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19  Abstract

20 Spermatogonial stem cells (SSCs) are able to undergo self-renewal and
21 differentiation. Unlike the self-renewal that replenishes the SSC and progenitor pool, the
22  differentiation is an irreversible process committed to meiosis. While the preparations for
23 meiotic events in differentiating spermatogonia (Di-SG) are likely to be accompanied by
24  alterations in chromatin structure, the three-dimensional (3D) chromatin architectural
25  difference between SSCs and Di-SG, and the higher-order chromatin dynamics during
26 spermatogonial differentiation, have not been systematically investigated. Here, we
27  performed in situ high-throughput chromosome conformation capture (Hi-C),
28  RNA-sequencing (RNA-seq) and chromatin immunoprecipitation-sequencing (ChlIP-seq)
29  analyses on porcine undifferentiated spermatogonia (Un-SG, which consist of SSCs and
30 progenitors) and Di-SG. By integrating and analyzing these data, we identified that
31 Di-SG exhibited increased disorder but weakened compartmentalization and
32  topologically associating domains (TADs) in comparison with Un-SG, suggesting that
33  diminished higher-order chromatin architecture in meiotic cells, as shown by recent
34  reports, is preprogramed in Di-SG. Our data also revealed that A/B compartments and
35  TADs were related to dynamic gene expression during spermatogonial differentiation. We
36  further unraveled the contribution of promoter-enhancer interactions (PEIS) to
37  pre-meiotic transcriptional regulation, which has not been accomplished in previous
38  studies due to limited cell input and resolution. Together, our study uncovered the 3D
39  chromatin structure of SSCs/progenitors and Di-SG, as well as the interplay between
40  higher-order chromatin architecture and dynamic gene expression during spermatogonial
41  differentiation, providing novel insights into the mechanisms for SSC self-renewal and
42  differentiation and having implications for diagnosis and treatment of male
43 sub-/infertility.

44
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48  Introduction

49 With every heartbeat a man produces over 1000 spermatozoa, each in theory capable
50 of generating a new-born child (Johnson, Petty, & Neaves, 1980). The highly efficient
51  production of spermatozoa is reliant on spermatogenesis, an intricate process occurring in
52  the testis during which the primitive spermatogenic cells, i.e., spermatogonial stem cells
53  (SSCs), develop into mature spermatozoa (Jan et al., 2012). SSCs are the only adult stem
54  cells in males with the ability to transmit genetic information to the next generation, and
55  thus they have a series of desirable attributes, with some shared by other stem cell
56  categories. First, they strike a balance between self-renewal and differentiation to
57  preclude exhaustion while simultaneously safeguard the ongoing production of gametes.
58  Second, being located at a specific place in the mammalian testis called “niche”, SSCs
59  are orchestrated by a host of intrinsic and extrinsic factors with well-defined roles in SSC
60 fate determination and behaviors (de Rooij, 2017; Makela & Hobbs, 2019). Third, SSCs
61 are capable of relocating to the basement membrane and reestablishing donor-derived
62  spermatogenesis after transplantation into the allogenic recipient testis, being an
63  appealing target for treatment of male infertility (Kubota & Brinster, 2018; Mulder et al.,
64  2016).

65 Despite the crucial roles of SSCs in maintenance of male fertility, distinct models
66 regarding the SSC property and cellular hierarchy have been proposed. Specifically,
67  while traditional models, which are principally based on histological observations,
68  propose that only the most primitive undifferentiated spermatogonia (Un-SG), i.e., single
69  spermatogonia (As), have stem cell characteristics (de Rooij, 2017), most data from later
70  studies are more in favor of a dynamic stem cell model illustrating context-dependent and
71 plastic stemness (Lord & Oatley, 2017; Makela & Hobbs, 2019). Nonetheless, it has
72 generally been accepted that stem cell potential is typically limited to a rare
73 subpopulation of Un-SG. Intriguingly, the recent boom of studies employing single-cell
74  RNA-sequencing (RNA-seq) methodology have uncovered the remarkable heterogeneity
75  of SSCs (Suzuki, Diaz, & Hermann, 2019; Tan & Wilkinson, 2019, 2020), and with other
76  omics approaches, the transcriptome, metabolome, DNA methylome, histone
77  modification profiles as well as chromatin accessibility of SSCs have been revealed
78  (Chen et al., 2020; Cheng et al., 2020; Guo et al., 2017; Hammoud et al., 2014; Jan et al.,
79  2017; Lesch, Silber, McCarrey, & Page, 2016; Maezawa, Yukawa, Alavattam, Barski, &
80  Namekawa, 2018; Sharma, Wistuba, Pock, Schlatt, & Neuhaus, 2019). Despite all these,
81  the molecular mechanisms for SSC maintenance and development remain incompletely
82  understood.

83 SSCs are able to undergo both self-renewal and differentiation. Unlike the
84  self-renewal that replenishes the SSC and progenitor pool, the differentiation is an
85 irreversible process committed to meiosis, which is stringently modulated by the stages
86  of the seminiferous epithelium in the testis (De Rooij & Griswold, 2012; de Rooij &
87  Russell, 2000). Typically, when they start to differentiate, SSCs and progenitors are

88  gradually preparing their genome to later undergo a series of events in meiosis, such as
3
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89 initiation of double-strand breaks (DSBs), alignment, pairing and synapsis of homologous
90 chromosomes, homologous recombination and formation of crossovers (Jan et al., 2012).
91 It has thus been assumed that the preparations for these meiotic events in differentiating
92  spermatogonia (Di-SG) are accompanied by dramatic alterations in chromatin structure.
93  Traditional histological studies have revealed that Di-SG are equipped with increasing
94 amount of condensed chromatin, namely heterochromatin, that rims the nucleus
95  (Chiarini-Garcia & Russell, 2001, 2002). Despite this, the three-dimensional (3D)
96  chromatin architecture of SSCs and Di-SG, and the higher-order chromatin dynamics
97  during spermatogonial differentiation, have not been systematically studied.

98 The recently developed high-throughput chromosome conformation capture (Hi-C)
99 technique enables detection and visualization of the dynamic chromatin, providing a
100  desirable means to study the higher-order chromatin architecture and the key principles of
101  genome packaging at the molecular level (Belton et al., 2012; Lieberman-Aiden et al.,
102  2009). The higher-order chromatin can be spatially packaged into a hierarchy of the 3D
103  genome, including A/B compartments, topologically associating domains (TADs) and
104  chromatin loops (Dixon et al., 2012a; Rao et al., 2014), further influencing numerous
105 DNA-related biological processes such as transcription, DNA replication and repair,
106  mitotic and meiotic cell cycle progress, etc. (Gorkin, Leung, & Ren, 2014; Smallwood &
107 Ren, 2013). Here, by wusing in situ Hi-C, RNA-seq and chromatin
108  immunoprecipitation-sequencing (ChIP-seq), we systematically investigated the 3D
109  chromatin architecture of Un-SG (which consist of SSCs and progenitors) and Di-SG,
110  with an aim to unravel the higher-order chromatin dynamics during spermatogonial
111 differentiation, as well as the regulation in gene transcription. We performed the studies
112 on pigs, since pigs are an increasingly prevalent animal model in fundamental and
113 translational research due to the resemblance to humans concerning anatomy, physiology,
114 genetics and reproductive maturation (Swindle, Makin, Herron, Clubb, & Frazier, 2012,
115 Voigt et al., 2021). Moreover, it is feasible to obtain a vast number of spermatogonial
116 subpopulations from porcine testes for subsequent advanced bioinformatic analyses. We
117 gained novel insights into the changing chromatin dynamics during spermatogonial
118  differentiation that have so far not been reported. For instance, we identified that
119  diminished higher-order chromatin architecture in meiotic cells, as shown by recent
120  reports, is actually preprogramed in Di-SG. Besides, we unraveled the contribution of
121 promoter-enhancer interactions (PEIS) to pre-meiotic transcriptional regulation, which
122 has not been accomplished in previous studies due to limited cell input and resolution.
123 Together, our study uncovered the 3D chromatin structure of SSCs/progenitors and
124  Di-SG, as well as the interplay between higher-order chromatin architecture and dynamic
125  gene expression during spermatogonial differentiation, which is expected to better the
126  biological understanding of SSC self-renewal and differentiation and have implications
127  for diagnosis and treatment of male sub-/infertility.

128
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129  Results
130  Dynamic 3D chromatin architecture during spermatogonial differentiation
131 To uncover the 3D chromatin structure of SSCs/progenitors and Di-SG and the

132 higher-order chromatin dynamics during spermatogonial differentiation, we first collected
133  Un-SG and Di-SG from porcine testes. Our recent study has shown that SSEA4 is a
134  surface marker of porcine Un-SG and that it can be used to enrich porcine Un-SG
135 including transplantable SSCs with unprecedented efficiency (Zhang et al., 2020). Hence,
136 Un-SG were isolated from 90-day-old porcine testes and enriched by
137  fluorescence-activated cell sorting (FACS) employing an antibody against SSEA4, while
138  Di-SG were isolated from 150-day-old porcine testes and enriched with a velocity
139  sedimentation approach (STA-PUT) (Bryant, Meyer-Ficca, Dang, Berger, & Meyer, 2013;
140 Liu et al., 2015). The high purity of collected spermatogonial subpopulations was
141  validated by immunofluorescence staining and subsequent quantification of cells positive
142 for stage-specific markers (Fig 1A). Then, we performed in situ Hi-C and RNA-seq
143  analyses on the collected spermatogonial samples. For Hi-C analysis we generated high
144  quality datasets from sufficient biological samples (8 independent samples for Un-SG
145 and 8 for Di-SG), and obtained around 6.3 billion valid interactions for the overall 16
146 samples, with an average of 392 million valid interactions per sample (Table S1). For
147  RNA-seq analysis we constructed transcriptomic libraries from 6 samples (3 independent
148  samples for each spermatogonial subtype), with approximately 76 million paired reads
149  per sample (Table S1).
150 The chromosomal conformation profiles revealed that compared with Un-SG, Di-SG
151  exhibited increased intra-chromosomal interaction ratio (68.3% in Un-SG vs 80.2% in
152  Di-SG) but decreased inter-chromosomal interaction ratio (31.7% in Un-SG vs 19.8% in
153  Di-SG, Fig 1B, Table S1). When applying entropy as a measurement of the order in
154  chromatin configuration (Seaman & Rajapakse, 2018), we observed that Di-SG had
155  higher entropy (Fig 1C), suggesting more disorder in Di-SG. Next, we conducted a P(s)
156  analysis to gain the interaction probability patterns between bin pairs at defined genomic
157  distances (Naumova et al., 2013), and identified that Di-SG exhibited higher interaction
158  probabilities than Un-SG at the distances between 1 and 10Mb, but that the trend was
159  reversed at long distances (Fig 1D), in line with previous reports in mice and rhesus
160 monkeys that the more advanced pachytene spermatocytes also displayed stronger
161 interactions at short distances (between 1 and 5Mb) but weaker interactions at long
162  distances (>10Mb) than spermatogonia (Luo et al., 2020; Wang et al., 2019).
163 We further analyzed the inter-chromosomal interaction. As expected, Un-SG and
164  Di-SG exhibited similar nonrandomly distributed chromosomal positions. Longer
165  chromosomes preferentially interacted with each other, and the same for shorter ones (Fig
166  1E). The negative correlation between the inter-chromosomal interaction probability and
167  the chromosomal length also applied to both spermatogonial populations (Fig 1F), in
168  accordance with recent findings in adipocytes and myoblasts (He et al., 2018).
169 Subsequently, we studied the normalized Hi-C interaction matrices with 100kb bin
5
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170  size for all independent samples. By employing HiC-Rep we detected a substantially
171 lower correlation coefficient between Un-SG and Di-SG (r=0.60), in contrast with high
172 correlation coefficients between ingroup samples (r=0.93 for Un-SG and r=0.96 for
173  Di-SG, Fig 1G). These patterns can be validated by using QUASAR-Rep (Fig S1A),
174  GenomeDISCO (Fig S1B), the Pearson correlation (Fig S1C) or principal component
175 analysis (PCA, Fig S1D), corroborating distinct 3D chromatin organizations in two
176  spermatogonial subgroups. In addition, we observed difference in transcriptomes between
177  Un-SG and Di-SG, as reflected by a low correlation between Un-SG and Di-SG (r=0.58),
178  in spite of the high correlation between ingroup samples (r=0.988 for Un-SG and r=0.997
179  for Di-SG, Fig 1H and 1I). Hence, these data indicate that alterations of chromatin
180  configuration are accompanied by transcriptomic variations during spermatogonial
181  differentiation.

182

183  A/B compartment switches and changes during spermatogonial differentiation

184 Higher-order chromatin can be divided into A and B compartments, representing
185  open chromatin regions with active genes and closed chromatin regions with inactive
186  genes, respectively (Lieberman-Aiden et al., 2009). We then explored the A/B
187  compartment index (20kb bin size) in autosomes of Un-SG and Di-SG. Pearson
188  correlation analysis illustrated a low correlation of global A/B compartment states
189  between Un-SG and Di-SG (r=0.78), in contrast with high correlations between ingroup
190  samples (r=0.96 for Un-SG and r=0.95 for Di-SG, Fig 2A), which was validated by PCA
191  analysis (Fig 2B). Despite the similar A/B compartment organization between Un-SG and
192  Di-SG (Fig 2C), the compartment strength was decreased in Di-SG (Fig 2D and 2E),
193 indicative of weakened compartmentalization and more disorder in Di-SG.

194 In both cell populations, the A compartments harbored the majority of genes (Fig
195  2F), and genes in the A compartments showed higher expression levels than those in the
196 B compartments (Fig 2G). Previous studies have reported the correlation of the A/B
197  compartment switch with transcriptional regulation (Lieberman-Aiden et al., 2009). We
198  thus probed the occurrence of the A/B compartment switch during spermatogonial
199  differentiation. We found that 52.88Mb and 50.22Mb, making up 2.33% and 2.22% of the
200  autosomal genome, underwent the A-B and B-A switch, respectively (Fig 2H). Genes that
201  change from compartment A to B during spermatogonial differentiation tended to show
202  lower expression levels in Di-SG than in Un-SG, whereas genes that change from B to A
203  tended to be upregulated (Fig 2I). Specifically, 314 genes that change from compartment
204 Ato B (Fig 2J, Table S2) were enriched in cell-matrix adhesion, regulation of mitotic
205 metaphase/anaphase transition and response to decreased oxygen levels (Fig 2K, Table
206  S3), whereas 420 genes that change from B to A (Fig 2J, Table S2) fell in terms such as
207  carbohydrate metabolic process, spermatogenesis and DNA conformation change (Fig 2L,
208  Table S3). For instance, ATM, a protein involved in DNA damage response and located in

209 the A compartment in Un-SG, was downregulated (FDR<0.05, fold change>2) in Di-SG
6
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210  where it was located in the B compartment. TNP1, which plays important roles in
211 spermiogenesis and was significantly upregulated during spermatogonial differentiation,
212 was located in the B compartment in Un-SG but switched to the A compartment in Di-SG
213 (Fig 2G, Table S2).

214 Compartments experiencing the A-A or B-B change can refer to those correlated
215  with increasingly open or closed chromatin, respectively. We found that 44.2Mb and
216  65.2Mb, accounting for 1.95% and 2.88% of the autosomal genome, were subjected to
217  the A-A and B-B change, respectively (Fig S2A). Genes that undergo the compartment
218  A-A change during spermatogonial differentiation tended to show higher expression
219  levels in Di-SG than in Un-SG, whereas genes that undergo the B-B change tended to be
220  downregulated (Fig S2B). Specifically, 739 genes that undergo the compartment A-A
221 change (Fig S2C, Table S2) were enriched in male gamete generation, regulation of
222 mitotic/meiotic cell cycle and chromosome organization (Fig S2D, Table S3), whereas
223 244 genes that undergo the B-B change (Fig S2C, Table S2) fell in terms such as cellular
224 response to hormone stimulus, regulation of cell adhesion and Notch signaling pathway
225  (Fig S2E, Table S3). Genes that undergo the compartment A-A change included HSPA2,
226  STRA8, SOX30, MLH1 and METTLS3, all of which have been reported to be involved in
227  spermatogenesis and showed higher expression levels in Di-SG than in Un-SG
228  (FDR<0.05, fold change>2). YTHDC2, an N°-methyladenosine (m°A)-binding protein
229 playing regulatory roles in spermatogenesis, underwent the B-B change and was
230  downregulated (FDR<0.05, fold change>2) during spermatogonial differentiation (Table
231 S2). Together, our data suggest that switches and changes of A/B compartments play
232 important regulatory roles in dynamic gene expression during spermatogonial
233  differentiation.

234
235  TAD dynamics during spermatogonial differentiation
236 TADs have been reported to be generally conserved among distinct cell types

237  (Fraser et al., 2015; He et al., 2018; Nora et al., 2012; Rubin et al., 2017; Siersbaek et al.,
238  2017). Nevertheless, recent articles reported reorganization of TADs during
239  spermatogenesis (Alavattam et al., 2019; Luo et al., 2020; Patel et al., 2019; Vara et al.,
240  2019; Wang et al., 2019). Drastic alterations of TADs have also been identified in
241  oogenesis, i.e. TADs undergo gradual attenuation and then vanish during oogenesis, and
242  itis only until the two-cell or even later embryo developmental stage that TADs reemerge
243 and gradually restore (Ke et al., 2017), suggesting distinctive TAD dynamics in
244  gametogenesis and early embryo development. Yet, whether TADs are conserved or
245  subjected to alterations during spermatogonial differentiation remains to be explored. To
246  this end, we analyzed the TAD architecture at 20kb resolution in both spermatogonial
247  subtypes. We identified that TADs constituted the majority of the genome (Fig 3A), with
248  a decrease of the TAD number but an increase of the mean TAD size (Fig 3B) during
249  spermatogonial differentiation. We observed a low correlation between Un-SG and

250 Di-SG (0.80), in contrast with high correlations of TAD architecture between ingroup
7
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251 samples (0.91 for Un-SG and 0.86 for Di-SG), as reflected by Jaccard indices (Fig 3C).
252  Then, we employed the insulation score (IS, Fig 3D), the directional index (DI, Fig 3E)
253  as well as aggregate Hi-C maps (Fig 3F) to measure the strengths of TAD boundaries,
254  and found all of them declined in Di-SG. Moreover, the domain score (D-score), which is
255 defined by the ratio of intra-TAD interactions in the overall intra-chromosomal
256 interactions (Krijger et al., 2016) and able to quantify the tendency of TADs to
257  self-interact (Stadhouders et al., 2018), was decreased in Di-SG (Fig 3G), further
258  suggesting that TADs are weakened during spermatogonial differentiation. Thus, our data
259  complement previous studies by showing that TAD attenuation already initiates at the
260  pre-meiotic spermatogonial differentiation stage, towards the TAD dissolution occurring
261 in subsequent meiosis (Alavattam et al., 2019; Luo et al., 2020; Patel et al., 2019; Vara et
262 al., 2019; Wang et al., 2019).

263 Later, we investigated whether TAD attenuation contributes to dynamic gene
264  expression during spermatogonial differentiation. There were 1482 Un-SG-specific TAD
265  boundaries harboring 1333 genes (Fig 3H, Table S4) that are related to mitochondrion
266  organization, regulation of mMRNA metabolic process and mitotic cell cycle (Fig 3I, Table
267  S5). These genes included spermatogonial markers (e.g., TSPAN33, EPCAM, Fig 3J),
268  those involved in spermatogonial self-renewal (e.g., FOXO1), in differentiation (e.g.,
269 BMP4, DAZL, WNT3A) and in meiosis (e.g., SPO11, Table S4). By contrast, 529 genes,
270  which were embedded in 926 Di-SG-specific TAD boundaries (Fig 3H, Table S4), were
271 implicated in important biological processes during spermatogonial development, such as
272  regulation of MAPK cascade, transmembrane receptor protein serine/threonine kinase
273  signaling pathway, and regulation of cell cycle and cell differentiation (Fig 3K, Table S5).
274  Genes falling in this group included ZBTB16, a pivotal transcriptional regulator of
275  spermatogonial self-renewal, those involved in pluripotency maintenance (e.g., LIF), and
276  the JAK/STAT signaling component JAK2 (Fig 3L, Table S4).

277 Long-range interacting TADs have been reported to be able to form TAD interaction
278  networks, namely TAD cliques, to influence lineage-specific differentiation (Paulsen et
279 al., 2019). It would be intriguing to explore whether the TAD interaction network, other
280 than the TAD itself, is also attenuated during spermatogonial differentiation. Hence, we
281  defined a TAD clique as a cluster of five or more interacting TADs in our Hi-C data. We
282  observed high correlations of TAD cliques between ingroup samples (Pearson’s r=0.77
283  for Un-SG and r=0.78 for Di-SG, Fig S3A). In accordance with the variation of TAD
284  boundaries, the formation of TAD cliques (reflected by the number of TAD cliques, Fig
285 S3B), the genome coverage by TAD cliques (Fig S3C) as well as the percentage of TADs
286 in cliques (Fig S3D) were diminished in Di-SG, indicating attenuation of the TAD
287 interaction network during spermatogonial differentiation. Besides, we found that TAD
288 cliques were enriched in B compartments relative to A compartments in both
289  spermatogonial populations (Fig S3E). Thus, the attenuation of TAD cliques in Di-SG
290  suggests the facilitated transcription during spermatogonial differentiation.

291
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292  lIdentification of PEIs and their regulation in gene expression during spermatogonial
293  differentiation

294 Chromatin can be spatially packaged into the 3D genome architecture chromatin
295 loops, facilitating the interactions between promoters and distant DNA regulatory
296 elements. In this way, long-range enhancers are able to physically contact with the target
297  promoters, modulating the temporal and spatial expression of target genes (Mifsud et al.,
298  2015; Schoenfelder et al., 2015). To gain knowledge about the potential PEIs and their
299 regulation in dynamic gene expression during spermatogonial differentiation, we
300 combined the reads from 8 independent samples of Un-SG or Di-SG into single sets of
301 Hi-C data (to reach the resolution of 5kb). We identified overall 67064 PEIs in Un-SG
302 and 60344 in Di-SG (Fig 4A), and that the 15679 and 14032 promoters interacted with at
303 least one enhancer in Un-SG and Di-SG, respectively (Fig 4B). The majority of PEIs
304  were within 100kb (Fig 4C), implicated skipping enhancers (enhancers that are not the
305 closest to promoters, Fig 4D) and, as expected, within TADs (Fig 4E) in both
306  spermatogonial subtypes. Besides, we detected slightly more enhancers that interact with
307  each promoter in Un-SG than in Di-SG (Fig 4F).

308 As expected, genes with PEIs exhibited generally higher expression levels than
309 those without PEIs (Fig 4G), and more interacting enhancers were also associated with
310  higher gene expression in both Un-SG and Di-SG (Fig 4H), suggesting cumulative
311  effects of enhancers on the transcriptional levels of target genes. Since the multiple
312  enhancers that interact with promoters vary in interacting intensity, we then introduced a
313  regulatory potential (RP) index that combines both the number and intensity of the
314  interacting enhancers to quantify their potential for transcriptional regulation of target
315 genes. We identified that alterations of the RP index are generally consistent with gene
316  transcriptional changes (Fig 4l), suggesting that PEIls orchestrate transcription during
317  spermatogonial differentiation. Later, we detected that the 3985 genes showed
318  significantly higher RP indices in Un-SG than in Di-SG (RPyn-ss-RPpi-sg>3, fold
319 change>2, Table S6). These genes were related to regulation of cell adhesion, response to
320 growth factor and cell morphogenesis involved in differentiation (Fig 4J, Table S7).
321 Examples in this case are undifferentiated spermatogonial markers (CD9, ITGB1), genes
322  important to spermatogonial self-renewal (RET, DND1, EOMES, CSF1, FGF2, SALL4)
323  and pluripotency (SOX2, LIN28, Fig 4K, Table S6) that exhibited both higher RP indices
324  and expression levels (FDR<0.05, fold change>2) in Un-SG than in Di-SG. By contrast,
325 2741 genes, falling in terms such as cellular process involved in reproduction in
326  multicellular organism, meiotic cell cycle process, regulation of mitotic cell cycle and
327  DSB repair (Fig 4J, Table S7), showed significantly lower RP indices in Un-SG than in
328 Di-SG (RPuyn-sc-RPpi-se<-3, fold change>2, Table S6). Illustrations of this point are the
329  pan-germ cell marker DDX4, genes involved in spermatogonial differentiation (EZH2), in
330 meiosis (DMC1, SPO11, SYCP2), in spermiogenesis (SOX30) and in sperm motility
331 (CATSPER2, CATSPER4, Fig 4K, Table S6) that displayed both lower RP indices and

332  expression levels in Un-SG than in Di-SG, lending further support to the positive
9


https://doi.org/10.1101/2021.07.26.453830
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.26.453830; this version posted July 26, 2021. 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.

333  correlation between the RP index and gene expression.

334 In addition, we identified that some genes were regulated by spermatogonial
335  subtype-exclusive PEls, i.e., PEIs present in only Un-SG or Di-SG. To be more precise,
336 2730 genes, including those involved in spermatogenesis, such as BMP4, DMRT1, RXRG,
337 SYCP1, PRM1, PRM2, METTL3, BRCA2, WNT3A, FTO, NEDD4 and GDNF (Table S8),
338  were regulated by Un-SG-exclusive PEIs, whilst 1671 genes, such as CXCR4, LHX1, LIF,
339 RARA, RARB, SPO11, ATR, SMC4, TNP2, PRM3 and CATSPER4 (Table S8) that are also
340  spermatogenesis-related, were with Di-SG-exclusive PEI regulation. As expected, genes
341  regulated by cell type-exclusive PEIs were associated with elevated expression levels
342  (Fig 4L). Taken together, these data indicate that PEIs act as an important element of
343  transcriptional regulation during spermatogonial differentiation.

344

345 Characterization of H3K27ac-marked active enhancers and their regulation in gene
346  expression during spermatogonial differentiation

347 To delve into the role for enhancers in PEIs and further in gene expression, we
348 performed ChIP-seq analyses on the collected spermatogonial samples, employing
349 antibodies against H3K27ac (an active enhancer marker) or H3K4me3 (an active
350 promoter marker). By combining Hi-C chromatin interactions and H3K27ac ChlP-seq
351 data and applying the ROSE algorithms (Whyte et al., 2013), we defined regular
352  enhancers (REs) and super enhancers (SEs), and by splitting each SE into 5kb bins, we
353  further classified SEs into hierarchical (which are composed of hub and non-hub
354  enhancers) and non-hierarchical enhancers, as previously reported (Huang et al., 2018).
355  Arguably, substantially more REs than SEs were identified in both spermatogonial
356  populations (Fig 5A). Then, we looked into the enhancers within PEIs, and found that in
357  both subgroups only a small fraction of enhancers fell in the scope of SEs (Fig 5B).
358  \Various enhancers tended to interact with active promoters (marked by H3K4me3, Fig
359  5C). Consistently, when looking into genes with PEIs, it could be found that only a minor
360 fraction of genes was regulated by SEs (Fig 5D), even though most genes had active
361  promoters interacting with enhancers (Fig 5E).

362 It has been reported that various enhancers differentially contribute to gene
363  expression (Hnisz et al., 2013; Huang et al., 2018). As expected, we found that in both
364  spermatogonial populations genes with higher RP indices and expression levels tended to
365 be regulated by active enhancers that are marked by H3K27ac (i.e., REs and SEs), and
366 that genes regulated by SEs showed generally higher expression levels than those
367 targeted by REs (Fig 5F). RE and SE-associated genes were also prone to have active
368  promoters (marked by H3K4me3, Fig 5E, right), together acting as hallmarks of active
369 transcription. Further analysis revealed that of the genes showing remarkable RP index
370  changes during spermatogonial differentiation (RPyn-ss-RPpi-sc>3 or <-3, fold change>2),
371 59.0% (3969/6726) were regulated by REs (Fig 5G), of which 54.3% (2154/3969)
372  showed differential expression levels (FDR<0.05, fold change>2) in two spermatogonial

373  populations (Table S9). These genes were enriched with regulation of MAPK cascade,
10


https://doi.org/10.1101/2021.07.26.453830
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.26.453830; this version posted July 26, 2021. 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.

374  transmembrane receptor protein tyrosine kinase signaling pathway, response to growth
375  factor and developmental maturation (Fig 5H, Table S10). By contrast, 18.3% (1232/6726)
376  of the genes with remarkable RP index changes were regulated by SEs (Fig 5G), of which
377  55.0% (677/1232) were differentially expressed (Table S9). These genes fell in terms
378  such as cellular process involved in reproduction in multicellular organism, generation of
379  precursor metabolites and energy, DNA repair and activation of MAPKKK activity (Fig
380 5I, Table S10). Hence, these data suggest that both REs and SEs are important regulatory
381 elements underlying the dynamic transcriptome during spermatogonial differentiation.
382 Of the active enhancers that are marked by H3K27ac, SEs particularly appealed to
383 us, due to their substantially high levels of activity, enrichment of active chromatin
384  characteristics, as well as pivotal roles in cell fate determination (Hnisz et al., 2013;
385  Parker et al.,, 2013; Whyte et al., 2013). To gain more insights into SE-mediated
386 transcriptional regulation during spermatogonial differentiation, we inspected 1232
387  SE-associated genes with remarkable RP index changes. Of these, 35.0% (431/1232),
388  46.2% (569/1232) and 18.8% (232/1232) were regulated by hub enhancers, non-hub
389 enhancers and non-hierarchical enhancers, respectively (Fig 5G, Table S9). Intriguingly,
390 we found that hub enhancer-targeted genes harbored some with well-known roles in
391  spermatogenesis. For instance, DMC1, a gene essential for DSB repair and meiotic
392  homologous recombination (Kagawa & Kurumizaka, 2010), was targeted by hub
393  enhancers only in Di-SG and also upregulated in Di-SG (FDR<0.05, fold change>2, Fig
394 5], Table S9). Another illustration of this point is CATSPER2, a member of the CATSPER
395 gene family with functions in sperm motility (Visser et al., 2011) (Fig S4A, Table S9).
396 FGF9 is a downstream gene of SOX9 that plays crucial roles in testicular development.
397  Recently, a novel role for FGF9 in promoting SSC self-renewal has been reported (Yang
398 et al., 2020). Interestingly, this gene was targeted by hub enhancers only in Un-SG and
399  showed higher expression levels in Un-SG (Fig 5K, Table S9). Genes with hub enhancer
400 regulation also included DND1, a gene encoding DND1 which associates with NANOS2
401  to promote spermatogonial self-renewal (Niimi et al., 2019) (Fig S4B, Table S9), as well
402 as EZH2, an epigenetic factor capable of modulating spermatogonial differentiation and
403  apoptosis (Jin et al., 2017) (Fig S4C, Table S9). These results thus corroborate that SEs,
404 in particular hub enhancers, act as important regulatory elements of dynamic gene
405  transcription during spermatogonial differentiation.

406
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407  Discussion

408 Several recent articles reported reorganized chromatin architecture during
409 mammalian spermatogenesis. As reported, compartmentalization, TADs or loops
410  underwent dissolution and reestablishment with spermatogenic cell development, and
411 gene transcription seemed to be independent of the chromatin structure at certain stages
412  such as the pachytene stage (Alavattam et al., 2019; Luo et al., 2020; Patel et al., 2019;
413  \Varaet al.,, 2019; Wang et al., 2019). Here, by integrating Hi-C, RNA-seq and ChIP-seq
414  data, we delved into the higher-order chromatin structural dynamics and their influences
415 upon transcriptional regulation during spermatogonial differentiation. Our findings
416  complement previous studies by showing that the dynamic alterations in 3D chromatin
417  organization already initiate at the pre-meiotic spermatogonial differentiation stage:
418 Di-SG have increased disorder but weakened compartmentalization and TADs in
419  comparison with Un-SG. Our results also suggest that A/B compartments and TADs are
420 related to dynamic gene expression during spermatogonial differentiation. Moreover,
421 since it is feasible to obtain a vast number of spermatogonial subpopulations from
422  porcine testes, we proceeded to explore the contribution of PEIls to pre-meiotic
423  transcriptional regulation, which has not been accomplished in previous studies due to
424 limited cell input and resolution.

425 One of the most striking findings in this study might be the dynamic 3D chromatin
426  structure during spermatogonial differentiation, which is in contrast with a recent article
427  describing minimal alterations in higher-order chromatin architecture between primitive
428  type A spermatogonia and type A spermatogonia in mice (Luo et al., 2020). From our
429  perspective, the discrepancy could be ascribed to several respects. First, since peers and
430  us have demonstrated that SSEA4 is a conserved surface marker of Un-SG and that it can
431 be employed to enrich non-human primate, human and porcine Un-SG including
432  transplantable SSCs efficiently (Fayomi & Orwig, 2018; Guo et al., 2017; Zhang et al.,
433  2020), here we exploited an antibody against SSEA4 in conjunction with FACS to enrich
434  Un-SG with high purity for subsequent bioinformatic analyses, distinct from Luo and
435  colleagues who utilized a STA-PUT procedure to collect spermatogonial subpopulations
436  with relatively lower purity (Luo et al., 2020). Second, as reported in that article,
437  primitive type A spermatogonia were isolated from 6-day-old mice (Luo et al., 2020).
438 Indeed, mouse male germ cells at this developmental stage consist of not only Un-SG but
439 also a fraction of Di-SG likely committed to the first wave of spermatogenesis (Culty,
440 2013; Law & Oatley, 2020; Manku & Culty, 2015; Niedenberger, Busada, & Geyer,
441  2015), which are morphologically indistinguishable and not able to be separated by
442  velocity sedimentation approaches such as STA-PUT, and due to this heterogeneity, the
443  reported minimal alterations in higher-order chromatin architecture between the collected
444  spermatogonial subgroups might be underrepresented for the probably changing
445  chromatin dynamics during spermatogonial differentiation. Third, while it has
446  traditionally been acknowledged that spermatogenesis is a generally conserved process
447  among mammalian species, recent single-cell RNA-seq analyses of testicular cells from
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448  mice, human and non-human primates disclosed some divergent characteristics during
449  mammalian spermatogenesis (Lau, Munusamy, Ng, & Sangrithi, 2020; Shami et al.,
450  2020). Hence, the possibility remains that the 3D chromatin dynamics during
451  spermatogonial differentiation per se differ between mice and pigs.

452 Previous studies have suggested that chromatin reorganization is a characteristic
453  event during stem cell differentiation and lineage specification (Dixon et al., 2015; Ke et
454 al., 2017; Paulsen et al.,, 2019). Here, we identified that also spermatogonial
455  differentiation entailed dynamic alterations in 3D chromatin organization, characterized
456 by increased disorder but attenuated compartmentalization and TADs. Spermatogonial
457  differentiation has been known as a process that implicates pronounced transitions in
458  cell-cycle, transcriptional and metabolic regulators, separating the largely quiescent SSCs
459  (which principally rely on glycolysis for energy supply) from the more proliferative
460 Di-SG (which preferentially utilize oxidative phosphorylation to produce ATP)
461  (Caldeira-Brant et al., 2020; Chen et al., 2020; Guo et al., 2017; Lord & Nixon, 2020; Tan
462 & Wilkinson, 2019, 2020). Weakened compartmentalization and more disorder in Di-SG
463  might therefore be related to cell-cycle transitions and metabolic shifts. TADs have
464  recently been reported to almost vanish in pachytene spermatocytes (Alavattam et al.,
465  2019; Luo et al., 2020; Patel et al., 2019; Vara et al., 2019; Wang et al., 2019), even
466  though extensive transcription occurs with dissolved TADs. Our data demonstrated that
467  TAD attenuation already initiated at the pre-meiotic spermatogonial differentiation stage.
468  This, along with the marked upregulation of many meiosis-related transcripts in Di-SG,
469  as revealed by the present and previous studies (Chen et al., 2020; Jan et al., 2017; Zheng
470 et al., 2018), corroborate that spermatogonial differentiation is for a large part a
471  transitional process that gradually prepares the genome for the subsequent meiotic events.
472 Previous studies have also suggested the need to unravel the elusive and enigmatic
473  relationship between transcription and chromatin configuration. Here, we identified that
474  the dynamic gene expression during spermatogonial differentiation could be influenced
475 by A/B compartment switches and changes, as well as TAD boundaries and cliques. To
476  gain more knowledge about the contribution of delicate chromatin organization to gene
477  transcription during this process, we probed PEIs in Un-SG and Di-SG under 5kb bins.
478 We introduced a RP index to quantify the potential of interacting enhancers for
479  transcriptional regulation. As expected, the RP index was found positively correlated with
480  gene expression during spermatogonial differentiation. Our findings thus provide direct
481  evidence that apart from epigenetic modification and non-coding RNAs, also PEIs are an
482 important element of transcriptional regulation in the process of male germline
483  development. Further, we characterized REs and SEs, and investigated the structural
484  hierarchy of SEs on the basis of chromatin interactions in two spermatogonial
485  populations. Intriguingly, we identified that several genes with well-known roles in
486  spermatogenesis were potentially regulated by hub enhancers within hierarchical SEs,
487  suggesting a role for the structural hierarchy of SEs in transcriptional regulation during

488  spermatogonial differentiation. Future perturbation studies by using, e.g., the
13
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489 CRISPR-Cas9 strategy, will functionally validate the role of hub enhancers in SE
490  structure and further in transcriptional regulation. Nevertheless, a prerequisite for this
491  would be establishment of an optimized long-term culture system that enables stable
492  propagation and induced differentiation of porcine SSCs, akin to their mouse counterparts
493 that not only readily proliferate and differentiate in vitro but also seem amenable to
494  CRISPR-Cas9-mediated genome editing (Sato et al., 2015; Wu et al., 2015; Zheng et al.,
495  2017).

496 To sum up, we systematically investigated the 3D genome organization and its
497  correlation with transcriptional regulation during spermatogonial differentiation. We
498 identified that diminished higher-order chromatin architecture in meiotic cells, as shown
499 by recent reports, is actually preprogramed in Di-SG, delineating unidirectional
500 development of male germline, and have also for the first time, to our knowledge,
501 unraveled the contribution of PEIls to pre-meiotic transcriptional regulation. Recent
502  studies exploiting the single-cell RNA-seq technique uncovered the transcriptomes of
503  progressive spermatogenic subtypes during mammalian spermatogenesis (Suzuki et al.,
504 2019; Tan & Wilkinson, 2019, 2020). In future, development of single-cell Hi-C
505 technology would help to unravel the finer 3D chromatin structural difference between
506 SSCs and progenitors, enabling more comprehensive insights into the higher-order
507  chromatin dynamics during male germline development, and with functional perturbation
508 analyses, the roles of 3D genome conformation in transcriptional activity could be
509 validated. Overall, the present study adds to the growing body of knowledge about
510  chromatin configuration related to male fertility, and may potentially contribute to
511  treatment of male infertility by SSC therapy, i.e., SSC auto-transplantation (Mulder et al.,
512 2016) or in vitro differentiation into sperm (Lei et al., 2020).

513
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514  Materials and methods

515  Testis samples

516 Testes were obtained from 90 or 150-day-old Duroc pigs (Besun farm, Yangling,
517  Shaanxi, China). After surgical castration, testes were placed in Dulbecco's
518  phosphate-buffered saline (DPBS) supplemented with 2% penicillin/streptomycin
519  (Hyclone) and transported to the laboratory on ice. All animal procedures were in
520 accordance with and approved by the Institutional Animal Care and Use Committee of
521  Northwest A&F University.

522
523 Isolation and enrichment of spermatogonial populations
524 Un-SG were isolated from 90-day-old porcine testes and enriched by FACS

525 employing an antibody against SSEA4. To obtain the single-cell suspension, the testis
526  tunica albuginea and visible connective tissue were removed, and then exposed to Type
527 IV Collagenase (2 mg/mL; Thermo Fisher Scientific) at 35°C for 20 minutes with
528  periodic shaking. After three times of washing with DPBS to remove interstitial cells, the
529  obtained seminiferous tubules were incubated with hemolytic fluid for 2 minutes to
530 remove erythrocytes, followed by treatment with 0.25% trypsin-EDTA (Hyclone) at 37°C
531  for 5 minutes to obtain the single-cell suspension. After centrifugation, the cell pellet was
532  resuspended in Dulbecco’s modified Eagle medium (DMEM, high glucose; Hyclone)
533  supplemented with 5% fetal bovine serum (FBS; Hyclone) and subjected to differential
534  plating, as previously reported (Zhang et al., 2020). The suspension containing Un-SG
535 was then collected and applied to FACS. In brief, the cells were washed with chilled
536  FACS buffer (DPBS with 1% FBS and 2mM EDTA) and then incubated with the mouse
537  anti-SSEA4 antibody (1: 50; 4755S, Cell Signaling Technology) on ice for 30 minutes,
538 followed by washing and incubation with the Alexa fluor 488-conjugated donkey
539  anti-mouse secondary antibody (1: 200, diluted in FACS buffer; Thermo Fisher Scientific)
540  on ice for 20 minutes. After washing, the cells were subjected to FACS using a BD FACS
541  AriaTM III Flow Cytometer (BD Biosciences).

542 Di-SG were isolated from 150-day-old porcine testes and enriched with a velocity
543  sedimentation approach (STA-PUT), following previously published protocols (Bryant et
544  al., 2013; Liu et al., 2015). Only fractions with high purity of Di-SG were pooled.

545

546  Immunofluorescence

547 Immunofluorescence staining was performed on 4% paraformaldehyde (PFA)-fixed
548  cytospin slides of collected cells. Briefly, the cells were permeabilized with 0.1% triton-X
549  (Sigma-Aldrich) for 10 minutes, followed by washing and blocking with 5% bovine
550  serum albumin (BSA; MP Biomedicals) for 1 hour. The cells were then incubated with
551  the primary antibodies at 4°C overnight. The primary antibodies used were as follows:
552  mouse anti-SSEA4 (1: 200; 4755S, Cell Signaling Technology), rabbit anti-UCHL1 (1:
553  200; ab108986, Abcam), rabbit anti-ZBTB16 (1: 200; sc-22839, Santa Cruz

554  Biotechnology) and rabbit anti-KIT (1: 200; 3074S, Cell Signaling Technology). The
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555  corresponding isotype 1gGs in place of the primary antibodies were used as negative
556  controls. The next day, cells were washed and incubated with the Alexa fluor
557  488-conjugated donkey anti-mouse and/or 594-conjugated donkey anti-rabbit secondary
558 antibodies (1: 400; Thermo Fisher Scientific) for 1 hour, followed by nuclear
559  counterstaining with DAPI (1: 1000; Bioworld Technology) for 5 minutes. After washing,
560 cells were visualized under a Nikon Eclipse 80i fluorescence microscope. The purity of
561  collected spermatogonial populations was determined by the percentage of cells positive
562  for stage-specific markers (SSEA4, ZBTB16 and UCHLL1 for Un-SG and KIT for Di-SG)
563 in the total cells (>300 cells analyzed in each group).

564
565  Hi-C library construction
566 Hi-C libraries were constructed with isolated Un-SG and Di-SG, following a

567  previously published protocol, with minor modifications (Rao et al., 2014). In brief,
568  1.0x10° - 5.0x10° cells were crosslinked with 37% formaldehyde, and then incubated
569  with a glycine solution for 10 minutes to quench crosslinking. After washing with PBS,
570 cells were pelleted, snap-frozen and stored at -80°C. To construct Hi-C libraries, cell
571  pellets were resuspended in lysis buffer and homogenized. DNAs were digested with 200
572  units of Mbol for 1 hour at 37°C. Restriction fragment overhangs were filled and labelled
573  with biotinylated nucleotides and ligated. Ligated DNAs were then purified and sheared
574  to 300-500bp. Ligation junctions were pulled down with streptavidin beads and subjected
575  to lllumina NovaSeq 6000 sequencing in Novogene Co., LTD.

576
577  Hi-C data processing
578 The clean Hi-C reads were mapped to the Sscrofa 11.1 genome and the Hi-C contact

579  frequency between genomic loci was computed using the Juicer pipeline (version 1.8.9).
580  Low-quality alignments (defined as MAPQ<30) and intra-fragment reads were filtered
581  from unique reads, thereby generating valid Hi-C contacts that were used for later
582  analyses. All contact matrices used for further analyses were KR-normalized with Juicer.
583  The value of matrices for different samples was standardized using the R software bnbc
584  (version 1.12.0). Correlation in contact matrices was evaluated using HiCRep (version
585 1.14.0), QUASAR-Rep or GenomeDISCO (Yardimci et al., 2019) in the default settings.
586  The global interaction patterns of the whole chromosome were constructed by the scaled
587  matrices with 100kb or 20kb bin size for independent samples. We selected 20kb to show
588 local interactions and to perform TAD calling. To compare the high-resolution contact
589  frequency, we merged the valid pairs from 8 independent samples of different stages and
590 attained the KR-normalized contact matrices with the resolution of 5kb.

591

592  Von Neumann Entropy (VNE) of intra-chromosomal contacts

593 The VNE was used to quantify the order in chromatin structure based on the
594  normalized 100kb intra-chromosomal contact matrices, as previously described (Seaman

595 & Rajapakse, 2018).
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596
597  P(s) analysis
598 P(s) analysis was performed on the normalized interaction matrices with 100kb

599  resolution, following previously reported methods (Naumova et al., 2013). In brief,
600 genome distances were first divided into 100kb equal bins. Then, for each bin, the mean
601  number of interactions at corresponding distances was counted. To obtain the P(s), the
602 number of interactions in each bin was divided by the total number of possible region

603  pairs.

604

605 RNA-seq library construction

606 Total RNAs were extracted from independent samples of Un-SG and Di-SG, using

607 the RNeasy Mini Kit (Qiagen) and following the protocol provided by the manufacturer.
608  After DNase (Qiagen) treatment, the poly A-mRNA-seq libraries were constructed with
609 an lllumina TruSeq stranded RNA-seq library protocol.

610
611  RNA-seq data processing
612 RNA-seq libraries were quantified with the Qubit dsDNA High Sensitivity Assay

613  Kit (Thermo Fisher Scientific) and sequenced on the Hiseq 4000 platform (lllumina),
614  producing approximately 75.75 million 150bp paired-end raw reads and 72.87 million
615  high-quality reads for each library. Expression levels of protein-coding genes (gene
616  annotation file [GTF] from Ensembl Sscrofa 11.1 release 90) were quantified as
617  transcripts per million (TPM) using Kallisto (version 0.44.0). EdgeR (version 3.30.0) was
618  used in differential gene expression analysis. Genes with false discovery rate (FDR) <
619  0.05 and log; (fold change) > 1 were identified as differentially expressed genes (DEGS).
620

621  Analysis of A/B compartment

622 Identification of A/B compartments at 20kb resolution was performed via two steps.
623  First, PC1 vectors were generated by using PCA as previously described at 100kb
624  resolution (Lieberman-Aiden et al., 2009). The o/e contact matrix was then generated by
625  the first two principal components that were obtained by using the ‘prcomp’ function in R.
626  The initial position of gene model was defined by transcription start site (TSS) of each
627  gene and gene density was calculated by the number of TSS in each 100kb bin. Bins with
628  positive Pearson’s correlation between PC1 value and gene density were defined as
629 compartment A, otherwise compartment B. Second, the A-B index, which represents the
630 comparative likelihood of a sequence interacting with A or B, was generated as
631  previously described at 20kb resolution (Rowley et al., 2017). Bins at 20kb resolution
632  with the positive A-B index were considered as A compartment, and vice versa. The
633  compartment strength was calculated by using AAxBB/AB? as previously described
634  (Flyamer et al., 2017). AA/BB is the mean contact enrichment between pairs of bins with
635 compartment A/B signals, whilst AB is the mean contact enrichment between pairs of

636  bins with compartment A and B signals. To identify genome regions that switched the
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637  A/B compartment state between Un-SG and Di-SG, the 20kb bin was defined as the A or
638 B status in one cell type if it showed a compartment A or B signal in more than 85% of
639  Hi-C libraries in this cell type. Genes with TSS located in A or B regions were considered
640 asAor B genes.

641
642  Functional enrichment analysis
643 Functional enrichment analysis of Gene Ontology (GO) and pathway was performed

644  using the Metascape (http://metascape.org) (Conn et al., 2015). Genes were mapped to
645 their human orthologs, and the lists were submitted to Metascape for enrichment analysis
646  of the significant representation of GO Biological Process, KEGG pathway, Reactome
647 Gene Sets and CORUM. All genes in the genome were used as the enrichment
648  background. Cutoffs for significantly enriched terms were P<0.01, minimum count of 3
649 and an enrichment factor > 1.5. The terms were grouped into clusters based on their
650  membership similarities.

651
652  Analysis of TADs
653 Based on the normalized 20kb contact matrices, TADs were identified by employing

654 the DI, following a previously reported method (Dixon et al., 2012b). The DI was
655 calculated up to 2Mb flanking the center of each bin at 20kb resolution and the Hidden
656  Markov model (HMM) was then used to predict DI states for final TAD generation. The
657 IS for each 20kb bin was calculated as previously reported (Crane et al., 2015). The
658  correlations of TAD architecture between samples were assessed by Jaccard indices
659  (Stadhouders et al., 2018), and aggregate Hi-C maps were constructed as previously
660 reported (Bonev et al.,, 2017). To quantify the tendency of TADs to self-interact, we
661 calculated the D-score for each TAD, according to a previously described method
662  (Stadhouders et al., 2018). TAD boundaries between TADs were smaller than 400kb, and
663  the regions over 400kb were defined as unorganized chromatin. Cell type-specific TAD
664  boundaries were identified as previously reported (Dixon et al., 2012b). To investigate
665  TAD interaction networks, we defined TAD cliques as clusters of five or more interacting
666  TADs in the Hi-C data, as previously reported (Paulsen et al., 2019).

667
668  PEI identification and RP index calculation
669 To identify PEIls at the resolution of 5kb, we generated aggregated Hi-C maps for

670 each cell type. PEIs were identified by applying PSYCHIC based on the 5kb contact
671  matrices (Ron, Globerson, Moran, & Kaplan, 2017). The genome was divided into TADs
672  and similar neighboring domains were further merged into a hierarchical structure. Then,
673  a domain-specific background model was built according to the fitted bilinear power-law
674  model for each or merged TADs. High-confidence PEIs were identified by interaction
675 intensity normalized by the background model with FDR value < 0.001 and interaction
676  distance > 15kb.

677 Later, we calculated the RP index that combines both the number and intensity of the
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678 interacting enhancers to quantify the potential of PEIs for transcriptional regulation of
679  target genes. RP=Zn[logio (normalized interaction intensity of PEIs)], where n refers to
680 the number of interacting enhancers. The normalized interaction intensity of PEIs was
681  calculated by the observed contact frequency minus the background contact frequency.
682

683  ChlP-seq library construction

684 The ChIP assay was conducted as previously described (Han, Ren, Cao, Zhao, & Yu,
685 2019). In brief, 1.0x10° - 5.0x10° cells were crosslinked with 37% formaldehyde, and
686  then incubated with a glycine solution for 10 minutes to quench crosslinking. After
687  washing with PBS, cells were pelleted and lysed. Chromatins were sonicated to obtain
688  the sheared 200-500bp DNA. Around 20uL chromatin was saved as input DNA at -20°C,
689  and 100uL chromatin was used for IP with the H3K4me3 antibody (9751, Cell Signaling
690  Technology) or the H3K27ac antibody (ab4729, Abcam). Approximately 5ug antibody
691  was used in each IP reaction at 4°C overnight. The next day, 30uL protein A/G beads
692  were added and subjected to further incubation for 3 hours. After washing, the binding
693  materials were eluted from the beads. The immunoprecipitated DNAs were then used to
694  construct the ChIP-seq library, following the protocol provided by the manufacturer and
695  sequenced on Illumina Xten with the PE 150 method.

696
697  ChlP-seq data processing
698 Trimmomatic (version 0.38) was employed to filter out low-quality reads (Bolger,

699 Lohse, & Usadel, 2014). The cleaned ChIP-seq reads were aligned to the pig genome
700  (Sscrofa 11.1), using the BWA (version 0.7.15) with default settings. The independent
701 samples of each cell type were pooled using SAMtools (version 0.1.19). To identify
702  enriched regions of active markers (H3K4me3 and H3K27ac), peak calling was
703  performed using SICER (version 1.1).

704
705  Annotation of PEIs with ChlP-seq data
706 To define active enhancer-involved PEls, we first identified REs and SEs by using

707  the ROSE algorithm (Loven et al., 2013; Whyte et al., 2013). Next, we divided all SEs
708 into two categories as previously reported, to which we referred as hierarchical and
709  non-hierarchical SEs (Huang et al., 2018). The hierarchical SEs were then divided into
710  hub and non-hub enhancers by applying a threshold value of H-score which corresponds
711 to the 90th percentile of Z-score. The active enhancer-involved PEIs were defined if the
712 5kb enhancer bin overlapped with the identified enhancer by at least 1bp.
713
714 Statistics
715 Statistical comparisons were conducted by using the Mann-Whitney U test
716  (one-tailed), unless otherwise stated. A difference was considered significant when
717  P<0.05.
718
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719  Data availability

720 The raw and processed data sets generated in this study will be available in the
721 NCBI SRA database under the accession number PRINA743697.
722
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1008  Figure legends

1009  Fig 1. Dynamic 3D chromatin architecture during spermatogonial differentiation.

1010  (A) Enrichment and characterization of spermatogonial subpopulations. Un-SG were

1011 enriched by FACS employing an antibody against SSEA4, and both cell populations were

1012  subjected to immunofluorescence staining and quantification of cells positive for

1013  stage-specific markers (SSEA4, ZBTB16 and UCHLL1 for Un-SG and KIT for Di-SG).

1014  Bar=50um (brightfield) or 10um (immunofluorescence). Data are presented as the mean

1015 £ SEM of eight independent samples.

1016  (B) The inter- and intra-chromosomal interaction ratios in all Un-SG and Di-SG samples.

1017  (C) The entropy difference between Un-SG and Di-SG. The intra-chromosome log, Hi-C

1018  matrices are shown at 100kb resolution for chromosome 7. Data are presented as the

1019  mean £ SD of eight independent samples. P: Mann-Whitney U test, one-tailed.

1020 (D) The P(s) curves of Un-SG and Di-SG showing the interaction probability patterns

1021  Dbetween bin pairs at defined genomic distances.

1022  (E) The observed/expected number of contacts between any pair of 18 autosomes. The

1023  plaids with differential gray scale indicate the length of each chromosome.

1024  (F) The observed/expected number of interactions between any pair of 18 autosomes

1025  plotted against the length difference of these chromosomes. L; or L refers to the length

1026  of chromosome (L;>L>), and length difference is indicated by log,(L1/L>). The dotted line

1027  represents the linear trend for obtained value.

1028  (G) HiC-Rep analysis illustrating the correlation of normalized Hi-C interaction matrices

1029  between Un-SG and Di-SG samples.

1030 (H) Pearson correlation analysis illustrating the correlation of transcriptomic data

1031  between Un-SG and Di-SG samples.

1032 (1) PCA plot showing the transcriptomic profiles of Un-SG and Di-SG samples.

1033

1034  Fig 2. A/B compartment switches during spermatogonial differentiation.

1035  (A) Pearson correlation analysis illustrating the correlation of A/B indices between

1036  Un-SG and Di-SG samples.

1037  (B) PCA plot showing the A/B index profiles of Un-SG and Di-SG samples.

1038  (C) The proportions and lengths of A/B compartments in genome.

1039 (D) Left: saddle plot showing the compartment strength in chromosome 9. Right: the

1040  compartment strength in all Un-SG and Di-SG samples, defined as the A-A and B-B

1041 compartment interaction strength relative to the A-B compartment interaction strength. P:

1042  Mann-Whitney U test, one-tailed.

1043  (E) The interaction strength between A-A, B-B or A-B compartments. Data are presented

1044  asthe mean £ SD of eight independent samples. P: Mann-Whitney U test, one-tailed.

1045 (F) The numbers (upper panel) and proportions (lower panel) of genes in A/B

1046  compartments.

1047  (G) Left: the average expression levels of genes in A/B compartments in Un-SG or Di-SG.

1048  P: Mann-Whitney U test, one-tailed. Right: PCA1 (the first eigenvalues, the upper part)
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1049  and RefSeq view (the middle part) of chromosome 15, 118020000-120020000, as well as
1050 RNA-seq coverage track of TNP1 (chromosome 15, 119037496-119038105, the lower
1051  part) showing that TNP1, which was upregulated during spermatogonial differentiation,
1052  was located in the B compartment in Un-SG but switched to the A compartment in Di-SG.
1053 PCAl was calculated via eigenvector decomposition on the observed/expected
1054  intra-chromosomal interaction matrices.

1055 (H) A schematic overview illustrating the proportions of genomic regions subjected to
1056  A/B compartment switches (A to B or B to A) between Un-SG and Di-SG.

1057 (1) The average expression levels of genes that changed from A to B or from B to A. P:
1058  Mann-Whitney U test, one-tailed.

1059  (J) The numbers of genes that changed from A to B or from B to A.

1060 (K and L) Gene ontology-biological process (GO-BP) analysis of genes that changed
1061  from Ato B (K) or from B to A (L).

1062

1063  Fig 3. TAD dynamics during spermatogonial differentiation.

1064  (A) The proportions of TADs and non-TADs in genome.

1065  (B) The numbers (left) and mean sizes (right) of TADs in Un-SG and Di-SG. Data are
1066  presented as the mean + SD of eight independent samples. P: Mann-Whitney U test,
1067  one-tailed.

1068  (C) Jaccard indices illustrating the correlation of TAD architecture between Un-SG and
1069  Di-SG samples.

1070 (D and E) The mean IS (D) and DI (E) value of TADs and the flanking regions (£500k) in
1071 Un-SG and Di-SG.

1072 (F) The aggregate Hi-C map showing the average observed/expected chromatin
1073 interaction frequencies at TADs and the flanking regions (x200K) in Un-SG and Di-SG.
1074  (G) The D-score in all Un-SG and Di-SG samples. P: Mann-Whitney U test, one-tailed.
1075  (H) The numbers of specific TAD boundaries (left) and their harbored genes (right) in
1076  Un-SG and Di-SG.

1077 (1) GO-BP analysis of genes in Un-SG-specific TAD boundaries.

1078  (J) Views of the observed/expected chromatin interaction frequencies (the upper panel),
1079  RefSeq (the middle panel), DI, A/B index and RNA-seq coverage (the lower panel) at
1080  chromosome 3, 92-94Mb, revealing that EPCAM was harbored in Un-SG-specific TAD
1081  boundaries, in B-A switching compartments and upregulated in Di-SG.

1082  (K) GO-BP analysis of genes in Di-SG-specific TAD boundaries.

1083 (L) Views of the observed/expected chromatin interaction frequencies (the upper panel),
1084  RefSeq (the middle panel), DI, A/B index and RNA-seq coverage (the lower panel) at
1085  chromosome 1, 216-218Mb, revealing that JAK2 was harbored in Di-SG-specific TAD
1086  boundaries, in A-B switching compartments and downregulated in Di-SG.

1087

1088  Fig 4. PEI regulation in gene expression during spermatogonial differentiation.

1089  (A) The numbers of PEIs in Un-SG and Di-SG samples. The number in the overlapped
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1090  region refers to PEIs present in both populations.

1091  (B) The numbers of promoters that interact with at least one enhancer in Un-SG and

1092  Di-SG samples.

1093  (C) Left: distribution of PEI distance in Un-SG and Di-SG samples. Right: the average

1094  PEI distance in Un-SG and Di-SG samples.

1095 (D) Composition of skipping and non-skipping enhancers in PEISs.

1096  (E) The proportions of PEIs in or out of TADs.

1097  (F) The average numbers of enhancers that interact with each promoter in Un-SG and

1098  Di-SG samples. P: Mann-Whitney U test, one-tailed.

1099  (G) The average expression levels of genes with or without PEIs. P: Mann-Whitney U

1100  test, one-tailed.

1101 (H) More interacting enhancers are associated with higher proportions of genes in top

1102  gene expression intervals. The numbers in columns refer to the proportions of genes in

1103 each gene expression interval.

1104 (1) Heatmaps of expression levels and RP indices of two clusters of genes that were

1105  expressed in either or both spermatogonial subpopulations (TPM>1) and that exhibited a

1106  fold change of >4.

1107  (J) GO-BP analysis of genes with differential RP indices during spermatogonial

1108  differentiation.

1109  (K) Heatmaps of representative genes with differential RP indices and expression levels

1110  during spermatogonial differentiation.

1111 (L) The average expression levels of genes regulated by Un-SG- or Di-SG-exclusive PEls.

1112 P: Mann-Whitney U test, one-tailed.

1113

1114  Fig 5. Regulation of H3K27ac-marked active enhancers in gene expression during

1115  spermatogonial differentiation.

1116 (A) Definition and numbers of REs and hierarchically organized SEs in two

1117 spermatogonial populations.

1118  (B) The numbers of different categories of enhancers within PEIs.

1119 (C) The numbers of different categories of enhancers that interact with active or inactive

1120  promotors.

1121 (D) The numbers of PEI genes regulated by different categories of enhancers.

1122 (E) Left: the numbers of PEI genes with active or inactive promoters. Right: the numbers

1123  of PEI genes regulated by various enhancers and promoters.

1124  (F) Average expression levels and RP indices (indicated by bars and lines, respectively)

1125  of genes regulated by different categories of enhancers.

1126 (G) The numbers of genes (with remarkable RP index changes) regulated by different

1127  categories of enhancers.

1128 (H and 1) GO-BP analysis of RE (H) and SE (I)-regulated genes with differential RP

1129 indices and expression levels during spermatogonial differentiation.

1130  (J and K) The upper panel: the contact matrix showing stripes at the DMC1 (J) and FGF9
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(K) SE loci. The middle panel: models for PEI regulation of DMC1 (J) and FGF9 (K), as
well as RNA-seq coverage at their genomic loci. The lower panel: views of the
observed/expected chromatin interaction frequencies, RefSeq, TAD and A/B index at
chromosome 5: 8,930,000-9,930,000 (J) and chromosome 11: 1,050,000-2,050,000 (K).
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1136 Supplementary files
1137  Fig S1. The correlation of normalized Hi-C interaction matrices between Un-SG and
1138  Di-SG samples illustrated by QUASAR-Rep (A), GenomeDISCO (B), Pearson
1139  correlation analysis (C) and PCA plot (D).
1140
1141 Fig S2. A/B compartment changes during spermatogonial differentiation.
1142  (A) A schematic overview illustrating the proportions of genomic regions subjected to
1143  A/B compartment changes (A-A or B-B) between Un-SG and Di-SG.
1144  (B) The average expression levels of genes that underwent the A-A or B-B change. P:
1145  Mann-Whitney U test, one-tailed.
1146 (C) The numbers of genes that underwent the A-A or B-B change.
1147 (D and E) GO-BP analysis of genes that underwent the A-A (D) or B-B change (E).
1148
1149  Fig S3. TAD cliques in spermatogonial subgroups.
1150  (A) Pearson correlation analysis illustrating the correlation of TAD cliques between
1151 Un-SG (left) and Di-SG (right) ingroup samples.
1152  (B) The numbers of TAD cliques in Un-SG and Di-SG. Data points refer to eight
1153 independent samples.
1154  (C) The genome coverage by TAD cliques in Un-SG and Di-SG. Data points refer to
1155  eight independent samples.
1156 (D) The proportions of TADs in cliques and non-cliques. Data are presented as the mean
1157 £ SD of eight independent samples.
1158  (E) The proportions of TAD cliques in A/B compartments. Data are presented as the
1159  mean * SD of eight independent samples.
1160
1161  Fig S4. PEI regulation of CATSPER2 (A), DND1 (B) and EZH2 (C) in Un-SG and Di-SG.
1162  The upper panel: the contact matrix showing stripes at the CATSPER2 (A), DND1 (B)
1163  and EZH2 (C) SE loci. The middle panel: models for PEI regulation of CATSPER2 (A),
1164 DNDL1 (B) and EZH2 (C), as well as RNA-seq coverage at their genomic loci. The lower
1165  panel: views of the observed/expected chromatin interaction frequencies, RefSeq, TAD
1166 and A/B index at chromosome 1: 127,310,000-128,310,000 (A), chromosome 2:
1167  141,890,000-142,890,000 (B) and chromosome 9: 108,885,000-109,885,000 (C).
1168
1169  Table S1. Hi-C and RNA-seq data summaries.
1170
1171 Table S2. List of genes subjected to the A-B/B-A/A-A/B-B change.
1172
1173  Table S3. GO-BP analysis of genes subjected to the A-B/B-A/A-A/B-B change.
1174
1175  Table S4. List of genes harbored in Un-SG- or Di-SG-specific TAD boundaries.
1176
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Table S5. GO-BP analysis of genes harbored in Un-SG- or Di-SG-specific TAD
boundaries.

Table S6. List of genes with differential RP indices.

Table S7. GO-BP analysis of genes with differential RP indices.

Table S8. List of genes with Un-SG- or Di-SG-exclusive PEI regulation.
Table S9. List of RE- and hierarchically organized SE-associated genes.

Table S10. GO-BP analysis of RE and SE-regulated genes with differential RP indices
and expression levels.
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