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Abstract
The tree shrew (Tupaia belangeri) is a promising emerging model organism in biomedical
studies, notably due to their evolutionary proximity to primates. To enhance our understanding
of how DNA methylation is implicated in regulation of gene expression and the X chromosome
inactivation (XCI) in tree shrew brains, here we present their first genome-wide, single-base-
resolution methylomes integrated with transcriptomes from prefrontal cortices. We discovered
both divergent and conserved features of tree shrew DNA methylation compared to that of other
mammals. DNA methylation levels of promoter and gene body regions are negatively correlated
with gene expression, consistent with patterns in other mammalian brains studied. Comparing
DNA methylation patterns of the female and male X chromosomes, we observed a clear and
significant global reduction (hypomethylation) of DNA methylation across the entire X
chromosome in females. Our data suggests that the female X hypomethylation does not directly
contribute to the gene silencing of the inactivated X chromosome nor does it significantly drive
sex-specific gene expression of tree shrews. However, we identified a putative regulatory region
in the 5’ end of the X inactive specific transcript (Xist) gene, a key gene for XCI, whose pattern
of differential DNA methylation strongly relate to its differential expression between male and
female tree shrews. We show that differential methylation of this region is conserved across
different species. Moreover, we provide evidence suggesting that the observed difference
between human and tree shrew X-linked promoter methylation is associated with the difference
in genomic CpG contents. Our study offers novel information on genomic DNA methylation of

tree shrews, as well as insights into the evolution of X chromosome regulation in mammals.
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Introduction

The tree shrew (Tupaia belangeri) is a small mammal widely found in Southeast Asia and China.
The tree shrew offers several advantages to be used as a model species for biomedical studies.
For example, the tree shrew has a small body size and short life span, making it easy to rear in
laboratories for experimental studies (Yao, 2017). On the other hand, the tree shrew has a high
brain to body ratio, and exhibit several conditions that can model human disorders (Li et al.,
2024). Several studies have demonstrated greater genetic similarities between tree shrew and
primates than between rodents and primates, especially in genes associated with
neuropsychiatric disorders and infectious diseases (Fan et al., 2013; Yamashita et al., 2012).
Indeed, the tree shrew is the closest group of mammals to primates, providing a useful model
system especially in neuroscience (Fan et al., 2013).

While genetic and transcriptomic studies of tree shrews are becoming available in the
literature, epigenetic mechanisms such as DNA methylation of tree shrews have been little
explored so far. Given the important role of DNA methylation in regulatory processes such as
regulation of gene expression, neuropsychiatric diseases and the X chromosome inactivation
(XCI), such data will advance our understanding of regulatory evolution and enhance the utility
of tree shrew as a model species. Here, we generated and analyzed whole genome DNA
methylation maps (methylomes) of tree shrew prefrontal cortex from three males and females.
Integrating them with transcriptomic data, we demonstrate genome-wide influence of DNA
methylation on gene expression, including the presence of CG and CH methylation which are
both associated with gene expression.

Moreover, we examined the role of DNA methylation in the regulation of X chromosome
inactivation (XCI). Notably, we show that global differential DNA methylation between the male
and female X chromosome is not a driver of XCl in tree shrews. On the other hand, we newly
annotated the X inactive specific transcript (Xist) gene and identified an evolutionary conserved

locus of regulation in the 5’ end of the gene. Comparing patterns of DNA methylation and X
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chromosome regulation across different species, we show that the evolutionary patterns of X
chromosome DNA methylation is closely associated with the difference in genomic CpG
contents. Additionally, we identified putatively Y-linked genomic segments and their
hypomethylation. These novel findings illuminate conserved and divergent patterns of genomic

DNA methylation and regulation of X chromosome in mammals.

Results

Genomic DNA methylation in tree shrew
We generated whole-genome bisulfite sequencing (WGBS) data from the prefrontal cortex
(herein referred to as ‘PFC’) of 6 Chinese tree shrews (3 males and 3 females) to produce DNA
methylomes at nucleotide resolution (Table S1). This marked the first whole genome methylome
study of the tree shrew, integrated with transcriptome data. Previous studies of human and
mouse brain methylomes have identified CG and non-CG (CH where H is A, T, C) DNA
methylation (Jeong et al., 2021; Lister et al., 2009; Zeng et al., 2012). Tree shrew PFCs were
also highly methylated at CG sites while CH methylations were observed at lower levels
compared to CG methylation (Fig.1A). We observed significantly lower levels of CG methylation
in promoter regions (defined as 2kb upstream of the TSS) than in gene bodies and a sharp drop
in CG methylation near transcriptional start sites (TSS) (Fig. 1B, Fig. S1). Gene body CG
methylation levels were higher than nearby intergenic regions. DNA methylation at non-CG sites
remained relatively consistent in all genomic context with a slight drop near TSS (Fig. S2).
These patterns were similar across all chromosomes except for the chromosomes 13 and 26,
where chromosome 26 showed a significant drop near the end of genes and chromosome 13
exhibited strikingly lower methylation levels across all genomic contexts (Fig. S2).

Integrating methylomes with RNA-seq data from the same samples, all 22,741 protein-

coding genes were ranked into 0-20 (lowest to highest) according to their expression levels
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97 (Fig.1C). While genes in all ranks showed hypomethylation near the TSS, highly expressed
98 genes had the lowest methylation levels near TSSs while 0 or lowly expressed genes had
99 relatively higher methylation levels (Fig. 1C, Fig. S1B), resulting in a significant negative
100 correlation between gene expression and promoter methylation (Fig. S4, Table 1), even though
101  for gene bodies, it was only significant for protein coding genes, not in IncRNA genes (Table 1).
102  In addition, protein-coding genes showed a more pronounced methylation drop near TSS
103  compared to IncRNA genes (Fig. S2). This discrepancy may be partly attributed to incomplete
104  annotations of some INcRNA genes. In the gene bodies, the correlation was bell-shaped similar
105 to previous findings in humans (Jjingo et al., 2012), with lowly expressed genes and highly
106  expressed genes both having relatively lower methylation compared to the median expressed
107  genes (Fig.1C, Fig. S4).

108

109 Differential DNA methylation of female and male tree shrew X chromosomes

110  We compared DNA methylation of autosomes and the X chromosome in the tree shrews PFC.
111 We selected chromosome 8 as a representative autosome for comparison with the X
112  chromosome, since it has a similar size and CG-content to the X chromosome. The mean
113  coverage depth at CpG sites across the X chromosome was approximately twice as high in
114  females as in males, as expected from the 2:1 ratio of the X chromosome in females compared
115 to in males (Fig. S3). We identified a region on the X chromosome where reads were mapped
116  only in males, both in the methylomes and in the transcriptomes (Fig. S3). We inferred that this
117  included a part of the Y-linked regions that were incorrectly assembled into the X chromosome
118 in the reference assembly (Chr X: 4542400-6144400) and subsequently removed it from further
119  analysis (Methods).

120 We observed that the X chromosomes of females displayed significantly lower levels of DNA

121 methylation in gene bodies and promoters compared to those of males (P =6.13 x 10711° and
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122 1.02 x 10719 for promoters and gene bodies, respectively, Mann-Whitney U test, Fig. 2D,
123  Table 2). Comparisons to the autosomes demonstrated that this pattern was due to the reduced
124  DNA methylation in females, or ‘female hypomethylation’ (Fig. 2A and B, Fig. S4). This pattern
125  was consistently observed across the entire X chromosome and was pervasive across different
126  functional regions, and also in non-CpG methylation (Fig. 2C, Fig. S6). The observation of
127  female X hypomethylation was not due to a bias from different read depths between females
128 and males, as we observed the same patterns when we re-analyzed equal depth data by
129 randomly sampling half of the sequencing reads on female X chromosomes (Fig. S7). The
130 observed pattern resembled what was observed in marsupial koalas and differed from that in
131 humans, where promoters were typically hypermethylated in females (Singh et al., 2021).

132

133  Promoter methylation difference between females and males associate with CpG
134 counts

135 We found that the degree of tree shrew female hypomethylation compared to males in
136  promoters was highly depended on the density of CpGs within the promoter regions. First,
137 female hypomethylated promoters had fewer numbers of CpGs compared to female
138  hypermethylated genes (Mann-Whitney U test, P = 6.70 x 1073, Fig. 2E, note that these counts
139  reflect CpG density as the total number of nucleotides are the same for all 2kb-sized promoters).
140  Second, the difference between female and male promoter methylation decreased as the
141 number of CpGs with promoters increased (Fig. 2F).

142 We propose that the dependency of promoter hypomethylation on CpG counts can explain
143  the observed difference between species. We compared the distribution of CpG contents in
144  human, using the metric CpG Observed/Expected ratio (CpG O/E) (Elango & Yi, 2008). We
145  found that while human X chromosome and autosomes included a large number of high CpG

146  O/E promoters, koala X promoters mostly consist of low CpG O/E promoters (Fig. 2G, Fig. S8).
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147  Tree shrew promoters resembled the pattern observed in koalas, where most X-linked
148  promoters had low CpG O/E (Fig. 2G, Fig. S8). In contrast, CpG O/E from autosomes were
149  similar between humans and tree shrews compared to that in koalas (Fig. S8).

150

151  Hypomethylation of the tree shrew female X does not drive sex-specific
152  expression.

153  If the primary functional outcome of X chromosome DNA hypomethylation is an up-regulation in
154  gene expression, as supported by the negative correlation observed between DNA methylation
155 levels and gene expression, then we would expect to see an overall increase in gene
156  expression across female X-linked genes. However, this was not the case and we observed no
157  global difference of gene expression between the male and female X chromosomes, as
158  expected under the functional XCI (Fig. 2D, Table 2). Similarly, chromosome 8, where there was
159  no discernible DNA methylation difference between males and females, showed no global
160 difference of gene expression between males and females (Fig. S5, Table 2). Therefore, we
161  concluded that female hypomethylation of the tree shrew X chromosome did not lead to up-
162  regulation of genes.

163 Out of the total 32,302 autosomal genes including both protein-coding and non-coding RNA
164 genes, 479 genes were significantly differentially expressed between males and females
165 (Adjusted p-value < 0.1 based on DESeqg2, Fig. 3A). In comparison, 14 out of 783 X-linked
166  genes were significantly differentially expressed (Fig. 3C). The proportion of sex-specific genes
167  was not statistically different similar between the autosomes and X chromosomes (z-score test,
168 P =0.48).

169 Across the entire set of autosomes, there was a slight excess of male-biased genes,
170  characterized by a greater number of male up-regulated genes compared to female up-

171  regulated genes. This trend remained consistent when different p-value thresholds were
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172 employed (Fig. S9). On the other hand, there was an excess of female biased genes on the X
173  chromosome (Fig. S9). The average log2 fold-change of female to male expression was -0.097
174  for autosomes and -0.024 for chromosome X. However, it is worth noting that this difference
175  was not significant (Mann-Whitney U test, P = 0.13, Fig. 3B) and the average log2 fold-change
176  values showed variability depending on the stringency of filtering steps in the analysis (Fig. S9).
177 We examined whether female chromosome X hypomethylation contribute to the sex-specific
178  expression. Among the genes on the X chromosome, 443 gene had available information
179  regarding log2 fold-change expression and the gene body DNA methylation level, while 439
180 genes had available information regarding log2 fold-change expression and the promoter DNA
181  methylation level. Including these genes, we conducted an analysis of the relationship between
182  gene expression and DNA methylation levels (Fig. 3D and E). We found that the methylation
183  level difference between females and males on the X chromosome did not exhibit any
184  significant correlation with the gene expression difference between females and males (P = 0.94
185 and P =0.12 for Spearman’s rank correlation test, for gene bodies and promoters, respectively).
186  Likewise, there was no significant trend between DNA methylation difference and gene
187  expression difference when only significant sex-specific genes were analyzed (P = 0.46 and
188  0.57 for Spearman’s rank correlation test, for gene bodies and promoters, respectively) (Fig. 3D
189 and E). These observations suggest that female X chromosome hypomethylation does not
190 contribute significantly to sex-specific gene expression.

191

192  Differential methylation of the Xist associated with its sex-specific expression

193  The Xist gene is known for its key role in the initiation and maintenance of XCl in mammals
194  (Penny et al., 1996; Pontier & Gribnau, 2011). However, how Xist gene is regulated in the tree
195  shrew remained unknown prior to our study. In fact, the current tree shrew genome database

196  did not include a specifically annotated Xist gene. Here, we first identified the putative Xist gene
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197  region in the tree shrew genome. Briefly, we conducted a BLASTN search using the human Xist
198 gene sequence as a query against the tree shrew reference genome to obtain a potential
199  genomic coordinate of Xist gene. We then identified novel transcripts from tree shrew RNA-seq
200 samples using StringTie’s functionality for de novo transcript assembly (See Method). We
201 identified a single gene from these novel transcripts. We found that longer novel transcripts
202  were produced from female samples compared to male samples (Fig. 4A). Furthermore, this
203 gene exhibited extremely high expression levels in our female data (Fig. 3C). The new
204  annotation puts the tree shrew Xist on chr X: 54,721,977-54,759,147.

205 The Xist displays the most pronounced differential expression between the male and female
206  tree shrew PFC (Fig. 2D, Fig. 3C and D, indicated by a yellow box), consistent with its key role
207  in X-chromosome inactivation (XCI) in eutherian mammals. While Xist is a rapidly evolving non-
208 coding RNA, specific regions are known to exhibit a high degree of conservation among
209  eutherian mammals. Notably, the 5’ end of Xist is known to be relatively well conserved
210 compared to other regions (Brown et al., 1992; Hendrich et al., 1993; Rauch et al., 2009).
211 Specifically, the 5' region of Xist, including a CpG island, is hypomethylated on the inactive X
212 chromosome and highly methylated on the active X chromosome to maintain Xist repression in
213 human and mouse (Hendrich et al., 1993). DNA methylation in this region is known to play an
214  active role in controlling Xist transcription in mouse (Beard et al., 1995; Norris et al., 1994;
215  Panning & Jaenisch, 1996) and in human somatic cells (Tinker & Brown, 1998). We therefore
216  investigated differential DNA methylation between females and male tree shrews within Xist
217  region (across the 37.2kb gene body and 30kb upstream and downstream regions) and
218 identified a CpG island near the 5 end that exhibited a striking pattern of female
219  hypomethylation (Fig. 4B, C). We examined the relationships between DNA methylation of
220  CpGs in this region and the Xist gene expression levels across the six samples (Fig. 4D) and
221 found several differentially methylated CpG positions within this female hypomethylated CpG

222 island exhibiting significant correlations (13 CpGs located near the 5’ end of Xist gene with
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223 Pearson correlation, P < 0.05). These results indicate that the Xist gene is regulated by
224 methylation of CpGs that are female-hypomethylated and inversely correlating with expression,
225  resulting in its active expression in female. Our results suggest that the 5’ end CpG island and
226  its hypomethylation in the inactive X chromosome are conserved across mouse, human, and
227  tree shrew. We processed the public WGBS data of these species and found it can be
228  consistently detected using WGBS data (Fig. S10).

229
230 Identification of Y-linked contigs and the lower methylation level of the Y
231  chromosome

232 Leveraging the availability of both female (XX) and male (XY) samples, we explored the level of
233 DNA methylation in the Y-chromosome, a topic sparsely explored so far. The reference tree
234  shrew genome lacks the Y chromosome assembly. To detect the Y-linked segments, we
235 developed a method to compare CpG read-depths between female and male samples.
236  Scanning the contigs currently unassembled using this method, we detected potentially Y-linked
237  segments as those where female samples showed a lack of read counts compared to male
238 samples. We demonstrate our methodology by computing 1 - (mean read-depth in
239  females)/(mean read-depth in males) in Figure 5. For autosomal-linked contigs, since mean
240  read-depths should be similar between males and females, this metric should be near zero. For
241  X-linked contigs, the mean read-depth in females should be greater than that in males, and this
242 metric should be less than zero. For Y-linked contigs, this metric should be closer to 1. Indeed,
243  we observed three distinct peaks as expected: the left peak likely represents X-linked contigs,
244  the middle peak corresponds to autosome-linked contigs, and the right peak indicates Y-linked
245  contigs (Fig. 5A).

246 We applied a filter for values greater than 0.75 to identify a list of 93 potential Y-linked

247  contigs. The read-depth of each cytosine across these contigs was graphically represented to

10
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248  show a lack of female counts mapped (Fig. 5C). Subsequently, we calculated and compared the
249  methylation levels of these contigs against those of other chromosomes. Notably, the Y
250 chromosome in the tree shrew PFC exhibited markedly lower methylation levels compared to
251  both autosomes and the X chromosome (Fig. 5B, C). Moreover, contig18904 (23,877 bp in size)
252  is identified as Y-linked using this methodology, wherein the sex-determining region Y (Sry)
253  genes of humans and rhesus monkeys align in the tree shrew genome (Fig. S11), exhibiting 79%
254  identity for human-tree shrew alignment and 82% identity for rhesus monkey-tree shrew
255 alignment based on BLASTN (See Method). Interestingly, no expressed Sry transcripts are
256  detected in our tree shrew prefrontal cortex transcriptome data of male samples. Sry gene
257  expression is known to be tissue-specific and under the control of DNA methylation in mice and
258  humans. (Gimelli et al., 2006; Larney et al., 2014; Nishino et al., 2004). Our study reveals the
259  putative Sry locus in the tree shrew genome (Fig. S11) and indicates its extremely low DNA
260  methylation and low expression in PFCs.

261

262 Discussion

263  This study presents the first genome-wide analysis of DNA methylation of the emerging model
264  species, the tree shrew. In human and mouse, DNA methylation of cis-regulatory regions is
265  known to dampen the expression of associated genes (Schibeler, 2015). DNA methylation of
266 gene bodies is also known to contribute to regulation of gene expression, although the
267  directionality is not as straightforward (Jjingo et al., 2012; Schibeler, 2015). We observed
268  significant and strong negative correlations between promoter DNA methylation and gene
269  expression across the genome, which is consistent with the aforementioned model as well as
270  with previous studies (Al Adhami et al., 2022; Jjingo et al., 2012; Mendizabal et al., 2019; Rauch
271 et al,, 2009). Gene body DNA methylation was also associated with expression, although its

272 effect was less pronounced compared to promoter methylation.

11
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273 We observed similar levels of overall gene expression between the male and female tree
274 shrew X chromosomes, as expected under functional XCI. Interestingly, female tree shrew X
275 chromosome exhibited substantially lower level of DNA methylation compared to the male X
276  chromosome (Fig. 2, Fig. S4). From the comparisons to autosomes and the male X
277  chromosome, we demonstrate that this was due to the reduction of DNA methylation in the
278  female X chromosome in tree shrews.

279 Examining literature that have specifically addressed the global DNA methylation difference
280  between the male and female X chromosome using chromosome-wide methods, Hellmann and
281  Chess (Hellman & Chess, 2007) demonstrated that gene bodies were hypomethylated in the
282 human female X chromosome, and Keown et al (Keown et al., 2017) showed that intergenic
283  regions were hypomethylated in mouse female X chromosome. Sun et al. (Sun et al., 2019) and
284  Singh et al. (2021) analyzed WGBS data and showed that human female X chromosome was
285  hypomethylated compared to the male X chromosome except for the promoter regions. Here we
286  show that in tree shrews, female X chromosome is globally hypomethylated compared to male
287 X chromosome and autosomes, which is similar to the pattern observed in a marsupial, koalas
288  (Singh et al., 2021).

289 While we observed that while the majority of the promoters (86.6%, Fig. 2E) was
290 hypomethylated in female X, some promoters were hypermethylated in the female X
291  chromosome of tree shrew. Intriguingly, these promoters were those harboring high density of
292  CpGs (Fig. 2E). CpG-rich promoters are known to be associated with highly and broadly
293  expressed genes in diverse vertebrate species (Elango & Yi, 2008). Our findings of the close
294  association between female promoter hypomethylation and CpG density provide insights into
295  the observed difference between species where similar hypomethylation was observed in the
296  promoters of female tree shrews and koalas, in contrast to the hypermethylation detected in
297  human female X promoters. We show that CpG O/E ratio within X chromosome promoters is

298  relatively similar between koalas and tree shrews, while the CpG O/E ratio between humans

12
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299  and tree shrews is similar across other chromosomes (Fig. S8). In addition, a recent in-depth
300 analysis of DNA methylation difference between the female and male human X chromosome
301 demonstrated that CpG-rich promoters tend to be hypermethylated in female X, suggesting that
302  a similar principle could be applied to variation within the human genome (Morgan et al., 2024).
303 It is noteworthy that we found little difference in gene expression but strong differential
304 methylation between the male and female X chromosomes, especially considering the
305 pervasive genome-wide negative correlation between promoter methylation and gene
306 expression. If the negative correlation between DNA methylation level and expression level is
307 directly involved in gene silencing in XCI, the female X chromosome would likely exhibit
308 hypermethylation to silence the genes on the inactivated X chromosome. The result implies that
309 the genome-wide pattern of negative correlation does not play a direct role in XClI in tree shrews.
310  Future studies are needed to investigate other regulatory mechanisms that regulate XCI in this
311  species.

312 While the global pattern of differential DNA methylation was not associated with differential
313  gene expression of male and female X chromosome, we find evidence supporting the role of
314 DNA methylation in the regulation of Xist, the key regulator of XCI in other mammals. We
315 annotated Xist from the tree shrew genome, and show that the female and male X
316 chromosomes generate distinctive transcripts. The transcripts from the male X chromosomes
317 tended to be short and only a few copies were identified, which may potentially arise from
318 unstable RNAs known to continue being expressed on the active X chromosome while stable
319 RNAs are accumulating on the inactive X chromosome (Panning et al., 1997; Sheardown et al.,
320 1997). The Xist was highly expressed in the female X chromosome and was strongly
321  differentially methylated between the female and male X chromosomes. We further identified a
322 regulatory region (CpG island) in the 5’ region of the Xist gene. The hypomethylation of this

323  CpG island was tightly correlated with the expression of Xist. Moreover, hypomethylation of that
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324  specific CpG island was observed in other mammalian species. These observations indicate
325 that DNA methylation is a key mechanism of regulation of Xist, which is the initiator of XClI.

326 We also explored DNA methylation of the Y-linked segments, utilizing the abundance of
327 reads thanks to the next-generation sequencing approach. Epigenetics of the mammalian Y
328 chromosome is currently little understood in large part due to the difficulties associated with the
329  sequencing and assembly of the Y chromosome. Nevertheless, we show that contigs that could
330 be best explained by the Y-linkage exhibit markedly reduced levels of DNA methylation
331 compared to the X chromosome and autosomes (Fig. 5). Even though we have not and cannot
332  attempt to identify specific genomic regions from these data, it is notable that DNA methylation
333 levels of the same putative Y-contigs from the three males are highly correlated (Fig. 5),
334 indicating that we are observing reproducible patterns of DNA methylation from the tree shrew
335 Y-chromosome. The observation that the putative Y-linked segments exhibit reduced
336  methylation supports the idea that DNA methylation tends to be reduced in less transcriptionally
337  active regions (Makova et al., 2024) The comprehensive DNA methylome and gene expression
338 data from tree shrews provide new insights into the evolution of genome, methylome and their
339 interactions on the regulation of X chromosomes.

340

341 Materials and Methods

342  Tissue samples

343  The adult Chinese tree shrews used in this study were obtained from the Laboratory Animal
344  Center of Kunming Institute of Zoology and handled in accordance with the guidelines approved
345 by the Animal Care and Use Committee of the Kunming Institute of Zoology, Chinese Academy
346  of Sciences. Following sacrifice of both male and female tree shrews, their brains were

347  dissected and cortex tissues were rapidly frozen using liquid nitrogen for long-term storage at -
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80 °C. All protocols of this study were approved by the internal review board of Kunming

Institute of Zoology, Chinese Academy of Sciences (Sample information, Table S1).

RNA sequencing

Total RNA was extracted from PFC tissues using TRIzol Reagent, and the integrity of RNA was
assessed using Agilent 2100 bioanalyzer. The library preparation began with total RNA as the
initial template. Specifically, mRNA with PolyA tails was enriched from total RNA using Oligo(dT)
magnetic beads. The resulting mRNA was then randomly fragmented by divalent cations in
fragmentation buffer. The first strand cDNA was synthesized in the M-MuLV reverse
transcriptase system using the fragmented mRNA. The second strand cDNA was subsequently
synthesized in the DNA polymerase | system using dNTPs. The obtained double-stranded
cDNA was purified, end repaired, and then poly-A tails and sequencing adaptors were ligated.
AMPure XP beads were used to screen for cDNA fragments within the size range of 370-420bp
followed by PCR amplification and product purification. Library quality assessment was
performed on the Agilent Bioanalyzer 2100 system, while cluster generation took place on the
cBot Cluster Generation System. Finally, library preparations were sequenced on an lllumina

Novaseq platform generating paired-end reads of 150 bp each.

Whole-genome bisulfite sequencing

Genomic DNA was extracted from PFC tissues by phenol-chloroform extraction and ethanol
precipitation. The extracted genomic DNA was quantified using Qubit fluorometer, and the
200ng of gDNA containing 1% unmethylated Lambda DNA was then randomly fragmented into
300bp small fragments using the Covaris LE220R ultrasonic fragmentation instrument. These
small fragments were then subjected to terminal repair and adenylation before being fitted with

methylated adapters. The bisulfite treatment step was performed using the EZ DNA
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373  Methylation-Gold kit (Zymo Research) following the manufacturer’s instructions. The resulting
374  single-stranded DNA was PCR amplified and the PCR products were purified. Similarly, libraries
375  obtained were quantified using Qubit fluorometer and their size distribution was analyzed by

376  Agilent BioAnalyzer (Agilent). Paired-end sequencing was performed using an lllumina

377  NovaSeq6000 according to lllumina-provided protocols. Finally, standardized WGBS data

378 analysis pipeline was employed for analyzing the resulting data.

379

380  Processing whole-genome bisulfite sequencing data

381  We first performed quality and adapter trimming using TrimGalore v0.6.7 (Babraham Institute)
382  with paired-end mode and default parameters. Subsequently, reads were mapped to the tree
383  shrew reference genome (TS_3.0) from the tree shrewDB (Fan et al., 2014; Ye et al., 2021),
384  using Bismark v0.24.0 (Krueger & Andrews, 2011). Following deduplication using Bismark, we
385  obtained coverage for over 96% CpG sites, with a read-depth between 12X-18X (Table. S1).
386 The female4 and male4 samples exhibited relatively lower mapping efficiency. Additionally, we
387 mapped the reads to the lambda phage genome (NC_001416.1) to estimate the bisulfite
388  conversion rate in each sample, resulting in values 99.1-99.3% (Table S1).

389 The data, comprising the counts of methylated and unmethylated cytosines in each C-
390 context at individual cytosines, were generated as cytosine report files using Bismark
391  methylation extractor with --bedGraph --cytosine_report --CX_context options. These output
392  cytosine reports were used as input files for ViewBS v0.1.11 (Huang et al., 2018) to estimate
393  global methylation levels and assess methylation patterns near gene and promoter regions.
394 CpG sites that are detected as a positional difference of 1 and are located on different DNA
395 strands are merged into a single CpG site, considering the symmetrical nature of CpG
396  methylation. Subsequently, we calculated the fractional methylation level for each cytosine with
397  at least five read counts by taking a ratio of methylated cytosine reads to the total read count.

398 These outputs were employed in downstream analysis.
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399

400 Processing RNA-seq data

401  We mapped the RNA-seq reads to the tree shrew reference genome (TS_3.0) using HISAT2
402 v2.2.1 (Kim et al., 2019) with the --dta option. Here the reference annotation information (Ye et
403 al.,, 2021) were embedded in the genome index using HISAT2 —ss and —exon options.
404  Transcripts were then assembled for each sample using StringTie v2.2.1 (Pertea et al., 2015),
405 and we generated an updated GTF annotation included novel transcripts using the -merge flag.
406  This process was guided by the reference GTF annotation using the StringTie -G flag. We
407  obtained transcript and gene abundance information using the -eB and -A options. These output
408 files were used to define gene regions and estimate expression levels.

409 Among the 224,473 transcripts identified by StringTie, 183,669 transcripts were guided by
410 the reference genome, while the rest 40,804 transcripts were detected as novel transcripts, with
411 18,623 of them lacking strand information. In the downstream analysis, we excluded some
412  transcripts generated from StringTie that lacked strand information for promoter methylation
413 level calculation.

414

415  Quantifying methylation levels in global and in gene bodies or promoter regions.

416  We employed ViewBS v0.1.11 (Huang et al., 2018) to estimate the global weighted methylation
417 levels and to analyze methylation landscape near gene and promoter regions. Cytosines in all
418  C-context from all 30 chromosome and X chromosome were included in the analysis. We
419  designated the longest transcript of each gene as a gene body in the process. For further
420  analysis, we estimated the mean methylation level in the gene body region for each individual
421  gene, including those with more than 3 CpG fractional methylation level values available.
422  Promoter regions are defined as the 2kb upstream region of each gene body’s start site, and

423  mean methylation levels are calculated in the same way.
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424

425 Identification of sex-specifically expressed gene.

426  Following the processing of RNA-seq data, we obtained read count information for each sample.
427  For the sex-specific gene analysis, we employed DESeq2 v1.38.3 (Love et al.,, 2014). We
428  restricted our analysis to genes with at least 5 counts in 3 or more samples among total six
429  samples (Fig. S9). We identified sex-specific genes with an adjusted p-value less than 0.1.

430

431  Sex-specific read-depth on the X chromosome

432  Comparing the sex-specific read-depth on the X chromosome, the average read-depth in CpG
433  sites were roughly twice in females compared to males for the X-linked sites, corresponding to
434 the number of the X chromosome in females and males (Fig. S3, Fig. S7). We discovered that
435  certain X-linked regions exhibited similar coverages between the female and male samples,
436  which are potentially originated from the PAR (pseudoautosomal region) of the X chromosome.
437  Intriguingly, we also observed one region on the X chromosome (Genomic coordinate 4542400-
438  6144400) where female sample showed a complete lack of read counts (Fig. S3). We
439  hypothesized that region may contain portion of the Y chromosome that was wrongly annotated.
440  This region also harbored several potential Y chromosome genes that exhibited O expression in
441  female samples but significant expression in male samples (Fig. S3). Based on these findings,
442  we have concluded that this region is wrongly included in X chromosome reference from the Y
443 chromosome. To address this issue, we have excluded both the CpG sites and genes located
444  within this region. A total of 74 genes were identified within this region and subsequently
445 removed in the X chromosome analysis. We identified an additional region with this
446  characteristic on chromosome 26 (Genomic coordinate < 3132930) and excluded 85 genes in
447  the region in sex-specific gene analysis.

448
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449 Identification of the Xist gene in the tree shrew genome

450 The Xist gene was not annotated in the reference annotation data. We initiated a process to
451  locate the gene in the tree shrew X chromosome. Our approach involved performing BLASTN
452  v2.13.0+ (Camacho et al., 2009) analysis using the human Xist gene (NR_001564.2) against
453  the tree shrew reference genome. This allowed us to identify a potential range of the genomic
454  coordinate of the Xist gene. Subsequently, we employed StringTie’s functionality for de novo
455  transcript assembly (Pertea et al., 2015). We investigated the transcripts identified by StringTie
456  and reference annotation in the potential range of the Xist gene. We found these transcripts
457  exhibited female-specific expression patterns. Based on these findings, we defined these
458  specific transcripts and their associated gene as the Xist gene located within the region of chrX
459 54,721,977-54,759,147 in the tree shrew genome. In examining differential DNA methylation
460  between females and males within Xist region, we included all CpG sites detected at least twice
461 in females or males and its fractional methylation levels were averaged in females and males
462  each.

463

464  Comparative studies among tree shrew, human, and mouse

465  To compare the sex-specific pattern near the Xist gene region within tree shrew, human, and
466  mouse, we downloaded the public data for two male and two female samples of mouse fatal
467  brains (Islam et al., 2022) from the Gene Expression Omnibus database with accession#
468 GSE157553 and the data for one male and one female human sample of prefrontal cortex
469  (Zeng et al.,, 2012) with accession# GSE37202. The processed files, along with the CpG
470  coverage files for mice and the fractional methylation value files for humans, are formatted
471  uniformly. CpG sites differing by a single position on different DNA strands are merged into one

472 CpG site, aligning with the approach employed for tree shrews. Utilizing CpG sites with a read
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473  depth of 3 or greater, DNA methylation levels were calculated across 2kb-sized windows
474  overlapping by 1kb around the Xist gene region for all species.

475 To compare the CpG density in the genomes of human, koala, and tree shrew, we
476  calculated the CpG Observed/Expected ratio across 1000bp-sized windows (with 500bp
477  overlaps) in the genome of each species. Each window is annotated as either a promoter
478  (2000bp upstream of TSS) or gene body, depending on whether the window center falls within
479  the promoter or gene body region. We utilized the human genome T2T-chm13v2.0 genome and
480 gene annotation and the koala phaCin_unsw_v4.1 genome and RefSeq annotation for the
481  analysis. To identify X-linked regions, we referenced the list of X-linked scaffolds provided in
482  (Singh et al., 2021).

483
484  Detection of Y-linked contigs and DNA methylation

485  We employed a bioinformatic method to identify putative Y-linked regions in our data. As the
486  current tree shrew genome assembly does not provide a Y chromosome, we utilized the
487  currently unassembled contigs in the tree shrew reference genome. We calculated the read-
488  depth of cytosines in the CG context for each of these contigs and then averaged the values
489  separately for male and female samples. Subsequently, for contigs containing more than 40
490 cytosines, we computed [1 — (mean read-depth in females)/(mean read-depth in males)]. Using
491 this calculated metric distribution (Fig. 5), we generated a set of potentially 958 autosome-linked
492  contigs (with values between -0.50 and 0.75), 563 X-linked contigs (with values smaller than -
493  0.5), and 93 Y-linked contigs (with values greater than 0.75). To validate our approach, we
494  calculated the mean methylation levels for each set of contig and compared them. BLASTN
495  v2.13.0+ (Camacho et al., 2009) is utilized to identify the sex-determining region Y (Sry)-related
496  region in the tree shrew genome, employing the human Sry gene (NIH Gene ID 6736) and the

497  rhesus monkey Sry gene (NIH Gene ID 574155).
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519 Table 1. Correlation analysis of mean promoter and gene body DNA methylation levels and
520 ranked gene expression of genes of an autosome and the X chromosome of the tree shrew. (A)
521 for protein-coding genes and (B) for IncRNA genes. Spearman’s rank correlation coefficeint (p)
522  and p-value for each chromosome in males and females are shown.
Number of
: ¢ Spearman’s p Spearman’s p
Chr genes Genomic Region
analyzed (p-value) (Male) (p-value) (Female)
(A) - Promoter -0.31(7.24x107%5)  -0.34 (4.95 x 1077)
Protein- Chr8 597
Coding - Gene body -0.29 (5.49 x 1071%) -0.34 (2.31x 10717)
423 Promoter -0.34 (5.58 x 10723) -0.31 (6.34 x 10720)
Gene body -0.31 (1.42 x 10718) -0.26 (2.83 x 10713)
Number of . :
Chromos genes Genomic Region Spearman’s p (p- Spearman’s p
ome value) (Male) (p-value) (Female)
analyzed
(B) Promoter -0.06 (1.76 x 1072) -0.04 (7.96 x 1072%)
IncRNA Chr8 1759
== Gene body -0.07 (1.73 x 107%) -0.10 (1.53x 1075)
s Promoter -0.09 (1.14 x 107%) -0.11 (2,60 x 107%)
Gene body -0.04 (1.79 x 10°1) -0.04 (2.19x 10°1)
523
524
525
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526  Table 2. Differences in DNA methylation levels and expression levels between female and male

527  tree shrews, along with Mann-Whitney U test results and its p-values.

Number of Genes Mann-Whitney U test
compared p-value
Promoter 5SmC 2324 0.12
Gene body 5mC 2245 0.02
Expression 2341 0.86
Promoter 5SmC 1790 6.13 x 107110
Gene body 5mC 1667 1.02x 107195
578 Expression 1856 0.79
529
530
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Figure 1. DNA methylomes of tree shrew and the correlation between DNA methylation and
gene expression. Chromosomes 13 and 26 (1,001 genes) were excluded due to their unique
patterns compared to other chromosomes. (A) Global (weighted) mean DNA methylation levels
of CG, CHG, and CHH in each sample exhibit high levels of CpG methylation and low levels of
CH methylation. (B) Mean (weighted) DNA methylation across gene bodies of 22,741 protein-
coding genes in the autosomes and the X chromosome demonstrate decreases of DNA
methylation near the transcription start sites. (C) Mean (weighted) DNA methylation of promoter,
gene body, and intergenic regions in 20 groups of genes with different expression levels,
ranging from rank O to rank20 (higher expressed genes from left to right). A negative correlation

is observed in promoters, while a bell-shaped correlation is observed in gene bodies.
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547 CpG counts in each gene 2kb promoter

548
549  Figure 2. Global patterns of female X hypomethylation in the tree shrew PFC and its

550  association with CpG counts. (A) Mean fractional DNA methylation levels of all CpGs in males
551 and females demonstrates that the female X chromosome is globally hypomethylated compared

552  to chromosome 8 and the male X chromosome. (B) Distributions of DNA methylation level
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553  differences of CpG sites between females and males in autosomes and the X chromosomes
554  show that the X chromosome is generally hypomethylated. (C) The distribution of expression
555 levels, promoter DNA methylation levels, and gene body DNA methylation levels of genes (1857
556  genes including both protein-coding genes and IncRNA genes) across the X chromosome in
557 females (red) and males (blue). (D) The differences between females and males for expression,
558  promoter methylation and gene body DNA methylation of genes across the X chromosome. The
559  yellow dot in the gene expression plot represents the Xist gene, which is up-regulated in
560 females. (E) Genes with female hypomethylated (mean 5mC male-female > 0.05, 1154 genes)
561 promoters tend to have fewer CpGs compared to those with female hypermethylated (mean
562 5mC male-female < -0.05, 155 genes) promoters. (F) Comparisons of DNA methylation (Y-axis
563 on the left) levels and their differences between males and females (Y-axis on the right)
564 according to the numbers of CpGs in promoters (X-axis). Female promoters are clearly
565 hypomethylated compared to male promoters when CpG counts are low. As CpG counts
566  increases, both promoters are generally lowly methylated. Promoters with large CpG counts
567 (>80) are on average female hypermethylated. (G) A comparison of promoter CpG O/E across
568 three species (human, tree shrew and koala) demonstrates the similarity between the koala and
569 the tree shrew compared to the human, specifically in the X-linked promoters.

570
571
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574
575 Figure 3. Patterns of differential expression between males and females in relation to
576  differential DNA methylation. Sex-specific expressed genes and their correlation with DNA
577  methylation levels. (A) The MA plot illustrating differentially expressed genes across autosomes
578 (left) and the X chromosome (right). Ashr-shrunken log fold-change values are used for the
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visualization. Blue dots represents male up-regulated genes and red dots represents female up-
regulated genes. (B) The density distribution graph displays the log-transformed female-to-male
expression ratio for genes. There was no significant difference between the X chromosome and
autosomes (Mann-Whitney U test p-value = 0.13). (C) The distribution of female (red) and male
(blue) up-regulated genes identified by DESeq2 across the X chromosome. The Xist gene is
marked with a yellow box. (D, E) The Y-axis represents the difference in mean DNA methylation
levels between females and males is across gene bodies (D) and promoters (E). The X-axis
represents the log2 fold-change of female-to-male expression difference. Spearman’s rank

correlation coefficient and p-value are reported.
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593  Figure 4. DNA methylation difference between females and males for the newly annotated tree
594  shrew Xist gene. (A) Longer transcripts are detected in female samples compared to male
595 samples in the Xist gene region. (B) Fractional methylation levels of CpG sites around Xist are
596 indicated and (C) the differences of DNA methylation levels of each CpG site between females
597 and males are calculated. A CpG island near the 5' end of the gene displays marked female
598 hypomethylation. (D) The methylation levels at each CpG site are correlated with gene
599 expression levels using six samples. The Y-axis values represent the significance of the
600 Pearson correlation, with a red horizontal line indicating the threshold for a p-value of 0.05. The
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601  color gradients indicate their corresponding Pearson correlation coefficient, with red for a
602 negative correlation and green for a positive correlation). Circular points represent female-
603  hypomethylated CpGs, while diamond-shaped points indicate male-hypomethylated CpGs.
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28575 Figure 5. DNA methylation in the Y-linked contigs of the tree shrew PFC. (A) The
609  distribution of the metric [1- (mean read-depth in females)/(mean read-depth in males)] for
610 contigs. Three peaks are observed, which potentially correspond to from X-linked, autosome-
611 linked, and Y-linked contigs. (B) Mean methylation levels for contigs in each peak. Notably,
612  putatively X-linked contigs displayed female X hypomethylation. The numbers of contigs
613  included in the sets are indicated. (C) (Left axis) The read-depth of cytosines in the CG context
614  are visualized for male 1 and female 1 sample across each Y-linked contig. The contigs are
615 sorted and connected create an adjusted position. (Right axis) The methylation levels of these
616  contigs, compared with autosomes and the X chromosome. The Y-linked contigs exhibit
617  markedly lower methylation levels than other chromosomes.
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