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Phylogenetic modeling of enhancer shifts
in African mole-rats reveals regulatory changes
associated with tissue-specific traits
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Changes in gene regulation are thought to underlie most phenotypic differences between species. For subterranean rodents
such as the naked mole-rat, proposed phenotypic adaptations include hypoxia tolerance, metabolic changes, and cancer
resistance. However, it is largely unknown what regulatory changes may associate with these phenotypic traits, and whether
these are unique to the naked mole-rat, the mole-rat clade, or are also present in other mammals. Here, we investigate reg-
ulatory evolution in the heart and liver from two African mole-rat species and two rodent outgroups using genome-wide
epigenomic profiling. First, we adapted and applied a phylogenetic modeling approach to quantitatively compare epige-
nomic signals at orthologous regulatory elements and identified thousands of promoter and enhancer regions with differ-
ential epigenomic activity in mole-rats. These elements associate with known mole-rat adaptations in metabolic and
functional pathways and suggest candidate genetic loci that may underlie mole-rat innovations. Second, we evaluated an-
cestral and species-specific regulatory changes in the study phylogeny and report several candidate pathways experiencing
stepwise remodeling during the evolution of mole-rats, such as the insulin and hypoxia response pathways. Third, we report
nonorthologous regulatory elements overlap with lineage-specific repetitive elements and appear to modify metabolic path-
ways by rewiring of HNF4 and RAR/RXR transcription factor binding sites in mole-rats. These comparative analyses reveal
how mole-rat regulatory evolution informs previously reported phenotypic adaptations. Moreover, the phylogenetic mod-
eling framework we propose here improves upon the state of the art by addressing known limitations of inter-species com-

parisons of epigenomic profiles and has broad implications in the field of comparative functional genomics.

[Supplemental material is available for this article.]

Most phenotypic changes across mammals are thought to arise
from differences in gene regulation. African mole-rats are a group
of rodents displaying unusual longevity (Emmrich et al. 2022)
and evolutionary adaptations to their subterranean environment
(for reviews, see Park and Reznick 2022; Wong et al. 2022), includ-
ing cooperative behavior (Zottl et al. 2016; Bennett et al. 2018),
loss of vision (Partha et al. 2017), resistance to hypoxia (Larson
and Park 2009; Park et al. 2021; Cheng et al. 2022), anoxia (Park
et al. 2017) and hypercapnia (Park et al. 2021), metabolic adapta-
tions (Park et al. 2017; Faulkes et al. 2019), and pain insensitivity
(Smith et al. 2011). These unusual traits have prompted genome
sequencing of both the naked mole-rat (Heterocephalus glaber)
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(Kim et al. 2011) and the Damaraland mole-rat (Fukomys damaren-
sis) (Fang et al. 2014), as well as genomic investigations on species-
specific changes in protein sequences and signatures of positive se-
lection (Davies et al. 2015; Sahm et al. 2018). Recent work has ap-
plied proteomic (Heinze et al. 2018) and metabolomic (Ma et al.
2015; Faulkes et al. 2019) approaches to the study of mole-rat traits,
yet the extent to which mole-rat-specific changes in gene regula-
tion may underlie these adaptations remains unexplored.
Moreover, the significance and uniqueness of mole-rat phenotypic
traits have been subject to debate (Buffenstein et al. 2022), in part
because of many observations being limited to comparisons be-
tween the naked mole-rat and mouse.

Mammalian gene regulation is largely enacted by collections
of noncoding promoter and enhancer regions, known to bind
hundreds of transcription factors combinatorially (Spitz and
Furlong 2012; Moorthy et al. 2017; Andersson and Sandelin
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2020). Previous studies have extensively documented the evolu-
tion of mammalian regulatory elements (Cotney et al. 2013;
Vierstra et al. 2014; Reilly et al. 2015; Villar et al. 2015), which is
especially fast for enhancers. Comparative analyses across species,
tissues, and developmental stages have suggested a greater func-
tional relevance for conserved regulatory activity (Arnold et al.
2014; Castelijns et al. 2020; VanOudenhove et al. 2020; Wong
et al. 2020). In contrast, lineage-specific elements appear partly
compensatory of proximally lost events (Arnold et al. 2014;
Berthelot et al. 2018) and typically arise in genomic regions with
pre-existing regulatory activity (Cotney et al. 2013; Emera et al.
2016). Although mammalian adaptations in gene regulation
have been linked to the lineage-specific expansion of repetitive el-
ements (Lynch et al. 2011; Trizzino et al. 2017; Roller et al. 2021),
identifying the subsets of rapidly evolving noncoding elements as-
sociated with lineage-specific shifts in regulatory activity has
proved more challenging, in part because of limitations in compar-
ative approaches for functional genomics data (Dunn et al. 2018;
Price et al. 2022).

Here, we applied a phylogeny-aware approach to quantita-
tively compare epigenomically defined promoters and enhancers
across two tissues from four rodents, including two mole-rat spe-
cies and two rodent outgroups. Our study design aimed to identify
mole-rat-specific shifts in promoter and enhancer activities and to
inform the gene regulatory component of mole-rat adaptations.
Last, we investigated the contribution of repetitive elements to lin-
eage-specific gene regulation in the mole-rat clade.

Results

Comparative epigenomics of liver and heart regulatory
activities in mole-rats

To investigate the contribution of enhancer evolution to tissue-
specific gene regulation in mole-rats, we generated histone mark
chromatin immunoprecipitation (ChIP)-sequencing data to iden-
tify promoters and enhancers active in two somatic tissues with
distinct metabolic and functional roles (liver and heart) from the
naked mole-rat, Damaraland mole-rat, and two outgroup rodents
(guinea pig and mouse) (Fig. 1A; Supplemental Fig. S1). Using
two to six replicates for each combination of species, histone
mark, and tissue (Supplemental Table S1), we obtained an average
of around 20,000 promoters and 50,000 enhancers reproducibly
detected across individuals (Methods) (Fig. 1B). In the four study
species, promoters show >80% commonality across tissues (Fig.
1C; Supplemental Fig. S1), in line with their general association
with gene expression (Vierstra et al. 2014; Young et al. 2015). In
contrast, liver and heart enhancers in each of the four rodent spe-
cies are largely distinct, with just under 30% being typically com-
mon to both tissues (Fig. 1C; Supplemental Fig. S1), consistent
with their role as tissue-specific cis-regulators (Castelijns et al.
2020; Roller et al. 2021).

To compare regulatory regions across the four study species,
we used pairwise whole-genome alignments to identify promoters
and enhancers for which orthologous regions can be confidently
assigned across all species (Methods) (Fig. 1A). Specifically, we
identified subregions of any promoter and enhancer with a recipro-
cal alignment between the mouse genome and each of the three
other rodents (Methods). To illustrate this process, we show regula-
tory elements in each species around the heart-specific genes Myh6
and Myh7, for which a number of orthologous elements were iden-
tified (Fig. 1A, solid boxes). Using this approach, we can compare

regulatory activities at orthologous locations within a substantial
fraction of promoters and enhancers across the four study species
(shaded boxes and connecting lines in Fig. 1A; Supplemental Fig.
S2). Overall, and as expected for nonchromosomal genome assem-
blies, we identify four-way orthologous regions within 20%-30%
promoters and enhancers in each species (Fig. 1D). We define these
elements as orthologous promoters and enhancers. In agreement
with previous studies (Cotney et al. 2013; Vierstra et al. 2014;
Villar et al. 2015), orthologous promoters are mostly active across
all study species (70%), whereas orthologous enhancers are largely
active in only one species (55%) (Supplemental Fig. S2). Last,
orthologous elements in either tissue show significantly higher lev-
els of sequence conservation in the mouse compared with non-
alignable elements (Fig. 1E). These results closely agree with those
reported in recent similar data sets (Trizzino et al. 2017; Roller
etal. 2021) and indicate that across the four species, we capture pro-
moters and enhancers corresponding to both conserved and fast-
evolving sequences. As such, the orthologous and nonalignable
regulatory elements we defined constitute a genome-wide collec-
tion to study regulatory evolution in mole-rats.

Phylogenetic modeling of regulatory activity identifies
promoter and enhancer shifts in mole-rats

We next focused on orthologous promoters and enhancers to
identify mole-rat-specific changes in gene regulation. We adapted
the EVE phylogenetic modeling method, initially developed for
transcriptomic data (Rohlfs and Nielsen 2015), to identify promot-
ers and enhancers showing shifts in regulatory activity along mole-
rat branches (Fig. 2A). This approach is based on an Ornstein—
Uhlenbeck model with two optima and allows statistical assess-
ment of branch-specific shifts in regulatory activity while account-
ing for inter-species variation (Methods). Because EVE had not
been applied to ChIP-seq data previously, we extensively evaluated
the performance of phylogenetic modeling with simulated data
(Methods) (Supplemental Fig. S3), and selected suitable data nor-
malization and statistical thresholds (Supplemental Fig. S3;
Supplemental Table S2). Here, we focus on results with H3K27ac
data, as they are broadly distributed across promoters and enhanc-
ers and show a large dynamic range of normalized read densities
and good phylogenetic signal across our study species (Fig. 2B;
Supplemental Fig. S3).

Using this approach, we identified shifts in regulatory activity
across three branches of the study phylogeny (Fig. 2A,B): the an-
cestral branch leading to mole-rats (Ancestral) and the single-spe-
cies branches leading to the naked-mole rat (Hgla) and the
Damaraland mole-rat branch (Fdam). Across both ancestral and
single-species branches, phylogenetic modeling accurately identi-
fied orthologous regions presenting increased (Up) or decreased
(Down) H3K27ac read densities in mole-rat species compared
with outgroup rodents (Fig. 2B). For each tested branch, phyloge-
netic modeling identified approximately 400 promoters and
3000-6000 enhancers with increased regulatory activity in mole-
rat branches (Fig. 2A, top bars), which we define as Up elements.
Conversely, we obtained approximately 200-500 promoters and
approximately 1000-2500 enhancers with reduced regulatory ac-
tivity (Fig. 2B, bottom bars), which we define as Down promoters
and enhancers. We additionally confirmed that Up enhancers
have significantly fewer 3D chromatin contacts in the mouse
than do Down enhancers (Fisher’s exact test: P-value < 0.05 for liv-
er, P-value < 10~° for heart; Methods) (Chapski et al. 2018), which
is consistent with activity gains in mole-rats.
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Mole-rat enhancer evolution

We next compared the locations and properties of Up and binding analysis (Supplemental Figs. S4, S5; Ross-Innes et al.
Down elements identified with phylogenetic modeling (Supple- 2012). Phylogenetic modeling recovered regulatory shifts with
mental Table S3) to regulatory changes inferred by state-of-the- read density patterns clearly consistent with each tested branch
art methods, such as parsimony (Roller et al. 2021) and differential (Fig. 2B; Supplemental Figs. S4, S5). Moreover, and to assess the

A Myh7 5kb Myh6
[30/60/20]
L [ " v - - -
1 1 m u n
1 5kb . .
[30/60/20] —_—
- i ot 0 A A " .
[ - — I E Em
5kb
[30/60/20] -
SR R SUNIIPP PRGN ¥ 1)\ WV ¥ TR SR——
' . - L R .
5kb
[30/60/20]
p il o i
B u P 1
T
50 Million years Promoters (identified i
e el (identified in each
‘ H3K27a::me; H;:Amg - & enhancers 'spi"c\::&'::sii) ‘ Orthologous elements
Histone mark enrichments Cross-species mapping
B - Promoters c
" Enhancers
S (o
s @
25,374 21,434 «O o
Hgla 68,242 55,129 @«© e -
Fdam 23,943 65.890 25,394 63467  Promoters EECHEA 3% 80
’ ! 60
Cpor 14,719 19,325 ' 40
P 60,142 50,019 )
Enhancers 9% 29% %0
M 15,850 19,085
mus 37,143 53,976 o
0 1‘0 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 0 1‘0 Z‘O 3‘0 4‘0 SIO Overlap ( A))
Elements coverage (Mb) Elements coverage (Mb)
D E
% of active elements % of active elements c 10
0 20 40 60 80 100 0 20 40 60 80 100 -%75 1 —
Hgla High-confidence orthologs %8 08
Promoters 2 % 0.6
Qc
Fdam Enhancers o5
B o 04
(2]
53
Cpor 2 \Eo, 0.2 1
Greylisted % 00
Mmus Nonalignable promoters ' <® & @ e 0
; & V~>\ S o° o
Nonalignable enhancers S 7’ SR X

\ ﬂ\ (‘
& o&\o &\ &\o \\% (‘&O \Q»
®

- ] " &

Figure 1. Comparative epigenomics of mole-rat promoters and enhancers in the heart and liver. (A) Epigenomic profiling and cross-mapping approach
exemplified by the Myh6/Myh7 heart locus. H3K27ac (blue), H3K4me3 (orange), and H3K4me1 (green) histone mark enrichment in the heart are shown
for each of the four species: (Hgla) naked-mole rat, (Fdam) Damaraland mole-rat, (Cpor) guinea pig, and (Mmus) mouse. Scales above species names in-
dicate fold enrichment over input (averaged across replicates). Note that we use the same scale across species to facilitate direct visual comparison of his-
tone mark enrichments. Identified promoters and enhancers are represented by orange and blue boxes, respectively. Purple boxes connected by dashed
lines correspond to orthologous promoters and enhancers in each species. (B) Coverage and numbers of promoters and enhancers by species and tissue.
Bars correspond to total genomic coverage; the number of elements are indicated at the right of bars. (C) Overlap between promoters and enhancers across
the liver and heart tissues, averaged over the four species. Percentages represent the fraction of overlapping elements in each category. (D) Percentage of
promoter and enhancer elements containing high-confidence orthologous regions across the four species (dark orange and blue bars). Lighter shade bars
indicate promoters and enhancers with no high-confidence orthologs (nonalignable). Graylisted regulatory elements correspond to elements with elevat-
ed read density in input ChIP (Methods). (E). Sequence conservation of orthologous and nonalignable promoters and enhancers in the mouse.
Orthologous mouse elements have significantly higher phastCons sequence conservation scores than those of nonalignable elements. Both orthologous
and nonalignable mouse elements have sequences significantly more conserved than the genomic background: Mann-Whitney U tests, with Benjamini-
Hochberg correction for multiple testing, (***) corrected P-values<0.001. See also Supplemental Figures S1 and S2 and Supplemental Table S1.
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Figure 2. |dentification of promoters and enhancers with an activity shift in mole-rats. (A) Number of
regulatory elements identified via phylogenetic modeling with an increase (up) or decrease (down) in
activity in the indicated branches of the species tree: mole-rat ancestral (ancestral), naked mole-rat
(Hgla), and Damaraland mole-rat (Fdam). (B) H3K27ac read density heatmaps and profile plots for up
and down enhancers in the ancestral and naked mole-rat branches. Reads densities are presented as
fold enrichment over input, averaged across biological replicates. Profile plots show distributions in a
3-kb window. (C) Liver enhancers with an ancestral activity shift in mole-rats are significantly associated
with previously identified differentially expressed genes in mole-rats liver (GREAT enrichment tests;
Methods). (D) Example of liver enhancers up-regulated in the ancestral mole-rat branch and associated
with the Igf1rinsulin response locus. H3K27ac (blue), H3K4me3 (orange), and H3K4me1 (green) histone
mark enrichment in the liver around Igf1r; scale units are as in Figure 1A. Promoters are shown in orange;
enhancers, in blue. Up enhancers are identified by black boxes and linked by light blue boxes and dashed
lines across species. See also Supplemental Figures S3 through S7 and Supplemental Tables S2 and S3.

relative significance of enhancer shifts
inferred by the three methods, we over-
lapped their nearby genes with previous-
ly reported differentially expressed genes
and proteins in the mole-rat liver (Meth-
ods) (Fang et al. 2014; Heinze et al. 2018).
In this analysis, enhancer shifts identi-
fied by phylogenetic modeling are sig-
nificantly associated with mole-rat
differentially expressed genes (Fig. 2C).
In agreement with this observation, we
found genes flanking Up and Down pro-
moter and enhancer shifts include a
number of previously reported loci with
differential gene expression between
mole-rats and other rodents, such as the
up-regulated insulin response gene Igf1r
(Fig. 2D; Fang et al. 2014) or the down-
regulated urate oxidase gene Uox (GREAT
genes-to-regions association; Methods)
(Supplemental Table S3; Ma et al. 2015).
For both genes, we measured (1) chroma-
tin interactions between promoters and
Up or Down enhancers (Supplemental
Fig. S6) and (2) downstream expression
levels (Supplemental Fig. S7). We detect-
ed, consistent with mole-rat enhancer
shifts in the Igf1r locus (Fig. 2D), signifi-
cant interactions between the IgfIr pro-
moter and several Up enhancers in the
mole-rat heart but not in the mouse heart
(Supplemental Fig. S6A,B) and observed
increased Igf1r expression in mole-rat tis-
sues (Supplemental Fig. S7). Similarly,
Uox promoter interactions and gene
expression levels were consistent with
enhancer losses at this locus (Sup-
plemental Table S3; Supplemental Figs.
S$6, S7).

Enhancer shifts in the ancestral mole-rat
branch enrich for tissue-specific
metabolic and morphological
adaptations

To investigate gene regulatory pathways
associated with mole-rat enhancer
shifts, we initially focused on the ances-
tral branch leading to both mole-rat spe-
cies. On this branch, the top enriched
Gene Ontologies (GOs) across enhancer
shifts in liver and heart tissue provided a
summary map of gene regulatory chang-
es in mole-rats (Fig 3A; Supplemental
Tables S4-S7). In the heart, Up enhanc-
ers were associated with heart contrac-
tion, energy metabolism, and cellular
respiration GOs. Previous studies have
reported low heart rate and resting cardi-
ac contractility observed in the naked
mole-rat heart (Grimes et al. 2017),
which our results can inform from a
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Figure 3. Gene Ontologies (GOs) and transcription factor binding sites enriched in enhancers with an activity shift on the ancestral mole-rat branch. (A)
Top GO terms enriched in enhancers with an activity shift on the ancestral mole-rat branch. The top five associated GO terms (GREAT enrichment tests,
corrected P-values <0.05; Methods) are shown for each set. Colors indicate P-value significance levels (—logqo FDR) of the GO term in each set, and white
barred boxes mark sets in which the term is not enriched (not in the top 100). The complete list of enriched terms is available in Supplemental Tables S4
through S6. (B) Transcription factor binding motifs enriched in mole-rat enhancers with an activity shift on the ancestral branch. Enriched motifs are rep-
resented as a heatmap, with color scale proportional to P-value significance levels (—logyo FDR) of the motif in enrichment tests (HOMER enrichment tests;
Methods). The complete list of enriched TF motifs is available in Supplemental Table S7. (C) ChIP-seq transcription factor binding signals enriched in mole-
rat enhancers with an activity shift on the ancestral branch. Circle plots show enrichments with size proportional to the number of overlapping peaks, and
darker colors denote lower FDR significance. Enrichments are shown for either tissue and each tested transcription factor in mouse (Mmus) and Damaraland
mole-rat (Fdam) ChIP-sequencing data sets. (D) Example of heart promoters and enhancers with an activity shift in mole rats and associated to the
nebulette (Nebl) locus. Representation as in Figure 2D: H3K27ac (blue), H3K4me3 (orange), and H3K4me1 (green) histone marks enrichment in heart
displayed around Nebl. Promoters are shown in orange; enhancers, in blue. Orthologous up enhancers and promoters are identified by black boxes
and are linked by light blue or orange boxes (respectively) and dashed lines across species. (E) Chromatin interactions between the Neb/internal promoter
(bait; orange arrow) and genomic elements in the same locus in naked mole-rat heart. Gray bars denote significant interactions (4C peaks; Methods), and
asterisks denote significant contacts with a candidate enhancer (enhancers overlapping a 4C peak, bars in track below; red for “up,” blue for “down,” and
black for “other”). (F) Relative Nebl mRNA expression across the heart and liver samples from the four species. (*) P<0.05, (**) P<0.001 (one-way ANOVA,
Tukey post-hoc test). (G) Example of Up promoters and enhancers at the FoxpT locus in liver. Representation as in D. (H) Relative Foxp7 mRNA expression.
Representation as in F. See also Supplemental Tables S4 through S9 and Supplemental Figures S6 through S9.
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gene regulation perspective. In the liver, Up enhancers were
linked to miRNA transcription, liver development, and lipid me-
tabolism, in line with reported adaptations in fatty acid utiliza-
tion in both mole-rat species (Heinze et al. 2018; Farhat et al.
2020; Yap et al. 2022). For Down enhancers, top enrichments
were observed for migration and angiogenic processes in the
heart and for hematopoietic and purine catabolism in the liver
(Fig. 3A); the latter aligns with previous reports (Ma et al. 2015).
In sum, although some of the associations observed above may
reflect the biology of liver and heart tissues, several enrichments
suggest specific connections to known adaptations seen in the
mole-rat clade and not observed in control analyses on the guinea
pig branch (Supplemental Table S8).

To further explore the relationship between enriched GOs
and tissue-specific gene regulation, we identified transcription fac-
tor binding motifs enriched in Up and Down enhancers in either
tissue (Fig. 3B; Supplemental Table S9). Up enhancer shifts were
enriched for binding motifs of tissue-specific transcription factors,
such as MEF family members in the heart and FOX transcription
factors in the liver. In contrast, Down enhancer shifts associated
with binding motifs of broadly expressed transcription factors,
such as FOS members in the heart and ETS proteins in the liver.
To determine whether the observed motif enrichments corre-
spond to in vivo TF binding, we measured the enrichment of TF
binding signals detected in ChIP experiments from mouse
(Hammal et al. 2022) or mole-rat samples (Methods) (Fig. 3C). In
agreement with their histone mark enrichments (Fig. 2B), Up en-
hancers in either tissue were bound by TFs in the mole-rat but
not in the mouse, whereas TF binding in Down enhancers was
only observed in the mouse. Moreover, we detected specific pairs
of motif/TF peaks and ontology terms significantly associated
with each set of enhancers (Supplemental Fig. S8), suggesting reg-
ulatory rewiring of tissue-specific processes. As an example, for Up
enhancers in the heart, binding motifs for MEF family members as-
sociate with the precursor metabolites and energy ontology cate-
gory, which includes genomic loci such as the transcriptional
coactivator Ppargcla, a regulator of mitochondrial biogenesis and
respiratory capacity (Austin and St-Pierre 2012) with context-de-
pendent effects in the heart (Zhu et al. 2019; Oka et al. 2020). In
the mole-rat heart, we observed increased Ppargcla expression
(Supplemental Fig. S7) and interactions between Up enhancers
and the gene promoter (Supplemental Fig. S6). However, further
research is required to determine the impact of Ppargcla dosage
in mole-rats.

Taken together, these observations also suggest specific re-
sponses and transcriptional pathways with altered gene regulation
in mole-rats (Supplemental Table S9), such as the Nebl heart con-
traction locus (Fig. 3D-F). In this region, we detect a large number
of Up promoters and enhancers, some of which also contain MEF
transcription factor binding motifs. In liver, FOXP1 binding motifs
were enriched in Up enhancer shifts (Fig. 3B), and we also found a
concordant recruitment of Up promoters and enhancers at the
Foxp1 gene locus (Fig. 3G; Supplemental Tables S3, S9), suggesting
a coordinated up-regulation of this pathway in mole-rats. In the
mole-rat liver, we observed increased Foxpl expression (Fig. 3H).
FOXP1 is a transcriptional repressor regulating hepatic glucose ho-
meostasis (Zou et al. 2015). However, we did not find an accompa-
nying reduction in expression for genes in the gluconeogenesis
pathway in the mole-rat liver. Thus, the effects of increased
Foxp1 expression may be compensated by other transcription fac-
tors such as Foxol (Supplemental Fig. S7) or may be apparent in re-
sponse to specific stimuli.

Enhancer shifts along mole-rat evolution identify temporal
rewiring of gene regulation

Our study phylogeny allows for temporal investigation of regulato-
ry evolution in mole-rats. We thus asked whether ancestral and
species-specific enhancer shifts associate with common or diver-
gent molecular processes along the evolution of mole-rats. To
this end, we clustered related GOs detected in enhancer shifts
across branches (Methods) (Fig. 4A; Supplemental Table S$10),
and we focused on gene regulatory pathways found across several
branches in the phylogeny (Fig. 4A).

First, this comparison revealed temporal associations of GOs
and pathways along the three branches. We observe most GO en-
richments were driven by one branch, such as cardiac muscle hy-
pertrophy or response to insulin in the Damaraland mole-rat
branch and such as ceramide biosynthesis in the naked mole-rat
branch. However, several processes appear to harbor regulatory re-
wiring on both the ancestral and single-species branches, possibly
in response to continued evolutionary pressure. We further ex-
plored some of these pathways by analyzing whether enhancer
shifts across branches are proximal to the same genes (Fig. 4B-E).

Genes associated with cardiac muscle hypertrophy accumu-
late Up enhancers in both single-species branches: in the heart
for the Damaraland mole-rat and in both the heart and liver for
the naked mole-rat (Fig. 4B). Cardiomyocyte hypertrophy is a com-
plex process mediated by signals arising from multiple cell types
(McLellan et al. 2020), and a study comparing mice and naked
mole-rats reported reduced aging-associated hypertrophy in naked
mole-rat hearts compared with those of mice (Can et al. 2022).
Indeed, we found individual hypertrophy-related genes in each
branch/tissue often had corresponding tissue-specific expression
levels (Supplemental Fig. S9). Moreover, we measured mRNA levels
of several hypertrophy loci across the mole-rat and rodent samples
(Fig. 4F; Supplemental Fig. S7), and observed increased expression
of Foxol and Foxpl in mole-rat tissues and Nfatc3 in the mole-rat
liver. Our results thus suggest mole-rats have recently and conver-
gently modified their response to cardiac hypertrophy, primarily
in the heart but potentially also at liver loci.

Genes in the insulin response pathway are known to be differ-
entially expressed in mole-rats (Fang et al. 2014), with individual
genes in this response being either induced or repressed. Down en-
hancers are the predominant gene regulatory change in this re-
sponse, in both the ancestral and Damaraland mole-rat branches
(Fig. 4C). Although we detect a lower number of associated loci
in the single-species branch, these include both upstream (Insr)
and downstream (Foxol) response genes. Nevertheless, locus-spe-
cific gene expression measurements (Supplemental Fig. S7) suggest
these regulatory changes can be buffered by other enhancers and
may not associate with decreased gene expression in mole-rat liver.
Similarly, we found loci associated with ceramide biosynthesis in
Up liver enhancers for both the ancestral and naked mole-rat
branches (Fig. 4D). There is evidence ceramides can cross the
blood-brain barrier (Zimmermann et al. 2001; Eguchi et al.
2020); thus, our observation may inform reported high levels of
short-chain ceramides in naked mole-rat brain lipids (Frankel
et al. 2020). We verified increased expression of several genes in-
volved in sphingolipid and ceramide biosynthesis in the mole-
rat liver (Fig. 4G; Supplemental Fig. S7), which may result in differ-
ences in liver lipid secretion between mole-rats and other rodents.

Last, we detected genomic loci associated with the response to
hypoxia among heart enhancer shifts in both ancestral and naked
mole-rat branches (Fig. 4A,E). Protein levels of HIF1A are thought
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Figure4. Comparison of GOs and pathways enriched in enhancers with an activity shift in ancestral and single-species mole-rat branches. (A) GO terms
significantly associated to enhancers with activity shifts in mole rats across different branches (top left inset) and tissues. Similar GO terms and pathways were
grouped in clusters (left axis; Methods). Each row in the heatmap is a GO term or pathway within a cluster, with its presence (colored) or absence (white)
indicated in each enhancer set. Columns correspond to the different tissues and shift directions; colors, to the branches (top left inset). Clusters are ordered
to highlight terms enriched in particular branches (right axis). The complete list of enriched terms and cluster membership is available in Supplemental
Table S10. (B-E) Selected examples of GO terms enriched across enhancers of different branches or tissues. Venn diagrams show the overlap between genes
associated with shifted enhancers of each set (Methods). (F-H) Relative gene expression levels for loci associated with cardiac hypertrophy (F), sphingolipid
biosynthesis (G), and response to hypoxia (H). Representation as in Figure 3F. See also Supplemental Figures S7 and S9 and Supplemental Table S10.

to be increased in mole-rats (Kim et al. 2011), and we detected Up
enhancers in the ancestral mole-rat branch for both core regulators
of hypoxic gene expression (Hif1a, Epas1, and Arnt2) and bona fide
HIF target genes (Vegfa, EgIn3, and Aqp1). For Epas1 and Egin3, we
also observed increased gene expression in the mole-rat heart (Fig.
4H). However, we also found a number of hypoxia response gene
loci harbor Down enhancers in the naked mole-rat branch.
These results suggest that, in addition of an up-regulation in the re-
sponse to hypoxia in mole-rats, the naked mole-rat may also tune
down gene regulatory landscapes for a subset of hypoxia-inducible
genes. In support of this hypothesis, we tested whether regulatory
changes in the ancestral and mole-rat branches affect distinct sets
of genes in the hypoxia response pathway (Fig. 4E) and confirmed
that loci associated with enhancer shifts in each branch overlap
more rarely than expected at random (permutation test with
100,000 random resampling iterations: P-value=0.009).

Nonalignable mole-rat enhancers associate with SINE repetitive
elements and rewire metabolic transcription factor networks

The phylogenetic modeling approach we developed here focuses
on alignable segments within regulatory regions across our four
study species. Nevertheless, we noticed some of the genomic loci
previously linked to mole-rat traits are flanked by regulatory ele-
ments that cannot be aligned to the mouse genome, which we
term nonalignable. Repetitive genomic regions (which are difficult

to align across species) have been previously linked to rewiring of
regulatory networks (Lynch et al. 2011; Trizzino et al. 2017; Roller
et al. 2021). We thus investigated the genomic properties of non-
alignable promoters and enhancers in our study and their poten-
tial contribution to mole-rat-specific gene regulation.

As expected, we observed that nonalignable regulatory ele-
ments in mole-rats consistently enrich for repetitive element se-
quences estimated to be of young age (Fig. 5A,B). Moreover,
nonalignable enhancers significantly overlap with several repeti-
tive element families (Supplemental Fig. S10). Among these, we
identified enriched transcription factor binding motifs suggestive
of regulatory co-option (Fig. 5C; Supplemental Table S11). First, we
found a consistent enrichment of RAR binding motifs across non-
alignable liver enhancers in all four species, as well as in sequences
overlapping SINE/Alu repeats, which suggests rodent SINE/Alu el-
ements contribute to RAR-mediated gene regulation, as previously
proposed in primates (Polak and Domany 2006). In contrast, en-
richment of HNF4A binding motifs in SINE/ID repeats was specific
to mole-rat liver enhancers in both species. In both cases, a sub-
stantial fraction of these repeats was bound by the corresponding
TF in mole-rats (Supplemental Table S11). Moreover, HNF4-SINE/
ID sequences enrich for monocarboxylic and fatty acid catabolism
GOs (Fig. 5D), which include transcription factor loci with key
roles in lipid metabolism, such as Ppar genes (Fig. SE;
Supplemental Fig. S7). For RAR-SINE/Alu sequences enriched in
nonalignable liver enhancers, we clustered GO terms associated
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Figure 5. Nonalignable mole-rat enhancers associate with specific repetitive elements and transcription factor binding sites. (A) Overlap with repetitive
elements for naked mole-rat orthologous and nonalignable promoters and enhancers. Nonalignable enhancers and promoters overlap significantly more
with repeats than orthologous elements, whereas all regulatory element sets are significantly depleted in repeats compared with the genomic background:
(***) Benjamini—-Hochberg corrected permutation-based P-values <0.001 (Methods). (B) Nonalignable naked mole-rat promoters and enhancers overlap
significantly younger repeats than orthologous promoters and enhancers: Mann-Whitney U tests, with Benjamini-Hochberg correction for multiple test-
ing, (***) corrected P-values <0.001. Repeats ages were estimated with RepeatModeller (Methods) and are expressed as Kimura distances. (C) Transcription
factor binding motifs for RAR and HNF4 in liver nonalignable enhancers significantly associate with specific repetitive elements. Circles indicate significant
association between a specific repeat and a motif, with color intensity proportional to the fraction of total TF motifs in nonalignable liver enhancers included
in the repeat. Repeats are ordered by age and colored by repeat class. RAR motifs are significantly associated with SINE/Alu across all four species, whereas
the HNF4-ID SINE/ID enrichment is specific to mole-rats. (D) GO terms significantly associated with nonalignable enhancers presenting a HNF4-SINE/ID
instances in naked mole-rat and Damaraland mole-rat liver enhancers (GREAT enrichment tests; Methods). (E) Venn diagram of genes associated to non-
alignable mole-rat liver enhancers with HNF4-SINE/ID instances and annotated with the “fatty acid oxidation” GO term. (F) GO terms associated to RAR-
SINE/Alu expansions across the four species. Representation as in Figure 4A: GO terms were grouped in clusters (shown on the left), and the absence (white)
and presence (colored) of GO terms in each species are indicated. The complete list of enriched terms and cluster membership is available in Supplemental
Table S11. For results across both the heart and liver, see also Supplemental Figure S10 and Supplemental Table S11.

to their flanking genes across the four species (Fig. SF). We found,
in agreement with the known roles of RAR/RXR in fatty acid oxida-
tion and lipid metabolism (Li et al. 2021), terms related to lipid bio-
synthesis and catabolism consistently across all species. However,

for mole-rats RAR-SINE/Alu sequences also associated with TGFB
signaling and proteolysis, suggesting mole-rat-specific repeats
may rewire protein degradation and immunomodulation via the
RAR network.
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In conclusion, our results are consistent with a body of evi-
dence on the importance of repetitive, transposon-derived ele-
ments providing a source of regulatory potential that can
associate with functional innovation in mammals (Lynch et al.
2011; Trizzino et al. 2017; Deniz et al. 2019; Roller et al. 2021).

Discussion

Evolutionary differences between mammals are expected to be
largely driven by alterations in gene regulation rather than chang-
es in protein sequences. Previous comparative studies (Vierstra
et al. 2014; Villar et al. 2015; Young et al. 2015) have identified a
continuum of regulatory regions from highly conserved to lineage
specific (Fong and Capra 2022), with the former being associated
with pleiotropy and core tissue functions. However, the extent
to which lineage-specific changes in regulatory activity contribute
to tissue-level phenotypic adaptations is debated (Cooper and
Brown 2008; Kellis et al. 2014), with the exception of a few well-
characterized examples (Gerbault et al. 2011; Lynch et al. 2011;
Chuong et al. 2016; Kvon et al. 2016).

To date, most comparative analyses of regulatory landscapes
have been based on presence or absence of orthologous promoters
and enhancers and thus have a number of methodological limita-
tions (Dunn et al. 2018; Price et al. 2022). These approaches do not
normalize or quantitatively compare epigenomic levels of promot-
er and enhancer activity across species and typically do not ac-
count for varying phylogenetic distances between species. To
extend and improve these analyses, we applied and validated a
phylogenetic modeling approach to promoter and enhancer epi-
genomic signals in two tissues from a four-species phylogeny:
comparing two mole-rat species with the guinea pig and mouse
as outgroup rodents. This strategy allowed us to quantitatively
identify lineage-specific shifts in promoters and enhancers across
mole-rat branches, investigate the associated biological processes,
and assess the potential contributions of mole-rat-specific changes
in gene regulation to their characteristic evolutionary traits. The
method we describe here improves on previously known issues
with comparative analyses of functional genomics data and could
be applied to similar data sets across species, tissues, and develop-
mental stages. Our work adds to ongoing efforts to extend statisti-
cally sound, quantitative evolutionary models to the analysis of
functional genomics data (Trizzino et al. 2017; Dunn et al. 2018;
Yang et al. 2018; Dukler et al. 2020).

Our results reveal potential contributions of mole-rat gene
regulation to tissue-specific processes. First, we find a consistent
up-regulation of enhancers associated with Ppar/Pppargclaloci, es-
pecially in the heart but also in the liver. These mole-rat-specific
changes may fine-tune the role of PPARGC1A-PPARs in lipid me-
tabolism and preservation of heart function (Zhu et al. 2019;
Pergande et al. 2021). Moreover, we found lineage-specific liver en-
hancers in mole-rats enrich for SINE repeat families and associate
with fatty acid oxidation processes, which is in agreement with
the reported increase in fatty acid utilization in the mole-rat liver
(Heinze et al. 2018). In the heart, some of the strongest up-regulat-
ed enhancers associate with myocardial conduction processes and
include genes such as Nebl, Cacnalc, and Myh7. These changes in
heart-specific gene regulation in mole-rats could contribute to the
morphological and conduction properties of the mole-rat myocar-
dium (Grimes et al. 2017; Can et al. 2022).

Comparing across ancestral, naked mole-rat, and Damaraland
mole-rat branches, our results identified recurrent regulatory
changes associated with specific pathways. We found up-regulated

enhancers associated with cardiac hypertrophy in both the
Damaraland mole-rat and naked mole-rat branch. These included
Foxo1 and Foxp1 transcriptional repressor loci in the heart and the
Nfatc3 locus in the liver, corresponding to transcription factors
known to regulate hypertrophy (Ni et al. 2006; Bai and Kerppola
2011). This observation suggests a complex landscape of mole-
rat changes in this pathway that may inform reduced levels of hy-
pertrophy in the mole-rat versus mouse myocardium (Faulkes et al.
2019; Can et al. 2022). In contrast, for enhancers associated with
the insulin response, we found a consistent down-regulation in
the mole-rat liver, in both the ancestral and Damaraland mole-
rat branches. Previous work documented both up-regulated and
down-regulated expression of insulin response genes in mole-rats
(Fang et al. 2014), and our findings suggest epigenomic enhancer
down-regulation is significant in this response. Last, for loci in-
volved in the response to hypoxia, we found evidence of both epi-
genomic up-regulation in the ancestral branch and down-
regulation in the naked mole-rat branch (in heart). Changes in
the HIF1A protein sequence in mole-rats are thought to result in
reduced proteasomal degradation (Kim et al. 2011), albeit protein
levels were reported to be unaltered in the naked mole-rat heart
compared with the mouse heart (Xiao et al. 2017). Nevertheless,
we observed increased gene expression of both Epasl and Egin3
in the mole-rat heart, suggesting an EPAS1-mediated response.
Additionally, the epigenomic enhancer down-regulation we ob-
served in the naked mole-rat branch suggests a second wave of re-
wiring in this response that may fine-tune hypoxic regulation at a
subset of loci. Although entirely speculative, a possible interpreta-
tion is down-regulated naked mole-rat enhancers in this response
may enrich for HIF target genes, as suggested by their overlap with
hypoxia-inducible genes in humans (70%) (Ward et al. 2021) and
lower affinity in HIF binding sites compared with the mouse
(Supplemental Fig. S8). Nevertheless, further experimental work
is required to substantiate this hypothesis.

There are a number of limitations to our approach. First, our
ability to compare epigenomic signals across species is partly de-
pendent on reference genome assemblies, alignments, and anno-
tations, which were of variable quality and completeness across
our study phylogeny. The use of improved genomic resources,
such as those recently reported by the Zoonomia consortium
(Christmas et al. 2023), holds promise for enhanced resolution
in future comparative studies.

Second, we identified promoter and enhancer shifts based on
epigenomic enrichment of H3K27ac, which strongly associates
with canonical promoter and enhancer elements across the ge-
nome. H3K27ac levels display strong phylogenetic signal across
species, thus representing a good quantitative proxy of regulatory
evolution. Moreover, enhancers harboring this histone mark have
been experimentally validated in developmental models, and
>60% drive expected expression patterns (Cotney et al. 2013;
Nord et al. 2013). Nevertheless, noncanonical enhancers are in-
creasingly recognized as an additional source of regulatory poten-
tial (Pradeepa et al. 2016). Such enhancers are often not associated
with H3K27ac levels and are thus invisible to our approach, poten-
tially limiting the completeness of the lineage-specific shifts we
identified here.

Third, our phylogenetic modeling approach is affected by the
size of the study phylogeny, which is constrained by available ge-
nomic resources in this clade, and sample accessibility limitations
for wild mole-rat species. Thus, our data represent a strategic com-
promise between phylogenetic coverage and epigenomic com-
pleteness. Nevertheless, it is likely a denser or deeper
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phylogenetic sampling would impact performance of this ap-
proach by improving sensitivity and reducing false-discovery esti-
mates. Similarly, our analyses of nonalignable promoters and
enhancers in mole-rats rely on our ability to identify lineage-spe-
cific sequences in the study phylogeny, which would be enhanced
by a denser phylogenetic sampling in this clade.

In summary, this study presents a quantitative phylogenetic
framework with which to investigate the long-standing question
of how lineage-specific changes in gene regulation may contribute
to phenotypic traits. By modeling epigenomic activities of promot-
ers and enhancers within the mole-rat clade, we show the utility of
this approach to identify promoter and enhancer shifts across an-
cestral and single-species branches, as well as connect these line-
age-specific innovations with candidate tissue-specific processes
rewired in mole-rats.

Methods

ChIP and high-throughput sequencing

We performed ChIP experiments followed by high throughput se-
quencing (ChIP-seq) using liver and heart tissue samples isolated
from the naked mole-rat, Damaraland mole-rat, guinea pig, and
mouse. The origin, number of replicates, sex, and age for each spe-
cies’ samples are detailed in Supplemental Table S1. Chromatin
from 50-200 mg of dounced tissue was used for each ChIP exper-
iment using antibodies against H3K4me3 (Millipore 05-1339),
H3K27ac (Abcam ab4729), H3K4mel (Abcam ab8895), TBXS
(Insight bio sc-515536), RXRA (sc-553), FOXA1l (ab70382),
HNF4A (ARP31946), CEBPA (sc-9314), and ONECUT1 (sc-13050).

Cross-mapping of regulatory regions across four rodent species

Sequencing reads were aligned to the appropriate reference ge-
nome with BWA v.0.7.17 (Li and Durbin 2009) (Supplemental
Table S1) and regions of enrichment determined with MACS2
(Zhang et al. 2008). Regions enriched in two to four biological rep-
licates and overlapping by a minimum of 50% of their length were
merged and categorized into promoters, enhancers, and primed
enhancers independently for each species and tissue. We defined
a set of “high-confidence orthologous regions” as four-way orthol-
ogous regions for which we required robust liftOver (Kuhn et al.
2013) mapping of regulatory elements across the four genomes.
In this set, we homogenized the assignation of each region to a reg-
ulatory element type using a majority rule, and excluded graylisted
regions with unusually elevated signal in input ChIP experiments
(GreyListChlIP R package) (R Core Team 2021).

Sequence conservation of orthologous and nonalignable
regulatory elements

We downloaded sequence conservation scores (“phastCons”) for
the mouse genome from the UCSC (http://hgdownload.cse.ucsc
.edu/goldenpath/mm10/phastCons60way/), which were comput-
ed from a multiple alignment of 60 vertebrate genomes. We used
the UCSC tool bigWigAverageOverBed (version 357) to extract av-
erage phastCons scores over each regulatory region included in the
“nonalignable,” “orthologous,” and “genome” regulatory element
sets. The “random” element sets were built from 100 permutations
of the “nonalignable” element sets on the mouse genome, exclud-
ing exons.

Phylogenetic modeling of shifts in regulatory activity on mole-rat
branches

Read density normalization for phylogenetic modeling

We first normalize the H3K27ac FPKM signal for each library with
the corresponding input control, retaining the log, fold change of
signal FPKM over input FPKM. Specifically, we extracted H3K27ac
read density (FPKM) at orthologous enhancers and promoters for
each replicate and its corresponding input control experiment
with the BAMscale cov utility (Pongor et al. 2020), retaining
only confidently mapped reads (-q 13). We next used quantile nor-
malization to normalize fold changes across species and replicates
and verified that samples group according to the species phyloge-
ny after normalization (Supplemental Fig. S3). This normalized
data serve as the basic input for phylogenetic modeling of regula-
tory activity across species.

Phylogenetic modeling and detection of regulatory activity shifts

We modelled the evolution of regulatory activity along the study
phylogeny using the EVE model, an improved Ornstein-
Ulhenbeck model for continuous trait evolution under selection
and drift (Rohlfs and Nielsen 2015). Specifically, the EVE’s null
model has four parameters that govern how traits evolve: the
sigma parameter (strength of drift), the alpha parameter (strength
of selection), the theta parameter (optimal trait value), and the
beta parameter (ratio of intra- to interspecies variation). To detect
significant shift in regulatory activity of enhancers and promoters
on specific branches of the study phylogeny, we took advantage of
EVE’s branch shift test. The branch shift test conducts likelihood
ratio tests (LRTs) comparing two nested models: the four-parame-
ters null model to a five-parameters model with a branch-specific
shift in the optimal trait value. In the branch model, foreground
branches have a distinct optimum (theta;) from background
branches (thetag). By leveraging replicates and explicitly account-
ing for within-species variation (with the parameter beta), the EVE
model significantly improves upon classical OU models, as it re-
duces false-positive inferences of stabilizing selection and opti-
mum shifts (Rohlfs and Nielsen 2015; Price et al. 2022). A
challenge to applying EVE'’s branch shift test to ChIP-seq data is
its relatively low statistical power, typically requiring a large
amount of data (number of replicates and size of the phylogeny)
that is unusual even in RNA-seq experiments (Rohlfs et al. 2014).
In addition, on small phylogenies, values of the test statistic
(LRT) can depart from the chi-square distribution. Therefore, we
performed computational simulations to (1) determine the distri-
bution of LRT in our data and compute accurate P-values and (2)
evaluate the true-positive rate and select an appropriate alpha
threshold for the branch shift test.

We ran EVE’s branch shift test over normalized ChIP-seq
reads using the evemodel R package (Gillard et al. 2021) to detect
regulatory activity shifts on the following branches of the four-spe-
cies phylogeny: the ancestral mole-rat branch (ancestral), the na-
ked-mole rat branch (Hgla), and the Damaraland mole-rat
branch (Fdam). Branch lengths in substitutions per site were ex-
tracted from Ensembl Compara v99 (specifically, from the species
tree computed from pairwise whole-genome alignments, available
at  https://github.com/Ensembl/ensembl-compara/blob/release/
99/conf/vertebrates/species_tree.branch_len.nw) (Cunningham
et al. 2022). For each of the four orthologous regulatory elements
sets (enhancer heart, enhancer liver, promoter heart, and promot-
er liver), we first estimated model parameters under the null model
(selection without shift), in order to obtain realistic parameter val-
ues for simulations. We then performed n =1000 simulations un-
der the null model for each of the four sets, using the mean

1522 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.277715.123/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.277715.123/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.277715.123/-/DC1
http://hgdownload.cse.ucsc.edu/goldenpath/mm10/phastCons60way/
http://hgdownload.cse.ucsc.edu/goldenpath/mm10/phastCons60way/
http://hgdownload.cse.ucsc.edu/goldenpath/mm10/phastCons60way/
http://hgdownload.cse.ucsc.edu/goldenpath/mm10/phastCons60way/
http://hgdownload.cse.ucsc.edu/goldenpath/mm10/phastCons60way/
http://hgdownload.cse.ucsc.edu/goldenpath/mm10/phastCons60way/
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.277715.123/-/DC1
https://github.com/Ensembl/ensembl-compara/blob/release/99/conf/vertebrates/species_tree.branch_len.nw
https://github.com/Ensembl/ensembl-compara/blob/release/99/conf/vertebrates/species_tree.branch_len.nw
https://github.com/Ensembl/ensembl-compara/blob/release/99/conf/vertebrates/species_tree.branch_len.nw
https://github.com/Ensembl/ensembl-compara/blob/release/99/conf/vertebrates/species_tree.branch_len.nw
https://github.com/Ensembl/ensembl-compara/blob/release/99/conf/vertebrates/species_tree.branch_len.nw
https://github.com/Ensembl/ensembl-compara/blob/release/99/conf/vertebrates/species_tree.branch_len.nw
https://github.com/Ensembl/ensembl-compara/blob/release/99/conf/vertebrates/species_tree.branch_len.nw

Mole-rat enhancer evolution

value of the estimated model parameters (alpha, beta, thetag, and
sigma). We next tested whether the study phylogeny was suffi-
ciently large for LRTs to be distributed as a chi-square distribution:
we computed LRT comparing likelihoods of the simulated data un-
der the null model and under a model with a shift in the ancestral
mole-rats branch and found that LRT did not follow a chi-square
distribution. We thus used these simulations under the null model
to compute empirical P-values (Supplemental Fig. S3), as recom-
mended previously (Rohlfs and Nielsen 2015).

Because the branch shift test has relatively low statistical pow-
er, we performed additional simulations to evaluate the false-posi-
tive and true-positive rates under a variety of simulation settings
in order to select suitable thresholds on (1) the alpha significance
level and (2) the absolute shift value abs(theta;—theta,) estimated
by EVE. We again performed n=1000 simulations for each of the
four sets (enhancer heart, enhancer liver, promoter heart, and pro-
moter liver) and with varying proportions of simulations under the
null and shift models (from 5% to 17.5% of simulations with a
shift). We performed simulations under the null and shift models
using the average parameter values estimated from the data (param-
eters alpha, beta, thetay, and sigma), whereas the additional shift pa-
rameter value for the simulations with shift was drawn from a beta
distribution beta(alpha=8, beta=2) x 3, selected to resemble empir-
ically estimated shift values. On average and across the four sets,
testing for shift on the ancestral branch at alpha=0.05 and without
filtering on the value of the estimated shift yielded a true-positive
rate of 0.46. We next selected thresholds on the alpha significance
and estimated shift value in two successive steps, with the objective
to increase the true-positive rate while maintaining the false-posi-
tive rate around 0.05-0.1. First, we selected the optimal alpha
threshold using the commonly used Youden method (i.e., the alpha
that maximizes the Youden index=sensitivity + specifically-1).
This method identified an optimal alpha significance threshold of
around 0.2 for most sets (Supplemental Table S2A). Second, we se-
lected the threshold on the absolute shift value in order to recover
at most 0.05-0.1 false-positive rates on most sets. We found that se-
lecting alpha=0.20 and filtering on absolute shift values >1.5 yield-
ed an acceptable false-positive rate (0.08), while increasing the true-
positive rate to 0.77 (Supplemental Table S2). Similar results were
obtained with the corresponding simulations for shifts in each of
the naked mole-rat (Hgla) and Damaraland mole-rat (Fdam) branch-
es (Supplemental Table S2A,B).

Based on the above, for the four orthologous regulatory ele-
ments sets (enhancer heart, enhancer liver, promoter heart, and
promoter liver) and each of the three tested branches, we obtained
P-values for the branch shift test and estimated shift values for
each regulatory region. We then retained as differentially active el-
ements all elements with empirical P-value <0.2 and absolute shift
value >1.5. Read density heatmaps and profile plots were drawn
with deepTools version 3.5.0 (Ramirez et al. 2016).

We compared these results with regulatory activity shifts us-
ing parsimony (binary presence or absence of peaks) and differen-
tial binding (DiffBind R package) (Ross-Innes et al. 2012).

Chromatin 3D contacts of Up and Down elements in the mouse

We used previously published 5-kb resolution Hi-C data in mouse
liver and heart (Chapski et al. 2018) to test for enrichment/deple-
tion of 3D contacts for Up and Down enhancers. We started from
the list of significant 3D interactions between 5-kb windows on
the mouse genome to count the number of Up/Down elements
falling in windows with predicted 3D contacts. In the two tissues,
Up enhancers have significantly fewer 3D contacts in the mouse
than do Down elements. Specifically, 43% of heart Up enhancers
display 3D contacts as opposed to 49% for Down enhancers (P-val-

ue<107%, Fisher’s exact test), and 37% of liver Up enhancers dis-
play 3D contacts as opposed to 40% for Down enhancers (P-
value<0.05, Fisher’s exact test). The limited correspondence be-
tween H3K27ac levels and 3D contacts density for Up and Down
enhancers could be owing to the different resolution of the two ex-
perimental approaches or to potentially compensatory 3D con-
tacts between other regulatory elements in the vicinity of Up/
Down enhancers.

4C-seq of chromatin 3D contacts at candidate loci

We used 4C-seq (Krijger et al. 2020) to identify physical contacts be-
tween bait gene promoters and associated enhancer shifts, using re-
striction enzymes and primers indicated in Supplemental Table S12.
Sequencing data were processed with the pipe4C pipeline (Krijger
et al. 2020) to generate normalized 4C coverage tracks. Coverage
was normalized to sum up to 10,000 reads over the captured loci
scaffold and plotted as a running average across 21 fragment ends,
clipped at the bait to maximize the range of nonbait signal. We
called peaks using peakC (Geeven et al. 2018) with default parame-
ters to identify regions in significant contact with the promoter.

RNA isolation and RT-QPCR

Total RNA was extracted with RNA universal mini kit (Qiagen) and
treated with DNase (Ambion am1907) to remove contaminating
genomic DNA. RNA (1 ug) was retrotranscribed using a high-capac-
ity cDNA synthesis kit (Thermo Fisher Scientific), and cDNA was
diluted 1/10 for qPCRs using KAPA SYBR FAST (Sigma-Aldrich
KK4610). RT-qPCR was performed on a Roche LC480 for 40 cycles,
using primers indicated in Supplemental Table S12.

GO:s, pathways, and gene enrichment tests

We downloaded mouse GO data from the MGI database on April
20, 2022, as well as C2 pathway annotations from MgDB at https
://bioinf.wehi.edu.au/software/MSigDB/. We filtered GO data to
retain only GO of the Biological Process (BP) domain, as well as
C2 pathways to retain only 1397 pathways (mostly REACTOME,
KEGG, and BIOCARTA pathways). We transferred mouse GO
and pathway annotations to the naked mole-rat and Damaraland
mole-rat using gene orthologies from Ensembl compara version
102, extracted with Ensembl BioMart (Cunningham et al. 2022),
and reimplemented the region-based GO tests implemented in
GREAT (McLean et al. 2010). We used GREAT’s default gene-to-re-
gion association rule and implemented its three association tests,
using similar rules for GO propagation and filters as in GREAT.
To increase statistical power and alleviate redundancy, we filter
GO to only test for the most specific GO terms among all GO asso-
ciated to the exact same foreground genes. For GO and pathways
enrichment tests, we used GREAT recommended tests a and b
(i.e., tests against the whole genome as background), retained
terms found enriched with both tests, ranked them according to
BH adjusted P-value <0.05 of test a, and selected the top 100 GO
terms and top 20 C2 pathways.

Transcription-factor binding motif enrichment analysis

We used the HOMER software suite version 4.11 (Heinz et al. 2010)
to identify enriched TF motifs in sets of regulatory regions
(findMotifsGenome.pl script with default parameters, with “-h”
to conduct hypergeometric tests and “-size given” to only search
for motifs within regulatory regions). We used the Damaraland
mole-rat genome as a background to search for enriched motifs
in the regulatory elements with an activity shift on the ancestral
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branch. We retain the top 10 enriched TF for each element set (all
BH-corrected P-values<0.05).

We tested for significant TF motif-GO term association with-
in each element set using the shuffling procedure implemented in
the RemapEnrich R package (Hammal et al. 2022). We identified
significant association among the top 10 TF motifs and top 100
GO enriched in each set (Supplemental Fig. S8A) and retained pairs
with corrected P-values<0.05 (tests were conducted for each TF
separately and corrected for multiple testing using the
Benjamini-Yekutieli procedure to account for a possible depend-
ency structure in the P-values distribution). We used the same ap-
proach to test for significant associations between GO terms and
TF binding sites (Supplemental Fig. S8B).

Clustering of GO terms for visualization of enrichment across
branches and tissues

To compare functional enrichments across sets of shifted regulatory
elements in different tissues and branches of the phylogeny, we first
removed redundancies by filtering out from each set the elements
found shifted in two branches (i.e., “ambiguous” elements, found
shifted in the ancestral and in one mole rat branch). We next
used the GREAT approach to identify enriched GO terms and path-
ways in each filtered element set, retaining the top 100 GO (all cor-
rected P-values<0.05) and 20 C2 (all corrected P-values<0.1)
pathways (for implementation details, see section GOs, Pathways,
and Gene Enrichment Tests). For visualization, we grouped together
similar GO terms and pathways found within or across sets, based
on the overlap of associated genes. Specifically, two GO (pathways)
were grouped in the same cluster if the Jaccard index of the overlap
was >0.35. We next relax the Jaccard index threshold to 0.2 to ten-
tatively connect remaining singleton GOs to existing clusters. We
retained all clusters of a size greater than three GO terms (and/or
pathways) for visualization (Fig. 4A).

Overlaps between regulatory elements and repeats

We constructed de novo repeat libraries for the naked mole-rat and
Damaraland mole-rat using RepeatModeler version 2.0.2a (Flynn
et al. 2020) and used precomputed de novo repeat libraries from
the Dfam database (Storer et al. 2021) for the guinea pig and
mouse. We next annotated the location of repeats in mole-rat,
guinea pig, and mouse genomes with RepeatMasker version
4.1.2-p1. We used BEDTools version v2.29.2 (Quinlan and Hall
2010) to compute overlaps between elements and repeats and
used BEDTools Jaccard to obtain the corresponding Jaccard index
(ratio of the intersection to the union of the data sets, in number of
bases). “Genome” sets were constructed from n=10,000 random
permutations of the corresponding “orthologous” or “nonaligna-
ble” set on the whole genome. We tested for significant differences
in overlaps with repeats across sets and used the Jaccard test to
define significantly enriched repeat families.

Enrichment of TF binding motifs in repeats

We identified enriched TF motifs in the set of nonalignable en-
hancers of each mole-rat using the HOMER software (see section
Transcription-Factor Binding Motif Enrichment Analysis). We
again used a permutation of intervals approach to identify motifs
significantly found fully included in a repeat more often than ex-
pected by chance. The null distribution was obtained from n =100
random permutations of motifs within nonalignable enhancers.
In mole-rats, we tested for significant association between en-
riched repeats and the top 10 enriched motifs. In the outgroups,
we tested only for significant association between HNF4 and
RAR TF motifs and enriched repeats.

Finally, we used GREAT (for details, see section GOs,
Pathways, and Gene Enrichment Tests) to test for functional en-
richment for enhancers with the co-occurring RAR motifs and
SINE/Alu repeats and HNF4 motifs and Sine/ID repeats.

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE222972. Aligned BAM files have been deposited in Zenodo
(https://doi.org/10.5281/zenodo.8272788). All original code and
data sets generated in this study have been deposited in Zenodo
(https://doi.org/10.5281/zenodo.7442105) and uploaded as
Supplemental Material.
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