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Transposons contribute to the acquisition of cell
type-specific cis-elements in the brain

Kotaro Sekine® 2, Masahiro Onoguchi 125 & Michiaki Hamada® 23%

Mammalian brains have evolved in stages over a long history to acquire higher functions.
Recently, several transposable element (TE) families have been shown to evolve into cis-
regulatory elements of brain-specific genes. However, it is not fully understood how TEs are
important for gene regulatory networks. Here, we performed a single-cell level analysis using
public data of scATAC-seq to discover TE-derived cis-elements that are important for spe-
cific cell types. Our results suggest that DNA elements derived from TEs, MER130 and
MamRep434, can function as transcription factor-binding sites based on their internal motifs
for Neurod2 and Lhx2, respectively, especially in glutamatergic neuronal progenitors. Fur-
thermore, MER130- and MamRep434-derived cis-elements were amplified in the ancestors
of Amniota and Eutheria, respectively. These results suggest that the acquisition of cis-
elements with TEs occurred in different stages during evolution and may contribute to the
acquisition of different functions or morphologies in the brain.
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the transmission and processing of information in the brain,

and there are various spatiotemporal subtypes, including
layer-specific excitatory neurons in the cerebral cortex!. These
neurons are differentiated from neural progenitors during
embryonic and adult neurogenesis!~%. For adult neurogenesis,
neural stem cells (NSCs) are first committed to proliferative
neural progenitor cells (NPCs) and then become neuronal pro-
genitor cells and neuroblasts®%. These cells then differentiate into
glutamatergic excitatory neurons or GABAergic interneurons
under the control of various transcription factors at different
differentiation states>*. In addition, transcription factors such as
Neurod2 and Lhx2 play various roles in neurogenesis. For
example, Neurod2 induces neuronal differentiation in NPCs and
contributes to neuronal maturation®~’. Lhx2 has multiple spa-
tiotemporal roles by regulating the proliferation and differentia-
tion of NPCs, as well as area patterning and axonal wiring in
postmitotic neurons8. Recent studies have shown that while adult
neurogenesis occurs mainly in the subgranular zone (SGZ) or the
subventricular zone (SVZ), it also could occur in other regions,
such as the cortex’. In addition, environmental factors, such as
stress and injury, are involved in regulating the generation and
survival of newborn neurons®-11.

Recent single-cell analyses have shown that spatiotemporally
diverse neuronal subtypes have distinct genomic profiles!?13.
Among them, pseudo-time analysis can characterize the different
stages of neurogenesis in single-cell levels. For example, pseudo-
time analysis with single-cell RNA-seq (scRNA-seq) revealed
gene expression profiles during glutamatergic neurogenesis in the
adult dorsal ventricular-subventricular zone (V-SVZ) and
GABAergic neurogenesis in the adult ventral V-SVZ!4. As for
epigenetic analysis, some studies have reported dynamic changes
in chromatin accessibility profiles during neurogenesis using
single-cell assays for transposase accessibility by sequencing
(scATAC-seq) in mammals!>16. scATAC-seq analyses in the
brain have also revealed transcription factor motifs accessible in a
cell-type-specific manner in spatiotemporally diverse neuronal

I n the mammalian brain, neurons are mainly responsible for

/| _”‘_’;T‘, de novo

subtypes (such as excitatory/inhibitory neurons or neural
progenitors)!7~1°, However, it remains to be elucidated how cell-
type-specific regulatory mechanisms are acquired.

Previous and recent studies have proposed that transposable
elements (TEs) may be important in understanding gene reg-
ulatory mechanisms and their origins?0-22. TEs are DNA
sequences that can change their position within a genome and
occupy approximately half of the mammalian genome?3-24, TEs
are subdivided according to their evolutionary origin, metastasis
mechanism, and sequence characteristics. For example, in the
mouse genome, there are approximately 52 families and
790 subfamilies23. Specific types of TEs can function as gene
regulatory regions by serving as the origin of transcription factor
(TF) binding sites?>~27. Most TEs that function as transcription
factor-binding sites also contain transcription factor-binding
motifs, suggesting that transcription factors bind to TEs in a
sequence-dependent manner2>, For example, recent studies
reported that MER130 TEs function as cortical-specific enhancers
based on their internal motifs*>27. TEs may also be important
factors for the acquisition of novel cis-elements during evolution.
Some groups suggested that TEs are involved in acquiring cis-
elements, including transcription factor-binding sites that drive
morphological evolution in mammals?228-30, For example, recent
studies have shown that the acquisition of AmnSINE1-derived
enhancers in mammalian ancestors may lead to the acquisition of
mammalian-specific brain formation31:32, These studies suggest
that TEs may contribute to the acquisition of cell-type-specific
cis-elements by inducing the binding sites of transcription factors.
However, the relationship between TE-derived DNA elements
and transcription factor binding at the single-cell level remains to
be elucidated.

In this study, we verified the hypothesis that TEs contribute to
the acquisition of transcription factor-binding motifs that are
important for cell-type specificity (Fig. 1a). To clarify whether
TE-derived cis-elements serve as binding sites for cell-type-
specific transcription factors, we used public scATAC-seq data
from the adult mouse (P56) prefrontal cortex33. Specifically, using
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Fig. 1 Hypothesis that transposable elements (TEs) contribute to the acquisition of transcription factor (TF)-binding motifs that are important for cell-
type specificity. a A specific type of TE acquired during evolution serves as binding sites of transcription factors and induces cell-type-specific gene

expression. In the cell type shown in the upper figure, TEs that differ from those in other cell types shown in the lower figure function as cis-elements and
form a gene regulatory mechanism specific to the cell type. The solid, dashed, and dotted arrows indicate the gene expression, gene regulation, and TE
insertion, respectively. b Analysis flow of de novo motifs using scATAC-seq in this study. The data status is enclosed in a rectangle, and the tools we used

are underlined.
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scATAC-seq data with labels (defined by Cusanovich et al.33), we
first detected transcription factor motifs accessible in a cell-type-
specific manner (Fig. 1b). Then, we searched for TE subfamilies
that function as cell-type-specific binding sites of transcription
factors. Finally, by estimating the time of acquisition of TE-
derived cis-elements, we showed the role of TEs in the acquisition
of cell-type-specific brain functions.

Results

De novo motifs with high variability in chromatin accessibility
across cells are similar to known binding motifs of neural
differentiation-related transcription factors. To discover
accessible DNA motifs that are important for cell-type specificity
in the mouse adult prefrontal cortex (P56), we first investigated
whether cell types are characterized by k-mer chromatin acces-
sibility profiles with scATAC-seq (accessibility across peaks
sharing the k-mer), using cells with known cell-type labels, each
containing more than 100 cells (labels were defined by Cusano-
vich et al.33). First, we computed the bias-corrected accessibility
deviations for each 7-mer with chromVAR3* (see “Methods”).
Visualization of the similarity among cells with t-distributed
stochastic neighbor embedding (t-SNE) showed that cells were
characterized as upper/lower layer excitatory neurons, inhibitory
neurons, and glial cells (Fig. 2a, Supplementary Fig. 1). This
suggests that the k-mer chromatin accessibility profiles differ
greatly among various types of neurons and glial cells.

Then, using the k-mer accessibility profiles, we generated de
novo motifs associated with high variability in chromatin
accessibility across the cells with chromVAR’s assembleKmers
function34. Thus, we obtained four de novo motifs (the threshold
of variability score=2.0). The variability scores of the seed
k-mers in chromVAR3* were as follows: de novo motif 1:
CAGATGG was 3.7, de novo motif 2: CACCCAC was 3.0, de
novo motif 3: CTAATTA was 2.1, and de novo motif 4:
ACAGCTG was 2.1

To identify the cell types for which the seed k-mers of the four
de novo motifs with high accessibility variation across the cells
are accessible, we visualized the k-mer deviation z-scores
calculated with chromVAR3* for each cell on t-SNE (Fig. 2b,
Supplementary Fig. 2). The results showed that each seed k-mer
of the de novo motif 1 and de novo motif 2 were accessible mainly
in excitatory neurons. In contrast, de novo motif 3 and de novo
motif 4 were accessible across multiple cell types but were
relatively enriched in excitatory neurons and astrocytes for de
novo motif 3 and interneurons and inhibitory neurons for de
novo motif 4. In excitatory neurons, the seed k-mers of de novo
motifs did not precisely correspond to any known labels of
neuronal subtype, and they were accessible in a part of each
neuronal subtype of the excitatory neurons. These findings
suggest that these de novo motifs may regulate some specific
subpopulation of excitatory neurons.

Then, to estimate which transcription factors contribute to the
accessibility of each de novo motif, we compared the de novo
motifs with known motifs of transcription factors (see “Meth-
ods”). We obtained several known transcription factor candidates
whose motifs are significantly (q<0.05 using TOMTOM?3?)
similar to each of the de novo motifs (Fig. 2c, Supplementary
Fig. 3). Some of these candidate transcription factors have been
reported to play important roles in neuronal differentiation®78,
suggesting that transcription factor motifs related to the
regulation of neuronal differentiation are important for open
chromatin profiles that characterize cell types. For example, de
novo motif 1 is similar to the transcription factor-binding motif
shared by the neural-specific basic-helix-loop-helix (bHLH)
transcription factors, such as Neurod2, Neurog2, and Neurod13°.

This suggests that this motif is implicated in the differentiation of
glutamatergic neurons>’ (Supplementary Fig. 3).

To check to what extent the candidate transcription factor
genes are actively transcribed in the cell types where the de novo
motifs are accessible, we examined their RNA expression levels
using public scRNA-seq data of the adult mouse cortex!3 and
gene activity levels using scATAC-seq data3? (see “Methods”).
We confirmed that specific transcription factors of the candidates
that regulate neural differentiation and/or neuronal activity are
highly expressed in each cell population”7$37-40 (Fig. 2d,
Supplementary Fig. 4). In the cells where de novo motif 1 was
highly accessible (that is, excitatory neurons), the results showed
that Neurod2 was expressed the most compared to that of other
candidates of transcription factors, including Neurog2, Neurodl,
Atohl, and Olig2. Therefore, Neurod2 was assumed to be the
factor that contributed most to de novo motif 1 accessibility.
Similarly, Egr3 for de novo motif 2 (accessible in excitatory
neurons), Lhx2 for de novo motif 3 (accessible in excitatory
neurons and astrocytes), and Tcf4 for de novo motif 4 (accessible
in interneurons and inhibitory neurons) were estimated to be
transcription factors that contribute the most to the de novo
motif accessibility (Fig. 2c). Notably, de novo motif 3, which
corresponds to putative Lhx2 binding sites, was highly accessible
across a part of excitatory neurons and astrocytes (Fig. 2b, d).
This suggests that Lhx2 regulation is important for not
only neurons but also astrocytes, consistent with the results of a
recent report showing that Lhx2 plays an essential role in
astrocyte maturity through transcriptional and chromatin
regulation®!.

Each Neurod2 and Lhx2-like motif is accessible in a putative
neuronal progenitor cell population in the adult brain. Because
we found that transcription factors crucial for neuronal differ-
entiation might regulate the de novo motifs of highly variable
accessibility (Fig. 2), we further characterized subpopulations that
showed open chromatin profiles in the de novo motifs in neuron-
labeled cells along the differentiation axis. We performed pseudo-
time analysis on the neuron-labeled cells using the k-mer acces-
sibility profiles. We ordered the cells along with the neuronal
differentiation state using STREAM#2 (Fig. 3). We found that the
excitatory neurons branched into two branches (S2, S1) and (S0,
S1): the branch (SO, S1) was the cell population in which exci-
tatory neuron-labeled cells accounted for 83% of the total (3071/
3678 cells), and the branch (S2, S1) was the cell population where
excitatory neuron-labeled cells accounted for 97% of the total
(414/429 cells) (Fig. 3a, Supplementary Fig. 5). Among them, in
branch (S2, S1), layer VI excitatory neurons (Ex._neur-
ons_CThPN: corticothalamic projection excitatory neurons)
accounted for 65% of the total (278/429 cells). The branch (S3,
S1) was the cell population where inhibitory neuron-labeled cells
accounted for 56% of the total (81/145 cells).

To understand the developmental processes that characterize
each of the branches, we focused on the marker gene activities
calculated with ATAC peaks near the genes (see “Methods”). The
marker genes of glutamatergic neuronal progenitor cells and
neuroblasts, such as Neurog2 and Neurod1>*3, were more active
in branch (S2, S1), whereas genes related to maturation, such as
Mef2c**, were more active in branch (SO, S1) (Supplementary
Fig. 7a, b). In addition, DIx6 and Gad2 genes, which are related to
the function of GABAergic neurons*’, were active in branch (S3,
S1) (Supplementary Fig. 7c). These results suggest that branch
(82, S1) may be a younger neuronal population, such as neuronal
progenitors or neuroblasts, while branch (S0, S1) may be a mature
neuronal population, and branch (S3, S1) may be GABAergic
inhibitory neurons. We also performed Gene Ontology (GO)

COMMUNICATIONS BIOLOGY | (2023)6:631| https://doi.org/10.1038/s42003-023-04989-7 | www.nature.com/commsbio 3


www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-04989-7

a) «
“ Ex._neurons_CPN
30 ® Ex._neurons_SCPN
2 Ex._neurons_CThPN
SOM+_Interneurons
E 10 Inhibitory_neurons
2 o Oligodendrocytes
Microglia
e Astrocytes
20
30
o 0 o EE)
b) N tSNE dim 1 . s "
o CAGATGG ® CACCCAC o CTAATTA 2
ACAGCTG
o » (denovol) o = (denovo?2) ¢ (denovod) ; (de novo4)
H 5 x5 S s §o £ 5
w £ LB w 8 w 5 M g
Z o 2o g z 0 4, 5
2 LK & [ ED = Bs & °
.y : . ==
20 20 3 2 20
20 0 20 20 o 0 9 -
1SNE dim 1 1SNE dim 1 Lt ® NEdm1
) NDF2_MOUSE.H11MO.0.A EGR3_MOUSE.H11M0.0.D LHX2_MOUSE.H11MO.0.A ITF2_MOUSE.H11M0.0.B
C) . 2 - 2
. - - - . _—
cox  czaATTA
jﬁQnCQGNQE%X J.CZaRlln .,
2 2
24 _ 24 _
# CaQCCAC  _zah]a
ER o S o e o o
AEnOVO. 2 s e QONOVO_3 1
Myog
d): 1] iz : ﬁ\ | he o B s,
Neurod2 | L ‘ X 1 P | || meis2 ot
L Aaa ! E 0 Hshz o Y ‘ ;N — o B
g 0. [] Vsx2 L L L
3 Neurog? F B [ ‘ LU sl L Pue 1 . vy Ii'!.‘z
851 ) [ Newos2 8, ain QKo 3 Hue & Myts s
5 Newog? | L 6it 59 | | | | Pm2 sz 3 ) Lyt Lyt
s Nt 8 et 2 s Qs 5 " s & ol
Bhihats
QSQ—LL—'—% Aont 8 T [ | lee Hew ¢ © B £ ) oig2z [ oig2
obox £ g
@ mont o2 &, o e B Oa o, pita [ piia
it ) i [0 I | Wi W Nobox T . 11 | mws [Jaws
¢ JL ! W Fes o . L : Atoht Alum
Olig2 ) At Neurod! Neurodi
‘ ) : ﬂ ) L | ‘ | | ‘ Twist! mﬁ"
NN NP e S N N P I A N N N I N S (5 R P
\A & & § Fo&Lg o“*\@ § & E»QQ 0@“ ) @0{@ Q\o(‘ F & @(3 fFeds Neurod2
o O & ¢ O & YA & ¢ & & o 0 ¢ ¢ ¢ @ 5 %
Fogo7e¢de § ¢ o & ¢ ¢ S e VS ¥ & S ¢
EECCA & ¢ ¢ & e @y PO v & ey & ¢ & 9 & & &
d &L & ¢ EC N F RN § & & ¢
F& ey ¢ ¢ §F @ § ¢ § &9 § ¥ q& & &5 &
;¢ ¢ ¢ i S ey O W ;¢ ¢ © ¢ & \@ &
¢S g S o ¢ QS ¢ & o ¢ @,j ¢ ¢ o ¢ o o
@

Fig. 2 De novo motifs with high variability in chromatin accessibility across the cells are similar to the neural development-related transcription factor
motifs. a Visualization of cell similarity using t-distributed stochastic neighbor embedding (t-SNE) based on 7-mer chromatin accessibility. The colors
indicate the labels defined in the dataset of the original paper34 (Ex._neurons_CPN: callosal projection excitatory neurons; Ex._neurons_SCPN: subcerebral
projection excitatory neurons; Ex._neurons_CThPN: corticothalamic projection excitatory neurons; SOM+_Interneurons: somatostatin positive
interneurons). b Visualization of the accessibility of the seed k-mer used to generate the de novo motif with t-SNE. Each cell is colored by deviation z-
scores (de novo motif 1: CAGATGG; de novo motif 2: CACCCAC; de novo motif 3: CTAATTA; de novo motif 4: ACAGCTG). ¢ Known motifs of
transcription factors that function in the brain, which are similar (g <0.05) to de novo motifs. The upper figures in each panel show the known motifs
obtained from the HOCOMOCO database’” that are similar to the de novo motifs, and the bottom figures show the corresponding de novo motifs which
were generated based on the k-mers with large accessibility variation across the cells in this study (de novo motif 1: Neurod2 (NDF2); de novo motif 2:
Egr3; de novo motif 3: Lhx2; de novo motif 4: Tcf4 (ITF2)). In each panel, the similarity between motifs was examined using TOMTOM35. d Expression
levels of candidate transcription factors with motifs similar to de novo motif 1-4. Each panel shows the expression levels of scRNA-seq data based on the

cell-type labels transferred from scATAC-seq data with Seurat’3.

analysis on the lists of differentially activated genes (log, fold >2;
q<0.05: Mann-Whitney U test with Benjamini-Hochberg
correction) between branches (S2, S1) and (SO, S1). The results
showed that transport, stress response, and blood circulation were
the top enrichment terms for genes that were highly active in
branch (S2, S1) (Supplementary Fig. 8). These results suggest that
branch (S2, S1) may be a population committed as neuronal
progenitors or neuroblasts that are activated in a stress-dependent
manner and are involved in tissue repair.

To ask whether de novo motifs were specifically enriched in
some branches, we calculated the motif accessibility using
chromVAR3* and compared them between the branches. We
found that the seed k-mers of de novo motif 1 (Neurod2-like
motif) and de novo motif 3 (Lhx2-like motif) were significantly
more accessible in the branch (S2, S1), to which Ex._neur-
ons_CThPN-labeled cells mainly belong, compared to the branch
(S0, S1) (g<0.01 for neuron-labeled and Ex._neurons_CThPN-
labeled cells, respectively: Mann-Whitney U test with
Benjamini-Hochberg correction for bias-corrected accessibility

4

deviations) (Fig. 3c—f and Supplementary Fig. 6). These results
suggest that de novo motifs 1 and 3 function in specific
differentiation states of excitatory neurons, which are considered
neuronal progenitors or neuroblasts. Hereafter, we refer to this
population as the putative neuronal progenitor cell population.
This is consistent with studies that have shown that Neurod2
(candidate transcription factor of de novo motif 1) and Lhx2
(candidate transcription factor of de novo motif 3) are involved in
the development of glutamatergic neurons*0-48,

Specific TE subfamilies are enriched in the accessible de novo
motifs and transcription factor-binding sites. Recent studies
have shown that TEs could contribute to the regulatory DNA cis-
elements in the brain26:27:30-32_ To ask to what extent TEs play
essential roles as cis-elements, we compared the percentage of
TEs that overlap with the open chromatin regions among cell
types using binarized (if the fragment was present =1, otherwise
0) peak-by-cell chromatin accessibility matrix (see “Methods”). A
comparison of the percentage of ATAC peaks that intersect TEs
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Fig. 3 Neurod2 and Lhx2-like de novo motifs are accessible in specific differentiation states of excitatory neurons. Each plot shows the putative cellular
differentiation trajectories based on the k-mer profile with STREAM42. a Points are colored with known cell-type labels. b Points are colored by the pseudo-
time from node S1. ¢, e Points are colored by deviation z-scores for seed k-mers of de novo motifs (de novo motif 1: CAGATGG; de novo motif 2:
CACCCAC; de novo motif 3: CTAATTA; de novo motif 4: ACAGCTG). For the plots of deviation z-scores, cell-type labels are limited to ¢ neurons,

e Ex._neurons_CThPN. d, f Comparison of the deviation z-scores for seed k-mers of de novo motifs between branches (S2, S1) and (SO, S1). The graph
shows the average seed k-mer accessibility of de novo motifs for each segment when the pseudo-time of each branch is equally divided into 10 segments.
The x-axis shows the pseudo-time from the branching point S1 (O, indicated with a blue vertical dotted line) to the nodes S2 (—0.027) or SO (0.016). The
y-axis shows the average seed k-mer deviation z-score for each segment. For the plots of deviation z-scores, cell-type labels are limited to d neurons,

f Ex._neurons_CThPN.

among cell types showed that TEs tended to be open chromatin
significantly in excitatory neurons compared to the other cell
types, such as inhibitory neurons or glial cells (Fig. 4a, Supple-
mentary Data). To account for the differences in the number of
cells of each cell type that can affect the quality of pseudo-bulk
ATAC peaks, we subsampled the same number of cells for each
cell type and compared the proportion of the peaks overlapping
with TEs. We obtained a consistent result with data that used the
whole cell population and concluded that TEs were significantly
more accessible in the excitatory neurons than in other cell types
(g<0.01: Fisher’s exact test with the Benjamini-Hochberg cor-
rection; Supplementary Table 1). In addition, a comparison
between the pseudotemporal branches obtained in Fig. 3 showed
that TEs tended to be open chromatin in branch (S2, S1) and
branch (S0, S1), which was related to the differentiation process
of excitatory neurons (Fig. 4b, Supplementary Data). These
results suggest that TEs act as cis-elements more in excitatory
neurons.

To investigate whether these TE-derived cis-elements function
as enhancers or promoters, we focused on histone modifications
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using chromatin immunoprecipitation coupled with high-
throughput sequencing (ChIP-seq) data of cortical tissues. From
the ChIP-Atlas database?®, we prepared ChIP peak sets of
H3K4mel and H3K4me3 that are known as enhancer and
promoter labels, respectively®®. The peaks of H3K4mel and
H3K4me3 overlapped 15% (24530/163902) and 18% (29400/
163902) of the number of pseudo-bulk ATAC peaks (obtained by
merging all of the scATAC-seq peaks, see “Methods”), respec-
tively. Then, we compared whether bulk ATAC peaks tended to
overlap with H3K4mel or H3K4me3 ChIP-seq peaks between
TE-derived ATAC peaks and non-TE-derived ATAC peaks. As a
result, the TE-derived ATAC peaks tended to overlap significantly
with H3K4mel when compared to non-TE-derived peaks
(p<0.01: Fisher’s exact test; Table 1). In addition, the TE-
derived accessible de novo motifs 1-3 also tended to overlap with
H3K4mel (p <0.01: Fisher’s exact test; Supplementary Table 2),
suggesting that TE-derived cis-elements function more as
enhancers than promoters.

Notably, using TE class labels in Repbase®!, we discovered that
the class distribution of TEs overlapping with open chromatin
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Fig. 4 TEs tend to be open chromatin in excitatory neurons and specific TEs are enriched in the open chromatin sites. a, b Violin plots of the proportion
of TE-derived ATAC-seq peaks. Each violin plot shows the distribution of the percentage of ATAC peaks that overlap with TEs for each cell belonging to the
cell type. The vertical axis shows the percentage of ATAC peaks overlapping with TEs and the horizontal axis shows each cell population defined by
Cusanovich et al.33 (a) and obtained from the pseudo-time analysis in Fig. 3b. In each panel, the percentage of ATAC peaks overlapping with TEs was
significantly different among each group (Kruskal-Wallis tests, p < 0.01). Marks indicate significant differences between the two groups (*q <105,

**q <10~50; Mann-Whitney's U test with Benjamini-Hochberg correction). In panel (a), significant differences were found between excitatory neurons and
other cell types at g <1050 for any combination. ¢, d Distribution of classes of the TE that resides in transcription factor-binding sites (€) or ATAC-seq
peaks (d). The first column shows the relative proportions of each class of TEs in the whole mouse genome as a control. € The bar graph shows the relative
proportion of ChIP peaks that overlap with each TE class. The percentage of TEs in the ChIP peaks was 5.2% for Neurod2 (63777/1236918 (bp)) and 16%
for Lhx2 (695900,/4285911 (bp)). d The bar graph shows the relative proportion of the number of bulk ATAC peaks (n) that overlap with each TE class.
For these ATAC peaks, the cases in which de novo motifs 1-3 in the ATAC peaks overlap with the TEs are shown separately. The total number of ATAC
peaks with TE regions was 38% (63059/163902). Among the ATAC peaks with motifs, the percentage of the number of peaks with TE-derived motifs was
17% (4744/28382) for de novo motif 1, 18% (4356/24461) for de novo motif 2, and 12% (930/8009) for de novo motif 3.

Table 1 TE-derived cis-elements tend to function as
enhancers.

H3K4mel+/H3K4me3—  H3K4mel-/H3K4me3+

TEs 7449 318
Non-TE 12,201 21,402

Each number indicates the number of bulk ATAC peaks (obtained in “Data sources”) that

For each column, “+" indicates that the histone modification ChIP peak is present, and “—"
indicates that the histone modification ChIP peak is absent.

overlap with the corresponding genomic regions. Each row indicates the TE and non-TE regions.

regions was different from their distribution in the genome
(Fig. 4c, d, Supplementary Data). For example, the proportion of
DNA-class TEs in the accessible de novo motif 1 (Neurod2-like
motif) or de novo motif 3 (Lhx2-like motif) was more than twice
the proportion of DNA-class TEs in the genome. This suggests
that TEs are not randomly residing in cis-elements, and certain
types of TEs may function as cis-elements. Thus, we wondered if
specific TE subfamilies contribute to the cis-elements essential for
regulating specific cell types. Based on the results that de novo
motif 1 (Neurod2-like motif) and de novo motif 3 (Lhx2-like
motif) were accessible in putative neuronal progenitor cells,
we searched for TE subfamilies enriched in binding sites of the
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transcription factors (Neurod2 and Lhx2) important for the
regulation of this population. We evaluated the enrichment scores
of accessible motifs (ATAC peaks with de novo motifs 1 and 3)
and transcription factor ChIP peaks to TEs (see “Methods”). As a
result, MER130 (unknown class in Repbase®! but currently
considered DNA class®2) was the most enriched TE subfamily in
Neurod2 binding peaks and de novo motif 1 (g<0.01: false
discovery rate (FDR)) (Fig. 5a, Supplementary Data). MER124
(DNA class in Repbase®!) and MamRep434 (DNA class in
Repbase®!) were the most enriched TE subfamilies in Lhx2
binding peaks and de novo motif 3, respectively (q < 0.01: FDR)
(Fig. 5a, Supplementary Data). To account for technical biases
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(GC content and average accessibility) of scATAC-seq peaks, we
calculated the z-score using the enrichment score of accessible
motifs based on the chromVAR’s background peak set as a
control (see “Methods™). As a result, we confirmed that MER130
and MamRep434 were enriched in de novo motifs 1 and 3,
respectively (z-score>2; Supplementary Data). These results
suggest that specific TE subfamilies significantly contribute to
Neurod2 and Lhx2 binding sites.

Specific TE subfamilies, including MER130 and MamRep434,
are themselves accessible in a putative neuronal progenitor cell
population. Then, to discover TE subfamilies especially important
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Fig. 5 MER130 and MamRep434 are enriched in Neurod2 and Lhx2 binding sites, respectively, and accessible in a putative neuronal progenitor cell
population. a Scatter plots for the TE enrichment scores of transcription factor-binding sites [x-axis] (left panel: Neurod2, right panel: Lhx2) and de novo
motifs [y-axis] (left panel: de novo motif 1, right panel: de novo motif 3). Black circles indicate each TE subfamily, and red triangles indicate TEs significantly
accessible in a branch (S2, ST) (g < 0.05: Mann-Whitney U test with Benjamini-Hochberg correction between the branches (52, S1) and (SO, S1)). b TE
accessibility scores of neuron-labeled cells in the putative cellular differentiation trajectory map (left panel: MER130, right panel: MamRep434). The
deviation z-scores of TE accessibility in each cell were calculated based on the overlap between scATAC-seq peaks and the TE regions and mapped to the
pseudo-time map obtained in Fig. 3. The colors indicate the deviation z-scores (red: high, purple: low). ¢ Average TE accessibility scores along the putative
differentiation axis. The pseudo-time of each branch ((S2, S1) and (SO, S1)) is equally divided into 10 segments, and the average TE accessibility scores
were calculated for each segment. The x-axis shows the pseudo-time to the nodes of S2 (—0.027) and SO (0.016), with branching point S1 at 0. The y-axis
shows the average TE deviation z-score for each segment. d Two-group comparison of bias-corrected accessibility deviations of TE subfamilies between
branches (52, S1) and branches (SO, S1). The x-axis shows the difference in mean deviation scores between branch (52, S1) and branch (S0, S1), and the y-
axis shows —log;(g — value) using the Mann-Whitney U test with Benjamini-Hochberg correction. The values for each TE subfamily are shown

in Supplementary Data. Black circles indicate each TE subfamily and red triangles indicate MER130 and MamRep434.

for the putative neuronal progenitor regulation, we compared the
accessibility between pseudo-time branches for each TE subfamily.
Specifically, we calculated the accessibility scores of each TE sub-
family in each cell based on the overlap with the peaks of scATAC-
seq for each TE subfamily instead of the k-mer in chromVAR34,
Then we created a TE-by-cell accessibility matrix (see “Methods”).
To search for TE subfamilies that were specifically accessible in
branch (S2, S1), which was estimated as the state of neuronal
progenitor cells (Fig. 3, Supplementary Fig. 7), we compared each
of the TE accessibility scores between branch (S2, S1) and branch
(S1, SO) (Fig. 5d). Thus, we found that among the TE subfamilies
enriched for Neurod2 binding sites (ESpeqx > 1.5 and ES,;,q4¢> 1.5),
MER130, MamRep137 (DNA class in Repbase’!), and MER102b
(DNA class in Repbase!) are significantly more accessible in
branch (S2, S1) (g <0.05, FDR) (Fig. 5a, red triangles in the left
panel). Similarly, among the TE subfamilies enriched for Lhx2
binding sites (ESpeqx>1.5 and ES,,q> 1.5), MamRep434 and
LFSINE_Vert (SINE class in Repbase®!) are significantly more
accessible in branch (S2, S1) (g <0.05, FDR) (Fig. 5a, red triangles
in the right panel). We also investigated the number of TE-derived
accessible motifs for each TE subfamily. Among the ATAC peaks
with TE-derived de novo motif 1, 22/4744 were from MER130, 8/
4744 were from MamRep137, and 4/4744 were from MER102b.
Among the ATAC peaks with TE-derived de novo motif 3, 8/930
were from MamRep434, and 3/930 were from LFSINE_Vert. The
details are shown in Supplementary Data.

To identify TE subfamilies that can directly contribute to the
acquisition of binding motifs, we performed motif detection in
consensus TE sequences using FIMO?3, As a result, de novo motif 1
(Neurod2-like motif) and de novo motif 3 (Lhx2-like motif) were
detected in the consensus TE sequences for MERI130 and
MamRep434, respectively (Fig. 6a-c). Notably, our result for
MER130 is consistent with that of a previous report showing that
MERI130 has a putative consensus sequence for Neurod/Neurog
binding and functions as enhancers during mouse neocortical
development2®, To ask whether de novo motif 1 in MER130 is the
same as the previously determined Neurod/g consensus motif in
MER130, we further characterized the de novo motif 1 sequence in
MER130. We confirmed that the relative position of de novo motif
1 in the consensus sequence of MER130 was 216-222, which was
the same as the position of the Neurod/g motif determined
previously (Fig. 6b, c highlighted with orange bar). Then, to
confirm whether the MER130-derived de novo motif 1 accessible in
the mouse genome corresponds to the Neurod/g motif in the
consensus sequence of MER130, the accessible motifs detected in
the MER130 fragments in the genome were converted into
the relative position in the MERI30 consensus sequence (see
“Methods”). The result showed that the accessible motifs were
mainly mapped to the putative Neurod/g motif in the MER130
consensus sequence (Fig. 6d). Moreover, all MER130 fragments
that harbor accessible de novo motif 1 contained the putative

Neurod/g motif of the MER130 consensus sequence. This result
suggests that the motif detection site in the consensus
MERI130 sequence basically corresponds to the accessible motif
sites in the genomic MER130 fragments and that some MER130
have additional motifs. We further investigated the surrounding
sequence of de novo motif 1 in the genomic MER130 fragments.
We performed multiple alignments of MER130 fragments, which
overlap with the ATAC peaks and de novo motif 1 derived from the
consensus TE sequence (n = 22, see “Methods”). The result showed
that de novo motif 1 was selectively conserved among the accessible
MERI130 fragments when compared with the flanking regions
within MER130 (Fig. 6a). Notably, we also observed another highly
conserved tandem motif (GGCA and GCCA), which was
annotated as a putative Nfi dimer motif in the previous study26,
at an upstream region of de novo motif 1 (Fig. 6a). Moreover, we
aligned all of the accessible MER130 fragments with or without de
novo motif 1 (n = 26) and confirmed that these motif sites tended
to be conserved among these regions (Supplementary Fig. 9). These
results suggest that de novo motif 1 in MER130 is the same as the
previously determined Neurod/g consensus motif in MER130.
Similarly, we also performed these experiments to characterize de
novo motif 3 in MamRep434. We found that de novo motif 3
tended to be conserved among accessible MamRep434 fragments
(Fig. 6a, Supplementary Fig. 9) and confirmed that accessible
motifs in the genomic MamRep434 fragments were mainly
mapped to the de novo motif 3 (Lhx2-like motif) in the
MamRep434 consensus sequence (Fig. 6d, right panel).

From the results described above, we found that MER130 and
MamRep434 had the highest enrichment scores for de novo
motifs 1 and 3, respectively, and were significantly regulated in
the putative neuronal progenitors (Fig. 5a, d). In addition, the de
novo motifs were observed in their consensus sequences (Fig. 6).
These results prompted us to investigate these two TEs in
detail for further analysis. To ask to what extent MER130 and
MamRep434 contributed to the accessible de novo motifs 1 and 3,
respectively, we examined whether these TEs were enriched with
the accessible de novo motifs compared to the whole TE
population. We calculated the number of TEs that overlapped
or did not overlap with the accessible de novo motifs and
compared them between each TE (MER130 or MamRep434) and
all TEs. The results showed that MER130 and MamRep434 were
significantly more enriched with the accessible de novo motif 1
and 3, respectively, than all TEs (q < 0.01: FDR; Table 2). Then, to
confirm that MER130 and MamRep434 were regulated in the
putative neuronal progenitors, we visualized the accessibility of
MER130 and MamRep434 on the putative differentiation
trajectory map and calculated the average of the accessibility
scores along the pseudo-time branches (S2, S1) and (SO, SI)
(Fig. 5b, ¢). In both results of MER130 and MamRep434, the most
substantial peaks of the accessibility scores were observed in the
(S2, S1) branch that was characterized as a putative neuronal
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progenitor cell population. Together, these results suggest that
MER130 and MamRep434 significantly contribute to a part of the
cell-type-specific cis-elements and may have been acquired as
transcription factor-binding sites that contribute to the function
of glutamatergic neuronal progenitors.

Specific TEs, including MER130 and MamRep434, can func-
tion as important cis-elements of neuronal development genes.
Next, we examined whether MER130 and MamRep434 could
function as transcription factor-binding sites that are important
for neuronal development. Since de novo motifs 1 and 3 were
predicted to bind to Neurod2 and Lhx2, respectively (Fig. 2c), we
mapped the ChIP-seq peaks of transcription factors in the gen-
ome to the consensus sequences of TEs based on RepeatMasker>*

200
MamRep434 [bp]

(see “Methods”). We used ChIP-seq data of Neurod2 and Lhx2 in
the neural cell type after PO in the ChIP-Atlas database?. The
results showed that the ChIP-seq peaks were concentrated in the
regions of approximately 200 bp around the de novo motifs
detected in the consensus sequences (Fig. 6b, c). To account for
the effect of input bias of ChIP-seq, we also evaluated the IP/input
ratio for the proportion of reads that mapped to the detection
sites of the TE-derived de novo motifs (see “Methods”). The IP/
input ratios for de novo motif 1 in MER130 and de novo motif 3
in MamRep434 exceeded over 2-fold, suggesting that the tran-
scription factor bindings were enriched at the detection sites of
the motifs (Supplementary Fig. 10). These results suggest that the
de novo motifs in these TEs play important roles as transcription
factor-binding sites.
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Fig. 6 De novo motifs in MER130 and MamRep434 are targets of Neurod2 and Lhx2 binding, respectively. a Multiple alignments of MER130 and
MamRep434 fragments harboring de novo motifs accessible in the genome. The genomic instances of MER130 (panel (1), n = 22) or MamRep434 (panel
(2), n=5), which overlap with the pseudo-bulk ATAC peaks and de novo motif 1 or 3 derived from the consensus TE sequence, respectively, were aligned.
Each panel shows the £ 20 bp of the consensus de novo motif in genomic TE fragments. The left column on each panel indicates the genomic position of
each TE fragment, and the numbers above the alignments indicate arbitrary aligned positions. The shade of the blue highlight shows the degree of the
matched nucleotide among aligned nucleotides in each position. The consensus annotation shows the representative nucleotide based on the proportion of
aligned nucleotides in each position. The consensus sequence of the multiple alignments is indicated below the consensus annotation. The occupancy
annotation shows the number of nucleotides aligned at each position in the multiple sequence alignments. The bottom motif logo shows the corresponding
position of de novo motifs 1 and 3, respectively. b, ¢ Distribution of transcription factor ChlP-seq peaks (left: Neurod2, right: Lhx2) mapped from the
genome to consensus TE sequences. b The y-axis shows the number of peaks mapped to the consensus MER130 and MamRep434 sequences, respectively
(blue lines). € The y-axis shows the percentage of the peaks normalized by the total number of MER130 and MamRep434 fragments in the genome
calculated at 1 bp resolution, respectively (blue lines). In each panel, the x-axis indicates the position in the consensus TE sequence obtained from
RepeatMasker (.align output). The de novo motifs detected in the consensus TE sequence are shown as orange highlights (de novo motif 1 was 216-222 bp
in MER130 and de novo motif 3 was 222-228 bp in MamRep434). d Distribution of the detection sites of accessible de novo motifs mapped from the
genome to consensus TE sequences. The y-axis shows the number of de novo motif detection sites in TE-derived ATAC peaks mapped to the consensus
MER130 and MamRep434 sequences. The total number of the input genomic TE fragments used for the calculation was 22 (MER130) and 8
(MamRep434). Some of the TE fragments contained multiple de novo motifs. The x-axis shows the relative positions of the consensus sequence of TEs

obtained from RepeatMasker (.align output).

Table 2 MER130 and MamRep434 fragments tended to
overlap significantly with accessible de novo motifs 1 and 3,
respectively.

Motif Condition Overlap with Not overlap with
accessible motifs accessible motifs
de novo1 MERI30 22 68
All TEs 4821 3,579,641
de novo  MamRep434 8 519
3
All TEs 938 3,583,524

Each row indicates the number of MER130 or MamRep434 fragments and all TE fragments.
Each column indicates the number of TEs that overlapped or did not overlap with accessible
motifs. The cell for overlap with accessible motifs indicates the number of TE fragments in which
the motifs detected inside the TEs were also included in the ATAC peaks.

We then investigated the function of genes located near the
TEs. We obtained the genes near TE fragments in the genome
using GREAT> and performed Gene Ontology analysis using
g:Profiler®. As a result, the terms related to synaptic membrane,
development, and morphogenesis were enriched in the genes near
MERI130 (Fig. 7a, b). In addition, the terms related to
neurogenesis were also enriched in genes near MamRep434
(Fig. 7a, c). Notably, whereas GO terms related to the synaptic
membrane were common between MER130 and MamRep434,
GO terms related to the higher structures of the brain, such as
“anatomical structure development” and “axon development”,
were only observed in the GO terms for the MamRep434
neighboring genes (Fig. 7a—c). These results suggest that MER130
and MamRep434 themselves might be inserted into the gene
neighborhoods related to neuronal differentiation during evolu-
tion. In addition, to identify the genes targeted by TE-derived cis-
elements, we focused on the genes next to the TE-derived
accessible de novo motifs in the genome using GREAT>. As a
result, MER130-derived accessible de novo 1 motifs were located
next to the genes whose perturbations cause abnormalities in
telencephalic morphology (Ap3bl, Dgkb, Id4, and Prok2;
previously reported in ref. %), and the Kcnj3 gene, which has
GO terms associated with components of the synaptic membrane.
MamRep434-derived accessible de novo 3 motifs were located
next to the genes Btbd3, Nosl, and PbxI, which have GO terms
associated with neurogenesis. These genes have been reported to
have neuronal developmental functions related to the regulation
of cortical layer structures developed in mammals®’-%0. Thus, in

the vicinity of the TE-derived accessible motifs, there were
candidate target genes that may be related to the functional
evolution of the brain. The other candidate target genes located
near TE-derived cis-elements are listed in Supplementary Tables 3
and 4.

We also checked whether other TEs identified as the candidates
for transcription factor binding in the putative neuronal
progenitors could function as cis-elements (that is, MamRep137
and MER102b for Neurod2 binding, and LFSINE_Vert for Lhx2
binding) (Fig. 5a red triangles). We converted the ChIP-seq data
of Neurod2 or Lhx2 to the TE consensus sequences and found
that the ChIP-seq peaks were enriched in each TE consensus
sequence (Supplementary Fig. 11a(1), a(2), b(1), b(2)). This result
suggests that these transcription factors can bind to each TE
subfamily. Then, to compare the ChIP-seq data and the relative
position of the accessible de novo motifs (transcription factor-
binding motifs), we mapped the accessible motifs in the genomic
TEs to the TE consensus sequences (Supplementary Fig. 11a(3),
b(3)). We found that the accessible motifs of the genomic
MamRepl137 or LFSINE_Vert were mainly mapped to one
position near the center of the ChIP-seq peak in the consensus
sequence. In contrast, accessible motifs of the genomic MER102b
were mapped to multiple sites around the ChIP-seq peak. These
results suggest that these TEs also could contribute to the
transcription factor-binding sites through the de novo motifs.

MER130 and MamRep434-derived cis-elements may con-
tribute to brain evolution. Finally, we estimated the acquisition
time of cis-elements derived from MER130 and MamRep434
during evolution. To estimate the time of TE-derived cis-element
acquisition, we searched for the presence/absence of orthologous
sequences of ATAC peaks that overlapped with TEs (see
“Methods”). Figure 7d showed that the TE-derived cis-elements
were mainly acquired at two stages: the ancestor of Amniota
(105-159 Mya) and Muridae (29-73 Mya), which is consistent
with the results of a previous report28.

For individual TE subfamilies, our results suggest that
MER130- and MamRep434-derived cis-elements were acquired
at different times (Fig. 7d). Our results showed that the main
acquisition of MERI130-derived cis-elements occurred in the
mammalian ancestor, and 42% of the ortholog sequences of
MER130-derived cis-elements were detected in the ancestor
of Amniota (105-159 Mya). In contrast, the main acquisition of
MamRep434-derived cis-elements occurred in the Eutherian
ancestor, and 67% of the MamRep434-derived cis-elements were
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Fig. 7 MER130 and MamRep434-derived cis-elements are associated with the function of transcription factors and acquired at different times.
a-c Gene ontology (GO) terms enriched in TE-neighboring genes (FDR, g < 0.05). a GO terms commonly enriched in MER130 and MamRep434
neighboring genes and included in the top 20 are shown. b, ¢ Up to 20 terms enriched only in b MER130 or €¢ MamRep434 neighboring genes are shown.
The color depth of the plots indicates the enrichment score in —log;,(g — value), and the size was determined according to (g-value). d The estimated time
of acquisition of TE-derived cis-elements during evolution. The heatmap shows the percentage of peaks assigned to that clade out of the total number of
bulk ATAC peaks (n; indicated on the left side). Bulk ATAC peaks were obtained in “Data sources". The number of species used for analysis in each clade is
indicated by (). The values on the branches are divergence times (in a million years ago, Mya).

acquired in the ancestor of Eutheria (312-352 Mya). We
performed Fisher’s exact test to ask whether the acquisition time
of these TE-derived cis-elements was independent. A comparison
of the number of TE-derived cis-elements acquired in the
ancestors of Amniota and Eutheria showed that they significantly
differed between MER130 and MamRep434 (p <0.01, Fisher’s
exact test). These results were also similar for each cell type and
differentiation process of the excitatory neurons (Supplementary
Fig. 12), suggesting that MER130- and MamRep434-derived cis-
elements were acquired mainly in the ancestors of Amniota and
Eutheria, respectively. These may reflect differences in the timing
of acquisition of the TEs themselves, with Amniota as the
ancestor of MER130 and Mammalia as the ancestor of

MamRep434 in Repbase’!. Our results showed the most distantly
related species in which 7.7% of the ortholog sequences of
MER130-derived cis-elements were detected was Xenopus
tropicalis (no orthologous sequences were detected in fish),
which is consistent with the results of Notwell et al.2%. In addition,
the most distantly related species in which 2.7% of the ortholog
sequences of MamRep434-derived cis-elements were detected was
platypus, in the same time as the origin considered in Repbase!.
To determine whether the de novo motifs play an evolutionarily
important role as functional domains in the MER130- and
MamRep434-derived cis-elements, we also evaluated the
sequence conservation of the motifs in placental mammals
(see “Methods”). Among the MER130- and MamRep434-derived
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cis-elements in the mouse genome, motif sequences were
highly conserved in mammals (Supplementary Fig. 13). This
suggests that the motifs are conserved as functional domains in
TE-derived cis-elements.

Discussion

Accumulating evidence from recent papers suggests that TEs are
one of the important sources of enhancers and contribute to the
evolution of species, conferring new regulatory networks of
transcription factors?1:2>61. Based on this, we hypothesized that
during evolution, some TEs contribute to having specific cell
populations or regulating the function of particular populations
in the mouse brain (Fig. 1). Thus, in this study, we aimed to find
important TEs that contribute to cell-type-specific regulation in
the mouse adult brain. To this end, we first investigated the most
variably accessible motifs of cis-elements across cell types, which
could characterize specific cell populations at single-cell levels
using scATAC-seq data. Because we considered that some TE-
derived cis-elements could be regulated in unknown populations
that are not characterized enough, we preferred an unbiased
method that does not depend on known cell types. Therefore, we
used scATAC-seq data to characterize unbiased cell populations
and their regulatory cis-elements. Accordingly, we analyzed the
most variably accessible motifs, which were regulated in a cell-
type or cell-population-dependent manner using scATAC-seq
data of the mouse adult brain with chromVAR3* (Fig. 2). Con-
sequently, we obtained the most variable four de novo motifs as
candidates. Interestingly, pseudo-time analysis showed that de
novo motif 1 (Neurod2-like motif) and de novo motif 3 (Lhx2-
like motif) were accessible in the branch of putative glutamatergic
neuronal progenitor cells, especially those suggested to be related
to stress-responsive neurogenesis for tissue recovery (Fig. 3). In
fact, Neurod2 and Lhx2 have been reported to function in the
neurogenesis of glutamatergic neurons**-48. In addition, Neurod2
has been proposed to function as a nexus for stress-related den-
dritic synaptic plasticity*°. This suggests that de novo motif 1 and
de novo motif 3 were regulated in a putative neuronal progenitor
cell population, which was not labeled in the original scATAC-
seq data. Although this population was still not characterized well
in the previous report33, we speculate that this population con-
sisted of neuroblasts migrating from SVZ or other neuronal
progenitors with unknown origins®2-4, Subsequently, we focused
on these motifs and found that two TEs, MER130 and Mam-
Rep434, were enriched in de novo motif 1 and de novo motif 3,
respectively. In addition, they were enriched in transcription
factor-binding sites of Neurod2 and Lhx2, respectively (Fig. 5a).
The results of ChIP-seq peaks mapping to consensus sequences of
the TEs suggest that MER130 and MamRep434 induce Neurod2
and Lhx2 binding based on their internal motifs (Fig. 6). In
addition, MER130 and MamRep434 TEs themselves were sig-
nificantly accessible in a putative neuronal progenitor cell
population (Fig. 5b-d), suggesting that MER130- and
MamRep434-derived cis-elements serve as open chromatin for
the binding of Neurod2 and Lhx2 transcription factors, especially
in neuronal progenitors in the mouse adult brain. Thus, our
approach has enabled us to find unique TEs that contribute to
cell-type-specific regulation, especially in the context of adult
neurogenesis.

Interestingly, a previous report has shown that MER130-
derived cis-elements can function as enhancers for NPCs during
embryonic neocortical neurogenesis, harboring putative tran-
scription factor-binding sites essential for neuronal differentia-
tion, including Neurod/g?°. In this study, we found that the
MER130-derived cis-elements were also active in adult neuro-
genesis. Indeed, comparing our result of MER130 fragments

overlapping ATAC peaks with their results, we were able to cover
most of the MER130 fragments they detected with our results
(18/23 fragments), and we detected some additional MER130
fragments (18 fragments) with the exact condition of the TE
annotation as that found in the previous study (Supplementary
Fig. 14). This suggests that many of the MER130-derived cis-
elements were commonly accessible both in embryonic and adult
neurogenesis, and they might play a fundamental role in neuro-
genesis. The difference between the data may reflect the different
methods for detecting active sites (p300 binding vs scATAC-seq
signal) and/or distinct mechanisms between embryonic and adult
neurogenesis. Further studies are required to investigate the dif-
ference in MER130 function between embryonic and adult neu-
rogenesis. Furthermore, it would be interesting to investigate the
differences between other TEs that contribute to the neurogenesis
of embryonic and adult mouse brains. Moreover, comparisons
between the brains of multiple species, including mice and
humans, would be essential to understand the roles of TEs from
the aspect of evolution. These themes will be the next question of
this study.

Importantly, we found that the transcription factor-binding
motifs (that is, Neurod2 motif in MER130 and the Lhx2 motif in
MamRep434) tended to be conserved not only among the TE
subfamily accessible in the mouse genome but also among that of
mammalian species (Fig. 6a, Supplementary Fig. 9, Supplemen-
tary Fig. 13). Given that these motifs are also observed in the TE
consensus sequences, these TEs could originally have had con-
sensus motifs for transcription factors, and the motifs could have
been protected from gaining mutations during evolution through
natural selection. In contrast, we could not detect transcription
factor motifs in the TE consensus sequences of MamRep137 and
MER102b, which were enriched for the Neurod2 transcription
factor, and LFSINE_Vert which was enriched for the Lhx2
transcription factor (Supplementary Fig. 11). These TEs might
acquire transcription factor-binding sites by accumulating
mutations in pre-motifs in each site during evolution. This notion
is consistent with that in a recent paper suggesting that inde-
pendent TEs can evolve into enhancers with the same function
through convergent evolution, mainly observed in redundant
enhancers®. This finding indicates that the transcriptional net-
work is formed not only in the TE groups that are considered to
have originally had motifs but also in other TE groups that are
considered to have later acquired motifs during evolution.

According to the functional analysis of the TE-neighboring
genes in the mouse genome (Fig. 7a-c) and the acquisition time
of TE-derived cis-elements (Fig. 7d), MER130 may be acquired in
pre-mammalian species to perform fundamental cortical func-
tions such as synaptic membrane regulation or morphogenesis,
which is consistent with previous studies*®?’. In addition, we
suggest that MamRep434 may be responsible for neurogenesis-
related genes, which are related to the regulation of cortical layer
structures developed in Eutheria. In fact, in Eutheria, the pro-
duction of neurons is more active than in other mammals, such as
Metatheria®. The high conservation of motifs in the TE-derived
cis-elements suggests that TE insertion contributes to the acqui-
sition of motifs as functional domains. Furthermore, there is an
association between the function of transcription factors whose
binding is enriched in TEs and the function of TE-neighboring
genes. The Neurod2 transcription factor, which is enriched in
MERI130, has been reported to be involved in the regulation of
synaptic innervation and spine morphogenesis*67:68, The Lhx2
transcription factor, enriched in MamRep434, has been reported
to have several roles in the spatiotemporal regulation of neuro-
genesis and is considered a key factor for brain structure and
neuronal identityS. For example, Lhx2 plays a role in the spa-
tiotemporal regulation of neuron number by promoting a
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decrease in the number of neurons in layer V and an increase in
the number of neurons in layer VI®. Interestingly, the timing of
acquiring TE-derived cis-elements is associated with the function
of transcription factors, which might relate to the evolutionary
changes in the brain structure. This is consistent with our
hypothetical scenario that TEs confer new cis-elements of tran-
scription factors for specific cell types in multiple stages and
contribute to gaining higher complexity in the brain during
evolution. Our results suggest that MER130- and MamRep434-
derived cis-elements have distinct functions and are acquired at
different times during evolution. This may reflect the gradual
evolution of the mammalian brain architecture and the acquisi-
tion of complex functions in the brain by utilizing TE-derived
regulatory elements of transcription factors related to neuronal
development.

Conclusion

MER130 TEs, acquired by the ancestor of Amniota, serve as
binding sites for the transcription factor Neurod2 and promote
glutamatergic neuronal progenitor cell-specific gene regulation.
MamRep434 TEs, acquired by the ancestor of Eutheria, also serve
as binding sites for the Lhx2 transcription factor and promote
glutamatergic neuronal progenitor cell-specific gene regulation.

Methods

Data sources. To obtain accessible regions for transcription factor binding per cell,
we used scATAC-seq of the adult mouse (P56) prefrontal cortex, which is alter-
natively available via accession number: GSE111586%3. In this study, among the
cell-type labels defined by Cusanovich et al.33, we used scATAC-seq data of the
labels including more than 100 cells as follows: callosal projection excitatory
neurons (Ex._neurons_CPN: layer II/III excitatory neurons), subcerebral projec-
tion excitatory neurons (Ex._neurons_SCPN: layer V excitatory neurons), corti-
cothalamic projection excitatory neurons (Ex._neurons_CThPN: layer VI
excitatory neurons), SOM+_Interneurons (somatostatin positive interneurons),
Inhibitory_neurons, Oligodendrocytes, Microglia, and Astrocytes. We first split the
scATAC-seq data into bam files for each cell-type label and performed peak calling
using MACS27 with the following parameters: “- nonmodel-keep-dup all-extsize
200-shift -100” for each cell population. To create pseudo-bulk ATAC-seq peak
data, we merged the peak sets for each cell population and resized the peaks to a
width of 500 bp. In addition, we obtained a peak-by-cell chromatin accessibility
matrix based on the fragment counts for each cell in the region corresponding to
the bulk ATAC peaks.

Using scATAC-seq data, we also obtained gene activity scores calculated based
on chromatin accessibility near each gene provided by Cusanovich et al.33. Gene
activity scores were normalized for individual cells according to size factors.

To obtain gene expression levels in the cell types corresponding to scATAC-seq
data, we used scRNA-seq data of the adult mouse cortex downloaded from https://
www.dropbox.com/s/cuowvm4vrf65pvq/allen_cortex.rds?dl=1, which is
alternatively available via accession number: GSE71585!3.

We also used ChIP-seq peak data of neural cell-type classes from ChIP-Atlas
to identify transcription factor-binding sites and histone modification sites (the
threshold for significance of peak calling with MACS27? was set to
—10log,, [MACS2 Q-value] = 50). Of the data available in the ChIP-Atlas, we
used only the neural cell-type class after PO. The SRA accession numbers of the
sequencing data used in this study are shown in Supplementary Table 5.

In addition, to obtain known transcription factor-binding motifs, we used the
motifs provided by the HOCOMOCO v11 database’’.

For the TE annotations, we used the mapping result of Repeat Library 20090604
to mm9, which was published by RepeatMasker>*. In this study, simple repeats,
satellite DNAs, and small RNAs were excluded from the TE annotations.

49

Calculation of k-mer/motif accessibility. We used the computeDeviations
function of chromVAR3* to obtain the bias-corrected accessibility deviations as k-
mer/motif accessibility profiles based on the presence or absence of the k-mer/
motif in each ATAC peak. In this analysis, k-mer/motif annotation for each peak
and peak-by-cell accessibility matrix (described in “Data sources”) were inputted to
computeDeviations function. For k-mer annotation, we used the 7-mer annotation.
In eukaryotes, the most common core motif to which transcription factors bind is 7
bp in length”?; therefore, we chose the 7-mer in this study, which is also the default
length for using chromVAR3 in the STREAM paper?2. For motif annotation,
motifs were detected in the ATAC peaks with the matchMotifs function (default
parameter) in the motifmatchr package as part of chromVAR34. In this study, since
the analysis was performed at the single-cell level, we used ATAC-seq as
epigenomics data.

To visualize the similarity among cells for k-mer accessibility profiles in Fig. 2a,
t-SNE was performed using the deviationsTsne function (default parameter) of
chromVAR3%, In Figs. 2b, 3¢, d and Supplementary Fig. 7a, the deviation z-scores
of each k-mer/motif were also calculated with the computeDeviations function
(default parameter) of the chromVAR34.

De novo motif generation based on k-mer accessibility. Using chromVAR’s
assembleKmers function (the threshold of variability score = 2.0)%4, we generated
de novo motifs by weighting the k-mers with similar accessibility patterns to the
seed k-mer with large accessibility variation across the cells. The k-mer accessibility
profiles (k= 7) calculated with the computeDeviations function described in the
“Calculation of k-mer/motif accessibility” were used as inputs.

Motif comparison. We calculated the similarity of the obtained de novo motifs to
known motifs in Fig. 2c and Supplementary Fig. 3. Using TOMTOM (with Pearson
correlation coefficient as the motif column comparison function)?’, which com-
pares motifs based on the frequency of occurrence of letters at each position in the
sequence, we searched the HOCOMOCO v11 database’! for known motifs that
were significantly similar to the de novo motifs.

Assignment of scATAC-seq cell-type labels to scRNA-seq data. To estimate
the cells of scRNA-seq data corresponding to the cell-type labels of scATAC-seq
data, we transferred cell-type labels with Seurat’3. We used the FindVaria-
bleFeatures function (default setting) to select genes with considerable activity
variation across the cells based on scATAC-seq. Then, using the FindTransfer-
Anchors function (default setting), the cell-type labels defined in scATAC-seq were
assigned to each cell in scRNA-seq based on the similarity of gene activity/
expression patterns for the selected genes.

Pseudo-time analysis based on k-mer accessibility. To reconstruct the differ-
entiation process of cells labeled as neurons by Cusanovich et al.33, we used
STREAM?*? for pseudo-ordering the cells based on the k-mer accessibility profiles.
For pseudo-time analysis, we followed the original pipeline, and each cell was
mapped to a two-dimensional tree structure called a flat tree plot calculated using
STREAM in Fig. 3.

Comparison of TE-ATAC peak overlap between cell types using randomly
sampled cells. To investigate the overlap with TE for each cell type, we compared
the overlap with TE using pseudo-bulk ATAC peaks obtained from randomly
sampled cells of each cell type in Supplementary Table 1. First, 197 cells were
randomly obtained from each cell type, aligned to the microglia with the lowest
number of cells from scATAC-seq data. Then, peak calling was performed using
MACS27? with the following parameter:"-nomodel-keep-dup all-extsize 200-shift
-100” as in “Data sources”, and the length of each peak was aligned to 500 bp to
create bulk ATAC peaks for each cell type.

Enrichment of TE subfamilies in transcription factor ChIP peaks. To identify
TE subfamilies that were enriched in transcription factor-binding sites, we calcu-
lated the enrichment of ChIP peaks for TEs in the genome in Fig. 5a. Specifically,
we defined the enrichment of transcription factor binding to TEs as

Length of overlap between TF peaks and TE subfamily op)
Length of TF peaks (bp)
Length of TE subfamily (bp)
Genome Length (bp)

Espeak = Ing

(6]

The intersectBed tool of the BEDTools package’ was used to obtain the overlap
regions between TF ChIP peaks and the TE subfamily. The enrichment score
quantitatively evaluated the degree of overlap between the TE and ChIP peak; TEs
with less overlap with ChIP peaks have a relatively low score. In cases where
multiple TEs overlap with the same ChIP peak, the overlap between each TE and
the peak was separately calculated in base pair (bp) units using the intersectBed
tool. To prevent the enrichment score from being abnormally high due to a small
number of TE fragments, we restricted the subfamilies to TEs that intersected the
ChIP peak at least three times in the whole genome. To calculate statistical sig-
nificance, Fisher’s exact test with the Benjamini-Hochberg correction was per-
formed based on the numbers used to calculate the enrichment scores.

Detection of TE-derived accessible motifs. The motifs in the ATAC peaks were
detected using chromVAR’s matchMotifs function (default parameter)34, and those
motifs that were also included in TEs were identified as TE-derived accessible
motifs. In this analysis, we used bulk ATAC-seq data obtained by merging the
scATAC-seq peaks (described in “Data sources”).

Enrichment of TE subfamilies in accessible motifs. We also calculated the
enrichment of accessible motifs for TEs in the genome in Fig. 5a. Specifically, we

COMMUNICATIONS BIOLOGY | (2023)6:631] https://doi.org/10.1038/s42003-023-04989-7 | www.nature.com/commsbio 13


https://www.dropbox.com/s/cuowvm4vrf65pvq/allen_cortex.rds?dl=1
https://www.dropbox.com/s/cuowvm4vrf65pvq/allen_cortex.rds?dl=1
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-04989-7

defined the enrichment of transcription factors binding to TEs as

Number of ATAC peaks with motif in TE subfamily
Number of ATAC peaks with motif
Length of TE subfamily (bp)
Genome Length (bp)

Esmntif = logz (2)

The intersectBed tool in the BEDTools package’* was used to obtain the ATAC peaks
where the entire motif was detected. Subsequently, as “number of ATAC peaks with
motifs in the TE subfamily” in (2), we counted the number of ATAC peaks containing
the entire motif, which is included in both the TE and the ATAC peaks. To prevent
the enrichment score from being abnormally high due to a small number of TE
fragments, we restricted the subfamilies where ATAC peaks and motif-containing
TEs intersected at least three times in the whole genome. To calculate statistical
significance, Fisher’s exact test with the Benjamini-Hochberg correction was per-
formed based on the numbers used to calculate the enrichment scores. To account for
technical biases of scATAC-seq (GC bias, average accessibility and fraction of reads in
peaks), the TE enrichment score was corrected for the background peak set calculated
with the getBackgroundPeaks function (default parameter) of chromVAR34. The
accessible motifs were assigned to the positions within the background peak calcu-
lated with chromVAR while maintaining the relative position of the motifs in the
peaks. We calculated the enrichment score for each background peak set (as a con-
trol) and used them to compute the robust z-score.

Calculation of TE accessibility. Using the TE subfamily as annotations instead of
the k-mer/motif, we calculated the TE subfamily accessibility scores for each cell with
chromVAR3, We used the getAnnotations function of chromVAR to obtain
annotations where ATAC peaks intersect TE regions by more than 1 bp in the
genome. Then, the annotation and peak-by-cell accessibility matrix (described in
“Data sources”) were input to compute the deviation function as in “Calculation of k-
mer/motif accessibility” to calculate the deviation scores of the TE subfamily. In this
analysis, to exclude cases in which TEs were assessed as abnormally accessible, we
restricted our analysis to the TE subfamily, in which more than 100 neuron-labeled
cells overlapped with at least one ATAC peak. All neuron-labeled cells in the
scATAC-seq data were used for the calculation. The Mann-Whitney U test with
Benjamini-Hochberg correction was performed to test for statistical significance.

Multiple alignments of TE fragments. Multiple alignments were performed for
TE fragments overlapping ATAC peaks in the genome. TE fragments of MER130
or MamRep434 overlapping with the pseudo-bulk ATAC peaks by more than 1 bp
were collected from the alignment results between the mouse genome (mm9) and
the consensus TE sequence obtained from RepeatMasker (.align output). In Fig. 6a,
the TE fragments with the consensus de novo motifs were aligned to the consensus
TE sequence and displayed +20 bp of the consensus motifs. In Supplementary
Fig. 9, multiple alignments were performed for TE fragments with or without the
consensus de novo motifs. Multiple alignments were performed on these TE
fragments using Mafft (default setting)’> and visualized with Jalview’®. The
genomic regions where TEs were detected as the anti-sense strands were converted
to the sense sequences to align them with other sequences.

Mapping of ChIP-seq peaks to cc TE seq es. To detect binding
target sites of transcription factors in TE sequences, we mapped ChIP-seq peaks in the
genome to consensus TE sequences. The ChIP-Atlas database provides processed
ChIP-seq peaks of multiple experiments*’. In this experiment, we converted ChIP-
seq peaks mapped to the TEs in the genome into the consensus TE sequences. ChIP-
seq data used in this experiment was indicated in the Data Sources section ("Data
sources”). The regions in the consensus TE sequence corresponding to the ChIP peak
regions (Fig. 6b) or the TE fragments (Fig. 6¢) in the genome were counted based on
alignment results between the mouse genome (mm?9) and the consensus TE sequence
obtained from RepeatMasker (.align output)>4.

To account for ChIP-seq inputs, we also evaluated the IP/input ratio for the
proportion of reads mapped to the sites of TE-derived de novo motifs detected with
chromVAR3* in the genome. The plotenrichment function (default setting) of
deeptools’” was performed with the bam file of ChIP-seq reads mapped using
bowtie2”8 as the input, and the ratio of featureReadCount / totalReadCount was
compared for each IP and input file in Supplementary Fig. 10.

Mapping of TE-derived accessible motif detection sites to consensus TE
sequences. To detect sites in the consensus TE sequence corresponding to TE-
derived accessible motifs in the genome, we mapped the sites of TE-derived
accessible motifs detected with chromVAR34 to consensus TE sequences. In Fig. 6d
and Supplementary Fig. 11, the regions in the consensus TE sequence corre-
sponding to the TE-derived accessible motif detection sites in the genome were
counted based on alignment results between the mouse genome (mm9) and the
consensus TE sequence obtained from RepeatMasker (.align output)>%.

Motif scanning in consensus TE sequences. FIMO53 was used to detect individual
motifs in consensus TE sequences. In this study, de novo motifs generated with
chromVAR34 were used as inputs for motif detection in consensus TE sequences.

Gene Ontology analysis of associated genes. GREAT®> was used to associate
genomic regions with neighboring genes (default regulatory domain definition;
basal domain that extends 5 kb upstream and 1 kb downstream from the tran-
scription start site, and an extension up to the basal regulatory domain of the
nearest upstream and downstream genes within 1 Mb). Gene Ontology analysis of
gene lists was performed using g:Profiler>®. g:Profiler outputs GO terms that are
significantly enriched (g <0.05) in the input genes list.

Ortholog search for the cis-elements. The orthologous sequences of the ATAC
peak were searched using the liftOver tool using the cross-species chain data
obtained from the UCSC Genome Browser database’®. Using ATAC peaks in the
mouse genome as input, we estimated the acquisition time of the cis-elements by
checking for the presence of orthologous sequences in other species (minimum
ratio of bases that must remap: 0.5). Among the species for which orthologs were
identified, each ATAC peak was assigned to the species most distantly related to the
mouse in the reference phylogenetic tree?®80-83 and used to estimate the time of
sequence acquisition. The following species were searched as orthologs: Rat (rn5),
Guinea pig (cavPor3), Rabbit (oryCun2), Human (hgl9), Cow (BosTau7), Dog(-
CanFarm2), Horse (EquCab2), Tenrec (echTell), Elephant (loxAfr3), Opossum
(monDomb5), Platypus (ornAnal), Chicken (galGal3), Turkey (melGall), Lizard
(anoCar2), X. tropicalis (xenTro3), Zebrafish (danRer7), Medaka (oryLat2). For the
TE-derived cis-elements, the ATAC peaks that overlapped with the TE annotation
of RepeatMasker were used as input in Fig. 7d.

Sequence conservation in TE-derived cis-elements. Sequence conservation
scores (mm9.30way.phyloP30way.placentalMammals) in placental mammal gen-
omes per bp were obtained from the UCSC Genome Browser database”®84.
Average sequence conservation scores were obtained for each TE-derived accessible
motif set. As a control, 7-bp sequences from the intersection of the ATAC peaks
and the TE regions were randomly obtained 500 times with the shuffleBed tool
(with the -noOverlapping option) of the BEDTools package’4. At this time, only
sequences that did not overlap with the motif detection sites were used as controls.

Statistics and reproducibility. The type of statistical tests used are described in
the figure legends or the main text. To ensure reproducibility, we provided the
source code on GitHub (described in the “Code availability” section).

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The accession numbers of the sequencing data used in this study are shown in
Supplementary Table 5. Source data of the Figs. 4 and 5a, d are presented

in Supplementary Data.

Code availability
The code is available at https://github.com/hmdlab/TE_analysis.
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