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ABSTRACT

Changes in gene expression represent an important source for phenotypical innovation.
Yet, how such changes emerge and impact the evolution of traits remains elusive. Here, we
explore the molecular mechanisms associated with the development of masculinizing ovotestes
in female moles. By performing comparative analyses of epigenetic and transcriptional data in
mole and mouse, we identified SALLI as a co-opted gene for the formation of testicular tissue in
mole ovotestes. Chromosome conformation capture analyses highlight a striking conservation of
the 3D organization at the SALL1 locus, but a prominent evolutionary turnover of enhancer
elements. Interspecies reporter assays support the capability of mole-specific enhancers to
activate transcription in urogenital tissues. Through overexpression experiments in transgenic
mice, we further demonstrate the capability of SALLI to induce the ectopic gene expression
programs that are a signature of mole ovotestes. Our results highlight the co-option of gene
expression, through changes in enhancer activity, as a prominent mechanism for the evolution of

traits.
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INTRODUCTION

Coordinated gene expression represents the cornerstone of developmental processes and
homeostasis. In animals, transcription is mainly controlled by the action of cis-regulatory
elements (CREs), such as enhancers, which control gene expression patterns with spatial and
temporal precision. CREs control tissue-specific aspects of gene expression, acting in cooperation
to constitute complex and pleiotropic gene expression patterns?. To exert their function, CREs are
required to get into physical proximity with gene promoters, an operation mediated by the 3D
folding of chromatin. CRE-promoter interactions are framed within topologically associating
domains (TADs), large genomic regions with increased interaction frequencies, that are shielded

from the regulatory influence of other genomic regions23.

Coding mutations usually modify the general function of a gene, thus inducing systemic
effects that might be detrimental for the development of an organism. In contrast, mutations in
CREs display tissue-specific effects, while preserving essential gene functions in other tissues.
Consistently, the multiplicity of CREs can confer variations in expression patterns that contribute

to gene pleiotropy, and support the rapid evolvability of these non-coding elements#. Variations

in gene expression and function underlie the evolution of phenotypic traits and can be the basis
for species adaptation. Indeed, mutations disrupting coding sequences have been associated with

the emergence of certain traits, such as coat color or featherss.

A prominent example of phenotypic evolution is observed in Talpid moles. In these
species, female individuals consistently develop ovotestes, instead of ovariesé. These gonads are
composed of ovarian tissue, supporting a fertile function, and a sterile testicular portion that
secretes male hormones. These hormones exert a masculinizing effect in female moles, increasing
muscle strength and aggression, in line with their adaptation to subterranean environments. In a
previous study, we demonstrated that the evolution of ovotestes is associated with the
reorganization of TADs, which alter CRE-promoter interactions and gene expression patterns?. In
particular, a large inversion relocates active enhancers in the vicinity of the pro-testicular gene
FGF9, whose ectopic expression in female gonads leads to meiosis inhibition and masculinization.
In addition, a duplication of enhancer elements is associated with the increased expression of
CYP17A1 encoding an enzyme for male hormone synthesis and increases muscle strength. While
the observed regulatory changes at these loci explain partially the mole phenotype, it is plausible
that additional mechanisms contribute to the evolution of this trait.

In this study, we further investigate the molecular mechanisms associated with mole
ovotestis development. Using comparative epigenetic and transcriptional approaches in mole and
mouse, we identify the transcription factor SALL1 as an early marker of mole ovotestis

development. We observe that SALLI has been co-opted in the formation of XX testicular tissue
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in the Iberian mole Talpa occidentalis. Our finding is further supported by expression analyses in
closely related species developing normal ovaries, like shrews and hedgehogs. We determine the
regulatory landscape of this gene, highlighting an evolutionary conserved TAD structure that
undergoes prominent variation at the internal enhancer composition. Through in vivo
interspecies reporter assays, we highlight the potential of enhancer variation to evolve new
activity domains in moles. By using transgenic mice that overexpress Salll in ovaries, we
demonstrate the capacity of this factor to activate gene expression programs that are distinctive
of mole ovotestis formation. Altogether, our results shed light on the molecular basis of a unique

trait, putting forward the important role of regulatory variation in evolution.

RESULTS
Evolutionary conservation of mammalian gonadal enhancers

CREs represent a major source of tissue-specific gene expression. We previously explored
the regulatory landscape of mole developing gonads, at an early postnatal stage (7 days post-
partum - stage P7). At this developmental time-point, testicular and ovarian tissues from female
ovotestes are first morphologically discernable and can be clearly microdissected (Figure 1A).
Furthermore, Leydig cells of the testicular part differentiate and produce testosterone, whereas
meiosis initiates in the ovarian part, an event considered as one of the earliest signs of female
gonadogenesis in mammals8. We identified regulatory elements in mole gonads by performing
ChIP-seq experiments against a combination of histone marks, H3K27Ac together with H3K4me1l
and H3K4me3, for the distinction of enhancers and promoters, respectively. By using the tool
CRUP?, we combined these datasets in each sampled tissue to call and rank active regulatory

regions according to their enhancer probability score (Figure 1B).
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Figure 1. Characterization of regulatory elements in mole ovotestes.

A.  Hematoxylin and eosin staining of mole gonads at postnatal stage P7. Female ovotestis in upper panel, testis
in lower panel. OP, TP and T means ovary part, testis part and testis respectively. Note the clear separation
into two parts of the ovotestis. Scale bars represent 100um.

B. Scheme of the gonadal tissues sampled to generate the epigenetic datasets in mole and mouse. Five tissues
and three different histone modifications were used for the ChIP-seq experiments.

C. Percentage of mole enhancers conserved compared to mice, at the sequence level in gray and at the enhancer

signature level in light red.

To explore the degree of conservation of the enhancer landscape in moles, we generated
analogous datasets from mouse gonads, at a time point when Leydig cells differentiate and
meiosis takes place (E13.5; Figure 1B). By comparing mole and mouse gonadal epigenetic

datasets, we observed that from 70,618 predicted enhancers in mole gonads approximately 65%

are conserved at the sequence level (Figure 1C). However, only 25% of those enhancers are
active in both species, meaning they share an active enhancer signature in both mole and mouse
gonads (Supplementary Table 1). Accordingly, approximately 40% of the predicted sequence
conserved enhancers represent mole-specific regulatory regions and are thus potentially
associated with characteristics of this species. Therefore, our results imply a prominent turnover

of enhancer sequence and function during gonad evolution.
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116  Co-option of Salll expression in mole ovotestis formation

117 Our approach identified a subset of 6,419 mole-specific enhancers that are only active in
118  the testicular part of the ovotestis, which could potentially contribute to the development of this
119  unique tissue. We then explored if these enhancers are associated with the acquisition of specific
120  transcriptional signatures using RNA-seq datasets from the same developmental stage. We
121  therefore jointly ranked enhancers by specificity in enhancer probability in the testicular part of
122  the ovotestes and the specific expression of their putative target gene in the same tissue. We
123  defined the putative target genes of each enhancer as the gene with the closest transcription start
124  site to the enhancer region within the same TAD. This approach prioritizes genes whose
125  respective regulatory domain contains enhancer elements specifically active in the testicular part
126  compared to the ovary part and the male testis (Figure 2A, Supplementary Table 2). The top-
127  ranking genes identified by this approach were NPY and SALL1. NPY is a hormone neuropeptide
128  expressed in Leydig cells1011, whereas SALL1 is a transcription regulator involved in cell fate
129  decisions!2. SALL1 is usually expressed during development in embryonic tissues, including eye,
130 limb or kidney?3. Strikingly, our RNA-seq data revealed that SALLI is highly expressed in the
131 testicular part of mole ovotestes at P7, but not in the XY testis or the XX ovarian region. In fact,
132 SALL1 is highly expressed already in the early embryonic ovotestis and becomes specific to the
133 testis part as the organ differentiates (Figure 2B). In humans, mutations in SALLI are associated
134  with a congenital malformation syndrome affecting limbs, kidneys and ears (Townes Brocks
135  syndrome, OMIM #107480)14 and misexpression has been linked to certain types of androgen-
136  producing ovarian tumors!?s, indicating that it might be involved in re-programming of ovarian

137 cells.
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139 Figure 2. Identification of SALL1 as a marker for testis part formation in mole ovotestes.

140 A.  Top 20 enhancer regions ranked by enhancer score and specificity of expression of the associated gene in the
141 testis part of the ovotestis. Note the two SALL1 enhancers which are highly ranked (rank 2+16).

142 B. SALL1 expression levels in RPKM from mole RNA-seq data at different developmental time points.

143 C. Spatio-temporal profile of expression in moles (immunofluorescence, SALL1 in red; DAPI in blue). Note that
144 SALL1 is spatially restricted to the medullary (testicular) region of the mole ovotestis at E20 and is also
145 present in the testis part thereafter. Inset shows localization to Sertoli-like cells. OP: ovarian part, TP:
146 testicular part. Scale bars: 100 pm.

147 D. Spatial expression of SALL1 in adult female hedgehog (left) and adult female shrew (right)
148 (immunofluorescence, SALL1 in green, ovarian marker FOXL2 in red). Note absence of SALL1 expression.
149 Black and white bars represent 1000 pm and 20 um, respectively.

150

151 To further explore the spatio-temporal dynamics of SALL1 expression, we performed

152  immunostaining in mole gonads at different stages of development (Figure 2C). This analysis
153  revealed that SALL1 expression is specific to the mole female gonad, and importantly, this

154  expression is spatially restricted to the medullary region of the developing ovotestis, which is the

6
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155  precursor of the testicular tissue. Specifically, SALL1 expression is restricted to the Sertoli-like
156  cell population. This expression pattern is constant during the entire development and persists
157 in adulthood, thus constituting SALL1 as a bona-fide marker for the testicular tissue of mole

158 ovotestis.

159 We then explored the evolutionary conservation of SALL1 expression, by investigating
160 the gene expression in other mammalian species. We examined the pattern of expression of Sall1
161  in mice by immunostainings and transcriptomic analyses. Immunostaining analyses showed a
162  complete absence of SALL1 protein in mouse gonads at embryonic stage E13.5, however, the
163  protein could be detected in known Salll-expressing tissues, such as the embryonic kidneys
164  (Supplementary Figure 1A). This observation is extended to adulthood where RNA-seq data
165  shows practically no expression in both males and females when compared to the mole
166  (Supplementary Figure 1B). We further expanded our analysis of SALL1 expression to also
167 include species from the order Eulipotyphla, which are evolutionarily close to moles!s.
168  Specifically, we analyzed ovarian samples from the hedgehog Atelerix albiventris, as well as from
169  the common shrew, Sorex araneus, the latter species belonging to the closest taxonomic group
170  but developing normal ovaries. Immunostaining analyses showed an absence of SALL1
171  expression in the gonads of these two species (Figure 2D). Overall, these results suggest that

172  SALL1 expression has been co-opted in mole ovotestis development.
173
174  Conserved 3D organization but divergent enhancers at the mole SALL1 locus

175 To define the regulatory landscape of SALL1, we examined previously published Hi-C data
176  from different mole tissues’ (Figure 3A, Supplementary Figure 2). Chromatin interaction maps
177  revealed alarge 1 Mb TAD, in which SALL1 is the only protein-coding gene. The interaction profile
178  of SALL1 in the testicular part of the ovotestis was further explored at increased resolution
179  through circular chromosome conformation capture (4C-seq), using the gene promoter as a
180  viewpoint (Figure 3B). These experiments demonstrate prominent interactions of SALLI across
181  the entire TAD, with a sharp decrease in contacts outside this domain. We then explored the
182  degree of conservation of the SALLI interaction profile by comparing the mole against mouse
183  datal”. This comparison revealed that, despite notable differences in SALL1 expression, the locus
184  displays a remarkable preservation of the 3D structure across species (Supplementary Figure

185  3A).
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Figure 3. Regulatory domain and the epigenetic landscape of SALL1

HiC map from mole embryonic limbs denotes the domain of SALL1 in a large gene desert.

B. 4C-seq analysis from female adult testis part with SALLI as viewpoint. Note high interaction frequency
between the gene promoter and the surrounding 1Mb desert clearly demarcating the SALLI regulatory
domain.

C. Epigenetic landscape of SALL1 in the three tissues sampled, called with the tool CRUP. Note the presence of
numerous active enhancers in the testicular part of the ovotestis where SALL1 is specifically expressed.

D. Zoom in on two mole regions containing five specific regulatory elements for the testis part of the ovotestes,
named as E1-5.

E. Homologous regions to the testis part enhancers in the mouse genome. Homologous regions are marked as

gray bars. Note the absence of enhancer activity of these regions despite the sequence conservation in

vertebrates 18(60 vertebrates Basewise Conservation by PhyloP).

Next, we overlaid the SALLI interaction profile with the epigenetic datasets, to identify

potential regulatory elements (Figure 3C). This revealed several candidate enhancer regions that
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202  were active in the testicular part of the ovotestis. Specifically, we identified one enhancer unique
203 for the testicular portion close to SALLI, as well as a distant cluster of four enhancers. This
204  enhancer cluster is indeed in close physical proximity to the SALL1 promoter, as denoted by a
205  specific loop in the Hi-C map and an increase in contacts in the 4C profile. A zoom in on these
206 regions highlights the specificity of these enhancers for the testicular part of the ovotestes
207  (Figure 3D). A comparison with the respective mouse epigenetic datasets revealed that these
208 elements were not active in mouse gonads but nevertheless show a high degree of sequence
209  conservation across vertebrates. This conservation at the sequence level denotes the potential of

210  these regions to evolve at the regulatory level (Figure 3E).

211 To validate the activity of these putative enhancers in vivo, we tested the mole regions for
212 enhancer activity in mouse transgenic LACZ reporter assays19. We selected the five mole elements
213  (E1-5; Figure 3D) that display high conservation across vertebrates but are not functionally
214  conserved in mouse gonads. At E13.5, all of the tested regions showed reproducible tissue-
215  restricted activity, thus confirming them as true enhancers (Figure 4; Supplementary Figures
216  4-8). Enhancer activity was observed in several tissues, such as the limbs or eyes, in which Salll
217  isknown to be expressed. Interestingly, enhancer 3 displayed specific activity in kidneys, another
218  Salll-expressing tissuel3, which is consistent with its predicted enhancer activity in this tissue
219  (Supplementary Figure 3B). While none of these enhancers induced reporter expression in
220  developing gonads, enhancers 1, 2, 4 and 5 were active in the adjacent mesonephros. Importantly,
221  this tissue has the same ontogenetic origin as the gonads, and contributes to its cellular
222  composition, through cell migration. These enhancers are possibly activated in mole ovotestes by
223  a different pool of transcription factors, not present in mouse gonads. However, their
224  mesonephric activity in mice and their vertebrate conservation suggests a prominent evolvability
225  for these elements. Altogether, our results suggest that the evolution of enhancers may underlie

226  SALLI1 expression in the testicular part of the mole ovotestis.
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Enhancer 1

Mesonephros = 4/5
Kidney = 0/5
Gonads = 0/5

Enhancer 2

Mesonephros = 7/10
Kidney = 0/10
Gonads = 0/10

Enhancer 4

Mesonephros = 3/5
Kidney = 0/5
Gonads = 0/5

Figure 4. LACZ reporter assays for enhancer elements E1-5 associated with SALL1

The enhancer activity of each element is depicted in a separated box 1 to 5. Entire embryos at E13.5 are displayed next

to the dissected urogenital tracts. Me: mesonephros, te: testes, ov: ovaries, ki: kidneys. Black and white bars represent

1000 and 100 pm, respectively.
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232  SALL1 expression triggers specific gene expression programs during ovarian development

233 To investigate the effects of Salll expression during early gonadal development, we
234  induced its expression in the mouse ovary. For this purpose, we created a BAC construct to
235  overexpress Salll in somatic ovarian cells (Figure 5A). The BAC contains the regulatory elements
236  and the promoter of the Wt1 gene, which is constitutively expressed in gonadal somatic cells29,
237  but the gene is replaced by the coding sequence of Salll. Through PiggyBac transgenesis, we
238  integrated this construct into female mouse embryonic stem cells (mESC), which were
239  subsequently used to generate transgenic mice through morula aggregation. In contrast with the
240  wildtype ovaries, mutant ovaries successfully express Salll in the somatic cells, as denoted by the
241  overlapping signal with FoxI2, a bonafide marker for female somatic ovarian cells?! (Figure 5B).
242  However, at the phenotypic level, adult female mice did not show major morphological gonadal
243  alterations and breed normally. This suggests that Salll alone is not sufficient to induce the

244  development of testicular structures.

245 To gain further insights into the molecular signatures of Salll ovarian expression, we
246  performed RNA-seq in gonads from mutants and litter-mate controls at E13.5. This analysis
247  revealed around 400 deregulated genes where Salll is the most significantly up-regulated gene
248  (Figure 5C, Supplementary Table 3). To understand the consequences of Salll expression in
249  female gonads, we compared the deregulated genes in the mutant ovaries to those specifically
250  expressed in the testis part of the ovotestis. We found 56 and 36 genes commonly upregulated
251  and downregulated, respectively, in the mutant mice and in the female testicular part in moles.
252  Gene ontology enrichment analyses reveal no enrichment for the downregulated genes, however
253  the upregulated genes were enriched in terms related to kidney development, ureteric bud
254  morphogenesis and mesonephros development (Figure 5D, Supplementary Figure 9). The
255  upregulation of genes involved in mesonephros development is concordant with the reporter
256  activity of the mole testis part enhancers in the mesonephros of mice. These results showed that
257  similar gene regulatory networks are active in the mesonephros and in the testis part of the
258  ovotestis and highlight that the SALL1 gene co-opted for ovotestes development through the

259  acquisition of specific enhancers.

11


https://doi.org/10.1101/2022.10.28.514220
http://creativecommons.org/licenses/by-nc-nd/4.0/

260

261
262

263
264
265
266
267
268

269
270
271

272

273

274
275
276
277

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.28.514220; this version posted October 28, 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.

A E17.5 wt ovary

E17.5 mut ovary

Salll

BAC
regulatory domain of Wtl

‘PB-ITR -bck- PB-ITR

C : : o—salt [

' t GO biological process P-value
Q hymal to epithelial transition involved in p morph i 6,86E-05
kidney development 7,36E-05
. ! ' metanephric nephron morphogenesis 1,34€-05
2 ./RQSZ urogenital system development 1,18E-05

i ' ] Q regulation of mesenchymal to epithelial transition involved in h
8 : ! morphogenesis 4,82E-02

e ;
3 Guey1a3 _~Adamisi9 Q positive regul of branchi Ived in ureteric bud morphogenesis 1,45E-02
S, 2 Pixnct ! ///Bacog ' renal tubule morphogenesis 5,20€-06
@ Kond2\ ‘ - AW551984 Q hric tubule devel 1,10€-05
o—Calbi o '/ 1d2__Lrm1 praW Oprki mesonephric epithelium development 1,10E-05
o ro/ & Aldh1a2 ' - o ./; mesonephros development 1,24€-05
Pro” g0 b N\ A (Q cardiac ventricle development 2,02E-06
% ® % o \oi2i ", o@Bp CntnarSy o by T T o :

,,,,,,,,,, 00 ° oo i . 4 e atee® O growth in mor 6,73€-05
0 v Dcaf1211 ' Q) sensory organ morph i 7,25E-05

Fold Change (Logy)

Figure 5. Overexpression of Sall1 in mouse embryonic ovaries results in hundreds of dysregulated

genes

A. Cloning strategy to overexpress Salll in somatic ovarian cells through BAC transgenesis. Sall1 is regulated
under the promoter and regulatory regions of the gonadal somatic gene, Wt1.

B. Immunostainings against SALL1 (green) and FOXL2 (red) in wildtype and mutant ovaries at E17.5. Note the
high abundance of double positive cells (orange) for SALL1 and FOXL2 in the mutant gonad, confirming the
overexpression success.

C. Volcano plot from RNA-seq of mutant ovaries compared to control ovaries from littermates at E13.5. Names

of the 20 most deregulated genes are highlighted. Note that Sall1 is the most significantly upregulated gene.

D. Gene ontology enrichment analyses of the common upregulated genes in the Salll mutant ovaries and in the

testis part of the ovotestes.
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278  DISCUSSION

279 Across vertebrates, gonadal development is characterized by a remarkable evolutionary
280  plasticity?223, This is particularly highlighted by the development of ovotestes in moles, in which
281  the development of a testicular region that increases the production of male hormones is fully
282  compatible with a reproductive functionsé. In previous studies, we demonstrated that mole
283  ovotestis development is associated with a prolonged expression of FGF9 through early gonadal
284  development’. This heterochronic expression pattern delays the onset of female meiosis and
285  creates a pro-testicular environment that is critical for ovotestis development. Our transgenic
286  experiment revealed that SALLI overexpression can activate ectopic gene expression programs.
287  Interestingly, this program is characterized by molecular signatures that are shared with other
288  SALLI-expressing tissues, including kidneys, and that affect the expression of mesonephros-
289  related genes. This program is not sufficient to trigger sex-reversal mechanisms, as denoted in
290 phenotypical analyses. Therefore, it is plausible that SALLI may cooperate with other factors in
291  ovotestis development and/or benefit from the pro-testicular environment that FGF9
292  misexpression induces.

293

294 During evolution, genes are frequently co-opted for species-specific processes. These
295  effects are often mediated by changes in the activity of regulatory elements that preserve the
296 essential function of genes and, at the same time, allow a diversification of its expression in new
297  tissues and cell types?4-26, Mole enhancers were not able to recapitulate gonadal expression in
298  mouse reporter assays. This might indicate that additional trans-acting factors are required for
299  their activation. However, SALL1 enhancers also display consistent activity in the mesonephros,
300 atissue that shares a common molecular origin with the gonad. Furthermore, the mesonephros
301 is a known source of endothelial, myoid and supporting cells to the gonad?7.28, Interestingly, the
302  developing ovotestes of the mole, in contrast to female gonads of most mammalian species, show
303 a prominent expression of migration markers2939. Thus, migrating cells from the mesonephros
304 could contribute to the mole ovotestis. In fact, the overexpression of Salll in ovaries activates
305 genes enriched in mesonephros development and these genes are shared with the testis part of
306 the ovotestis. Thus, our finding suggests that the origin of this tissue might be the mesonephros
307  with SALL1 being co-opted to initiate common pathways. The mesonephric activation of SALL1
308 is driven by several enhancers, resembling a functional redundancy of CREs that has been
309  described at multiple developmental loci3!. Such cooperative activity has been proposed to arise
310 by an initial gain of transcription factor binding sites that is progressively stabilized through the
311 recruitment of additional sites at other elements, giving capacity to these elements to evolve in
312  different functional directions32.

313
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314 TAD structures serve as a spatial scaffold, in which regulatory elements interact with their
315  cognate genes, thus representing the existence of large 3D regulatory landscapes contributing to
316  the specificity of gene expression. These domains have been suggested to represent a fertile
317  ground for the evolution of gene expression33-35. Previous studies have demonstrated that TADs
318 impose important constraints during evolution, as genomic rearrangements are more prone to
319 occur at boundaries, preserving TADs as entire regulatory units36. However, genomic
320 rearrangements that reorganize TADs can be also associated with changes in gene expression
321  that might induce the evolution of traits37. This has been recently exemplified with the ectopic
322  activation of the PCP pathway, linked to the development of enlarged fins in skates but also in
323  moles where genomic rearrangements affecting the FGF9 and CYP17A1 TADs are associate to
324  intersexuality?:38. The results of these studies also highlight that the evolution of CREs within
325 conserved TADs is a prominent mechanism for evolution. This is exemplified by the striking
326  conservation of TAD organization at the SALLI TAD, which is characterized by a remarkable
327  internal evolution of CREs. These results are consistent with previous observations and further
328 reinforce the idea that TADs might serve as a scaffold for the evolution of gene pleiotropy?2639. In
329 summary, our results demonstrate the co-option of SALLI in mole ovotestis development,
330 through regulatory changes that occur in spite of a striking conservation of TAD organization.
331  This highlights the multilayered nature of gene regulation and how changes at different levels can
332  serveas a driving force for the evolution of traits.

333
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339 Supplementary figures
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340

341  S1.Salll expression pattern in mouse gonads.

342 A. Immunostainings of SALL1 (red) and FOXLZ2 and SOX9 (green) as markers of somatic
343 female and male cells, respectively. O: ovary, T: testis, K: kidney. Note the absence of
344 SALL1 positive cells in the embryonic gonads but the specific expression in the adjacent
345 kidney.
346 B. RPKMs quantification from RNA-seq data of adult gonads in mouse and mole. Expression
347 levels in mouse are lower compared to mole and not sex-specific.
348
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351  S2.HiC maps comparison between limb and ovotestis

352 A. HiC maps at high resolution from embryonic limbs with the corresponding TAD calling
353 (black bars) underneath.

354 B. HiC maps from adult ovotestis with the corresponding TAD calling (black bars)
355 underneath. Note the conservation of the SALL1 TAD domain between tissues.
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359  S3.Regulatory domain of Sall1 in mouse.
360 A. HiC map from Neural progenitor Cells (NPCs) denotes the domain of Sall1 in a large gene
361 desert.
362 B. Virtual 4C-seq analysis from NPCs HiC maps with SALLI as viewpoint. Note high
363 interaction frequency between the gene promoter and the surrounding 1Mb desert
364 clearly demarcating the Salll regulatory domain. The domain is strikingly conserved
365 between cell types and species.
366 C. ATAC-seq track from mouse embryonic kidneys at E14.5 to identify regulatory regions in
367 this tissue.
368 D. Zoom in on the two equivalent regions where the mole enhancers were identified.
369 Homologous regions are marked as gray bars and labeled as E1-5. Consistent with our
370 enhancer activity results, enhancer 3 (E3) coincides with an ATAC-seq peak in kidneys.
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Enhancer 1

Embryo 2 Embryo 1

Embryo 3

Embryo 4

Embryo 5

S4. LACZ enhancer reporter assay for Enhancer 1.

All embryos analyzed for this enhancer are depicted. Entire embryos at E13.5 are displayed next
to the dissected urogenital tracts. Me: mesonephros, te: testes, ov: ovaries, ki: kidneys. Four out

of five embryos showed mesonephros-specific staining. Black bars: 1000 um, white bars: 100 pm.

17


https://doi.org/10.1101/2022.10.28.514220
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.28.514220; this version posted October 28, 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.

Enhancer 2

g9 - é9

£
N 2 )
‘ ' (""\ ‘ Q (1‘

Embryo 6

Embryo 1

Embryo 2
Embryo 7

Embryo 3

Embryo 8

Embryo 9

Embryo 4

¢®

378  S5.LACZ enhancer reporter assay for Enhancer 2.

Embryo 5
Embryo 10

377

379  All embryos analyzed for this enhancer are depicted. Entire embryos at E13.5 are displayed next
380 tothe dissected urogenital tracts. Me: mesonephros, te: testes, ov: ovaries, ki: kidneys. Seven out

381  often embryos showed mesonephros-specific staining. Black bars: 1000 um, white bars: 100 um.

382
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Enhancer 3

383

384  S6.LACZ enhancer reporter assay for Enhancer 3.

385  All embryos analyzed for this enhancer are depicted. Entire embryos at E13.5 are displayed next
386  to the dissected urogenital tracts. Me: mesonephros, te: testes, ov: ovaries, ki: kidneys. Three out

387  of five embryos showed kidney-specific staining. Black bars: 1000 um, white bars: 100 um.
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Enhancer 4

Embryo 4 Embryo 3 Embryo 2 Embryo 1

Embryo 5

S$7.LACZ enhancer reporter assay for Enhancer 4.

All embryos analyzed for this enhancer are depicted. Entire embryos at E13.5 are displayed next
to the dissected urogenital tracts. Me: mesonephros, te: testes, ov: ovaries, ki: kidneys. Three out

of five embryos showed mesonephros-specific staining. Black bars: 1000 um, white bars: 100 pm.
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Enhancer 5

Embryo 4 Embryo 3 Embryo 2

Embryo 5

$8. LACZ enhancer reporter assay for Enhancer 5.

All embryos analyzed for this enhancer are depicted. Entire embryos at E13.5 are displayed next
to the dissected urogenital tracts. Me: mesonephros, te: testes, ov: ovaries, ki: kidneys. Two out

of five embryos showed mesonephros-specific staining. Black bars: 1000 um, white bars: 100 pm.
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A Mus musculus (REF) upload_1 (V_Hierarchy NEW! @)
GO biological process complete # # expected Fold Enrichment +/- raw P value FDR
metanephric nephron morphogenesis 18 3 .04 67.89 + 1.79E-05 4.03E-02
bmetanephros morphogenesis 24 3 .06 50.92 + 3.89E-05 4.09E-02
banimal organ development 3306 20 8.12 2.46 + 6.24E-05 4.68E-02
bsystem development 3813 25 9.36 2.67 + 8.56E-07 1.35E-02
bmulticellular organism development 4559 26 11.19 2.32 + 1.01E-05 2.64E-02
burogenital system development 368 7 .90 7.75 + 3.46E-05 4.20E-02
Yanimal organ morphogenesis 1057 1 259 4.24 + 4.59E-05 4.02E-02
banatomical structure morphogenesis 2337 19 574 3.31 + 1.50E-06 1.18E-02
bnephron development 136 5 .33 14.98 + 245E-05 3.51E-02
positive regulation of branching_involved in ureteric bud morphogenesis 23 3 .06 53.13 + 3.47E-05 3.90E-02
bregulation of branching involved in ureteric bud morphogenesis 25 & .06 48.88 + 4.35E-05 4.04E-02
bregulation of morphogenesis of a branching structure 66 4 .16 24.69 + 261E-05 3.43E-02
bregulation of multicellular organismal process 2989 19 734 2.59 + 5.28E-05 4.38E-02
ventricular septum development 82 4 .20 19.87 + 5.88E-05 4.63E-02
beardiac ventricle development 145 6 .36 16.86 + 1.84E-06 9.66E-03
beardiac chamber development 192 6 A7 12.73 + 8.77E-06 2.76E-02
developmental growth involved in morphogenesis 153 5 .38 13.31 + 4.22E-05 4.16E-02
anatomical structure formation involved in morphogenesis 980 1 241 457 + 2.32E-05 3.65E-02
negative regulation of multicellular organismal process 1154 12 283 4.24 + 1.96E-05 3.87E-02
epithelium development 1161 12 285 4.21 + 2.08E-05 3.65E-02
Lbtissue development 1785 16 4.38 3.65 + 3.88E-06 1.53E-02
B Mus musculus (REF) upload_1 (V_Hierarchy NEW! @)
GO cellular component complete # # expected Fold Enrichment +/- raw P value FDR
399 extracellular region 2875 20 7.06 2.83 + 7.91E-06 1.61E-02

400  S9. Gene ontology enrichment of commonly upregulated genes in female mole testis part

401 and mouse Sall1-overexpressing mutants.

402 A. GO terms for biological processes.

403 B. GO terms for cellular components.
404
405
406
407
408
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410 MATERIAL AND METHODS
411 Animal models

412  Adult, infant or embryonic specimens of the Iberian mole Talpa occidentalis were used with
413  annual permission from the Andalusian Environmental Council. The animals were captured alive
414  in poplar groves plantations in Santa Fe, Chauchina and Fuentevaqueros (Granada province,
415  southern Spain) using an efficient trapping system as described in a previous publication*® and
416  handled according to the guidelines and approval of the "Ethical Committee for Animal
417  Experimentation” of the University of Granada.

418

419  Hedgehogs (Atelerix albiventris) were maintained in the LANE animal facility at the University of
420 Geneva and were sampled under the experimentation permit GE24/33145 approved by the
421 Geneva cantonal veterinary authorities, Switzerland.

422

423  Shrews (Sorex araneus) were trapped in wooden traps and euthanized with an isoflurane

424  overdose followed by open-heart perfusion (see#! for details) in Méggingen, Germany, under

425  permit number 35-9185.81/G-11/21 to Dina Dechmann.

426

427  LacZ transgenic mice were carried out at Lawrence Berkeley National Laboratory (LBNL, CA,
428  USA) was reviewed and approved by the LBNL Animal Welfare Committee. Transgenic mice were
429  housed at the Animal Care Facility (the ACF) at LBNL. All transgenic experiments were performed
430 in accordance with national laws and approved by the national and local regulatory authorities.
431 All animal work at Mice were monitored daily for food and water intake, and animals were
432  inspected weekly by the Chair of the Animal Welfare and Research Committee and the head of the
433  animal facility in consultation with the veterinary staff. The LBNL ACF is accredited by the
434  American Association for the Accreditation of Laboratory Animal Care International (AAALAC).
435

436  The experiments for Salll overexpression transgenic mice were performed as approved by
437  LAGeSo Berlin under license numbers G0346/13 and G0247/13. Transgenic experiments were
438  performed using mouse embryonic stem cells (mESCs) from a C57BL/6] or C57BL/6]-129 hybrid
439  background. For RNA-seq and ChIP-seq experiments, gonads from wild-type CD1 mice were used.
440

441 Histological and immunostaining analyses

442  Gonads from adult animals, infants and embryos were fixed in 4% PFA and embedded in paraffin.
443  The embedded samples were sectioned in 5um thick slides and stained with hematoxylin-eosin

444  according to standard protocols.
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445

446  For protein spatio-temporal detection experiments, indirect immunofluorescence was used. In
447  brief, sample slides were incubated overnight with the primary antibody at a dilution according
448  to the manufacturer's instructions. Next, samples were incubated with specific Alexa secondary
449  antibodies 488 and 568 together with DAPI for one hour at room temperature. Slides were then
450 mounted in fluoromount-G solution (SouthernBiotech) and pictures were taken either with a
451  Laser confocal Zeiss LSM700 or Zeiss Axiovert 200M microscope.

452  Primary antibodies and working dilutions are listed here: mouse anti-SALL1 (abcam ab41974,
453  dilution 1:100), goat anti-FOXL2 (abcam ab5096, dilution 1:200), rabbit anti-FGF9 (Santacruz sc-
454 7876, dilution 1:75), rabbit anti-SCP3 (abcam ab15093, dilution 1:200), rabbit anti-SOX9 (Cell
455  Signaling #82630, dilution 1:200), rabbit anti-CYP17A1 (kindly provided by Prof. A. J. Conley#?,
456  dilution 1:400) and mouse anti-CYP19A1 (abD Serotec, MCA2077S dilution 1:50).

457

458 ChIP sequencing

459  Gonads from P7 moles and from E13.5 mouse embryos were fixed using 1% formaldehyde and
460  subsequently snap-frozen and stored at -80°C. Chromatin immunoprecipitations were performed
461  using the iDeal ChIP-seq Kit for Histones (Diagenode, Cat. No. C01010051) according to the
462  manufacturer's instructions. Briefly, whole fixed gonads were lysed and subsequently sonicated
463  usinga Bioruptor (45 cycles, 30 seconds on, 30 seconds off, at high power) in the provided buffers.
464 5 pg of sheared chromatin were then used per immunoprecipitation with 1 pg of the following
465  specific histone antibodies: anti-H3K4me3 (Millipore, cat. No. 07-473), anti-H3K4mel
466  (Diagenode, cat. No. C15410037), anti-H3K27ac (Diagenode, cat. No. C15410174), and anti-
467 H3K27me3 (Millipore, cat. No. 07-449). The samples were sequenced using Illumina HiSeq
468  technology according to standard procedures. Mapping was performed with the STAR v2.6.1d
469  softwaret! using settings to enforce unspliced read mapping (--alignEndsType EndToEnd --
470  alignintronMax 1 --outFilterMatchNminOverLread 0.94). Finally, deduplication was performed
471  via bamUtil (version 1.0.14; option -rmDups, https://github.com/statgen/bamUtil/releases)

472
473 Enhancer calling and conservation

474  Calling of putative enhancer regions was performed for mole and mouse via the software CRUP
475  with replicates merged beforehand. Enhancer regions with a distance <=200bp were merged. To
476  reduce outlier effects in enhancer probability scores, a smoothing over 5 bins of 100bp was
477  applied. In line with the original CRUP results, the probability of an enhancer region is defined as
478  the, now smoothened, maximum score of the 100bp bins overlapping the enhancer. For the
479  analysis of enhancer conservation, mole enhancer regions were lifted-over to the mouse genome

480 (mm9Y). By definition, only those regions overlapping a conserved sequence block can be lifted,
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481  therefore depending on genome alignment settings. Here, we performed a sensitive pair-wise
482  one-to-one genome alignment using LAST with automated training of optimal alignment
483  parameters. In cases where an enhancer overlaps a conserved block partially, the respective non-
484  conserved boundary is interpolated by the distance to the closest conserved block. Accordingly,
485  the size of the lifted enhancer region in mm9 will be approximately the same as the one of the
486  respective mole enhancer. Nevertheless, to exclude artefacts, lifting is only accepted if the ratio
487  of mole enhancer length / lifted length is <1.5. We define an enhancer sequence as conserved if
488 the enhancer could be lifted successfully. In addition, we define an enhancer as conserved in
489  enhancer function, if the mole enhancer overlaps a mouse enhancer irrespective of tissue-

490  specificity.
491

492 Transcriptomic analyses

493  For gene expression analysis, gonads from adult mice, P7 infants and embryos at E13.5, were
494  dissected and RNA was extracted from these samples using the RNeasy Mini Kit (QIAGEN)
495  according to the manufacturer’s instructions. For mole gonads previously published RNA-seq
496  data was used’. The samples were sequenced using Illumina HiSeq technology according to
497  standard procedures. Read mapping was performed with the STAR v2.6.1d software*3. Read
498  counts were created using the R function “summarizeOverlaps” and normalized to RPKM based
499  on the number of uniquely mapped reads. For the analysis of differential expression between
500 samples, the DESeq2 tool was used with default settings#4.

501

502 Definition of female testis part specific regions

503 In order to prioritize enhancers by their potential relevance in testis part tissue, we first ranked
504  enhancer regions by the difference in enhancer probability (score in testis part vs mean of scores
505 intestis + ovary part). We defined the putative target genes of each enhancer as the gene with the
506  closest transcription start site to the center of the enhancer region within the same TAD. Based
507 on the differential expression analysis (testis part vs testis + ovary part), each target gene is
508 ranked by specific expression in ovotestis (log2 fold-change). Finally, enhancers are ranked
509 jointly for functional importance in the female testis part by the mean rank of probability score

510 and the rank of the putative target gene.
511
512

513
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514  HiC

515  Previously published datasets from mole embryonic limb buds and adult ovotestes were used to

516  inspect the SALL1 regulatory domain’. Maps were visualized with the Juice box software.

517 Mouse HiC was obtained from publicly available high-resolution datasets from neuronal

518  progenitor cells (NPCs)17. Maps were visualized with the Juice box software.

519

520 4C sequencing

521 Embryonic tissues were dissociated with trypsin, filtered through a cell strainer to obtain a single
522  cell suspension and subsequently fixed in 2% formaldehyde. Mouse embryonic stem cells
523  (mESCs) were detached from culture plates and fixed in the same way. Cells were counted and
524  five million cells were snap-frozen and stored at -80°C until processing.

525

526  4C-seqlibraries were prepared according to standard protocolss. For the initial digestion, Nlalll
527  was used in SALL1 experiments and Bfal was used in ITR-BAC ES cells. For the second digestion,
528  Dpnll was used for all experiments. A total of 1.6 mg of each library was amplified by PCR for each

529  viewpoint with primers listed in Supplementary Table 2. The libraries were sequenced using

530 [llumina HiSeq technology according to standard procedures. Raw reads were pre-processed and
531 mapped to the reference genome (talOcc4) using BWA#%¢, Finally, reads were summarized and
532  normalized by coverage (RPM) for each fragment generated by neighboring restriction enzyme
533  sites. The viewpoint and its flanking fragments (1.5 kb upstream and downstream) were removed
534  for data visualization and a window of 10 fragments was used to smoothen the data.

535

536  The mouse virtual 4C profile was derived from a genome-wide HiC-map from NPCs!7 by first
537  extracting the intrachromosomal contact maps for the chromosomes of interest using Juicer tools
538  v0.7.547 (KR normalized, MAPQ>=30, 5kb resolution). Afterwards, only map entries with at least
539  one bin overlapping the viewpoint (chr8:89,044,162 (Salll1) on mm10 were used for the virtual
540  4Cprofile.

541

542 LACZ reporter assay in transgenic mice

543  LACZ reporter assays were conducted following the “Transgenic Mouse Assay” protocol from
544  Vista Enhancer Browser??. Briefly, enhancer sequences were amplified by PCR from mole
545  genomic DNA using primers listed in Supplementary Table 2. PCR products were cloned into
546  the standard Gateway entry vector (pENTR/D-TOPO vector, Invitrogen) according to the

547  manufacturer’s instructions. Clones were then transferred into the destination vector containing
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548  a Gateway cassette and a Hsp68 promoter coupled to a LacZ reporter gene. For microinjection
549  into fertilized eggs, plasmid DNA was linearized with Xhol or HindIII and purified using Montage
550  PCR filter units and Micropure EZ column (Millipore). For pronuclear injection of FVB embryos,
551 DNA was diluted to a final concentration of 1.5-2 ng/pl and used in accordance with standard
552 protocols approved by the Lawrence Berkeley National Laboratory. Embryos were harvested at
553  embryonicday 13.5, dissected and fixed in 4% paraformaldehyde (PFA). Tissues were stained for
554 24 hours with freshly prepared staining solution, washed and post-fixed in 4% PFA.

555

556  BAC transgenesis for overexpression of Salll

557  SALLI1 coding sequence (CDS) was amplified from a vector containing the cDNA mouse sequence
558  (Origen, cat. No. MC203471) with specific primers compatible with the attB gateway
559  recombination system (Invitrogen). Through the gateway system, the generated product was
560 introduced into a modified Wt1-BAC, containing piggyBac DNA transposon elements, as well as
561  attL docking sites. The Wt1-BAC vector was kindly provided by Dr. Koopman and its further
562  modification was performed according to their previously published method?20. After introduction
563  of the SALLI minigene, a eukaryotic antibiotic resistance (dual Neomycin-Kanamycin cassette)
564  was introduced into the BAC vector through recombineering for transfection into ES cells
565  according to the protocol previously described*s. Primers are listed in Supplementary Table 2.
566

567 BAC transfection into female ES cells

568  Blastocysts from C57BL/6] mice were used to derive mouse embryonic stem cells (mESCs) by
569  growing them with culture medium supplemented with leukemia inhibitory factor (LIF), as well
570  as FGF/Erk and Gsk3 pathway inhibitors (2i). The derived mESCs were genotyped for sex and a
571 female line was expanded through co-culture with mouse embryonic fibroblasts (MEFs) for
572  further experiments.

573  Female mESCs were co-transfected with 3 pg piggybac transposase and 500 ng of the modified
574  Wt1-SALL1-piggyBac-Neo-BAC using Lipofectamine LTX (Invitrogen), as described in a previous
575  publication?. After Geneticin-G418 selection (250 pg/ml) for 5 to 10 days, clones were picked
576  and checked for successful BAC integration with 3 genotyping PCRs. A primer pair targeting each
577  piggybac ITR (5’ITR and 3’'ITR) was used as positive control, while a primer pair targeting the
578  BAC vector was used as negative control to confirm integration mediated by transposition,
579 instead of random insertion. Positive clones were expanded and additional genotyping was done
580 by 4C-seq, to confirm genomic integrations site, as well as number of integrations, as described
581  previously*s.

582

583
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Gene ontology analyses

For Gene Ontology (GO) terms enrichment analysis PANTHER software was used59, selecting all

the common upregulated genes for the testis part of the ovotestes and in the Sall1-overexpressing

mouse mutants. A total of 56 genes were evaluated.
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