases (estimated to be 30%) remain idiopathic.4 The lack of identifiable causes

poses significant challenges in treatment, leaving those affected without the possibility of conceiving biological children. An improvement in

our understanding of factors driving male fertility is thus sorely needed to address this global health issue.

With no lysine (K) kinase 1 (WNK1) is a member of the WNK family of serine/threonine protein kinases. Since its discovery in the early

1990s,5 WNK1 has been found to regulate numerous cellular processes and is critical in the normal function of multiple organs. In humans,

WNK1mutation is associated with pseudohypoaldosteronism type II and hereditary sensory and autonomic neuropathy type II,6,7 leading to

an explosion of studies aimed at understandingWNK1’s role in the renal and nervous systems. Inmousemodels, globalWnk1deletion causes

embryonic lethality prior to E13.5 due to defects in angiogenesis and cardiac development, demonstrating that WNK1 is required for the

formation of the cardiovascular system.8,9 At the cellular level, WNK1 regulates proliferation, migration and differentiation10; and subcellu-

larly, WNK1 is known to regulate autophagy,11 exocytosis,12 mRNAexport,13 microtubule stability and organization,14 abscission,15 and endo-

plasmic reticulum membrane assembly.16

DespiteWNK1’s pleiotropic functions in the different tissues, its function in the reproductive organs has remained amystery.Wepreviously

identified WNK1 as a regulator of endometrial function downstream of the epidermal growth factor receptor (EGFR),17 and subsequent

in vitro analyses suggested WNK1 drives decidualization—an early pregnancy event critical for embryo support and development.10 These

findings were further supported by our recent study using conditional uterineWnk1 deletion mice, which resulted in severe subfertility with a

spectrum of uterine abnormalities including epithelial hyperplasia, adenomyosis-like features, and impaired embryo implantation.18

Adding to the repertoire of growing WNK1 functions, here we report our serendipitous finding that WNK1 is required for spermatogen-

esis, the stem cell-based developmental process in the testes that produces fertilization-competent sperm. Spermatogenesis begins with

spermatogonial stem cells (SSCs), which divide to either self-renew or generate undifferentiated progenitors. These progenitor spermato-

gonia respond to retinoic acid (RA) to begin a lengthy differentiation program that culminates with their entry into meiosis as preleptotene

spermatocytes. Spermatocytes replicate their DNA and progress through meiosis to form haploid round spermatids. Subsequently, round
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Figure 1. Wnt7a-Cre mediated Wnk1 ablation unexpectedly led to male sterility

(A) Testis from 6–8-week-old Wnk1f/f and Wnk1f/f; Wnt7a-Cre male mice, scale bar = 1 cm.

(B andC) Bodymass (g) of 6–8-week-oldWnk1f/f andWnk1f/f;Wnt7a-Cremice (n = 6), and (C). The testis mass (mg) to bodymass (g) ratio for 6–8-week-oldWnk1f/f

and Wnk1f/f; Wnt7a-Cre mice (n = 6). All quantitative results shown are mean G SD, *p < 0.05, all t tests were two-tailed, Student’s t test for both (B) and (C).

(D) IHC staining in wildtype adult testis to show WNK1 expression. Inset indicates higher WNK1 expression in cells lining the tubule periphery, as indicated by

arrows. Negative control = IgG only, scale bars = 50 mm.

(E and F) IF showing WNK1 expression (red) in wild-type mice with synchronized spermatogenesis. P = postnatal day, where mice were treated daily with

WIN18,446 from P1 to P10, followed by a single dose of RA on P11. The most advanced cells present at each stage were A3 and B (A3 and type B

spermatogonia) at P14 and P17, respectively; PL, preleptotene spermatocytes at P19, L, leptotene spermatocytes at P20; EP, early pachytene spermatocytes
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spermatids are remodeled during the morphogenetic program of spermiogenesis to ultimately form testicular sperm. Disturbance to any of

these processes can prematurely terminate spermatogenesis or produce non-functional sperm, and both will result in male infertility. The

progression through this complex program relies on the expression of genes and proteins in a spatiotemporally controlled manner, which

is made possible by precise regulatory mechanisms at each stage. These exist at transcriptional, post-transcriptional and translational levels,

and numerous essential factors acting at these different levels have been identified and studied.19,20

In this work, we describe an unexpected observation which led to the discovery that WNK1 is crucial for spermatogenesis. We conducted

detailed analyses to understand how loss of Wnk1 impaired spermatogenesis. We show that WNK1 is upregulated as cells transition into

meiosis, and that ablation of Wnk1 during mid-pachynema led to spermatogenic arrest in mid-pachytene spermatocytes which ultimately

resulted in azoospermia-associated infertility. Mechanistically, loss ofWnk1 expression in meiotic spermatocytes elevated MTOR expression

and phosphorylation, which in turn activated its downstream substrate, the translation mediator EIF4EBP1. Coincidentally, the post-meiotic

acrosome protein ACRBP was prematurely expressed in the Wnk1-depleted spermatocytes, demonstrating a possibility that WNK1 may

impact translation through MTOR.

RESULTS

Wnt7a-Cre mediated Wnk1 ablation unexpectedly led to male sterility

In our previous study attempting to understandWNK1’s function in the uterus, we used theWnt7a-Cremousemodel to deleteWnk1 expres-

sion with the expectation thatWnt7amediated Cre causes gene recombination in the uterine epithelium.21 An unexpected observation was

that the maleWnk1f/f;Wnt7a-Cre offspring were sterile. We first confirmed this by performing breeding trials where theWnk1f/f (control) and

Wnk1f/f;Wnt7a-Cremalemice between six and seven weeks of age were housed with wild type females for a period of 6months during which

the femalemicewere closelymonitored for pregnancy anddelivery.Within sixmonths, five controlmales produced a total of 28 litters and 188

pups, while no litters were ever produced from the females housedwith theWnk1f/f;Wnt7a-Cremales. This infertility phenotype revealed that

Wnt7a-Cre was likely expressed in the males resulting in Wnk1 deletion which impacted fertility. Gross comparison of Wnk1f/f and Wnk1f/f;

Wnt7a-Cre mice showed that the primary site affected was the testes (Figure 1A). Besides the infertility and significantly reduced testis

weights, the Wnk1f/f and Wnk1f/f; Wnt7a-Cre mice appeared otherwise indistinguishable in terms of behavior, body mass (Figure 1B), and

gross morphology of other organs. The testis-to-bodymass ratios of theWnk1f/f;Wnt7a-Cremice were only�30% of theirWnk1f/f littermates

(Figure 1C), suggesting that infertility was possibly due to impaired spermatogenesis and loss of advanced germ cells.

Wnk1 is upregulated during the spermatogonia to spermatocyte transition

AlthoughWnk1mRNA and protein levels were previously reported in whole testes,22,23 its expression trend and regulation in specific somatic

or germ cell types remain unknown. Therefore, we first examinedWNK1protein expression during steady-state spermatogenesis in the testes

of adult wild-type mice by immunohistochemistry (IHC). WNK1 was expressed in all intratubular cells and not confined to any stage of the

spermatogenic progression (Figure 1D), and a closer examination revealed that in some tubules, cells closer to the basement membrane

had the highestWNK1 protein levels (Figure 1D, inset, arrows). To define the specific cells expressing highWNK1 levels, we next synchronized

spermatogenesis in the developing testis to obtain defined germ cell types at different stages of development.24,25 Briefly, mice were orally

dosedwith the potent and selective RA synthesis inhibitorWIN 18,446 daily frompostnatal day 1 (P1) to P10, which prevented spermatogonial

differentiation. As a result, progenitor spermatogonia proliferated without differentiating and entering meiosis. On P11, a single dose of RA

was administered, and progenitor spermatogonia differentiated synchronously. Owing to the precise timing of each spermatogenic stage,

the cell populations present in the testis at different time points post RA stimulation can be accurately determined.24 Mice were euthanized at

the following ages, and the most advanced germ cells are indicated in parentheses: P14 (type A3 spermatogonia), P17 (type B spermato-

gonia), P19 (preleptotene spermatocytes), P20 (leptotene spermatocytes), P23 (early pachytene spermatocytes), and P26 (mid-pachytene

spermatocytes). WNK1 expression was determined by immunofluorescence (IF), and the pan germ cell marker TRA98, the differentiating

spermatogonia marker KIT, and the spermatocyte marker SYCP3 were co-immunostained to define the germ cell differentiation stage. Suc-

cessful synchronization was confirmed by the presence of KIT-positive differentiating spermatogonia at P14 and P17 (Figure 1E), and the pres-

ence of SYCP3-positive foci on P19 as expected for preleptotene spermatocytes (Figure 1F). WhileWNK1 is detectable in differentiating sper-

matogonia, its levels increased significantly at the preleptonema stage (Figure 1E). WNK1 levels remained high during leptonema and early

pachynema, and thereafter, WNK1 levels decreased slightly as the cells reachedmid-pachynema but remained higher than pre-meiotic levels

(Figures 1E and 1F). These results indicated that WNK1 was expressed throughout early spermatogenesis, with an upregulation during the

spermatogonia to spermatocyte transition, resulting in high expression in spermatocytes starting at the preleptonema/leptonema stage.

To ensure that WNK1 expression followed a similar trend in steady-state spermatogenesis, we next examined testes from post-pubertal

wild-type mice. WNK1 was immunolabeled in conjunction with KIT or SYCP3 to differentiate between the spermatogonia and spermatocyte

Figure 1. Continued

andMP, mid pachytene spermatocytes at P23 and P26, respectively. KIT or SYCP3 were co-stained in green, and TRA98 was co-stained in blue to mark the germ

cells. Scale bar = 20 mm for both magnifications.

(G) IF showing expression of WNK1 (red), KIT (green), SYCP3 (yellow) and TRA98 (blue) in wildtype, 8-week-old mouse testis. Left panel: Arrows indicate KIT

positive differentiated spermatogonia, and arrowheads show KIT negative spermatocytes. Right panel: Arrowheads show SYCP3 positive spermatocytes,

while arrows mark SYCP3 negative spermatogonia. Scale bar = 20 mm.
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Figure 2. Detection of recombined loxP alleles in the germline of Wnt7a-Cre mice

(A) Endogenous EGFP (green) and tdTomato (red) expression from testis of the control (Wnt7a-Cre) mice and the reporter (mT/mG; Wnt7a-Cre) mice, which

expressed EGFP in Wnt7a-Cre-positive cells; and tdTomato in Wnt7a-Cre-negative cells. Nuclei were counterstained with DAPI and shown in blue, scale

bars = 100 mm for top and middle panels, and 50 mm for the bottom panel.

(B) Endogenous EGFP (green) and tdTomato (red) expression in a stage V–VI tubule from the mT/mG; Wnt7a-Cre mouse. Insets show two independent Sertoli

cells, and DAPI stain show nuclei in blue, scale bars = 50 mm (large image) and 10 mm (insets).

(C) GFP (cyan) and SYCP3 (purple) immunostaining of testicular cross sections from theWnt7a-Cre control mice, and the Sun1GFP;Wnt7a-Cre reporter mice, which

expresses nuclear-membrane localized GFP inWnt7a-Cre-positive cells. Stage XI tubules are shown in the top andmiddle panels, and stage V–VI tubule is shown

in the bottom panel. Dashed white lines denote tubule boundary, and DAPI shows nuclei in yellow. Top panel: Negative control showing testis cross section from

the Wnt7a-Cre mice subjected to immunolabeling of GFP (cyan) and SYCP3 (purple). Middle panel: Dashed arrows mark GFP-positive and SYCP3-positive

diplotene spermatocytes, arrowheads indicate GFP-negative and SYCP3-positive zygotene spermatocytes, and arrows show GFP-negative, SYCP3-negative

spermatogonia. Bottom panel: dashed arrows show GFP-positive, SYCP3-positive pachytene spermatocytes and arrowheads mark GFP-negative and SYCP-

negative B spermatogonia. Scale bar = 20 mm.

(D) GFP (blue) and gH2AX (red) immunostaining of testis cross sections from Sun1GFP;Wnt7a-Cremice. Nuclei are shown byDAPI in yellow and dashedwhite lines

outline the tubule of interest with its stage annotated on the left. Insets show zygotene spermatocytes from stage XII tubule, and pachytene spermatocytes from

the rest. Arrowheads show GFP-negative cells, and arrows indicate GFP-positive cells. Note that the middle and bottom panels are showing different tubules

from the same image. Scale bars = 50 mm for large images, and 10 mm for the insets.
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populations (Figure 1G). WNK1 expression is visibly higher in KIT-negative spermatocytes as compared to neighboring KIT-positive differ-

entiating spermatogonia (Figure 1G, left panel). Similarly, SYCP3-positive spermatocytes exhibited higher WNK1 levels in comparison to

adjacent SYCP3-negative spermatogonia (Figure 1G, right panel). To further confirm these results, we also analyzed WNK1 expression in tu-

bules of different stages by co-immunolabeling with peanut agglutinin (PNA), a lectin which binds to the acrosome membrane and displays

unique patterns at the different stages of the seminiferous cycle.26 Comparison of neighboring stage VI and stage VIII tubules revealed an

increase of WNK1 expression from B spermatogonia (Figure S1, stage VI, SYCP3-negative cells indicated by arrows) to preleptotene sper-

matocytes (Figure S1, stage VIII, SYCP3-positive cells indicated by arrowheads), confirming that in adult steady-state spermatogenesis,

WNK1 expression is induced as cells enter the meiotic phase. Next, we examined whether WNK1 levels decrease during the pachynema

phase as observed in synchronized spermatogenesis. Here, we compared neighboring tubules at stages II and VI representing early pachy-

tene and mid-pachytene spermatocytes (Figure S2). We found that WNK1 levels decreased in stage VI SYCP3-positive spermatocytes

compared to stage II SYCP3-positive spermatocytes (Figure S2, arrowheads mark the spermatocyte population). Lastly, we also examined

a stage X tubule where late-pachytene spermatocytes line the zygotene spermatocytes (Figure S3). Indeed, WNK1 expression was visibly

higher in the zygotene spermatocytes (Figure S3, arrowheads) compared to late-pachytene spermatocytes (Figure S3, arrows). Taken

together, we demonstrate that WNK1 exhibited similar expression pattern in synchronized and steady-state spermatogenesis, which peaks

during preleptonema/leptonema, and decreases during pachynema progression.

Detection of recombined loxP alleles in mid-pachytene spermatocytes of Wnt7a-Cre mice

Based onWNK1’s testicular expression in wild-type mice and the substantial reduction of testis size in theWnk1f/f;Wnt7a-Cremice, we spec-

ulated thatWnt7a-Crewas expressed in the testis. To test this, we examined the localization of theCre activity in the testes ofmT/mG;Wnt7a-

Cre reporter mice.27 These mice express membrane-targeted tdTomato (mT) in Cre-negative cells, and membrane-targeted EGFP (mG) in

Cre-positive cells. EGFP was detected only in the intratubular space while all interstitial cells were tdTomato-positive (Figure 2A). This indi-

cated thatWnt7a is not expressed in the Leydig cells. In addition, closer examination within the tubules indicated that Sertoli cells were also

tdTomato-positive and EGFP-negative (Figure 2B, insets). Hence, the sterility phenotype observed in the Wnk1f/f; Wnt7a-Cre mice was not

associated withWnk1 depletion in Sertoli or Leydig cells. EGFP expression was evidently in the germ lineage, and while EGFP accumulation

became apparent in round and especially elongating spermatids, expression in the spermatocytes appeared ambiguous (Figures 2A and 2B).

To further assess this, we next examined SYCP3 andCRE (EGFP) in parallel by immunolabeling (Figures 2C and 2D). Here, to accurately define

the nuclear boundary, we further generated the Sun1GFP;Wnt7a-Cre reportermice, in which EGFP is specifically localized to the nuclearmem-

brane ofCre-positive cells.28 To enhance theGFP signal, we immunolabeledGFP using aGFP specific antibody, and the specificity of theGFP

antibody was confirmed as no GFP was observed in the Wnt7a-Cre control mice (Figure 2C, top panel). No CRE activity (lack of EGFP) was

detected in SYCP3-negative spermatogonia (Figure 2C, solid arrows inmiddle panel). In addition, SYCP3-negative B cells and SYCP3-positive

zygotene spermatocytes were both EGFP-negative (Figure 2C, arrowheads in bottom panel and arrowheads in middle panel, respectively),

suggesting that Wnt7a is not expressed at these stages. EGFP was detected in the pachytene and diplotene spermatocytes (Figure 2C,

dashed arrows in the bottomand top panels, respectively). This indicated that EGFPexpressionwas likely first present in pachytene spermato-

cytes. To further pinpoint the onset of Wnt7a-Cre activity, we co-immunolabeled phosphorylated H2AX (gH2AX) which exhibits distinctive

expression trends during prophase of meiosis I (Figure S4).29 Here, no EGFP was observed in zygotene spermatocytes in stage XII tubule,

confirming that EGFP was not expressed throughout zygonema (Figure 2D, top panel). EGFP was still not detected in early stage pachytene

spermatocytes, indicating that CRE activity likely initiated after pachynema onset (Figure 2D, middle panel). EGFP became visible around the

nuclear membrane during stage V–VI (Figure 2D, bottom panel), suggesting that the onset of Wnt7a-mediated CRE activity is likely during

mid-pachynema in the primary spermatocytes. Next, to confirm thatWnt7a-Cre is inducingWnk1 deletion in themale germline in theWnk1f/f;

Wnt7a-Cremice,WNK1 protein levels were assayed by western blot and IF.Whole testis lysates containedmarkedly lowerWNK1 levels in the

Wnk1f/f; Wnt7a-Cremice compared to littermate controls (Figure 2E), confirming CRE-induced gene recombination and thusWnk1 deletion

in the testis. WNK1 immunolabeling using testis cross sections also supported this, where WNK1 was readily detected in the Wnk1f/f testis

which was higher in meiotic cells (Figure 2F inset i, arrows). In theWnk1f/f; Wnt7a-Cremice, the level of WNK1 in spermatocytes are markedly

lower compared to theWnk1f/f spermatocytes (Figure 2F inset ii, arrows). Cells further down the differentiation pathway showed nodetectable

WNK1 expression (Figure 2F inset ii, arrowheads indicate few such cells), confirming WNK1 deletion after CRE activation in the Wnk1f/f;

Wnt7a-Cre mice.

Since themale germline expression of theWnt7a-Cre andWNK1’s critical function during spermatogenesis are both new findings, we first

confirmed the phenotype using a secondgermlineCre,Hspa2-Crewhich is activated in leptotene/zygotene spermatocytes.30Wnk1f/f; Hspa2-

Cre mice exhibited infertility and reduced testicular sizes (Figure S5), providing further support that Wnk1 deletion in the spermatocytes

causedmale infertility. Lastly, given thatWnt7a is not exclusively expressed in themale germline, we further confirmed that it was the deletion

of Wnk1 from the germline that caused infertility in the Wnk1f/f; Wnt7a-Cre mice, and not loss of Wnk1 in other organs. To address this, we

used the tamoxifen (TAM)-inducible Ddx4-CreERT mouse model, which drives Wnk1 deletion only in the germline upon TAM treatment.31

CRE activity and Wnk1 deletion were first confirmed by western blot of testicular lysates, which showed substantial WNK1 reduction in

Figure 2. Continued

(E) Western blot showing WNK1 protein levels in the whole-testis from Wnk1f/f and Wnk1f/f; Wnt7a-Cre mice, b-Actin serves as loading control.

(F) WNK1 (cyan) and TRA98 (red) immunostaining of testis cross sections from adult Wnk1f/f and Wnk1f/f; Wnt7a-Cre mice. Arrows show meiotic cells, and

arrowheads indicate some germ cells without WNK1 expression. Scale bars = 50 mm for large images, and 20 mm for the insets.
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TAM-treated Wnk1f/f; Ddx4-CreERT2 mice, as compared to TAM-treated Wnk1f/f littermate controls (Figure S6). Indeed, the Wnk1f/f; Ddx4-

CreERT2 mice were infertile with smaller testes (Figure S6), confirming that it is the germline-specific deletion of Wnk1, and not other

Wnt7a-expressing cells that caused infertility in the Wnk1f/f; Wnt7a-Cre mice.

Loss of Wnk1 caused meiotic arrest during mid-pachynema

The Wnk1f/f; Wnt7a-Cre mice exhibited severely disrupted spermatogenesis as indicated by histology (Figure 3A). The constituting tubules

were decreased in diameter owing to the decreased number of germ cells which lead to disorganization and thinness of germinal epithelium.

Germcell degenerationwasobserved in a variety ofways, including spermatocyteswith hypereosinophilic, contractedcytoplasmandpyknotic

nuclei indicative of apoptosis (Figure 3A, i–iii). The round spermatids were rare and those that were present appeared morphologically

abnormalwith ring formsandmarginatedchromatin (Figure3A, iv). Further,multinucleatedgiant cellswhich indicatesaggregationanddegen-

eration of the round spermatids were also observed (Figure 3A, v). Vacuolation of the Sertoli cells further indicated generalized germinal cell

A

B

C

D

(figure continued on next page)
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Figure 3. Loss of Wnk1 causes meiotic arrest during mid-pachynema

(A) Hematoxylin and eosin (H and E) staining of testicular cross sections from the Wnk1f/f and Wnk1f/f; Wnt7a-Cre mice. Insets show pyknotic nuclei (i–iii), rare

round spermatids with ring forms and marginated chromatins (iv), multinucleated giant cell (v), and vacuolation of Sertoli cells (vi). Scale bar = 100 mm for

large images, and 10 mm for insets.

(B) H and E staining of the cauda epididymis from the Wnk1f/f and Wnk1f/f; Wnt7a-Cre mice. Scale bar = 200 mm.

(C) Top panel: Dual immunolabeling of TRA98 (red) and SOX9 (cyan) of testis cross sections from theWnk1f/f andWnk1f/f;Wnt7a-Cremice to show the germ and

somatic populations, respectively. Scale bar = 100 mm. Middle and bottom panels: SYCP3 immunostaining of testis cross sections to show meiotic cells in the

Wnk1f/f and Wnk1f/f; Wnt7a-Cre mice. Insets (bottom panel) show magnification of a stage VIII tubule, and nuclei is marked by DAPI in white. Scale bars =

200 mm (middle panel) and 50 mm (bottom panel).

(D) SYCP3 (cyan) immunostaining to show SYCP3-negative post-meiotic cells in the testis of Wnk1f/f and Wnk1f/f; Wnt7a-Cre mice. Insets show magnification of

stage VII–VIII and V–VI tubules (top and bottompanels, respectively), and nuclei is marked byDAPI in white. Scale bar = 100 mm for the larger image, and 20 mm for

the insets.

(E) Quantification of round spermatids in stage I–VIII tubules from the Wnk1f/f and Wnk1f/f; Wnt7a-Cre mice. The number of spermatids were normalized to

tubular length, and 15 tubules were counted from three independent mice for each group. ****p < 0.0001 based on the Mann-Whitney U test.

ll
OPEN ACCESS

iScience 26, 107616, September 15, 2023 7

iScience
Article



degeneration or atrophy (Figure 3A, vi). Elongated spermatids were not observed in any of the Wnk1f/f; Wnt7a-Cre testes suggesting sper-

matogenic arrest prior to formation of elongated spermatids. This was confirmed by the absence of sperm in the epididymis (Figure 3B).

Next, we examined germ and somatic populations using TRA98 and SOX9 immunolabeling in the control andWnk1f/f; Wnt7a-Cre testes.

Evidently,Wnk1f/f; Wnt7a-Cre testes contained substantially less TRA98-positive cells (Figure 3C, top), confirming the loss of germ lineage in

theWnk1f/f; Wnt7a-Cremice. In addition, all tubules in theWnk1f/f; Wnt7a-Cre testes contained SYCP3-positive cells, indicating that meiotic

initiation was likely not impeded (Figure 3C, middle and bottom panels). A closer examination revealed that in the Wnk1f/f control testis, all

stage I–VIII tubules contained round spermatids (Figure 3D, left panel). However, in theWnk1f/f; Wnt7a-Cre testis, the number of round sper-

matids in stage I–VIII tubules were either rare or absent (Figure 3D, right panel), indicating that the arrest occurred prior to meiotic comple-

tion. This was confirmed by quantitative analyses where the number of round spermatids in stage I–VIII tubules were counted and normalized

to the tubule length (Figure 3E). We next analyzed the spermatocyte populations to determine whether spermatogenesis was arrested at the

meiotic stage. Here, we dual labeled the cells with gH2AX and SYCP3 to define the meiotic stage of the primary spermatocytes. Combined

with staging of the tubules, cells labeled with gH2AX and SYCP3 were categorized into leptotene, zygotene, and pachytene spermatocytes in

control testes (Figure 3F, top half).While the same spermatocyte populations were present in theWnk1f/f; Wnt7a-Cre testes, they appeared to

be in altered quantities compared to control testes (Figure 3F, bottom half). We next quantified the number of leptotene spermatocytes

(stages IX–X), zygotene spermatocytes (stages XI–XII), early pachytene spermatocytes (stages I–IV), mid-pachytene spermatocytes (stages

V–VIII), late-pachytene spermatocytes (stages IX–X), and diplotene spermatocytes (stage XI) in the Wnk1f/f and Wnk1f/f; Wnt7a-Cre testes.

This revealed that at the leptonema, zygonema, and early pachynema stages, more spermatocytes were present in the Wnk1f/f; Wnt7a-

Cre mice compared to the Wnk1f/f mice (Figure 3G). Spermatocyte numbers were comparable during mid-pachynema but by late-pachy-

nema, the Wnk1f/f; Wnt7a-Cre mice had significantly fewer spermatocytes compared to the Wnk1f/f mice (Figure 3G). The ratio of early-:

mid-: late-pachytene spermatocytes was 1: 1.181: 1.422 in the Wnk1f/f mice, whereas in the Wnk1f/f; Wnt7a-Cre mice, the ratio was 1:

0.602: 0.366. This suggested that the primary arrest occurred during mid-pachynema, which was also the stage during which Wnt7a expres-

sion initiated. As failure of meiosis triggers apoptosis, we next examined apoptotic activities via TUNEL assay (Figure 3H). We quantified

apoptosis by counting the TUNEL-positive cells in 128 and 215 tubule cross sections from threeWnk1f/f and threeWnk1f/f; Wnt7a-Cre testes,

respectively (Figure 3I), which revealed a significant increase of apoptosis in the Wnk1f/f; Wnt7a-Cre testes. The average number of TUNEL-

positive cells per tubule was 0.56 G 0.16 and 6.89 G 1.62 for the control and Wnk1f/f; Wnt7a-Cre mice, respectively (Figure 3J). Together,

these findings confirmed that WNK1 deletion frommid-pachytene spermatocytes led to spermatogenic arrest during mid-pachynema which

was associated with increased apoptosis.32

Single-cell RNA-seq (scRNA-seq) confirmed meiotic impairment in the Wnk1f/f; Wnt7a-Cre testes

To characterize the impact of Wnk1 deletion on meiosis at the molecular level, we profiled the transcriptomes of the Wnk1f/f and Wnk1f/f;

Wnt7a-Cre germ cells. Testicular single-cell suspensions were obtained from Wnk1f/f and Wnk1f/f; Wnt7a-Cre mice aged between six and

eight weeks. Cells were then processed by the 10X Genomics Chromium Controller to create single-cell libraries for sequencing. In total,

12,656 and 13,437 cells were captured and sequenced from the Wnk1f/f and Wnk1f/f; Wnt7a-Cre testes, respectively. Of these, 9,436 and

9,833 cells from the respective mice passed standard quality control and were retained for subsequent analyses. On average, 21,019 unique

molecular indices (UMIs) and 3,976 genes were detected per cell from theWnk1f/f testes, and 15,836 UMIs and 4,132 genes per cell were de-

tected from theWnk1f/f; Wnt7a-Cre testes. Unsupervised clustering identified major cell types belonging to both germ and somatic lineages

(Figure 4A). Based on marker gene expression, somatic cells were identified including Sertoli, Leydig, and macrophages (Figure S7). Germ

cells were subdivided, based on expression of established markers,33 into distinct populations that included subtypes of spermatogonia

(stem, progenitor, and differentiating), meiotic spermatocytes, and post-meiotic spermatids (Figure 4B). Note that in mouse spermatogen-

esis, Stra8 is expressed in progenitor to A2 differentiated spermatogonia and preleptotene spermatocytes, but then reduced in leptotene and

zygotene spermatocytes.33 Based on themarker gene expression, the clusters were accordingly annotated: SSC = spermatogonial stem cells;

pSPG= progenitor spermatogonia; dSPG= differentiating spermatogonia; SPC1–SPC4 = spermatocytes; and SPT1–SPT4 = spermatids (Fig-

ure 4C). These annotations were confirmed by trajectory modeling using Monocle,34 in which pseudotime values were assigned to each cell,

revealing a developmental progression starting at the SSC, followed by pSPG and dSPG, then SPC1–4 and finally, SPT1–4 in theWnk1f/f and

Wnk1f/f; Wnt7a-Cre testes (Figure 4D). Wnt7a is detected mostly in the SPC3 cluster, suggesting that this cluster consists of mid-pachytene

Figure 3. Continued

(F) gH2AX (cyan) and SYCP3 (red) dual immunostaining of theWnk1f/f andWnk1f/f;Wnt7a-Cre testes to identify leptotene (insets i and iv, arrows), zygotene (insets

ii and v, arrows) and pachytene spermatocytes (insets iii and vi, arrows). Scale bar = 100 mm for large images and 20 mm for insets.

(G) Quantification of the number of leptotene (Lep), zygotene (Zyg), early pachytene (EP, stages I–IV), mid-pachytene (MP, stages V–VIII) and late pachytene (LP,

stages IX –X), and diplotene spermatocytes (Dip, stage XI) in the tubules of theWnk1f/f andWnk1f/f; Wnt7a-Cremice, normalized to the tubule length. Five tubules

from three independent mice were quantified, results shown are mean G SD, *p < 0.05 based on two-tailed Student’s t test.

(H) TUNEL (yellow) IF staining of the testes from control andWnk1f/f;Wnt7a-Cre testes to show apoptotic cells. Nuclei were counterstained with DAPI (blue), and

scale bar = 100 mm.

(I) Number of TUNEL-positive cells per tubules in 128 and 215 tubules from three Wnk1f/f and threeWnk1f/f; Wnt7a-Cre mice, respectively. Each dot represents

one tubule, and line indicates median. ****p < 0.0001 based on the Mann-Whitney U test.

(J) The average number of TUNEL-positive cells per tubule for the three individual Wnk1f/f and Wnk1f/f; Wnt7a-Cre mice. Results shown are mean G SD,

**p < 0.0005 based on two-tailed Student’s t test.
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spermatocytes (Figure 4E). The cell populations in theWnk1f/f andWnk1f/f; Wnt7a-Cre testes were markedly different—whileWnk1f/f control

testes possessed cells throughout the entire spermatogenic program from SSCs to elongating spermatids, the Wnk1f/f; Wnt7a-Cre testes

contained high numbers of spermatogonia and early to mid-stage spermatocytes with few late-stage spermatocytes or spermatids (Fig-

ure 4F). Examination of the number of cells in each cluster (as a % to the total number of cells) further revealed that the arrest occurred around

the SPC3 stage, as the SPC3 to SPC2 ratio forWnk1f/f; Wnt7a-Cremice were drastically lower thanWnk1f/f controls (0.80 vs. 3.73, Figure 4G).
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(figure continued on next page)
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This finding supports our histological observations that spermatogenesis in the Wnk1f/f; Wnt7a-Cre mice arrested primarily during the mid-

pachynema stage in primary spermatocytes shortly after the onset of Wnt7a-Cre.

To focus on the populations with Wnk1 ablation, we next re-clustered only the Wnk1-deficient germ cell populations (Figure 4H). Here,

semi-supervised clustering and marker gene expression identified three main cell types in five clusters: spermatocytes (clusters SPCa and

SPCbwhichwere Sycp1/Sycp2/Sycp3-positive); round spermatids (clusters rSPTa and rSPTbwhichwereDdx4/Catsper3/Catsper4/Acrv1-pos-

itive); and elongating spermatids (cluster eSPT which was Tnp1/Tnp2/Prm1/Prm3/Tssk6/Prm2-positive andDdx4-negative, Figures 4I and 4J).

Loss of Wnk1 altered MTOR signaling during meiotic progression

Finally, we focusedon the SPCa and SPCb clusters, in whichWnt7a-Cre expressionwas first detected.Differentially expressed genes (DEGs) in

the SPCa and SPCb clusters between the Wnk1f/f and Wnk1f/f; Wnt7a-Cre mice were identified based on adjusted p value < 0.05, base

mean > 0.2, and Log (2) fold-change > 0.2 or <�0.2, which identified 2,323 DEGs (Table S1). Genes with the largest increase in mRNA abun-

dance included the protamines (Prm1 and Prm2), the transition nuclear proteins (Tnp1 and Tnp2), the claudin protein Cldn5, zinc finger pro-

tein Zfp637, phospholipase protein Pla2g12a, CDC42 effector protein Cdc42ep3, acrosomal protein Slxl1, transcriptional regulator Trim54,

calmodulin Calm2, kinase Map4k1, and translation initiation factor Eif1b (Table S2). Genes with the largest decrease in mRNA abundance

were mitochondrial genes mt-Nd1, mt-Nd2, mt-Nd3, mt-Nd4, mt-Cytb, mt-ATP6, mt-Co3; RNA binding proteins Cirbp, Hnrnpa2b1, and

Rbm39, the histone modifier Ankrd12, and endoplasmic reticulum related proteins Erp29 and Ssr2. Many of these genes impacted by loss

of WNK1 are either crucial for spermatogenesis or sperm function, including Tnp1, Tnp2, Prm1, Prm2, Map4k1, Cldn5, Cirbp, Zfp637,

Slxl1, and Ankrd12 (Table S2). Whereas some genes have been implicated in spermatogenesis, germ cell function or male fertility, their exact

function remains to be determined (mt-nd1, mt-cytb, Pla2g12a, Calm2, Erp29, Rbm39, mt-nd4, mt-nd3, mt-Atp6, and mt-nd2), while others

have not been reported in the male reproductive system (Cdc43ep3, Trim54, and Eif1b). In addition, several known meiotic regulators were

also found to be impacted at the mRNA level in theWnk1f/f; Wnt7a-Cre spermatocytes (Table S3), including Sycp1, Sycp2, and Sycp3 which

form the axial and lateral elements of the synaptonemal complex during meiotic prophase I35; Smc1b which is critical for sister chromatid

cohesion and DNA recombination,36 Atr which mediates chromosome synapsis and DNA repair37; and Aurkc which is required for chromo-

some desynapsis and chromosome segregation.38

To obtain a global view of cellular functions impacted by WNK1 loss, the DEGs were systemically analyzed using bioinformatic tools

including TopGO R Package (https://doi.org/10.18129/B9.bioc/topGO), ingenuity pathway analysis (IPA),39 as well as gene set enrichments

analysis (GSEA).40,41 The gene ontology and pathway analyses unanimously ranked one of the top-most impacted events in the Wnk1f/f;

Wnt7a-Cre spermatocytes as ‘‘proteostasis maintaining function’’—which included cytoplasmic translation, translation, peptide biosynthesis

and metabolism, proteolysis, RNA binding and processing, and protein ubiquitination (Tables S4 and S5). Among those, translation initiation

was one of the most positively enriched pathways as predicted by GSEA (Figure 5A), as well as EIF2 and EIF4 signaling, both of which are

required for translation initiation (Table S5). Interestingly, our previous work indicated that WNK1 represses the major translation regulator

MTOR in endometrial cells,18 and upstream regulator analysis revealed several events correlating with upregulated MTOR signaling in the

Wnk1f/f; Wnt7a-Cre spermatocytes. These included significant positive Z-score for MTOR itself and its activator DDX5; as well as negative

Z-scores for several MTOR repressors including sirolimus (rapamycin), torin1, UCHL1, and MAP4K4 (Figure 5B). The ribonucleoprotein

LARP1, which is negatively regulated by MTOR and represses mRNA translation also exhibited a negative Z-score, supporting an elevation

in MTOR signaling and translation.42,43 In addition, several factors known to regulate translation also showed altered activity in the absence of

WNK1, including KDM5A, DDX25, DDX3X, and the MYC proteins.

Figure 4. Single-cell RNA-seq (scRNA-seq) confirmed meiotic impairment in the Wnk1f/f; Wnt7a-Cre testes

(A) UMAP clustering of the combined testicular cells from three Wnk1f/f and two Wnk1f/f; Wnt7a-Cre mice, which identified 28 clusters.

(B) Expression patterns of selected spermatogonial, meiotic and post-meiotic marker genes corresponding to each cellular state on the UMAP plots: Dazl and

Dmrt1 (germ cells); Ret, and Gfra1 (spermatogonial stem cells); Egr4 and Zbtb16/Plzf (undifferentiated progenitor spermatogonia); Dnmt3b, Kit and Stra8*

(differentiated spermatogonia); Hormad1 and Hspa2 (meiotic spermatocytes); as well as Acrv1 and Prm1 (post-meiotic spermatids). *Note that in mice, Stra8

expression is detected in differentiated spermatogonia as well as preleptotene to zygotene spermatocytes.33

(C) Annotation of each germline UMAP cluster based on marker gene expression: SSC = spermatogonial stem cells; pSPG and dSPG = progenitor and

differentiated spermatogonia, respectively; SPC1 – SPC4 = spermatocytes; and SPT1 – SPT4 = spermatids.

(D) Pseudotime reconstruction of the germ cell developmental trajectory starting at the SSC cluster and ending in the SPT4 cluster in the Wnk1f/f and Wnk1f/f;

Wnt7a-Cre testes.

(E) Onset of Wnt7a expression in SPC3 cluster, indicating CRE activation and Wnk1 deletion.

(F) UMAP clustering of the Wnk1f/f (left) and Wnk1f/f; Wnt7a-Cre (right) germ lineage through the spermatogenic progression.

(G) The number of cells present at each spermatogenic stage in theWnk1f/f andWnk1f/f; Wnt7a-Cre testes, expressed as% of total cells in the respective libraries.

(H) UMAP clustering of the germ cells with Wnk1 deletion (i.e., clusters SPC3, SPC4, SPT1, SPT2, SPT3, and SPT4 from C) identified five clusters.

(I) Expression patterns of selected meiotic, round spermatids and elongated spermatids marker genes corresponding to each cellular state on the UMAP plots:

Sycp1, Sycp2 and Sycp3 (spermatocytes); Ddx4, Catsper3, Catsper4 and Acrv1 (round spermatids); and Tnp1, Tnp2, Prm1, Prm3, Tssk6 and Prm2 (elongated

spermatids and testicular sperm). Note that Ddx4 expression decreases in elongated spermatids.

(J) Annotation of each UMAP cluster based onmarker gene expression for theWnk1f/f testes and theWnk1f/f; Wnt7a-Cre testes: SPCa and SPCb = spermatocytes

encompassing mid-pachytene spermatocytes to secondary spermatocytes; rSPTa and rSPTb, round spermatids; eSPT elongated spermatids and testicular

sperm.
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The predicted increase in MTOR and translation initiation represents a potential mechanism through which loss of WNK1 could impair

spermatogenesis. To test this, we next examined MTOR levels in control and Wnk1f/f; Wnt7a-Cre testes. Indeed, both phosphorylated

and total MTOR protein levels were substantially elevated as shown by western blotting of whole-testis extracts (Figure 5C). This suggested

that alterations to the MTOR pathway are primarily mediated at the expression level, and hence, we next focused on the total MTOR protein

levels. To further examine the cell populations with increasedMTOR expression, we dual-labeled the testicular cells withMTOR and SYCP3 to

specifically examineMTOR levels in the spermatocytes using IF (Figure 5D). Owing to the high background signals observed, we included the

secondary antibody only control in Figure S8 to confirm that intratubular signal were specific to theMTOR antibody (Figure S8). SinceWNK1 is

knocked-out during pachynema, we compared pre- and post-pachynema staged spermatocytes in stage XI tubules. In the control testis,

MTOR is expressed in the zygotene spermatocytes while neighboring diplotene spermatocytes showed significantly reduced MTOR levels

(Figure 5D i, red arrows and blue arrows indicate zygotene and diplotene spermatocytes, respectively). Similar MTOR expression is observed

in the Wnk1f/f; Wnt7a-Cre zygotene spermatocytes (Figure 5D ii, red arrows), however, the diplotene spermatocytes within the same tubule

p
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Figure 5. Loss of Wnk1 altered MTOR signaling during meiotic progression

(A) Gene set enrichment analysis (GSEA) of the DEGs detected in cluster SPCa and SPCb from the scRNA-seq results, showing a positive enrichment of genes

involved in translation initiation. All detected genes (Table S1) were ranked based on the fold changes (Wnk1f/f; Wnt7a-Cre vs.Wnk1f/f) from high (the left terminal

of X-axis) to low (the right terminal of X axis).

(B) Activity of upstream regulators as predicted by IPA based on the SPCa and SPCb DEGs between theWnk1f/f andWnk1f/f; Wnt7a-Cremice. Blue = repressed,

and red = activated (based on Z-score, left Y axis), and adjusted p values are shown on the right Y axis.

(C) Western blot showingMTOR and serine-2448 phosphorylatedMTOR levels in the whole-testis lysate from theWnk1f/f andWnk1f/f; Wnt7a-Cremice. b-tubulin

serves as loading control. (D) Total MTOR (green) immunostaining to show MTOR expression in stage XI tubule.

SYCP3 (white) was immunolabeled in parallel to identify zygotene (red arrows) and diplotene spermatocytes (blue arrows). Scale bar = 50 mm in the large image

and 10 mm in insets.

(E) Phosphorylated EIF4EBP1 (red) was immunolabeled in parallel with SYCP3 (cyan) in the Wnk1f/f and Wnk1f/f; Wnt7a-Cre testes. Insets 1 and 4 show B

spermatogonia (solid arrows) and mid-stage pachytene spermatocytes (dashed arrows). Insets 2 and 5 show leptotene spermatocytes (solid arrow) and late-

stage pachytene spermatocytes (dashed arrow); and insets 3 and 6 show zygotene spermatocytes (solid arrows) and diplotene spermatocytes (dashed

arrow). Scale bars = 50 mm and 20 mm for the larger image and the insets, respectively.

(F) Total EIF4EBP1 (purple) was immunolabeled in parallel with SYCP3 (cyan) at different stages of the seminiferous cycle for theWnk1f/f andWnk1f/f; Wnt7a-Cre

testes. Scale bar = 10 mm.

(G) Quantification of IF signal intensity of phosphorylated and total EIF4EBP1 in SYCP3-positive cells from 7 tubules of 3 independent mice. Results shown are

mean G SD, **p < 0.001 based on two-tailed Student’s t test.
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exhibited no reduction in MTOR level compared to their zygotene-staged predecessors (Figure 5D ii, blue arrows). These results confirmed

that loss of WNK1 in mid-pachytene spermatocytes upregulated MTOR protein levels.

To examine whether elevated MTOR levels affected mTORC1 signaling, we next examined its phosphorylation target EIF4EBP1. In the

EIF4-dependent translation initiation pathway, MTOR phosphorylates EIF4EBP1, and the phosphorylated EIF4EBP1 then releases EIF4E,

which is freed to recruit 40S ribosomal subunit to the 50 end of mRNAs, thereby initiating translation.44 Hence, the degree of EIF4EBP1

phosphorylation is an indication of MTOR-mediated translational activity. We conducted IF to assess EIF4EBP1 phosphorylation level, and

due to the high background signals observed, we included the secondary antibody only control in Figure S8 to confirm that intratubular signal

were derived specifically from the phopho-EIF4EBP1 antibody (Figure S8). In the control testes, EIF4EBP1 is highly phosphorylated in SYCP3-

negative spermatogonia (Figure 5E, inset 1, solid arrow). Phosphorylation decreased but was still detectable as spermatogonia progressed to

leptonema and zygonema (Figure 5E, insets 2 and 3, solid arrows). By pachynema, EIF4EBP1 phosphorylation decreased to levels that were

barely within detection range (Figure 5E, insets 1 and 2, dashed arrows). In the Wnk1f/f; Wnt7a-Cre mice, spermatogonia, leptotene, and

A
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(figure continued on next page)
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zygotene spermatocytes showed similar levels of EIF4EBP1 phosphorylation as the control mice (Figure 5E, solid arrows in insets 4, 5, and 6).

However, the high levels of EIF4EBP1 phosphorylation were maintained inWnk1f/f; Wnt7a-Cre pachytene spermatocytes (Figure 5E, insets 4

and 5, dashed arrows). This phosphorylation was maintained through pachynema, as diplotene spermatocytes still exhibited EIF4EBP1 phos-

phorylation (Figure 5E, inset 6, dashed arrow). In addition, when we examined total EIF4EBP1 levels in the spermatocytes at different stages of

the seminiferous cycle, we found no obvious differences between the Wnk1f/f and Wnk1f/f; Wnt7a-Cre mice (Figure 5F). These visual obser-

vations were confirmed by IF signal intensity quantification using the FIJI software (Figure 5G). Hence, the increase in EIF4EBP1 phosphory-

lation was likely due to elevated mTORC1 signaling and not increase in total EIF4EBP1 level. In addition, the elevated level of EIF4EBP1

phosphorylation supported the idea that loss of Wnk1 from the spermatocytes could impact translation.

Premature expression of acrosomal protein ACRBP in the Wnk1f/f; Wnt7a-Cre spermatocytes

Translation control is an important gene expression regulatory mechanism in spermatogenic cells due to the transcriptional ‘‘shut-down’’,

which occurs during the homologous chromosome recombination in prophase of meiosis I, as well as the chromatin condensation phase

during spermiogenesis.45,46 As such, germ cells transcribe genes that are required for these transcriptionally inert stages and store them

as translationally repressed until needed. Basedon our findings that loss ofWNK1 increasedmTORC1 signaling, we postulated that thismight

cause increase in protein synthesis, leading to premature mRNA translation. To test this possibility, we examined the post-meiotically synthe-

sized acrosome to see if premature expression is detected in the Wnk1f/f; Wnt7a-Cre spermatocytes. First, we used PNA which binds to the

acrosomemembrane to assess the acrosomal status.26 We found that in theWnk1f/f; Wnt7a-Cre testis, PNA staining was already observed in

late-stage pachytene spermatocytes (Figure 6A, white arrows), suggesting that the acrosomal components were possibly expressed prior to

meiotic completion. Although this was an exciting observation, we could not rule out the possibility that premature PNA binding was asso-

ciated with defects in carbohydrate biosynthesis or secretion as PNA can also bind carbohydrates. To determine whether the PNA staining

C

Figure 6. Premature expression of acrosomal protein ACRBP in the Wnk1f/f; Wnt7a-Cre spermatocytes

(A) PNA binding (red) was examined in stage X tubules from the Wnk1f/f and Wnk1f/f; Wnt7a-Cre testes by IF in parallel with SYCP3 (cyan) and gH2AX (yellow).

White arrows show pachytene spermatocytes with PNA staining in the Wnk1f/f; Wnt7a-Cre mice. Scale bar = 20 mm.

(B) ACRBP (green), PNA (red) and SYCP3 (cyan) staining inWnk1f/f andWnk1f/f; Wnt7a-Cre testes at stages XII (subpanels i and ii), X–XI (subpanels iii and iv), and IX

(subpanels v and vi). Arrow, arrowheads, and dashed arrows indicate ACRBP-positive meiotic cells at stages XII, XI, and IX, respectively. Scale bars = 20 mm.

(C) ACRBP (green), PNA (red) and SYCP3 (cyan) staining inWnk1f/f andWnk1f/f; Wnt7a-Cre testes at stages II–IV (subpanels i and ii), V–VI (subpanels iii and iv), and

VII–VIII (subpanels v and vi). Arrows indicate the earliest detection of ACRBP expression in the Wnk1f/f; Wnt7a-Cre testis. Scale bar = 20 mm.
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detected in theWnk1f/f; Wnt7a-Cre spermatocytes were acrosome-like structures, we next immunolabeled actual acrosomal components—

the acrosin binding protein (ACRBP), the sperm equatorial segment protein 1 (SPESP1), and the acrosomal vesicle protein 1 (ACRV1) and de-

tected their expression via IF in the Wnk1f/f and the Wnk1f/f; Wnt7a-Cre testes. While we could not detect premature SPESP1 and ACRV1

expression in Wnk1f/f; Wnt7a-Cre testes (Figure S9), ACRBP was indeed, prematurely expressed in the spermatocytes (Figures 6B and 6C).

In the Wnk1f/f; Wnt7a-Cre testes, both PNA and ACRBP were detected in metaphase I spermatocytes (Figure 6B, panel ii, white arrow),

whereas none were present in the metaphase I spermatocytes from the control testes (Figure 6B, panel i). We further examined diplotene

and late-pachytene spermatocytes in stage IX–XI tubules and found that ACRBP was also present at this stage in the Wnk1f/f; Wnt7a-Cre

testes (Figure 6B, panels iii–vi, ACRBP-positive spermatocytes are indicated by arrows). Additionally, colocalization of ACRBP and PNA signal

indicated that the PNA signal likely corresponded to the acrosome-like structure. Last, we examined early andmid-pachytene spermatocytes

to determine when ACRBP was first expressed. No ACRBP was detected in spermatocytes between stages II and VI (Figure 6C, panels i–iv),

and the first sign of ACRBP expression was in stage VII–VIII spermatocytes shortly afterWnt7a-Cre onset (Figure 6C, panel vi, arrows). Taken

together, these results demonstrate that loss ofWnk1 in the spermatocytes elevatedMTORexpression andmTORC1 signaling. This was asso-

ciated with increased EIF4EBP1 phosphorylation, and the premature expression of the acrosomal component ACRBP.

DISCUSSION

In this study, we report our fortuitous discovery that WNK1 is required for spermatogenesis and male fertility through a combination of two

unexpected events. First, we demonstrate that Wnt7a, a Cre driver that was previously established for gene recombination in the uterine

epithelium,21 is also expressed in the male germline, causing gene recombination in the male gametes. Combining a series of studies using

reporter mice, we pinpoint the onset ofWnt7a-Cre tomid-stage pachytene spermatocytes. This unreportedmale germlineCre demonstrates

consistency and efficiency, whichwill be a valuable tool for studying spermatogenesis as current germlineCremodels are often compromised

by leakiness. Furthermore, the precise onset in mid-pachytene spermatocytes provides a useful tool to study spermatogenic meiosis during

the lengthy pachynema stage with a higher temporal resolution.

Our second finding is that WNK1 is indispensable for spermatogenesis. Interestingly, multiple studies have demonstrated that testes

exhibit the highest WNK1 expression when compared to other organs in humans, mice, and rats.22,23,47 Further, it was shown that the

WNK1 isoform expressed in the testis contains the kinase domain, indicating that it likely drives spermatogenic functions via its kinase activ-

ity.23 Indeed, amore recent study showed thatWNK1 is one of the kinases exhibiting the highest phosphorylation level based on human testis

phosphoproteomeprofiling.48 In the current study, we show thatWNK1depletion inmid-pachytene spermatocytes resulted inmale infertility.

This was due to failure to complete spermatogenesis, and we further determined that the primary arrest occurred during mid-pachynema in

the primary spermatocytes. It is worth noting that some cells do escape this primary arrest, as we did observe round spermatids in theWnk1f/f;

Wnt7a-Cre testes, albeit at low quantities. Despite this, the epididymides were completely devoid of sperm, which suggested that WNK1

likely have additional post-meiotic functions which impeded further development of the ‘‘escaped’’ round spermatids. Indeed, although

not discussed herein, WNK1 protein was also observed in the elongated spermatids based on IHC staining (Figures 1D, S1, and S2). The po-

tential pleiotropic function of WNK1 in regulating multiple stages of spermatogenesis is exciting and worth further exploring in the future.

Single-cell transcriptomic profiling supported our histological evaluations that firstly, the onset ofWnt7a-Crewas in themeiotic spermato-

cyte population, and secondly, Wnt7a-Cre onset rapidly caused spermatogenic arrest, as both events were observed in the SPC3/SPCa

cluster. Interestingly, single-cell profiling also detected a small population of elongated spermatids in the Wnk1f/f; Wnt7a-Cre mice despite

a complete absence in our histological examinations (Figures 4F and 4G–4J). We speculate that this may be due to the round spermatids

progressing transcriptionally but failing to undergo the morphogenetic program to form elongated spermatids, thereby forming cells

with transcriptomic profiles resembling that of elongated spermatids but still exhibiting round-spermatid morphology. Comparison of the

mid-pachytene spermatocytes (where the primary arrest occurred) between the Wnk1f/f and Wnk1f/f; Wnt7a-Cre mice revealed that loss of

Wnk1 increased MTOR signaling. This was observed with a concomitant increase in EIF4EBP1 phosphorylation, a direct target of MTOR in

the mTORC1 translation pathway. Hence, we further hypothesized that translation may be accelerated in the Wnk1-depleted spermato-

cytes.49 This was supported by our finding that premature expression of the acrosomal protein ACRBP was observed in the Wnk1-depleted

spermatocytes. Translation is a critically controlled process in maturing male germ cells to prevent premature expression of stored

mRNAs,45,46,50 and this is carefully orchestrated at multiple levels (including post-transcriptional and translational) to ensure temporally

appropriate protein expression.51–55 The identification of WNK1’s regulatory impact on MTOR and EIF4EBP1 suggested that WNK1 may

mediate translation in spermatocytes via the MTOR pathway. As MTOR is a major regulator of translation, we also speculate that loss of

Wnk1-induced MTOR upregulation likely impacts translation for multiple mRNAs. However, there appeared to be some selectivity, as we

did not observe premature translation for Acrv1 and Spesp1. To further understand the potential role of WNK1 in translation, an obvious

future direction is to identify the subset of mRNAs whose translation is impacted by the loss of Wnk1 via polysome profiling and ribosome

sequencing. Comparison of the structures of these transcripts, for instance, the 50 and 30 UTRs, as well as the poly(A) tail length and

modifications may provide insights into how translation of these mRNAs are regulated. While disrupted translation in the male germline is

detrimental to spermatogenesis, and premature expression of several proteins has been shown to compromise spermatogenesis and

fertility,56–58 whether premature expression of ACRBP was actually the causing factor for spermatogenic failure in the Wnk1f/f; Wnt7a-Cre

mice, and whether this was associated with increased MTOR signaling remain to be validated.

The mechanism underlying WNK1’s regulation of MTOR is another interesting avenue to explore. In our previous study, we found that

MTOR was also repressed by WNK1 in the female reproductive tract.18 This indicated that the regulatory function of WNK1 on the MTOR
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pathwaymay exist in other tissues. Although the exactmolecularmechanisms underlying howWNK1 regulatesMTOR signaling remains to be

elucidated, our data suggest that in the male germline, the primary modulatory node is at the MTOR protein expression level. Further, we

speculate that the increased MTOR protein level with loss of Wnk1 is likely (or at least partially) mediated at the mRNA level. This is based

on the scRNA-seq data which indicated a significant upregulation of Mtor in Wnk1f/f; Wnt7a-Cre spermatocytes compared to control sper-

matocytes (Table S1). This means that under normal conditions, WNK1 may repressMtor transcription or accelerateMtormRNA decay, and

hence, loss of WNK1 resulted in increasedMtor transcripts. Another interesting aspect of our study is that most studies aimed at understand-

ing the function of MTOR in spermatogenesis examines how loss of MTOR impacts germline development and function using genetic or

pharmacological methods, and little is known about how overexpression of MTOR or how elevated mTORC1 signaling impact germline

development and function in vivo.

While MTOR signaling (and possibly translation) appeared to be one of the impacted biological processes in the absence of WNK1, other

yet-unexplored possibilities should also be considered. Based on DEGs in the mid-pachytene spermatocytes, another obvious candidate is

the mitochondria—as expression of many mitochondrial genes were severely impacted in theWnk1f/f; Wnt7a-Cre spermatocytes (Table S2),

and ‘‘oxidative phosphorylation’’ and ‘‘mitochondrial dysfunction’’ were also among the topmost significantly impacted pathways (Table S5).

Mitochondrial functionality is a critical factor in male fertility in multiple aspects, including energy metabolism and DNA condensation.59 It

would be interesting to assess mitochondrial biology in the Wnk1f/f; Wnt7a-Cremice to understand whether WNK1 is associated with mito-

chondrial function in the male germline. Another feasibility is that loss of WNK1 led to infertility via dysregulated PP2A phosphatase activity in

the spermatocytes. This is a signaling axis we previously elucidated in uterine cells, whereWnk1 deletion led to decreased expression of mul-

tiple PP2A subunits, which in turn impacted AKT and FOXO1 phosphorylation.18 Intriguingly, others have found that germline knockout of

PP2A components similarly led to meiotic impairment and male infertility in mouse models.60,61 Hence, it’s possible that in the Wnk1f/f;

Wnt7a-Cremice, the infertility is associated with PP2A dysfunction, however, this possibility must also be validated. Lastly, DEG analysis be-

tween theWnk1f/f andWnk1f/f; Wnt7a-Cre spermatocytes revealed a multitude of dysregulated genes with reported roles in male germ cell

development and function. For example,Tekt4, Ropn1, Ropn1l,Akap3, Iqub, Sord, Tssk1,Odf2, andCatsperg2 are required for normal sperm

morphology and motility62–66;Odf1 is crucial for sperm head-tail coupling67; Adam3 and Spa17 are required for sperm migration and sperm

binding to zona pellucida65,68; and Cadm1 which is required for germ cell adhesion to Sertoli cells.69 The altered expression of these genes

suggests WNK1 could regulate other aspects of male fertility. Although these observations provide novel directions for future exploration,

these speculations require further verification at the protein level.

With everything considered, it is also possible that ablation ofWNK1 in the spermatocytes impactedmultiple signaling pathways and func-

tions, which cumulatively resulted in male infertility. Nonetheless, WNK1’s criticality in spermatogenesis is solidly established in this study.

Further, identification of WNK1 as a regulator of MTOR is pertinent as both WNK1 and MTOR are ubiquitously expressed. Understanding

WNK1’s molecular mechanisms and subcellular functions in the germ cells could be extrapolated to other systems where WNK1 is also ex-

pressed and functional to provide potential insights into WNK1’s function and WNK1-dysregulation induced disease states. Future studies

will combineWNK1 phosphoproteome profiling and immunoprecipitation coupled tomass spectrometry to identifyWNK1’s direct targets in

the male germline, and expand the network from there.

In conclusion, impaired fertility and reproductive diseases affect a significant portion of our population. Understanding how the germline

functions by identifying and defining critical regulators will aid in the future treatment of fertility issues and germline-related diseases. Further-

more, the identification of WNK1, as well as mediators in the WNK1 signaling network will increase the repertoire of diagnostic and thera-

peutic tools or targets for the clinical management of male fertility and contraception.

LIMITATIONS OF THE STUDY

In this study, we showed that the kinase protein WNK1 is indispensable for spermatogenesis and male fertility. The deletion ofWnk1 during

mid-pachynema rapidly led to spermatogenic arrest prior to meiotic completion. We found that in theWnk1-depleted spermatocytes, there

was increased MTOR protein expression and increased mTORC1 signaling (as indicated by increased phosphorylation of EIF4EBP1, a direct

MTOR target). Concomitantly, we found premature expression of the acrosomal protein ACRBP, which supported our hypothesis that WNK1

elevated mTORC1 signaling, ultimately resulting in increased translation. The major scientific limitation of the current study is that we do not

understand the mechanism underlying how WNK1 modulate MTOR expression. In addition, the association between increased mTORC1

signaling and premature expression of ACRBP must be examined in more depth to establish the causal relationship for these two events.

One technical limitation of the study is that we used a non-standard approach of combining tubule staging and gH2AX/SYCP3 expression

to determine cell identity.
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Antibodies

Rabbit polyclonal anti-WNK1 Abcam Cat#ab137687

No RRID

Recombinant rabbit monoclonal anti-WNK1 Abcam Cat#ab174854

No RRID

Goat polyclonal anti-c-KIT R and D Systems Cat# AF1356; RRID: AB_354750

Rat monoclonal anti-GCNA1 (TRA98) Abcam Cat# ab82527; RRID: AB_1659152

Alexa Fluor� 647 Mouse monoclonal [Cor 10G11/7] to SCP3 Abcam Cat#ab205847

No RRID

Goat polyclonal anti-GFP Abcam Cat# ab5450; RRID: AB_304897

Rabbit monoclonal anti-phospho-histone H2A.X Ser139 Cell Signaling Technology Cat# 9718; RRID: AB_2118009

Rabbit monoclonal anti-phospho-4E-BP1 Thr37/46 Cell Signaling Technology Cat# 2855; RRID: AB_560835

Rabbit monoclonal anti-4E-BP1 Cell Signaling Technology Cat# 9644; RRID: AB_2097841

Rabbit polyclonal anti-ACRV1 ProteinTech Cat# 14040-1-AP; RRID: AB_10640426

Rabbit anti-ACRBP ThermoFisher Scientific Cat# PA5-58649; RRID: AB_2637614

Rabbit anti-SPESP1 ThermoFisher Scientific Cat# PA5-62301; RRID: AB_2647845

Mouse anti-Beta-Actin Sigma-Aldrich Cat# A5441; RRID: AB_476744

Rabbit anti-mTOR Cell Signaling Technology Cat# 2983; RRID: AB_2105622

Rabbit anti phospho-mTOR Cell Signaling Technology Cat# 2971; RRID: AB_330970

Chemicals, peptides, and recombinant proteins

RA Millipore Sigma R2625

WIN 18,446/BDAD Caymenchem 14018

TAM Millipore Sigma T5648

Critical commercial assays

In situ Cell Death Detection Kit Roche 1684795910

BCA Kit Pierce 23225

Deposited data

Raw and analyzed data This paper GEO: GSE234068

Experimental models: Organisms/strains

Mouse: Wnk1f/f: B6.129-Wnk1<tm1Clhu> The Huang Laboratory MGI:4360972

Mouse: Wnk1f/f; Wnt7a-Cre: B6.Cg-Wnk1<tm1Clhu>

Tg(Wnt7a-EGFP/cre)Bhr

This study NA

Mouse: mT/mG;Wnt7a-Cre: B6.Cg-Gt(ROSA)26Sor<tm4(ACTB-

tdTomato,-EGFP)Luo> Tg(Wnt7a-EGFP/cre)Bhr

This study NA

Mouse: Sun1GFP;Wnt7a-Cre: B6.Cg-Gt(ROSA)26Sor<tm5(CAG-

Sun1/sfGFP)Nat> Tg(Wnt7a-EGFP/cre)Bhr

This study NA

Mouse: Wnk1f/f; Hspa2-Cre: B6.129-Wnk1<tm1Clhu>

Tg(Hspa2-cre)1Eddy

This study NA

Mouse: Wnk1f/f; Ddx4-CreERT2:Wnk1<tm1Clhu>

Tg(Ddx4-cre/ERT2)1Dcas

This study NA

Software and algorithms

GraphPad, Prism Software Dotmatics N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, FrancescoDeMayo

(francesco.demayo@nih.gov).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All the sequencing data are publicly available as of the date of publication and has been deposited at theGene ExpressionOmnibus (GEO)

with the accession number GEO: GSE234068 also listed in the key resources table.

d This paper does not report original code.

d Original western-blot images,IF and microscopy pictures reported in this paper and any additional information required to reanalyze the

data reported in this paper are available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The mice used in this study were:Wnk1f/f (B6.129-Wnk1<tm1Clhu>),Wnk1f/f; Wnt7a-Cre (B6.Cg-Wnk1<tm1Clhu> Tg(Wnt7a-EGFP/cre)Bhr),

mT/mG;Wnt7a-Cre (B6.Cg-Gt(ROSA)26Sor<tm4(ACTB-tdTomato,-EGFP)Luo> Tg(Wnt7a-EGFP/cre)Bhr), Sun1GFP;Wnt7a-Cre (B6.Cg-Gt

(ROSA)26Sor<tm5(CAG-Sun1/sfGFP)Nat> Tg(Wnt7a-EGFP/cre)Bhr), Wnk1f/f; Hspa2-Cre (B6.129-Wnk1<tm1Clhu> Tg(Hspa2-cre)1Eddy),

Wnk1f/f; Ddx4-CreERT2 (Wnk1<tm1Clhu> Tg(Ddx4-cre/ERT2)1Dcas), CD-1 and wildtype C57BL/6J mice. All experimental mice were male.

The mice were kept at the animal facility of the National Institute of Environmental Health Sciences under barrier conditions and at 12-h light

and 12-h dark cycles. The animal facility is maintained at 20.5 ᴼC – 23.9 ᴼC and 50%G 15% humidity, with free access to food and water. For

spermatogonial synchronization, postnatal CD-1 mice were used. For phenotype characterization, post-pubertal mice between the age of 6

and 8 weeks were used at the start of the experiment. For the scRNA-seq, six- and seven-week-old mice were used. Genotypes were

determined by conventional PCR using isolated DNA from tails, and was performed by Transnetyx. All animal studies were conducted in

accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institute of Health and animal protocols

were approved by the Institutional Animal Care and Use Committee at the National Institute of Environmental Health Sciences.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ZEN Zeiss https://www.zeiss.com/microscopy/en/products/

software/zeiss-zen.html

ImageJ/FIJI Schneider et al.70 https://ImageJ.nih.gov/ij/

QIAGEN Ingenuity Pathway Analysis (IPA) software Krämer et al.39 https://digitalinsights.qiagen.com/products-

overview/discovery-insights-portfolio/analysis-

and-visualization/qiagen-ipa/

GSEA Subramanian et al.41 and

Mootha et al.40
https://www.gsea-msigdb.org/gsea/index.jsp

R (version 4.0.2) GNU project www.r-project.org

Cell Ranger Single-Cell Software Suite (version 6.0.1) 10X Genomics Inc., CA https://support.10xgenomics.com/single-cell-

gene-expression/software/overview/welcome

Seurat R package (version 4.0.2) Butler et al.71 https://satijalab.org/seurat/

DecountX (R package celda, Version 1.4.7) Bioconductor https://github.com/campbio/celda

R package ClusterProfile (V3.18.1) Yu et al.72 https://github.com/YuLab-SMU/clusterProfiler

R package ‘‘harmony’’ (Version 1.0.0) Korsunsky et al.73 https://github.com/immunogenomics/harmony

Monocle3 (Version 1.0.0) Qiu et al.34 https://cole-trapnell-lab.github.io/monocle3/

GO annotation of Biological Processes Ashburner et al.74

Gene Ontology Consortium75

http://geneontology.org/

python package velocyto.py (Version 0.17) La Manno et al.76 https://velocyto.org/velocyto.py/index.html

ll
OPEN ACCESS

iScience 26, 107616, September 15, 2023 23

iScience
Article

mailto:francesco.demayo@nih.gov
https://www.zeiss.com/microscopy/en/products/software/zeiss-zen.html
https://www.zeiss.com/microscopy/en/products/software/zeiss-zen.html
https://ImageJ.nih.gov/ij/
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/
https://www.gsea-msigdb.org/gsea/index.jsp
http://www.r-project.org
https://support.10xgenomics.com/single-cell-gene-expression/software/overview/welcome
https://support.10xgenomics.com/single-cell-gene-expression/software/overview/welcome
https://satijalab.org/seurat/
https://github.com/campbio/celda
https://github.com/YuLab-SMU/clusterProfiler
https://github.com/immunogenomics/harmony
https://cole-trapnell-lab.github.io/monocle3/
http://geneontology.org/
https://velocyto.org/velocyto.py/index.html


METHOD DETAILS

Spermatogonial synchronization

Starting at postnatal day 1 (P1), wildtype CD-1 pups (Charles River Laboratories) were fed daily with 100 mg of WIN 18,446 (BDAD, 14018,

Caymenchem) per gram body mass. Briefly, Kimwipe-lined pipette boxes are prewarmed on slide heater set to 40�C, and working BDAD so-

lution (prepared to 100mM inDMSO)were equilibrated to 37�C. Pupswere placed in the pre-warmedpipette box, andweighed to determine

BDAD dosage. The feeding needles were prepared by removing� 2 cm from the narrow end of an unfiltered P200 tip, followed by inserting

the cut-side of the pipette tip into a 24-gauge reusable feeding needle. The assembly was mounted onto a P20 pipette. The appropriate

volume of BDAD solution was drawn using the prepared feeding needle, and inserted into the pup’s mouth, followed by depressing the

pipette to eject the solution. This was done incrementally, dispensing 2–3 mL at a time. The pups were then placed back into prewarmed

pipette box, and closely monitored for at least 10 min before returning to the cage. On P11, the pups were administered with 10 mg/g RA

subcutaneously (R2625, Millipore Sigma). RA was prepared in DMSO to a working concentration of 5 mg/mL and stored at �20�C, and sub-

cutaneous administration was achieved using 1 cc syringe and 30-gauge needle. The pups were returned to the cage, and euthanized at the

appropriate time points to obtain testes with germ cells at the desired stage of spermatogenesis: P14 = A3 differentiated spermatogonia,

P17 = B spermatogonia, P19 = preleptotene spermatocytes, P20 = leptotene spermatocytes, P23 = early stage pachytene spermatocytes,

and P26 = mid-stage pachytene spermatocytes.

Tamoxifen (TAM) treatment

To induce CRE activity in the Wnk1f/f; Ddx4-CreERT2 mice, post-pubertal Wnk1f/f (control) and Wnk1f/f; Ddx4-CreERT2 (Wnk1 knock-out) mice

were subjected to TAM treatment. Powder form TAM (T5648, Millipore Sigma) was prepared to a concentration of 20 mg/mL or 40 mg/mL in

corn oil (C8267, Millipore Sigma), aliquoted and stored at�20�C. For treatment, aliquots were thawed to room temperature (RT), and admin-

istered via intraperitoneal injection using a 26-gauge needle at 1 mg per 10g body mass for five consecutive days. The mice were kept for at

least five weeks to complete one cycle of spermatogenesis before conducting downstream experiments, including fertility trial or tissue

collection for protein expression analyses.

Fertility trial

Post-pubertalWnk1f/f and Wnk1f/f; Wnt7a-Cre mice were housed with 6-week-old wildtype C57BL/6J female mice (The Jackson Laboratory)

for a period of 6months. Themice weremonitored daily for pregnancy and delivery. Upon the first observation of delivery, the total number of

pups was documented.

Tissue processing for histology, immunohistochemistry and immunofluorescence

After euthanization, the testes and epididymides were collected and washed in PBS, followed by 24 to 48-h fixation in 4% paraformaldehyde

(28908, ThermoFisher Scientific) diluted in PBS at 4�C with shaking. Tissues were then placed in 70% ethanol for a minimum of 48 h, followed

by dehydration, paraffin embedding and sectioning to 5 mm thickness. Sections were deparaffinized by 3 serial incubations in Citrisolv clearing

agent (22-143-975, ThermoFisher Scientific) and rehydrated through decreasing ethanol dilutions.

Histology

Sections were subjected to hematoxylin staining for 1–5 min, then destained in acidic alcohol for a few seconds. After several washes in tap

water, tissues were blued in saturated lithium carbonate. and eosin staining, followed by dehydration through increasing ethanol dilutions,

with incubation in Citrisolv before mounting.

Immunohistochemistry

Sections were subjected to antigen retrieval after rehydration using the VECTOR Laboratories Antigen Unmasking Solution as per manufac-

turer’s instructions (H-3300). Blocking of endogenous peroxidase was performed by treating the sections with 3% H2O2 for 10 min at RT.

Tissues were blocked in 5% normal donkey serum (NDS) or normal goat serum for 60 min at RT, then incubated with primary antibody at

4�C overnight. The slides were washed twice in PBS, and secondary antibody diluted in 1% w/v bovine serum albumin (BSA) was applied.

The ABC reagent was applied to tissue according to the manufacturer’s instructions (PK-6100, VECTOR Laboratories). Signals were

developed using the VECTOR Laboratories DAB ImmPACT Staining Kit. Finally, the tissue sections were counterstained with hematoxylin

and dehydrated through increasing ethanol concentration, followed by Citrisolv incubation and mounting using Permount (SP15-100,

ThermoFisher Scientific).

If from paraffin embedded tissues

Tissue sections were prepared and subjected to antigen retrieval as described above, then blocked in 0.4% v/v Triton X-100, 1% BSA, and 5%

NDS for 60 min followed by overnight incubation in primary antibody prepared in 0.4% Triton X-100/PBS at 4�C. Sections were washed in PBS

and incubated with secondary antibodies diluted in 0.4% Triton X-100/PBS for 90 min. Finally, slides were washed 3 times in PBS and cover-

slipped in DAPI-containing mounting medium (H-1400 or H-1800, Vector Laboratories).
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If from cryopreserved sections

After mice euthanization, the testes were washed in PBS and incubated in 4% paraformaldehyde overnight, followed by five 1-h washes in PBS

with shaking at 4�C. Testes were then incubated in 30% w/v sucrose prepared in PBS at 4�C until it sank. Testes are embedded in Tissue-Tek

O.C.T. Compound (4583, Sakura), and frozen at�80�C for at least 2 h. Tissue blocks were then sectioned on a cryotome (Leica) to 5 mm thick-

ness and stored at �20�C or �80�C until ready for staining. Sections were briefly hydrated in PBS for 5 min, followed by permeabilization in

0.1% v/v Triton X-100/PBS for 5 min. Sections were then blocked in 3% w/v BSA in PBS with 0.1% v/v Triton X-100 for 1 h at RT, followed by

incubation with primary antibody (prepared in blocking buffer) for 1 h at RT. After three washes in PBS, the sections were incubated with

secondary antibodies in blocking buffer for 1 h at RT. After three final PBS washes, the slides were mounted in DAPI containing mounting

medium (H-1400 or H-1800, Vector Laboratories).

Confocal microscopy

All fluorescence images shown were captured using the Zeiss LSM 780 UV confocal microscope. Tissue sections were scanned by collecting

z stack images at 2 mm intervals, followed by maximum intensity projection processing.

TUNEL assay

Cell death was assessed in the control andWnk1f/f; Wnt7a-Cre testes using the In situCell DeathDetection Kit (#11684795910, Roche) accord-

ing to the manufacturer’s instructions. Briefly, formalin fixed paraffin embedded tissues were first sectioned to 5 mm, then deparaffinized in

Citrisolv and hydrated through decreased ethanol % (100% X 3, followed by 95%, then 70%, then water). Sections were treated with 20 mg/mL

proteinase K (25530-049, Invitrogen) prepared in 10 mM Tris-HCl for 30 min at 37�C. After a brief PBS wash, the sections were incubated with

TUNEL reactionmixture (50 mL of enzyme solutionmixed into 450 mL Label solution just prior to use) for 60 min at 37�C. Sections were washed

3 X in PBS, followed by coverlipping in DAPI containing mounting medium (H-1800, Vector Laboratories). Note that for each experiment, a

negative and positive control were included. For the positive control, the tissue section was incubated with 0.05 U/mL DNase I (18068-015,

Invitrogen) for 10 min at RT to artificially induce DNA damage prior to labeling with the TUNEL reaction mixture. For the negative control,

the section was incubated with only the Label solution (without the enzyme).

Protein extraction

Whole testes were homogenized in RIPA Lysis and Extraction Buffer (89900, ThermoFisher Scientific) supplemented with protease inhibitor

cocktail (11836170001, Roche Diagnostics) and phosphatase inhibitor cocktail (4906837001, Roche Diagnostics), then centrifuged at 10,000 G

for 10 min at 4�C. The supernatant containing the protein were measured using the BCA Kit (23225, Pierce, ThermoFisher Scientific) and

stored at �80�C until ready for analysis.

Western blotting

Heat-denatured protein samples were resolved using 7.5%, 10%, or gradient 4%–20% Criterion Tris-HCl precast gels (Bio-Rad), followed by

transferring using the Trans-Blot Turbo Transfer System (Bio-Rad), as per themanufacturer’s instructions. PVDF and nitrocellulosemembranes

were used for target proteins more than 200 kDa and less than 200 kDa, respectively. After transfer, the membranes were blocked in 5% w/v

nonfatmilk or BSA.Membraneswere incubatedwith primary antibody at 4�Covernight, washed 3 times, and incubated in secondary antibody

the next day. Finally, membranes were washed another 3 times, and signal was detected using peroxidase chemiluminescent substrates

(Clarity Western ECL Substrate 1705060 from Bio-Rad or Amersham ECL Prime Western Blotting Detection Reagent RPN2232 from GE

Healthcare Life Sciences). GAPDH or b-tubulin were detected as the loading control.

Single-cell RNA-sequencing

In total, threeWnk1f/f and twoWnk1f/f; Wnt7a-Cre adult mice between six and eight weeks of age were used in two independent sequencing

experiments. After euthanization, testes were collected in HBSS (14025092, ThermoFisher Scientific) and the tunicas were removed. The tu-

bules were then placed into 0.25%Trypsin with 0.7mg/mLDNaseI, and incubated at 37OC for 5min, after which an additional 1mL of 7mg/mL

DNaseI were added, and incubation repeated. A final 1 mL of 7 mg/mLDNaseI was added, and tubules were gently pipetted up and down to

disperse any remaining clumps. The trypsin was neutralized with 1 mL of FBS, and filtered through a 40 mm cell strainer, and pelleted with

centrifugation at 600 G for 7 min at 4OC. For library preparation and sequencing, the single-cell suspension from each sample were counted

and examined for viability using an auto cell counter (Bio-Rad TC20). Approximately 6000 live cells from each sample at a concentration

of <53105 cells/mL were loaded into the Single Cell Chip followed by forming single cell emulsion in Chromium Single Cell Controller

(10x Genomics, Chromium Single Cell 30 Library & Gel Bead Kit). The mRNA reverse transcription, cDNA generation and amplification,

and single cell gene expression library construction were carried out according to the protocols provided by the manufacture. The libraries

were then sequenced by the NIEHS Epigenomics and DNA Sequencing Core Laboratory on NextSeq 500 and NovaSeq 6000 (Illumina) with

paired-end sequencing (Read 1: 30; Read 2: 100). At least 60,000 reads/cell were obtained for all four samples.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell RNA-sequencing data processing

Raw read processing was carried out using the Cell Ranger Single-Cell Software Suite (version 6.0.1, 10X Genomics Inc., CA). Briefly, the de-

multiplexed FASTQ files (paired-end, Read 1: 30 bp, Read 2: 100 bp) were generated using the CellRangermkfastq command. Primary data

analyses to determine gene transcript counts per cell were done (including alignment, filtering, barcode counting and UMI quantification);

quality control, and statistical analysis were performed using CellRanger count command. Gene positions were annotated using Ensembl

build 98.

Gene expression quantification and filtering

Raw gene expression matrices generated per sample using the CellRanger Software (version 6.0.1) were imported into R (version 4.0.2) and

converted to a Seurat object using the Seurat R package (version 4.0.2).71 The ambient RNA was cleaned using DecountX (R package celda,

Version 1.4.7). Dead cells and doublets were removed. The total number of UMIs and genes, and the UMIs derived from mitochondrial

genome were counted. Cells which had over 15% mitochondria-derived UMIs were discarded. Then, the upper bound was calculated as

mean plus two standard deviation (SD) and the lower bound as mean minus two SD for both the total UMIs and genes, respectively. Finally,

cells with total UMIs or genes outside of the upper and lower bounds were removed.

Data integration and determination of the major cell types

The remaining 19269 out of 26093 cells from the four samples were integrated together and batch effects were corrected using reciprocal PCA

(‘RPCA’) from Seurat R package. First, gene expression matrices were normalized to total cellular read count and Cell-Cycle scores were

calculated using Seurat CellCycleScoring function for each sample. Then, Seurat SCTransform function was applied for the normalized

data to remove cell cycle effect and select highly variable genes (HVGs). We selected 2,000 common HVGs from four HVG list using Selec-

tIntegrationFeatures and calculated PCA for each samples data based on new HVG genes. Then, all cells from the four samples were

integrated using the function FindIntegrationAnchors with parameter ‘‘reduction = ‘‘rpca’’, normalization.method = ‘‘SCT’’ and function In-

tegrateData. We checked HVG and removed mitochondrial genes. Following that, PCA for cleaned HVGs were rescaled and re-calculated.

The RunUMAP function was then applied to conduct the UniformManifold Approximation and Projection (UMAP) dimensional reduction. The

FindNeighbors constructed a Shared Nearest Neighbor Graph, and FindClusters function with ‘‘resolution = 0.6’’ parameter was carried out

to cluster cells into different groups. The canonical marker genes were applied to annotated cell clusters to known biological cell types.

Identification of marker genes and differential expression genes (Differentially expressed genes)

To identify marker genes for these cell types, we compared the gene expression values of cells from the cluster of interest to that of cells from

all other clusters using the Seurat FindMarkers function with default parameter of ‘‘MAST’’ test.77 Marker genes were defined based on the

following three criteria: 1) the average expression value in the cluster of interest was at least 1.2-fold higher than the average expression in the

rest of clusters; 2) were detectable in greater than 10% of the cells in the cluster of interest; and 3) exhibit the highest mean expression in

the cluster of interest compared to all other clusters. To calculate the DEGs between two groups of cells, e.g.,Wnk1f/f; Wnt7a-Cre vs. Wnk1f/f

Seurat FindMarkers function with method ‘‘MAST’’ were applied for two groups of cells with parameter ‘‘min.pct = 0.01, logfc.threshold =

0.01’’. For marker genes and DEG lists, GO and pathway analyses were performed by R package ClusterProfile (V3.18.1).72

Sub-cell type analysis

Raw gene expression count of cells for sub-cell type were extracted from previous cleaned data and merged to a Seurat object using the

Seurat. Gene expression matrices were normalized to total cellular read count, and HVGs selected from the normalized data using Seurat

SCTransform function with default parameters. Batch effects were observed and corrected using R package ‘‘harmony’’ (Version 1.0.0).73

The same procedures as described for whole cell population were then used for dimensional reduction and clustering.

Trajectory and RNA velocity analysis

Trajectory and pseudotime analysis were conducted by monocle3 (Version 1.0.0).34 For RNA velocity analysis, gene-relative velocity was esti-

mated by python package velocyto.py (Version 0.17).76 To keep the data analysis consistent, cell coordinates of UMAP generated by Seurat

were passed to monocle and velocyto.R.

Gene ontology analysys

The ontology enrichment analysis was done using the TopGO R package (https://doi.org/10.18129/B9.bioc.topGO). The gene universe con-

sisted of all expressed genes captured in the scRNA-seq (Table S1), while the genes of interested were those categorized as DEGs based on

the following criteria: adjusted p value <0.05, basemean >0.2, and Log (2) fold-change >0.2 or <�0.2. The corresponding TopGOdata object

was built using ‘‘annFUN.org’’ for the Biological Processes gene ontology annotation.74,75 To run the enrichment analysis, the function runTest

was usedwith a classic algorithm considering each gene ontology category independently, and a Fisher’s exact test for statistical enrichment.

The full list of significant terms is shown in Table S4.
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Quantification analysis

The FIJI/ImageJ software was used for all image-based quantifications.70 For the round spermatids (Figure 3E), the spermatocytes and elon-

gating spermatids were manually excluded based on SYCP3 (spermatocytes) and DAPI morphology (elongating spermatids) using the ‘clear’

or ‘clear outside’ functions. The processed image containing the round spermatids (as indicated by DAPI signal) were subjected to Gaussian

blur and Threshold processing, followed by using ‘analyze particle’ function to count the number of spermatids. The number of round sper-

matids was then normalized to the length of the tubule. Each dot in Figure 3E represents one tubule, and 15 tubules from three independent

mice between stages I – VIII were counted for each genotype. Line indicates median, and ****p < 0.0001 based on the Mann-Whitney U test.

For quantification of the meiotic spermatocytes (Figure 3G), we first staged the tubules and categorized the spermatocytes into leptotene

(stages IX – X), zygotene (stage XI – XII), early pachytene (stages I – VI), mid-pachytene (stages VII – VIII), late-pachytene (stages IX – X),

and diplotene (stage XI). SYCP3 signal was used to guide the selection of cells of interest. In stage VIII – XII tubules where there are two

populations of SYCP3-positive cells, the ‘clear’ or ‘clear outside’ function was used to isolate the target cells. The target cell population

was subjected toGaussian blue and Threshold processing, followedbymask creationwhich outlines the SYCP3 signal. The ‘binary-watershed’

function was then used to separate joined cells, and the cell number were then counted using ‘analyze particle’, where size selection of

35-infinity was used to exclude other smaller, non-specific signal. Results shown are meanG SD (n = 5 tubules from 2 mice), *p < 0.05 based

on two-tailed Student’s t test. For quantification of apoptotic cells (Figure 3I), we used the same method as for quantifying the round

spermatids, except instead of using DAPI signal, we used TUNEL signal to guide the counting. Each dot in Figure 3I represents one tubule

and lines indicate median, and a total of 128 and 215 tubules were counted for each genotype from 3 independent mice (6 mice in total).

****p < 0.0001 based on theMann-Whitney U test. For quantification of phosphorylated and total EIF4EBP1 signal (Figure 5G), we first staged

tubules to ensure that we quantify pachytene spermatocytes in mid-to late-stage pachynema where Wnt7a-Cre expression was detected.

Using SYCP3 signal to guide the selection of pachytene spermatocytes, the population of interest was isolated using the ‘clear’ and ‘clear

outside’ function. Then, using the Gaussian blur and Threshold function, the phosphorylated or total EIF4EBP1 signal was processed from

the spermatocyte population of interest. A mask was then created which outlines the cytoplasmic regions of the cells of interest. The

mask is applied to the original, unedited image, and signal intensity was then measured within the selected regions. Results shown are

mean G SD (n = 6 tubules from 3 independent mice), **p < 0.001 based on two-tailed Student’s t test.
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