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Abstract:

Mammalian genomes harbor a large number of transposable elements (TEs) and their remnants.
Most TEs are incapable of retrotransposition. Although most TEs are epigenetically repressed,
transcriptional silencing is partially released to permit developmental or tissue-specific expression
of TEs. Some TEs have also evolved as cis-regulatory elements (CREs), enabling them to recruit
host-encoded transcription factors. Understanding the contribution of TEs in the regulation of the
mammalian genome is an active area of research. Previously, the noncoding long terminal repeat
(LTR) part of the endogenous retrovirus (ERV) families has been shown to function as enhancers.
We show that new LTR families and the promoter region of LINE1 (L1) are enriched with
H4K16ac and H3K122ac and the chromatin features associated with active enhancers. Depletion
of MSL complex and H4K 16ac levels leads to a significant reduction in the expression of L1 and
ERV/LTRs. We demonstrate that H4K 16ac regulates TE transcription by maintaining a permissive
chromatin structure. Furthermore, CRISPR-based perturbation of candidate TEs led to the
downregulation of genes in cis. We conclude that H4K 16ac and H3K122ac regulate a significant
portion of the mammalian genome by opening local chromatin structure and transcriptional
activity at TEs.
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Introduction

Dysregulation of TEs and their insertions into gene exons are usually disruptive and are implicated
in cancer and neurological disorders (Burns, 2017; Hancks and Kazazian, 2016). When inserted
into noncoding DNA, including introns, they can affect the host gene expression in cis or trans.
Most TEs are incapable of transposing due to acquired mutations, epigenetic, and post-
transcriptional silencing mechanisms, reviewed in (Almeida et al., 2022; Molaro and Malik, 2016).
However, TEs are transiently upregulated during the early development (Jachowicz et al., 2017),
in the neuronal lineage (Upton et al., 2015) and cancer (Hancks and Kazazian, 2016). The
endogenous retrovirus (ERV) superfamily of long-terminal repeats (LTR) and short interspersed
nuclear element (SINE/A/u) often exhibit chromatin features associated with active enhancers (cis-
acting regulatory elements, CREs) (Fueyo et al., 2022; Sundaram and Wysocka, 2020) and are
shown to function either as enhancers to regulate genes in cis or act as alternate promoters (Fueyo
et al., 2022). Long interspersed nuclear elements (LINE-1, LL1) are also bound by tissue-specific
transcription factors (TFs) and can function as nuclear noncoding RNAs (Jachowicz et al., 2017;
Percharde et al., 2018), but it is unclear whether they can act as CREs. TEs are suggested to
contribute to nearly one-quarter of the regulatory epigenome (Chuong et al., 2017; Hermant and
Torres-Padilla, 2021; Jachowicz et al., 2017; Schmidt et al., 2012).

Histone post-translational modifications (PTMs) — H3K4mel in combination with
H3K27ac, bidirectional transcription of enhancer RNAs (eRNAs) and accessible chromatin (e.g.,
using ATAC-seq) are widely used to predict active enhancers in the genome (Andersson et al.,
2014; Buenrostro et al., 2013; Creyghton et al., 2010). However, most histone acetylations,
including H3K27ac, appear as a consequence of transcription and play a supportive role rather
than a regulatory role in the transcription (Martin et al., 2021; Wang et al., 2022). Moreover, the
H3K27ac level does not correlate with or is dispensable for enhancer activity, suggesting other
uncharacterized chromatin features could be contributing to transcriptional regulatory activity
(Kheradpour et al., 2013; Taylor et al., 2013; Wang et al., 2022). Apart from H3K27ac, other
histone acetylations such as H3K122ac, H4K16ac, H3K18ac and H3K9ac are also found across
active enhancers (Karmodiya et al., 2012; Pradeepa, 2017; Pradeepa et al., 2016; Taylor et al.,
2013; Wolfe et al., 2021). Indeed we previously showed that new repertoires of enhancers that lack
detectable H3K27ac are enriched with H3K122ac or H4K 16ac in the mouse genome (Pradeepa et
al., 2016; Taylor et al., 2013). H4K16ac and H3K122ac are particularly interesting among the
many histone acetylations as they directly alter chromatin structure and increase transcription in
vitro (Shogren-Knaak et al., 2006; Tropberger et al., 2013). However, it is challenging to decipher
the causal role of specific histone acetylation marks because many acetylations, including
H3K27ac, are catalyzed by multiple lysine acetyltransferases (KATs). KATs also have a broad
substrate specificity. H4K16ac is an exception as it is catalyzed explicitly by KAT8 when
associated with male-specific lethal (MSL) complex. Still, when KATS8 is associated with non-
specific lethal (NSL), it catalyzes H4K5ac, H4K8ac and H4K12ac (Chatterjee et al., 2016;
Chelmicki et al., 2014; Radzisheuskaya et al., 2021; Ravens et al., 2014). In mouse embryonic
stem cells (mESCs), KAT8 and H4K16ac mark active enhancers and promoters of genes that
maintain the identity of mESCs (Li et al. 2012; Taylor et al. 2013). Loss of function mutations in
KATS8 or MSL3 accompanied by reduced H4K16ac were shown to cause neurodevelopmental
disorders (Basilicata et al., 2018; Li et al., 2020). However, the mechanism through which
MSL/KATS8-mediated H4K16ac contributes to genome regulation during normal development is
less clear, especially in the human genome.

Here, by profiling histone modifications associated with regulatory elements, we show that
unlike H3K27ac, which marks active genes and enhancers, H4K16ac and H3K122ac are enriched
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across the L1 and ERV/LTR superfamily of TEs in human cell lines. Depletion of H4K16ac by
knockout or knockdown of MSL proteins is sufficient to downregulate these TEs. We show that
H4K16ac contributes to opening local chromatin structure and transcription at TEs. The genome-
wide enhancer reporter assay data shows that H4K 16ac marked TEs show higher enhancer reporter
activity. Furthermore, CRISPR-mediated perturbation of H4K16ac marked TEs leads to the
downregulation of genes associated in 3D space.

Results

H4K16ac and H3K122ac are enriched at TEs in human and mouse cell lines.

We aimed to investigate the role of lesser studied histone acetylations, such as H4K16ac and
H3K122ac, in human genome regulation. We performed Cleavage Under Targets and
Tagmentation (CUT&Tag) (Kaya-okur et al., 2019) on the histone modifications that are known
to be associated with active regulatory elements (H3K27ac, H3K122ac, H4K12ac, H4K16ac,
H3K4mel and H3K4me3), polycomb repressed domains (H3K27me3) and heterochromatin
(H3K9me3) (fig. S1A). While we focused our study on human embryonic stem cells (H9-hESCs),
we also validated our findings in mouse embryonic stem cells (E14 mESCs), prostate (PC3,
LNCaP), erythroleukemia (K562), ovarian (HeLa) and neuroblastoma (SH-SY5Y) cancer cells
together with prostate epithelium (RWPE), embryonic kidney (HEK293T) and transformed dermal
fibroblast (TDF) cells. CUT&Tag sequencing reads that mapped more than once were filtered out,
and only uniquely mapped reads were retained for analyses. The Hidden Markov model's
chromatin-state discovery and genome annotation analysis (12 ChromHMM states) revealed
H3K4mel, H3K4me3, H3K27ac and H4Kl12ac's expected enrichment at genomic features
associated with active transcription, including active promoter and enhancers in hESCs.
H3K36me3 also showed expected enrichment at transcription elongation and weak transcription
features. Intriguingly, H4K16ac and H3K122ac but not H3K27ac and H4K12ac were enriched at
heterochromatin, insulator, and repetitive DNA (Fig. 1A). Further enrichment analysis at different
classes of TEs from the RepeatMasker database and protein-coding genes revealed specific
enrichment of H4K16ac and H3K122ac at the 5 UTR of full-length L1s, ERV/LTRs, and
SINE/Alu elements (Fig. 1B, C, D, E). H4K16ac enrichment at a large number of TEs is consistent
with the mass spectrometry data showing this acetylation is highly abundant, and nearly 30% of
the histone H4 proteins are acetylated at lysine 16 (Radzisheuskaya et al., 2021). Apart from
hESCs, the other seven tested human somatic cell lines also showed higher enrichment of
H4K16ac at TEs than H3K27ac (fig. S1B, C). Consistent with the CUT&Tag data from human
cell lines, reanalysis of publicly available H4K16ac ChIP-seq datasets from the human brain
tissues (prefrontal lobe) (Nativio et al., 2018) showed specific enrichment of H4K16ac at 5> UTR
of L1 subfamilies (fig S2A). Moreover, CUT&Tag data from mESCs showed that H4K16ac is
enriched at 5> UTR of L1 and many TE families, suggesting enrichment of H4K16ac at TEs is not
unique to human cell lines and tissues but also conserved in mice (fig. S2B, C).
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Fig. 1: H4K16ac and H3K122ac are enriched at 5° UTR of L1 and ERV/LTRs in H9 hESCs

A. Bar chart showing the percentage distribution (Y-axis) of CUT&Tag peaks from various histone PTMs
(X-axis) across ChromHMM chromatin states. B. Enrichment (observed/expected) of histone modification
peaks across gene transcription start-sites (1SS), TE families (L1, ERV/LTRs, SINE/Alu) and gene body.
C. Percentage distribution of repeat element across histone modification CUT&Tag peaks. D. Intersection
of histone modification CUT&Tag peaks at TE (LTR, Alu and full-length L1) families, X-axis shows the
number of peaks, and the Y-axis is the number of peaks intersected. E. Above, illustration showing the
structure of human L1. 5° and 3’ untranslated regions (UTR), open reading frames (ORF1 and ORF2),
sense and antisense promoters (SP and ASP). Below are heatmaps showing H4K16ac and H3K122ac
CUT&Tag signal covering RefSeq genes and full length (>5kb, n=10538) L1s. F. Example UCSC genome
browser tracks showing average counts per million (CPM) for two replicates of H3K4me3, H3K4mel,
H3K9me3, H4K16ac, H3K122ac and H3K27ac CUT&Tag data from hESCs. RepeatMasker tracks showing
57 UTRs of L1 (purple highlight) and ERV/LTRs (yellow highlight) and ENCODE cis-regulatory elements
(CRE) are shown below.

MSL mediated H4K16ac regulates the transcription of L1 and ERV/LTRs

Next, we aimed to investigate the role of H4K16ac at TEs in altering chromatin structure and
transcription. Depletion of KAT8 affects H4K16ac, H4K5ac, H4K8ac and H4K12ac as KATS
when associated with NSL complex catalyzes H4KS5, H4K8 and H4K 12 acetylations while it is
bound to MSL complex it explicitly catalyzes H4K16ac (Fig. 2A). As knockout of individual MSL
complex proteins such as MSL1, MSL2 and MSL3 are sufficient to deplete most of the H4K 16ac
(Monserrat et al., 2021). We depleted MSL3, in hESCs, using two independent lentiviral shRNAs
(Fig. 2B, C). shRNA-mediated depletion of MSL3 and H4K16ac led to reduced L1-ORF1 and
HERV at the protein level (Fig. 2C). Furthermore, RT-qPCR and RNA-seq analysis showed
significant downregulation of both human-specific (L1HS) and primate-specific (L1PA2 to
L1PA16) full-length L1 and LTR sub-family transcripts (Fig. 2B, E). Pluripotency and
differentiation markers were unaffected upon MSL3 depletion, suggesting that downregulation of
TEs is not due to the altered pluripotency state of hESCs (fig. S3).

Furthermore, to demonstrate that our findings are not restricted to hESCs, we also used
doxycycline-inducible Cas9 (iCas9) mediated knockout (KO) of MSL1 and MSL3 in transformed
dermal fibroblasts (TDFs) (Fig. 2F, G). MSL1 KO significantly reduced the H4K16ac level in
TDFs (Fig. 2F, G). Similarly, MSL1 and MSL3 KO led to bulk depletion of H4K16ac levels and
at TEs (Fig. 2F, G, and fig S4A). Furthermore, a reanalysis of RNAseq data from Monserrat et al.
(Monserrat et al., 2021) showed significant downregulation of L1 and LTR transcripts in MSL1
and MSL3 KO TDFs (fig. S4). Notably, L1 and LTR regions that intersect with H4K16ac peaks
were particularly downregulated in MSL1 KO cells compared to L1 and LTRs that lacked
detectable levels of H4K16ac (Fig. 2H). Since H4K16ac decompacts chromatin in vitro, and has
been shown to increase chromatin accessibility (Samata et al., 2020; Shogren-Knaak et al., 2006),
we next asked whether the lack of H4K16ac leads to altered accessibility at TEs. Assay for
transposase-accessible chromatin using sequencing (ATAC-seq) showed specific depletion of
accessible DNA atthe 5’ UTR of L1s and LTRs in MSL3-depleted hESCs and MSL KO fibroblasts
(Fig. 2D). Reanalysis of publicly available ATAC-seq data from MSL1 depleted monocyte cell
line (THP1) (Radzisheuskaya et al., 2021) also showed reduced ATAC-seq signal at TEs.
Interestingly, we found cell type specific variation in reduced DNA accessibility at different
subfamilies of L1 and LTRs, suggesting the role of H4K 16ac in cell type-specific regulation of TE
subfamilies (Fig. 2D). Therefore, we conclude that MSL/KAT8-mediated H4K16ac leads to the
opening of chromatin structure and increased transcription at TEs.
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Fig. 2 MSL, which speciﬁcally deposits H4K16ac and regulates the transcription of TEs.

A. Hlustration showing the presence of KATS in two distinct complexes, KATS in the MSL complex catalyzes
H4K16ac at TEs, while in the NSL complex, it catalyzes H4K5ac, H4K8ac and H4K12ac at gene TSSs. B.
RT-gPCR data showing mean (£SD, n=3 independent experiments) fold change (normalized to f-ACTIN)
in transcript level for MSL3, subfamilies of L1s (L1Hs, LIPB, LIM and LIPA) and ERVs (HERV-K gag
and HERV-H gag). C. Western blot showing HERV envelope protein, LI-ORF1 and H4K16ac levels upon
knockdown of MSL3 using two independent shRNAs (MSL3 shl and MSL3 sh2) versus non-target control.
a-Tubulin and H3K27ac served as controls. D. Heatmap showing the fold change in ATACseq signal at
Sfull-length L1 and LTRs in MSL3 knockdown in hESCs, MSL1 knockout (KO) in TDF and THPI cell line
normalized to respective controls (Radzisheuskaya et al., 2021) compared to WT control. E. Violin plots
showing the sum of RNAseq reads as counts per million (CPM) normalized with ERCC spike-in control
read counts at LTR, Alu and full-length L1 sub-families and genes from MSL3 shRNA and control hESCs.
Boxes indicate the median and interquartile range, with whiskers showing the first and the fourth quartile.
F. Immunofluorescence images showing H4K16ac levels (Magenta) in TDFs after doxycycline induced
MSLI knock-out (MSL KO) (day 4) and in a parental cell line (iCas9). G. Western blots showing the levels
of H4K16ac MSL1 KO and control cells, Tubulin and H3K27ac served as controls. H. Like E, but for RNA
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levels at L1 and LTRs that intersect with H4K16ac peaks (K16ac+) vs. L1 and LTRs that lack H4K16ac
peaks (K16ac—). P-values and statistical tests for all RT-qPCR and violin plots are detailed in data S2.

H4K16ac marked L1 and LTRs function as enhancers.

LTR subfamilies, particularly LTRS and LTR7 function as enhancers in hESCs (Chuong et al.,
2017; Fuentes et al., 2018; Pontis et al., 2019). However, it is not known whether L1s can also act
as enhancer elements. We have previously shown that H4K16ac and H3K122ac mark active
enhancers in mESCs (Pradeepa et al., 2016; Taylor et al., 2013). Here we show that H4K16ac,
H3K122ac and H3K27ac were particularly enriched at the 5° UTR of full-length L1s and correlate
with chromatin features associated with active enhancers such as H3K27ac, H4K 16ac, H3K4mel,
BRD4 and ATACseq signal in hRESCs (Fig. 1C and Fig. 3A). H4K 16ac was notably higher in older
(LTPA7 to L1PA16) compared to younger primate-specific (L1PA1 to L1PA6) and human-
specific (L1HS) Lls. Analysis of genome-wide enhancer activity data (STARRseq) from
neuroblastoma (SH-SY5Y) and erythroleukemia (K562) cell lines generated by ENCODE (Lee et
al., 2020) revealed high enhancer activity specifically at the 5> UTR of the L1 family (Fig. 3B).
The presence of chromatin features associated with active enhancers (Fig. 3A), together with the
ability of L1 5> UTR to drive transcription in an in vitro enhancer activity assay (Fig. 3B), suggests
that L1s can function as enhancers to regulate genes in cis.

Apart from LTRs with known enhancer activity (LTRS and LTR7), our data show LTR9,
LTR16, LTR33 and MER2I1C also serve as enhancers as they are enriched with H4K16ac along
with other active enhancer chromatin features (Fig. 3C, E). Active enhancers can be distinguished
from inactive enhancers based on the co-occurrence of H3K4mel with H3K27ac, H3K122ac,
H4K16ac and enhancer RNA transcription (Pradeepa, 2017). LTRs with H4K16ac and H3K4mel
peaks showed significantly higher enhancer activity (STARRseq signal) than LTRs that intersected
with only H3K4mel or H4K16ac (Fig. 3D). This is consistent with the specific downregulation of
LTR transcripts upon depletion of MSL/H4K16ac (Fig. 2B, C, E and fig S4B, C), supporting the
role of H4K16ac in the transcription of LTR transcripts. Our findings show that 5> UTR of full-
length L1 and LTRs marked with H4K16ac and H3K4mel are likely to function as enhancer
elements. The rest of the LTR and Alu families are not likely to act as active enhancers in hESCs,
as they either lack enhancer chromatin features and/or enhancer activity (fig. SSA). Reduced
chromatin accessibility across L1 and LTR subfamilies upon depletion of MSL/H4K16ac (Fig.
2D), further supports the role of H4K16ac in enhancer activity. In hESCs, LTRS and LTR7 show
a more significant reduction in chromatin accessibility, consistent with the known function of these
LTR subfamilies as enhancers in this cell type. Interestingly, cell type-specific reduction in
chromatin accessibility is observed across L1 and LTR subfamilies (Fig. 3B, C), indicating that
these LTR subfamilies can act as enhancers in a cell type-specific manner.


https://doi.org/10.1101/2022.04.29.488986
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.29.488986; this version posted April 30, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

LIHS 7 1

SH-SYSY

A

&

«

L1PA2

&
T

vaisslran]

i
L1PA3 g

[T, parasa—
|
b e ——
|
L 7 |
| R

i
ek s

L1PA4

PSRN
e

LIPA5 : : *

R
“

L1PA6

et

.

et
Wi

tring
Y

L1PA7 I

L1PAl6

T AW e

(IR ——
B
-
[
¥

L1P1-L1P4 =

ro I
s,

LIM1-L1M4

C

&

15

LTRS

LTR7

LTR9
LTR16 EE

LTR33

MER21C

' )
LTR center q,({}-

5 kbl | hg38

chr6:132.305.000 | 132,310,000|

H4K16ac

LTRs with known
- | enhancer activity

T
S
S
8
N
£

g3
=

z
=
=
%3

X
&

1000+ B maxamer ()

. Kdmel(-) H4K 16ac(+)

B Kame1(+) HaK16ac(+)
H3K4me1(+) K27ac(+)

ity
o
o

CPM (Log10)

10+

10kb
chr4:143,065,000 |

| he38

143,070.000|

H3K122ac
H3K27ac

B .

H3K4mel
'y

.

H3K4me3

H3K27ac (ENCODE layered)
ENCODE CREs

MOXDI

! L1PA7

chr1:145,933,500 | chr7:152898000|
H4K16ac
A__
H3K122ac

H3K27ac

e e, Sl
il

€€€€CCCECEEEECEEEeaeeaeeeeeeeeeeeeeeeeeeeeeeeeededdeeeedeeeeeeeedeeeedeeeeedeeeeeeeeeee

P38-DT

L1PA10

chrs:5,768,000]

H3K4mel
H3K4me3

RSN -

H3K27ac (ENCODE layered)

ENCODE CREs - -
I

LTRS LTR16


https://doi.org/10.1101/2022.04.29.488986
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.29.488986; this version posted April 30, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Fig. 3 H4K16ac marked TEs function as enhancers to regulate genes in cis.

A. Heatmap of CUT&Tag signals for histone modifications and BRD4 normalized to IgG control, ATACseq
signal at TE sub-families; —1.5kb to +6.5kb from L1 (L1HS, LIPA2, L1PA3, L1PA4, LIPAS5, LIPA6,
LI1PA7-L1PA16, LIP1-L1P4 and LIMI-LIM4). B. B) Heatmap shows H4K16ac and H3K27ac CUT&Tag
signals and STARRseq signals in K562 and SH-SY5Y cells C. Like A, but for +2.5kb around ERV/LTR center
(LTRS, 7, 9, 16, 33 MER21C, HERV and ERV3, data for rest of the LTR sub-families in fig S5). D. Violin
plots showing K562 STARRseq signal at LTRs that intersect with H3K4mel peaks; H3K4mel, H3K27ac
and H4K16ac peaks; H4K16ac peaks but not H3K4mel peaks; and H3K4mel, H4K16ac peaks. Statistical
tests are detailed in table S2. E. Example UCSC genome browser tracks showing average counts per million
(CPM) for two replicates of H4K16ac, H3K122ac, H3K27ac, H3K4mel and H3K4me3 CUT&Tag data
from hESCs. RepeatMasker tracks showing L1, LTR5, LTR16 and LTR33 and ENCODE layered H3K27ac
and cis-regulatory elements (CRE) are shown below.

H4K16ac marked TEs are bound by Cohesin and CTCF and contribute to chromatin
topology.

We carried out a TF enrichment analysis to determine whether H4K16ac-specific TEs act as
enhancers by recruiting specific TFs. This revealed expected enrichment for EP300 at H3K27ac
marked but not H4K 16ac and H3K122ac marked TEs (Fig. 4A). YY1 was observed to be enriched
at L1s harboring all three acetylations, supporting the previously known role of YY1 in the
regulation of L1 transcription (Athanikar et al 2004). MSL complex recruits YY1 to the promoter
region of Tsix to activate its expression in mESCs (Chelmicki et al., 2014), suggesting a possible
interplay between these two factors in regulating L1 transcription. Several TFs were uniquely
enriched at H4K16ac marked TEs (Fig. 4A, fig. STA), suggesting these TFs could contribute to
maintaining H4K16ac and H3K122ac levels along with transcriptional activity at these TEs.
Interestingly, architectural proteins such as CTCF, RAD21, and their cofactor ZNF143 were
enriched at H4K 16ac- rather than H3K27ac- marked TEs (Fig. 4A). We, therefore, asked whether
H4K16ac marked TEs together with the CTCF, RAD21, and ZNF143 could contribute to 3D
genome folding at these loci. Analysis of Hi-C data revealed that TEs that overlap with histone
acetylation peaks are closer to topologically associated domain (TAD) borders than TEs that lack
acetylations (Fig. 4B). We also found that H4K16ac levels are relatively higher at the TEs
overlapping with the TAD borders than at the TEs that don’t overlap with TAD borders (fig. S6).
Furthermore, since transcriptionally active HERVs contribute to TAD boundary formation (Zhang
et al., 2019) and MSL/H4K 16ac axis drives the transcription of TEs, including HERVs (Fig. 2B,
C and E, fig S4B), it is likely that H4K16ac-mediated transcription at TEs contributes to TAD
border formation and 3D chromatin organization. This, in turn, could prevent the spread of
heterochromatinization at TEs by repressor complexes.

CRISPR interference (CRISPRi) based perturbation of H4K16ac/H3K122ac marked TEs
revealed their role expression of genes in cis

To demonstrate that TEs were regulating transcription of nearby genes, we visualized Micro-C
data and identified putative target genes for H4K16ac marked L1/HERVs. Micro-C data from
hESCs revealed that L1 and HERVs marked by H4K16ac and H3K122ac overlap with TAD
borders or interact with the promoter region of putative target genes (Fig. 4C, fig. S7). To further
validate H4K 16ac and H3K122ac marked L1 and HER Vs regulate genes in vivo in the endogenous
context, we performed CRISPRi by transiently transfecting plasmids encoding guide RNAs
targeting L1 5° UTR and HERV/LTR elements to hESCs stably transduced with dCAS9-KRAB.
RT-qPCR analysis showed downregulation of putative target genes USP38 and TANC2, located at
~110kb and ~270kb respectively, from H4K16ac and H3K122ac marked L1 5> UTRs. CRISPRi
for LTR18/HERVL located ~10kb from the ODF2L promoter led to the downregulation of ODFL.
Similarly, CRISPRi for LTR7/HERVH located between GATADI and PEXI locus led to
downregulation of both GATADI1 and PEX1 (Fig 4D).
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Fig 4. H4K16ac is enriched at LTRs and Alu with TAD borders, and loss of H4K16ac leads
to reduced DNA accessibility at TEs

A. Heatmap showing differentially enriched TF Motif (columns) in H4K16ac, H3K27ac, and
H3K122ac peaks at L1 5° UTR, ERV/LTR and SINE/Alu versus random background, a complete
list of TF motif data in fig. S6. B. Violin plot showing the distance to TAD borders (Y-axis, log 10
bins) for LTR, Alu and L1 with H3K122ac, H4K16ac and H3K122ac, TEs that do not intersect
with these three histone acetylation peaks served as control. C. UCSC genome browser tracks
showing H4K16ac, H3K122ac and H3K27ac signals from H9 hESC cells at candidate Ll1s used
for functional validation by CRISPRi. Arrows in the Micro-C map indicate the interaction of L1s
with gene promoters; the arrowhead indicates the TAD border. Details of the TE coordinates and
gRNA positions are given in table S4. The statistical tests are detailed in table S2. D. Illustration
shows the CRISPRi validation design of candidate L1s & ERVs in hESCs (above). RT-qPCR shows
a fold change in RNA level normalized to B-ACTIN for putative target genes of L1, and ERV/LTR
elements (selected based on the distance from TE and Micro-C data) upon guide RNA mediated
targeting of dCAS9-KRAB to TEs; nontargeting guide RNA vector served as control (below). E.
The working model shows MSL/KATS mediated H4Kl16ac activates transcription of TEs and
contributes to enhancer activity of TEs to regulate genes in cis (above). Depleting MSL-mediated
H4K16ac leads to a reduced level of accessible chromatin, TE transcription and expression of
genes in cis (below).

Our previous work showed that recruitment of dCas9 fused with four copies of repressive
Sin3 interacting domain (dCAS9-SID4X) leads to histone deacetylation at enhancers and reduced
expression of their target genes (Pradeepa et al., 2016). The use of the dCAS9-Sid4x based
CRISPRI approach in HEK293T also showed downregulation of putative target genes (fig. S7F),
further confirming the dCAS9-KRAB based CRISPRi data from hESCs. Therefore, we conclude
that H4K 16ac and H3K122ac marked L1 5° UTRs and LTRs function as enhancers. As H4K16ac
and H3K122ac marked TEs constitute a substantial number of TE elements, they contribute
significantly to regulatory activity in the mammalian genome.

Neuronal cell types have higher L1 expression and high efficiency in the retrotransposition
(Macia et al., 2017); retrotransposon dysregulation is also linked with neurological disorders
(Hancks and Kazazian, 2016). Consistent with our findings, analysis of publicly available
H4K16ac ChlPseq data from human brain tissues revealed specific enrichment of H4K16ac at 5°
UTRs of L1s (Nativio et al., 2018)(fig. S2). Loss of function mutations in genes encoding KATS
containing protein complexes such as KANSLI, MSL3 and KATS lead to neurodevelopmental
disorders (Basilicata et al., 2018; Koolen et al., 2012; Sharp et al., 2006; Shaw-Smith et al., 2006).
Further investigation is needed on the effect of MSL/KATS disruption on TE-mediated genome
regulation in neurodevelopmental disease models. Depleting MSL complex proteins and
subsequent loss of H4Kl6ac exhausts the ability of cells to proliferate and increases the
chromosomal instability (Monserrat et al., 2021). Highly proliferative stem and cancer cells have
high transcriptional activity at TEs. Reanalysis of H4K16ac ChIP-seq data also shows a dramatic
loss of H4K16ac across 5’ UTR of L1s and LTRs in senescent cells compared to proliferating cells
(fig. S8), suggesting that proliferating cells have adapted to permissive chromatin structure at TEs.
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Conclusions

TEs have contributed significantly to the evolution of mammalian genomes by helping to shape
both the coding and non-coding regulatory landscape. Here we demonstrate that H4K16ac and
H3K122ac contribute to the cis-regulatory activity of human and primate-specific L1 and HERV
families. The role of MSL complex to co-opt TEs to rewire cis-regulatory elements also appears
to be conserved during the evolution of dosage compensation in Drosophila miranda, where a
mutant helitron TE is shown to recruit MSL complex to evolutionarily young X chromosome to
increase transcription (Christopher and Bachtrog, 2013). Although most TEs are epigenetically
repressed, silencing means must be partially released to permit developmental or tissue-specific
regulation of gene expression programs, discussed in (Bourque et al., 2018). Several layers of TE
silencing mechanisms are known; here, for the first time, we demonstrate that transcriptional
activator complex (MSL/KATS8) mediated H4K 16ac activates the transcription of TEs. Increased
DNA accessibility due to H4K16ac and H3K122ac at TEs leads to increased transcription, which
could also counteract the epigenetic repressive environment at TEs (Fig. 4E) (Liu et al., 2018). As
H4K16ac increases transcription of TEs, we propose that the act of transcription of TEs could
contribute to chromatin topology and enhancer mediated regulation of host gene expression in cis,
as many TEs are located near genes, within introns and enriched at TAD borders.
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