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SUMMARY

The mammalian sex chromosomes harbor an abun-
dance of newly acquired ampliconic genes, although
their functions require elucidation [1–9]. Here, we
demonstrate that the X-linked Slx and Slxl1 ampli-
conic gene families represent mouse-specific neo-
functionalized copies of a meiotic synaptonemal
complex protein, Sycp3. In contrast to the meiotic
role of Sycp3, CRISPR-loxP-mediated multi-mega-
base deletions of the Slx (5 Mb) and Slxl1 (2.3Mb)
ampliconic regions result in post-meiotic defects,
abnormal sperm, and male infertility. Males carrying
Slxl1 deletions sire more male offspring, whereas
males carrying Slx and Slxl1 duplications sire more
female offspring, which directly correlates with
Slxl1 gene dosage and gene expression levels. SLX
and SLXL1 proteins interact with spindlin protein
family members (SPIN1 and SSTY1/2) andmales car-
rying Slxl1 deletions downregulate a sex chromatin
modifier, Scml2, leading us to speculate that Slx
and Slxl1 function in chromatin regulation. Our study
demonstrates how newly acquired X-linked genes
can rapidly evolve new and essential functions and
how gene amplification can increase sex chromo-
some transmission.

RESULTS AND DISCUSSION

The megabase size and complexity of ampliconic (large [>10 kb]

and nearly identical [>99% nucleotide identity] segmental dupli-

cations) regions havemade it difficult to assess their evolutionary

history and associated gene functions. Here, we examined the

evolution and function of the Slx and Slxl1 (Sycp3-like X-linked

and Slx-like 1) ampliconic gene families in mice. The Slx and

Slxl1 gene families share sequence similarity with autosomal
Current Bio
Synaptonemal complex protein-3 (Sycp3), but the evolutionary

history of Slx and Slxl1 remains unclear [10, 11]. Double-knock-

down studies of Slx/Slxl1 exhibit post-meiotic spermatogenesis

defects, male infertility, and meiotic drive [12, 13]. However, the

lack of complete deletion mutants has hindered functional

studies because Slx/Slxl1 knockdowns are incomplete, may

have off-target effects, are on a mixed genetic background,

and do not allow one to assess the independent functions of

Slx versus Slxl1. To more thoroughly characterize the functions

of Slx and Slxl1, we generated precise, complete, and indepen-

dent deletions of the megabase-sized Slx and Slxl1 ampliconic

regions on an inbred genetic background.

We first investigated the evolutionary history ofSlx andSlxl1, by

retracing Slx and Slxl1 gene families’ origination from Sycp3. Our

sequence analyses indicate that in the mouse-rat ancestor, a sin-

gle copy ofSycp3 transposed via a copy and pastemechanism to

an X-linked region syntenic to mouse Slxl1. Slxl1 is thus the first

family member to evolve, as no additional copies of Slxl1, Slx,

or Sly are detectable on rat autosomal or Y chromosomal se-

quences (Figures 1A and S1A). In rat, Slxl1 remains single-copy

and appears non-functional, based upon low to no gene expres-

sion across tissues (Figures S1B and S1C). In mice, Slxl1 main-

tains the intron-exon structure of Sycp3 (Figure S2A), and a

Slxl1-related gene family member, Slx, was acquired on an addi-

tional region of the mouse X chromosome (Figure 1A). Slx and

Slxl1 underwent repeated segmental duplications resulting in

�5Mb (Slx) and �2.3 Mb (Slxl1) ampliconic regions, comprising

4%of the mouse X chromosome (Figures 1A and S3A) [1]. Mouse

SLX and SLXL1 protein sequence is highly diverged from SYCP3

(<40% amino acid identity) (Figure S2B) and from rat SLXL1

(<39% amino acid identity) (Figure S1D), as compared to the me-

dian of all mouse-rat orthologs (95%amino acid identity) [16]. The

high level of divergence suggests SLX/SLXL1 evolved new func-

tions. Our findings establish the evolutionary acquisition and tra-

jectory of the Slx, Slxl1, and Sly gene family, which was previously

unclear.

The rapid sequence divergence of Slx and Slxl1 from Sycp3

appears to reflect neofunctionalization, based on their gene

expression patterns and protein localization. SYCP3, a
logy 29, 3699–3706, November 4, 2019 ª 2019 Elsevier Ltd. 3699
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Figure 1. Slx and Slxl1 Are Mouse-Lineage-

Specific Neofunctionalized Copies of Sycp3

(A) Sycp3 transposed to the X chromosome in the

mouse-rat ancestor. Following mouse and rat

speciation, Slx was acquired and both Slx/Slxl1

were segmentally duplicated within the mouse

lineage. Sycp3 (light gray), Slx (purple), Slxl1 (pink)

are shown.

(B) mRNA-seq analysis on publically available da-

tasets [14, 15]. In female mice, Sycp3 expression is

detected embryonically at E14.5 and in male mice,

and Sycp3 expression is detected in spermatogonia

(SG) and pachytene spermatocytes (PS). Slx and

Slxl1 are expressed exclusively in the male germ-

line, post-meiotically, in round spermatids (RS).

(C) Immunofluorescence of SYCP3 (red) and SLX/

SLXL1 (green) on DAPI-stained testis histological

sections from WT mice and mice lacking SLX/

SLXL1 (Slx�/Y, Slxl1�/Y). RS (open arrow) and PS

(closed arrow). Staining between tubules (Leydig

cells) is non-specific.

See also Figures S1–S3.
component of the meiotic synaptonemal complex, is expressed

in male and female meiotic germ cells and localizes to the nu-

cleus (Figures 1B and 1C) [17]. In contrast, SLX and SLXL1 are

expressed exclusively in post-meiotic testicular germ cells

(Figures 1B and S3B) and are present within the cytoplasm

(Figure 1C), supporting previous studies [18]. The cytoplasmic

localization of SLX and SLXL1 is consistent with their loss of

the putative nuclear localization signal and DNA-binding domain

of SYCP3 (Figure S2B) [18–20]. Our findings suggest Slx and

Slxl1 are neofunctionalized copies of Sycp3.

To explore the independent functions of Slx and Slxl1, we

used CRISPR and Cre/loxP (Figure 2B) to generate precise and

complete multi-megabase deletions of Slx (Slx�/Y) and Slxl1

(Slxl1�/Y). We generated individual deletions as they may

have independent functions with 61% protein identity and

having rapidly diverged from each other (dN/dS = 0.947)
3700 Current Biology 29, 3699–3706, November 4, 2019
(Figures 2A–2C, S1D, S4A, and S4B).Slx�/Y

and Slxl1�/Y mice exhibit wild-type (WT)

fertility, fecundity, testis weights, sperm

counts, and no observable spermatogenic

defects via histology, which is in contrast

to previous studies observing male fertility

phenotypes inSlxknockdownmice (Figures

2D, S4C, and S4D) [12].

To test for genetic redundancy between

Slx and Slxl1, we generated double dele-

tions (Slx�/Y, Slxl1�/Y) via recombination

of the independent deletions that are com-

plete null mutants at the RNA and protein

levels (Figures 1C, 2C, S4A, and S4B). In

contrast to the independent deletions,

double-deletion mice (Slx�/Y, Slxl1�/Y) are

infertile and produce <1% the WT number

of cauda epididymal sperm, which when

present are morphologically severely

abnormal (Figures 2D and 2F). Our dou-

ble-deletion mice resemble previous
knockdown studies, but the complete loss of Slx and Slxl1 in

Slx�/Y, Slxl1�/Y mice now allows us to precisely identify that de-

fects in post-meiotic germ cells occur during the transition from

round spermatids to elongated spermatids at stage 7/8 (Figures

2E and S4F) [12]. The timing of elongation defects is consistent

with our stage-specific determination of SLX/SLXL1 protein

presence in WT males (Figures 1C and S4F). To assess whether

Slx�/Y, Slxl1�/Y mice produce competent meiotic products

(round spermatids), we performed round spermatid injections

(ROSI). Oocytes injected with round spermatids from WT or

Slx�/Y, Slxl1�/Y males develop to blastocysts at the same fre-

quency (Figures S4G and S4B), indicating that Slx�/Y, Slxl1�/Y

round spermatids successfully progress through meiosis, sup-

porting Slx and Slxl1 being functionally distinct from meiotic

Sycp3 [21, 22]. To help explain why Slx�/Y, Slxl1�/Y mice exhibit

defects in spermatid elongation, we performed mRNA
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Figure 2. Slx and Slxl1 Are Essential for Male Fertility and Exhibit Post-meiotic Spermatogenesis-Specific Defects

(A) Schematic representation of the mouse X chromosome. Ampliconic regions are shown in blue, centromere in gray, and pseudoautosomal region (PAR) in

green.

(B) Schematic representation of Slx ampliconic region consisting of segmental duplications (blue arrows); red arrows denote loxP sites. Mice carrying loxP sites

flanking the ampliconic region were mated to Ella-Cre carrying mice. Slxl1�/Y mice were generated in a complementary manner.

(C) RT-PCR (+) and noRT controls (–) performed onRNA isolated from adult testis. Trim42 is a testis-specific gene that was used as a control. All primers are intron

spanning.

(D) Average litter size and cauda epididymal sperm count including SD. Average litter size was determined bymating threemales from each genotype against five

females each for a total of 15 litters. Sperm were counted from at least three males. Two-tailed t tests were used to compare to WT, *p < 0.0001

(E) Periodic-acid Schiff-stained testis histology from WT and Slx�/Y, Slxl1�/Y males. Stage 7 tubules and elongated spermatids (see black arrowheads) exhibit

abnormal morphology in Slx�/Y, Slxl1�/Y testis.

(F) Cauda epididymal sperm from a WT and Slx�/Y, Slxl1�/Y male, DIC, and DAPI (closed arrows). Open arrows indicate cells that resemble round spermatids

based upon DAPI stain present in Slx�/Y, Slxl1�/Y.

See also Figure S4.
sequencing (mRNA-seq) on round spermatids from Slx�/Y,

Slxl1�/Y and WT males and identified 990 misregulated genes

(adjusted p < 0.01), which in combination likely perturb round

spermatid elongation (Data S1). These results demonstrate

that Slx and Slxl1 acquired new functions in post-meiotic sper-

matids and function redundantly with each other [22].

While our results confirm that Slx and Slxl1 are essential for

male fertility, they do not explain their massive gene amplification

(Figures S1B and S3A). The massive gene amplification of Slx

and Slxl1 has been proposed to be a result of their involvement

in meiotic drive (the non-Mendelian inheritance of chromo-

somes); however, the importance of gene dosage has never

been formally tested [3, 13]. If increases in gene dosage, via

gene amplification, serve to increase chromosome transmission

(meiotic drive), then complete deletions (Slxl1�/Y or Slx�/Y) or du-

plications (SlxDup/Y or Slxl1Dup/Y or SlxDup/Y, Slxl1Dup/Y) (Figures

3A and 3B) of these regions should decrease or increase X chro-

mosome transmission, respectively. Slxl1�/Y mice, but notSlx�/Y

mice sire more male offspring (58.5%male, 141/241 pups) (two-

tailed Fisher’s exact test, p < 0.05) as compared to WT males
(48.5% male, 94/194 pups; Figure 3C). Conversely, SlxDup/Y,

Slxl1Dup/Y sire more female offspring (58.2% female, 181/311

pups; Figure 3C) as compared to WT (two-tailed Fisher’s exact

test, p = 0.1672) and is statistically significant when compared

to Slxl1–/Y (two-tailed Fisher’s exact test, p < 0.0001). We sus-

pect differences between observing sex-ratio distortion in

SlxDup/Y, Slxl1Dup/Y mice, but not in Slxl1Dup/Y mice, is due to un-

equal crossing over decreasing Slxl1 copy number in the

Slxl1Dup/Y line. Previous knockdown studies were unable to deci-

pher the specific role of Slxl1 and the impact of gene dosage in

meiotic drive [12]. We suspect the distinct functions of Slx and

Slxl1 in meiotic drive are due to diverged residues (they share

61% amino acid identity) or gene expression levels, and the

redundant functions in fertility are due to their conserved resi-

dues (Figure S2B). Our findings support the involvement of

Slxl1 in meiotic drive and via a gene dosage-dependent

mechanism.

Slxl1 has been proposed to be in meiotic conflict, resulting

in drive with a related Y-linked gene family Sly (Sycp3-like

Y-linked), where Sly represses Slx and Slxl1 gene expression
Current Biology 29, 3699–3706, November 4, 2019 3701
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Figure 3. Changes in Slxl1 Gene Dosage Results in Sex-Ratio Distortion of Offspring and Slxl1 Gene Expression Levels

(A) Schematic representation of a floxed (red triangles) ampliconic region with segmental duplications (blue arrows). Duplications were generated by expression

of Ella-Cre, and pups were genotyped using PCR primers spanning the duplication junction (small black arrows).

(B) Representative genotyping of WT, Slx duplication (SlxDup/Y), Slxl1 duplication (Slxl1Dup/Y), and Slx/Slxl1 (SlxDup/Y and Slxl1Dup/Y) duplication mice.

ChrX:53988042–53988528 is unique sequence, which controls for retaining the intervening sequence present between the Slx and Slxl1 ampliconic regions.

(C) Males of each genotype were mated against WT females and progeny were sex genotyped. The percentage of male offspring is shown as a percentage along

with the number of pups screened in parentheses. p values were calculated using a two-tailed Fisher’s exact test, compared to experimental WT data (bars on

top) and theoretical 50:50 data with an equivalent population size (p < 0.05, asterisk near male percentage).

(D) mRNA-seq was performed on isolated round spermatids. The horizontal line represents average expression across biological replicates (bullets) for Slxl1 and

Sly. TPM, transcripts per million.

(E) X and Y chromosome paint was performed on sperm collected from the cauda epididymis of WT and Slxl1�/Y males. Each bullet represents the percentage of

Y-bearing sperm from one male, with overall mean and SD. The dotted line denotes expected percentage of Y-bearing sperm if ratio of X- to Y-bearing sperm

reflected observed Slxl1�/Y-sired offspring sex ratio. Differences between WT and Slxl1�/Y are not significant; Fisher’s exact test was two-tailed.

See also Data S1.
[13, 23]. Our finding that Slxl1 gene dosage contributes to

meiotic drive (Figure 3C) led us to test whether mice with

sex-ratio distortion exhibit corresponding gene expression

changes in Sly, Slxl1, or both. We performed mRNA-seq on

round spermatids and found that increases in Slxl1 gene

dosage have corresponding increases in Slxl1 expression,

while Sly expression remains relatively unchanged (Figure 3D).

Our findings suggest the ratio of Slxl1 to Sly gene expression

levels mediates meiotic drive (Figure 3D); however, the ratio

does not affect the number of X- versus Y-bearing sperm

from Slxl1–/Y mice (Figure 3E). Meiotic drive likely impacts the

relative fitness of X- versus Y-bearing sperm via changes in

SLXL1 to SLY protein abundance and interactions with protein

partners.
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We next identified SLX- and SLXL1-interacting proteins that

may contribute to meiotic drive. We performed endogenous

SLX/SLXL1 co-immunoprecipitation and mass spectrometry

on testis lysates from WT, Slx�/Y, Slxl1�/Y and Slx�/Y, Slxl1�/Y

mice. Candidates were prioritized by their reproducibility across

multiple WT samples and absence in Slx�/Y, Slxl1�/Y samples.

We identified spindlin family members SPIN1, SSTY1 and

SSTY2 (SSTY1/2), and 26S proteasome components PSMC1

and PSMD4 (Figure 4A; Table S1).We did not immunoprecipitate

SLY, suggesting SLXL1 and SLY conflict does not occur through

direct protein interactions. Instead, SLX, SLXL1, and SLY may

compete for spindlin family members, as SSTY1/2 have been

shown to interact with SLX, SLXL1, and SLY [24]. SLX and

SLXL1 are present in all haploid spermatids (Figure 1C) and
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Figure 4. SLX/SLXL1 Interact with Spindlin Family Members and Regulate Chromatin

(A) Mass spectrometry results from SLX/SLXL1 immunoprecipitations on WT, Slx�/Y, Slxl1�/Y, and Slx�/Y, Slxl1�/Y whole-testis lysates. PSMs (peptide-to-

spectrum matches) were quantified to determine relative protein abundance. Candidates were filtered by high confidence (<1% false discovery rate [FDR]) and

reproducibility. (*additional SLX accessions were removed for simplicity; see Table S1 for biological replicates.)

(B) Expression level adjusted p values for Scml2 isoform NM_001290652 when comparing WT versus deletion or duplication genotype round spermatid mRNA-

seq samples.

(C) We speculate SLX or SLXL1 interactions with spindlin family members SPIN1 and SSTY1/2 are essential for fertility and SLXL1 and SLY competition for SPIN1

and SSTY1/2 influences chromosome transmission through the sharing of proteins and transcripts across cytoplasmic bridges. Changes in the relative

expression of Slxl1 to Sly result in corresponding changes in the fitness of X and Y sperm that influence offspring sex ratio.
therefore could compete with SLY for SPIN1 and SSTY1/2 by

diffusing across cytoplasmic bridges connecting haploid sper-

matids (Figure 4C). SPIN1 is a chromatin reader and post-tran-

scriptional regulator of mRNA stability [25, 26]. SPIN1 binds

H3K4me3-R8me2a via its Spin/Ssty domains, which are shared

with SSTY1/2 [26]. We hypothesize that changes in SLXL1 to

SLY abundance could alter SPIN1 distribution and may have

transcriptomic consequences that impact the downstream

fitness of X- versus Y-bearing sperm. PSMC1 and PSMD4 may

be non-specific interactions, as our antibody has non-specific

localization to the acrosome (present in Slx�/Y, Slxl1�/Y) where

proteases are known to reside (Figure S4E).

Based on SLXL1 and SLY protein interaction with spindlin

family members SPIN1 and SSTY1/2, we speculated that misre-

gulated X- or Y-linked genes may cause X- versus Y-sperm

fitness differences. Comparison of round spermatid mRNA-seq

data from WT versus Slxl1�/Y males identified five X-linked (not

including Slxl1 gene family members), two Y-linked and 50 auto-

somal genes that are significantly misregulated (adjusted p <

0.01) (Data S1). One of the seven is an alternative splice form

of Scml2 that is significantly downregulated only in Slxl1�/Y

males (Figure 4B; Data S1). SCML2 is a germline-specific poly-

comb group protein that regulates sex chromosome-wide
silencing in meiotic and post-meiotic cells via chromatin modifi-

cations [27]. Together, the interactions of SLXL1 with SPIN1 and

SSTY1/2, and the downregulation of Scml2, lead us to speculate

that changes in round spermatid chromatin maymediate meiotic

drive.

The neofunctionalization and amplification of Slx and Slxl1

evolved in the past�20MY of mouse-lineage evolution, creating

a gene family that functions in a post-meiotic manner that is

essential for male fertility (Figure 4C). Our findings build upon

previous studies, providing new insights into the evolution, neo-

functionalization, and independent contributions of Slx versus

Slxl1 [12, 13]. Additionally, we demonstrate the impact gene

dosage has on gene expression and conflict between Slxl1

andSly.We propose that the acquisition ofSlxl1 in the rat-mouse

ancestor conferred a selective advantage to increase X chromo-

some transmission (Figure 4C). In response, Sly evolved on the Y

chromosome specifically in the mouse lineage to equalize the

sex ratio. The rapid changes in gene dosage, gene expression

levels, and protein sequence chronicle the continued bouts of

Slx/Slxl1 versus Sly genetic conflict within the mouse lineage

(Figure 4C). In the present day C57BL/6J mouse strain, Slxl1 is

likely a primary mediator of meiotic drive, because the frequency

of female offspring correlates with increases (SlxDup/Y, Slxl1Dup/Y)
Current Biology 29, 3699–3706, November 4, 2019 3703



and decreases (Slxl1�/Y) in Slxl1 gene dosage (Figures 3C and

3D). These evolutionary signatures inform our proposed model

in which SLXL1 and SLY compete for interactions with spindlin

family members SPIN1 and SSTY1/2 in a dose-dependent

manner (Figure 4C). We speculate the interaction of SLX/

SLXL1 with the conserved and ubiquitously expressed SPIN1

mediatesmale fertility, and SLX/SLXL1 interactionwith the newly

acquired and ampliconic Y-linked gene family SSTY1/2 medi-

ates meiotic drive (Figure 4C) [3, 28]. Consistent with this idea,

the chromatin reader SSTY1/2 localizes to X and Y chromatin,

where it can have impacts on the localization and regulation of

transcription [24].

Mammalian sex chromosomes harbor a plethora of newly ac-

quired ampliconic genes expressed predominantly in the testis

[1–6]. Is X-Y co-amplification of newly acquired genes a univer-

sal phenomenon continually reshaping sex chromosome evolu-

tion? In mice, Ssty1/2 and Sstx are X-Y co-amplified gene fam-

ilies that pre-date Slx, Slxl1, and Sly [3, 10]. Ssty1/2 and Sstx

may represent a former or current system of genetic conflict.

Given SLX, SLXL1, and SLY proteins interact with SSTY1/2, it

is tempting to speculate that conflict between gene families

on the X and Y chromosome can continuously re-emerge and

converge upon pre-existing pathways. The sex chromosomes

are a known battleground for genes in conflict, and competition

between co-amplified X- and Y-linked genes could provide the

genetic basis for speciation and hybrid male sterility; both pro-

cesses are known to be associated with the X chromosome

[29–31]. Indeed, in other mammals there are hints of entirely

new co-amplified X-Y gene families [32]. More complete as-

semblies of X and Y chromosomes will determine the extent

of X-Y gene co-amplification across mammals. We conclude

that prime candidates of X-Y genetic conflict can be readily

identified in future studies by the presence of three defining sig-

natures: new acquisition, X-Y co-amplification, and rapid

sequence evolution.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-SLX/SLXL1, Rabbit polyclonal This manuscript N/A

Anti-SCP3, mouse monoclonal Abcam Cat# ab97672; RRID: AB_10678841

Lot#GR149989-1

Peroxidase AffiniPure Donkey Anti-Rabbit IgG Jackson ImmunoResearch Cat# 711-035-152; RRID: AB_10015282

Lot#117685

FITC AffiniPure Donkey Anti-Rabbit IgG (H+L) Jackson ImmunoResearch Cat# 711-095-152; RRID: AB_2315776

Lot# 114194

Rhodamine RedX AffiniPure Donkey Anti-Mouse

IgG (H+L)

Jackson ImmunoResearch Cat# 715-295-151; RRID: AB_2340832

Lot#116974

Chemicals, Peptides, and Recombinant Proteins

Collagenase type I Worthington Biochemical Corporation Cat# LS004196

DNase I Worthington Biochemical Corporation Cat# LS002138

Trypsin Life Technologies Cat# 15090-046

Hoechst 33342 Setareh Biotech Cat# 7026

Propidium iodide Acros Organics Cat# 440300250

TRIzol LS Thermo Fisher Scientific Cat# 10296010

Agencourt AMPure XP Beckman Coulter Cat# A63881

Viagen DirectPCR lysis reagent Viagen Biotech Cat# 102-T

Bouin’s Fixative RICCA Chemical Company Cat# 1120-32

Schiff’s Reagent Sigma-Aldrich Cat# 3952016

Hematoxylin Solution Sigma-Aldrich Cat# MHS16

Trizol LifeTechnologies Cat# 15596026

Superscript II Invitrogen Cat# 18064071

Dithiothreitol (DTT) Fisher Scientific Cat# BP172-5

Triton X Sigma-Aldrich Cat# X100

Formamide deionized Bio Basic Cat# 75-12-7

XMP X Green XCyting Mouse Chromosome Paint

and XMP Y Orange XCyting Mouse Chromosome

Paint

MetaSystems Probes Cat# D-1420-050-FI, D-1421-050-OR

VECTASHIELD with DAPI Vector Laboratories Cat# H-1200

protein A Dynabeads Life Technologies Cat# 10002D

cOmplete, Mini, EDTA-free Protease Inhibitor

Cocktail

Sigma Aldrich Cat# 11836170001

blood cell lysis solution Miltenyi Biotec Cat# 130-094-183

Pronase E SERVA Cat# 11478622

Paraformaldehyde 16% Electron Microscopy Sciences Cat# 15710

Nonidet-P40 Substitute US Biological Cat# N3500

Critical Commercial Assays

RNeasy Mini Kit and RNase-Free DNase Set QIAGEN Cat# 74104, 79254

NEBNext Ultra II Directional RNA Library Prep Kit NEB Cat# E7760

MEGAshorscript T7 kit ThermoFisher Cat# AM1354

mMESSAGE mMACHINE T7 ULTRA kit ThermoFisher Cat# AM1345

MEGAclear Kit ThermoFisher Cat# AM1908

Turbo DNase Life Technologies Cat# AM1907

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Mouse Testis Immunoprecipitation- SLX/SLXL1 ProteomeXchange Consortium, PRIDE PXD014276

Genome resequencing for a Rattus norvegicus (rat)

female individual

SRA SRP029216

Mouse tissue panel mRNA-seq SRA SRP016501

Mouse fetal ovary mRNA-seq SRA SRP058992

Mouse adult ovary mRNA-seq SRA SRP017959

Mouse sorted testicular germ cells mRNA-seq SRA SRP113417

Rat sorted testicular germ cells mRNA-seq SRA SRP026340

Mouse sorted testicular germ cells mRNA-seq SRA SRP200106

Experimental Models: Organisms/Strains

C57BL/6J Ella-Cre Dr. David Ginsburg N/A

C57BL/6J Slxfl/fl This manuscript N/A

C57BL/6J Slxl1fl/fl This manuscript N/A

CD1 Charles River Laboratories Strain 022

C57BL/6J Jackson Laboratory Stock #000664

DBA2F1 Envigo 062

C57BL/6N Envigo 044

Oligonucleotides

Table S2 N/A N/A

Software and Algorithms

Kallisto [33] N/A

DESeq2 [34] N/A

CRISPOR [35] N/A

Proteome Discoverer v2.1 Thermo Scientific N/A

mrsFAST aligner [36] N/A

fastCN pipeline [37] N/A

Exalign [38] N/A

Dot-plots Dr. David Page: https://pagelab.wi.mit.

edu/materials-request.

N/A
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jacob L.

Mueller (jacobmu@umich.edu). The SLX/SLXL1, Rabbit polyclonal antibody we generated is available from our lab. Mice will be avail-

able from our lab until they become available from the Mutant Mouse Resource and Research Center Repository.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Transgenic mice used in this study were generated from injected zygotes (see Generation of transgenic lines) derived from the cross

of F1 (DBA2xC57B/6N) and C57B/6N mice, ordered from Envigo. Heterozygous transgenic female mice were mated to C57BL/6J

male mice ordered from Jackson Laboratory (Bar Harbor, ME) to backcross. Breeding was conducted with one male and one or

two females, all mice were older than 6 weeks of age. Resulting pups were weaned at 21dpp, separated by sex and no more

than 5 pups per cage (Allentown, 11.5in x 7.5in x 5in). All experiments were conducted with adult males (2-6 months of age)

transgenic males were compared to wild-type littermates or age matched wild-type controls. Cages were kept on ventilated racks

(Allentown) at 72�F, 30%–70% humidity, on 12hr: 12hr light:dark cycle. Cages are monitored daily and changed at least every

two weeks in a room that is specific-pathogen free, monitored by sentinel mice. Mice were provided water and fed Lab Diet 5008

food ad libitum. Adult mice were sacrificed by CO2 asphyxiation followed by cervical dislocation and pups were euthanized using

decapitation in compliance with the ULAM standard procedures of euthanasia. The Institutional Animal Care and Use Committee

at the University of Michigan Medical School (PRO00007498) approved all procedures involving mice.
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METHOD DETAILS

Gene expression of mouse and rat X/Y co-amplified genes
RNA-seq analyses were conducted by analyzing previously published datasets. Specifically, mouse tissue panel data were analyzed

from SRP016501 [39], fetal ovary data from SRP058992 [15], ovary data from SRP017959 [40], and sorted testicular germ cell pop-

ulations from SRP113417 [14]. Rat tissue panel data was used from SRP016501 [39] and rat sorted testicular germ cell populations

from SRP026340 [41]. Alignments were performed using Tophat with the mm10 mouse reference genome, a refFlat file with RefSeq

gene annotations and max-multihits set to 240; otherwise standard default parameters were used. We used Cufflinks, using the re-

fFlat RefSeq gene annotation file, to estimate expression levels as fragments per kilobase per millions of mapped fragments (FPKM).

Round spermatid FACS isolation and library generation
We largely followed a previously published protocol to isolate round spermatids (1n) [42]. Briefly, we disassociated cells from a pair of

testes by enzymatic treatment with Collagenase type I (Worthington Biochemical Corporation), DNase I (Worthington Biochemical

Corporation), and Trypsin (Life Technologies). The cell suspension was passed through cell strainers (100 mm and 40 mm) and incu-

bated with Hoechst 33342 (Setareh Biotech) to determine DNA content and propidium iodide (Acros Organics) to evaluate cell

viability. Cell sorting was performed on a Synergy Head Cell Sorter cell sorter (Sony). The purity of each sort was determined via fluo-

rescence microscopy visual inspection of 100 cells morphology and nuclear staining with DAPI for round spermatids. The purity of

round spermatids was typically > 85%, which is consistent with previous studies [42].

TRIzol LS (Thermo Fisher Scientific) was used to extract total RNA. RNA was DNase treated to remove any genomic DNA contam-

ination using RNeasyMini Kit and RNase-Free DNase Set (QIAGEN). Libraries were generated using samples with > 7 RIN scores and

> 5ng of total RNA. Stranded mRNaseq libraries were generated using the NEBNext Ultra II Directional RNA Library Prep Kit (NEB)

and Agencourt AMPure XP beads (Beckman Coulter) following the manufacturers protocol. We generated at least two biological

replicate round spermatid mRNA-seq libraries per genotype. All libraries were sequenced on a single Illumina NovaSeq lane

(�50 million sequenced fragments per library) and in NCBI SRA: PRJNA545829. Alignments were performed with Kallisto and

DESeq2 using the RefSeq index with bootstrapping set to 100 [33, 34].

Generation of transgenic lines
To generate mice with multi-megabase deletions of the Slx and Slxl1 ampliconic region, loxP sites were sequentially integrated up-

stream and downstream of either the Slx or Slxl1 ampliconic region via CRISPR. sgRNA targeting unique sequence flanking the am-

pliconic region was selected based on scores from either the CRISPR Design Tool (http://www.genome-engineering.org/) or

CRISPOR (http://crispor.tefor.net) [35]. sgRNA and Cas9 mRNAwere synthesized in vitro, using the MEGAshorscript T7 kit (Thermo-

Fisher) and mMESSAGE mMACHINE T7 ULTRA kit (ThermoFisher), respectively, followed by MEGAclear Kit (ThermoFisher) for

clean-up. sgRNA, Cas9 mRNA, and single stranded oligo donor carrying the loxP sequence (IDT; Table S2) were mixed for micro-

injection at concentration of 50, 100, and 100 ng/ul, respectively. Cytoplasmic microinjection was performed on zygotes derived

from the cross of F1 (DBA2xC57BL/6N) and C57BL/6N mice, using a piezo-driven microinjection technique [43]. Floxed mice

were mated against C57B/6J Ella-Cre mice resulting in mice carrying either a Slx or Slxl1 deletion or duplication (Figures 2B, 2C,

3A, and 3B). Two independent deletion and duplication lines were generated for each Slx and Slxl1 ampliconic region. No differences

were observed between independent lines and data was therefore compiled. All deletion or duplication carrying males were derived

from heterozygous femalemice that had been backcrossed to C57BL/6Jmales for at least four generations. Micewere genotyped by

extracting DNA out of a tail biopsy using Viagen DirectPCR lysis reagent using primers that flank loxP sites (Table S2).

Testis Histology
Testes were collected from 2-6 months old mice. The tunica albuginea was nicked and the testes were fixed with Bouins Fixative

overnight at 4�C. Testes were then washed through a series of ethanol washes (25%, 50%, 75% EtOH) before being stored in

75% EtOH at 25�C. Testes were paraffin embedded and 5mm sections were made that were stained with Periodic acid Schiff

(PAS) and hematoxylin. Sections were studied using a light microscope and staged [44]. Specific types of germ cells were identified

based upon their location, nuclear size and nuclear staining pattern [44].

Immunohistochemistry
Immunohistochemistry was performed on 5mm paraffin embedded sections. Sections were deparaffinized and rehydrated prior to

antigen presentation. Antigen presentation was performed by boiling slides in 0.01M Citrate Buffer pH 6 for 10 minutes. Sections

were blocked for 1hr at room temperature using 3% BSA and 0.05% Triton X-100 in PBS and subsequently probed with primary

and secondary antibodies.

Our SLX/SLXL1 antibody was generated against a CVSFSEEWQRFARS-KLH conjugated peptide. Genemed Synthesis synthe-

sized and injected the peptide into rabbits and affinity purified the antibody. Antibody specificity was assessed by probing whole

testis lysates from wild-type (C57BL/6J), Slx-/Y and Slxl1-/Y mice with both pre-immune serum and purified antibodies on

western blots. The following commercially available antibodies were used: SCP3 (Abcam, ab97672), Peroxidase AffiniPure (Jackson

ImmunoResearch, 711-035-152), FITC AffiniPure (Jackson ImmunoResearch, 711-095-152), Rhodamine RedX AffiniPure (Jackson

ImmunoResearch, 715-295-151).
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RT-PCR
Total RNA was extracted using Trizol (Life Technologies) according to manufacturer’s instructions. Ten mg of total RNA was DNase

treated using Turbo DNase (Life Technologies) and reverse transcribed using Superscript II (Invitrogen) using oligo(dT) primers

following manufactures instructions. Intron-spanning primers were used to perform RT-PCR on adult testis cDNA preparations for

Slx, Slxl1 and a round spermatid specific gene Trim42 (Table S2).

Assaying Fertility
The fecundity of males was assessed bymating at least threemales 2-6months of age of a given genotype to 2-6month old C57B/6J

females and monitoring females for copulatory plugs. The fertility of all lines was compared to that of C57B/6J males (wild-type).

Offspring sex ratios data was compiled by sex genotyping offspring from the aforementioned crosses as well as pups resulting

from males bred with CD1 females. Sperm counts were conducted on sperm isolated from the cauda epididymis. Briefly, the cauda

epididymis was isolated and nicked three times to allow sperm to swim out. The nicked epididymis was then rotated for 1hr at 37�C in

Toyoda Yokoyama Hosi media (TYH). Spermwere fixed in 4%PFA and counted using a hemocytometer. For each genotype, at least

three male mice were counted with three technical replicates performed for each mouse and averaged. Testes were collected from

2-6 month old males for all experiments and weighed, along with total body, in order to determine relative testis weight.

X-Y Chromosome Paint
Cauda epididymal sperm were collected and fixed onto slides using 3:1 methanol: acetic acid. Slides were stored at �20�C. Slides
were immersed twice in 2x SSC for three minutes followed by a series of ethanol washes (70%, 90%, 100% ethanol) for two minutes

each. Slideswere incubated at room temperature for 30minutes in 5mMDTT, 1%Triton X-100, 50mMTris. Slideswere again washed

with 2x SSC and the ethanol series. Slides were incubated in 70% formamide, 2x SSC at 78�C for five minutes and then washed in

ethanol series for oneminute each.Mouse X and Y paint probes fromMetaSystems Probesweremixed and denatured at 80�C for ten

minutes before placing on slide. Slides were incubated overnight at 37�C in a humid chamber. Slides were washed in 50% form-

amide, 2x SSC three times at 45�C for five minutes, 2x SSC once at 45�C for five minutes and rinsed in Photo-Flo 200 (Kodak). Slides

were mounted with VECTASHIELD with DAPI (Vector Laboratories).

Co-Immunoprecipitation and Mass Spectrometry
SLX/SLXL1 co-immunoprecipitation was performed on whole testis lysate using our SLX/SLXL1 antibody conjugated to protein A

Dynabeads (Life Technologies). Briefly, testes from wild-type, Slx-/Y, Slxl1-/Y and Slx-/Y, Slxl1-/Y males were lysed (150 mM KCl,

0.05% NP-40, 0.5 mM DTT, and protease inhibitors (EDTA-free Complete PI)) and centrifuged at full speed in a tabletop centrifuge

at 4�C. The top lipid layer was discarded and the remaining supernatant was transferred to a new tube and incubatedwith SLX/SLXL1

antibody. Protein A dynabeads were rinsed 3 times with lysis buffer before adding the lysate/antibody solution and incubated at 4�C
for at least 1hr. Beads were subsequently washed 2X with lysis buffer and 1X with lysis buffer containing no detergent and 1X with

PBS containing protease inhibitors. A small aliquot of beadswas removed for western blot analysis. The remaining beadswere stored

at �20�C after removing all liquid. Prior to trypsin digestion, beads were resuspended in 50ul of 0.1M ammonium bicarbonate buffer

(pH�8). Cysteines were reduced by adding 50ul of 10 mM DTT and incubated at 45�C for 30 min. To alkylate cysteines, the samples

incubated at room temperature, protected from light, with 65 mM 2-Chloroacetamide. Proteins were digested overnight with 1mg

sequencing grademodified trypsin at 37�Cwith constant shaking in a Thermomixer. Digestion was stopped by acidification and pep-

tides were desalted using SepPak C18 cartridges using manufacturer’s protocol (Waters). Samples were dried using a vacufuge.

Samples were dissolved in 8ml of 0.1% formic acid, 2% acetonitrile solution and then 2ml of the peptide solution was resolved on

a nano-capillary reverse phase column (Acclaim PepMap C18, 2 micron, 50 cm, ThermoScientific) using a 0.1% formic acid, 2%

acetonitrile (Buffer A) and 0.1% formic acid, 95% acetonitrile (Buffer B) gradient at 300 nl/min over a period of 180 min (2%–22%

buffer B in 110 min, 22%–40% in 25 min, 40%–90% in 5 min followed by holding at 90% buffer B for 5 min and requilibration

with Buffer A for 25 min). Eluent was directly introduced into Orbitrap Fusion tribrid mass spectrometer (Thermo Scientific, San

Jose CA) using an EasySpray source. MS1 scans were acquired at 120K resolution (AGC target = 1x106; max IT = 50 ms). Data-

dependent collision induced dissociation MS/MS spectra were acquired using Top speed method (3 s) following each MS1 scan

(NCE �32%; AGC target 1x105; max IT 45 ms).

Proteins were identified by searching the MS/MS data againstMus musculus (UniProt; 60627 entries) using Proteome Discoverer

(v2.1, Thermo Scientific). Search parameters included MS1 mass tolerance of 10 ppm and fragment tolerance of 0.2 Da; two missed

cleavages were allowed; carbamidimethylation of cysteine was considered fixed modification and oxidation of methionine, deami-

dation of aspergine and glutamine were considered as potential modifications. False discovery rate (FDR) was determined using

Percolator and proteins/peptides with a FDR of % 1% were retained for further analysis.

Candidate interacting proteins were filtered based upon high confidence (< 1% FDR), reproducible presence across multiple wild-

type samples (PSM> 5) and reproducible absence across all Slx-/Y, Slxl1-/Y samples. Three biological replicates-wild-type and Slx-/Y,

Slxl1-/Y, two biological replicatesSlx-/Y andSlxl1-/Y were performed. Themass spectrometry proteomics data have been deposited to

the ProteomeXchange Consortium via the PRIDE [45] partner repository with the dataset identifier PXD014276.
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Estimation of amplicon copy number
For estimating the number of Slxl1 copies in the rat genome, read depth analysis was performed using the mrsFAST [36] aligner and

the fastCN pipeline [37]. Reads were mapped against the rn6 reference genome in which sequences identified by RepeatMasker,

Tandom Repeat Finder, and 50-mers with an occurrence greater than 50 were masked. Read depth was normalized to account

for GC content, averaged in windows containing 3,000 unmasked positions, and converted to copy-number based on the observed

depth in autosomal regions not previously identified as copy-number variable [46]. Analysis was performed using male and female

genomic data obtained from SRP029216 [47].

Comparisons of exon-intron structure
Complete RefSeq mRNA sequences were obtained for mouse Sycp3 (NM_011517), Slx (NM_001136476), Slxl1 (NM_029181), and

Sly (NM_201530). Pairwise comparisons for each of the four genes were performed via Exalign [38] to determine conservation on

exon-intron structure.

Dot-plots
Self-symmetry triangular dot plots that show repeats within a sequenced region were generated from a customPerl script that can be

found at https://pagelab.wi.mit.edu/materials-request.

Round spermatid Injections (ROSI)
Round spermatids were collected and enriched from the testes of 2-6 month old WT and Slx -/Y,Slxl1 -/Y males, as described previ-

ously [48]. Briefly, testes were placed in red blood cell lysis solution (Miltenyi Biotec) to remove Tunica albuginea. Seminiferous tu-

bules were transferred to GL-PBS (0.01% PVP in Dulbecco’s PBS containing glucose and pyruvate from GIBCO), cut into small

pieces and pipetted gently to release spermatogenic cells. The cell suspension was filtered through a 50-um nylonmesh, centrifuged

at 200xg for 5min at 4�C, and resuspended in GL-PBS containing 0.4mg/ml pronase E (SERVA). The cell suspensionwas centrifuged

again at 400xg for 5 min at 4�C to precipitate most elongating spermatids and spermatozoa. The remaining suspension containing

most round spermatids waswashed twice at 200xg for 5min at 4�C and stored in 7.5% glycerol, 7.5%FBS, 0.01%PVP in GL-PBS at

�80�C.
Unfertilized eggswere harvested from 5-weeks-old superovulatedC57BL6/DBA2 F1 females. Round spermatids were thawed and

washed twice with 7.5%FBS inGL-PBS at 400xg for 5min at 4�C.More than 90%cells were alive after thawing, as determined by the

trypan blue extrusion test. On the injection dish, eggs and round spermatids were placed in a droplet of theM2medium (Sigma) and a

droplet of GL-PBS, respectively. Using a needle with 6um inner diameter and 15 um outer diameter for piezo-driven microinjection,

individual round spermatids were drawn into the needle to break the plasma membrane, and the nucleus was injected into the cyto-

plasm of the egg. Following round spermatid injection, eggs were activated in the M16 medium (Sigma) containing 5 mM SrCl2 and

5 mM EGTA for 20 min at 37�C [49]. Eggs were then washed and cultured in KSOM media for development.

QUANTIFICATION AND STATISTICAL ANALYSIS

Two-tailed Fisher’s Exact tests were used to calculate statistical significance between wild-type and transgenic groups in offspring

sex ratio (Figure 3) and X versus Y sperm counts (Figure 3) as the outcomes are binary. The number of pups or sperm screened are

noted in the figure and figure legend, respectively. To determine statistical significance for average litter size, sperm counts and testis

weights between wild-type and transgenic groups, a two-tailed t test was performed. The number of mice used is denoted in the

figure legends. All error bars denote standard deviation.

DATA AND CODE AVAILABILITY

Sequencing data is available on NCBI SRA: PRJNA545829. Mass spectrometry data is available on the PRIDE database:

PXD014276.
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https://pagelab.wi.mit.edu/materials-request
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