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Summary

Primate germ cell development remains largely unexplored due to limitations in sample

collection and the long duration of development. In mice, primordia germ cell-like cells

(PGCLCs) derived from pluripotent stem cells (PSCs) can develop into functional gametes by in

vitro culture or in vivo transplantation. Such PGCLC-mediated induction of mature gametes in

primates is highly useful for understanding human germ cell development. Since marmosets

generate functional sperm earlier than other species, recapitulating the whole male germ cell

development process istechnically more feasible. Here, we induced the differentiation of iPSCs

into gonocyte-like cells via PGCLCs in marmosets. Firg, we developed an mRNA
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37  transfection-based method to efficiently generate PGCLC. Subsequently, to promote PGCLC

38  differentiation, xenoreconstituted testes (xrtestes) were generated in the mouse kidney capsule.

39  PGCLCs show progressive DNA demethylation and stepwise expression of developmental

40  marker genes. This study provides an efficient platform for the study of marmoset germ cell

41  development.

42

43  Highlights

44 1. An mRNA transfection-based PGCLC induction method is devel oped

45 2. Marmoset PGCLCs are efficiently induced from iPSCs

46 3. Marmoset PGCLCs differentiate into gonocyte-like cells in mouse kidneys

47 4. Developmentally regulated expression and demethylation are recapitulated

43

49 eTOC blurb

50  Watanabe et al. efficiently induced marmoset primordial germ cell-like cells (PGCLCs) using an

51  mRNA transfection-based approach. PGCLCs further develop into gonocyte-like cells in the

52 xenorecongtituted testes constructed under mouse kidney capsules. This system faithfully

53 reproduced in vivo developmental processes (e.g., sage-specific expression of developmentally

54 regulated genes and DNA demethylation).
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55

56 Introduction

57 The tedtis is known to be among the fastest evolving tissue in terms of change to gene

58  expression (Brawand et a., 2011; Khaitovich et al., 2006; Swanson and Vacquier, 2002). Thisis

59  dueto the selection pressure acting on spermatogenic cells, only a small portion of which leads

60  to fertilization. Despite large differences across species, both in terms of embryo development

61  and germ cell-specific transcriptional programs, studies of mammalian spermatogenic cells have

62  been largely redricted to mice. Therefore, developing appropriate primate models and

63 understanding the mechanisms of primate germ cell development is paramount of importance

64  for thetreatment of infertility arising from gametogenesis defects.

65

66 Marmosets (Callithrix jacchus) are new world monkeys native to Brazil that are often used in

67  biomedical research, particularly in brain science, owing to their small size, relative ease of

68  handling, high reproductive ability, and close evolutionary relationship to humans. In addition to

69  these characteristics, marmosets reach puberty within 1 year of birth. This relatively short

70 period of sexual maturation makes marmosets an ideal model organism for studying primate

71 germ cell development. However, the high cost of studies using marmosets limits the number of

72 animal experiments. Therefore, to complement in vivo studies, it is important to develop a
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73 tractable marmoset germ cell developmental system using pluripotent stem cells (PSCs).

74

75 Several studies have reported the induction of primordial germ cell-like cells (PGCLCs) from

76 PSCs in primates (humans, macaques, and marmosets)(Irie et a., 2015; Sakai et al., 2020;

77  Sasaki et al.,, 2015; Sosa et a. 2018; Yoshimatsu et a., 2021). Although complete

78  differentiation of PGCLCs into sperm or eggs has been successful in mice, it has not yet been

79  achieved in any primate species. In humans, PGCLCs differentiate into gonocytes after a few

80  months of the in vitro culture of xenorecondtituted testes (xrtestes) generated from human

81  PGCLCs and mouse embryonic gonadal somatic cells (Hwang et al., 2020). Furthermore, in

82  rhesus macaques, male PGCL Cs differentiate into MA GEA4-positive gonocytes by homologous

83  transplantation into adult testes and xenotransplantation into seminiferous tubules of mouse

84  testes (Sosaet al., 2018). Because both extrinsic and intrinsic factors determine developmental

85  gpeed, the duration of germ cell development in the PGCLC systemis likely to be influenced by

86  the in vivo development timetable. Although early embryonic development is delayed in

87  marmosets (Phillips, 1976), they reach sexual maturation earlier than other primates. Therefore,

88  the marmoset PGCLC system may be more feasible for recapitulating the entire primate germ

89  cdl development process. Although PGCLCs have been generated in marmosets, the reported

90  method requires a priori transgene integration for the forced expression of SOX17 and PRDM1
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91  (Yoshimatsu et al., 2021). Furthermore, there are no reports on the differentiation of PGCLCs

92  into MAGEAA4-positive gonocytes in marmosets.

93

94 In addition to examining germ cell development, this PGCLC-initiated germ cell

95  developmenta system is useful for generating genetically modified animals. Thisis enabled by

96  gamete production using this system from genetically modified PSCs. All genetically modified

97  marmosets generated to date have been produced from zygotes (Park and Sasaki, 2020).

98  Cultured cell-based systems, like PGCLC-mediated system, enable the creation of animals with

99  complex genetic modifications such as reporter gene knock-in and multiple modifications.

100 Furthermore, a cell-based system ensures the production of the expected genetic modifications.

101 Thus, establishing a germ cell developmental system from PGCLCs to produce functional

102  gametes may accelerate primate research.

103

104 In this study, to develop a PGCL C-initiated germ cell developmental system in marmosets, we

105 developed a novel mRNA transfection-based method to convert PSCs into PGCLCs.

106  Furthermore, these PGCLCs were differentiated into a gonocyte-like state using a

107 transplantation approach. Our results provide the basis for studying marmoset gametogenesis

108  using PGCLCs.
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109

110 Results

111 MRNA transfection-based induction of marmoset PGCLCs

112 We have previoudy reported mRNA transfection-based methods for marmoset iPS cell

113 induction (Watanabe et al., 2019). To generate PGCLCs from iPSCs, we performed mRNA

114  transfection. Because SOX17 has been reported to have critical functions in PGCLC induction

115  inhumans (Irie et al., 2015; Kobayashi et al., 2017), we selected this mRNA for transfection. To

116  aleviate the damage caused by mRNA transfection in cells, we transfected cells with interferon

117 suppressors (vacciniavirus E3, K3, and B18R mRNAS)(Poleganov et al., 2015) and an apoptosis

118  suppressor (mouse P53DD mRNA)(Hong et al., 2009). To monitor the differentiation Hate,

119  IRES-mCherry was knocked into the 3-UTR of marmoset NANOS3, a highly conserved

120 germline-specific gene (Figure 1B). This genetic modifications were performed using an female

121 iPSCline (MRNA iPSC) previously induced in adult liver cells (Watanabe et al., 2019).

122

123 After two successive days of transfection, the transfected cells were seeded onto

124 low-attachment 96-well plates to form aggregates in medium containing LIF, EGF, SCF, and

125 BMP4 based on the procedures for human PGCLC induction (Figure 1A)(Hwang et al., 2020;

126  lrieet al., 2015; Kojimaet a., 2017; Sasaki et al., 2015; Yamashiro et al., 2018). Four days after
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127 making the aggregate, C-KIT expression was observed in many cells (>80%) in the aggregates

128  (Figure 1B). These C-KIT-positive cells exhibited a NANOS3-mCherry signal. In contrast, when

129  mRNA transfection was omitted, neither C-KIT nor NANOS3-mCherry expression was

130  observed (Figure 1B), indicating that mRNA transfection plays a critical role in PGCLC

131 induction.

132 Since the NANOS3-mCherry signal was weak for microscopic observation (Figure 1C). We

133 inserted T2A-tdTomato into the C-terminus of SOX17 gene (SOX17-tdTomato (ST)) of two

134  maleiPS lines harboring CAG-EGFP (CE) transgenes (971 STCE and 972 STCE). Both iPSCs

135  were originaly derived from ear fibroblasts, and our mRNA transfection-based method

136  converted these iPSCs into PGCLCs with high efficiency (>80%) (Figure 1D and S1). Since ST

137  showed stronger fluorescent signals (Figure 1D and S1), we used this transgene for the

138 following experiments.

139

140 To examine the time-course change, aggregate culture was continued with medium change

141 every four days using a male iPS line harboring SOX17-tdTomato transgene (971 STCE). ST

142 expression was first observed 24 h after PGCLC aggregate formation (Figure 1D). Initially,

143 most cells expressed ST fluorescence; however, the number of cells negative for fluorescence

144  gradually increased over time (Figure 1D). Despite this increase in negative cells, a significant
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145  portion of cels still expressed ST, even on day 16. Thus, PGCLCs can be maintained in

146  aggregate culture for at least a few weeks.

147

148 The optimal number of mMRNA transfections was determined to be two. Two successive days of

149  transfections resulted in higher NANOS3 expression in day 4 aggregates (d4_PGCLC) than did

150  single transfection, but three successive day transfections did not result in increased NANOS3

151  expression (Figure S2A). The optimal number of transfected cells was determined to be 50,000

152 cells per well in a6-well plate (Figure S2B). Using an increased number of cells (100,000 cells)

153 resulted in a decreased PGCLC induction efficiency, likely due to an insufficient number of

154  mRNAsdigtributed into each cell when alarger quantity was used.

155

156  Single-cell analysisof iPSCsand PGCLCs

157 To examine whether induced cells showed gene expression typical of PGCs, single-cell (sc)

158  RNA-seq libraries were generated from iPSCs (MRNA iPSCs) and d4 PGCLC aggregates

159  (derived from mRNA iPSCs). Principle component analysis (PCA) clearly separated the iPSC

160 and PGCLC populations (Figure 2A), which were located on opposite sides of PC1.

161  Well-characterized iPSC (SOX2 and ZIC2) and PGC markers (SOX17, NANOS3, KIT, and

162  DND1) were identified in the genes contributing to PC1 (Figure 2B). This suggests the
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163 successful generation of PGCLCs. In addition, this analysis revealed the presence of

164  mesoendoderm-like cells (NODAL and MIXL1), a small number of endoderm-like cells (SOX17

165 and FOXA2), mesenchymal-like cells (HAND1, ANXAL, and VIM), and amnion-like cells

166  (HAND1, TRFA2PC, and GABRP). Although mesoendoderm-like cells were found only in the

167  iPSC library, amnion-like cells were found only in the PGCLC library (Figure 2C).

168

169  Single-cell analysisof developing gonads

170 Before setting out to advance the development of PGCLCs, we collected information on in

171  vivo developing germ cells as a reference. We thus prepared scRNA-seq libraries from

172 developing marmoset gonads. Ovaries from embryonic day 74 (E74), E82, and newborn

173  marmosets and testes from E74, E87, 22 day-olds (22d), and 3-year and 10-month-old

174  marmosets were subjected to single-cell analyses. After tSNE plotting, the germ cells of interest

175  were extracted from each library (Figure S3). PGCs marked by POUSF1 expression were

176  extracted from fetal ovaries (E74 and E82) and testes (E87) (Figure S3). In E74 fetal testes, only

177 a small number of PGCs were present, and they did not form a distinct cluster (Figure S3).

178  Therefore, we did not extract the PGCs from this library. This small number is probably because

179  many PGCs are till migrating and have not yet arrived at this stage (Aeckerle et a., 2015). In

180  the somatic cellsof this E74 testis and its sibling E74 ovary, the expression of genesinvolved in

10
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181 initial sex differentiation was observed (SRY, SOX9, AMH in testes, and FOXL2 in ovaries)

182  (Figure $4), suggesting that sex differentiation is already initiated. Consistent with a previous

183 report (Fereydouni et al., 2014), a wide range of cells (PGCs, oogonia, and early oocytes) were

184  found in newborn ovaries. In 22d testes, germ cells were already differentiated into gonocytes,

185  as shown by the decreased expression of POU5SF1 and elevated expression of DDX4. These

186  expression patternsin 22d testis germ cells align with previously published studies (Albert et al.,

187  2010; McKinnell et a., 2013; Mitchell et al., 2008).

188

189  PGCLCsalign with in vivo PGCs

190 To examine whether our induced PGCL Cs showed similar gene expression patterns to in vivo

191  PGCs, we compared the expression of representative marker genes between in vivo germ cells

192  and our PGCLCs . A similar pattern was observed between in vivo PGCs and PGCLCs for the

193  key marker genes (Figure 2D). Both in vivo PGCs and PGCL Cs showed the expression common

194  marker genes for PSCs and PGCs (e.g., POU5F1, NANOG, LIN28A, DPPA4, and KLF4) and

195  PGC marker genes (PRDM1, SOX17, TFAP2C, NANOS3, KIT, DND1, and SOX15). However,

196  none of the PSC marker genes (e.g., SOX2), gonocyte/oogonium genes (e.g., DAZL and

197  SOHLH1), oocyte genes (e.g., FIGLA and NOBOX), or meiotic genes (e.g., STRA8 and SPO11)

198 wereexpressed in both in vivo PGCs and PGCLCs.

11


https://doi.org/10.1101/2022.09.20.508677
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.20.508677; this version posted September 20, 2022. 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-NC-ND 4.0 International license.

199 To obtain further evidence that our PGCL Cs were indeed PGC-like, PCA was conducted using

200  marmoset iPSCs, PGCLCs, and in vivo germ cells (PGCs, gonocytes, oogonia, and oocytes). As

201  expected, marmoset PGCLCs clustered together with in vivo PGCs (Figure 2E, right panel).

202  Furthermore, we added human data to this analysis (Chen et al., 2019; Kojimaet al., 2017; Li et

203 ., 2017; Sohni et al., 2019) to obtain additional supporting evidence. Human PSC, PGCLCs,

204  and germ cells from various developmental stages aligned well with their corresponding cellsin

205  marmosets (Figure 2E). These results suggest that human and marmoset early germ cell

206  development is overall conserved and that our PGCLCs were indeed reminiscent of in vivo

207  PGCs.

208

209  Generation of xrtestesin mouse kidneys

210 To advance the development of marmoset PGCLCs, we used the xrtestis system that has been

211  used to differentiate human PGCLCs (Hwang et al., 2020). However, ingead of the in vitro

212 air-liquid interface culture used in humans (Hwang et al., 2020; Yamashiro et al., 2018), we

213 employed mouse kidney transplantation, as this system develops mouse reconstituted testes well

214  (Matobaand Ogura, 2011). To recapitulate the male in vivo developmental process, we used two

215  mae iPS cell lines harboring the ST and CAG-EGFP (CE) transgenes (971-STCE and

216  972-STCE) (Figure Sl1). To prepare xrtestes, FACS-purified d4_PGCLCs were mixed with

12
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217  E13.5 tedtis somatic cells for floating aggregate culture. The next day, the aggregates were

218  transplanted into kidney capsules (Figure 3A).

219

220 Ten days after transplantation (day 10), the transplanted aggregates formed a testicular

221  cord-like structure (Figure 3B, C, D). This structure was maintained for over 100 days (Figure

222 3C, D) unless cancer developed. In the xrtestes, PGCLC-derived cells (EGFP- and

223  tdTomato-positive) and Sertoli cells (WT1-positive) were found within the cord sructure

224 (marked by LAMININ). In contrast, cells expressing the Leydig cell marker HSDB were found

225 ininterdtitial regions (Figure 3C). Only a small number of PGCLC-derived cells was observed

226 in the xrtestes until day 30 after transplantation. However, by day 30, the number of

227  PGCLC-derived cells dramatically increased, occupying the entire circumference of each tubule

228  (Figure 3E). Consistent with this massive increase in cell number, MKI167 signals were observed

229 in many PGCLC-derived cells from day 30 xrtestes (d30_xrtestes) (Figure 3E). Thus, PGCLCs

230  are incorporated into the tubules of the xrtestes, and these PGCLC-derived cells actively

231  proliferate within the tubules.

232

233 Differentiation of PGCLCsin xrtestes

234 Human PGCLCs develop into gonocyte-like cells over ~80 days (Hwang et al., 2020). We

13
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235  examined the expression of four well-characterized developmentally regulated marker genes

236  (TFAP2C, DDX4, MAGEAA4, and PIWIL4) in the xrtestes from severa developmental points.

237  The results for the two iPSC lines, 972-STCE and 971-STCE, are shown in Figures 4 and S5,

238  respectively. TFAP2C (PGC marker) expression was observed in al PGCLC-derived cells

239 before day 40 (Figure 4A, S5). Subsequently, the number of PGCLC-derived cells expressing

240  TFAP2C decreased dramatically. On day 81, none of the cells expressed this gene. No cells

241  expressed gonocyte markers (DDX4, MAGEA4, and PIWIL4) on day 14. Almost 4l

242  PGCLC-derived cells showed DDX4 expression on day 28 (Figure 4B and S5). On day 28, the

243  expression of MAGEA4 was also detected in only a small nhumber of cells. As development

244 progressed, the proportion of cells expressing MAGEA4 increased, and all PGCLC-derived

245  cells exhibited expression on day 81 (Figure 4C, S5). PIWIL4 was first observed in a small

246 number of cells on day 81 (Figure 4D and Sb5). Thus, these analyses reveaded stepwise

247  (in)activation of gonocyte (PGC) markers during xrtestis development, and the in vivo

248  developmental pattern was recapitulated in our xrtestis system(Albert et al., 2010; Mitchell et

249  al., 2008). RT-gPCR analyses also revedled the upregulation of these and some other

250  gonocyte-expressed genes (CREM, DMRT1, DMRT1B, DAZL, ZBTB16, FOXR1, RHOXF1,

251  SOHLH1, SOHLH2, and RBM46) in d56, d81, and d104 xrtestes (Figure S6).

252

14
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253  Demethylation of PGCL Csin xenorecondtituted testes

254 PGC development is accompanied by progressive loss of DNA methylation (Shirane et al.,

255  2016). To determine DNA methylation status, we conducted single-cell bisulfite-sequencing

256  (scBS-se() analysesin PGCLCs and PGCL C-derived cellsin the xrtestes. Simultaneously, RNA

257  expression was analyzed in the same single cells using the cytoplasmic fraction. In d4_PGCLCs,

2568  The average DNA methylation level was 61.1% (Figure 5A). Interestingly, the level decreased

259  to 45.7% in d12_PGCLCs, suggesting the occurrence of demethylation during long floating

260  aggregate culture. The xrtestes were generated using d4_PGCLCs. DNA methylation levels

261  decreased gradually in xrtestes (Figure 5A). Although we dtill detected some residual

262  methylation in d30_xrtestes (9.4%), this level is close to the minimum level in d104_xrtestes

263 (4.3%). Thus, DNA demethylation was recapitulated in our xrtestis system. However, the

264  establishment of DNA methylation was likely not initiated, even in d104 xrtestes.

265

266 DNA methylation plays a critical role in the repression of retrotransposons in germline cells. In

267  both mice and humans, active and young retrotransposons (e.g., IAP and LINEL in mice, Alu

268 and LINE1l in humans) show relatively high levels of residual DNA methylation in

269  demethylated PGC genomes (Guo et al., 2015; Kobayashi et al., 2013; Seisenberger et al., 2012).

270 Two types of potentially active retrotransposons exist in the marmoset genome. One is the

15
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271  LINE1 element, and the other is a very short ~100-bp SINE element named Platy-1 (Konkel et

272 d., 2016). The DNA methylation dynamics of these two active retrotransposons (LINE1 and

273 Platy-1) and three major classes of retrotransposons sequences (LINE, LTR, and SINE) were

274  examined. In d4 PGCLCs, all three mgjor retrotransposon sequences (LINE, 76.6%; LTR,

275  70.6%; SINE, 74.1%) showed higher levels than the genome average (61.1%), and the two

276  activeretrotransposons (LINEL: 78.7%, Platy-1: 82.9 %) showed the highest levels. AsPGCLC

277 development progressed, all retrotransposons lost DNA methylation with dynamics similar to

278  those of the genomic average. In d104 xrtestes, DNA methylation levels of al the examined

279 retrotransposons were decreased more than five-fold (LINEL, 15.2% from 76.6%) to 17-fold

280  (Platy-1, 4.7% from 82.9%). LINEL (15.2%) and LINE (11.8%) still showed much higher levels

281  than the genomic average (4.3%). On the other hands, other retrotransposons (LTR, 4.5%; SINE,

282  3.3%; Platy-1, 4.7%) showed similar levels to the genomic average. Thus, a higher level of

283 residual methylation was retained in LINEL but not in Platy-1.

284

285 To correlate germ cell development in xrtestes with in vivo germ cell development, we

286  analyzed the RNA expression of PGCLC-derived germ cells, in which we analyzed DNA

287  methylation. Upon differentiation of iPSCs into PGCLCs, the expression of UHRF1 (involved

288 in DNA methylation maintenance) and de novo DNA methyltransferase DNMT3A/3B/3L
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289  decreased (Figure 5C). This decrease may be involved in the demethylation of the PGCLC

290  genome. In d104 xrtetes, DNMT3L, PIWIL4, and MORC1 were highly upregulated,

291  establishing the stage for de novo methylation of retrotransposons. In addition, the expression of

292 gonocyte genes (CREM, DAZL, DMRT1, DMRTB1, DMRTC2, SOHLH1, SOHLH2, RHOXF1,

293  DDX4, and MAGEA4) was observed in d104_xrtestes as well as in gonocytes from in vivo d22

294  testes (Figure 5C). Some of them (CREM, DMRT1, DMRTB1, and DDX4) are expressed from

295  earlier stage of xrtestis development. These genes were also detected in in vivo PGCs from E87

296  testes (Figure 5C), suggesting that developmentally regulated gene expression is recapitulated in

297  the xrtestis system. PCA revealed that PGCLC-derived cells, except those from d104 xrtestes,

298  closely aligned with E87 testis germ cells (Figure 5D). On the other hand, PGCLC-derived

299  germ cells from d104 xrtestes clustered together with 22d testis germ cells. PGCLCs

300 differentiate into gonocyte-like cellsin the xrtestis.

301

302 Discussion

303 In this study, marmoset PGCLCs were generated from iPSCs using an

304  mRNA-transfection-based method. This is the first report of PGCLC generation using mRNAS.

305  Since this method is simple and efficient, it may also be useful for other species. Furthermore,

306  the generated PGCLCs differentiated into gonocyte-like cells in the xrtestes that were
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307  transplanted under the kidney capsules of immunodeficient mice. Stepwise expression of PGC

308  and gonocyte marker genes was observed. DNA methylation was progressively logt and almost

309  completely erased in the gonocyte-like cells. Thus, early germ cell development in vivo was

310  recapitulated by our PGCLC-initiated system. This study provides a platform for developmental

311  studies on marmoset germ cells and the generation of genetically modified marmosets.

312

313 We induced PGCLCs from iPSCs using a combination of SOX17 mRNA transfection and

314  subsequent floating aggregate culture. Our method was based on a report on PGCLC generation

315 by SOX17 overexpression using an inducible system (Irie et al., 2015; Kobayashi et al., 2017),

316 which requires prior transgene integration. To omit this step, we used mRNA transfection-based

317  overexpression. Although the induction rate was highly dependent on the iPSC lines (data not

318  shown), as in humans (Chen et al., 2017), our induction efficiency usually reached >80% when

319 highly competent lines were used (Figure 1B, S1). Since this efficiency is comparable to or

320  higher than those of existing methods (Irie et al., 2015; Jo et al., 2022; Kobayashi et al., 2017;

321  Sekai et al., 2020; Sasaki et al., 2015; Sosa et al., 2018; Yoshimatsu et al., 2021), we believe

322 that the mRNA transfection method reported here serves as an alternative method.

323

324 After developing a solid foundation for PGCLC induction, we aimed to differentiate PGCLCs
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325 into a more advanced state. Matoba et a. reported that in vivo mouse PGCs developed into

326  spermatids in recongtituted testes transplanted under the kidney capsule (Matoba and Ogura,

327 2011). Thisled usto examine whether immunodeficient mouse kidneys serve as suitable sites to

328  develop xrtestes. The xrtestes developed well under the kidney capsule. Using this technique,

329  PGCLCs in the xrtestes were found to differentiate into gonocyte-like cells. All gonocyte-like

330  cdls from the d82_xrtestes were negative for the PGC marker TFAP2C (Figure 4). Given that

331  haf of the germ cells till express TFAP2C in newborn testes (Mitchell et al., 2008),

332  gonocyte-like cells in d82_xrtestes are more developmentally advanced than newborn testis

333  germ cells. However, our bisulfite-seq analyses showed that PGCLC-derived cells in d82_ and

334  d104 xrtestes did not undergo de novo DNA methylation (Figure 5). In marmoset testes, de

335  novo DNA methylation is initiated at 4 months old at the latest (Langenstroth-Rower et al.,

336 2017), although the precise timing has not yet been determined. Therefore, gonocyte-like cells

337  ind82_and d104 xrtestes likely correspond to in vivo gonocytes in newborn and 4-month-old

338  animals. The kidney transplantation method reported here will be a robust in vivo method for

339  male PGCLC differentiation in other species as well. Recongituted embryonic ovaries from

340  mice and cynomolgus monkeys develop well in mouse kidneys (Matoba and Ogura, 2011;

341  Mizutaet a., 2022). Therefore, the kidney transplantation of (xeno)recongtituted ovaries may be

342  aso useful for advancement of female PGCLC development in marmosets and other species.
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343

344 Successful marmoset PGCLC induction has been previously reported by Yoshimatsu et al.

345  (Yoshimatsu et al., 2021). However, their induction efficiency (~40% for the two ESC lines and

346  1-2% for the two iPSC lines) seemed to be not as high as ours. In addition, their study did not

347  test the developmental potential of these PGCLCs. By contrast, PGCLCs were differentiated

348  into gonocyte-like cells in our study. Their methods involved both transgene (SOX17 and

349  BLIMPL) overexpression and pre-ME/iMeLC induction steps, and it took 10 days (+prior

350  transgene integration) for the procedure. Our method required only 6 days, and no prior

351  transgene integration is required. Furthermore, we did not use BLIMP1, because the addition of

352  BLIMP1 mRNAs to SOX17 mRNAs did not have any positive effect on PGCLC induction in

353 our system (Figure S7). Combinatorial expression of BLIMP1 and SOX17 has been reported to

354  promote PGCLC in humans (Kobayashi et al., 2017). Species difference or different methods

355  used likely account for the discrepancy of the effect of BLIMPL. Recently, another group

356  reported marmoset PGCLC induction from PSCs (Seita et al., 2022). Their induction efficiency

357  was 40% at the highest using a similar method reported in Cynomolgus monkeys and rabbits

358  (Kobayashi et al., 2021; Sakai et al., 2020). They cultured PSCs in the presence of the WNT

359  inhibitor IWR-1, and PGCLCs were directly induced from PSCs without undergoing

360 Pre-ME/iMeLC. Although their PGCLCs differentiated into DDX4-positive cells
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361  (corresponding to late PGCs or gonocytes), complete DNA demethylation and the potential for

362  differentiation into MAGEA4-pasitive gonocyte-like cells were not examined. Thus, our study

363  provides two efficient and useful systems associated with marmoset PGCLCs. (1) an

364  mRNA-transfection-based PGCLC induction system and (2) a kidney transplantation-based

365  PGCLC to gonocyte-like cell differentiation system.

366

367 The gonocyte-like cells generated in this study require further development for the generation

368  of functional gametes. The next step is further differentiation into late gonocyte-like cells that

369  undergo de novo DNA methylation. It is important to understand the cues that initiate de novo

370 DNA methylation. Furthermore, the current protocol requires a long time to differentiate

371  gonocyte-like cells from PGCLCs. Shortening thistime is also an important next step. However,

372 undertaking the norma demethylation process in PGCs is likely important for generating

373 functional gametes. In fact, bypassing this resulted in abnormal DNA methylation patterns in

374 mouse oocytes (Hamazaki et al., 2021). Furthermore, in vitro PGCLC culture and the resultant

375  prior erasure of DNA methylation have been reported to be essential for the spermatogenic

376 potential of PGCLC-derived spermatogonial stem cells (Ishikura et al., 2021). DNA methylation

377  dynamics revealed in this study are, in part, useful for determining which developmental stage

378  can be bypassed without affecting the DNA demethylation process. Our study provides a solid
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379  foundation for complete generation of gametes from pluripotent stem cells.

380

381  Marmoset housng and samplings

382 All animal experiments using marmosets and mice were approved by the Animal Committee of

383  the Central Ingtitute for Experimental Animals (Approval number; 17029A, 18031A, 19033A,

384  21002A, 21012A, and 21052A). Marmosets (CLEA Japan) were housed in Central Institute for

385  Experimental Animals. The marmosets were housed in stainless steel cages (W436 x D750 x

386  H765 mmto W910 x D750 x H2050 mm) under the following conditions: temperature, 27 °C,

387  humidity 40%, room pressure, +20 hPa, light 12 h per day, and basic food CMS-1 (CLEA

388 Japan).

389

390 To obtain fetal gonads (E74 and E82 ovaries and E87 testes), frozen or fresh early embryos

391  (8-cell to morula) were transferred into recipient uteri (Takahashi et a., 2014). The

392  developmental days were determined based on the day of ovulation when the serum

393  progesterone of the recipient animals exceeded 10 ng/ml. Fetuses were obtained by C-sections.

394  The pregnant female marmosets were pre-anesthetized with 0.04 mg/kg medetomidine (Domitor,

395  Nippon Zenyaku Kogyo), 0.40 mg/kg midazolam (Dormicam, Agellas Pharma), and 0.40

396  mg/kg butorphanol (Vetorphale, Meiji Seika Pharma), then sedated by isoflurane (Isoflurane
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397  inhalation solution, Viatris) inhalation. While C-section, the animals were warmed on a warmer
398  pad on the surgery table. The uterus was exteriorized via a midline laparotomy and lifted from
399  the abdominal cavity, and the fetus was removed from the uterus. After C-section, the female
400  marmoset’s abdominal wall and skin were sutured and kept warm in the intensive care unit until
401  awakened from anesthesia.

402 Testis from 22d marmosets was obtained by hemicagtration under anesthesia by inhalation of
403  1-3% isoflurane. Newborn ovaries and adult testes were obtained from animals sacrificed for
404  use in other experiments and for illnesses that could not be cured, respectively. The list of
405  animalsand cell lines used in this study is shown in Table S1.

406

407  Cdl culture

408 Marmoset iPSCs were cultured in MEF-conditioned primate ES cell medium (RCHEMDOO01,
409  REPROCELL) containing bFGF (RCHEOT003; REPROCELL) and 1x antibiotic-antimycotic
410  (0289-54; Nacalai Tesque)(Watanabe et al., 2019). Thereafter, the iPSCs were dissociated into
411  single cells and passaged by treatment using Accumax (17087-54; Nacalai Tesque) at 37 °C and
412 then plated 5.0 x 10" cells in one well of 6-well cell culture plates with conditioned medium
413  containing iMatrix (892021; FUJFILM) and 10 uM Y-27632 (08945-42; Nacalai Tesque).

414
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415 Induction of PGCLCs

416 iPSCs (lines 971 and 972) were induced from ear fibroblast cells as described previously
417  (Watanabe et al., 2019). Lipofection-based mRNA transfection was performed to generate
418  PGCLCs from iPSCs. The day before transfection (day 0), 5.0 x 10* marmoset iPSCs were
419  plated in 12-well cell culture plates. The next day (day 1), the medium was replaced with 500
420  uL of the new conditioned medium. For transfection, two tubes containing 62.5 pL of
421  OPTI-MEM (A4124801; Invitrogen) were prepared. In one tube, RNAs [0.2 pug of SOX17
422 mRNA, 0.05 pg of P53DD mRNA, 0.075 g of the mixture of E3, K3, B18R mRNASs (00-0076;
423  Reprocell)] were added. In the other tube, 1.5 pL of Lipofectoamine RNAiMax Transfection
424  Reagent (13778150; Invitrogen) was added. After mixing well, the solutions in the two tubes
425  were mixed, and the mixture was allowed to stand for 10 min. Next, the mixture was added
426 dropwise into one well of a 12-well plate. The next day (day 2), the medium was replaced with
427 500 pL of new conditioned medium, and RNA transfection was performed again, after which
428  the medium was changed, and RNA transfection was performed at 10 am and 4 pm.

429

430  Onthe morning of day 3 (~10 am), cells were dissociated using Accumax. Subsequently, ~5,000
431  cels were plated in each well of a Nunclon Spher 96-Well plate (174929; Thermo Fisher

432 Scientific) in 100 pL of aRB27 (1% B27/2 mM L-glutamine/1x non-essential amino acids/1x
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433  antibiotic-antimycotic in advanced RPMI medium) containing 50 ng/mL EGF (236-EG-200;

434  R&D Systems), 100 ng/mL SCF (455-MC-050; R&D Systems), 1,000 U/mL LIF (LIF1010;

435  Merck), 400 ng/mL BMP4 (314-BP-500; R&D Systems), and 10 puM Y-27632. The medium

436  was changed every 4 days.

437

438  sclibrary generation and data analyses

439 The iPS cells were dissociated using Accumax, while PGCLCs, ovaries (E74, E82, and

440  newborn), and testes (E87 and 22d) were dissociated using 0.25% trypsin EDTA, and adult

441  testes (3 years 10 months) were digested by stepwise treatment with collagenase 1 (1mg/mL)

442 and 0.25% trypsin EDTA. For iPS cells, PGCLCs, and E82 ovaries, libraries were constructed

443  using a Chromium Next GEM Single Cell 3' GEM Library & Gel Bead Kit v3 (10x Genomics).

444  Other libraries were congtructed using a Chromium Single Cell 3' Library and Gel Bead Kit v2

445 (10x Genomics), and sequencing was performed using a HiSeg4000 system (lllumina). The

446  sample information is summarized in Table S1. See supplementary information for the

447  scRNA-seq and scBS-seq library generation.

448

449 To andyze s 10x data, datasets were mapped to the common marmoset genome, calJac4

450  (calJac3 for Fig. 2C and D), using CellRanger. For annotation of the calJac4 genome, NCBI
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451  Callithrix jacchus Annotation Release 105 was used, and UMI count data were analyzed using

452  Seurat. Normalization and standardization were performed using NormalizeData and ScaleData

453  functions. Principal component analysis was performed using the inbuilt RunPCA function.

454  Dimensionality reduction was visualized in 2D using DimPlot. See supplementary information

455  for thedetailson Fig. 2C, D, 5C, and D.

456

457 10x single cell data were deposited to ArrayExpress (Accession No. E-MTAB-12123) and

458  stRNA-seq/scBS-seq data were registered to DDBJ (Accesson No. DRAQ014666 and

459  DRAO014672).

460

461  Karyotypeanalyss

462 The iPSCs were cultured for 3 h in amedium containing 0.1 pg/mL colcemid (15212012;

463  Gibco) and dissociated into single cells by treatment with Accumax. After collection, the cells

464  were treated with 0.075 M KCI for 30 min at 25°C. Subsequently, the cells were fixed using a

465  fixing solution (70% methanol/30% acetic acid). The fixed cells were then spread onto a glass

466  dlideusing HANABI and stained with Hoechst 33342 (H1399; Invitrogen). Karyotype images

467  were obtained using a Leica 6000B microscope.

468

26


https://doi.org/10.1101/2022.09.20.508677
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.20.508677; this version posted September 20, 2022. 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-NC-ND 4.0 International license.

469  Invivo differentiation

470 To isolate fetal testicular somatic cells, pregnant ICR females were sacrificed, and embryos
471  were collected at E13.5. Fetal male testes were digtinguished from ovaries by their appearance,
472 and the mesonephros attached to the testes were removed using a tungsten needle. Theredfter,
473  the isolated testes were treated with 0.25% trypsin EDTA (25200056; Nacalai Tesque) for 10
474  min a 37 [ for dissociation into single cells. To remove endogenous mouse PGCs, cells were
475  plated in a cell culture plate in MEM « (12571063; Gibco) containing 10% KSR (10828-028;
476  Gibco) and cultured for 6 h (Ohinata et d., 2009). PGCs usually do not attach to plates; the
477  atached cells were removed from the culture plate using 0.25% trypsin/EDTA and collected as
478  fetal tegticular somatic cells.

479

480 Marmoset d4_PGCLCs were purified using SOX17-T2A-tdTomato fluorescence and FACS.
481  Thecollected d4_PGCLCs (5.0 x 10° cells) were mixed with E13.5 fetal testicular somatic cells
482 (5.0 x 10" cells) and plated in an ultra-low attachment 96-well plate (174929; Thermo Fisher
483  Scientific) with MEM a containing 10% KSR, 1x antibiotic-antimycotic and 10 uM Y 27632.
484  The next day, cell aggregates were transplanted under the kidney capsule of NOG
485  (NOD/Shi-scid, IL-2RyKO) mice to promote differentiation (Ito et al., 2002). Thereafter, NOG

486  mice were anesthetized using medetomidine, midazolam, and butorphanol, and an incision was
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487  made in the peritoneum to expose the kidney capsule. Next, the kidney capsule was carefully

488  incised using an injection needle under an inverted microscope, and cell aggregates were picked

489  upusing aglass capillary and transplanted into the kidney capsule.

490

491 Immunofluorescence

492  Xrtestes were collected from kidneys, fixed in 4% PFA (09154-56; Nacalai Tesque), and then

493  embedded into paraffin blocks. Afterward, xrtestes sections (4 um) were deparaffinized and

494  rehydrated using a xylene and ethanol series. For antigen retrieval, slides were heated to 95 °C

495  for 10 min in 0.01 M citrate buffer (pH 6.0). The sections were blocked using a primary

496  antibody diluent (AR9352; Leica Biosystems) and incubated overnight a 4 °C with the

497  following primary antibodies. anti-GFP (308SS; 1:1,000; Novus Biologicals), anti-GFP

498 (ab5450; 1:3,000; Abcam), anti-LAMININ (L9393; 1:200; Sigma-Aldrich), anti- 3 3 -HSD

499  (sc-515120; 1:1,500; Santa Cruz Biotechnology Inc), anti-WT1 (ab89901; 1:500; Abcam),

500  anti-MKI167 (NCL-ki67p; 1:50; Leica Biosystems), anti-TFAP2C (sc-12762; 1:100; Santa Cruz

501  Biotechnology Inc), anti-DDX4 (AF2030; 1:500; R&D Systems), anti-MAGEA3/4

502 (MABC1150; 1:250; Merck), and anti-PIWIL4 (GP1831 produced in a guinea pig;

503  AHSSFRATEVGRTQD-Cys, 1:200). Subsequently, the sections were incubated with

504  species-specific secondary antibodies for 60 min at room temperature.
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505

506 RT-gPCR

507 Purified RNA was extracted from undifferentiated marmoset iPSCs, sorted d4 PGCLCs, and

508  xrtestes using TRIzol Reagent (15596026; Invitrogen). RNA was converted to cDNA using

509  Superscript 1V Reverse Transcriptase (11766050; Invitrogen), and gene expression analysis was

510  performed using the primerslisted in Table S2.

511
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Figure Legends

Figure 1. mRNA-based generation of PGCL Csfrom iPSCs

A Schematic diagram for the generation of PGCLCs from iPSCs. B mRNA-mediated induction

of PGCLCs. An IRES-mCherry cassette was inserted into the 3'-UTR of the NANOS3 gene to

monitor differentiation into PGCLCs. The two charts represent the results of the normal

induction procedure (left) or mRNA transfection step omission from it (right). C Microscopic

observation of mCherry fluorescence of PGCLCs. PGCLCs were generated using the same
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541 conditionsas B. D Time course examination of SOX17-tdTomato fluorescence.

542

543  Figure 2. Gene expression analyses of marmoset PGCL Csinduced from iPSCs

544 A Single-cell analyses of iPSCs and PGCLCs. B Well-characterized iPSC markers (SOX2 and

545  ZIC2) and PGC markers (SOX17, NANOS3, KIT, and DND1) were found in the genes

546 contributing to PC1. C In addition to the iPSCs and PGCLCs, mesoendoderm-like cells

547  (NODAL and MIXL1), a small number of endoderm-like cells (SOX17 and FOXA2),

548  mesenchymal-like cells (HAND1, ANXA1, and VIM), and amnion-like cells (HAND1, TFA2PC,

549  and GABRP) were present. D Heatmap analyses of marker genes. iPSCs, PGCLCs, and

550  marmoset endogenous developmental germ cells were examined. E PCA of PSCs, PGCLCs,

551  and developing germ cells from humans (left and center) and marmosets (right). Published

552 human data were downloaded(Chen et al., 2019; Kojima et al., 2017; Li et al., 2017; Sohni et

553  al., 2019) and analyzed together with marmoset data. Human data are shown in two separate

554  panels according to the scRNA-seq platform. The anchoring function was used to integrate

555  datasets of different platforms.

556

557  Figure3. Proliferation of PGCLCsin xrtestisformed in mouse kidneys

558 A Scheme for differentiation of PGCLCs. B d28 xrtestes formed under the kidney capsule.
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559  PGCLC (972-STCE)-derived cells express GFP and tdTomato. Scale bar: 2 mm. C

560  Recongtitution of testis structure (d104 xrtestes). Immunohistochemical analyses of the

561  transplanted tissues. Markers: LAMININ (basement membrane), HSD3B (Leydig cells), and

562  WTL (Sertoli cells). PGCLC (971-STCE)-derived cells express GFP. Scale bars: 100 um (top)

563  and 20 um (bottom). D Time course change in the number of PGCLC (971-STCE)-derived cells

564  during xrtestis development. Days after transplantation are indicated on the left side of the

565  pictures. Scale bar: 20 um. E Many PGCLC (971-STCE)-derived cells express MKI67 in

566  d30 xrtestes. Scale bar: 20 um.

567

568  Figure4. Differentiation of marmoset PGCL Csinto Gonocyte-like cells

569  Immunofluorescence analyses of marker gene expression in developing xrtestes (972-STCE)

570 and d5_PGCLC aggregates. TFAP2C (A), DDX4 (B), MAGEA4 (C), and PIWIL4 (D). White

571  arrows indicate nuclear PIWIL4 staining. These staining patterns were different from those of

572 cytoplasmic EGFP staining. Scale bar: 20 pm.

573

574  Figure5. DNA methylation analyses during germ cell development from PGCLCs

575 A Single cell analysis of DNA methylation during PGCLC development. PGCLCs d4 and

576  PGCLCs d12 correspond to 4-days and 12-days of floating aggregate culture respectively.
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577  d5-d104 represent duration (days) after transplantation into mouse kidneys. B Developmental

578  dynamics of DNA methylation levels of retrotransposons. The average values are shown. C

579  Heatmap analyses of marker genes. D The data obtained by 10x and scRNA-seq/scBS-seq are

580  shown together (left) or separately (center and right). The anchoring function was not used to

581  integrate datasets of different platforms. There is a small displacement between the iPSCs of the

582  10x platform and iPSCs of the sScRNA-seg/scBS-seq platform.

583
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