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Abstract Fertility across metazoa requires the germline-specific DAZ family of RNA-binding
proteins. Here we examine whether DAZL directly regulates progenitor spermatogonia using a
conditional genetic mouse model and in vivo biochemical approaches combined with chemical
synchronization of spermatogenesis. We find that the absence of Dazl impairs both expansion and
differentiation of the spermatogonial progenitor population. In undifferentiated spermatogonia,
DAZL binds the 3' UTRs of ~2,500 protein-coding genes. Some targets are known regulators of
spermatogonial proliferation and differentiation while others are broadly expressed, dosage-
sensitive factors that control transcription and RNA metabolism. DAZL binds 3" UTR sites
conserved across vertebrates at a UGUU(U/A) motif. By assessing ribosome occupancy in
undifferentiated spermatogonia, we find that DAZL increases translation of its targets. In total,
DAZL orchestrates a broad translational program that amplifies protein levels of key
spermatogonial and gene regulatory factors to promote the expansion and differentiation of
progenitor spermatogonia.

Introduction
The germline-specific DAZ family of RNA-binding proteins functions in germ cell development across
metazoa. This family is comprised of Y-linked DAZ and its autosomal homologs DAZL (DAZ-like) and
BOULE, all of which contain a highly conserved RNA recognition motif (RRM) and at least one DAZ
repeat. BOULE is widely conserved across metazoa from sea anemones through humans, while
DAZL is limited to vertebrates, and DAZ is further limited to Old World monkeys and apes
(Saxena et al., 1996; Xu et al., 2001). In humans, deletions encompassing the Y chromosome’s Azo-
ospermia Factor C (AZFc) region, which contains all four copies of the DAZ gene, are among the
most common known genetic causes of spermatogenic failure, accounting for 10% of cases of azoo-
spermia (no sperm detected in semen) or severe oligozoospermia (abnormally low number of sperm
detected in semen) in the absence of any physical obstruction (Ambulkar et al., 2015; Fu et al.,
2012; Girardi et al., 1997, Mascarenhas et al., 2016; Nakahori et al., 1996, Reijo et al., 1995;
Simoni et al., 1997, Vogt et al., 1996). However, the mechanistic basis for the DAZ family’s role in
spermatogenesis remains poorly defined.

Dazl is expressed in the embryonic germ line as well as during adult cogenesis and spermatogen-
esis (Seligman and Page, 1998) and therefore likely functions at multiple stages of germline devel-
opment. In mice, genetic loss of Dazl causes infertility in both sexes (Ruggiu et al., 1997). DAZL is
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first required during embryogenesis for germ cell determination (Gill et al., 2011; Lin and Page,
2005; Nicholls et al., 2019b). On mixed genetic backgrounds and the inbred 129 strain, a small
number of Dazl-null germ cells survive into adulthood with defects in spermatogonial differentiation
(A, to A4 transition) (Schrans-Stassen et al., 2001) and in meiosis | (Saunders et al., 2003). How-
ever, because these studies examined a complete knockout of Dazl, it is unclear whether these adult
phenotypes are a primary defect due to loss of DAZL activity in the adult germ line or a secondary
effect of the absence of DAZL during embryogenesis. To address this, one study conditionally
deleted Dazl after its embryonic requirement and reported roles for DAZL in spermatogonial stem
cell maintenance, meiosis |, and spermatid development (Li et al., 2019).

DAZL interacts with the 3" UTRs of factors that contribute to multiple stages of spermatogenesis,
but it is not clear what transcripts DAZL targets in specific spermatogenic cell types because these
targets have been identified in either cultured primordial germ cell-like cells (Chen et al., 2014),
ovaries (Rosario et al., 2017), or whole testes containing many stages of spermatogenesis
(Chen et al., 2014, Li et al., 2019, Zagore et al., 2018). DAZL functions as a translational enhancer
within the oocyte (Collier et al., 2005; Reynolds et al., 2005; Reynolds et al., 2007; Sousa Martins
et al., 2016). However, during spermatogenesis, and particularly in spermatogonia, there is conflict-
ing evidence whether DAZL regulates translation (Li et al., 2019, Reynolds et al., 2005;
Reynolds et al., 2007) or RNA stability (Zagore et al., 2018).

Here, we study mouse Dazl using genetic and biochemical tools to define a function for the DAZ
family in spermatogenesis. Using a conditional mouse model, we find that DAZL promotes expan-
sion and differentiation of progenitor spermatogonia. By combining chemical synchronization of
spermatogenesis with iCLIP and translational profiling, we demonstrate that DAZL mediates a broad
translational program spanning ~2,500 protein-coding genes, including spermatogonial and gene
regulatory factors, in undifferentiated spermatogonia in vivo. We propose that these novel insights
into how DAZL functions within undifferentiated spermatogonia illuminate DAZ's role in human
spermatogenesis.

Results

DAZL promotes expansion and differentiation of the spermatogonial
progenitor population

To determine when DAZL could play a direct role in spermatogenesis, we defined DAZL protein
expression in the postnatal male germ line. At birth, male germ cells are present as mitotically quies-
cent gonocytes (also known as prospermatogonia). At postnatal days (P) 0 and 4, we found that gon-
ocytes robustly expressed Dazl, as marked by a Dazl:tdTomato reporter (Figure 1—figure
supplement 1A).

Shortly after birth, gonocytes resume proliferation and mature into spermatogonia, including
spermatogonial stem cells. These spermatogonia initiate spermatogenesis, which encompasses a
series of transit-amplifying mitotic divisions, followed by meiosis and then the cellular differentiation
of spermiogenesis to form spermatozoa. DAZL protein expression has been previously reported in
multiple spermatogenic cell types, including spermatogonia, spermatocytes, and round spermatids
(Li et al., 2019; Ruggiu et al., 1997, Xu et al., 2001). Here, we sought to clarify DAZL's expression
patterns via immunohistochemistry. DAZL protein was robustly expressed in type A, Intermediate,
and type B spermatogonia as well as in spermatocytes in meiotic prophase | (Figure T—figure sup-
plement 1B-C). However, DAZL was not detected in secondary spermatocytes in meiotic prophase
Il, or in round or elongating spermatids, after the completion of meiosis. These data provide greater
detail as to the spermatogenic cell types that express DAZL (Li et al., 2019; Ruggiu et al., 1997,
Xu et al., 2001) and are at odds with a previous study reporting DAZL expression in round sperma-
tids (Li et al., 2019), potentially reflecting differences in antibody specificity or sensitivity of
detection.

Next, we investigated whether DAZL is required for spermatogonial development, independent
of DAZL's earlier requirement in germ cell determination (~E10.5-12.5). Using a conditional Daz/
allele with germline-specific Cre recombinase Ddx4¢™, which is active from ~E14.5 onward
(Figure 1A), we generated Dazl conditional knockout mice (Daz?Y; Ddx4%"®'*: referred to as Dazl
cKO) alongside phenotypically wild-type control animals (Daz®”’*; Ddx4<"®'*). Germ cells persist in
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Figure 1. DAZL promotes spermatogonial expansion and differentiation. (A) Schematic of DazlP* (two loxP) and Dazl' (one loxP) alleles.
Recombination of Dazl" allele via Ddx4“"® allele yields Dazl'" allele in germ cells. (B) Schematic of spermatogenesis from Agngie (A) spermatogonial
stem cells to progenitor spermatogonia to differentiating spermatogonia, with expression of spermatogonial markers. Ag spermatogonial stem cells

Figure 1 continued on next page
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self-renew while also giving rise to A, progenitor spermatogonia, which differentiate without self-renewal. Subsequent divisions with incomplete

cytokinesis produce chains of two (Agaired: Apr) as well as chains of four, eight, and sixteen (Ajjignea, Aal) pProgenitor spermatogonia. Progenitors form

differentiating spermatogonia in response to retinoic acid. In addition, chains of A, and A, progenitors can fragment to form A, spermatogonial stem
cells, particularly under conditions of stress (not shown). (C) Quantification of FOXC2, ZBTB16, and KIT-positive spermatogonia (green) in histological
sections of control and Dazl cKO adult testes. SOX? marks Sertoli cells (gray), DAZL is in red, and DAPI marks DNA (blue). Select tubules are outlined
via dotted orange line. Cells enlarged within insets are highlighted by arrowheads. Insets show spermatogonia that are DAZL-positive and FOXC2-
positive (control and mosaic cKO panels); DAZL-negative and FOXC2-positive (mosaic and DAZL-negative cKO panels); DAZL-positive and ZBTB16-
positive (control and mosaic cKO panels); DAZL-negative and ZBTB16-positive (DAZL-negative cKO panel); DAZL-positive and KIT-positive (control and
mosaic cKO panels); and DAZL-negative and KIT-negative (DAZL-negative cKO panel). Scale bar = 20 um. Populations were quantified from 50 tubules

per animal, with two animals per genotype. Violin plots display medians with interquartile ranges. Difference between normalized FOXC2, ZBTB16, and

KIT-positive populations was statistically assessed via two-sided Mann-Whitney U test. Difference between normalized KIT-positive populations over
normalized ZBTB16-positive populations was statistically assessed via two-sided odds ratio. *, p<0.05; ***, p<0.001; ****, p<0.0001.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. RNA-seq analysis of Pou5f1:EGFP-positive spermatogonia from control and Dazl cKO testes.

Source data 2. Quantification of spermatogonial subpopulations and tubule cross-section area in control and Dazl cKO testes.
Figure supplement 1. DAZL expression in postnatal gonocytes and during spermatogenesis.

Figure supplement 2. Conditional deletion of Dazl in spermatogonia.

Figure supplement 3. Characterization of Pou5f1:EGFP-positive spermatogonia in Dazl cKO.

adult Dazl cKO testes, but these animals are infertile (Nicholls et al., 2019b). However, conditional
deletion of Dazl in the adult was incomplete, and while some tubules lacked DAZL protein, other
tubules continued to express DAZL (Nicholls et al., 2019b). Here, at P10, we found that while many
tubules contained DAZL-negative germ cells, nearly 100% of Dazl cKO tubule cross sections con-
tained at least one DAZL-positive cell (Figure 1—figure supplement 2A-B). However, at 6 months,
only ~40% contained at least one DAZL-positive cell, compared with 100% of controls (Figure 1T—
figure supplement 2B). We therefore focused our analysis on aged animals, in which the conditional
deletion of Dazl was more complete.

First, we asked whether spermatogonial stem cells and early progenitor (A; and A,,) spermatogo-
nia, as identified by FOXC2 (Wei et al., 2018; Figure 1B), are maintained in the absence of DAZL at
6 months. Using immunofluorescent staining, we quantified this stem/progenitor population in semi-
niferous tubule cross sections (Figure 1C). To account for shrinkage of the seminiferous tubules and
concomitant changes in cell distribution caused by disrupted spermatogenesis (Figure 1—figure
supplement 2C), the FOXC2 population was normalized to the population of SOX9-positive Sertoli
cells, which lack DAZL and do not proliferate in adult testes (Kluin et al., 1984; Vergouwen et al.,
1991). To account for the incomplete conditional deletion, Dazl cKO tubules that lacked DAZL-posi-
tive germ cells (‘DAZL-negative’) and those that exhibited one or more DAZL-positive germ cell
(‘'mosaic’) were analyzed separately. In DAZL-negative tubules from Dazl cKO testes, the FOXC2-
positive population of stem/progenitor spermatogonia was modestly larger than in controls (two-
sided Mann-Whitney U test, p=0.019), but no such difference was observed between mosaic tubules
from Dazl cKO testes and controls (two-sided Mann-Whitney U test, p=0.095). We conclude that,
within our cKO model, loss of Dazl has minimal impact on stem/progenitor spermatogonia within
the testes.

Next, we examined whether the broader population of undifferentiated spermatogonia (stem
cells as well as early and late progenitors), as identified by ZBTB16 (also known as PLZF) (Figure 1B),
is affected in the Dazl cKO. The median number of ZBTB16-positive cells was reduced by 40-60% in
cKO tubules (two-sided Mann-Whitney U test, p=1.85x10"¢ and p=1.57x10""° for mosaic and
DAZL-negative cKO tubules, respectively; Figure 1C). Given that the numbers of stem/progenitor
spermatogonia are not reduced, we conclude that fewer late progenitor (A,) spermatogonia form in
the absence of Dazl.

We then asked if the progenitor spermatogonia that do form are able to differentiate by quantify-
ing the KIT-positive population of differentiating spermatogonia (Figure 1B). The median number of
KIT-positive cells was reduced by 70-90% in cKO tubules (two-sided Mann-Whitney U test,
p=7.06x10"? and p=1.33x10""° for mosaic and DAZL-negative cKO tubules, respectively;
Figure 1C). We calculated the total rate of spermatogonial differentiation as the ratio of the
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normalized number of KIT-positive cells over that of ZBTB16-positive cells. In control testes, the dif-
ferentiation rate was ~65%, which is consistent with previously observed rates (reviewed in de Rooij,
2017; Tegelenbosch and de Rooij, 1993). By contrast, the rate of spermatogonial differentiation
was reduced to 25-35% in cKO testes (two-sided odds ratio, p='I.O<‘>><1Of4 and p=1.40><1076 for
mosaic and DAZL-negative cKO tubules, respectively; Figure 1C). Therefore, without Dazl, progeni-
tor spermatogonia do not differentiate efficiently.

To confirm these results, we isolated late progenitor and early differentiating spermatogonia
expressing the Pou5f1:EGFP reporter at 6-8 months via FACS (Figure 1—figure supplement 3A-B;
Garcia and Hofmann, 2012; La et al., 2018b) and analyzed gene expression via RNA-seq (Fig-
ure 1—figure supplement 3C-D). Several genes associated with stem/progenitor spermatogonia
exhibited increased expression in the Pou5f1:EGFP-positive spermatogonial population from the
Dazl cKO compared with those from the control, while several genes expressed in progenitor sper-
matogonia or the broader population of undifferentiated spermatogonia exhibited reduced abun-
dance (adjusted p<0.05; Figure 1—figure supplement 3D). However, Zbtb16 and Kit RNA levels
appeared unaffected, presumably because RNA-seq analysis of the bulk Pou5f1:EGFP-positive pop-
ulation does not provide the single-cell resolution of our immunohistological quantification
(Figure 1C). It is also possible that the reduced population of progenitor and differentiating sper-
matogonia in the Dazl cKO expressed higher levels of Zbtb16 and Kit to compensate for the loss of
DAZL. Regardless, other markers in this population-level RNA-seq analysis corroborate our immuno-
histological analysis.

In sum, the loss of Dazl results in dramatically fewer differentiating spermatogonia for two rea-
sons: progenitor spermatogonia fail to fully expand their population, and they do not differentiate
efficiently.

DAZL broadly targets the transcriptome in progenitor spermatogonia
Given that DAZL promotes the expansion and differentiation of progenitor spermatogonia, we set
out to identify DAZL's targets in undifferentiated spermatogonia using iCLIP (individual nucleotide
resolution in vivo UV crosslinking and immunoprecipitation; Huppertz et al., 2014). To obtain the
large numbers of undifferentiated spermatogonia needed for this biochemical analysis, we develop-
mentally synchronized spermatogenesis (Hogarth et al., 2013; Romer et al., 2018; Figure 2A). By
chemically regulating the level of retinoic acid, which is required for spermatogonial differentiation
(Endo et al., 2015; van Pelt and de Rooij, 1990), we synchronized spermatogonial development
and greatly enriched for undifferentiated spermatogonia in the testes. The successful accumulation
of undifferentiated spermatogonia, without contamination from later stages of spermatogenesis,
was verified in a testis biopsy by both histological analysis and immunohistochemical staining for
STRAS8 protein (Figure 2—figure supplement 1A), which is expressed at spermatogonial differentia-
tion (Endo et al., 2015). To further verify synchronization, we isolated the synchronized germline
population from ROSA26tATomato/+. By 4Cre/* tastes (synchronize, stage, and sort or ‘3S" protocol).
Ddx4<™ activates the ROSA26'9T°mat° reporter in the vast majority (~<95%) of germ cells by P1
(Nicholls et al., 2019b), prior to the initiation of synchronization treatments. We analyzed the 3S
undifferentiated spermatogonia by RNA-seq (Figure 2A, Figure 2—figure supplement 1B-D). We
compared these data to RNA-seq datasets of spermatogonia from unsynchronized testes
(Kubo et al., 2015; La et al., 2018b; Maezawa et al., 2017). As expected, our 3S undifferentiated
spermatogonia were more similar to sorted undifferentiated spermatogonia than sorted differentiat-
ing spermatogonia and exhibited minimal expression of differentiation markers Kit and Stra8 (Fig-
ure 2—figure supplement 1E-F). These data demonstrate that chemical synchronization of
spermatogenesis provides an enriched population of undifferentiated spermatogonia.

We carried out DAZL iCLIP on synchronized and staged ('2S’) wild-type testes (Figure 2A; Fig-
ure 2—figure supplement 2A-C). Crosslinked nucleotides captured by iCLIP were used to identify
peaks in three biological replicates (Figure 2B). Within each replicate, the vast majority of peaks
(>89%) were in the 3’ UTR of mRNAs (Figure 2B-C, Figure 2—figure supplement 2D). We there-
fore defined DAZL's binding sites as 3' UTR peaks present in at least two of the three replicates
(Figure 2C).

DAZL binding sites corresponded to 2,633 genes (Figure 2C), representing 19.5% of all protein-
coding genes expressed in undifferentiated spermatogonia. Based on the transcript abundance of
these genes, 31.8% of all mMRNA molecules in undifferentiated spermatogonia contained DAZL
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Figure 2. |dentification of DAZL-bound transcripts in undifferentiated spermatogonia via iCLIP reveals DAZL's regulation of spermatogonial factors. (A)
Schematic of the synchronization of spermatogenesis to obtain undifferentiated spermatogonia via the 2S method for iCLIP (green arrows) and via the
3S method for RNA-seq (purple arrows). WIN 18,446 was used to synchronize spermatogenesis by blocking spermatogonial differentiation, and samples
were histologically staged to verify successful synchronization. For 3S samples, germ cells were sorted from synchronized testes. (B) Genomic

Figure 2 continued on next page
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distribution of DAZL iCLIP peaks identified in three biological replicates (TPM >1; FDR < 0.05). (C) Venn diagram showing overlap of DAZL iCLIP peaks
in expressed 3' UTRs (TPM >1) among three biological replicates. Replicated peaks (i.e., present in at least two of three replicates) were identified.
After merging replicated peaks that fell on consecutive nucleotides, 11,882 DAZL binding sites (present in at least two of three replicates; highlighted in
blue) were identified. These binding sites correspond to 2,633 genes, which are designated as the DAZL-bound genes. (D) Enrichment of factors that
regulate the development and differentiation of undifferentiated spermatogonia in DAZL targets compared with all genes expressed in undifferentiated
spermatogonia (one-tailed hypergeometric test). Number of genes (n) in each group designated in parentheses in labels along x-axis.****, p<0.0001.
(E) DAZLICLIP, IgG iCLIP, and 3S RNA-seq gene tracks showing exemplary DAZL-bound genes that are required for spermatogonial

proliferation and expansion (Lin28a and Sox3) or differentiation (Kit, Foxo1, Rarg, and Sall4). Each iCLIP track represents the crosslinked sites from the
sum of unique reads from three biological replicates. The RNA-seq track represents the sum of two biological replicates. The scale of each gene track
is marked on the left. 3" UTRs are in light blue.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Genes that regulate development and differentiation in undifferentiated spermatogonia.

Source data 2. Replicated DAZL iCLIP peaks and transcript expression levels in 3S undifferentiated spermatogonia.

Source data 3. Comparison of 3S undifferentiated spermatogonia to previously published spermatogonial datasets.

Figure supplement 1. Isolation of undifferentiated spermatogonia via the 2S (synchronization and staging) and 3S (synchronization, staging, and

sorting) strategies.
Figure supplement 2. DAZL iCLIP.

binding sites. Therefore, DAZL interacts with about one-third of the transcriptome in undifferenti-
ated spermatogonia. However, DAZL is not unusual in its number of targets, as CLIP experiments
have revealed that many RNA-binding proteins interact with a comparably large number of targets
(Van Nostrand et al., 2020; Yamaji et al., 2017).

Given that Dazl promotes expansion and differentiation of progenitor spermatogonia, we sought
mechanistic insights into how DAZL instructs spermatogonial development. To identify DAZL targets
that are known spermatogonial regulators, we queried a set of genes previously annotated as regu-
lating development and differentiation of undifferentiated spermatogonia (Figure 2—source data
1) (reviewed in Mecklenburg and Hermann, 2016). While these genes comprised only 0.4% of
expressed protein-coding genes in undifferentiated spermatogonia (53 of 13,497 expressed genes),
they represented 1.1% of DAZL targets (29 genes of 2,633 DAZL targets), representing an enrich-
ment of spermatogonial factors (Figure 2D; one-tailed hypergeometric test; p=1.71x1078). Two of
these DAZL-targeted factors, Lin28a and Sox3, promote the formation and proliferation of progeni-
tor spermatogonia (Chakraborty et al., 2014; McAninch et al., 2020) and may contribute to the
diminished progenitor population observed in the Dazl cKO (Figure 2E). Additional factors, such as
Foxo1, Kit, Rarg, and Sall4, promote spermatogonial differentiation (de Rooij et al., 1999, Gely-
Pernot et al., 2012; Goertz et al., 2011; Hobbs et al., 2012; Yoshinaga et al., 1991), consistent
with the reduced spermatogonial differentiation in the Dazl cKO (Figure 2E). Therefore, DAZL pref-
erentially interacts with factors that regulate both expansion and differentiation of progenitor sper-
matogonia, consistent with its genetically demonstrated roles in these cells.

DAZL interacts with broadly expressed, dosage-sensitive regulators of
fundamental cellular processes
Since known spermatogonial factors comprise just a minor fraction of DAZL's targets (Figure 2D),
we sought to characterize other factors with which DAZL interacts. Gene Ontology (GO) analysis of
all DAZL targets revealed enrichment for regulators of general transcription and RNA splicing
(Figure 3A). At the level of transcriptional regulation, DAZL binds to Ep300 (also known as p300), a
histone acetyltransferase; Polr2d, a component of RNA polymerase Il; and Taf4b, a germline-
enriched subunit of the general transcription factor TFIID (Figure 3B). At the level of splicing regula-
tion, DAZL binds to Celf1, an RNA-binding protein involved in alternative splicing; Sf1, a splicing fac-
tor required for spliceosome assembly; and Snrpb, a core spliceosomal protein (Figure 3B). Via such
interactions, DAZL-mediated regulation has the potential to broadly shape the transcriptome of pro-
genitor spermatogonia.

While GO analysis highlighted that DAZL interacts with many factors that regulate fundamental
cellular processes, it failed to reveal any enrichment for germline-specific processes. We therefore
tested whether DAZL targets tend not to be germline-specific factors. Using RNA-seq data from 12
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Figure 3. DAZL targets are enriched for broadly expressed, dosage-sensitive regulators of basic cellular processes. (A) All statistically enriched GO
biological processes, excluding parental nodes, for 2,633 DAZL-targeted genes compared with all genes expressed in undifferentiated spermatogonia
(TPM >1) using the PANTHER GO Slim annotation set. P values are from binomial tests with Bonferroni correction. (B) DAZL iCLIP, IgG iCLIP, and 3S
RNA-seq gene tracks showing exemplary DAZL-bound genes that are involved in transcription and RNA splicing. Gene tracks as described in

Figure 2E. (C) DAZL targets are depleted of testis-specific factors compared with all genes expressed in undifferentiated spermatogonia (one-tailed
hypergeometric test). (D) DAZL targets are more broadly expressed than nontargets within 12 adult mouse tissues (one-sided Mann-Whitney U test). (E)
DAZL targets are more likely to have a yeast ortholog (one-tailed hypergeometric test). (F) DAZL targets have a reduced ratio of nonsynonymous
substitutions per nonsynonymous site to synonymous substitutions per synonymous site (dN/dS) in alignments with human orthologs (one-sided Mann-
Whitney U test). (G) Human orthologs of DAZL's targets exhibit increased intolerance for copy number variation (CNV) (one-sided Mann-Whitney U
test). (H) The human orthologs of DAZL's targets exhibit increased probability of haploinsufficiency (one-sided Mann-Whitney U test). (I) The human
orthologs of DAZL's targets exhibit increased intolerance for deletions (one-sided Mann-Whitney U test). (J) The human orthologs of DAZL's targets
exhibit increased intolerance for duplications (one-sided Mann-Whitney U test). (K) DAZL targets exhibit higher miRNA conservation scores (Pct) (one-
sided Mann-Whitney U test). Violin plots display medians with interquartile ranges; number of genes (n) in each group designated in parentheses in
labels along x-axis. *, p<0.05; ****, p<0.0001.

Figure 3 continued on next page
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The online version of this article includes the following source data for figure 3:

Source data 1. GO analysis of DAZL targets.

Source data 2. Testis-specific genes and expression breadth for genes expressed in undifferentiated spermatogonia.

Source data 3. Mouse:yeast orthology status for genes expressed in undifferentiated spermatogonia.

Source data 4. dN/dS ratios of mouse:human orthologs for genes expressed in undifferentiated spermatogonia.

Source data 5. Haploinsufficiency scores, ExXAC data, and mean miRNA Pcr scores for genes expressed in undifferentiated spermatogonia.

male mouse tissues (Naqvi et al., 2019), we identified testis-specific genes (Figure 3—source data
2) and confirmed that Dazl expression is testis-specific, as previously described (Nicholls et al.,
2019b). We found that testis-specific factors comprised 5.3% of the genes expressed in undifferenti-
ated spermatogonia but only 2.7% of DAZL targets, representing a depletion of testis-specific fac-
tors among DAZL targets (one-tailed hypergeometric test; p=1.78><10713; Figure 3C). Given this,
we assessed whether DAZL's targets were broadly expressed. Across 12 mouse tissues, DAZL tar-
gets exhibited greater expression breadth than non-target genes expressed in undifferentiated sper-
matogonia (one-sided Mann-Whitney U test, p<2.2x10'¢; Figure 3D). Therefore, while DAZL itself
is a germ cell-specific factor, its targets are biased towards broadly expressed genes that are not
unique to germ cells. The broad expression of DAZL targets is consistent with their regulation of fun-
damental cellular processes.

To further test whether factors bound by DAZL regulate fundamental cellular processes, we
examined the conservation of DAZL targets. If these targets are critical to fundamental cellular func-
tions, then they should be preferentially conserved across the 900-1,400 million years of evolution
that separate mice from yeast (Berbee et al., 2017). This conservation would exist independent of
DAZL family members, which only evolved in multicellular organisms and are absent from Saccharo-
myces cerevisiae. While 23.8% of mouse genes expressed in undifferentiated spermatogonia had
orthologs in Saccharomyces cerevisiae, 30.2% of DAZL targets had an ortholog, representing an
enrichment in yeast orthologs among DAZL's targets (one-tailed hypergeometric test;
p=2.09x10""; Figure 3E). Therefore, DAZL preferentially interacts with factors conserved between
mouse and yeast, indicating that these factors support basic cellular functions.

Given that DAZL preferentially interacts with conserved factors, we hypothesized that DAZL tar-
gets are subject to stronger purifying selection, which limits changes to the amino acid sequence
and consequently causes an excess of synonymous substitutions relative to nonsynonymous ones. In
mouse:human orthologs, DAZL targets exhibited a reduced ratio of nonsynonymous to synonymous
substitution rates (dN/dS) compared with nontargets (one-sided Mann-Whitney U test,
p<2.2><10716; Figure 3F). Therefore, DAZL targets are under strong purifying selection, consistent
with their roles in fundamental cellular processes.

DAZL targets include conserved components of transcriptional and splicing complexes. To main-
tain stoichiometry, dosage of proteins within these complexes is strictly regulated (Veitia and Birch-
ler, 2009; Veitia and Potier, 2015). Therefore, we asked whether DAZL targets are sensitive to
dosage decreases and increases. First, as a metric of general dosage sensitivity, we assessed human
copy number variation (CNV) intolerance scores (Lek et al., 2016). The human orthologs of genes
targeted by DAZL were more intolerant of CNV than nontargets expressed in undifferentiated sper-
matogonia (one-sided Mann-Whitney U test, p=7.51x10">; Figure 3G). Next, we examined whether
DAZL targets are sensitive to dosage decreases. Compared with nontargets, human orthologs of
DAZL targets had higher probabilities of displaying haploinsufficiency (one-sided Mann-Whitney U
test, p<2.2x10’16; Figure 3H; Huang et al., 2010) and were more intolerant of deletions (one-sided
Mann-Whitney U test, p=5.6x10""%; Figure 3I; Lek et al., 2016). We then examined whether DAZL
targets are similarly sensitive to dosage increases. Human orthologs of genes targeted by DAZL
exhibited a greater intolerance for duplications than nontargets (one-sided Mann-Whitney U test,
p=0.045; Figure 3J; Lek et al., 2016). We also examined conserved miRNA targeting, as genes that
are sensitive to dosage increases exhibit conserved targeting by miRNAs, which modulate gene dos-
age by lowering the levels of their mRNA targets (Bartel, 2009; Naqvi et al., 2018). Indeed, DAZL
targets had higher probabilities of conserved targeting (Pct scores) (Agarwal et al.,, 2015;
Friedman et al., 2009), and were consequently more sensitive to dosage increases, than nontargets
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(one-sided Mann-Whitney U test, p<2.2x107'¢; Figure 3K). Therefore, DAZL targets are sensitive to
both increases and decreases in dosage.

In summary, within undifferentiated spermatogonia, DAZL binds transcripts that facilitate prolifer-
ation and differentiation of progenitor spermatogonia, consistent with our genetic findings in the
conditional model. However, DAZL also binds a broad set of conserved, dosage-sensitive transcripts
that control the fundamental cellular processes of transcription and splicing, which may also affect
the efficiency of proliferation and differentiation in spermatogonia.

DAZL binds a UGUU(U/A) motif

To biochemically characterize DAZL's binding preferences, we analyzed DAZL's binding sites for de
novo motif discovery. The top motif from two independent tools contained GUU (Figure 4A), consis-
tent with previously identified motifs (Chen et al., 2011; Jenkins et al., 2011; Li et al., 2019,
Maegawa et al., 2002; Reynolds et al., 2005; Zagore et al., 2018). We then asked whether DAZL-
bound GUU motifs are flanked by a specific sequence. By comparing GUU motifs from DAZL binding
sites to unbound GUUs from the same 3’ UTRs, we expanded the DAZL-bound motif to UGUU(U/A)
(Figure 4B). Beyond this five-nucleotide motif, there was a bias for U’s 5’ to the motif as well as U's
or A’s 3’ to the motif. Many RNA binding proteins exhibit similarly broad flanking sequence prefer-
ences (Dominguez et al., 2018).

As iCLIP captured nucleotides that directly interact with DAZL, we verified that the UGUU(U/A)
motif was overrepresented at crosslinked nucleotides, relative to the GUU and UUU identified by
the de novo motif analysis (Figure 4C). To verify that all five nucleotides of the UGUU(U/A) motif
contribute to DAZL's binding preferences, we examined truncations of the motif (i.e., UGUU and
GUU(U/A)) and confirmed that they were less enriched than the full-length motif (Figure 4—figure
supplement 1A).

The UGUU(U/A) motif is consistent with the UGUU and UUUGUUUU motifs identified by previous
studies (Chen et al., 2014; Li et al., 2019). Other studies had characterized DAZL's motif as GUUG
(Zagore et al., 2018), GUUC (Maegawa et al., 2002; Reynolds et al., 2005), or UUU(C/G)UUU
(Chen et al., 2011). All of these motifs share features with, but are distinct from, the UGUU(U/A)
motif identified here. To test whether previously identified motifs similarly capture DAZL's binding
preferences, we examined their enrichment at crosslinked nucleotides. We found that each motif
exhibited less enrichment than UGUU(U/A) at crosslinked nucleotides (Figure 4—figure supplement
1A) and at DAZL binding sites (Figure 4—figure supplement 1B). In addition, UGUU(U/A) was
more enriched than these other motifs in our reanalysis of an independent DAZL iCLIP dataset
derived from Pé testes (Figure 4—figure supplement 1C; Zagore et al., 2018). Finally, we found
that the UGUU(U/A) motif was enriched at the small number of DAZL iCLIP peaks identified outside
of 3' UTRs (Figure 4—figure supplement 1D). In total, UGUU(U/A) robustly captures DAZL's bind-
ing preferences.

DAZL's 3' UTR binding sites are conserved among vertebrates
Mouse DAZL, human DAZL, and human DAZ likely have similar binding preferences, as their RNA-
binding domains are highly conserved (Jenkins et al., 2011, Saxena et al., 1996). To explore
whether DAZL's binding sites in mice may be bound by DAZ family members during spermatogene-
sis in humans as well as in other vertebrates, we asked whether mouse DAZL binding sites are con-
served among vertebrates. First, we analyzed phyloP scores, which quantify the conservation of each
individual nucleotide (Figure 4D). We found that DAZL-crosslinked nucleotides were significantly
more conserved than other 3' UTR nucleotides (two-sided Mann-Whitney U test, p<2.2x107'9).
Next, we analyzed phastCons conservation scores, a per-nucleotide score that reflects the conserva-
tion of each nucleotide as well as its neighbors (Figure 4D). DAZL-crosslinked nucleotides were
located within more conserved regions of the 3' UTR than noncrosslinked nucleotides (two-sided
Mann-Whitney U test, p<2.2x107"%). These highly conserved sites include one of DAZL's 3' UTR
binding sites in Celf1 (Figure 4E), as well as binding sites in Lin28a and Ep300 (Figure 4—figure
supplement 1E-F).

Next, we characterized DAZL's binding behavior along the 3’ UTR. The majority of DAZL targets
had at least two binding sites (Figure 4F). When ranked according to the number of DAZL binding
sites, the top 5% of DAZL targets had >15 sites and included spermatogonial factors Foxo1, Lin28a,
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Figure 4. DAZL binds a UGUU(U/A) motif within 3" UTRs. (A) De novo motif discovery from replicated DAZL peaks in 3' UTR exons. Motif analyses were
carried out with HOMER and MEME tools using crosslinked peaks + 10 nucleotides, with all expressed 3' UTRs (TPM >1) as background. The top three
ranked motifs identified via HOMER are shown. One statistically significant motif was identified via MEME. (B) GUU-centered motif analysis of
replicated peaks in 3' UTRs via kpLogo. For each crosslinked peak 10 nucleotides, the closest GUU was identified, and all sequences were aligned

Figure 4 continued on next page
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Figure 4 continued

along the GUU. Background was a subset of unbound GUUs randomly selected sequences from the full-length 3" UTRs that contain DAZL peaks. As P
values are extremely small (<1 x1073%), residues are scaled by test statistics. (C) Position of all UGUU(U/A), GUU, and UUU motifs relative to crosslinked
nucleotides from replicated peaks in 3" UTRs. O represents the crosslinked nucleotide. Enrichment was identified relative to randomly selected
sequences from the full-length 3" UTRs that contain DAZL peaks. (D) Conservation of DAZL binding sites across vertebrates based on phyloP and
phastCons scores. DAZL-bound nucleotides identified via iCLIP were compared with unbound nucleotides from the same 3’ UTRs (two-sided Mann-
Whitney U test). (E) DAZL's 3" UTR binding site in Celf1 is conserved among vertebrates. Blue shading highlights nucleotides that reflect the consensus.
Bold designates DAZL's UGUU(U/A) motif. Asterisk marks crosslinked nucleotide in DAZL iCLIP data. Sequence shown is absent from coelacanth. (F)
Frequency of DAZL binding sites per DAZL-bound transcript. The majority of DAZL targets have more than one DAZL binding site (those targets to the
right of the vertical dashed line). (G) Distance between adjacent DAZL binding sites in 1,649 DAZL-bound transcripts with more than one DAZL binding
site. (H) Relative position of DAZL binding sites along the 3" UTR. The start and end of the 3' UTR were designated as 0 and 1, respectively. DAZL
binding sites are enriched at the end and, to a lesser extent, at the start, relative to randomly selected sites in the same 3’ UTRs (dashed line) (two-
sided Kolmogorov-Smirnov test). (I) Absolute position of DAZL binding sites along the 3" UTR. DAZL binding sites exhibit a sharp accumulation 20-100
nucleotides from the end of the 3" UTR and a broader accumulation 100-240 nucleotides from the start of the 3' UTR relative to randomly selected
positions within the same 3’ UTRs (dashed line) (two-sided Kolmogorov-Smirnov tests). ****, p<0.0001.

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Characterization of DAZL binding within 3" UTR.
Figure supplement 1. DAZL iCLIP motif enrichment and conservation.
Figure supplement 2. DAZL binding along the 3' UTR.

Sall4, and Sox3 (Figure 2E) as well as splicing factor Celf1 (Figure 3B). Indeed, based on Gene Set
Enrichment Analysis (GSEA), undifferentiated spermatogonial factors were overrepresented among
DAZL targets with many binding sites (p<0.001; Figure 4—figure supplement 2A). Enriched GO
categories associated with transcription and RNA splicing also showed some overrepresentation
among DAZL targets, but they did not meet thresholds for statistical significance. The number of
binding sites weakly correlated with transcript abundance (Figure 4—figure supplement 2B), which
suggested that these data underestimate the actual number of binding sites for lowly expressed
transcripts. The number of binding sites also weakly correlated with 3’ UTR length (Figure 4—figure
supplement 2C), indicating that the frequency of DAZL binding on a gene is not solely driven by its
3" UTR length. There was a similarly weak correlation between the number of binding sites and the
number of UGUU(U/A) motifs in the 3' UTR (Figure 4—figure supplement 2D). In part, this limited
correlation is likely due to DAZL having flanking sequence preferences beyond the 5-nt motif
(Figure 4B). For DAZL targets with multiple binding sites, we examined the distance between adja-
cent binding sites, and found that binding sites are positioned close together, with the median dis-
tance between peaks being 28 nt (Figure 4G).

We then examined the distribution of DAZL binding sites along the 3" UTR. While DAZL binding
sites were located throughout the 3’ UTR, they were strongly enriched at the start and end of the 3
UTR (two-sided Kolmogorov-Smirnov test, p<0.0001; Figure 4H-I, Figure 4—figure supplement
2E-F). DAZL's preference for the end, but not the start, of the 3' UTR was previously observed
(Zagore et al., 2018). Given that the prior analysis used DAZL CLIP data from whole testes, the
accumulation of binding sites at the start of the 3' UTR in our data may be a unique feature of DAZL
binding in undifferentiated spermatogonia. The accumulation of binding sites at the end of the 3’
UTR, near the poly(A) tail, is consistent with DAZL interacting with poly(A)-binding protein to regu-
late its targets (Collier et al., 2005).

In summary, DAZL interacts with the start and end of the 3’ UTR at sites that are conserved
among vertebrates. Therefore, DAZL's targets in mouse are likely regulated by DAZ family proteins
during spermatogenesis across vertebrates, including human.

DAZL enhances translation of its targets

DAZL functions as a translational enhancer within the oocyte (Collier et al., 2005; Sousa Martins
et al., 2016), but its molecular function during spermatogenesis remains poorly defined. We there-
fore asked whether DAZL similarly enhances the translation of its targets in undifferentiated sper-
matogonia. To isolate actively translating ribosomes specifically from germ cells, we used the
RiboTag allele, which expresses HA-tagged RPL22 after Cre-mediated excision and allows for isola-
tion of polysomes via anti-HA immunoprecipitation (IP) (Figure 5A-B; Sanz et al., 2009). To
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Figure 5. DAZL enhances translation of its targets in undifferentiated spermatogonia. (A) Schematic of
synchronization of spermatogenesis by WIN 18,446 to enrich for undifferentiated spermatogonia for RiboTag IP
and sequencing experiments. (B) Schematic of the RiboTag allele. The Rpl22 locus carries a floxed exon 4, which is
expressed in the absence of recombination, followed by an engineered exon four that encodes an HA tag before
the stop codon. Recombination via the Ddx4-Cre allele removes the floxed exon four and allows for expression of
the exon four that encodes the HA tag specifically in germ cells. The germ cells’ ribosomes can then be
immunoprecipitated via the HA tag. (C) Translational efficiency of DAZL targets compared with all nontargets from
undifferentiated spermatogonia (two-sided Mann-Whitney U test). (D) Translational efficiency of DAZL targets
compared with nontarget subset datasets that were sampled to match transcript abundance (TPM) and CDS
length in undifferentiated spermatogonia (two-sided Mann-Whitney U test). (E) Adjusted translational efficiency in
undifferentiated spermatogonia (two-sided Mann-Whitney U test), calculated from a multiple log-linear regression
model that included transcript abundance (TPM), CDS length, 3" UTR length, codon usage (Codon Adaptiveness
Index, CAl), and DAZL binding as variables. Adjusted translational efficiency was calculated by subtracting the
contributions (as calculated by the model) of transcript abundance, CDS length, 3’ UTR length, and codon usage
from biochemically measured translational efficiency values. ****, p<0.0001.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. Translational efficiencies for genes expressed in undifferentiated spermatogonia.
Figure supplement 1. Translational efficiency in undifferentiated spermatogonia.

recombine the RiboTag allele specifically in germ cells, we used the Ddx4<™ allele. We performed

RiboTag IP-seq in Rpl22HA*, Ddx4™/* testes chemically synchronized via the 25 method for undif-
ferentiated spermatogonia, along with controls for nonspecific binding to the antibody (RiboTag IP-
seq in Rpl22%*; Ddx4<™/*25S testes) and input RNA-seq from all IP-seq samples to control for differ-
ences in mRNA abundances among samples. We also used the RNA-seq data from 3S undifferenti-
ated spermatogonia to control for mRNA levels in germ cells.

We measured translational efficiencies (i.e., number of ribosomes bound per transcript molecule,
calculated as the enrichment in RiboTag IP-seq relative to control samples Baser et al., 2019) for
11,996 protein-coding genes expressed in wild-type undifferentiated spermatogonia. To verify our
translational efficiencies, we examined replication-dependent histones, whose translation is coupled
to S phase of the cell cycle (Marzluff et al., 2008). We would expect these histones to be poorly
translated because our population of undifferentiated spermatogonia is not enriched for S phase.
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Indeed, we confirmed that replication-dependent histones were less efficiently translated than the
average transcript (two-sided Mann-Whitney U test, p=5.62x10""°; Figure 5—figure supplement
1A). With respect to translational efficiency, Kit fell within the bottom 10% of all genes, consistent
with its translational repression in progenitor spermatogonia in the absence of retinoic acid
(Busada et al., 2015).

We observed that DAZL targets were more efficiently translated than nontargets in undifferenti-
ated spermatogonia (two-sided Mann-Whitney U test, p<2.2x10~'é; Figure 5C). Next, we examined
variables known to correlate with translational efficiency. Compared with nontargets, DAZL targets
exhibited longer 3' UTRs and less optimized codon usage (Codon Adaptation Index, CAl) (two-sided
Kolmogorov-Smirnov test, p<2.2x 107" for each variable; Figure 5—figure supplement 1B). How-
ever, these variables were associated with lower translational efficiencies (Figure 5—figure supple-
ment 1C), and therefore did not contribute to the higher translational efficiencies observed in DAZL
targets. DAZL targets also exhibited higher transcript abundances (TPMs) and longer coding regions
than nontargets (two-sided Kolmogorov-Smirnov test, p<2.2><10_16 for each variable; Figure 5—fig-
ure supplement 1B). As these variables positively correlated with translational efficiency (Figure 5—
figure supplement 1C), they were confounding variables in DAZL targets’ higher translational
efficiencies.

To control for differences in transcript abundance and coding region length, we sampled nontar-
gets to obtain a subset that matched DAZL targets for each individual variable. We then compared
translational efficiencies, and found that DAZL targets exhibited enhanced translational efficiencies
compared with nontargets matched for abundance and coding region length (two-sided Mann-Whit-
ney U test, p=1.22x10"" and p<2.2x107'%, respectively; Figure 5D). When comparing the median
DAZL target to the nontarget matched for transcript abundance, which was the variable most corre-
lated with translational efficiency (Figure 5—figure supplement 1C), DAZL binding increased trans-
lational efficiency by 0.43 ribosomes per transcript (Figure 5D).

As a second statistical approach, we tested whether DAZL affects its targets’ translation using a
multiple log-linear model of translational efficiency that included DAZL binding and other covariates:
transcript abundance, CDS length, 3" UTR length, and codon usage. Inclusion of DAZL binding as a
variable in the model significantly improved the fit to the translational efficiency data (likelihood-ratio
test, p=2.97><10_43). We then used this model to calculate adjusted translational efficiencies that
control for transcript abundance, CDS length, 3' UTR length, and codon usage. By comparing the
adjusted translational efficiencies of DAZL targets and nontargets, we found that DAZL targets were
more efficiently translated (two-sided Mann-Whitney U test, p<2.2x10~'%; Figure 5E). DAZL binding
increased the adjusted translational efficiency for the median transcript by 0.39 ribosomes per tran-
script (Figure 5E), similar to the effect size estimated by our first statistical approach (Figure 5D).

Therefore, based on in vivo profiling, DAZL amplifies translation in undifferentiated spermatogo-
nia. This DAZL-bound program encompasses 20% of expressed genes in undifferentiated spermato-
gonia, particularly factors not specific to the testes that regulate broad cellular process such as
transcription and splicing, and is required for the expansion and differentiation of progenitor
spermatogonia.

Discussion

Prior to the studies reported here, DAZL's direct functions in the spermatogonial progenitor popula-
tion were not known. We demonstrate that Dazl promotes expansion and differentiation of sper-
matogonial progenitors, independent of its embryonic requirement for germ cell determination
(Figure 6). Via biochemical analyses in undifferentiated spermatogonia in vivo, we further demon-
strate that DAZL accomplishes these functions by enhancing translation of thousands of genes,
including recognized spermatogonial factors that promote proliferation or differentiation of undiffer-
entiated spermatogonia. More generally, DAZL interacts with broadly expressed, dosage-sensitive
regulators of transcription and RNA metabolism, secondarily transforming the cell’s transcriptome to
facilitate proliferation and differentiation of spermatogonia.

Our biochemical characterization of DAZL targets in undifferentiated spermatogonia in vivo
reveals a surprising breadth to the DAZL-regulated program, which encompasses ~30% of tran-
scripts in this spermatogenic cell type. This breadth was not previously appreciated because prior
studies identified DAZL targets in whole testes containing mixed stages of spermatogenesis
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Figure 6. Model of DAZL's regulation of a broad translation program in undifferentiated spermatogonia. (A)
DAZL promotes robust translation of a broad set of transcripts, ranging from those required for spermatogonial
proliferation and differentiation to those that regulate fundamental cellular processes like transcription and RNA
splicing. (B) In the absence of DAZL, transcripts normally bound by DAZL are translated less efficiently. (C) DAZL's
broad translational program promotes the expansion of late progenitor (A,) undifferentiated spermatogonia and
subsequent spermatogonial differentiation (‘'+DAZL’ arrows). In the absence of DAZL ('-DAZL’ arrows), both
expansion and differentiation occur at reduced rates.

(Li et al., 2019; Zagore et al., 2018). At the same time, this breadth suggests a role for DAZL in the
regulation of global translational levels, which balances stem cell renewal with progenitor formation
in other transit-amplifying populations (Blanco et al., 2016; Signer et al., 2014; reviewed in
Tahmasebi et al., 2019; Zismanov et al., 2016). Specifically, hematopoietic, hair follicle, and muscle
stem cells exhibit lower rates of protein synthesis compared with the progenitor cells to which they
give rise (Blanco et al., 2016; Signer et al., 2014; Zismanov et al., 2016), and increased translation
promotes the differentiation of stem cells into progenitors (Zismanov et al., 2016). Conversely,
reduced translational levels limit progenitor formation in favor of self-renewal (Blanco et al., 2016).
The latter phenotype is analogous to the constrained spermatogonial expansion and differentiation
observed in the absence of Dazl. Therefore, DAZL promotes progenitor formation and function via
its broad translational regulation. As DAZL promotes translation initiation, the rate-limiting step of
protein synthesis during which the ribosome is assembled onto mRNA, this regulation can occur
without changes in expression of the translational machinery (Collier et al., 2005). Increased transla-
tion of specific DAZL targets further impacts spermatogonial progenitors. DAZL-mediated expansion
of the progenitor population likely requires DAZL's targeting of, for example, Lin28a (Figures 2E
and 6A), which enhances proliferation and formation of late progenitor (A,) spermatogonia, at least
in part, by blocking the biogenesis of the anti-proliferative miRNA let-7g (Chakraborty et al., 2014;
Johnson et al., 2007, Newman et al., 2008; Viswanathan et al., 2008). Spermatogonial differentia-
tion, which occurs in response to retinoic acid, is likely facilitated by DAZL's targeting of, for exam-
ple, Rarg (Figures 2E and 6A), a retinoic acid receptor that transduces retinoid signaling (Gely-
Pernot et al., 2012; Van Pelt and De Rooij, 1990). Prior CLIP studies using whole testes identified
many spermatogonial factors as DAZL targets (Li et al., 2019, Zagore et al., 2018). However, by
characterizing DAZL:RNA interactions specifically in undifferentiated spermatogonia, we provide
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greater insights into DAZL's binding behavior by identifying novel mRNA targets (i.e., Rarg and
Ep300) and additional DAZL binding sites at previously reported targets (i.e., Lin28a and Celf1).

Investigators recently reported a different conditional deletion of Dazl in which undifferentiated
spermatogonia are gradually lost and then depleted altogether (Li et al., 2019). We did not observe
such a defect in stem cell maintenance in our cKO model (Figure 1C), likely because DAZL protein
expression persisted in at least a subset of spermatogonial stem cells. The potential fragmentation
of DAZL-positive Ay, and A, spermatogonia into A stem cells, which may occur under conditions of
stress (Hara et al., 2014; Nakagawa et al., 2007, Nakagawa et al., 2010; Zhang et al., 2016), may
have also contributed to the maintenance of a stem cell pool in our model. Using different condi-
tional Dazl and Cre alleles, Li et al. more efficiently deleted Dazl in spermatogonial stem cells and
thereby revealed a role for DAZL in this cell type. This study complements our own and highlights
that DAZL functions at multiple points along spermatogonial development.

Because we characterized translation and DAZL's targets in undifferentiated spermatogonia from
a synchronized first round of spermatogenesis, some of our results may represent the unique regula-
tion that occurs within the first round, which originates from prospermatogonia, as opposed to later
cycles of spermatogenesis, which arise from spermatogonial stem cells derived from prospermato-
gonia (Hermann et al., 2015; Law et al., 2019; Yoshida et al., 2006). Our data may also reflect the
larger spermatogonial stem cell pool that is established in the neonatal testis during synchronization
(Agrimson et al., 2017). Despite these caveats, much of the regulation identified here is likely rele-
vant to spermatogonial function in the adult, particularly as many spermatogonial factors targeted
by DAZL, such as Lin28a and Rarg, contribute to adult spermatogenesis (Chakraborty et al., 2014;
Gely-Pernot et al., 2012). In addition, we genetically demonstrated DAZL's requirement in progeni-
tor spermatogonia in adult animals, thereby supporting a role for DAZL beyond the first round of
spermatogenesis.

Our in vivo findings are, in part, inconsistent with the in vitro conclusions from Zagore et al.,
2018, who proposed that DAZL regulates transcript stability, but not translation, in spermatogonia
based on work in mouse GC-1 cells (derived from immortalized Type B differentiating spermatogo-
nia). This cell line is likely not an appropriate model for in vivo spermatogonia, as RNA-seq data
(Zagore et al., 2018) shows low abundance of germ cell-specific markers such as Dazl and Ddx4,
suggesting that these cells do not faithfully reflect the biology of germ cells. Our analyses of sper-
matogonia in vivo demonstrate that, for the vast majority of targets, DAZL increases translational
efficiency, though we were unable to assess how the loss of DAZL translationally impacts specific
genes because our conditional model’s high rate of mosaicism (Figure 1—figure supplement 2B)
obscures the effect of DAZL binding on translation. While we could not formally rule out the possibil-
ity that DAZL also regulates mRNA stability, our translational profiling of undifferentiated spermato-
gonia in vivo more accurately captures DAZL's molecular activity in spermatogonia.

Our refinement of DAZL's motif to UGUU(U/A) (Figure 4A-C) expands upon previous character-
izations of DAZL's binding preferences, including a UGUU motif identified via CLIP (Chen et al.,
2014; Jenkins et al., 2011, Li et al., 2019). However, our motif contrasts with the GUUG motif iden-
tified by another CLIP study (Zagore et al., 2018). This latter motif originated from CLIP-based
computational analyses that fail to fully capture a protein’s binding preferences (Sugimoto et al.,
2012). By contrast, our computational analysis, which relies on iCLIP’s ability to capture DAZL:RNA
crosslinked sites with single-nucleotide resolution, provides a more comprehensive characterization
of binding preferences (Sugimoto et al., 2012). In DAZL iCLIP data from this study and others
(Zagore et al., 2018), UGUU(U/A) was more enriched at crosslinked sites than GUUG (Figure 4—
figure supplement 1A-C) and thus is more representative of DAZL's in vivo binding preferences.

Our mechanistic characterization of DAZL function in mouse spermatogonia likely captures the
activity of human DAZ, whose deletion is implicated as among the most common known genetic
causes of spermatogenic failure. Like mouse DAZL, human DAZ is expressed in spermatogonia
(Menke et al., 1997; Nickkholgh et al., 2015; Szczerba et al., 2006). At the molecular level, the
two proteins’ highly conserved RNA-binding domains recognize similar motifs - U(G/U)UUU by
human DAZ compared with UGUU(U/A) by mouse DAZL (Figure 4A-B; Dominguez et al., 2018;
Jenkins et al., 2011; Saxena et al., 1996). As mouse DAZL's 3' UTR binding sites show strict conser-
vation among vertebrates (Figure 4D-E), human DAZ likely elicits similarly broad translational regu-
lation by binding human orthologs of DAZL's murine targets. At the phenotypic level, the majority of
men with reduced DAZ dosage resulting from an AZFc deletion form spermatozoa at a decreased
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rate (Girardi et al., 1997; Hopps et al., 2003; Kim et al., 2012; Nakahori et al., 1996; Reijo et al.,
1995; Simoni et al., 1997; Vogt et al., 1996; Zhang et al., 2013). This reduced spermatogenesis is
consistent with the decreased spermatogonial expansion and differentiation observed in the Dazl
cKO (Figure 6) and consequently points to a spermatogonial function for human DAZ. While a previ-
ous study reported that AZFc deletions did not affect maintenance and differentiation of human
spermatogonia in vitro, culture conditions probably obviated these cells’ requirement for DAZ, as
wild-type spermatogonia stopped expressing DAZ protein after long term culture
(Nickkholgh et al., 2015). Therefore, human DAZ likely promotes spermatogonial progenitor expan-
sion and differentiation in vivo, and reduction of DAZ dosage may disrupt these developmental tran-
sitions, resulting in reduced spermatogenesis and male sterility.

In conclusion, DAZL promotes expansion and differentiation of progenitor spermatogonia by
enhancing the translation of thousands of genes, including spermatogonial factors and dosage-sensi-
tive regulators of transcription and RNA metabolism. This broad translational program in progenitor
spermatogonia reflects the function of human DAZ, whose deletion is associated with one of the
most common known genetic causes of spermatogenic failure.

Materials and methods

Animals

Mice carrying the fluorescent reporter B6D2-Daz/e™'tdTematolHuye (Daz|:tdTomato; Nicholls et al.,
2019b) were back-crossed for four generations to a C57BL/6N (B6N) background. Mice carrying the
Cre recombinase allele Ddx4tm! - 1(cre/mOrange)Dep (Ryqy4Cre. Hy et al., 2013) were backcrossed to B6N
for at least nine generations. The conditional Dazl allele B6N-Daz/*™ PP (Dazl?: Nicholls et al.,
2019b) was generated via a CRISPR/Cas9-mediated strategy on the B6N background. Experimental
animals were backcrossed to B6N for an additional two to three generations. Two Dazl-null alleles
were used in this study: 129P2-Daz'™ i (Dazl: Ruggiu et al., 1997), backcrossed to B6N for over
30 generations; and B6N-Dazl*™" 1P (DazI'": Nicholls et al., 2019b) which was generated by cross-
ing animals carrying the Dazl?" allele with Ddx4<™* animals. These two null alleles contain deletions
of largely the same exons (Nicholls et al., 2019b; Ruggiu et al., 1997). In addition, when homozy-
gosed, both alleles produce germ cell loss on B6N animals and cause teratoma formation in 12954/
SvJae animals (Nicholls et al., 2019b; Ruggiu et al., 1997). Mice carrying the fluorescent reporter
Tg(Pou5f1-EGFP)2Mnn (Pou5f1:EGFP; Szabé et al., 2002), which is a multi-copy transgene array
near chromosome 9's telomere (Nicholls et al., 2019a), were maintained on a B46N background.
Mice carrying the fluorescent Cre reporter Gt(ROSA)26Sor™?(CAG-tdTomatoltze (pOgA pgtdTomato.
Madisen et al., 2010) were backcrossed to B6N for at least 10 generations. Mice carrying the Ribo-
Tag allele B6N.129-Rpl22'™"-"Psam/ ) (Rpl22H4 or RiboTag allele; Sanz et al., 2009) were maintained
as homozygotes (Rpl22"4"4). For wild-type mice, BN mice were used. All wild-type B6N mice for
experiments and backcrossing were obtained from Taconic Biosciences.

Histology and immunostaining

Dissected tissues were fixed in Bouin's solution at room temperature for 3 hr or overnight, or in 4%
(w/v) paraformaldehyde at 4 °C overnight. Fixed tissues were embedded in paraffin and sectioned to
6 um. Slides were dewaxed in xylenes and rehydrated with an ethanol gradient. For antibody stain-
ing, antigen retrieval was carried out by boiling slides in citrate buffer (10 mM sodium citrate, 0.05%
Tween 20, pH 6.0) for 10 min.

For fluorescent detection, tissue sections were treated with blocking solution (5% donkey serum
in PBS for postnatal testis sections; 10% donkey serum and 2% BSA in PBS for adult testis sections),
and incubated with primary antibodies diluted in blocking solution. The following primary antibodies
were used: anti-DAZL (BioRad MCA2336; 1:100 dilution); anti-FOXC2 (R&D Systems AF6989; 1:250
dilution); anti-KIT (R&D Systems AF1356; 1:250 dilution); anti-mCherry (SICGEN AB0040-200; 1:300
dilution); anti-SOX9 (EMD Millipore AB5535; 1:300 dilution for postnatal testis sections and 1:250
dilution for adult testis sections); and anti-ZBTB16 (R&D Systems AF2944; 1:250 dilution). Slides
were then washed in PBS and incubated with fluorophore-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories). For postnatal testis tissue, slides were coverslipped with ProLong
Gold Antifade reagent with DAPI (Thermo Fisher Scientific), and imaged via confocal microscopy
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(Zeiss LSM 700). For adult testis tissue, slides were counterstained with DAPI, coverslipped with VEC-
TASHIELD Antifade Mounting Medium for Fluorescence (Vector Laboratories), and imaged via con-
focal microscopy (Zeiss LSM 710).

For chromogenic immunodetection, tissue sections were stained with the ImmPRESS HRP anti-
Rabbit Detection Kit (Vector Laboratories MP-7401-50) and ImmPACT DAB Peroxidase Substrate
(Vector Laboratories SK-4105) using the following antibodies: anti-DAZL (Abcam ab34139; 1:200
dilution) and anti-STRA8 (Abcam ab49405; 1:500 dilution). Sections were subsequently washed with
PBS and counterstained with hematoxylin.

Image analysis

For quantification, images were obtained using a Zeiss LSM 710 NLO Laser Scanning Confocal with
an LD C-Plan Apochromat 40x water objective (n.A. = 1.1). Images of each tissue section were
stitched together using the Tiles tool in Zeiss ZEN Microscope Software. FOXC2, KIT, SOX9, and
ZBTB16 were quantified via CellProfiler v3.1.8 (Kamentsky et al., 2011) using custom scripts.
Tubules were scored by hand for whether or not they contained any DAZL-positive cells. The differ-
ences in number of FOXC2-positive, ZBTB16-positive, and KIT-positive cells per 100 SOX9-positive
cells between conditions within the animals analyzed were assessed via two-sided Mann-Whitney U
tests. The difference in KIT-positive cells per 100 ZBTB16-positive cells between conditions within
the animals was assessed using a two-sided odds ratio [(KIT-positive cells/100 SOX9-positive cells) /
(ZBTB16-positive cells/100 SOX9-positive cells)] (Daniel and Cross, 2013).

Isolation of Pou5f1:EGFP-positive spermatogonia

Testes were dissected from control and Dazl cKO animals carrying the fluorescent reporter Pou5f1:
EGFP and washed with phosphate-buffered saline (PBS). Specific genotypes can be found in Fig-
ure 1—source data 1. Single cell suspensions were made by removing the tunica albuginea and
digesting the tissue with trypsin and 20 pg/ml DNase (Sigma, St Louis MO) in PBS. An equal volume
of cold 20% fetal bovine serum (FBS) in PBS was used to terminate digestion. Cells were washed
and centrifuged at 500 g and 4 °C and resuspended in 1% v/v FBS in cold PBS with DNase. The sus-
pension was passed through a 35 um nylon mesh filter (Corning). Single cells were gated based on
forward and side light scatter. Spermatogonia were sorted based on Pou5f1:EGFP fluorescence
using a FACSAria Il (BD Biosciences) and collected in PBS.

RNA-seq analysis of Dazl cKO

Total RNA was isolated from freshly sorted cells using TRIzol LS Reagent (Thermo Fisher Scientific)
and chloroform following the manufacturer’s protocol, precipitated via isopropanol with GlycoBlue
Coprecipitant (Thermo Fisher Scientific AM9515), and resuspended in RNase-free water. RNA-seq
libraries were prepared with the SMART-Seq v4 Ultra Low Input RNA Kit (Takara Bio) with poly(A)
selection. The barcoded libraries were pooled and sequenced with 40 bp single-end reads on an lllu-
mina HiSeq 2500 machine.

Expression levels of all transcripts in the UCSC RefSeq (refGene) transcript annotations and Retro-
genes V6 annotations from the GRC38 (mm10) assembly were estimated using kallisto v0.44.0
(Bray et al., 2016) with sequence-bias correction using a 31 k-mer index. Quantified transcripts
were filtered for mRNA, transcript-level estimated counts and transcripts per million (TPM) values
were summed to the gene level, and TPMs were renormalized to transcript-per-million units. Read
counts from kallisto were rounded to the nearest integer and then supplied to DESeq2 v1.26.0
(Love et al., 2014). After filtering for a minimum of 10 counts across all samples, Spearman rank cor-
relation coefficients were calculated using normalized counts with the cor function in R and then
used for hierarchical clustering. Initial hierarchical clustering revealed that one sample (control, Cre-
positive, FACS batch 3) fell on its own branch, separate from the branch that contained the other six
samples, so this one outlier sample was excluded from subsequent analysis.

Differential expression was analyzed in the remaining samples (n = 3 Dazl cKOs and n = 3 con-
trols) in DESeq2 using default parameters. Genes were filtered for a minimum of 10 counts across all
six samples. Then, the log,(read counts) from each gene were modeled as a linear combination of
the gene-specific effects of three variables: Dazl status (control or cKO), Cre status (Cre-positive or
Cre-negative), and FACS batch (Figure 1—source data 1). Differential expression dependent on the
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Dazl genotype was obtained from the results function in DESeq2 by supplying the argument:
contrast = c('Dazl_genotype’, ‘control’, ‘cKO’).

Synchronization of spermatogenesis

Spermatogenesis was synchronized (for 2S and 3S samples) using a protocol originally developed by
Hogarth et al., 2013 and modified by Romer et al., 2018. Briefly, male mice were injected daily
subcutaneously from postnatal day (P) two to P8 with WIN 18,446 (Santa Cruz Biotechnology) at 0.1
mg/gram body weight. To obtain testes enriched for undifferentiated spermatogonia, mice were
euthanized on P9. For each pup, a small testis biopsy was collected for histology to confirm proper
enrichment of the desired cell type, and the rest of the testes were used for iCLIP, RiboTag IP-seq,
or cell sorting followed by RNA-seq. For histological verification of staging, the testis biopsy was
fixed in Bouin's solution and stained for STRA8, as described above. The absence of STRA8-positive
early differentiating type A spermatogonia confirmed enrichment for undifferentiated spermatogo-
nia. All immunostaining experiments included adult testes or postnatal testes synchronized for pre-
leptotene spermatocytes (Romer et al., 2018), fixed under similar conditions, as a positive control
for STRAS staining.

Isolation of sorted (3S) undifferentiated spermatogonia

Purified undifferentiated spermatogonia for RNA-seq were obtained following the 3S protocol
(Romer et al., 2018). Germ line lineage sorting was carried out with the Ddx4“"® and ROSA26'"°"
M3t alleles, which contains a loxP-STOP-loxP-tdTomato construct. Via this genetic strategy, Cre
recombinase was specifically expressed in germ cells, where it excised the STOP codon and acti-
vated tdTomato protein expression. After synchronization of spermatogenesis with WIN 18,446, tes-
tes were collected on P9 and biopsied for histological analysis. For the remaining testis pair, the
tunica albuginea was removed, and the tissue was dissociated into a single-cell suspension using col-
lagenase, type | (Worthington Biochemical LS004196) and trypsin as previously described
(Romer et al., 2018) with one modification: TURBO DNAse (Thermo Fisher Scientific AM2238) was
used in place of DNAse |. DAPI was added to cells prior to cell sorting on a FACSAria Il (BD Bio-
sciences). Single cells were gated based on forward and side light scatter, and high DAPI-positive
(dead) cells were excluded. The undifferentiated spermatogonia were isolated based on tdTomato
fluorescence and sorted in 1% BSA in PBS. Cells were transferred into and stored at —80 °C in Trizol
LS (Thermo Fisher Scientific).

RNA-seq analysis of sorted (3S) undifferentiated spermatogonia

For RNA extraction, the undifferentiated spermatogonia from a single chemically synchronized post-
natal animal were used as one biological replicate; two biological replicates were carried out in total.
RNA was extracted using Trizol LS (Thermo Fisher Scientific) and chloroform following the manufac-
turer’s protocol, precipitated via isopropanol with GlycoBlue Coprecipitant (Thermo Fisher Scientific
AM@9515), and resuspended in RNase-free water. RNA-seq libraries were prepared with the TruSeq
Stranded mRNA kit (lllumina) with RiboZero depletion. The barcoded libraries were pooled and
sequenced with 40 bp single-end reads on an lllumina HiSeq 2500 machine.

Expression levels of all transcripts in the UCSC RefSeq (refGene) transcript annotations and Retro-
genes V6 annotations from the GRC38 (mm10) assembly were estimated using kallisto v0.44.0
(Bray et al., 2016) with sequence-bias correction using a 31 k-mer index.

For the comparison of biological replicates and iCLIP analysis, rRNA transcripts were removed,
and transcript-level estimated counts and TPM values were summed to the gene level, with protein-
coding transcripts and non-coding transcripts from the same gene summed separately, and TPM val-
ues were renormalized to transcript-per-million units.

For the comparison of sorted undifferentiated spermatogonia to other spermatogonial datasets,
quantified transcripts were filtered for mRNAs (both protein-coding transcripts and non-coding tran-
scripts), and rRNA transcripts were excluded. Transcript-level estimated counts and TPM values
were summed to the gene level, with protein-coding and non-coding transcripts from the same
gene summed together, and TPM values were renormalized to transcript-per-million units. The fol-
lowing RNA-seq datasets were also processed using these methods: NCBI GEO GSE102783 (sam-
ples GSM2746356 and GSM2746357 only) Maezawa et al., 2017, DDBJ/GenBank/EMBL
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DRAQ02477 (samples DRR022939 and DRR022945 only) Kubo et al., 2015; and NCBI GEO
GSE107124 (La et al., 2018b). Read counts from kallisto were rounded to the nearest integer and
the default procedure in DESeq2 v1.26.0 (Love et al., 2014) was applied to normalize read counts
across samples. Spearman rank correlation coefficients were calculated using normalized counts with
the cor function in R and then used for hierarchical clustering.

iCLIP library construction, sequencing, and computational analysis

After synchronization of spermatogenesis in wild-type animals via the 2S protocol, testis tubules
were dissociated by pipetting in ice-cold PBS and irradiated three times at 200 mJ/cm? at 254 nm in
a Stratalinker 2400. Irradiated testis tubules were then pelleted, supernatant was removed, and sam-
ples were stored at —80 °C. iCLIP libraries were prepared as previously described (Huppertz et al.,
2014), with the following modifications: the thawed testis tissue from one animal was prepared in
640 ul lysis buffer, lysates were digested with 1.0 U Turbo DNase (Thermo Fisher Scientific AM2238)
and 0.01 U RNase | (Thermo Fisher Scientific AM2295) per 500 pL lysate for 3 min at 37 °C and 1100
rpm on a Thermomixer R (Eppendorf), antibody [anti-DAZL (Abcam ab34139) or IgG isotype control
(Santa Cruz Biotechnologies sc-2027)] was conjugated to Dynabeads Protein G (Thermo Fisher Scien-
tific 10003D) at a ratio of 10 ug antibody per 100 ul beads, and immunoprecipitation was carried out
using 100 pl antibody-conjugated beads per 500 pl lysate. During preliminary experiments on unsyn-
chronized P20 testes to optimize RNase digestion, lysates were treated with 1.0, 0.1, or 0.01 U
RNase | (Thermo Fisher Scientific AM2295) and 1.0 U Turbo DNase (Thermo Fisher Scientific
AM2238) per 500 pL lysate for 3 min at 37 °C and 1100 rpm on a Thermomixer R (Eppendorf), and
radiolabeled RNA fragments were obtained from RNA:protein complexes as previously described
(Huppertz et al., 2014), run on a 6% Novex TBE-Urea gel (Thermo Fisher Scientific EC6865BOX),
transferred to Amersham Hybond-XL nylon membrane, and exposed to film overnight at —80 °C.
Prior to library construction, the efficiency of reverse transcription primers was verified. DAZL (n = 3)
and IgG (n = 3) iCLIP libraries were pooled and sequenced with 40 bp single-end reads on an lIllu-
mina HiSeq 2500 machine.

The 5' end of each raw iCLIP read contained (from 5’ to 3’) a three nt random barcode, followed
by a four nt sample-specific barcode, followed by a two nt random barcode. Reads were quality
trimmed using Cutadapt v.1.8 (options: -gq 20 m 24) (Martin, 2011). Using the FASTX-Toolkit
v.0.0.14 (http://hannonlab.cshl.edu/fastx_toolkit/index.html), PCR duplicates were collapsed (fastx_-
collapser tool), the 5'-most three nt random barcodes were removed from each read (fastx_trimmer
tool with option -f 4), the libraries were demultiplexed via the sample-specific barcodes (fastx_barco-
de_splitter.pl tool with option —bol), and the sample-specific and remaining random barcodes were
removed (fastx_trimmer tool with option -f 7). iCLIP libraries and RNA-seq libraries from sorted
(3S) undifferentiated spermatogonia were mapped to the mouse genome (mm10) via STAR v.2.5.4b
(Dobin et al., 2013) (options: —outFilterMultimapNmax 1 —alignEndsType Extend5pOfRead1
—outFilterMismatchNmax 2 —-outSAMattributes None). All other parameters were set to
default. The iCLIP mapped reads were then converted to crosslinked nucleotides, defined as the
nucleotide immediately preceding the first nucleotide of the mapped read as identified by truncated
iCLIP cDNAs (Kénig et al., 2010). DAZL crosslinked peaks were then called from DAZL iCLIP cross-
linked nucleotides via ASPeak v.2.0.0 (Kucukural et al., 2013) using the IgG iCLIP crosslinked
nucleotides for the -control parameter and the RNA-seq mapped reads for the -rnaseq parameter.
All other parameters were set to default. The UCSC RefSeq (refGene) transcript annotations and
Retrogenes V6 annotations from the GRC38 (mm10) assembly were used to call peaks. After prelim-
inarily assessing the genomic distribution of DAZL crosslinked peaks, we used the following hierar-
chy: 3" UTR exon > 5" UTR exon > coding exon > ncRNA > retrogene > intron > intergenic region.
Called peaks were filtered for FDR < 0.05. Replicated peaks were defined as crosslinked nucleotides
that were present in at least two of three biological replicates. To identify the replicated peaks that
were most biologically relevant to undifferentiated spermatogonia, replicated 3’ UTR peaks that
were filtered for genes expressed at a minimum of 1 TPM in RNA-seq data from sorted
(3S) undifferentiated spermatogonia (Figure 2—source data 2).
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Enrichment analysis
We identified 58 factors that regulate the development and differentiation of undifferentiated sper-
matogonia (reviewed in Mecklenburg and Hermann, 2016). We limited this list to those factors with
functional evidence (knockout or knockdown data from a mouse or cell culture model). To this list,
we added two factors whose functional roles in undifferentiated spermatogonia were reported after
the publication of this review, Foxc2 (Wei et al., 2018) and Tsc22d3 (also known as Gilz) (La et al.,
2018a). The complete list of factors is presented in Figure 2—source data 1. To determine whether
factors that regulate undifferentiated spermatogonia appear more frequently among DAZL targets
than among all genes expressed in undifferentiated spermatogonia, these groups were statistically
compared using a one-tailed hypergeometric test via the phyper function with lower.tail = F in R.
GO analysis of DAZL 3' UTR targets was carried out using PANTHER v.13.1 (Mi et al., 2017) with
the GO Slim Biological Processes annotation with overrepresentation test (Figure 3—source data
1). The background gene set was those genes that are expressed in sorted (3S) undifferentiated
spermatogonia (TPM >1). Statistical significance was calculated via Fisher’s exact test with Bonfer-
roni correction.

Analysis of testis-specific factors and expression breadth

Testis-specific factors and expression breadth were characterized using RNA-seq data from 12
mouse tissues collected in a single study (NCBI GEO GSE125483; Naqvi et al., 2019). Expression
levels of all transcripts in the UCSC RefSeq (refGene) transcript annotations and Retrogenes V6
annotations from the GRC38 (mm10) assembly were estimated using kallisto v.0.44.0 (Bray et al.,
2016) with sequence-bias correction using a 31 k-mer index. Quantified transcripts were filtered for
mRNAs, transcript-level estimated counts and TPM values were summed to the gene level, and TPM
values were renormalized to transcript-per-million units.

A gene was identified as testis-specific if (i) the gene was expressed at a minimum of 5 TPM in
the testis and (i) at least 25% of the gene’s log, normalized expression summed across all 12 tissues
came from the testis. A complete list of testis-specific genes is in Figure 3—source data 2. To deter-
mine if DAZL targets less are frequently testis-specific than nontargets, we used a one-tailed hyper-
geometric test via the phyper function with lower.tail = Tin R.

For each gene, expression breath was calculated as the mean of the 12 tissue-specific log,
expression values normalized by the maximum expression value for that gene across the 12 tissues
(Figure 3—source data 2). To determine if DAZL targets have a greater expression breadth than
nontargets, we used a one-sided Mann-Whitney U test via the wilcox.test function with alternative =
‘greater’ in R.

Mouse-yeast ortholog analysis

Mouse-yeast orthologs were downloaded from Ensembl 98. Mouse genes were filtered by gene
name for those that were expressed in sorted (3S) undifferentiated spermatogonia, and any mouse
gene with any type of orthology in yeast was denoted as having a yeast ortholog (Figure 3—source
data 3). To determine if genes with yeast orthologs appear more frequently among DAZL targets
than among all genes expressed in undifferentiated spermatogonia, these groups were statistically
compared using a one-tailed hypergeometric test via the phyper function with lower.tail = Fin R.

Purifying selection analysis

Mouse-human orthologs and their non-synonymous and synonymous substitution rates (dN and dS,
respectively) were obtained from Ensembl 98. Mouse genes were filtered for (i) 1:1 mouse:human
orthologs (‘orthology_one2one’) and (ii) the most robustly expressed isoform (RefSeq mRNA ID) per
expressed gene in sorted (3S) undifferentiated spermatogonia. Transcript IDs were removed, and
non-unique lines were collapsed, resulting in each line representing a unique gene. For each pair of
orthologs, the ratio of non-synonymous to synonymous substitution rates (dN/dS) was calculated in
R (Figure 3—source data 4). 'NA' dN/dS values were removed. To determine if DAZL targets have
a lower dN/dS ratio than nontargets, a one-sided Mann-Whitney U test was applied using the wil-
cox.test function with alternative="less’ in R.
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Haploinsufficiency and human genic copy nhumber variation analysis

The Exome Aggregation Consortium (ExAC) data was downloaded from (ftp://ftp.broadinstitute.
org/pub/ExAC_release/release0.3.1/cnv/). Haploinsufficiency predictions with imputation for human
genes were downloaded from Dataset S2 of Huang et al., 2010 (https://doi.org/10.1371/journal.
pgen.1001154.s002). For both datasets, human genes were filtered for those with 1:1 mouse:human
orthologs, as annotated in Ensembl 98, and then converted to mouse gene names. Genes were then
filtered for those expressed in sorted (3S) undifferentiated spermatogonia (Figure 3—source data
5). To determine if the human orthologs of DAZL targets are more intolerant of copy number varia-
tion, deletions, and duplications or exhibited greater haploinsufficiency than those of nontargets, a
one-sided Mann-Whitney U test was applied using the wilcox.test function with parameter alternati-
ve=‘greater’in R.

Conserved miRNA targeting analysis

Pre-calculated Pct scores for all gene-miRNA family interactions were obtained from TargetScan-
Mouse V7.1 (http://www.targetscan.org/mmu_71/mmu_71_data_download/Summary_Counts.all_
predictions.txt.zip) (Agarwal et al., 2015) and filtered for mouse miRNAs. Genes were filtered for
those expressed in sorted (3S) undifferentiated spermatogonia. For each gene, null Pct scores were
removed, and the mean of the remaining Pct scores was calculated (Figure 3—source data 5). To
determine if DAZL targets have higher Pct scores than nontargets, a one-sided Mann-Whitney U
test was applied using the wilcox.test function with parameter alternative='greater’ in R.

Motif analysis

De novo motif analysis of replicated peaks in 3’ UTR exons was carried out using HOMER v4.9.1
(Heinz et al., 2010) (options: -size 21 S 10 -len 3,4,5,6 -rna) and MEME v4.11.2 (Bailey and Elkan,
1994) (options: -rna -mod oops -nmotifs 6 -minw 3 -maxw 6 -maxsize 2000000 with a 0-order back-
ground model). The 3’ UTR sequences from genes expressed at a minimum TPM of 1 in sorted
(3S) undifferentiated spermatogonia were used as background. If a gene had multiple 3’ UTR iso-
forms, the 3' UTR from the most robustly expressed isoform (as identified via kallisto) was used.

The GUU-centered motif analysis was carried out via kpLogo v1.0 (Wu and Bartel, 2017)
(options: -weighted). For each replicated crosslinked nucleotide +10 nt, the closest GUU motif was
identified, extended by 10 nt on each side, and assigned a weight of —log(P value) from the associ-
ated crosslinked nucleotide. As background, GUUs (10 nt) that are not DAZL bound were randomly
selected from the 3" UTRs of DAZL-bound transcripts, for a total of 14,381 control sequences, and
assigned a weight of 0.

To study motif frequency relative to DAZL crosslinked sites, the starting position of each motif rel-
ative to each crosslinked nucleotide was identified. All DAZL iCLIP crosslinked nucleotides were
used for this analysis. Motif frequency at crosslinked sites was then normalized to a background
motif frequency, estimated from a set of control sequences comprised of 10-20 randomly-selected
sequences per DAZL-bound 3’ UTR, for a total of 51,866 control sequences. For each gene, the
most robustly expressed 3’ UTR isoform, as described above for de novo motif analysis, was used.

To calculate the percentage of binding sites with a particular motif, a binding site was scored as
containing the motif if the 5'-most nucleotide of that motif overlapped with a binding site’s 5'-most
crosslinked site £10 nt. The nucleotide frequency within DAZL-bound 3’ UTRs (using the most
robustly expressed isoform for each gene) was calculated using MEME Suite’s fasta-get-markov tool
(Bailey and Elkan, 1994) (options: -rna -m 0), and this nucleotide frequency was used to calculate
the expected percentage of each motif within a random 21 nt sequence.

Motif enrichment at replicated peaks from each genomic region was assessed via the MEME
Suite's AME v4.11.2 (McLeay and Bailey, 2010) (options: ~scoring avg -method ranksum) using
shuffled control sequences. To limit the analysis to instances where the two U’s following G in each
motif overlapped the crosslinked nucleotides, the length of the input sequences were adjusted
based on motif length. For enrichment of GUU and UGUU(U/A) motifs, the replicated crosslinked
nucleotides + 2 nt and +3 nt, respectively, were used. Bonferonni correction was applied for multiple
testing.

For motif analysis of DAZL iCLIP data from P6 testes (NCBI GEO GSE108183; Zagore et al.,
2018), peaks were called from raw sequencing data as described above, but without RNA-seq data
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for abundance-sensitive detection of peaks. Motif enrichment at replicated 3' UTR peaks was
assessed via AME as described above. For GUUG, GUUC, and UUU(C/G)UUU enrichment, the repli-
cated crosslinked nucleotides + 2 nt, £2 nt, and +5 nt, respectively for each motif, were used. Bonfer-
onni correction was applied for multiple testing.

Sequence conservation analysis phyloP and phastCons scores (Pollard et al., 2010; Siepel et al.,
2005), calculated from the multiple genome-wide alignments of 60 vertebrate species, were down-
loaded for the GRC38 (mm10) assembly from the ‘phyloP60wayAll' and ‘phastCons60way’ tables
under the ‘Conservation’ track in the UCSC Genome Browser. Replicated DAZL-crosslinked nucleoti-
des in 3' UTRs were compared to noncrosslinked nucleotides from the same 3’ UTRs using a two-
sided Mann-Whitney U test, applied via the wilcox.test function in R. For each gene, the 3" UTR from
the most robustly expressed isoform, as described above for de novo motif analysis, was used. To
visualize sequence conservation at specific DAZL binding sites, the multiple alignments at specific
sites were downloaded for the GRC38 (mm10) assembly from the ‘multiz60way’ table under the
‘Conservation’ track in the UCSC Genome Browser. To assess conservation across vertebrates, we
examined the following species: Mus musculus (mouse), Rattus norvegicus (rat), Spermophilus tride-
cemlineatus (squirrel), Oryctolagus cuniculus (rabbit), Homo sapiens (human), Pan troglodytes
(chimp), Macaca mulatta (rhesus), Sus scrofa (pig), Bos taurus (cow), Felis catus (cat), Canis lupus
familiaris (dog), Loxodonta africana (elephant), Monodelphis domestica (opossum), Gallus gallus
(chicken), Anolis carolinensis (lizard), Xenopus tropicalis (frog), Latimeria chalumnae (coelacanth), and
Danio rerio (zebrafish).

Gene Set Enrichment Analysis (GSEA)

DAZL targets were ranked by number of DAZL binding sites in descending order and analyzed via
the ‘GSEAPreranked’ tool from GSEA v4.0.3 (Mootha et al., 2003; Subramanian et al., 2005) using
a custom gene matrix containing three gene sets: one set of genes that regulate undifferentiated
spermatogonia (Figure 2—source data 1) and two sets of genes from GO terms 'mRNA splicing, via
spliceosome’ (GO:0000398) and ‘transcription by RNA polymerase II' (GO:0006366), downloaded
from Mouse Genome Informatics v6.15 (http://www.informatics.jax.org/).

Positional analysis along the 3' UTR

For DAZL binding sites that consisted of more than one consecutive crosslinked nucleotide, the 5’
most crosslinked nucleotide on the transcript was used. For genes with multiple isoforms, the most
robustly expressed isoform per gene in sorted (3S) undifferentiated spermatogonia was used. The
relative and absolute positions within 3’ UTRs were calculated via MetaPlotR (Figure 4—source data
1; Olarerin-George and Jaffrey, 2017). A background distribution independent of sequence con-
text was modeled by randomly generating one 3' UTR position for each DAZL binding site on that
transcript (Figure 4—source data 1). A background distribution of UGUU(U/A) motifs was identified
in the DAZL-bound 3’ UTRs using a custom script (Figure 4—source data 1). Distributions were
compared using a two-sided Kolmogorov-Smirnov test, as applied by the ks.test function in R.

Preparation of ribosome occupancy sequencing libraries

Rpl22"*: Ddx4<™’* animals were used for the RiboTag immunoprecipitation (n = 3), and Rpl22
HAZ*. Ddx4*'* littermates were used as controls for nonspecific binding to the antibody (n = 3). Poly-
somes were immunoprecipitated using the RiboTag as previously described (Sanz et al., 2009), with
some modifications. Postnatal testes chemically synchronized for undifferentiated spermatogonia
were homogenized at 2% w/v in polysome buffer (50 mM Tris, pH 7.4, 100 mM KCI, 12 mM MgCl,,
1% Nonidet P-40, 1 mM DTT, 200 U/mL Promega RNasin, 1 mg/mL heparin, 100 pg/mL cyclohexi-
mide, Sigma cOmplete EDTA-free protease inhibitor cocktail), first by gently pipetting, then by
gently pulling through a long 26 gauge needle. Homogenate was centrifuged at 10,000 g for 10 min
at 4 °C, and supernatant was transferred to a fresh tube. 35.0 uL of each sample was set aside as an
input control. 2.5 uL anti-HA (BioLegend #901513; previously Covance #MMS-101R) was added to
400 pL of remaining lysate, and samples were gently rotated for 4 hr at 4 °C. Dynabeads Protein G
(Thermo Fisher Scientific 10003D) were washed three times in homogenization buffer (50 mM Tris,
pH 7.4, 100 mM KCI, 12 mM MgCl,, 1% Nonidet P-40), resuspended in original volume, and ali-
quoted 200 pL per tube. After the final wash was removed from the Dynabeads, the lysate with
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antibody was added to the Dynabeads and incubated with gentle rotation overnight at 4 °C. The fol-
lowing day, the Dynabeads were washed three times for 10 min each with gentle rotation at 4 °C in
high salt buffer (50 mM Tris, pH 7.4, 300 mM KCI, 12 mM MgCl,, 1% Nonidet P-40, 1 mM DTT, 100
png/mL cycloheximide).

To extract the RNA, the final wash was removed from the Dynabeads and replaced with 350 pl of
high salt buffer supplemented with 1% SDS and 0.25 pg/uL Proteinase K, RNA grade (Thermo Fisher
Scientific 25530049). Samples were incubated at 37 °C for 30 min with gentle mixing. Samples were
then mixed with an equal volume of acid phenol:chloroform:I1AA, pH 4.5, and using phase lock gel
tubes, the RNA-containing aqueous phase was transferred to a new tube. RNA was ethanol-precipi-
tated using GlycoBlue Coprecipitant (Thermo Fisher Scientific AM9515), resuspended in RNase-free
water, and quantified via Agilent Bioanalyzer 2100. 120-160 ng total RNA was isolated from Ribo-
Tag-positive samples while 1-3 ng total RNA was isolated from RiboTag-negative controls, and 600-
1000 ng total RNA was isolated from input controls. All samples were prepared as RNA-seq libraries
with the SMARTer Stranded Total RNA-Seq Kit v2 - Pico Input (for 250 pg - 100 ng input) (Takara
Bio) with RiboZero depletion. The barcoded libraries were pooled and sequenced with 50 bp single-
end reads on an lllumina HiSeq 2500 machine.

Analysis of ribosome occupancy sequencing data

Raw sequencing data was trimmed for quality using Cutadapt and pseudoaligned using kallisto, as
previously described. Quantified transcripts were filtered for coding mRNA only, transcript-level esti-
mated counts and transcripts per million (TPM) values were summed to the gene level, and TPMs
were renormalized to transcript-per-million units. The sorted (3S) undifferentiated spermatogonia
RNA-seq data were similarly reprocessed. Read counts from kallisto were rounded to the nearest
integer and then supplied to DESeq2 v.1.22.2 (Love et al., 2014). DESeq2's default procedure was
applied to normalize read counts across samples. Data were analyzed with multi-factor designs to
estimate protein-specific binding over controls. The dataset was filtered to those genes with at least
15 normalized counts in RiboTag IP data (n = 3) and at least 10 normalization counts in RNA-seq
data from sorted (3S) undifferentiated spermatogonia.

Translational efficiency was calculated as the RiboTag IP-specific enrichment over the RiboTag
input and sorted (3S) undifferentiated spermatogonia samples as well as over the control IP samples,
which reflect nonspecific antibody binding (Baser et al., 2019). Specifically, the loga(read counts) for
each gene was modeled as a linear combination of the gene-specific effects of three variables: bind-
ing to the RiboTag protein (‘RiboTag.specific’), nonspecific binding to the anti-HA antibody ('Ribo-
Tag.nonspecific’), and germ cell specific-transcriptome (‘germ.cell.specific’) (Figure 5—source data
1). RiboTag IP-specific enrichment was obtained from the results function in DESeq2 by supplying
the argument: contrast = c('Ribotag.specific’, ‘1’, '0’). We obtained translational efficiency values for
a total of 11,996 genes. All of these genes were expressed at a minimum of 1 TPM (Figure 5—
source data 1).

For the histone analysis, the gene list from GO term 0006335 ‘DNA replication-dependent nucle-
osome assembly’ (Ashburner et al., 2000; The Gene Ontology Consortium, 2019; The Gene
Ontology Consortium, 2019) was downloaded from AmiGO 2 v.2.5.12, last updated 2019-07-02
(DOI 10.5281//zenodo.3267438) and filtered for histone genes. Histone genes were compared to
non-histone genes via a two-sided Mann-Whitney U test, applied via the wilcox.test function in R.

The translational efficiencies of DAZL targets and all nontargets were compared via a two-sided
Mann-Whitney U test, applied via the wilcox.test function in R.

To quantify biased codon usage, the Codon Adaptiveness Index (CAl) (Sharp and Li, 1987) was
calculated for all expressed transcripts using coRdon v1.2.0 (Elek et al., 2019), with relative adap-
tiveness (w) computed from a reference sequence set comprised of the top 5% of expressed tran-
scripts in sorted (3S) undifferentiated spermatogonia. The coding region of the most robustly
expressed isoform per expressed gene in sorted (3S) undifferentiated spermatogonia was used (Fig-
ure 5—source data 1).

Correlations between log,-transformed translational efficiency and log,-transformed transcript
abundance (TPM), CDS length, 3' UTR length, and CAl were calculated using Spearman rank correla-
tion coefficients via the cor function in R.

The transcripts not bound by DAZL were sampled to produce datasets that matched the DAZL
targets in their transcript abundance (TPM) and CDS length (Figure 5—source data 1). For genes
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with multiple expressed isoforms, the coding region of the most robustly expressed isoform was
used for CDS length. The translational efficiencies of DAZL targets were compared to sampled non-
targets via a two-sided Mann-Whitney U test, applied via the wilcox.test function in R.

For linear regression analysis, the correlation between DAZL binding and logs(translational effi-
ciency) was calculated via the point biserial coefficient. All other coefficients from log-transformed
variables were calculated via Pearson’s correlation coefficient. The multiple log-linear regression
analysis was carried out using the Im function in R. Translational efficiency was modeled as follows:

logs (translational efficiency) ~ intercept + log, (TPM) + loga (CDS length)+
log>(3' UTR length) + log,(CAI) + DAZL binding

For CDS length and 3’ UTR length, the most robustly expressed isoform was used. To verify that
the addition of each variable to the model improved the fit to the data, we performed a likelihood
ratio test comparing the model fit with and without that variable in a stepwise fashion following the
order of the variables listed above. The adjusted translational efficiencies of DAZL targets and all
nontargets were compared via a two-sided Mann-Whitney U test, applied via the wilcox.test function
in R.

Data and code availability

All sequencing data generated in this study are available at NCBI Gene Expression Omnibus (acces-
sion number GSE145177). Code is available on GitHub for image analysis (https://github.com/mmi-
kedis/Analysis-of-tubule-cross-sections-via-CellProfiler; Mikedis, 2020a; copy archived at https://
github.com/elifesciences-publications/Analysis-of-tubule-cross-sections-via-CellProfiler), iCLIP
analysis (https://github.com/mmikedis/iCLIP_analysis; Mikedis, 2020b; copy archived at https://
github.com/elifesciences-publications/iCLIP_analysis), and estimating translational efficiency (https://
github.com/mmikedis/RiboTag_translational_efficiency; Mikedis, 2020¢c; copy archived at https://
github.com/elifesciences-publications/RiboTag_translational_efficiency).
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Mikedis MM, Page 2020 DAZL targets in undifferentiated https://www.ncbi.nim. NCBI Gene
DC spermatogonia nih.gov/geo/query/acc.  Expression Omnibus,
cgi?acc=GSE144920 GSE144920
Mikedis MM, Page 2020 Translational profiling in https://www.ncbi.nim. NCBI Gene
DC undifferentiated spermatogonia nih.gov/geo/query/acc.  Expression Omnibus,
cgi?acc=GSE144922 GSE144922
Mikedis MM, Page 2020 DAZL mediates a broad https://www.ncbi.nim. NCBI Gene
DC translational program regulating nih.gov/geo/query/acc.  Expression Omnibus,
expansion and differentiation of cgi?acc=GSE145177 GSE145177

spermatogonial progenitors

The following previously published datasets were used:

Database and

Author(s) Year Dataset title Dataset URL Identifier

Maezawa S, Barski 2017 RNA-seq in spermatogonia from http://www.ncbi.nlm.nih.  NCBI Gene

A, Namekawa S PRC1ctrl and dKO mice gov/geo/query/acc.cgi?  Expression Omnibus,
acc=GSE102783 GSE102783

Kubo N, SasakiH 2015 Methylome and gene expression of https://ddbj.nig.ac.jp/ DDBJ/GenBank/

neonatal prospermatogonia and DRASearch/submission? EMBL, DRA002477
early postnatal undifferentiated and acc=DRA002477

differentiating spermatogonia

Hobbs RM, La HM, 2018 Analysis of gene expression in http://www.ncbi.nlm.nih.  NCBI Gene

Mékeld J, Chan A, populations of adult gov/geo/query/acc.cgi?  Expression Omnibus,

Rossello FJ, Nefz- undifferentiated spermatogonia acc=GSE107124 GSE107124

ger CM, Legrand

JM, Seram M, Polo

JM

Licatalosi DD, Za- 2018 Dazl maintains proliferating germ  http://www.ncbi.nlm.nih.  NCBI Gene

gore LL cells through a network of polyA-  gov/geo/query/acc.cgi?  Expression Omnibus,
proximal mRNA interactions [P6 acc=GSE108183 GSE108183
iCLIP]

Nagvi S, Page DC 2019 Conservation, acquisition, and https://www.ncbi.nlm. NCBI Gene
functional impact of sex-biased nih.gov/geo/query/acc.  Expression Omnibus,
gene expression in mammalian cgi?acc=GSE125483 GSE125483

tissues

References

Agarwal V, Bell GW, Nam J-W, Bartel DP. 2015. Predicting effective microRNA target sites in mammalian
mRNAs. eLife 4:e05005. DOI: https://doi.org/10.7554/eLife.05005

Agrimson KS, Oatley MJ, Mitchell D, Oatley JM, Griswold MD, Hogarth CA. 2017. Retinoic acid deficiency leads
to an increase in spermatogonial stem number in the neonatal mouse testis, but excess retinoic acid results in
no change. Developmental Biology 432:229-236. DOI: https://doi.org/10.1016/j.ydbio.2017.10.002, PMID: 2
9037932

Ambulkar P, Chuadhary A, Waghmare J, Tarnekar A, Pal A. 2015. Prevalence of Y chromosome microdeletions in
idiopathic azoospermia cases in central indian men. Journal of Clinical and Diagnostic Research 9:GC01-GC04.
DOI: https://doi.org/10.7860/JCDR/2015/15249.6515, PMID: 26500921

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP, Dolinski K, Dwight SS, Eppig JT,
Harris MA, Hill DP, Issel-Tarver L, Kasarskis A, Lewis S, Matese JC, Richardson JE, Ringwald M, Rubin GM,
Sherlock G. 2000. Gene ontology: tool for the unification of biology. Nature Genetics 25:25-29. DOI: https://
doi.org/10.1038/75556

Bailey TL, Elkan C. 1994. Fitting a mixture model by expectation maximization to discover motifs in biopolymers.
Proceedings. Int. Conf. Intell. Syst. Mol. Biol 2:28-36.

Bartel DP. 2009. MicroRNAs: target recognition and regulatory functions. Cell 136:215-233. DOI: https://doi.
org/10.1016/j.cell.2009.01.002, PMID: 19167326

Baser A, Skabkin M, Kleber S, Dang Y, Gllciler Balta GS, Kalamakis G, Gépferich M, Ibafiez DC, Schefzik R,
Lopez AS, Bobadilla EL, Schultz C, Fischer B, Martin-Villalba A. 2019. Onset of differentiation is post-
transcriptionally controlled in adult neural stem cells. Nature 566:100-104. DOI: https://doi.org/10.1038/
s41586-019-0888-x, PMID: 30700908

Mikedis et al. eLife 2020;9:e56523. DOI: https://doi.org/10.7554/eLife.56523

27 of 35


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144923
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144923
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144923
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144920
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144920
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144920
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144922
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144922
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144922
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145177
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145177
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145177
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102783
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102783
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102783
https://ddbj.nig.ac.jp/DRASearch/submission?acc=DRA002477
https://ddbj.nig.ac.jp/DRASearch/submission?acc=DRA002477
https://ddbj.nig.ac.jp/DRASearch/submission?acc=DRA002477
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE107124
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE107124
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE107124
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108183
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108183
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108183
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125483
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125483
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125483
https://doi.org/10.7554/eLife.05005
https://doi.org/10.1016/j.ydbio.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29037932
http://www.ncbi.nlm.nih.gov/pubmed/29037932
https://doi.org/10.7860/JCDR/2015/15249.6515
http://www.ncbi.nlm.nih.gov/pubmed/26500921
https://doi.org/10.1038/75556
https://doi.org/10.1038/75556
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
https://doi.org/10.1038/s41586-019-0888-x
https://doi.org/10.1038/s41586-019-0888-x
http://www.ncbi.nlm.nih.gov/pubmed/30700908
https://doi.org/10.7554/eLife.56523

e Llfe Research article

Developmental Biology

Berbee ML, James TY, Strullu-Derrien C. 2017. Early diverging fungi: diversity and impact at the dawn of
terrestrial life. Annual Review of Microbiology 71:41-60. DOI: https://doi.org/10.1146/annurev-micro-030117-
020324, PMID: 28525299

Blanco S, Bandiera R, Popis M, Hussain S, Lombard P, Aleksic J, Sajini A, Tanna H, Cortés-Garrido R, Gkatza N,
Dietmann S, Frye M. 2016. Stem cell function and stress response are controlled by protein synthesis. Nature
534:335-340. DOI: https://doi.org/10.1038/nature 18282, PMID: 27306184

Bray NL, Pimentel H, Melsted P, Pachter L. 2016. Near-optimal probabilistic RNA-seq quantification. Nature
Biotechnology 34:525-527. DOI: https://doi.org/10.1038/nbt.3519, PMID: 27043002

Busada JT, Chappell VA, Niedenberger BA, Kaye EP, Keiper BD, Hogarth CA, Geyer CB. 2015. Retinoic acid
regulates kit translation during spermatogonial differentiation in the mouse. Developmental Biology 397:140-
149. DOI: https://doi.org/10.1016/j.ydbio.2014.10.020, PMID: 25446031

Chakraborty P, Buaas FW, Sharma M, Snyder E, de Rooij DG, Braun RE. 2014. LIN28A marks the spermatogonial
progenitor population and regulates its cyclic expansion. Stem Cells 32:860-873. DOI: https://doi.org/10.1002/
stem.1584, PMID: 24715688

Chen J, Melton C, Suh N, Oh JS, Horner K, Xie F, Sette C, Blelloch R, Conti M. 2011. Genome-wide analysis of
translation reveals a critical role for deleted in azoospermia-like (Dazl) at the oocyte-to-zygote transition. Genes
& Development 25:755-766. DOI: https://doi.org/10.1101/gad.2028911, PMID: 21460039

Chen HH, Welling M, Bloch DB, Mufioz J, Mientjes E, Chen X, Tramp C, Wu J, Yabuuchi A, Chou YF, Buecker C,
Krainer A, Willemsen R, Heck AJ, Geijsen N. 2014. DAZL limits pluripotency, differentiation, and apoptosis in
developing primordial germ cells. Stem Cell Reports 3:892-904. DOI: https://doi.org/10.1016/j.stemcr.2014.09.
003, PMID: 25418731

Collier B, Gorgoni B, Loveridge C, Cooke HJ, Gray NK. 2005. The DAZL family proteins are PABP-binding
proteins that regulate translation in germ cells. The EMBO Journal 24:2656-2666. DOI: https://doi.org/10.
1038/sj.emboj.7600738, PMID: 16001084

Daniel WW, Cross CL. 2013. Biostatistics: A Foundation for Analysis in the Health Sciences. New York: Wiley.

de Rooij DG, Okabe M, Nishimune Y. 1999. Arrest of spermatogonial differentiation in jsd/jsd, SI17H/SI17H, and
cryptorchid mice. Biology of Reproduction 61:842-847. DOI: https://doi.org/10.1095/biolreprod61.3.842,
PMID: 10456866

de Rooij DG. 2017. The nature and dynamics of spermatogonial stem cells. Development 144:3022-3030.

DOI: https://doi.org/10.1242/dev.146571, PMID: 28851723

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gingeras TR. 2013. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics 29:15-21. DOI: https://doi.org/10.1093/bioinformatics/
bts635, PMID: 23104886

Dominguez D, Freese P, Alexis MS, Su A, Hochman M, Palden T, Bazile C, Lambert NJ, Van Nostrand EL, Pratt
GA, Yeo GW, Graveley BR, Burge CB. 2018. Sequence, structure, and context preferences of human RNA
binding proteins. Molecular Cell 70:854-867. DOI: https://doi.org/10.1016/j.molcel.2018.05.001, PMID: 2
9883606

Elek A, Kuzman M, Vlahovicek K. 2019. coRdon. GitHub. 1.2.0. https://github.com/BioinfoHR/coRdon

Endo T, Romer KA, Anderson EL, Baltus AE, de Rooij DG, Page DC. 2015. Periodic retinoic acid-STRAS signaling
intersects with periodic germ-cell competencies to regulate spermatogenesis. PNAS 112:E2347-E2356.

DOI: https://doi.org/10.1073/pnas.1505683112, PMID: 25902548

Friedman RC, Farh KK, Burge CB, Bartel DP. 2009. Most mammalian mRNAs are conserved targets of
microRNAs. Genome Research 19:92-105. DOI: https://doi.org/10.1101/gr.082701.108, PMID: 18955434

Fu L, Xiong DK, Ding XP, Li C, Zhang LY, Ding M, Nie SS, Quan Q. 2012. Genetic screening for chromosomal
abnormalities and Y chromosome microdeletions in chinese infertile men. Journal of Assisted Reproduction and
Genetics 29:521-527. DOI: https://doi.org/10.1007/s10815-012-9741-y, PMID: 22415247

Garcia T, Hofmann MC. 2012. Isolation of undifferentiated and early differentiating type A spermatogonia from
Pou5f1-GFP reporter mice. Methods in Molecular Biology 825:31-44. DOI: https://doi.org/10.1007/978-1-
61779-436-0_3, PMID: 22144234

Gely-Pernot A, Raverdeau M, Célébi C, Dennefeld C, Feret B, Klopfenstein M, Yoshida S, Ghyselinck NB, Mark
M. 2012. Spermatogonia differentiation requires retinoic acid receptor y. Endocrinology 153:438-449.

DOI: https://doi.org/10.1210/en.2011-1102, PMID: 22045663

Gill ME, Hu YC, Lin Y, Page DC. 2011. Licensing of Gametogenesis, dependent on RNA binding protein DAZL,
as a gateway to sexual differentiation of fetal germ cells. PNAS 108:7443-7448. DOI: https://doi.org/10.1073/
pnas.1104501108, PMID: 21504946

Girardi SK, Mielnik A, Schlegel PN. 1997. Submicroscopic deletions in the Y chromosome of infertile men.
Human Reproduction 12:1635-1641. DOI: https://doi.org/10.1093/humrep/12.8.1635, PMID: 9308784

Goertz MJ, Wu Z, Gallardo TD, Hamra FK, Castrillon DH. 2011. Foxo1 is required in mouse spermatogonial stem
cells for their maintenance and the initiation of spermatogenesis. Journal of Clinical Investigation 121:3456—
3466. DOI: https://doi.org/10.1172/JCI57984, PMID: 21865646

Hara K, Nakagawa T, Enomoto H, Suzuki M, Yamamoto M, Simons BD, Yoshida S. 2014. Mouse spermatogenic
stem cells continually interconvert between equipotent singly isolated and syncytial states. Cell Stem Cell 14:
658-672. DOI: https://doi.org/10.1016/j.stem.2014.01.019, PMID: 24792118

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre C, Singh H, Glass CK. 2010. Simple
combinations of lineage-determining transcription factors prime cis-regulatory elements required for
macrophage and B cell identities. Molecular Cell 38:576-589. DOI: https://doi.org/10.1016/j.molcel.2010.05.
004, PMID: 20513432

Mikedis et al. eLife 2020;9:e56523. DOI: https://doi.org/10.7554/eLife.56523 28 of 35


https://doi.org/10.1146/annurev-micro-030117-020324
https://doi.org/10.1146/annurev-micro-030117-020324
http://www.ncbi.nlm.nih.gov/pubmed/28525299
https://doi.org/10.1038/nature18282
http://www.ncbi.nlm.nih.gov/pubmed/27306184
https://doi.org/10.1038/nbt.3519
http://www.ncbi.nlm.nih.gov/pubmed/27043002
https://doi.org/10.1016/j.ydbio.2014.10.020
http://www.ncbi.nlm.nih.gov/pubmed/25446031
https://doi.org/10.1002/stem.1584
https://doi.org/10.1002/stem.1584
http://www.ncbi.nlm.nih.gov/pubmed/24715688
https://doi.org/10.1101/gad.2028911
http://www.ncbi.nlm.nih.gov/pubmed/21460039
https://doi.org/10.1016/j.stemcr.2014.09.003
https://doi.org/10.1016/j.stemcr.2014.09.003
http://www.ncbi.nlm.nih.gov/pubmed/25418731
https://doi.org/10.1038/sj.emboj.7600738
https://doi.org/10.1038/sj.emboj.7600738
http://www.ncbi.nlm.nih.gov/pubmed/16001084
https://doi.org/10.1095/biolreprod61.3.842
http://www.ncbi.nlm.nih.gov/pubmed/10456866
https://doi.org/10.1242/dev.146571
http://www.ncbi.nlm.nih.gov/pubmed/28851723
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1016/j.molcel.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29883606
http://www.ncbi.nlm.nih.gov/pubmed/29883606
https://github.com/BioinfoHR/coRdon
https://doi.org/10.1073/pnas.1505683112
http://www.ncbi.nlm.nih.gov/pubmed/25902548
https://doi.org/10.1101/gr.082701.108
http://www.ncbi.nlm.nih.gov/pubmed/18955434
https://doi.org/10.1007/s10815-012-9741-y
http://www.ncbi.nlm.nih.gov/pubmed/22415247
https://doi.org/10.1007/978-1-61779-436-0_3
https://doi.org/10.1007/978-1-61779-436-0_3
http://www.ncbi.nlm.nih.gov/pubmed/22144234
https://doi.org/10.1210/en.2011-1102
http://www.ncbi.nlm.nih.gov/pubmed/22045663
https://doi.org/10.1073/pnas.1104501108
https://doi.org/10.1073/pnas.1104501108
http://www.ncbi.nlm.nih.gov/pubmed/21504946
https://doi.org/10.1093/humrep/12.8.1635
http://www.ncbi.nlm.nih.gov/pubmed/9308784
https://doi.org/10.1172/JCI57984
http://www.ncbi.nlm.nih.gov/pubmed/21865646
https://doi.org/10.1016/j.stem.2014.01.019
http://www.ncbi.nlm.nih.gov/pubmed/24792118
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1016/j.molcel.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20513432
https://doi.org/10.7554/eLife.56523

e Llfe Research article

Developmental Biology

Hermann BP, Mutoji KN, Velte EK, Ko D, Oatley JM, Geyer CB, McCarrey JR. 2015. Transcriptional and
translational heterogeneity among neonatal mouse spermatogonia. Biology of Reproduction 92:54.
DOI: https://doi.org/10.1095/biolreprod.114.125757, PMID: 25568304

Hobbs RM, Fagoonee S, Papa A, Webster K, Altruda F, Nishinakamura R, Chai L, Pandolfi PP. 2012. Functional
antagonism between Sall4 and plzf defines germline progenitors. Cell Stem Cell 10:284-298. DOI: https://doi.
org/10.1016/j.stem.2012.02.004, PMID: 22385656

Hogarth CA, Evanoff R, Mitchell D, Kent T, Small C, Amory JK, Griswold MD. 2013. Turning a spermatogenic
wave into a tsunami: synchronizing murine spermatogenesis using WIN 18,446. Biology of Reproduction 88:1—
9. DOI: https://doi.org/10.1095/biolreprod.112.105346, PMID: 23284139

Hopps CV, Mielnik A, Goldstein M, Palermo GD, Rosenwaks Z, Schlegel PN. 2003. Detection of sperm in men
with Y chromosome microdeletions of the AZFa, AZFb and AZFc regions. Human Reproduction 18:1660-1665.
DOI: https://doi.org/10.1093/humrep/deg348, PMID: 12871878

Hu YC, de Rooij DG, Page DC. 2013. Tumor suppressor gene Rb is required for self-renewal of spermatogonial
stem cells in mice. PNAS 110:12685-12690. DOI: https://doi.org/10.1073/pnas.1311548110, PMID: 23858447

Huang N, Lee |, Marcotte EM, Hurles ME. 2010. Characterising and predicting haploinsufficiency in the human
genome. PLOS Genetics 6:¢1001154. DOI: https://doi.org/10.1371/journal.pgen.1001154, PMID: 20976243

Huppertz |, Attig J, D’Ambrogio A, Easton LE, Sibley CR, Sugimoto Y, Tajnik M, Kénig J, Ule J. 2014. iCLIP:
protein-rna interactions at nucleotide resolution. Methods 65:274-287. DOI: https://doi.org/10.1016/j.ymeth.
2013.10.011, PMID: 24184352

Jenkins HT, Malkova B, Edwards TA. 2011. Kinked B-strands mediate high-affinity recognition of mRNA targets
by the germ-cell regulator DAZL. PNAS 108:18266-18271. DOI: https://doi.org/10.1073/pnas.1105211108,
PMID: 22021443

Johnson CD, Esquela-Kerscher A, Stefani G, Byrom M, Kelnar K, Ovcharenko D, Wilson M, Wang X, Shelton J,
Shingara J, Chin L, Brown D, Slack FJ. 2007. The let-7 microRNA represses cell proliferation pathways in human
cells. Cancer Research 67:7713-7722. DOI: https://doi.org/10.1158/0008-5472.CAN-07-1083, PMID: 17699775

Kamentsky L, Jones TR, Fraser A, Bray MA, Logan DJ, Madden KL, Ljosa V, Rueden C, Eliceiri KW, Carpenter
AE. 2011. Improved structure, function and compatibility for CellProfiler: modular high-throughput image
analysis software. Bioinformatics 27:1179-1180. DOI: https://doi.org/10.1093/bioinformatics/btr095,
PMID: 21349861

Kim MJ, Choi HW, Park SY, Song |0, Seo JT, Lee HS. 2012. Molecular and cytogenetic studies of 101 infertile
men with microdeletions of Y chromosome in 1,306 infertile korean men. Journal of Assisted Reproduction and
Genetics 29:539-546. DOI: https://doi.org/10.1007/510815-012-9748-4, PMID: 22456825

Kluin PM, Kramer MF, de Rooij DG. 1984. Proliferation of spermatogonia and Sertoli cells in maturing mice.
Anatomy and Embryology 169:73-78. DOI: https://doi.org/10.1007/BF00300588, PMID: 6721222

Kénig J, Zarnack K, Rot G, Curk T, Kayikci M, Zupan B, Turner DJ, Luscombe NM, Ule J. 2010. iCLIP reveals the
function of hnRNP particles in splicing at individual nucleotide resolution. Nature Structural & Molecular
Biology 17:909-915. DOI: https://doi.org/10.1038/nsmb.1838, PMID: 20601959

Kubo N, Toh H, Shirane K, Shirakawa T, Kobayashi H, Sato T, Sone H, Sato Y, Tomizawa S, Tsurusaki Y, Shibata
H, Saitsu H, Suzuki Y, Matsumoto N, Suyama M, Kono T, Ohbo K, Sasaki H. 2015. DNA methylation and gene
expression dynamics during spermatogonial stem cell differentiation in the early postnatal mouse testis. BMC
Genomics 16:624. DOI: https://doi.org/10.1186/512864-015-1833-5, PMID: 26290333

Kucukural A, Ozadam H, Singh G, Moore MJ, Cenik C. 2013. ASPeak: an abundance sensitive peak detection
algorithm for RIP-Seq. Bioinformatics 29:2485-2486. DOI: https://doi.org/10.1093/bioinformatics/btt428,
PMID: 23929032

La HM, Chan AL, Legrand JMD, Rossello FJ, Gangemi CG, Papa A, Cheng Q, Morand EF, Hobbs RM. 2018a.
GILZ-dependent modulation of mTORC1 regulates spermatogonial maintenance. Development 145:
dev165324. DOI: https://doi.org/10.1242/dev.165324, PMID: 30126904

La HM, Mékeld JA, Chan AL, Rossello FJ, Nefzger CM, Legrand JMD, De Seram M, Polo JM, Hobbs RM. 2018b.
Identification of dynamic undifferentiated cell states within the male germline. Nature Communications 9:2819.
DOI: https://doi.org/10.1038/s41467-018-04827-z, PMID: 30026551

Law NC, Oatley MJ, Oatley JM. 2019. Developmental kinetics and transcriptome dynamics of stem cell
specification in the spermatogenic lineage. Nature Communications 10:2787. DOI: https://doi.org/10.1038/
s41467-019-10596-0, PMID: 31243281

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, O’'Donnell-Luria AH, Ware JS, Hill AJ,
Cummings BB, Tukiainen T, Birnbaum DP, Kosmicki JA, Duncan LE, Estrada K, Zhao F, Zou J, Pierce-Hoffman E,
Berghout J, Cooper DN, et al. 2016. Analysis of protein-coding genetic variation in 60,706 humans. Nature
536:285-291. DOI: https://doi.org/10.1038/nature 19057, PMID: 27535533

Li H, Liang Z, Yang J, Wang D, Wang H, Zhu M, Geng B, Xu EY. 2019. DAZL is a master translational regulator of
murine spermatogenesis. National Science Review 6:455-468. DOI: https://doi.org/10.1093/nsr/nwy163,
PMID: 31355046

Lin Y, Page DC. 2005. Dazl deficiency leads to embryonic arrest of germ cell development in XY C57BL/6 mice.
Developmental Biology 288:309-316. DOI: https://doi.org/10.1016/].ydbio.2005.06.032, PMID: 16310179

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change and dispersion for RNA-seq data with
DESeq2. Genome Biology 15:550. DOI: https://doi.org/10.1186/513059-014-0550-8, PMID: 25516281

Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA, Gu H, Ng LL, Palmiter RD, Hawrylycz MJ, Jones AR,
Lein ES, Zeng H. 2010. A robust and high-throughput cre reporting and characterization system for the whole
mouse brain. Nature Neuroscience 13:133-140. DOI: https://doi.org/10.1038/nn.2467, PMID: 20023653

Mikedis et al. eLife 2020;9:e56523. DOI: https://doi.org/10.7554/eLife.56523 29 of 35


https://doi.org/10.1095/biolreprod.114.125757
http://www.ncbi.nlm.nih.gov/pubmed/25568304
https://doi.org/10.1016/j.stem.2012.02.004
https://doi.org/10.1016/j.stem.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22385656
https://doi.org/10.1095/biolreprod.112.105346
http://www.ncbi.nlm.nih.gov/pubmed/23284139
https://doi.org/10.1093/humrep/deg348
http://www.ncbi.nlm.nih.gov/pubmed/12871878
https://doi.org/10.1073/pnas.1311548110
http://www.ncbi.nlm.nih.gov/pubmed/23858447
https://doi.org/10.1371/journal.pgen.1001154
http://www.ncbi.nlm.nih.gov/pubmed/20976243
https://doi.org/10.1016/j.ymeth.2013.10.011
https://doi.org/10.1016/j.ymeth.2013.10.011
http://www.ncbi.nlm.nih.gov/pubmed/24184352
https://doi.org/10.1073/pnas.1105211108
http://www.ncbi.nlm.nih.gov/pubmed/22021443
https://doi.org/10.1158/0008-5472.CAN-07-1083
http://www.ncbi.nlm.nih.gov/pubmed/17699775
https://doi.org/10.1093/bioinformatics/btr095
http://www.ncbi.nlm.nih.gov/pubmed/21349861
https://doi.org/10.1007/s10815-012-9748-4
http://www.ncbi.nlm.nih.gov/pubmed/22456825
https://doi.org/10.1007/BF00300588
http://www.ncbi.nlm.nih.gov/pubmed/6721222
https://doi.org/10.1038/nsmb.1838
http://www.ncbi.nlm.nih.gov/pubmed/20601959
https://doi.org/10.1186/s12864-015-1833-5
http://www.ncbi.nlm.nih.gov/pubmed/26290333
https://doi.org/10.1093/bioinformatics/btt428
http://www.ncbi.nlm.nih.gov/pubmed/23929032
https://doi.org/10.1242/dev.165324
http://www.ncbi.nlm.nih.gov/pubmed/30126904
https://doi.org/10.1038/s41467-018-04827-z
http://www.ncbi.nlm.nih.gov/pubmed/30026551
https://doi.org/10.1038/s41467-019-10596-0
https://doi.org/10.1038/s41467-019-10596-0
http://www.ncbi.nlm.nih.gov/pubmed/31243281
https://doi.org/10.1038/nature19057
http://www.ncbi.nlm.nih.gov/pubmed/27535533
https://doi.org/10.1093/nsr/nwy163
http://www.ncbi.nlm.nih.gov/pubmed/31355046
https://doi.org/10.1016/j.ydbio.2005.06.032
http://www.ncbi.nlm.nih.gov/pubmed/16310179
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1038/nn.2467
http://www.ncbi.nlm.nih.gov/pubmed/20023653
https://doi.org/10.7554/eLife.56523

e Llfe Research article

Developmental Biology

Maegawa S, Yamashita M, Yasuda K, Inoue K. 2002. Zebrafish DAZ-like protein controls translation via the
sequence ‘GUUC'. Genes to Cells 7:971-984. DOI: https://doi.org/10.1046/}.1365-2443.2002.00576.x,
PMID: 12296827

Maezawa S, Hasegawa K, Yukawa M, Sakashita A, Alavattam KG, Andreassen PR, Vidal M, Koseki H, Barski A,
Namekawa SH. 2017. Polycomb directs timely activation of germline genes in spermatogenesis. Genes &
Development 31:1693-1703. DOI: https://doi.org/10.1101/gad.302000.117, PMID: 28924034

Martin M. 2011. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet.journal
17:10. DOI: https://doi.org/10.14806/ej.17.1.200

Marzluff WF, Wagner EJ, Duronio RJ. 2008. Metabolism and regulation of canonical histone mRNAs: life without
a poly(A) tail. Nature Reviews Genetics 9:843-854. DOI: https://doi.org/10.1038/nrg2438, PMID: 18927579

Mascarenhas M, Thomas S, Kamath MS, Ramalingam R, Kongari AM, Yuvarani S, Srivastava VM, George K. 2016.
Prevalence of chromosomal abnormalities and Y chromosome microdeletion among men with severe semen
abnormalities and its correlation with successful sperm retrieval. Journal of Human Reproductive Sciences 9:
187. DOI: https://doi.org/10.4103/0974-1208.192065, PMID: 27803587

McAninch D, Mékelsd JA, La HM, Hughes JN, Lovell-Badge R, Hobbs RM, Thomas PQ. 2020. SOX3 promotes
generation of committed spermatogonia in postnatal mouse testes. Scientific Reports 10:6751. DOI: https://
doi.org/10.1038/s41598-020-63290-3, PMID: 32317665

McLeay RC, Bailey TL. 2010. Motif enrichment analysis: a unified framework and an evaluation on ChIP data.
BMC Bioinformatics 11:165. DOI: https://doi.org/10.1186/1471-2105-11-165, PMID: 20356413

Mecklenburg JM, Hermann BP. 2016. Mechanisms regulating spermatogonial differentiation. Results and
Problems in Cell Differentiation 58:253-287. DOI: https://doi.org/10.1007/978-3-319-31973-5_10,
PMID: 27300182

Menke DB, Mutter GL, Page DC. 1997. Expression of DAZ, an azoospermia factor candidate, in human
spermatogonia. American Journal of Human Genetics 60:237-241. PMID: 8981970

Mi H, Huang X, Muruganujan A, Tang H, Mills C, Kang D, Thomas PD. 2017. PANTHER version 11: expanded
annotation data from gene ontology and reactome pathways, and data analysis tool enhancements. Nucleic
Acids Research 45:D183-D189. DOI: https://doi.org/10.1093/nar/gkw1138, PMID: 27899595

Mikedis MM. 2020a. Analysis-of-tubule-cross-sections-via-CellProfiler. GitHub. 0330aae. https://github.com/
mmikedis/Analysis-of-tubule-cross-sections-via-CellProfiler

Mikedis MM. 2020b. iCLIP_analysis. GitHub. 4258e87. https://github.com/mmikedis/iCLIP_analysis

Mikedis MM. 2020c. RiboTag_translational_efficiency. GitHub. 08bc3a7. https://github.com/mmikedis/RiboTag
translational_efficiency

Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J, Puigserver P, Carlsson E, Ridderstrale
M, Laurila E, Houstis N, Daly MJ, Patterson N, Mesirov JP, Golub TR, Tamayo P, Spiegelman B, Lander ES,
Hirschhorn JN, Altshuler D, et al. 2003. PGC-1alpha-responsive genes involved in oxidative phosphorylation are
coordinately downregulated in human diabetes. Nature Genetics 34:267-273. DOI: https://doi.org/10.1038/
ng1180, PMID: 12808457

Nakagawa T, Nabeshima Y, Yoshida S. 2007. Functional identification of the actual and potential stem cell
compartments in mouse spermatogenesis. Developmental Cell 12:195-206. DOI: https://doi.org/10.1016/j.
devcel.2007.01.002, PMID: 17276338

Nakagawa T, Sharma M, Nabeshima Y, Braun RE, Yoshida S. 2010. Functional hierarchy and reversibility within
the murine spermatogenic stem cell compartment. Science 328:62-67. DOI: https://doi.org/10.1126/science.
1182868, PMID: 20299552

Nakahori Y, Kuroki Y, Komaki R, Kondoh N, Namiki M, lwamoto T, Toda T, Kobayashi K. 1996. The Y
chromosome region essential for spermatogenesis. Hormone Research 46:20-23. DOI: https://doi.org/10.1159/
000185175, PMID: 8864744

Naqvi S, Bellott DW, Lin KS, Page DC. 2018. Conserved microRNA targeting reveals preexisting gene dosage
sensitivities that shaped amniote sex chromosome evolution. Genome Research 28:474-483. DOI: https://doi.
org/10.1101/gr.230433.117, PMID: 29449410

Naqvi S, Godfrey AK, Hughes JF, Goodheart ML, Mitchell RN, Page DC. 2019. Conservation, acquisition, and
functional impact of sex-biased gene expression in mammals. Science 365:eaaw7317. DOI: https://doi.org/10.
1126/science.aaw7317, PMID: 31320509

Newman MA, Thomson JM, Hammond SM. 2008. Lin-28 interaction with the Let-7 precursor loop mediates
regulated microRNA processing. RNA 14:1539-1549. DOI: https://doi.org/10.1261/rna.1155108, PMID: 185661
91

Nicholls PK, Bellott DW, Cho T-J, Pyntikova T, Page DC. 2019a. Locating and characterizing a transgene
integration site by nanopore sequencing. G3: Genes, Genomes, Genetics 9:1481-1486. DOI: https://doi.org/
10.1534/93.119.300582

Nicholls PK, Schorle H, Naqvi S, Hu YC, Fan Y, Carmell MA, Dobrinski |, Watson AL, Carlson DF, Fahrenkrug SC,
Page DC. 2019b. Mammalian germ cells are determined after PGC colonization of the nascent gonad. PNAS
116:25677-25687. DOI: https://doi.org/10.1073/pnas.1910733116, PMID: 31754036

Nickkholgh B, Korver CM, van Daalen SK, van Pelt AM, Repping S. 2015. AZFc deletions do not affect the
function of human spermatogonia in vitro. Molecular Human Reproduction 21:553-562. DOI: https://doi.org/
10.1093/molehr/gav022, PMID: 25901025

Olarerin-George AO, Jaffrey SR. 2017. MetaPlotR: a perl/R pipeline for plotting metagenes of nucleotide
modifications and other transcriptomic sites. Bioinformatics 33:1563-1564. DOI: https://doi.org/10.1093/
bioinformatics/btx002, PMID: 28158328

Mikedis et al. eLife 2020;9:e56523. DOI: https://doi.org/10.7554/eLife.56523 30 of 35


https://doi.org/10.1046/j.1365-2443.2002.00576.x
http://www.ncbi.nlm.nih.gov/pubmed/12296827
https://doi.org/10.1101/gad.302000.117
http://www.ncbi.nlm.nih.gov/pubmed/28924034
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nrg2438
http://www.ncbi.nlm.nih.gov/pubmed/18927579
https://doi.org/10.4103/0974-1208.192065
http://www.ncbi.nlm.nih.gov/pubmed/27803587
https://doi.org/10.1038/s41598-020-63290-3
https://doi.org/10.1038/s41598-020-63290-3
http://www.ncbi.nlm.nih.gov/pubmed/32317665
https://doi.org/10.1186/1471-2105-11-165
http://www.ncbi.nlm.nih.gov/pubmed/20356413
https://doi.org/10.1007/978-3-319-31973-5_10
http://www.ncbi.nlm.nih.gov/pubmed/27300182
http://www.ncbi.nlm.nih.gov/pubmed/8981970
https://doi.org/10.1093/nar/gkw1138
http://www.ncbi.nlm.nih.gov/pubmed/27899595
https://github.com/mmikedis/Analysis-of-tubule-cross-sections-via-CellProfiler
https://github.com/mmikedis/Analysis-of-tubule-cross-sections-via-CellProfiler
https://github.com/mmikedis/iCLIP_analysis
https://github.com/mmikedis/RiboTag_translational_efficiency
https://github.com/mmikedis/RiboTag_translational_efficiency
https://doi.org/10.1038/ng1180
https://doi.org/10.1038/ng1180
http://www.ncbi.nlm.nih.gov/pubmed/12808457
https://doi.org/10.1016/j.devcel.2007.01.002
https://doi.org/10.1016/j.devcel.2007.01.002
http://www.ncbi.nlm.nih.gov/pubmed/17276338
https://doi.org/10.1126/science.1182868
https://doi.org/10.1126/science.1182868
http://www.ncbi.nlm.nih.gov/pubmed/20299552
https://doi.org/10.1159/000185175
https://doi.org/10.1159/000185175
http://www.ncbi.nlm.nih.gov/pubmed/8864744
https://doi.org/10.1101/gr.230433.117
https://doi.org/10.1101/gr.230433.117
http://www.ncbi.nlm.nih.gov/pubmed/29449410
https://doi.org/10.1126/science.aaw7317
https://doi.org/10.1126/science.aaw7317
http://www.ncbi.nlm.nih.gov/pubmed/31320509
https://doi.org/10.1261/rna.1155108
http://www.ncbi.nlm.nih.gov/pubmed/18566191
http://www.ncbi.nlm.nih.gov/pubmed/18566191
https://doi.org/10.1534/g3.119.300582
https://doi.org/10.1534/g3.119.300582
https://doi.org/10.1073/pnas.1910733116
http://www.ncbi.nlm.nih.gov/pubmed/31754036
https://doi.org/10.1093/molehr/gav022
https://doi.org/10.1093/molehr/gav022
http://www.ncbi.nlm.nih.gov/pubmed/25901025
https://doi.org/10.1093/bioinformatics/btx002
https://doi.org/10.1093/bioinformatics/btx002
http://www.ncbi.nlm.nih.gov/pubmed/28158328
https://doi.org/10.7554/eLife.56523

e Llfe Research article

Developmental Biology

Pollard KS, Hubisz MJ, Rosenbloom KR, Siepel A. 2010. Detection of nonneutral substitution rates on
mammalian phylogenies. Genome Research 20:110-121. DOI: https://doi.org/10.1101/gr.097857.109, PMID: 1
9858363

Reijo R, Lee TY, Salo P, Alagappan R, Brown LG, Rosenberg M, Rozen S, Jaffe T, Straus D, Hovatta O. 1995.
Diverse spermatogenic defects in humans caused by Y chromosome deletions encompassing a novel RNA-
binding protein gene. Nature Genetics 10:383-393. DOI: https://doi.org/10.1038/ng0895-383, PMID: 7670487

Reynolds N, Collier B, Maratou K, Bingham V, Speed RM, Taggart M, Semple CA, Gray NK, Cooke HJ. 2005.
Dazl binds in vivo to specific transcripts and can regulate the pre-meiotic translation of mvh in germ cells.
Human Molecular Genetics 14:3899-3909. DOI: https://doi.org/10.1093/hmg/ddi414, PMID: 16278232

Reynolds N, Collier B, Bingham V, Gray NK, Cooke HJ. 2007. Translation of the synaptonemal complex
component Sycp3 is enhanced in vivo by the germ cell specific regulator dazl. RNA 13:974-981. DOI: https://
doi.org/10.1261/rna.465507, PMID: 17526644

Romer KA, de Rooij DG, Kojima ML, Page DC. 2018. Isolating mitotic and meiotic germ cells from male mice by
developmental synchronization, staging, and sorting. Developmental Biology 443:19-34. DOI: https://doi.org/
10.1016/j.ydbio.2018.08.009, PMID: 30149006

Rosario R, Smith RWP, Adams IR, Anderson RA. 2017. RNA immunoprecipitation identifies novel targets of DAZL
in human foetal ovary. MHR: Basic Science of Reproductive Medicine 23:177-186. DOI: https://doi.org/10.
1093/molehr/gax004

Ruggiu M, Speed R, Taggart M, McKay SJ, Kilanowski F, Saunders P, Dorin J, Cooke HJ. 1997. The mouse dazla
gene encodes a cytoplasmic protein essential for gametogenesis. Nature 389:73-77. DOI: https://doi.org/10.
1038/37987, PMID: 9288969

Sanz E, Yang L, Su T, Morris DR, McKnight GS, Amieux PS. 2009. Cell-type-specific isolation of ribosome-
associated mRNA from complex tissues. PNAS 106:13939-13944. DOI: https://doi.org/10.1073/pnas.
0907143106, PMID: 19666516

Saunders PT, Turner JM, Ruggiu M, Taggart M, Burgoyne PS, Elliott D, Cooke HJ. 2003. Absence of mDazI
produces a final block on germ cell development at meiosis. Reproduction 126:589-597. DOI: https://doi.org/
10.1530/rep.0.1260589, PMID: 14611631

Saxena R, Brown LG, Hawkins T, Alagappan RK, Skaletsky H, Reeve MP, Reijo R, Rozen S, Dinulos MB, Disteche
CM, Page DC. 1996. The DAZ gene cluster on the human Y chromosome arose from an autosomal gene that
was transposed, repeatedly amplified and pruned. Nature Genetics 14:292-299. DOI: https://doi.org/10.1038/
ng1196-292, PMID: 8896558

Schrans-Stassen BH, Saunders PT, Cooke HJ, de Rooij DG. 2001. Nature of the spermatogenic arrest in dazl -/-
mice. Biology of Reproduction 65:771-776. DOI: https://doi.org/10.1095/biolreprod65.3.771, PMID: 11514340

Seligman J, Page DC. 1998. The dazh gene is expressed in male and female embryonic gonads before germ cell
sex differentiation. Biochemical and Biophysical Research Communications 245:878-882. DOI: https://doi.org/
10.1006/bbrc.1998.8530, PMID: 9588208

Sharp PM, Li WH. 1987. The Codon adaptation index—a measure of directional synonymous Codon usage Bias,
and its potential applications. Nucleic Acids Research 15:1281-1295. DOI: https://doi.org/10.1093/nar/15.3.
1281, PMID: 3547335

Siepel A, Bejerano G, Pedersen JS, Hinrichs AS, Hou M, Rosenbloom K, Clawson H, Spieth J, Hillier LW, Richards
S, Weinstock GM, Wilson RK, Gibbs RA, Kent WJ, Miller W, Haussler D. 2005. Evolutionarily conserved
elements in vertebrate, insect, worm, and yeast genomes. Genome Research 15:1034-1050. DOI: https://doi.
org/10.1101/gr.3715005, PMID: 16024819

Signer RA, Magee JA, Salic A, Morrison SJ. 2014. Haematopoietic stem cells require a highly regulated protein
synthesis rate. Nature 509:49-54. DOI: https://doi.org/10.1038/nature 13035, PMID: 24670665

Simoni M, Gromoll J, Dworniczak B, Rolf C, Abshagen K, Kamischke A, Carani C, Meschede D, Behre HM, Horst
J, Nieschlag E. 1997. Screening for deletions of the Y chromosome involving the DAZ (Deleted in
AZoospermia) gene in azoospermia and severe oligozoospermia. Fertility and Sterility 67:542-547.

DOI: https://doi.org/10.1016/S0015-0282(97)80083-0, PMID: 9091344

Sousa Martins JP, Liu X, Oke A, Arora R, Franciosi F, Viville S, Laird DJ, Fung JC, Conti M. 2016. DAZL and
CPEB1 regulate mRNA translation synergistically during oocyte maturation. Journal of Cell Science 129:1271-
1282. DOI: https://doi.org/10.1242/jcs. 179218, PMID: 26826184

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A, Pomeroy SL, Golub TR,
Lander ES, Mesirov JP. 2005. Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. PNAS 102:15545-15550. DOI: https://doi.org/10.1073/pnas.0506580102,
PMID: 16199517

Sugimoto Y, Kénig J, Hussain S, Zupan B, Curk T, Frye M, Ule J. 2012. Analysis of CLIP and iCLIP methods for
nucleotide-resolution studies of protein-RNA interactions. Genome Biology 13:R67. DOI: https://doi.org/10.
1186/gb-2012-13-8-r67, PMID: 22863408

Szabé PE, Hibner K, Schéler H, Mann JR. 2002. Allele-specific expression of imprinted genes in mouse migratory
primordial germ cells. Mechanisms of Development 115:157-160. DOI: https://doi.org/10.1016/50925-4773(02)
00087-4, PMID: 12049782

Szczerba A, Jankowska A, Andrusiewicz M, Warchot JB. 2006. Localization of the DAZ gene expression in
Seminiferous tubules of patients with spermatogenic disorders. Folia Histochemica Et Cytobiologica 44:123-
126. DOI: https://doi.org/10.5603/4578 , PMID: 16805138

Tahmasebi S, Amiri M, Sonenberg N. 2019. Translational control in stem cells. Frontiers in Genetics 9:709.

DOI: https://doi.org/10.3389/fgene.2018.00709, PMID: 30697227

Mikedis et al. eLife 2020;9:e56523. DOI: https://doi.org/10.7554/eLife.56523 31 0f 35


https://doi.org/10.1101/gr.097857.109
http://www.ncbi.nlm.nih.gov/pubmed/19858363
http://www.ncbi.nlm.nih.gov/pubmed/19858363
https://doi.org/10.1038/ng0895-383
http://www.ncbi.nlm.nih.gov/pubmed/7670487
https://doi.org/10.1093/hmg/ddi414
http://www.ncbi.nlm.nih.gov/pubmed/16278232
https://doi.org/10.1261/rna.465507
https://doi.org/10.1261/rna.465507
http://www.ncbi.nlm.nih.gov/pubmed/17526644
https://doi.org/10.1016/j.ydbio.2018.08.009
https://doi.org/10.1016/j.ydbio.2018.08.009
http://www.ncbi.nlm.nih.gov/pubmed/30149006
https://doi.org/10.1093/molehr/gax004
https://doi.org/10.1093/molehr/gax004
https://doi.org/10.1038/37987
https://doi.org/10.1038/37987
http://www.ncbi.nlm.nih.gov/pubmed/9288969
https://doi.org/10.1073/pnas.0907143106
https://doi.org/10.1073/pnas.0907143106
http://www.ncbi.nlm.nih.gov/pubmed/19666516
https://doi.org/10.1530/rep.0.1260589
https://doi.org/10.1530/rep.0.1260589
http://www.ncbi.nlm.nih.gov/pubmed/14611631
https://doi.org/10.1038/ng1196-292
https://doi.org/10.1038/ng1196-292
http://www.ncbi.nlm.nih.gov/pubmed/8896558
https://doi.org/10.1095/biolreprod65.3.771
http://www.ncbi.nlm.nih.gov/pubmed/11514340
https://doi.org/10.1006/bbrc.1998.8530
https://doi.org/10.1006/bbrc.1998.8530
http://www.ncbi.nlm.nih.gov/pubmed/9588208
https://doi.org/10.1093/nar/15.3.1281
https://doi.org/10.1093/nar/15.3.1281
http://www.ncbi.nlm.nih.gov/pubmed/3547335
https://doi.org/10.1101/gr.3715005
https://doi.org/10.1101/gr.3715005
http://www.ncbi.nlm.nih.gov/pubmed/16024819
https://doi.org/10.1038/nature13035
http://www.ncbi.nlm.nih.gov/pubmed/24670665
https://doi.org/10.1016/S0015-0282(97)80083-0
http://www.ncbi.nlm.nih.gov/pubmed/9091344
https://doi.org/10.1242/jcs.179218
http://www.ncbi.nlm.nih.gov/pubmed/26826184
https://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
https://doi.org/10.1186/gb-2012-13-8-r67
https://doi.org/10.1186/gb-2012-13-8-r67
http://www.ncbi.nlm.nih.gov/pubmed/22863408
https://doi.org/10.1016/S0925-4773(02)00087-4
https://doi.org/10.1016/S0925-4773(02)00087-4
http://www.ncbi.nlm.nih.gov/pubmed/12049782
https://doi.org/10.5603/4578&x00A0;
http://www.ncbi.nlm.nih.gov/pubmed/16805138
https://doi.org/10.3389/fgene.2018.00709
http://www.ncbi.nlm.nih.gov/pubmed/30697227
https://doi.org/10.7554/eLife.56523

e Llfe Research article

Developmental Biology

Tegelenbosch RA, de Rooij DG. 1993. A quantitative study of spermatogonial multiplication and stem cell
renewal in the C3H/101 F1 hybrid mouse. Mutation Research/Fundamental and Molecular Mechanisms of
Mutagenesis 290:193-200. DOI: https://doi.org/10.1016/0027-5107(93)90159-D, PMID: 7694110

The Gene Ontology Consortium. 2019. The gene ontology resource: 20 years and still GOing strong. Nucleic
Acids Research 47:D330-D338. DOI: https://doi.org/10.1093/nar/gky 1055, PMID: 30395331

Van Nostrand EL, Pratt GA, Yee BA, Wheeler EC, Blue SM, Mueller J, Park SS, Garcia KE, Gelboin-Burkhart C,
Nguyen TB, Rabano I, Stanton R, Sundararaman B, Wang R, Fu XD, Graveley BR, Yeo GW. 2020. Principles of
RNA processing from analysis of enhanced CLIP maps for 150 RNA binding proteins. Genome Biology 21:90.
DOI: https://doi.org/10.1186/s13059-020-01982-9, PMID: 32252787

Van Pelt AM, De Rooij DG. 1990. The origin of the synchronization of the seminiferous epithelium in vitamin
A-deficient rats after vitamin A replacement. Biology of Reproduction 42:677-682. DOI: https://doi.org/10.
1095/biolreprod42.4.677, PMID: 2346774

van Pelt AM, de Rooij DG. 1990. Synchronization of the seminiferous epithelium after vitamin A replacement in
vitamin A-deficient mice. Biology of Reproduction 43:363-367. DOI: https://doi.org/10.1095/biolreprod43.3.
363, PMID: 2271719

Veitia RA, Birchler JA. 2009. Dominance and gene dosage balance in health and disease: why levels matter!. The
Journal of Pathology 220:174-185. DOI: https://doi.org/10.1002/path.2623

Veitia RA, Potier MC. 2015. Gene dosage imbalances: action, reaction, and models. Trends in Biochemical
Sciences 40:309-317. DOI: https://doi.org/10.1016/j.tibs.2015.03.011, PMID: 25937627

Vergouwen RPFA, Jacobs SGPM, Huiskamp R, Davids JAG, de Rooij DG. 1991. Proliferative activity of
gonocytes, Sertoli cells and interstitial cells during testicular development in mice. Reproduction 93:233-243.
DOI: https://doi.org/10.1530/jrf.0.0930233

Viswanathan SR, Daley GQ, Gregory RI. 2008. Selective blockade of microRNA processing by Lin28. Science
320:97-100. DOI: https://doi.org/10.1126/science.1154040, PMID: 18292307

Vogt PH, Edelmann A, Kirsch S, Henegariu O, Hirschmann P, Kiesewetter F, Kdhn FM, Schill WB, Farah S, Ramos
C, Hartmann M, Hartschuh W, Meschede D, Behre HM, Castel A, Nieschlag E, Weidner W, Gréne HJ, Jung A,
Engel W, et al. 1996. Human Y chromosome azoospermia factors (AZF) mapped to different subregions in
Yq11. Human Molecular Genetics 5:933-943. DOI: https://doi.org/10.1093/hmg/5.7.933, PMID: 8817327

Wei C, Lin H, Cui S. 2018. The forkhead transcription factor FOXC2 is required for maintaining murine
spermatogonial stem cells. Stem Cells and Development 27:624-636. DOI: https://doi.org/10.1089/scd.2017.
0233, PMID: 29649409

Wau X, Bartel DP. 2017. kpLogo: positional k-mer analysis reveals hidden specificity in biological sequences.
Nucleic Acids Research 45:W534-W538. DOI: https://doi.org/10.1093/nar/gkx323, PMID: 28460012

Xu EY, Moore FL, Pera RA. 2001. A gene family required for human germ cell development evolved from an
ancient meiotic gene conserved in metazoans. PNAS 98:7414-7419. DOI: https://doi.org/10.1073/pnas.
131090498, PMID: 11390979

Yamaiji M, Jishage M, Meyer C, Suryawanshi H, Der E, Yamaji M, Garzia A, Morozov P, Manickavel S, McFarland
HL, Roeder RG, Hafner M, Tuschl T. 2017. DND1 maintains germline stem cells via recruitment of the CCR4-
NOT complex to target mRNAs. Nature 543:568-572. DOI: https://doi.org/10.1038/nature21690, PMID: 282
97718

Yoshida S, Sukeno M, Nakagawa T, Ohbo K, Nagamatsu G, Suda T, Nabeshima Y. 2006. The first round of
mouse spermatogenesis is a distinctive program that lacks the self-renewing spermatogonia stage.
Development 133:1495-1505. DOI: https://doi.org/10.1242/dev.02316, PMID: 16540512

Yoshinaga K, Nishikawa S, Ogawa M, Hayashi S, Kunisada T, Fujimoto T, Nishikawa S. 1991. Role of c-kit in
mouse spermatogenesis: identification of spermatogonia as a specific site of c-kit expression and function.
Development 113:689-699. PMID: 1723681

Zagore LL, Sweet TJ, Hannigan MM, Weyn-Vanhentenryck SM, Jobava R, Hatzoglou M, Zhang C, Licatalosi DD.
2018. DAZL regulates germ cell survival through a network of PolyA-Proximal mRNA interactions. Cell Reports
25:1225-1240. DOI: https://doi.org/10.1016/j.celrep.2018.10.012, PMID: 30380414

Zhang F, Li L, Wang L, Yang L, Liang Z, Li J, Jin F, Tian Y. 2013. Clinical characteristics and treatment of
azoospermia and severe oligospermia patients with Y-chromosome microdeletions. Molecular Reproduction
and Development 80:908-915. DOI: https://doi.org/10.1002/mrd.22226, PMID: 24002933

Zhang T, Oatley J, Bardwell VJ, Zarkower D. 2016. DMRT1 is required for mouse spermatogonial stem cell
maintenance and replenishment. PLOS Genetics 12:e1006293. DOI: https://doi.org/10.1371/journal.pgen.
1006293, PMID: 27583450

Zismanov V, Chichkov V, Colangelo V, Jamet S, Wang S, Syme A, Koromilas AE, Crist C. 2016. Phosphorylation
of elF2a is a translational control mechanism regulating muscle stem cell quiescence and Self-Renewal. Cell
Stem Cell 18:79-90. DOI: https://doi.org/10.1016/].stem.2015.09.020, PMID: 26549106

Mikedis et al. eLife 2020;9:e56523. DOI: https://doi.org/10.7554/eLife.56523 320f 35


https://doi.org/10.1016/0027-5107(93)90159-D
http://www.ncbi.nlm.nih.gov/pubmed/7694110
https://doi.org/10.1093/nar/gky1055
http://www.ncbi.nlm.nih.gov/pubmed/30395331
https://doi.org/10.1186/s13059-020-01982-9
http://www.ncbi.nlm.nih.gov/pubmed/32252787
https://doi.org/10.1095/biolreprod42.4.677
https://doi.org/10.1095/biolreprod42.4.677
http://www.ncbi.nlm.nih.gov/pubmed/2346774
https://doi.org/10.1095/biolreprod43.3.363
https://doi.org/10.1095/biolreprod43.3.363
http://www.ncbi.nlm.nih.gov/pubmed/2271719
https://doi.org/10.1002/path.2623
https://doi.org/10.1016/j.tibs.2015.03.011
http://www.ncbi.nlm.nih.gov/pubmed/25937627
https://doi.org/10.1530/jrf.0.0930233
https://doi.org/10.1126/science.1154040
http://www.ncbi.nlm.nih.gov/pubmed/18292307
https://doi.org/10.1093/hmg/5.7.933
http://www.ncbi.nlm.nih.gov/pubmed/8817327
https://doi.org/10.1089/scd.2017.0233
https://doi.org/10.1089/scd.2017.0233
http://www.ncbi.nlm.nih.gov/pubmed/29649409
https://doi.org/10.1093/nar/gkx323
http://www.ncbi.nlm.nih.gov/pubmed/28460012
https://doi.org/10.1073/pnas.131090498
https://doi.org/10.1073/pnas.131090498
http://www.ncbi.nlm.nih.gov/pubmed/11390979
https://doi.org/10.1038/nature21690
http://www.ncbi.nlm.nih.gov/pubmed/28297718
http://www.ncbi.nlm.nih.gov/pubmed/28297718
https://doi.org/10.1242/dev.02316
http://www.ncbi.nlm.nih.gov/pubmed/16540512
http://www.ncbi.nlm.nih.gov/pubmed/1723681
https://doi.org/10.1016/j.celrep.2018.10.012
http://www.ncbi.nlm.nih.gov/pubmed/30380414
https://doi.org/10.1002/mrd.22226
http://www.ncbi.nlm.nih.gov/pubmed/24002933
https://doi.org/10.1371/journal.pgen.1006293
https://doi.org/10.1371/journal.pgen.1006293
http://www.ncbi.nlm.nih.gov/pubmed/27583450
https://doi.org/10.1016/j.stem.2015.09.020
http://www.ncbi.nlm.nih.gov/pubmed/26549106
https://doi.org/10.7554/eLife.56523

e Llfe Research article

Appendix 1

Appendix 1—key resources table

Developmental Biology

Reagent

type

(species) Source or Additional

or resource Designation reference Identifiers information

Gene deleted in Mouse Genome MGI: 1342328

(Mus azoospermia- Informatics

musculus) like (Dazl)

Strain, strain B6 Taconic TAC: B6-F C57BL/6NTac

background TAC: B6-M

(Mus

musculus)

Genetic Dazl:tdTomato Nicholls et al., B4D2-Daz/em(tdTomatolHuye

reagent 2019b

(Mus

musculus)

Genetic Ddlx4<re Hu et al., 2013 MGI:5554579 Ddlx4tm?-1(ere/mOrangebep

reagent

(Mus

musculus)

Genetic DazP* Nicholls et al., B6N-Daz/°™P<P

reagent 2019b

(Mus

musculus)

Genetic Dazl Ruggiu et al., 1997 RRID:IMSR_JAX:023802 129P2-Dazl"™'H°

reagent

(Mus

musculus)

Genetic Dazl™ Nicholls et al., B6N-Daz/e™!- PP

reagent 2019b

(Mus

musculus)

Genetic Pou5f1:EGFP Szabé et al., 2002 RRID:IMSR_JAX:004654  Tg(Pou5f1-EGFP)2Mnn

reagent

(Mus

musculus)

Genetic ROSA26tdTemato Madisen et al., RRID:IMSR_JAX:007909  Gt(ROSA)

reagent 2010 Zésortm9(CAG-thomato)Hze

(Mus

musculus)

Genetic Rpl22tA Sanz et al., 2009 RRID:IMSR JAX:011029 RiboTag allele;

reagent B6N.129-Rpl22tm - 1Psamy g

(Mus

musculus)

Antibody anti-DAZL Abcam Abcam ab34139; IHC 1:200; iCLIP 10 pg
(rabbit RRID:AB_731849 antibody per 100 pl
polyclonal) Dynabeads and

500 pl lysate

Antibody anti-DAZL BioRad BioRad MCA2336; IF 1:100
(mouse RRID:AB_ 2292585
monoclonal 1gGy)

Antibody anti-FOXC2 R&D Systems R&D Systems IF 1:250
(sheep polyclonal) AF6989;

RRID:AB_10973139

Antibody anti-HA BioLegend BioLegend #901513; IP 2.5 ul antibody per

(mouse previously Covance 400 pl lysate and

monoclonal 19Gy)

#MMS-101R; RRID:AB_
2565335

200 I Dynabeads

Continued on next page
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https://scicrunch.org/resolver/AB_10973139
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Appendix 1—key resources table continued

Developmental Biology

Reagent
type
(species) Source or Additional
or resource Designation reference Identifiers information
Antibody anti-KIT (goat R&D Systems R&D Systems IF 1:250
polyclonal) AF1356;
RRID:AB_354750
Antibody anti-mCherry SICGEN SICGEN ABO0040-200;  IF 1:300
(goat polyclonal) RRID:AB_2333092
Antibody anti-SOX9 EMD Millipore EMD Millipore IF 1:300 for postnatal
(rabbit polyclona) AB5535; testis sections; 1:250
RRID:AB_2239761 for adult testis sections
Antibody anti-STRA8 Abcam Abcam ab49405; IHC 1:500
(rabbit RRID:AB_945677
polyclonal)
Antibody anti-ZBTB16 R&D Systems R&D Systems IF 1:250
(goat polyclonal) AF2944;
RRID:AB 2218943
Antibody IgG control, Santa Cruz Santa Cruz iCLIP 10 ug antibody
anti-rabbit Biotechnologies Biotechnologies per 100 ul Dynabeads
polyclonal sc-2027; and 500 pl lysate
RRID:AB_737197
Commercial  ImmPACT DAB Vector Vector
assay or kit  Peroxidase Laboratories Laboratories
Substrate SK-4105
Commercial  ImmPRESS HRP Vector Laboratories Vector Laboratories
assay or kit anti-Rabbit MP-7401-50
Detection Kit
Commercial TruSeq Stranded lllumina lllumina 20020594
assay or kit mRNA kit
Commercial SMART-Seq v4 Takara Bio Takara Bio 634888
assay or kit Ultra Low Input
RNA Kit
Commercial SMARTer Stranded Takara Bio Takara Bio 634411
assay or kit Total RNA-Seq Kit
v2 — Pico Input
Chemical N,N’- Santa Cruz Santa Cruz Used at 0.1 mg/
compound, Octamethylenebis(2,2- Biotechnology Biotechnologies gram body weight
drug dichloroacetamide) 5c-295819
[Win18,44¢6]
Software, ASPeak v.2.0.0 Kucukural et al., RRID:SCR_000380 https://sourceforge.
algorithm 2013 net/projects/as-peak
Software, CellProfiler v3.1.8 Kamentsky et al., RRID:SCR_007358 https://cellprofiler.org
algorithm 2011
Software, coRdon v1.2.0 https://github.com/
algorithm BioinfoHR/coRdon
Software, Cutadapt v.1.8 Martin, 2011 RRID:SCR_011841 https://cutadapt.
algorithm readthedocs.
io/en/stable/
Software, DESeq2 v1.26.0 Love et al., 2014 RRID:SCR_015687 http://bioconductor.
algorithm org/packages/
release/bioc/html/
DESeqg2.html
Software, FASTX-Toolkit v.0.0.14 RRID:SCR_005534 http://hannonlab.
algorithm cshl.edu/fastx_

toolkit/index.html

Continued on next page
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Appendix 1—key resources table continued

Developmental Biology

Reagent
type
(species) Source or Additional
or resource Designation reference Identifiers information
Software, HOMER v4.9.1 Heinz et al., 2010 RRID:SCR_010881 http://homer.
algorithm ucsd.edu/homer/
Software, GSEA v4.0.3 Mootha et al., RRID:SCR_003199 https://www.
algorithm 2003; gsea-msigdb.org/
Subramanian gsea/index.jsp
et al., 2005
Software, kallisto v0.44.0 Bray et al., 2016 RRID:SCR_016582 https://pachterlab.
algorithm github.io/kallisto/
Software, kpLogo v1.0 Wu and Bartel, http://kplogo.wi.
algorithm 2017 mit.edu
Software, MEME Suite v4.11.2 Bailey and Elkan, RRID:SCR_001783 http://meme-suite.org/
algorithm 1994;
McLeay and Bailey,
2010
Software, MetaPlotR Olarerin-George https://github.com/
algorithm and Jaffrey, 2017 olarerin/metaPlotR
Software, PANTHER v.13.1 Mi et al., 2017 RRID:SCR_004869 http://www.
algorithm pantherdb.org
Software, STAR v.2.5.4b Dobin et al., 2013 RRID:SCR_015899 https://github.
algorithm com/alexdobin/STAR
Software, TargetScanMouse v/.1 Agarwal et al., RRID:SCR_010845 http://www.
algorithm 2015 targetscan.org/
mmu_72/
Other Collagenase, Type | Worthington Worthington
Biochemical Biochemical LS004196
Other Dynabeads Protein G~ Thermo Fisher Thermo Fisher
Scientific Scientific 10003D
Other GlycoBlue Thermo Fisher Thermo Fisher
Coprecipitant Scientific Scientific AM9515
Other Novex TBE-Urea gel,  Thermo Fisher Thermo Fisher
6% Scientific Scientific EC6865BOX
Other Protease inhibitor, MilliporeSigma MilliporeSigma
EDTA Free 11836170001
Other Proteinase K, Thermo Fisher Thermo Fisher
RNA grade Scientific Scientific 25530049
Other RNase | Thermo Fisher Thermo Fisher For DAZL iCLIP libraries,
Scientific Scientific AM2295 lysates were digested
with 0.005 U/ug RNase |
for 3 min at 37 °C and
1100 rpm on a
Thermomixer R
(Eppendorf)
Other TURBO DNAse Thermo Thermo Fisher

Fisher Scientific

Scientific AM2238
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