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Abstract

In adult mammals, spermatogenesis embodies the complex transition from spermatogonial stem
cells (SSCs) to spermatozoa. This process is initiated by the dynamic transition among a series of
SSCs subpopulations. However, it remains elusive and controversial for the identity of the primitive
adult SSCs at the top of this developmental hierarchy. Using single-cell analysis and lineage
tracing, we identified forkhead box protein C2 (FOXC2) as a specific marker for the primitive SSCs
subpopulation in adult mice and humans. During homeostasis, FOXC2*-SSCs can initiate
spermatogenesis, and through which give rise to all sets of spermatogenic progenies. Specific
ablation of the FOXC2*-SSC results in depletion of the undifferentiated spermatogonia pool. During
germline regeneration, spermatogenesis can be completely restored by FOXC2*-SSCs. Germ cell-
specific Foxc2 knockout resulted in accelerated exhaustion of SSCs and eventually led to male
infertility. Mechanistically, FOXC2 is required for maintaining the quiescent state of the primitive
SSCs by promoting the expression of negative regulators of cell cycle phase transition. Overall,
this work proposed FOXC2*-SSCs as an indispensable and primitive subgroup during homeostasis
and regeneration in the adult testis.

Introduction

Through spermatogenesis, spermatozoa are generated from spermatogenic cells that are
originated from spermatogonial stem cells (SSCs). It is critical for this process to be continuous and
successful that SSCs are maintained in a homeostatic balance between self-renewal and
differentiation (1). The SSCs, as the least differentiated spermatogonia, belong to a subgroup of
undifferentiated spermatogonia (USPG) that are morphologically categorized into three subtypes,
i.e., Asingle (As), Apaired (Apr), and Aaiigned (Aal) cells (2). So far, three models have been proposed for
the mechanism underlying SSCs' self-renew based on the dynamic transitions among subgroups.
In the ‘As model’, As spermatogonia serve as SSCs that are capable of both self-renew and further
transformation into Apr and Aal that eventually give rise to spermatogonia (3, 4). Later, based on the
discovery of Ngn3 and Gfra1l as SSCs markers, the ‘fragmentation model’ suggests all three
subgroups with stem cell potential and the SSCs renewal is achieved through the fragmentation of
pairs and chains (5). Further work on SSCs markers such as ID4 and PAX7 inspired the
‘hierarchical As model’, in which only specific As spermatogonia possess the potential for long-term
self-renewal whereas the majority are restricted in their capacity (6, 7). Though their standing points
of view differ, each model seems well supported by the respective collection of evidence, which to
some extent reflects the nature of heterogeneity and dynamics among SSCs subpopulations.

In recent years, great insights into SSCs behaviors and regulations have been provided by a
body of pioneer works, especially with recent advances in single-cell gene-expression profiling,
highlighting great heterogeneity of SSCs and focusing on characterizing the nature of SSCs states
especially for seeking the primitive subgroup among them. Within the population of uSPG, a
number of genes relatively higher expressed in primitive subfractions have been identified and well
investigated, i.e., Gfra1, ID4, Ret, Eomes, Pax7, Nanos2, Shisa6, T, Pdx1, Lhx1, Egr2 and Plvap
(5-15). Particularly, Gfra1, ID4, Eomes, Pax7, Nanos2, and Plvap are further validated as the SSCs
markers through lineage tracing experiment, which is considered to be a reliable method to study
the origin and development of stem cells. However, some essential and primitive sub-populations
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remain undiscovered, and the identification of which is of great significance for elucidating the
developmental process of SSCs renewal and its behavior in testis.

Adult stem cells (ASCs), as the undifferentiated primitive cells that can be found in nearly all
types of tissues in mammals, are characteristic for a unique quiescent status reflected by both
reversible cell cycle arrest and specific metabolic alterations (16). Putative the primitive SSCs
subgroups appear to share this characteristic, as revealed in recent single-cell RNA-sequencing
(scRNA-seq) analysis in humans and mice, being largely non-proliferative while capable of
reciprocating between the quiescent and activated status (17-21). However, rigorous biological
validation of these populations is lacking through live imaging or genetic lineage tracing, or other
means. On the other hand, cells in a quiescent state are supposed to be more resilient to genotoxic
insults, which shall enable the primitive SSCs to sufficiently restore spermatogenesis upon such
disturbance.

Here, we identified a subpopulation of adult SSCs specifically marked by forkhead box protein
C2 (FOXC2). In adult mice, spermatogenic cells derived from the FOXC2* population were able to
complete the whole spermatogenesis. Upon the loss of this specific subpopulation of SSCs, the
undifferentiated spermatogonia pool was exhausted, eventually leading to defective
spermatogenesis. Specifically, FOXC2 is required for maintaining SSCs quiescence by promoting
the expression of negative regulators of cell cycle phase transition, thus symbolizing the primitive
state of these adult SSCs. Moreover, the FOXC2* population endured the chemical insult with
busulfan and effectively restored spermatogenesis, thereby critical for keeping the reproductive
homeostasis in male adult mice. Thus, our results demonstrate that FOXC2 marks the primitive
SSCs subpopulation in the adult testis, and is also required for the homeostasis and regeneration
of SSCs.
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97 Results
98
99 Identification of FOXC2*-SSCs as the quiescent and developmental starting point of adult

100 uSPG. We performed single-cell RNA-seq (10x genomics) of the uSPG from adult mice testes
101 marked by THY1, a widely recognized surface marker for uSPG with self-renewing and
102 transplantable state (22, 23), to dissect the heterogeneity and developmental trajectory (Fig.1A,
103 Fig. S1A, B). Among 5 distinct clusters identified, Cluster1 was characterized by the high
104 expression of stemness markers whereas other clusters were featured by progenitor or
105 differentiating spermatogonia (dSPG) markers (Fig.1B, Fig. S1C, D). Primarily mapped to the
106  extreme early point of the developmental trajectory, Cluster1 cells appeared quiescent and likely
107 represented the primitive state of uSPG populations (Fig.1B, Fig. S1E-G). The top10 differentially
108  expressed genes (DEGs) associated with Cluster1 are featured by SSCs markers such as Mcam
109 (24), Gfra1 (5), Tcl1 and Egr2 (12, 18) (Fig.1C, Fig. S2A, Supplemental Table S1) in addition to six
110  others expressed in different stages of germ cells and/or somatic cells, in which only FOXC2 was
111  exclusively localized in the nucleus of a subgroup of ZBTB16* uSPG (25, 26) in mice (Fig. 1D, Fig.
112 S2B). More specifically, in adult mice, FOXC2 displayed differential expressions among various
113  subtypes of uSPG, being more specific in As (59.9%) than other subtypes including Apr (5.2%), Apr-
114 1 (4.1%), Aaia-1 (1.83%), Aais-1 (1.5%), and Aaie-1 (1.67%) (Fig. 1E). There was only a small fraction
115 (5.1%) was active in proliferation as indicated by MKI67 (Fig. 1F), suggesting that FOXC2* cells
116  are primarily quiescent. Additionally, when examining the SSCs markers validated previously by
117 lineage tracing (27), we found that FOXC2 displays a higher level of co-localization with GFRA1
118 and EOMES than PAX7 and NEUROGS3 (28), indicating the FOXC2" cells contain but differ from
119  the known SSCs subsets (Fig. 1G).

120 We next analyzed the expression of FOXC2 in adult human testis using the published scRNA-
121 seq dataset (17) (GSE112013). As expected, FOXC2 was also specifically expressed in the human
122 SSCs, most of which were MKI67- (Fig. 1H, Fig.S2C). Pseudotime analysis showed that the
123 FOXC2" cells located at the start of the developmental trajectory with a proportion of about 90%
124  thatwere MKI67-(Fig. 11). Immunofluorescence staining confirmed that FOXC2* cells were a subset
125 of ZBTB16* spermatogonia in adult human testis, and most of them were MKI67- (Fig. 1J), possibly
126 representing the Adark SSCs also known as the reserve stem cells or ‘true SSC’ in human testis(29-
127  33). These results suggested that FOXC2 was similarly expressed in the SSCs of adult human and
128 mouse testis and may possess a conserved function.

129

130 FOXC2*-SSCs can sufficiently initiate and sustain spermatogenesis. We generated
131  Foxc2CRE*:R26T/G" mice in which FOXC2* cells were specifically labeled with GFP to enable the
132 progeny tracing after tamoxifen treatment (Fig. S3A) (34). Tamoxifen was introduced at 2-month of
133 age, after which the FOXC2-expressing lineage (GFP*) was tracked at d3 (day3), w1 (week1), w2,
134 w4, w6, m4 (month4), m7, and m12 respectively (Fig. 2A). At d3, the tracked cells were both GFP*
135 and FOXC2* (Fig. 2B) and constituted 0.027% of the total testicular cells as indicated by the
136  fluorescence-activated cell sorting (FACS) analysis (Fig. 2C). FACS-sorted GFP™* cells were then
137 transplanted into testes of recipient mice pre-treated with busulfan, in parallel to THY1* cells
138  derived from eGFP’9* mice as control. Two months after transplantation, FOXC2* cells generated
139 5 times greater number of colonies than the THY1* control (Fig. 6D, E), indicating that the FOXC2*
140 cells possess higher stemness as convinced by stronger transplantable viability.

141 At w1, all GFP* cells were identified as uSPGs, encompassing As, Apr, and Aa4 (Fig. 2Fa).
142  Specifically, FOXC2* As gave rise to 3 types of Ay, i.e., FOXC2*/FOXC2*, FOXC2*/FOXC2, and
143 FOXC2/FOXC2 (Fig. 2Fct1, b, c2, 42), Which then either produced FOXC2* or FOXC2" As through
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144  symmetric or asymmetric division (Fig. 2Fcs, a1, 1), or developed into Aa with no more than one
145 FOXC2" cell in the chains (Fig. 2Fe, 12). These results confirmed that FOXC2* cells were capable
146  of self-renewal to sustain the population as well as replenishing the uSPG pool by producing
147  downstream progenies, thereby serving as primitive SSCs. In the following 2-6 weeks, GFP*
148  colonies further expanded and produced GFP* sperms in the epididymis, from which healthy GFP*
149  offspring were given birth by C57 female recipients (Fig. 2G). The GFP* colonies constituted
150 83.67%, 90.48%, 96.78%, 98.55%, and 99.31% of the total length of the seminiferous tubules at
151 w6, m2, m4, m7, and m12 respectively (Fig. 2H, I). All offspring were GFP* from m4 onwards (Fig.
152 2J). Additionally, the EOMES*, GFRA1* and PAX7* cells were all GFP* at w2, further confirming
153  these progenies were derived from the FOXC2* cells (Fig. 2K). Overall, FOXC2*-SSCs can produce
154  all subtypes of uSPG, thus initiating spermatogenesis in adult mice.

155

156  Specific ablation of the FOXC2*-SSC results in depletion of the uSPG pool. We then prepared
157  Foxc2°®*;R26°™* mice to investigate the physiological requirement of FOXC2*-SSCs in
158  spermatogenesis (34). FOXC2* population in 2-month-old mice was specifically ablated with
159  tamoxifen-induced diphtheria toxin (DTA). The testes of these mice were examined at day3, day7,
160  and day14 post tamoxifen induction (Fig. 3A). Gradual loss of weight in testes coincided with the
161 reduction in the size of testes in all the mice while body weight was maintained (Fig. 3B, C).
162  Specifically, at d3, there were no detectable FOXC2" cells in addition to the decrease in the number
163 of GFRA1*, LIN28A* (35) and ZBTB16* uSPG at the basement membrane of seminiferous tubules;
164  at d14, all GFRA1*, LIN28A* and ZBTB16" uSPG disappeared while vacuoles formed at the
165 basement membrane with remaining spermatocytes and spermatids in the seminiferous lumen
166 (Fig. 3D-F, Fig. S3B). Meanwhile, the expression of DDX4 (36) and DAZL (37) as germ cell
167 markers was significantly reduced along with nearly undetectable expression of uSPG markers
168 such as ZBTB16, LIN28A, GFRA1, RET, and NEUROGS3 (28) (Fig. 3G). These results indicate an
169 uSPG exhaustion as the result of the FOXC2*-SSCs ablation, therefore supporting the critical role
170 in spermatogenesis played by FOXC2* population.

171

172 FOXC2*-SSCs are resilient to genotoxin and indispensable for germline regeneration. Next,
173  we examined the regenerative viability of FOXC2*-SSCs. At d20 post busulfan treatment
174  (20mg/kg), FOXC2" cells constituted the majority of uSPGs (Fig. 4A). Following a sharp decrease
175 in cell number in the first five days, ZBTB16* and GFRA1" cells began to recover from d25 while
176  the number of FOXC2* cells remained stable (Fig. 4B), indicating that this population is insensitive
177  to busulfan. We then checked changes in the proportion of MKI67* cells, active in proliferation, in
178 FOXC2* population after busulfan treatment (Fig. 4C, D). At d30, the MKI67* proportion rose to
179 15.92%, indicating a higher level of proliferation, albeit the total cell number stayed static (Fig. 4B,
180 D), thereby becoming the driving force in restoring spermatogenesis. Up to d120, the MKI67*
181 proportion had settled gradually back to the pre-treatment level, accompanied by the full recovery
182 of spermatogenesis (Fig. 4D). Further details of this process were revealed during lineage tracing
183  (Fig. 4E). Three days after tamoxifen induction, the 2-month-old Foxc2°RE*;:R26T/G” mice were
184  treated with busulfan. Consistent with the results above, at d20, the survived uSPG were
185 predominantly GFP* (Fig. 4F). Over 68.5% of the total length of the seminiferous tubules were GFP*
186 at m2, and this proportion rose to 95.43%, 98.41%, and 99.27% at m4, m7, and m12 respectively
187  (Fig. 4G, H), which was comparable to the proportion by tamoxifen induction alone (Fig. 21). From
188 m4 onwards, nearly all germ cells, spermatids, and their offspring were GFP~* (Fig. 4G, |). Together,
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189  these results confirmed that FOXC2*-SSCs are indispensable for germline regeneration that is
190 central to spermatogenesis recovery from interruptions.

191

192 FOXC2 is essential for SSCs maintenance in adult mice. We then focused on dissecting
193 FOXC2’s role in the SSCs maintenance using Foxc2”;Ddx4-cre mice (38) (Fig. 5A). No significant
194  difference was observed in the expressions of various uSPG markers, including ZBTB16 and
195 LIN28A, between Foxc2"; Ddx4-cre and Foxc2” mice at the age of 1 week (Fig. S4B). However,
196 adult Foxc2”;Ddx4-cre mice displayed clear testis weight loss without significant body weight loss
197 (Fig. 5B, C). Moreover, in these mice, we observed severe degeneration of seminiferous tubules,
198 reduced number of spermatids in the epididymis, and decreased size of the uSPG population with
199  age (Fig. 5D-G) but without apparent signs of apoptosis (Fig. S5B). The 6-month-old Foxc2”;Ddx4-
200 cre mice were infertile, in which over 95% seminiferous tubules were Sertoli-only with hardly
201 detectable expressions of DAZL, DDX4, LIN28A, and ZBTB16 (Fig. 5D—F, H). Therefore, FOXC2
202 is essential for maintaining the SSCs homeostasis and normal spermatogenesis in adult mice.
203

204 FOXC2 maintains the SSCs homeostasis via negative regulation of cell cycle. We collected
205 THY1* uSPGs from 4-month-old Foxc2”™ and Foxc2”; Ddx4-cre mice and compared their
206  transcriptome signatures revealed from scRNA-seq (Fig. 6A). The pseudotime analysis identified
207 Cluster1, which represented the FOXC2-expressing SSCs in Foxc2” mice corresponding to the
208 FOXC2-deleting SSCs in the Foxc2™; Ddx4-cre mice, was specifically assigned to the extremely
209 early stage of the development trajectory in respective samples, which was validated by the
210  expression of corresponding markers (Fig. 6B, Fig. S5A, B). Aggregated analysis of the overall
211 uSPG populations showed that cells derived from Foxc2”; Ddx4-cre mice were specifically
212 associated with the late stage of the development trajectory, as opposed to Foxc2”* mice where
213 nearly all the cells derived were concentrated at the early stage of development (Fig. 6C, Fig. S5C).
214  This implies that the loss of Foxc2 prompts the SSCs to progress into a more differentiated stage
215  with defection in maintaining the primitive identity of SSCs. Further analysis of the cells in Cluster1
216 revealed two distinct subclusters, i.e., SubclustersO and Subclusters1 (Fig. S6A). Formed primarily
217 by the Cluster1 cells derived from Foxc2”™ mice, Subclusters0 was featured by stemness markers,
218  while Subcluster1, representing the majority of Cluster1 cells from Foxc2”; Ddx4-cre mice, was
219  featured by progenitor markers (Fig. S6B, C). Consistently, pseudotime analysis showed that
220 Cluster1 cells from Foxc2”™ mice projected a forward stage of the developmental trajectory
221  indicated by stemness markers, whereas Cluster1 cells from Foxc2”; Ddx4-cre mice were
222 associated with a later stage of the developmental trajectory (Fig.6D, Fig. S6D, E). More
223 specifically, less number of cells were found at the starting state1 in Cluster1 from Foxc2”; Ddx4-
224  cre mice than in Foxc2” mice, with rather more cells in the developmental progression (from state1
225  to stateb), especially at the advanced state5 (Fig. 6E). Thus, FOXC2 deletion caused defective
226 SSCs maintenance and committed the primitive SSCs to a differentiation destiny. Further, there
227  were 932 genes down-regulated in Cluster1 cells derived from Foxc2”; Ddx4-cre mice in
228  comparison to Foxc2” mice (Fig. 6F, Supplemental Table S2), which were functionally associated
229  with both stem cell population maintenance and mitotic cell cycle (Fig. 6G). Consistently, the GSEA
230 analysis revealed a more progressive cell cycle in Cluster1 upon Foxc2-knockout (Fig. 6H),
231  confirming the role of FOXC2 in regulating the cell cycle of the primitive SSCs.

232 We then performed Cleavage Under Targets and Tagmentation (CUT&Tag) sequencing to
233 explore the underlying mechanism (39, 40), for which GFP* SSCs from Foxc2°RE*;R26T/G™ mice
234 3 days after tamoxifen induction, representing the FOXC2*-SSCs, were isolated for CUT&Tag
235 sequencing (Fig. 7A). Specific peaks enriched in the promoter region of 3629 genes (Fig. 7B, C;
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236 Supplemental Table S2) showed functional enrichment in biological processes such as DNA repair
237  and mitotic cell cycle regulation (Fig. 7D). By overlapping with the 932 genes down-regulated in
238 Cluster1 cells from Foxc2”; Ddx4-cre mice, we obtained 306 genes as the candidates subjective
239  to the regulation by FOXC2 (Fig. 7E; Supplemental Table S2). Further, GO enrichment analysis of
240 these genes highlighted a distinctive functional cluster (11 genes) focusing on the negative
241 regulation of cell cycle (Fig. 7F; Supplemental Table S3) (41-50). More specifically, significant
242 peaks enrichment at the promoter region were observed for these candidate genes (Fig. 7G).
243 Meanwhile, as predicted using the JASPAR Scan function (binding potential >0.8), there showed
244 strong binding potential of FOXC2 towards these candidate genes (Fig. 71) via the binding motif of
245 FOXC2 (Fig. 7H), which was further confirmed by the results from the CUT&Tag qPCR (Fig. 7J).
246 Overall results implied that FOXC2 may function as a gatekeeper that ensures the quiescent state
247  of the primitive SSCs by impeding cell cycle progression.

248

249 Discussion

250

251 In this work, a comprehensive analysis of uSPG populations with scRNA-seq and the following
252  lineage tracing study by whole-mount immunofluorescence assay led to the identification of

253 FOXC2-expressing SSCs as an important and primitive SSCs subpopulation in adult mice. Further
254  investigation through functionality analysis confirmed FOXC2 is essential for SSCs self-renewal
255  and stemness, thereby is required for maintaining the SSCs population that is critical for continuous
256  spermatogenesis. Importantly, our data demonstrated that the colonies formed by FOXC2* cells
257  constituted nearly the total length of the seminiferous tubules (99.31%), implying that the FOXC2*-
258 SSCs can support the complete spermatogenesis in adult mice.

259 GFRA1* Apr and Aa cells were found to break randomly and a portion of them can return to the
260  stem cell state (5). Interestingly, our findings showed FOXC2 appeared in one of the Apr or Aal cells
261 at times, therefore raising a possibility that the subset of GFRA1* cells that return to stem cell state
262  afterintercellular bridge break, maybe FOXC2* due to different cell cycle state. If so, based on both
263  findings, GFRA1*FOXC2" could represent a quiescent state whereas GFRA1*FOXC2" is proliferate
264 active, which certainly requires further validation possibly through multiple lineage tracing and live
265 imaging.

266 We observed that the FOXC2*-SSCs were almost all in a non-proliferative state (~94.9%), and
267  further revealed that FOXC2 functioned in the negative regulation of cell cycle progression, thus
268  confirming that FOXC2-expressing SSCs are quiescent SSCs population in adult mice. The finding
269  that FOXC2 inhibited cell cycle and differentiation of SSCs in testis is consistent with that reported
270 in other tissues (51, 52). In general, the quiescent state is a protective mechanism for stem cell
271 storage and prevents stem cells from damage or depletion under genotoxic stresses (1, 53-55). In
272 our work, after the busulfan treatment, the quantity of FOXC2* cells remained stable and the
273 survived uSPGs were predominantly FOXC2", indicating its insensitivity to cytotoxic agents.
274 However, the proportion of MKI67*FOXC2* cells increased by 15.92% after 30 days of the busulfan
275  treatment and decreased back to the pre-treatment level (5.08%) at 120 days, implying that the
276 quiescent FOXC2* cells were able to transform into the proliferative FOXC2* cells to replenish the
277 SSCs pool to maintain the SSCs homeostasis and normal spermatogenesis. We further confirmed
278 Dby lineage tracing analysis that FOXC2-expressing cells were the only remaining SSCs population
279 and were responsible for germline regeneration after the busulfan treatment, indicating that
280 FOXC2*-SSCs represent a functionally important stem cell population with regenerative ability. In
281  the future, more insights into the unique regulation of SSCs can be drawn from studying and
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282 comparing the transition between the quiescent and proliferative states in FOXC2* and other SSCs
283 subpopulations.

284 According to our findings, we proposed a model for the maintenance of the FOXC2+ SSCs
285 subpopulation (Fig. 7K). Under physiological conditions, FOXC2* As cells (including
286 FOXC2*GFRA1*, FOXC2*EOMES" cells, etc.) constitute the primitive population of SSCs, of which
287  only a small proportion (~5.1%) cells are proliferative while the majority remains quiescent (Fig.
288  7Ka). This primitive population can divide symmetrically or asymmetrically into different Apr and Aal
289 (Fig. 7Kb). Then FOXC2* cells (Fig. 7Kb) may break from the syncytial and return to As state (Fig.
290 7Ka) to maintain the stable number of the primitive SSCs. FOXC2- progenies, derived from the
291 FOXC2* primitive population, form a transit amplification (TA) SSCs pool (Fig. 7Kc) to support
292 spermatogenesis. However, it requires continuous supply from the FOXC2* population and is
293 subject to exhaustion when the supply is disrupted. In the context of regeneration conditions, the
294 FOXC2*MKI67- cells can survive and set out the recovery process (Fig. 7Kd). At the early stage,
295 increasing proportions of FOXC2*MKI67- cells are committed to transforming into proliferative
296 FOXC2*MKI67* cells, strengthening the supply to the TA SSCs pool (Fig. 7Ke). At the late recovery
297  stage, MKI67*/MKIG7- ratio returns to the physiological level in FOXC2* population (Fig. 7Ka),
298  leaving the total number of FOXC2* cells stable therefore maintaining the SSCs homeostasis.
299 However, it is necessary to perform more investigation to further improve and modify this model to
300 gain a complete understanding of the connections between different primitive SSCs subpopulations
301 via lineage tracing assays in the testes of adult mice.

302 Based on our observation, FOXC2 seems nonessential for the transformation from gonocytes to
303 SSCs in infant mice, in contrast to its requirement for adult spermatogenesis. A recent study
304  showed that FOXC2 was present in a fraction of As and A1e cells in the postnatal mouse testis (<5
305 weeks), however, this FOXC2* subpopulation appeared more active in proliferation than the adult
306 counterpart (56). Such differential functionality might reflect the difference in the physical nature of
307 spermatogenesis between developmental stages. For example, the maturity of spermatogenesis
308 is still under development during the juvenile period with a focus on expanding the SSCs pool.
309 Therefore, it would be interesting to explore differences in individual functional contexts as well as
310 the underlying regulatory mechanisms. Meanwhile, FOXC2, highly conserved between mice and
311 humans with 94% identity in amino acid sequence (57), is also expressed in a subset of human
312 adult SSCs, raising the possibility of an evolutionarily conserved mechanism governing SSCs
313 homeostasis in humans. Further work following this direction might be of great clinical significance
314  specifically to patients who suffer from infertility. Moreover, the developmental correlation between
315 FOXC2*-SSCs and other SSCs subpopulations proposed previously should be revealed via
316 biological methods such as multiple lineage tracing and live imaging. Collectively, our work here
317  provides new insights into the investigation of adult SSCs and serves as a reference for studying
318 the homeostasis and regeneration of other stem-cell systems.

319

320 Materials and Methods

321

322 Data Availability. All data are available in the main text or supplementary materials. The scRNA-

323 seq and CUT&Tag sequencing data have been uploaded to the GEO with accession codes
324  GSE183163, GSE180729, and GSE180926. All of the R packages were available online and the
325 code was used according to respective R packages documentation as described in the Methods.
326  The MSigDB (v.7.0) used in this study is available at https://www.gsea-msigdb.org/gsea/msigdb.

327  Additional Experimental Procedures. The procedures for mice, magnetic-activated cell sorting
328 (MACS), single-cell RNA-seq, single-cell RNA-seq data processing, CUT & TAG sequencing and
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329 analysis, enrichment analyses, transplantation assay, fluorescence-activated cell sorting (FACS),
330 immunofluorescence, RNA isolation and quantitative RT-PCR analysis, tamoxifen inducible,
331 analyses of cell density, sperm counts, histology, evaluation of degenerating tubules, and statistical
332 analysis are presented in the Supplemental Materials and Methods.
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463 Figures and Tables

464
465
466
467 Figure 1. Identification of the FOXC2*-SSCs in adult mouse and human testis. (A) Schematic
468 illustration of the single-cell analysis workflow. (B) t-SNE plot and developmental trajectory of all

469  uSPG, colored by cluster. (C) Heatmap of the Top10 DEGs in Cluster1. (D) Immunostaining for
470  ZBTB16 (red), FOXC2 (green), and DAPI (blue) in testicular paraffin sections from wild-type adult
471 C57 mice. Scale bar, 50 ym; C57, C57BL/6J. (E) The proportion of FOXC2* cells in different uSPG
472 subtypes. (F) Immunostainings for MKI67 (red), FOXC2 (green), and DAPI (blue) in adult mice
473  testis and the proportion of MKI67* cells in FOXC2* population (n=10). Scale bar, 50 um; values,
474  mean t s.e.m.; p-values were obtained using two-tailed t-tests (****p-value < 0.0001). (G) The co-
475 expression proportion between the FOXC2 and differential known SSCs makers (n=10). (H) t-SNE
476 plot of germ cells in adult human testis (GSE112013), colored by germ cell type. Feature plot
477  showing the expression patterns of FOXC2 and MKI67 in human germ cells. (I) The developmental
478  trajectory of the human germ cells, colored by germ cell type, FOXC2 expression cells (red), or
479  MKIGB7 expression cells (red). (J) Immunostaining for ZBTB16/MKI67 (red), FOXC2 (green), and
480 DAPI (blue) in testicular paraffin sections from adult humans.
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481
482

483  Figure 2. Lineage tracing and functional validation of FOXC2*-SSCs in Foxc2¢RE*;R26T/G"
484  mice. (A) Schematic illustration of the lineage tracing workflow for FOXC2* cells. (B)
485 Immunostainings for DAPI (blue) and FOXC2 (red) at day 3 post TAM induction. Scale bar, 50 pm;
486  d, day. (C) FACS analysis of GFP* populations derived from R26T/G" or Foxc2CRE*;R26 T/G" mice

487  atday 3 post TAM induction. (D, E) The recipient mice testes (D) and colony numbers (E) 2 months
13
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488  after transplantation (n=10) of the FACS-sorted GFP* cells from the Foxc2°RE*;R26T/G" mice 3
489  days after TAM diet and the MACS-sorted THY1* cells from adult mice. Scale bar, 1 mm; values,
490 mean * s.e.m.; p-values were obtained using two-tailed t-tests (****p-value < 0.0001). (F)
491 Immunostaining for DAPI (blue), ZBTB16/FOXC2 (red), and GFP (green) at week 1 post TAM
492  induction (scale bar, 50 um). (G) Seminiferous tubules of Foxc2°RFE*;R26T/G" mice 2, 4, and 6
493  weeks post TAM induction. Scale bar, 50 ym. (H) Testes (scale bar, 1 mm), seminiferous tubules,
494  and epididymis (scale bar, 50 um) at month 4, 7, and 12 post TAM induction in Foxc2°R&*;R26 T/G"
495 mice. (I, J) The GFP* patches (1) and progeny (J) population dynamics (n=10). Values, mean
496  s.e.m. (K) Immunostainings for DAPI (blue), EOMES (red), GFRA1 (red), or PAX7 (red) in GFP*
497 population at week 2 post TAM induction. Scale bar, 50 um.
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498
499

500 Figure 3. Specific ablation of FOXC2*-SSCs and phenotypic validation in Foxc2¢*;R26°™*
501  mice. (A) Schematic illustration of the lineage tracing workflow for FOXC2* cells. (B-D) Phenotypic
502  validation of the R26°™* and Foxc2¢*;R26P™* mice (n=5) for testes size (B), testis weight and
503 body weight (C), and HE-staining of the testes (D). Scale bars in (B), 1 mm; in (D), 50 um; d, day;
504 values were mean + s.e.m.; p-values were obtained using two-tailed t-tests (ns > 0.05, *p-value <
505 0.05, **p-value < 0.01). (E) ZBTB16*, GFRA1*, LIN28A*, and FOXC2* SPG populations dynamics.
506  Values, mean + s.e.m. (n=10); p-values were obtained using one-way ANOVA followed by Tukey
507 test (ns > 0.05, *p-value < 0.05, **p-value < 0.01, ****p-value < 0.0001). (F) Immunostainings for
508  DAPI (blue), SYCP3 (green), and LIN28A (magenta) at day 14 post TAM induction. d, day; scale
509  bar, 50 ym. (G) Quantitative RT-PCR analysis of SPG markers expression in the testes of the
510 R26°™* and Foxc2°®*;R26P™* mice (n=3). Values, mean * s.e.m.; p-values were obtained using
511  two-tailed t-tests (***p-value < 0.001, ****p-value < 0.0001).
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512
513

514 Figure 4. FOXC2*-SSCs are critical for germline regeneration. (A) Co-immunostaining of
515 FOXC2 (green) with ZBTB16 (red) in seminiferous tubules of the adult testes at day 20 post
516 busulfan treatment. Scale bar, 50 um. (B) ZBTB16*, GFRA1*, and FOXC2* population dynamics
517  after busulfan treatment (20 mg/kg, n=10). (C) Co-immunostaining of FOXC2 (green) with MKI67
518 (red) in seminiferous tubules of the adult testes at day 20 post busulfan treatment. Scale bar, 50
519 um. (D) MKI67*FOXC2* proportions in relation to the whole FOXC2* population at different time
520 points after busulfan treatment (n=4). (E) Schematic illustration for lineage tracing of FOXC2* cell
521 after busulfan treatment. (F) Lineage tracing of the GFP~ cells at day 20 and month 2 after busulfan
522  treatment (scale bar, 50 ym). (G) The testes (scale bar, 1 mm), seminiferous tubules, and
523 epididymis (scale bar, 50 ym) at month 4, 7, and 12 post TAM induction and busulfan injection. m,
524  month. (H, I) The proportion dynamics of GFP patches (H) and GFP* progenies (l). Values, mean
525 t+s.e.m. (n=10). w, week; m, month.
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526
527

528 Figure 5. Spermatogenesis exhaustion in the adult Foxc2";Ddx4-cre mice. (A) Construction
529  of the Foxc2";Ddx4-cre mice. (B) The testes size of the Foxc2”;Ddx4-cre mice. Scale bar, 1Tmm;
530 M, month. (C) Body weight and testis weight of the Foxc2”;Ddx4-cre mice at different age (n=5).
531 M, month; values, mean * s.e.m.; p-values were obtained using two-tailed t-tests (ns > 0.05, ****p-
532 value < 0.0001). (D) HE-staining of the testis and epididymis. Scale bar, 50 um; M, month. (E)
533 Estimation of degenerative tubules and sperm counts in cauda epididymis of the Foxc2” and
534  Foxc2";Ddx4-cre mice with age (n=5). Values, mean * s.e.m.; p-values were obtained using two-
535  tailed t-tests (**p-value < 0.01, ****p-value < 0.0001). (F) Immunostainings for DAPI (blue), ZBTB16
536 (green), FOXC2 (magenta), and DDX4 (white) in the seminiferous tubules of the Foxc2” and
537 Foxc2™; Ddx4-cre mice. Scale bar, 50 um. (G) Estimation of ZBTB16* uSPG number in the Foxc2”*
538 and Foxc2";Ddx4-cre mice with age (n=5). Values, mean * s.e.m.; p-values were obtained using
539  two-tailed t-tests (ns > 0.05, ***p-value < 0.001, ****p-value < 0.0001). (H) Quantitative RT-PCR
540 analysis of the uSPG and germ cell markers expressed in the testis of the Foxc2” and Foxc2”;
541 Ddx4-cre mice (n=3). M, month; values, mean * s.e.m.; p-values were obtained using two-tailed t-
542 tests (**p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001).
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543
544

545  Figure 6. scRNA-seq analysis of THY1* uSPG in Foxc2”™ and Foxc2”;Ddx4-cre mice. (A)
546 Schematic illustration of the scRNA-seq workflow. (B) t-SNE plot and developmental trajectory of
547 uSPG from Foxc2” and Foxc2”;Ddx4-cre mice respectively, colored by cluster. (C) Developmental
548 trajectories of uSPG from Foxc2” and Foxc2”;Ddx4-cre mice, colored by sample or derivation. (D)
549 Developmental trajectories of the cells in Cluster1 from Foxc2” (CON) and Foxc2”;Ddx4-cre (KO)
550 mice, colored by derivation or developmental state. (E) The Cluster1 cells proportion of each state
551 in CON and KO mice. (F) Heatmap showing the DEGs in the Cluster1 cells from the Foxc2”;Ddx4-
552 cre mice compared with the Foxc2” mice. (G) Top GO terms enrichment by the down-regulated
553 DEGs in KO mice. (H) Gene set enrichment analysis (GSEA) of the Cluster1 cells (Foxc2”;Ddx4-
554  cre v.s. Foxc2™ mice). NOM, nominal; FDR, false discovery rate; ES, enrichment score; NES,
555 normalized enrichment score.
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556
557

558 Figure 7. FOXC2 is essential for sustaining the primitive SSCs via regulating cell cycle. (A)
559  Workflow schematic illustration of the CUT&Tag_FOXC2 analysis on the FACS-sorted FOXC2*
560 cells. (B) Pie chart for CUT&Tag_FOXC2 peaks genome distribution. (C) Profiling of
561 CUT&Tag_FOXC2 peaks in proximity to transcriptional starting site (TSS). The distance to TSS
562  within 1000 was highlighted in the purple box. (D) Top GO terms enrichment by genes annotated
563 by CUT&Tag_FOXC2 peaks. (E) Venn diagram of FOXC2 target genes defined by overlapping the
564  CUT&Tag sequencing and scRNA-seq datasets. (F) GO terms enrichment by the FOXC2 target
565  genes related to cell cycle regulation. (G) Chromatin landscapes of CUT&Tag_FOXC2 peaks of
566  the candidates associated with negative cell cycle regulation. (H) The DNA-binding motif for FOXC2
567 (predicted with HOMER). (1) The cell cycle-related candidates possessing high binding potential
568 (>0.8, predicted with JASPAR SCAN). (J) CUT&Tag-qPCR validation of the cell cycle arrest
569 regulatory genes. (n=3). Values, mean % s.e.m.; p-values were obtained using two-tailed t-tests
570  (***p-value < 0.0001). (K) The model for the maintenance of the FOXC2+ SSCs subpopulation in
571 adult testis.
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572 Supplemental Figures
573

574
575

576  Figure S1. Validation and characterization of the MACS-sorted THY1* uSPG from wild-type
577  adult C57 mice. (A) Immunostainings of DAPI (blue), THY1 (green), and ZBTB16 (red) in the
578 MACS-sorted THY1* cells (n=5). Scale bar, 50 um. (B) Quantitative RT-PCR analysis of uSPG and
579  dSPG markers expressed in the MACS-sorted THY1* cells (n=3). Values, mean + s.e.m.; p-values
580 were obtained using two-tailed t-tests (ns > 0.05, *p-value < 0.05, **p-value < 0.01, ***p-value <
581  0.001, ****p-value < 0.0001). (C) Feature plots showing the expression pattern of classic SPG
582 markers (stemness and differentiation). (D) Heatmap showing the expression pattern of markers
583  for SPG in different clusters. (E) Expression pattern dynamics of the SPG markers with pseudotime
584 progression. (F) Heatmap showing the expression pattern of markers for cell cycle phase in
585 different clusters. (G) The developmental trajectory of the overall SPG, colored by pseudotime.
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586
587

588 Figure S2. Expression of top10 DEGs of Cluster1 in Figure 1B and classic SSC and SPG
589  markers in adult human germ cells. (A) Feature plots and violin plots of the Top10 DEGs of
590 Cluster1. (B) Immunostainings for LIN28A (red), DAPI (blue), and newly-found markers (green) in
591  testicular paraffin sections from adult mice. Scale bar, 50 ym. (C) Feature plots showing the
592 expression pattern of classic SSCs and SPG markers in adult human germ cells.
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593
594

595  Figure S3. Construction of the Foxc2€ERZ? mice and depletion of uSPG pool in
596  Foxc2°**;R26°T4* mice 14 days after specific ablation of FOXC2*-SSCs. (A) Construction of
597  the Foxc2'°FR2 mice. (B) Immunostainings for DAPI (blue), DDX4 (white), ZBTB16 (green), and
598 FOXC2 (magenta) at day 3 and day 14 post TAM induction in Foxc2¢*;R26°T* mice (scale bar,
599 50 pm).
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600
601

602 Figure S4. Phenotypic validation of the Foxc2";Ddx4-cre mice. (A) Immunostainings for DAPI
603 (blue), ZBTB16 (green), LIN28A (magenta), and TRA98 (white) in seminiferous tubules of 1-week-
604  old Foxc2™ and Foxc2”;Ddx4-cre mice. Scale bar, 50 um. (B) Immunostainings for DAPI (blue),

605  LIN28A (green), and Cleaved-CASP3 (red) in seminiferous of the Foxc2” and Foxc2";Ddx4-cre
606  mice (2-month-old). M, month; scale bar, 50 uym.
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607
608
609  Figure S5. scRNA-seq analysis of THY1* uSPG in adult Foxc2” and Foxc2”;Ddx4-cre mice.

610  (A) Feature plots of classic SPG markers for uSPG in adult Foxc2™ or Foxc2”;Ddx4-cre mice. (B)
611 Expression dynamics of SPG markers with pseudotime progression for uSPG from Foxc2”™ or
612 Foxc27,Ddx4-cre mice respectively. (C) Expression dynamics of SPG markers with pseudotime
613 progression for overall uSPG from Foxc2™ and Foxc2";Ddx4-cre mice.
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614
615

616 Figure S6. Re-cluster and developmental trajectory analysis of cells in Cluster1 derived from
617  adult Foxc2” and Foxc2™;Ddx4-cre mice. (A) The t-SNE plot of the Cluster1 cells aggregated
618  from the Foxc2”™ and Foxc2”;Ddx4-cre mice colored by sample or subcluster. (B) The cell
619 proportion of each sample in each subcluster. (C) Feature plots of SPG markers expression. (D)
620 Developmental trajectory of the aggregated Cluster1 cells colored by subcluster or pseudotime. (E)
621 Expression dynamics of SPG markers with pseudotime progression.
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Supplemental Tables (separate files)

Supplemental Table S1. List of the top30 differentially expressed genes of different clusters.
Supplemental Table S2. List of the differentially expressed genes found by CUT&Tag sequencing
and scRNA-seq respectively and their respective enriched Gene Ontology terms.

Supplemental Table S3. List of the Gene Ontology terms of the 306 crossed candidates.

Supplemental Table S4. Primers and antibodies used in this study.
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629 Supplemental Materials and Methods
630
631 Mice

632  Animal experiments were approved by the Committee on Animal Care of the Institute of Basic
633 Medical Sciences, Chinese Academy of Medical Sciences and Peking Union Medical College. The
634  8-week-old C57BL/6J wild-type mice were used for magnetic-activated cell sorting. The
635 Rosa26mTmG"* mice (stock no. 007676), Ddx4-Cre mice (stock no. 000692) and EGFP™¥* mice
636  (stock no. 021930) were bought from the Jackson Laboratory. The Foxc2C®ER2 mice and the
637  Foxc2™x (Foxc2™) mice were constructed and bought from the Biocytogen. The Rosa-eGFP-
638  DTA (R26°™/*) mice were bought from GemPharmatech. All mice were housed and bred under
639  specific pathogen-free conditions (temperature: 22-26°C, humidity: 40-55%, 12-h light/dark cycle)
640 in the animal facility at the Institute of Basic Medical Sciences. DNA was isolated from the tails, and
641  the genotypes of the mice were checked using PCR with specific primers (Supplemental Table S4).
642  All mice were randomly assigned to experiments and no statistical methods were used to
643 predetermine sample size. The person performing the experiments did not know the sample identity
644  until after data analysis. No data were excluded from analyses and the data displayed included a
645 minimum of three independent experiments and a minimum of three biological replicates for each
646 independent experiment. The 8-week-old C57BL/6J WT mice were treated with busulfan (40
647  mg/kg) and used as recipient mice 1 month later.

648

649 Magnetic-activated cell sorting (MACS)

650  The testes from 8-week-old C57BL/6J wild-type mice or 4-month-old Foxc2”™ and Foxc2"”; Ddx4-
651 cre mice (n=4) were minced and digested in the collagenase type IV (1mg/mL, Sigma) and DNase
652 I (500pg/mL, Sigma) at 37°C for 15 min. The cell suspension was pipetted up and down once every
653 5 minutes and the digestion process was stopped with DMEM (containing 10% FBS). The cell
654  suspension was filtered through a 40-um nylon mesh, and after centrifugation, the cells were
655 resuspended in 8mL PBS. The 15 mL conical centrifuge tubes were slowly overlayed with 2 mL of
656 70% Percoll solution, 2 mL of 30% Percoll solution, and then 2 mL of testicular cell suspension and
657  centrifuge at 600 x g for 10 min at 4 °C without using the centrifuge brake. After centrifugation, the
658  cells at the interface between the 70% and the 30% Percoll solution were carefully removed into
659  the new conical centrifuge tubes, washed with PBS, and then centrifuge at 600 x g for 10 min at
660 4 °C. After centrifugation, the cells were resuspended in 360uL MACS buffer, added with 40uL of
661 magnetic microbeads conjugated with anti-Thy-1 antibody (Miltenyi Biotec 130-049-101, Auburn,
662 CA), and mixed well. Incubate the cell suspension containing Thy-1 microbeads for 20 min at 4 °C.
663 Mix gently by tapping every 10 min. Add 20 mL of MACS buffer to the tube to dilute Thy-1
664  microbeads and centrifuge at 300 xg for 10 min at 4 °C. Remove the supernatant completely and
665 resuspend in 2 mL of MACS buffer. Place the separation columns (MS Column; Miltenyi Biotec
666 130-042-201) in the magnetic field of the mini MACS Separation Unit (Miltenyi Biotec 130-142-102)
667  and rinse with 0.5 mL of MACS buffer. Apply the cell suspension to the columns (500uL/ column).
668 After the cell suspension has passed through the column and the column reservoir is empty, wash
669 the column with 0.5mL of MACS buffer three times. Remove the column from the MACS Separation
670 Unit and elute the magnetically retained cells slowly into a 50 mL conical centrifuge tube with 1mL
671 of MACS buffer using the plunger supplied with the column. Centrifuge the tube containing the cells
672 at 600 x g for 10 min at 4 °C and resuspend the cell pellet with 10mL of MACS buffer for rinsing.
673 Repeat this step once. After the final rinsing step, resuspend cells in 0.04% BSA and count the cell
674 number.

675
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676  Single-cell RNA-seq

677  The MACS-sorted Thy1* cells were used for loading onto the Chromium Single Cell 3' Chip kit v2
678 (10x Genomics, PN-120236) according to the instructions. Cell capturing and library preparation
679  was performed following the kit instructions of the Chromium Single Cell 3’ v2 Library and Gel Bead
680  Kit (10x Genomics, PN-120237). In brief, 5000 cells were targeted for capture, and after cDNA
681 synthesis, 10-12 cycles were used for library amplification. The libraries were then size-selected,
682 pooled, and sequenced on a Novaseq 6000 (lllumina). Shallow sequencing was performed to
683 access the library quality and to adjust the subsequent sequencing depth based on the capture
684  rate and the detected unique molecular indices (UMI).

685

686 Single-cell RNA-seq data processing

687 Raw sequencing reads were processed using the Cell Ranger v.3.0.1 pipeline of the 10x Genomics
688 platform. In brief, reads from each sample were demultiplexed and aligned to the mouse mm10
689  genome, and UMI counts were quantified for each gene per cell to generate a gene-barcode matrix.
690 Default parameters were used. The UMI counts were analyzed using the Seurat R Package (58)
691 (v.3.0.1) following the Seurat pipeline. Cells with more than 200 detected genes or less than 10%
692 mitochondria reads were retained. Genes not detected in at least 10 cells were removed from
693 subsequent analysis. The resulting matrix was normalized, and the most variable genes were found
694  using Seurat’s default settings, then the matrix was scaled with regression against the mitochondria
695 reads. The top 2000 variable genes were used to perform PCA, and Jackstraw was performed
696 using Seurat’s default settings. Variation in the cells was visualized by UMAP for the top principal
697  components. Cell types were determined using marker genes identified from the literature (59). We
698 used the Seurat function CellCycleScoring to determine the cell cycle phase, as this program
699  determines the relative expression of a large set of G2-M and S-phase genes. After removing the
700 undefined cells, the spermatogonia were used for trajectory analysis, and the single-cell
701 pseudotime trajectory was constructed with the Monocle 2 package (v2.12.0) (60-62) according to
702  the provided documentation. The Monocle function clusterCells was used to detect cell clusters
703 between clusters. The Seurat function FindAllIMarkers with default settings was used to find DEGs
704 upregulated in each cluster compared to the other cells. The top200 DEGs of cluster1 were used
705 for ordering cells, and the discriminative dimensionality reduction with trees (DDRTree) method
706  was used to reduce the data to two dimensions. The dynamic expression patterns with the
707 spermatogonial developmental trajectory of specific genes were visualized using the Monocle
708 function plot_genes_in_pseudotime and plot_pseudotime_heatmap. The procession data of the
709  adult human single-cell dataset was downloaded from Gene Expression Omnibus (GEO):
710 GSE112013 and the UMI counts were analyzed using the Seurat R Package (v.3.0.1) following the
711 Seurat pipeline with the same parameters and functions as mentioned previously. According to the
712 known markers, the germ cells characterized was used for trajectory analysis, and the single-cell
713 pseudotime trajectory was constructed with the Monocle 2 package (v2.12.0) as mentioned
714 previously.

715

716 CUT & Tag sequencing and analysis

717 CUT&Tag assay was performed using CUT&Tag 2.0 High-Sensitivity Kit (Novoprotein scientific
718 Inc., Cat# N259-YHO01). The detailed procedures were described in (40, 63). In brief, cells were
719 harvested by trypsin and enriched by ConA-magnetic beads. 10,000 cells were re-suspended in
720 100 mL Dig-wash Buffer (20 mM HEPES pH 7.5; 150 mM NacCl; 0.5 mM Spermidine; 13 Protease
721  inhibitor cocktail; 0.05% Digitonin) containing 2 mM EDTA and a 1:100 dilution of primary FOXC2
722 antibody. The primary antibody was incubated overnight at 4°C. Beads were washed in Dig-wash
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723 Buffer 3 times and incubated with secondary antibody for 1 hour at a dilution of 1:200. After
724  incubation, the beads were washed 3 times in Dig-Hisalt Buffer (0.05% Digitonin, 20 mM HEPES,
725 pH 7.5, 300 mM NaCl, 0.5 mM Spermidine, 13 Protease inhibitor cocktail). Cells were incubated
726  with proteinA-Tn5 transposome at 25°C for 1 h and washed 3 times in Dig-Hisalt buffer to remove
727 unbound proteinA-Tn5. Next, cells were re-suspended in 100mL Tagmentation buffer (10 mM
728 MgCI2 in Dig-Hisalt Buffer) and incubated at 37°C for 1 h. The tagmentation was terminated by
729  adding 2.25 mL of 0.5 M EDTA, 2.75 mL of 10% SDS and 0.5 mL of 20 mg/mL Proteinase K at
730 55°C for 1 hour. The DNA fragments were extracted by phenol chloroform and used for sequencing
731 on an lllumina HiSeq instrument (lllumina NovaSeq 6000) to generate 2 x 150-bp paired-end reads
732 following the manufacturer’s instructions.

733 Raw reads were analyzed by removing low-quality or adaptor sequences using Trim_galore
734 (v0.5.0) and cleaned reads were mapped to the reference genome mm10 using Bowtie2 (v2.2.5).
735  We used MACS2 (v2.1.2) to call peaks found in different groups. Homer (v4.11.1) de novo motif
736  discovery tool was used for finding the binding motifs of Foxc2 with the findMotifsGenome.pl
737 command. The binding potential of candidate target genes at the binding motif was predicated
738 using the JASPAR Scan function (binding potential >0.8). The peaks filtered by fold change more
739  than 5 and transcription start site (TSS) less than 3000 bp were annotated by R package Chip
740 Seeker for gene category analysis. R package Cluster profiler was used for gene function
741 annotation such as KEGG and GO analysis.

742

743 Enrichment analyses

744  Gene Ontology (GO) and KEGG pathway enrichment analyses were conducted using the
745 ClusterProfiler package (v3.12.0) (Yu et al., 2012) and the ClueGO app (v2.5.7) in Cytoscape
746  (v3.8.1) with default settings and a p-value cut-off of 0.05. GSEA enrichment analysis was
747  assessed using the GSEA (v4.0.2) algorithm with MSigDB (v7.0) with default settings. The signaling
748 pathways enriched by niche-derived paracrine factors and undifferentiated SPG-derived
749 membrane proteins in the DEGs of the four samples were characterized. Then for each niche cell
750  type, the niche-derived signaling pathways in all four samples were crossed with the SSC-derived
751  signaling pathways to identify the candidate signaling pathways pivotal to SSCs maintenance.
752

753 Transplantation assay

754  The 8-week-old C57BL/6J WT mice were treated with busulfan (40 mg/kg) and used as recipient
755 mice 1 month later. SSCs were transplanted into the testis of recipient mice (1 x 10° cells/testis),
756 and two months after transplantation, the testes were harvested and observed under a
757  fluorescence microscope.

758

759 Fluorescence-activated cell sorting (FACS)

760 Single-cell suspensions were generated from testes or in vitro cultured SSCs. FACS was performed
761  using an SH800 machine (Sony Biotechnology) to isolate the GFP™ cells. Briefly, the GFP* gating
762 area was based on the point of the fluorescence intensity axis where cells were considered as
763  being GFP*, set based on the background fluorescence intensity of a non-transgenic control testis
764 cell population.

765

766  Immunofluorescence

767 Mouse testes were fixed in 4% Paraformaldehyde (PFA) at 4°C overnight, dehydrated, embedded
768 in paraffin, and cut into 5-um thick sections. The rehydrated mouse or human testis sections were
769  subjected to antigen retrieval, blocked in 5% BSA with 0.1% Triton X-100, and incubated with
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770 primary antibody (Supplemental Table S4) at 4°C overnight, including the germ cell marker DDX4,
771 undifferentiated spermatogonia markers ZBTB16, LIN28A, ECAD (64), GFRA1, EOMES, PAX7,
772 progenitor marker NEUROGS3, and spermatocyte marker SYCP3 (65). After three 5-min washes in
773 PBS, the sections were incubated with secondary antibodies (Supplemental Table S4) and DAPI
774  (Sigma) at 37°C for 1 h. After three 5-min washes in PBS, coverslips were then mounted on glass
775 slides using anti-quencher fluorescence decay (Solarbio). Images were captured using a Zeiss 780
776  laser-scanning confocal microscope. Whole-mount immunofluorescence of seminiferous tubules
777  was performed as previously described (66). Briefly, seminiferous tubules were disentangled from
778  testicular biopsies and immediately fixed in 4% PFA at 4°C for 12 h. After fixation, the seminiferous
779  tubules were permeabilized with 0.5% Triton X-100 in PBS and treated with 5% BSA in PBS
780  overnight at 4°C. After three 30-min washes, the seminiferous tubules were incubated with primary
781 antibody (Supplemental Table S4) overnight at 4°C. After three 30-min washes, the seminiferous
782  tubules were incubated with species-specific secondary antibodies and DAPI at 4°C for 12 h. After
783  three 30-min washes, the seminiferous tubules were mounted on slides with anti-quencher
784  fluorescence decay (Solarbio) and observed with a Zeiss 780 laser-scanning confocal microscope.
785

786 RNA isolation and quantitative RT-PCR analysis

787  Total RNA was extracted from the testes or cultured cells using the RNeasy kit (Qiagen), reverse-
788  transcribed using RevertAid First Strand cDNA Synthesis kit (Thermo), and processed for qRT-
789 PCR using PowerUp SYBR Green Master Mix (Applied Biosystems) and a LightCycler 480 system
790 (Roche) with gene-specific primers (Supplemental Table S4). Reactions were run in triplicate and
791  the mRNA levels were normalized to Gapdh and quantified using the delta-delta Ct method. The
792 values shown are mean + s.e.m. from three biological replicates.

793

794  Tamoxifen inducible

795  According to a previous report for activation of iCre (9), the mice were fed with TD.130859 (TAM
796  diet) for three days. The food was formulated for 400 mg tamoxifen citrate per kg diet, which would
797 provide ~40 mg tamoxifen per kg body weight per day.

798  Analyses of cyst length. The cyst length was obtained according to the previous report (67). Briefly,
799 to determine the cyst length, after immunofluorescence staining with anti-E-CAD antibody, the
800  whole mount seminiferous tubule specimens were observed under a fluorescence microscope. The
801 E-CAD staining coupled with staining for FOXC2 enabled us to reliably identify syncytial cysts of
802  FOXC2* cells.

803

804  Analyses of cell density

805 The cell density was counted according to a previous report (68). Briefly, the densities of the
806 ZBTB16*, GFRA1", LIN28A*, or FOXC2* cells were measured on the seminiferous tubules with
807  whole-mount staining, the numbers of which per 1000 Sertoli cells were determined.

808

809  Sperm counts

810  Total sperm counts were obtained according to the previous report (69). Briefly, epididymal caput
811 and cauda were minced and incubated in prewarmed M16 medium (Sigma-Aldrich) at 37°C in air
812 containing 5% CO2 for 30 min to allow the sperm to swim out. Then, the sperm were diluted in
813  water and counted using a hemocytometer.
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814 Histology, evaluation of degenerating tubules

815 Testes of WT and mutant mice were fixed with PFA fixative and processed for paraffin-embedded
816 section preparation (5 pm thick) and hematoxylin and eosin staining, according to standard
817 procedures. The percentage of degenerating seminiferous tubules was calculated based on the
818  cross-sections of seminiferous tubules (n > 200) that appeared on one transverse section for each
819  testis. In normal (WT) mouse testes, four generations of germ cells, each synchronously
820 progressing through spermatogenesis, form cellular associations of fixed composition (called
821 seminiferous epithelial stages). In the testes of Foxc2"; Ddx4-cre mice, a few tubule cross-
822 sections lacked one or more out of the four germ cell layers, which was defined as “degenerative
823  tubules” in this study.

824

825  Statistical analysis

826  All statistical analyses were performed using GraphPad Prism (v7.0). All experiments were
827 repeated at least three times, and data for evaluated parameters are reported as mean * s.e.m.
828  The p-values were obtained using two-tailed unpaired Student’s t-tests or one-way ANOVA
829  followed by Tukey test (ns represents p-value > 0.05, * represents p-value < 0.05, ** represents p-
830  value < 0.01, *** represents p-value < 0.001, and **** represents p-value < 0.0001).

831
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