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Abstract

Spermatogenesis is the process by which male gametes are formed from a self-
renewing population of spermatogonial stem cells (SSCs) residing in the testis. SSCs
represent less than 1% of the total testicular cell population, but must achieve a stable
balance between self-renewal and differentiation. Once differentiation has occurred, the
newly formed and highly proliferative spermatogonia must then enter the meiotic
program in which DNA content is doubled, then halved twice to create haploid gametes.
While much is known about the critical cellular processes that take place during the
specialized cell division that is meiosis, much less is known about how the
spermatocytes in the “first-wave” compare to those that contribute to long-term, “steady-
state” spermatogenesis. Given the strictly-defined developmental process of
spermatogenesis, this study was aimed at exploring the transcriptional profiles of
developmental cell stages over the age of the animal. Using a combination of
comprehensive germ cell sampling with high-resolution, single-cell-mRNA-sequencing,
we have generated a reference dataset of germ cell gene expression. We show that
discrete developmental stages possess significant differences in the transcriptional
profiles from neonates compared to juveniles and adults. Importantly, these gene
expression dynamics are also reflected at the protein level in their respective cell types.
We also show differential utilization of many biological pathways with age in both
spermatogonia and spermatocytes, demonstrating significantly different underlying gene
regulatory programs in these cell types over the course of testis development and
spermatogenic waves. This dataset represents the first unbiased sampling of

spermatogonia and spermatocytes in the developing testis over developmental age, at
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high-resolution, single-cell depth. Not only does this analysis reveal previously unknown
transcriptional dynamics of a highly transitional cell population, it has also begun to
reveal critical differences in biological pathway utilization in developing spermatogonia

and spermatocytes, including response to DNA damage and double-strand breaks.

Author Summary

Spermatogenesis is the process by which male gametes — mature spermatozoa
— are produced in the testis. This process requires exquisite control over many
developmental transitions, including the self-renewal of the germline stem cell
population, commitment to meiosis, and ultimately, spermiogenesis. While much is
known about molecular mechanisms regulating single transitions at single time points in
the mouse, much less is understood about how the spermatogenic progenitor cells,
spermatogonia, or the meiotic cells, spermatocytes, of the testis change over
developmental age.

Our single-cel-mRNA-sequencing analysis is the first to profile both
spermatogonia and spermatocytes from neonatal mice through adulthood, revealing
novel gene expression dynamics and differential utilization of biological pathways.
These discoveries help us to understand how the spermatogenic progenitors of this
population modulate their activity to adapt to a changing testicular environment.
Furthermore, they also begin to explain previously-observed differences - and
deficiencies - in spermatocytes that are derived from the first “wave” of

spermatogenesis. Overall, this dataset is the first of its kind to comprehensively profile
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gene expression dynamics in male germ cell populations over time, enriching our

understanding of the complex and highly-orchestrated process of spermatogenesis.

Introduction

Mammalian spermatogenesis requires proper establishment of the
spermatogonial stem cell (SSC) pool, which resides within the seminiferous tubules of
testis and supports life-long germ cell development'. These progenitors give rise to all
the differentiating germ cells of the mouse testis, ranging from spermatogonia to
spermatocytes to spermatids, and finally to mature spermatozoa. Despite the essential
nature of this process, the genetic regulatory mechanisms underlying the many complex
cellular transitions, and the maturation of this system during testis development, have
yet to be fully described.

Gamete development in the mouse relies on a rare population of primordial germ
cells, the bi-potential progenitors of all gametes, which are specified in the developing
embryo at embryonic day (E) 6.25 2. These cells migrate to and colonize the developing
gonad, arriving at the genital ridge from E10.5 3 and undergo abundant proliferation
until E13.5. At this time, germ cells developing in an XX (female) gonad will enter the
meiotic program as oocytes, while germ cells developing in an XY (male) gonad will
become prospermatogonia, remaining relatively non-proliferative until shortly after
birth*°. Prospermatogonia are able to adopt several fates®: in early postnatal life, a
subset of these cells differentiate immediately into spermatogonia and continue to
progress through spermatogenesis, to constitute the “first wave” of spermatogenesis. A

second subset of prospermatogonia will undergo apoptosis, while the remaining
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89  prospermatogonia will become established within the testicular stem cell niche soon
90 after birth, to become the self-renewing SSC population that will support “steady-state”
91 spermatogenesis throughout life. This germline stem cell population makes up less than
92 1% of the cells of adult testes’, and must balance self-renewal and differentiation to
93  maintain a healthy male gamete supply. Thus, the first cohort of meiotically-active male
94 germ cells enter the meiotic program without first entering a self-renewal SSC phase,
95 clearly differentiating the first wave of spermatogenesis from the other subsequent
96 waves.

97 SSCs are triggered to enter spermatogenesis coincident with a burst of retinoic
98 acid (RA), which induces both the spermatogonial divisions and the entry into prophase
99 | of meiosis®'!. Thus, in mice, male meiotic entry commences around postnatal day
100  (PND) 10, in response to RA-induced expression of key genes, including ‘Stimulated by
101  Retinoic Acid 8 (Stra8)®"". Spermatocytes execute many essential meiotic events
102  including creation of double-strand breaks, synapsis of homologous chromosomes, and
103  DNA repair and crossover formation, all of which are critical to proper segregation of
104  homologs in the first meiotic division. Failure to properly execute any of these steps is
105 known to result in potential chromosome mis-segregation, non-disjunction events,
106  aneuploidy, and infertility (reviewed comprehensively in '23).

107 While the developmental transitions which underlie germ cell differentiation and
108 maturation have been broadly defined, the gene regulatory underpinnings of these
109 transitions remain largely uncharacterized. Furthermore, studies which have shed some
110  light upon genetic regulatory mechanisms of these processes often focus on single time

111  points, or utilize cell enrichment protocols that may bias the output. In this manuscript,
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112 we have performed the first single-cell sequencing developmental time series of the
113 male mouse germline with comprehensive/unbiased sampling, thereby capturing all
114  germ cell types through the progression of postnatal testis maturation. The advent of
115 single cell transcriptomics provides an invaluable tool for understanding gene
116  expression dynamics at very high resolution in a large number of individual cells in
117  parallel. Furthermore, single-cell sequencing reveals heterogeneity and potential
118  plasticity within cell populations, which bulk mRNA sequencing is unable to accomplish,
119  making it an ideal tool for profiling germ cell populations which rapidly progress through
120  myriad developmental transitions.

121 We demonstrate that germ cells display novel gene regulatory signatures over
122 time, while cells positive for single protein markers have the capacity to change
123 dramatically with age, and therefore cells of a particular “identity” may differ significantly
124 from postnatal to adult life. Intriguingly, we have also begun to identify differential
125  expression of genes in critical biological pathways which may contribute to observed
126  differences in the first-wave of spermatogenesis’*'°. Dissecting the complex dynamics
127 of these developmental transitions can provide critical information about the
128 transcriptional landscape of both SSCs, spermatogonia, and spermatocytes, and the
129  regulatory mechanisms that underlie the formation of a dynamic and functional
130  complement of germ cells to support life-long spermatogenesis.

131

132

133

134
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135 Results

136

137  Single-cell sequencing from testes of different developmental ages robustly

138 defines germ cell populations

139  Mouse testes were collected at several time points, selected to represent distinct stages
140  of germline development: postnatal day (PND) 6 (during SSC specification), PND 14
141  (first appearance of pachytene spermatocytes during the first wave), PND 18

142  (pachytene and diplotene spermatocytes from the first wave present), PND 25

143 (spermatids present) and PND30 (spermatozoa present) (Figure 1A) and subjected to
144  single-cell RNAseq. The tissue was dissociated, and the resulting slurry subjected to
145  30% Percoll sedimentation to remove debris. The PND 18 cell suspension was split
146  and processed either with or without Percoll sedimentation as a technical control; due to
147  similarities between libraries, the data from these libraries was thereafter combined

148  (Figure S1). Additionally, due to the proportionally high representation of sperm in the
149  adult testis, it was necessary to increase representation of other germ cell types from
150 these samples. To accomplish this goal, an adult testis suspension post-Percoll

151 sedimentation was split in half and either positively magnetically-cell-sorted (MACS) for
152  the cell surface marker THY1, in an attempt to enrich for spermatogoniam, or negatively
153  MACS-sorted for ACRV1, in an attempt to deplete testicular sperm'’. While neither

154  strategy can accomplish complete enrichment of spermatogonia or removal of

155 spermatozoa, respectively, both adult libraries had a representative sample of all germ
156  cell types (Figure 1B), and are therefore treated as adult replicates in these data. For

157  each single-cell testis suspension, 4-5,000 cells per mouse were processed through the
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158 10X Genomics Chromium System using standard protocols for single cell RNA

159  sequencing. Libraries were sequenced to average depth 98M reads; on average, 91%
160  of reads mapped to the reference genome. After standard data processing, we obtained
161  gene expression profiles for approximately 1,200-2,500 cells per library (Figure 1B, 2A)
162  with representation of between 2,500-5,000 genes per cell (Figure S2), all of which

163  indicates the robustness of the sequencing method, and the comparability to other

164  single-cell studies.

165 Primary cell clusters revealed by Seurat (Figure S3) were identified and merged
166 into superclusters (Figure 2B) based on known marker gene expression (Table S1).
167  While somatic cells were evident in the clustering analysis, including Sertoli cells,

168  smooth muscle, and epithelial and hematopoetic cells, they represent a minority (fewer
169  than 25%) of the total cells profiled. In particular, Sertoli cells were primarily derived

170  from the PNDG library (Figure 2) due to their increased representation at that time point,
171  as well as processing steps which effectively removed these cells, which become

172 considerably larger in older mice. Therefore, somatic cells were excluded from all

173  additional analysis, which focused on the spermatogonial and spermatocyte populations
174  in the developing testis. Analysis of differentially expressed genes at each time point
175 identifies known marker genes in each cell type, including Zbtb16 (PIzf), Sall4, Sohlh1,
176  and Dmrt1 in spermatogonia; Meioc, Prdm3, Top2a, and Smc3 in early spermatocytes;
177  Sycp1/2/3 and H2afx in spermatocytes; Acrv1, Izumo1, and Catsper3/4 in round

178  spermatids; and Prm3, Izumo3, and Tssk6 in elongated spermatids (Figure 3, S4 & S5,

179  Table S1).
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180 Critically, the germ cell type classifications are representative of the known

181 timeline of the developing testis (Figure 1B), with only spermatogonia present at PNDG,
182  some early spermatocytes present at PND14, much greater representation of those

183  spermatocytes at PND18, and appearance of more differentiated round and elongated
184  spermatids from PND25 onwards. Interestingly, we observed the greatest enrichment of
185  spermatids in the positively THY 1-sorted adult sample, likely due to non-specific binding
186  of the antibody to the developing acrosome. Despite this, the library contained strong
187  representation of spermatogonia and spermatocytes and was therefore retained in the
188  analysis. The negative ACRV1 sorting for the other adult sample retained

189  representation of all germ cell types in the adult testis, including spermatogonia, which
190  would otherwise have been poorly represented due to the much greater abundance of
191  more differentiated cell types. Overall, both adult samples provide excellent

192  representation for all germ cell types present in the adult testis and are therefore

193  included in this sampling analysis.

194 Cell-free RNA contamination from lysed cells is a well-known confounding

195 feature in single-cell sequencing libraries, as highly-expressed transcripts from even a
196  small number of lysed cells can become incorporated in the gel bead emulsions of

197  single-cell microfluidics devices'®. As a result of the incorporation of these transcripts
198 into libraries of cells from which they did not originate, cells which do not endogenously
199  express such transcripts can appear to have low levels of expression of these markers.
200 In this data set, genes highly expressed in elongated spermatids/sperm were detected
201 atlow levels in cells identified as spermatogonia and spermatocytes exclusively in

202 libraries made from testes aged 25 days or older (data not shown), the only samples in
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203  which spermatids are present. Therefore, we believe the detection of these transcripts
204  in both spermatogonia and spermatocytes of older mice is due to contamination from
205 cell-free RNA derived from lysed spermatids. To mitigate the age-related biases this
206  signal might pose in down-stream analysis, markers of the spermatid/sperm population
207  (genes with a greater than 20:1 ratio of expression between spermatids and other germ
208  cell types), such as Prm1/2, have been filtered from the data set (Table S2).

209

210 Spermatogonia display characteristic transcriptional signatures, but also novel
211 gene expression dynamics, over developmental age

212 To better understand the developmental transitions that spermatogonia undergo
213 with age, genes variably-expressed with age were identified by Model-based Analysis of
214  Single Cell Transcriptomics (MAST)'® (Table S$3) and visualized as a heatmap (Figure
215  4). As spermatogonia become proportionally rarer with age (and therefore later-aged
216 individual libraries experience low representation), spermatogonia from libraries PND18,
217 PND25, and PND30 were merged with each other, as were spermatogonia from the two
218 adult samples. While marker genes, indicated in the top row, remain quite constant over
219  time, clear and novel differences can be observed in spermatogonial gene expression
220  over time, particularly in spermatogonia derived from PNDG6 testes. Several genes,

221 including those noted to the side of the heatmap, are observed to have robust

222  differential expression over time, and may play a role in the establishment and growth of
223 this spermatogonial pool which will support lifelong spermatogenesis.

224 In addition to MAST analysis for variable expression, Gene Set Enrichment

225  Analysis (GSEA) Time Series analysis20 of Reactome pathways revealed differentially-

10
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226  utilized pathways, which were then visualized using Enrichment Map in Cytoscape21'22.
227  GSEA of variably-expressed genes in spermatogonia from mice of different ages

228 reveals significant changes in many pathways, including increasing expression of genes
229 related to RNA destabilization and protein degradation as well as WNT signaling, and
230 decreasing expression of genes related to asparagine metabolism, various signaling
231  pathways including TGFB, FGFR, and KIT, and transcriptional regulation (Figure 5

232  &SG6A, Table S4). In particular, many critical signaling receptors and ligands, including
233 Kitand KitL?*°, as well as Fgf8 and Fgfr1?"?, exhibit downregulation in spermatogonia
234 derived from mice of increasing age, consistent with overall altered paracrine signaling
235  around the basement membrane of the seminiferous tubules during testis maturation.
236

237 Spermatocytes from the first wave of spermatogenesis are transcriptionally

238 distinct from steady-state spermatocytes

239 It has been well established that meiotic regulation is distinct in the first wave of
240  meiosis from that of subsequent waves®'*'®. Thus, we sought to explain this

241  phenomenon in terms of the transcriptome profile of spermatocytes at discrete

242  developmental time points. Spermatocytes from the first meiotic wave compared to

243  steady-state (adult) ages were also subjected to MAST analysis, as described above
244  (Figure 6, Table S5). For this analysis, spermatocytes were abundant enough from all
245 libraries that each time point could be considered separately, except for PNDG6 in which
246  spermatocytes are not yet present. Notably, spermatocytes from PND14, which are only
247  just beginning Prophase |, demonstrate very distinct gene expression patterns from

248  spermatocytes at later time points and are not representative of the full spectrum of

11
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249  meiotic cell types. Some genes, including those noted to the side of the heatmap, show
250  robust differential expression with age, highlighting differences between spermatocytes
251  derived from the first-wave (PND18) in contrast those which are derived from a self-
252 renewing SSC population (adult). Therefore, these genes were chosen for further

253  analysis and orthogonal validation.

254 GSEA time series analysis of Reactome pathway enrichment of variably

255  expressed genes in spermatocytes also reveals intriguing differentially utilized

256  pathways. From this analysis, we observe decreasing expression of genes related to
257  translation and post-transcriptional regulation, and increasing expression of genes

258 related to DNA replication, double strand break repair, and cell cycle regulation (Figure
259 7 & S6B, Table S6). Most notable in the list of genes upregulated in spermatocytes of
260 increasing age are those known to be essential to DNA repair, meiotic progression, and
261  crossover formation including Brip1?°, Brca1 and Brca2®**2, Rad51%, H2afx** and

262 Atm*>. Many of these pathways, particularly those related to double strand break repair
263  (which initiates meiotic recombination), may be crucial for understanding the molecular
264  mechanisms underlying fundamental differences in first-wave spermatocytes.

265

266 Validation of differentially expressed genes demonstrates dynamic protein

267 expression within a defined cell type during testis maturation

268 Candidate genes of interest (GOls) identified in the single-cell sequencing data
269  were investigated using immunofluorescence, which allowed us to validate changes in
270  protein expression in the context of the native testis tissue. We used paraffin-embedded

271  testis tissue sections at postnatal ages PND 7, PND 13, PND 22, and 8 weeks of age to

12
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272  characterize the same range of postnatal testis development as was captured in the

273  single-cell RNAseq data set. GOIs were selected by meeting several criteria including:
274  representation across several biological pathways, significantly differential expression in
275 agiven cell type between mice of different ages, and availability of a commercial

276  immunofluorescence-verified and mouse-reactive antibody. For all validation of

277  spermatogonial candidates, double-staining was performed with an antibody against
278  ‘Promyelocytic Leukemia Zinc Finger Protein’ (PLZF; aka ZBTB16), a well-characterized
279  marker of undifferentiated spermatogonia®®=2. For all validation of spermatocyte

280  candidates, double-staining was performed with an antibody against ‘Synaptonemal

281  Complex Protein 3’ (SYCP3), to allow for visualization and staging of Prophase I-staged
282  cells™*. SYCP3 marks the nuclei of spermatocytes through leptotene, zygotene,

283  pachytene, and diplotene stages of prophase |I.

284 To profile a range of biological functions including metabolism, enzyme

285  ‘Asparaginase-Like 1° (ASRGL1; aka ALP1) was chosen for immunofluorescence

286  analysis. ASRGL1 is known to catalyze the hydrolysis of L-asparagine*® and to clear
287  protein-damaging isoaspartyl-peptides*!, and while largely uncharacterized in the

288 mouse, has been found to be highly expressed in the human cervix, fallopian tube,

289  ovary, and testis*?. Interestingly, ASRGL1 has been identified as a biomarker of

290 endometrial cancer*?*™*°

, as well as an antigen in rodent sperm*. In the single-cell

291 sequencing dataset, Asrg/1 was observed to be highly expressed in spermatogonia

292 from PNDG6 mice, with decreasing expression in this cell type of older mice (Figure 4).
293  Interestingly, Asrgl1 was also shown to have dynamic expression in spermatocytes, with

294  the lowest expression detected in PND14 spermatocytes and increasing expression in

13
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295  spermatocytes of older mice (Figure 6, Table S5). These results at the mRNA level
296  were corroborated by immunofluorescence data showing high expression of ASRGL1
297  protein in PND7 PLZF+ spermatogonia, with decreasing expression of the protein in
298 PND22 and adult PLZF+ spermatogonia (Figure 8A, S7). Furthermore, PND13 first-
299  wave pachytene spermatocytes express little ASRGL1 protein, with expression

300 becoming abundant in pachytene spermatocytes from PND22 and adult testes (Figure
301 8B, S8).

302 Significant differences in RNA stability and processing genes were also observed
303  in spermatogonia during postnatal testis development, with down-regulation of related
304 pathways over time. The RNA binding protein, ‘RNA Binding Motif Protein, X-linked-like
305 2" (RBMXLZ2; aka HNRNPG-T) is a putative RNA regulator and splicing factor highly
306 expressed in the mouse testis, specifically in germ cells*’, with critical functions in

307 spermatogenesis*®. Furthermore, disruptions in RBMXL2 expression and localization in
308  human testes are associated with azoospermia in men*. In the single-cell data set,
309 Rbmx2 mRNA was observed to be highly expressed in spermatogonia from the

310 youngest mice, then decreasing with age, as well as expressed in all spermatocytes of
311 all ages (Figure 4, Table S3). Inmunofluorescence of RBMXL2 protein demonstrates
312 high expression of the protein in all germ cells, including spermatogonia and

313  spermatocytes. Close inspection, however, reveals relatively higher expression of

314 RBMXL2 in PND7 PLZF+ spermatogonia compared to later time points, despite the
315 relatively consistent expression of RBMXL2 protein in all other germ cell stages at all

316 mouse ages (Figure S9).

14
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317 ‘Double-sex and Mab-3 Related Transcription Factor B1’ (DMRTB1; aka DMRTG6)
318 s a transcriptional regulator known to coordinate the developmental transition from

319  spermatogonial differentiation to meiotic entry>®. As has been previously observed,

320 Dmrtb1 mRNA is highly expressed in spermatogonia and early spermatocytes (Figures
321 4 & 6), which we have confirmed at the protein level by immunofluorescence. At

322 PND13, first-wave early leptotene spermatocytes, evidenced by spotty SYCP3, exhibit
323  nuclear DMRTB1 staining, while pachytene spermatocytes from all mouse ages lose
324 DMRTB1 expression. Interestingly, the nuclear staining in leptotene spermatocytes is
325 only observed at the earliest time point, PND13, and not seen in early Prophase |

326  spermatocytes of later spermatogenic waves (Figure 9, S10).

327 Finally, DNA damage response proteins ‘RAD51 Recombinase’ (RADS51) and
328 ‘Ataxia Telangiectasia Mutated’ (ATM) were profiled across spermatocytes from mice of
329 increasing age, as these represent particularly interesting candidate proteins whose
330 differential expression may be crucial to understanding aberrant recombination rates
331 and chromosome segregation in the first wave. Intriguingly, both RAD51 and ATM show
332 subtly, but decidedly, decreased expression in first-wave pachytene spermatocytes,

333  with increasing expression as mice age (Figures 10, S11, S12), as predicted from our
334 scRNAseq data. These observations of altered RAD51 staining intensity are consistent
335  with previous reports of significantly fewer RAD51 foci along chromosome cores of

336 juvenile C57bl/6 spermatocytes compared to those at 12 weeks of age'*. Our RAD51
337 observations demonstrate overall decreased protein expression in the nucleus of

338 pachytene first-wave spermatocytes, with increasing expression by 3 weeks of age

339  (Figure 10B, S12). A similar dynamic is observed for ATM, which has robust
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340  cytoplasmic staining as well as diffuse nuclear staining in pachytene spermatocytes®’.
341  Our data demonstrate decreased expression of ATM in both cellular compartments in
342  the first-wave spermatocytes, with increasing expression, particularly in the cytoplasm
343  of these cells, by 3 weeks of age (Figure 10A, S11). These age-dependent dynamics of
344  critical DNA damage response regulators are likely to contribute to the health and

345  viability of resulting spermatocytes and spermatozoa from these spermatogenic cycles,
346 and may underlie some of the functional differences observed in the first wave of

347  spermatogenesis.

348 Overall, these gene expression dynamics discovered from single-cell mMRNA
349  sequencing are reproducible at the level of protein expression in the context of the

350 native tissue, and likely represent important development transitions both in

351 spermatogonia and spermatocytes. These data will be indispensable to investigate how
352 gene expression dynamics help to regulate the many critical developmental events,
353 including spermatogonial differentiation and meiotic progression, occurring in the

354  developing mouse testis.

355

356 Discussion

357 We have performed the first comprehensive sampling and screening of mouse
358 germ cells from neonatal life through adulthood, to obtain transcriptional profiles at a
359  high, single-cell resolution. With the exception of the adult samples, which were sorted
360 to exclude the over-riding sperm component, all libraries were generated from single-
361 cell suspensions of all testicular cells. Adult samples were minimally processed with a

362  single-step magnetic cell sort to provide representation of all germ cell types in the adult
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363 testis. Previously, single-cell-sequencing studies on sorted cells have provided valuable
364 information about specific, and marker-defined cell types. The study presented here,
365 however, focuses on profiling the germline during postnatal testis maturation,

366 importantly capturing the first-wave of spermatogonia and spermatocytes which exhibit
367 differences from later, steady-state spermatogenesis. Because of the progression of
368 ages profiled, we have captured changes in gene expression at single-cell resolution to
369 compare the developmental progression of spermatogenesis as mice age.

370 Germ cells subtypes in the testis are frequently defined by the presence or

371 absence of particular protein markers, which can be visualized by reporter expression or
372 immunofluorescence, or which can sometimes be used for flow cytometry or other

373  enrichment paradigms. Spermatogonia are often defined as cells which express a key
374  complement of protein markers, such as PLZF or ‘GDNF family receptor alpha 1’

375  (GFRa1 )52‘54. While this is the best practice for visual identification of cells for which
376  discrete markers have been elusive, such as spermatogonia, our analysis suggests that
377 the biology of these cells during postnatal testis development is far more complicated
378 that previously understood. Our analysis stresses that defining these cell populations on
379 the basis of specific markers may be overly simplistic, despite being the current

380 standard practice in the field. Primary spermatocytes are similarly distinct at the

381 transcriptional level over developmental time. Furthermore, cells possessing an SYCP3-
382  positive synaptonemal complex indicative of pachynema also exhibit differences in

383  immunolocalized proteins during testis maturation, indicating that they, too, exhibit

384  distinct and variable translational dynamics with increasing age. Critically, this analysis

385 reveals that, while known markers may be useful for defining primary cell identity, there
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386 are many changes in spermatogenesis that have been under-appreciated without the
387  power of single-cell resolution of gene expression profiling.

388 Specifically, we show here that PLZF-defined spermatogonia, though retaining
3890  PLZF-positivity, are transcriptionally distinct at PND6 compared to later developmental
390 time points. These transcriptional dynamics are also reflected by distinct differences at
391 the protein level, with proteins such ASRGL1 being localized strongly in PLZF+

392  spermatogonia during the first weeks of life, but decreasing in expression in these cells
393 around three weeks of age (Figure 8A, S7). Similarly, we show that Prophase |

394  spermatocytes possess significant transcriptional differences in the first-wave compared
395  to subsequent spermatogenic waves, with hundreds of differentially expressed genes
396  across multiple regulatory pathways. Furthermore, direct inspection of pachytene

397 spermatocytes from the first wave at PND13 to later spermatogenic waves reveals that,
398 like spermatogonia, transcript dynamics are also reflected at the protein level. For

399 example, proteins such as DMRTB1 are found only in the nuclei of first-wave leptotene
400 spermatocytes as they transition from differentiated spermatogonia into the meiotic

401  program, but not in spermatocytes from older mice (Figure 9, $S10). By contrast, other
402  proteins such as ASRGL1 are in low abundance in early first-wave spermatocytes, but
403  become more strongly immunolocalized in spermatocytes at increasing ages (Figure
404 8B, S8).

405 In addition to the transcriptional and translational dynamics in defined cell types
406  over time, these data also reveal differential utilization of particular biological pathways
407  over developmental time. Gene set enrichment analysis® utilizing the Reactome

408  pathway database?'?? has demonstrated that spermatogonia dramatically change their
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409 transcriptional landscape as mice age, including downregulation of genes within

410  essential meiotic-entry-associated SCF/KIT?®*° and FGFR®® pathways, including Kit and
411  KitL. While we cannot rule out the possibility that variable gene expression in

412  spermatogonia is, in part, due to differential contributions of the spermatogonial stem
413  cell population at different ages — with decreasing contribution as mice age — this

414  dataset provides strong support for true variable gene expression in the spermatogonial
415  pool. For instance, while spermatogonia derived from older mice exhibit downregulation
416  of genes associated with FGFR signaling, including Fgf8 and Fgfr1, and could indicate
417  decreased representation of an undifferentiated spermatogonial population?, this is in
418  opposition to observed coincident decreased expression of Kit and KitL which would

419  support increased representation of an undifferentiated population®2%°°. Therefore,

420  these data likely reflect overall changes to the paracrine signaling of the spermatogonial
421  stem cell niche as well as the basement membrane as mice age. Overall, these data
422  suggest spermatogonia may modulate their sensitivity for particular critical signaling

423  pathways, which may affect their competency to commit to the meiotic program.

424  Furthermore, pathways associated with mRNA stability and protein degradation are

425  upregulated as the testis matures, suggesting that spermatogonia from older mice may
426  change their capacity for post-transcriptional and post-translational regulation with age,
427  possibly reflecting changing demands for growth and proliferation in older animals.

428 Similar to spermatogonia, spermatocytes also exhibit differential utilization of
429  specific biological pathways with age, an observation that dovetails with the knowledge
430 that spermatocytes derived from the first wave of spermatogenesis are functionally

431  different to those spermatocytes derived from steady-state spermatogenesis. First-wave
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432  spermatocytes are known to exhibit several unique, and some detrimental,

433  characteristics, including reduced recombination rate'*'°

and greater incidence of
434  chromosome mis-segregation’®. These features result in first-wave spermatozoa which
435  are often much less reproductively successful than those which will arise from the self-

436  renewing SSC population later in life®"8.

Our data presented here demonstrate age-
437  related upregulation of pathways associated with DNA replication and repair, double
438  strand break repair, and response to DNA damage, all of which may underlie the well-
439  characterized differences between spermatocytes in the first wave compared to steady-
440 state spermatocytes. Included in these sets of variably-expressed genes are known
441 regulators of DNA damage response and cross-over formation including Rad571°3,
442 Brip1®, and H2afx**, as well as Brca1 and Brca2**=>? and Atm®>®°, all of which increase
443  in spermatocytes with age, effects which we have also shown at the protein level for
444  both RAD51 and ATM (Figures 10, S11, S12). While the cause of this lower expression
445  in the first wave is unknown, it has been demonstrated that spermatocytes from juvenile
446 mice generate only about 25% of the double strand breaks present in spermatocytes
447  from steady-state spermatogenesis®. It is possible that in response to fewer breaks,
448 less DNA damage response machinery is required and therefore exhibits lower
449  expression levels. Alternatively, these observations may also suggest that steady-state
450  spermatocytes acquire greater competency to cope with the DNA damage inherent to
451 meiotic progression, and that spermatocytes in the first wave may not execute these
452  pathways as successfully, resulting in the observed recombination differences and

453  increased chromosome mis-segregation. Notably, like spermatogonia, spermatocytes

454  also experience alteration of pathways related to translation and mRNA stability,
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455  emphasizing the myriad ways in which gene expression is regulated in developing germ
456  cells. Ultimately, this differential pathway utilization may help to explain not only the
457  functional differences observed in spermatocytes and spermatozoa from juveniles, but
458 may also improve our understanding of increased birth defects associated with young
459  paternal age®”*®.

460 Another of our primary objectives in undertaking this analysis was to potentially
461  reveal new markers of the spermatogonial stem cell population. Despite many efforts to
462  define this population by both cytoplasmic and nuclear markers, discrete markers of this
463  population have remained elusive and controversial 3. Our data are supportive of the
464  high degree of heterogeneity of this cell population, not only within the population at a
465  single age, but also across ages. Furthermore, markers which have become accepted
466  in the field, such as expression of ‘Inhibitor of DNA Binding 4’ (Id4)**~°®, show

467  widespread detection in spermatogonia through spermatocytes, while markers such as
468  Zbtb16 (Plzf) and Gfro.1 have much more restricted expression (Figure S5).

469  Importantly, expression patterns of these popular markers are not entirely self-

470  consistent. It is therefore likely that the spermatogonial population is not discrete, but is
471  indeed a continuous or plastic population®’°®. Despite this, these data remain a valuable
472  resource to those interested in understanding the molecular mechanisms underlying

473  SSC self-renewal and differentiation, though the biology may not be as simplistic as

474  originally thought.

475 Taken together, these data represent the first comprehensive sampling and

476  profiling of spermatogonia and spermatocytes during development of the mouse testis.

477  These data emphasize the necessity of considering not only the protein markers for
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478  which individual cells are positive, but also the age of the cells being analyzed. These
479  observations of highly dynamic gene expression in germ cell populations during

480  postnatal testis development stress that germ cells of a particular age or identity

481  possess vastly different underlying biology and that consideration must be given to
482  these dynamics when profiling germ cell populations. These data also represent an
483  invaluable community resource for discovery of previously unknown gene expression
484  dynamics and pathway contributions that may be critical for the many developmental
485  transitions in the male germ cell population which are essential for successful

486  spermatogenesis and fertility.

487

488  Methods

489  Animals

490 B6D2F1/J mice were generated by mating C57bl/6 female mice with DBA/2J
491  male mice. All animal protocols were reviewed and approved by the Cornell University
492 Institutional Animal Care and Use Committee and were performed in accordance with
493  the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
494  Mice were maintained on standard light:dark cycles with laboratory mouse chow

495  provided ad libidum.

496

497  Generation of testis single cell libraries

498 Testes were collected from mice (n = 1 mouse, 2 testes for each time point) at
499  postnatal (PND) days 6, 14, 18, 25, 30, and 8 weeks of age, and dissociated per

500 standard protocols for germ cell enrichment'®. Briefly, testes were held in 1X HBSS
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501 buffer before de-tunicating and moving tubules into 0.25% Trypsin. Tubules were further
502 dissociated by trituration and addition of DNase to a final concentration of 7 mg/ml.

503  Tubules were placed in a 37°C incubation for 5 minutes at a time, and then removed for
504 further trituration. Incubations at 37°C were performed three times, until a cloudy

505 suspension was achieved. Cells were passed through a 40 uM filter, spun down, and re-
506  suspended in 10ml 1X Dulbecco’s PBS + 10% Knockout Serum Replacement (DPBS-
507 S). This cell suspension was then layered on top of a 30% Percoll solution. Cells were
508 then spun down again, and the resulting pellet was re-suspended in 1ml DPBS-S. As a
509 technical control, cells from PND18 were split into two samples after the 40 uM filter,
510  with one half of the cells processed with the Percoll gradient, and the other half directly
511 re-suspended in its final buffer with no Percoll sedimentation, resulting in libraries

512 “PND18” and “PND18pre”, respectively. Due to the similarities between these libraries
513  (Figure S1), the data from these libraries were thereafter combined and analyzed

514  together as “PND18".

515 For adult testes only, the resulting cell suspension was split in half and sorted
516  with magnetic beads in two ways: (1) sperm-depletion was performed by incubating the
517  cells for 30 minutes with 20 ul anti-ACRV1-PE (Novus Biologicals #NB500-455PE),

518  washing with DPBS-S, incubating the cells for 30 minutes with 20 ul magnetic-bead-
519  conjugated anti-PE (Miltenyi Biotec #130-048-801), and finally performing a negative
520  magnetic selection. Cells were applied to a Miltenyi Biotec MACS LS column, and flow-
521  through cells were collected, as sperm were to remain bound to the ferromagnetic

522 column. (2) THY1+ spermatogonia were enriched by incubating the cells for 60 minutes

523 with 20 pl magnetic-bead-conjugated anti-CD90.2 (THY 1) (Miltenyi Biotec #130-102-
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524  464), and finally performing a positive magnetic selection. Cells were applied to the

525  column, flow-through cells were discarded, and antibody-bound cells were eluted from
526  the ferromagnetic column. These cells were then spun down and re-suspended in 1ml
527 DPBS-S as above.

528 The resulting cells from all samples were submitted to the Cornell DNA

529  Sequencing Core Facility for processing on the 10X Genomics Chromium System with a
530 target of 4-5000 cells per sample. Sequencing libraries were generated using the 10X
531  Genomics Chromium Single Cell 3' RNAseq v2 kit, tested for quality control on an ABI
532  DNA Fragment Analyzer, and run on a NextSeq platform with 150 base-pair reads.

533 Libraries were sequenced to average depth 98M reads (range 77M-124M); on average,
534 91% of reads (range 89%-92%) mapped to the reference genome.

535

536  Single-cell transcriptome analysis

537 Data normalization, unsupervised cell clustering, and differential expression were
538  carried out using the Seurat R package®. Batch effect and cell-cycle effect were

539  removed by Combat™

and Seurat together. Cells with less than 500 genes or 2000

540  UMIs or more than 15% of mitochondria genes were excluded from the analysis. Gene
541  expression raw counts were normalized following a global-scaling normalization method
542  with a scale factor of 10,000 and a log2 transformation, using the Seurat NormalizeData
543  function. The top 4000 highly variable genes were selected using the expression and
544  dispersion (variance/mean) of genes. Combat removed batch effects. Seurat regressed

545  the difference between the G2M and S phase, then followed by principal component

546  analysis (PCA). The most significant principal components (1-30) were used for
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547  unsupervised clustering and t-Distributed Stochastic Neighbor Embedding (tSNE)
548  analysis.

549 Cell types were manually identified by marker genes”'™">

, and confirmed by

550  SingleR (Single-cell Recognition) package. Differential expression analysis was

551 performed based on the MAST (Model-based Analysis of Single Cell Transcriptomics)'®.
552 Gene Set Enrichment Time Series Analysis?® used the differential expression based on
553  each time point, after removing genes highly expressed in spermatids. Pathways were
554  visualized by EnrichmentMap? in Cytoscape?'.

555 Code availability: The scripts used for analysis and figure generation are

556  available at https://github.com/nyuhuyang/scRNAseq-SSCs

557 Data availability: The single-cell RNAseq data have been deposited at GEO and
558 are accessible through Series accession number: GSE121904.

559

560 Immunofluorescence validation

561 Testes were collected, cleaned of excess fat, and fixed in 0.1% formalin solution
562  overnight before dehydration and embedding in paraffin. Fixed testes were sectioned at
563 5 uym onto glass slides by the Cornell Animal Health Diagnostic Center. To stain,

564  sections were de-paraffinized by 3x, 5 minute washes in Histoclear followed by

565  rehydration in 100% ethanol (2x, 5 minutes), 95% ethanol (2x, 5 minutes), 70% ethanol
566  (1x, 5 minutes), water (1x, Sminutes). Sections were then incubated in boiling antigen
567  retrieval buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6.0) for 20 minutes and left
568  to cool. Sections were washed 3x, 5 minutes in 1X PBS + 0.1% Triton-X (PBST). Tissue

569  sections were then incubated in blocking buffer [3% Goat Serum (Sigma), 1% Bovine
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570  Serum Albumin (Sigma), and 0.5% Triton-X (Fisher Scientific) in 1X PBS] and stained
571 by incubation with primary antibodies against PLZF, SYCP3, RBMXL2, ASRGL1,

572 DMRTB1, RADS51, and ATM (see Table S7) overnight at 4°C. The following day, slides
573  were washed 3x, 5 minutes in PBST and then incubated with secondary antibodies
574  raised in goat against mouse (594 nm) and rabbit (488 nm) at 1:500 for 1 hour at 37°C.
575 A secondary antibody-only control was included to assess background staining.

576  Sections were further stained with DAPI to visualize nuclei, mounted and analyzed on
577  an Epifluorescent Zeiss Axioplan microscope. For all time points for a given set of
578 antibodies, images were exposed equivalently.

579
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800 Figure Legend

801

802  Figure 1 — Germ cells profiled in single-cell sequencing analysis are representative of
803  known biology of the developing testis. A) Schematic of the developing testis with germ
804  cell representation at each time point. Only spermatogonia are present during the first
805  week of life, until meiotic entry at PND10, after which germ cells can commit meiosis
806  and progress through spermatogenesis and spermiogenesis, producing the first mature
807  spermatozoa from the first wave around PND30. B) Germ cell composition by proportion
808 and absolute cell number from each library-of-origin.

809

810  Figure 2 — Clustering of single-cell data into libraries-of-origin and cell type

811 classifications. A) tSNE representation of all cells with >500 detected genes and >2000
812  UMIs, color-coded by library-of-origin B) tSNE representation of all cells with >500

813  detected genes and >2000 UMIs, color-coded by cell type classification.

814

815 Figure 3 — Marker gene heatmap of all germ cell types reveals known signatures.

816  Heatmap of most-differentially-expressed marker genes per germ cell type. Color bar at
817  the bottom indicates library-of-origin time point for cells within each block. Expression is
818  represented as a z-score ranging from -2 to 2. Notable marker genes for each germ cell
819  type are highlighted to the right of the heatmap. The adult sperm-depleted sample is
820 named “Ad S-D” while the adult THY1-sorted sample is named “Ad T-S”.

821
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822  Figure 4 — Analysis of variably-expressed genes in spermatogonia. MAST analysis was
823  used to determine genes which are variably expressed with age specifically in

824  spermatogonia, represented in a heatmap. All genes represented in the heatmap and
825 listed in Table S3 are differentially expressed with the exception of the marker genes
826  which remain consistently expressed. PND18-30 time points have been merged to

827 increase representation of this rare cell type at those time points. Similarly, adult time
828  points have also been merged. Individual cells are plotted vertically and the libraries
829  from which they are derived is indicated at the bottom of the heatmap. Individual genes
830 are plotted horizontally and the color bar at the left indicates library-of-origin from which
831  highest expression is observed. Expression is scaled, ranging from 0 to 2.5.

832

833  Figure 5 — Differential Reactome pathway utilization in spermatogonia with age. Gene
834  set enrichment analysis of variably-expressed genes in the Reactome database was
835  visualized in Cytoscape. Results were filtered on a false discovery rate <0.05, and a
836  gene set list >45 genes. Red nodes indicate pathways upregulated with time while blue
837 nodes indicate pathways down-regulated with time. Edges indicate connections and
838  overlap between pathways.

839

840  Figure 6 - Analysis of variably-expressed genes in spermatocytes. MAST analysis was
841 used to determine genes which are variably expressed with age specifically in

842  spermatocytes, represented in a heatmap. All genes represented in the heatmap and
843 listed in Table S5 are differentially expressed with the exception of the marker genes

844  which remain consistently expressed. Individual cells are plotted vertically and the
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845 libraries from which they are derived is indicated at the bottom of the heatmap.

846  Individual genes are plotted horizontally and the color bar at the left indicates library-of-
847  origin from which the highest expression is observed. Expression is scaled, ranging
848 from 0 to 2.5. The adult sperm-depleted sample is named “Ad S-D” while the adult

849  THY1-sorted sample is named “Ad T-S”.

850

851  Figure 7 - Differential Reactome pathway utilization in spermatocytes with age. Gene
852  set enrichment analysis of variably-expressed genes in the Reactome database was
853  visualized in Cytoscape. Results were filtered on a false discovery rate <0.05, and a
854 gene set list >15 genes. Red nodes indicate pathways upregulated with time while blue
855 nodes indicate pathways down-regulated with time. Edges indicate connections and
856  overlap between pathways. The tables to the left of the diagrams identify notable genes
857  represented in these pathways.

858

859  Figure 8 — ASRGL1 is highly expressed specifically in spermatogonia from neonatal
860  and juvenile mice, and spermatocytes of older mice. A) Spermatogonial marker PLZF
861 (red) and ASRGL1 (green) were stained in 5uym testis tissue sections from mice ages
862 PND7, PND13, PND22, and adult. DAPI (blue) denotes nuclei. ASRGL1 protein

863  expression decreases in PLZF+ spermatogonia with age. B) Spermatocyte marker

864 SYCP3 (red) and ASRGL1 (green) were stained in 5um testis tissue sections from mice
865 ages PND13, PND22, and adult. ASRGL1 protein expression increases in SYCP3+

866  spermatocytes with age. For all images, high-ASRGL1-expressing spermatogonia are
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867 indicated by full arrows with a line, while low-ASRGL1-expressing spermatogonia are
868 indicated by arrowheads.

869

870  Figure 9 — DMRTB1 is highly expressed specifically in first-wave spermatocytes from
871  juvenile mice. Spermatocyte marker SYCP3 (red) and DMRTB1 (green) were stained in
872  5um testis tissue sections from mice ages PND13, PND22, and adult. DMRTB1 protein
873 s expressed in the nucleus of first-wave spermatocytes at PND13, with decreasing
874  expression in pachytene spermatocytes with age. For all images, high-DMRTB1-

875  expressing spermatocytes are indicated by diamond-headed arrows, while low-

876  DMRTB1-expressing spermatocytes are indicated by square-headed arrows.

877

878  Figure 10 — ATM and RAD51 have reduced expression in first-wave spermatocytes
879  from juvenile mice. A) Spermatocyte marker SYCP3 (red) and ATM (green) were

880  stained in Sum testis tissue sections from mice ages PND13, PND22, and adult. ATM
881  protein expression increases in SYCP3+ spermatocytes with age. For all images, high-
882  ATM-expressing spermatocytes are indicated by diamond-headed arrows, while low-
883  ATM-expressing spermatocytes are indicated by square-headed arrows.

884 B) Spermatocyte marker SYCP3 (red) and RAD51 (green) were stained in Sum testis
885  tissue sections from mice ages PND13, PND22, and adult. RAD51 protein expression
886 increases in SYCP3+ spermatocytes with age. For all images, high-RADS1-expressing
887  spermatocytes are indicated by diamond-headed arrows, while low-RAD51-expressing
888  spermatocytes are indicated by square-headed arrows.

889

39


https://doi.org/10.1101/464149
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/464149; this version posted November 13, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

890  Supplementary Figure 1 — Similarities between “PND18pre” and “PND18” libraries. A)
891  Germ and somatic cell composition by proportion and absolute cell number from

892 libraries “PND18pre” (pre-Percoll) and “PND18” (post-Percoll). B) tSNE representation
893  of all cells with >500 detected genes and >2000 UMIs. PND18 libraries are color-coded
894  while other libraries are greyed out. C) Cell counts for each cell type plotted in (A). As a
895  result of all of these similarities, the data derived from the libraries was combined for
896  analysis.

897

898  Supplementary Figure 2 — Quality control violin plots of single-cell data before and
899  after filtering. A) Distribution of gene and UMI counts, and mitochondrial gene

900 percentage per library-of-origin, before and after data filtration. B) Distribution of gene
901 and UMI counts, and mitochondrial gene percentage per cell type.

902

903 Supplementary Figure 3 — Additional clustering of data, into computationally

904 determined clusters. Representative clustering of all cells with >500 detected genes and
905 >2000 UMls, based on most significant principal components, color-coded by cell

906  cluster.

907

908 Supplementary Figure 4 — Dot plot analysis of known gene expression markers based
909 on cluster and cell type. A) Dot plot representation of known marker genes per cell

910 cluster determined in Figure S3. B) Dot plot representation of known marker genes per
911 cell type determined in Figure 2.

912
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913 Supplementary Figure 5 — Representative germ cell marker expression in cells from all
914  libraries-of-origin. tSNE plot of germ cells from all libraries, as well as tSNE plots of

915 notable germ cell marker gene expression.

916

917 Supplementary Figure 6 — GSEA enrichment plots for pathways correlated with

918  spermatogonia and spermatocyte development. A) Enrichment plots for selected

919 Reactome database pathways in spermatogonia. Pathways

920 “SIGNALING_BY_SCF_KIT” and “SIGNALING_BY_FGFR” show negative correlation
921  with developmental time, while pathways “DESTABILIZATION_OF_MRNA” and

922  “SIGNALING_BY_WNT” show positive correlation with developmental time. B)

923  Enrichment plots for selected Reactome database pathways in spermatogonia. All

924  pathways shown demonstrate positive correlation with developmental time.

925

926  Supplementary Figure 7 — Split channels of ARSGL1 expression in spermatogonia.
927  Spermatogonial marker PLZF (red) and ASRGL1 (green) were stained in 5um testis
928  tissue sections from mice ages PND7, PND13, PND22, and adult. DAPI (blue) denotes
929  nuclei. ASRGL1 protein expression decreases in PLZF+ spermatogonia with age. High-
930 ASRGL1-expressing spermatogonia are indicated by full arrows with a line, while low-
931 ASRGL1-expressing spermatogonia are indicated by arrowheads. Individual channels
932  are represented in gray scale.

933

934  Supplementary Figure 8 - Split channels of ARSGL1 expression in spermatocytes.

935  Spermatocyte marker SYCP3 (red) and ASRGL1 (green) were stained in 5um testis
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936 tissue sections from mice ages PND13, PND22, and adult. ASRGL1 protein expression
937 increases in SYCP3+ spermatocytes with age. For all images, high-ASRGL1-expressing
938 spermatogonia are indicated by full arrows with a line. Individual channels are

939 represented in gray scale.

940

941 Supplementary Figure 9 — RBMXL?2 is highly expressed specifically in spermatogonia
942  from neonatal and juvenile mice, decreasing with age. Spermatogonial marker PLZF
943  (red) and RBMXI2 (green) were stained in Sum testis tissue sections from mice ages
944  PND7, PND13, PND22, and adult. DAPI (blue) denotes nuclei. RBMXL2 protein

945  expression decreases in PLZF+ spermatogonia with age. High-RBMXL2-expressing
946  spermatogonia are indicated by full arrows with a line, while low-RBMXL2-expressing
947  cells are indicated by arrowheads. Individual channels are represented in gray scale.
948

949  Supplementary Figure 10 - Split channels of DMRTB1 expression in spermatocytes.
950  Spermatocyte marker SYCP3 (red) and DMRTB1 (green) were stained in 5um testis
951 tissue sections from mice ages PND13, PND22, and adult. DMRTB1 protein is

952  expressed in the nucleus of first-wave spermatocytes at PND13, with decreasing

953  expression in pachyene spermatocytes with age. For all images, high-DMRTB1-

954  expressing spermatocytes are indicated by diamond-headed arrows, while low-

955 DMRTB1-expressing spermatocytes are indicated by square-headed arrows. Individual
956  channels are represented in gray scale.

957
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958 Supplementary Figure 11 — Split channels of ATM expression in spermatocytes.

959  Spermatocyte marker SYCP3 (red) and ATM (green) were stained in Sum testis tissue
960  sections from mice ages PND13, PND22, and adult. ATM protein expression increases
961 in SYCP3+ spermatocytes with age. For all images, high-ATM-expressing

962  spermatocytes are indicated by diamond-headed arrows, while low-ATM-expressing
963  spermatocytes are indicated by square-headed arrows. Individual channels are

964  represented in gray scale.

965

966 Supplementary Figure 12 — Split channels of RAD51 expression in spermatocytes.
967  Spermatocyte marker SYCP3 (red) and RAD51 (green) were stained in S5um testis

968 tissue sections from mice ages PND13, PND22, and adult. RAD51 protein expression
969 increases in SYCP3+ spermatocytes with age. For all images, high-RADS51-expressing
970  spermatocytes are indicated by diamond-headed arrows, while low-RAD51-expressing
971  spermatocytes are indicated by square-headed arrows. Individual channels are

972  represented in gray scale.

973

974 Table Legends

975

976  Table S1 - Genes expressed in specific germ cell types. Marker genes were determined
977  that distinguish different primary cell clusters. Up to 250 genes per primary cell type are
978 listed, with statistics from Seurat comparing expression in the marker-associated cell
979  type (X.1) to all other germ cells (X.2). Data for these genes are depicted as row-

980 normalized gene expression in individual cells in Figure 3.
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Table S2 - Genes with high counts in spermatids (filtered out). Due to contaminating
cell-free mRNA derived from lysed spermatids (detected only in samples in which
spermatids are present), these genes expressed at high levels in spermatids were
removed from the dataset. The UMI1/UMIZ2 ratio reflects the expression of each gene in

spermatids relative to all other germ cells.

Table S3 - Genes with variable expression in spermatogonia during testis maturation.
Model-based analysis of single-cell transcriptomics (MAST) was utilized to identify
genes that are variably expressed in spermatogonia as a function of mouse age. Genes
listed in this table include “markers” (genes with significantly upregulated expression in
all spermatogonia), as well as genes with significant variation in expression in
spermatogonia during testis maturation. Data for these genes are depicted as row-

normalized gene expression in individual cells in Figure 4.

Table S4 - Gene Set Enrichment Analysis of Reactome pathways in spermatogonia
during testis maturation. Reactome pathways with significantly differential expression as
a function of mouse age in spermatogonia are included (FDR < 0.05); the same results
are displayed in Cytoscape diagrams in Figure 5. The table includes GSEA results for
each significant Reactome pathway, including the gene list, enrichment score (ES),

normalized enrichment score (NES), and results of the statistical test for enrichment.
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1003  Table S5 - Genes with variable expression in spermatocytes during testis maturation.
1004  Model-based analysis of single-cell transcriptomics (MAST) was utilized to identify
1005 genes that are variably expressed in spermatocytes as a function of age. Genes listed
1006 in this table include “markers” (genes with significantly upregulated expression in all
1007  spermatocytes), as well as genes with significant variation in expression in

1008  spermatocytes during testis maturation. Data for these genes are depicted as row-
1009  normalized gene expression in individual cells in Figure 6.

1010

1011  Table S6 - Gene Set Enrichment Analysis of Reactome pathways in spermatocytes
1012 during testis maturation. Reactome pathways with significant differential expression as a
1013  function of mouse age in spermatocytes are included (FDR < 0.05); the same results
1014  are displayed in Cytoscape diagrams in Figure 7. The table includes GSEA results for
1015 each significant Reactome pathway, including the gene list, enrichment score (ES),
1016  normalized enrichment score (NES), and results of the statistical test for enrichment.
1017

1018  Table S7 — Antibodies used for immunofluorescent staining. All primary and secondary
1019  antibodies used for immunofluorescence validation are documented with product

1020  numbers and dilutions used.

1021
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