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Abstract

Transposable elements (TEs) are parasitic DNA sequences accounting for over half of the human
genome. Tight control of the repression and activation states of TEs is critical for genome
integrity, development, immunity, and diseases, including cancer. However, precisely how this
regulation is achieved remains unclear. Here, we develop a targeted proteomic proximity labeling
approach to capture TE-associated proteins in human embryonic stem cells (hRESCs). We find

that the RNA N6-methyladenosine(m®A)-reader, Y THDC2, occupies genomic loci of the primate-
specific TE, LTR7/HERV-H, specifically through its interaction with m®A-modified HERV-H
RNAs. Unexpectedly, YTHDC?2 recruits the DNA 5-methylcytosine(5mC)-demethylase, TET1, to
remove 5mC from LTR7/HERV-H and prevent epigenetic silencing. Functionally, the YTHDC2/
LTR7-axis inhibits neural differentiation of hESCs. Our results reveal both an underappreciated
crosstalk between RNA m8A and DNA 5mC, the most abundant regulatory modifications of RNA
and DNA in eukaryotes, and the fact that in hESCs this interplay controls TE activity and cell fate.
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INTRODUCTION

RESULTS

Transposable elements (TEs) are mobile DNA elements derived from ancient viral infections
accounting for more than half of our genomic sequences in humans-4. To maintain the
integrity of the host genome, most TEs in the mammalian genome are silenced by repressive
heterochromatic marks . On the other hand, through evolution, some TE sequences have
been co-opted as cis-regulatory elements controlling spatial-temporal gene expression in
numerous biological processes’. Therefore, a tight balance between the transcriptionally
silenced and activated chromatin states is critical for genome integrity and spatial-temporal
gene regulation. However, how this regulation is achieved is still not fully elucidated.

Among eukaryotes, the hypermethylation of DNA sequences is a common strategy utilized
to silence TEs®6. In mammals, the most common DNA methylation, 5-methylcytosine
(5mC) of CpG dinucleotides, is deposited and maintained by DNA methyltransferases
including DNMT3A/3B and DNMT18:9. The family of Ten-eleven translocation (TET)
methylcytosine dioxygenase, including TET1-3, can remove DNA methylation through the
stepwise oxidation of 5mC to 5-hydroxymethycytosine (5hmC), 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC)1911. Recently, several studies have revealed a critical role for
the posttranscriptional modification of RNA by N6-methyladenosine (m8A) in regulating
TE silencing through modulating histone modifications!2-18, m®A is installed by the
methyltransferase complex, can be removed by “erasers”, and is recognized by the “reader”
proteins, including YTHDC1-2 and YTHDF1-3 that contain a highly conserved m8A-
binding, Y TH-domain1819, Recent studies show that m8A-modified “chromatin-associated
regulatory RNAs” (carRNAs), including RNAs transcribed from promoters, enhancers, and
TE loci, are bound by YTHDCZ1, which either induces degradation of TE transcripts or
recruits histone modifiers to induce epigenetic silencing of TE loci by controlling histone
modifications29-22, In human cancer cell lines, it has also been shown that the RNA

mOA reader FXR1 recruits TET1 to regulate chromatin accessibility and transcription of
enhancers and promoters23, To date, however, whether and how the epitranscriptomics
modifications interplay with DNA methylation machinery in regulating TE activity in
mammals remains an intriguing and unanswered question.

Here, we develop CARGO-BiolD, a CRISPR-based TE-centric proteomics approach, to
identify the proteins associated with the genomic loci of the primate-specific TE, LTR7/
HERV-H, in human embryonic stem cells (hESCs). We find that the RNA m®A-reader,
YTHDC224, s recruited to the LTR7 DNA regions through its interaction with méA-
modified HERV-H transcripts; and engages TET1! to prevent the epigenetic silencing of
LTR7/HERV-H sequences via DNA demethylation. Functionally, the YTHDC2/LTR7-axis
inhibits the neuronal fate of hESCs. These results uncover mechanisms controlling TE
activity and hESC fate, as well as crosstalk between RNA m8A and DNA methylation.

CARGO-BiolD identifies TE-associated proteome

The large copy numbers and highly repetitive sequences of TEs, as well as their locus-
specific mutations or indels, pose technical challenges for identifying their regulatory
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complexes (Fig. 1a). To overcome this problem, we combined the multiplexed CRISPR
targeting approach “Chimeric Array of gRNA Oligos” (CARG0)?>:26 with biotin proximity
labeling (BiolD) to develop a CRISPR-based TE-centric proteomics method which we
termed CARGO-BiolD. The CARGO construct enables the simultaneous expression of up
to 15 sgRNAs to target TE sequences in the native chromatin environment?>26, We fused
the catalytic inactive “dead” Cas9 (dCas9) that can bind to but not cleave DNA with biotin
ligase TurbolD?7+28, that is predicted to biotinylate proteins proximate to dCas9-TurbolD
and the DNA sequences to which it is directed2%-32. The proteins are then purified by
streptavidin selection for liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis (Fig. 1b). By comparing the biotinylated proteins purified from the dCas9-TurbolD-
expressing cells with CARGO versus those expressing the control non-targeting sgRNAs,
we expect to identify proteins that are enriched specifically at targeted TE loci.

We selected the primate-specific TE, LTR7/HERV-H, and designed 15 sgRNAs to target
these loci (Fig. 1a, Extended Data Fig. 1a; Supplementary Table 1) for oligonucleotide
sequences). In hESCs, the LTR7s sequences are enriched with active histone marks such

as histone H3K4me1, H3K4me3, and H3K27ac (Extended Data Fig. 1b). By contrast, there
is less representation of these active chromatin marks in more differentiated lineages like
mesendoderm, neural progenitors, and trophoblast33:34 (Extended Data Fig. 1c). ChIP-seq
showed that this CARGO construct directs dCas9-TurbolD to 1,815 copies of LTR7 (73.5%
of the total) in hESCs (Fig. 1c, 1d). Since the binding of dCas9-TurbolD protein to DNA
may lead to the risk of disrupting the endogenous interactome, including transcription
factors (TFs), we designed sgRNAS to avoid the predicated TF binding motifs in LTR7s.
With this approach, dCas9-TurbolD/CARGO did not affect the RNA levels of HERV-H
and its retroviral genes, Gag, Pol, and Env, or the epigenetic modification of LTR7s
compared to the cells expressing dCas9-Turbo-1D/control sgRNAs (Extended Data Fig. 1e,
1f). These data suggest that the native interactome key for LTR7/HERV-H transcriptional
and epigenetic activities was not disrupted by CARGO-BiolD.

After three hours of exogenous biotin treatment, we observed distinct biotinylation patterns
of nuclear proteins in hESCs stably expressing dCas9-TurbolD CARGO sgRNAs, versus
cells expressing control sgRNASs (Fig. le, Extended Data Fig. 1g, 1h). Mass spectrometry
identified 144 candidate proteins that were highly enriched at LTR7 loci (Fig. 1f,
Supplementary Table 2). LTR7s in hESCs serve as enhancers, promoters, pluripotency
factor binding sites, and topologically associating domains (TAD) boundaries 34-37.
Correspondingly, the putative LTR7-associated proteins are involved in histone modification,
chromosome organization, transcription initiation, mMRNA processing, and pluripotency
factor signaling (Fig. 1g, Supplementary Table 2).

YTHDC2 binds to LTR7s and limits their silencing

Intriguingly, several proteins involved in RNA methylation were enriched on LTR7 loci,
including YTHDC2, an RNA mO8A-reader that contains the m6A-binding YTH domain1824
(Fig. 1f, 19, Extended Data Fig. 2a). We conducted ChlP-seq using an antibody against
YTHDC2, and identified 1,307 LTR7 elements that overlap with YTHDC2 ChlIP-seq peaks.
Permutation test revealed that LTR7 is the second most enriched (empirical p-value < 0.001)
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repeat family in the YTHDC2-occupied sequences (Extended Data Fig. 2b, Supplementary
Table 3). Compared to the 1,162 LTR7s without YTHDC?2 binding, the YTHDC2-occupied
LTR7s exhibit higher levels of the active chromatin mark H3K27ac and chromatin
accessibility but lower levels of silencing mark H3K9me3 (Fig. 2a, 2b). In addition to

the LTR7s, the YTHDC2-occupied sequences are associated with active chromatin marks,
binding of the transcription activator, BRD438:39 and a minimal representation of the
repressive heterochromatin mark (Extended Data Fig. 2c). By taking advantage of the 15
chromatin states of hESCs defined by ChromHMM?40:41, we found that the most enriched
chromatin states across all the YTHDC2 ChlIP-seq peaks include active enhancers (Enh),
bivalent enhancers (EnhBiv), and the sequences flanking bivalent promoters and enhancers
(BivFInk) (Extended Data Fig. 2d, 2e, Supplementary Table 3).

To interrogate YTHDC2 function, we generated two independent knock-out (KO) hESC
clones using CRISPR/Cas9 editing (Extended Data Fig. 2f). Interestingly, RNA levels of
HERV-H, Gag, Pol, and Env, were significantly reduced in YTHDC2 KO cells (Fig. 2c). We
examined the expression of the pluripotency markers POU5F1, SOX2, and NANOG at RNA
and protein levels (Extended Data Fig. 2g, 2h), and assessed the RNA decay rate of HERV-H
RNAs (Extended Data Fig. 2i). The results suggest that the reduction of HERV-H RNAs in
YTHDC2 KO hESCs is caused by reduced transcription, rather than loss of pluripotency or
RNA degradation. Indeed, using 5-Ethynyluridine (EU) to label newly synthesized RNAs*2
indicated that there are far fewer (~20%) nascent HERV-H transcripts in YTHDC2 KO
hESCs than in control cells (Fig. 2d).

Since the phenotypes of two independent YTHDC2 KO H1 hESC clones were similar

(Fig. 2c, 2d; Extended Data Fig. 2f-2i), we selected one for further in-depth analysis. We
performed a rescue experiment with re-expression of wild-type YTHDC2 cDNA (Extended
Data Fig. 2j). This restored the expression of HERV-H transcripts (Fig. 2e), indicating only
limited, if any, effects of potential Cas9 off-target mutations. Recent studies have shown
that YTHDC?2 can function as an RNA helicase in the context of spermatogenesis*3-45, We
overexpressed in YTHDC2 KO cells two mutant forms of YTHDC2 that lack either helicase
activity (YTHDC2E317Q)43-45 or mbA hinding capability (Y THDC2AYTH) Interestingly,
YTHDC2E317Q could partially rescue HERV-H expression, whereas Y THDC22YTH had no
detectable rescue activity, despite the higher protein expression level (Fig 2e, Extended Data
Fig. 2j). These data indicate that the m8A-binding capacity of YTHDC?2 is indispensable for
its regulation of HERV-H transcription, and that its helicase activity also contributes.

In eukaryotic cells, the silenced TEs are associated with the deposition of repressive histone
marks such as H3K9me3 and the loss of the active mark H3K27ac °. From RNA-seq and
ChlIP-seq data, we observed significantly decreased HERV-H expression (Extended Data
Fig. 2k, 2I), gain of H3K9me3 and loss of H3K27ac on the LTR7/HERV-H genomic loci

in the absence of YTHDC2 (Fig. 2f-2i). We identified 1,552 and 1,573 LTR7s exhibiting
reduced H3K27ac and increased H3K9me3 signals, respectively (Fig 2j, fold-change > 1.2,
p-value < 0.05). These YTHDC2-regulated LTR7s, totaling 1,661 sequences, significantly
overlap with the 1,307 YTHDC2-bound LTR7s (Fig 2j, Chi-square test, p-value < 0.0001,
Fig. 2k). Taking all these results into consideration, we conclude that YTHDC2 occupies the
LTR7/HERV-H genomic loci and prevents their transcriptional and epigenetic silencing.
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The YTHDC2/LTR7 axis regulates neuronal fate commitment

Previous studies have indicated roles for HERV-H RNAs in the regulation of pluripotency
maintenance %647 and neuronal differentiation#®49. By contrast, a recent study showed

that sShRNA-mediated knockdown of pan HERV-H RNAs neither induced differentiation

of human pluripotent stem cells, nor altered the expression of pluripotency markers in

the self-renewal conditions 0. In YTHDC2 KO hESCs, despite a significant reduction of
HERV-H RNAs, there is no change in the expression of pluripotency markers in self-renewal
medium (Extended Data Fig. 2g, 2h). However, Gene Ontology (GO) analysis did reveal
differential expression of genes related to nervous system development (Extended Data

Fig. 3a). YTHDC2 ChIP-seq also showed enriched binding of YTHDC2 in sequences near
genes related to nervous system development (Extended Data Fig. 3b). These results suggest
potential roles of YTHDC?2 in regulating neuronal fate.

To test the impact of YTHDC2/LTRY on the neurogenic potential of hESCs, we used

two complementary experimental systems: a lineage-specific neuronal cell differentiation
assay, based on a neural induction medium that contains SMAD2/3 inhibitors®, and an
embryoid-body (EB) formation assay that allows spontaneous multi-lineage differentiation
of hESCs. In the neural-induction medium, YTHDC?2 KO cells express ~6-8 fold higher
levels of neuronal marker genes than wild-type cells 5253 (Fig. 3a, 3b, Extended Data Fig.
3c). The YTHDC2 mutant EBs also displayed significantly higher levels (~2-3 fold) of
these markers (Fig. 3c, Extended Data Fig. 3c). In contrast, the expression of other lineage
markers (SOX17, GATA6, CDX2, HAND1, GSC)> were significantly downregulated in the
mutant EBs, although the early mesoderm marker TBX1 (also known as T or Brachyury)
was upregulated by ~2 fold (Extended Data Fig. 3d). Collectively, these data indicate that
YTHDC2 normally inhibits the ability of hESCs to differentiate toward neuronal lineages
and maybe required for differentiation beyond the primitive streak stage®*.

To determine whether LTR7 sequences themselves influence the fate of hESCs, we induced
epigenetic silencing of LTR7 sequences en masse by co-expression of the epigenetic
repressor dCas9-KRAB5® together with LTR7 CARGO in hESCs (CRISPR interference,
CRISPRI)25:26, \We focused on the 1,815 LTR7stargeted by dCas9/CARGO (Fig 1c),

and found that these CARGO-targeted LTR7 regions exhibited global loss of the active
chromatin mark H3K27ac and gain of the repressive mark H3K9me3(Fig. 3d; Extended
Data Fig. 3e, 3f). Concomitantly, this perturbation caused a significant reduction of HERV-H
transcripts (Fig. 3e, Wilcoxon P < 2.2e-16; Extended Data Fig. 3g, 3h). Significantly,

key observations indicate that LTR7 CRISPRi phenocopies YTHDC2 KO in hESCs. First,
LTR7-silenced hESCs were maintained in a pluripotent state in self-renewal medium
(Extended Data Fig. 3i - 3k). Second, they expressed a higher level (~3-6 fold) of neuronal
markers in both hESC-derived neuronal cells and EBs (Fig. 3f-3h; Extended Data Fig. 3l).
Taken together, our results suggest a model in which the YTHDC2/LTRY axis is dispensable
for pluripotency maintenance but negatively regulates the switch from pluripotency to the
neuronal fate.

To identify the key effectors that are directly regulated by the YTHDC2/LTR7 axis and
influence the fate of hESCs, we examined genes and long non-coding RNAs (INcRNAS) with
significantly lower levels in YTHDC2 KO hESCs, LTR7-silenced hESCs, and hESC-derived
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neuronal cells compared to control pluripotent hESCs (Fig. 3i, DESeq2 log, fold change
> 1, p-value < 0.05, Supplementary Table 4). This comparison identified 12 genes and
IncRNAs, including LINC-ROR, an LTR7/HERV-H-derived IncRNA initially identified as a
regulator involved in human iPSC reprogramming®®. RT-gPCR indicated that LINC-ROR
levels are indeed significantly reduced in YTHDC2 KO and in LTR7-silenced hESCs
(Extended Data Fig. 3m, 3n). LINC-ROR has been shown to maintain hESC self-renewal
by acting as a microRNA sponge to trap miR-145, which would otherwise target multiple
core pluripotency factors including POU5SF1, NANOG, and SOX25758, However, results
from other studies showed that sShRNA-mediated knockdown of LINC-ROR did not alter
the expression of NANOG in human pluripotent stem cells#8. We employed an additional
approach to determine the causal role of LINC-ROR in pluripotency maintenance. CasRx
is an RNA-guided RNA-targeting type VI CRISPR-Cas that can induce targeted RNA
degradation in a gRNA-dependent manner®%:60, Compared to the 21-nucleotide siRNAs
used in previous studies, CasRx requires 30bp sgRNA which increases the specificity of
knockdown and reduces the potential risk of off-target effects. Using two independent
gRNAs, CasRx reduced the LINC-ROR RNA level to 10-30% but did not alter the
expression of pluripotency markers (Extended Data Fig. 30, 3p). Next, we overexpressed
LINC-ROR in the YTHDC2 KO and LTRY7 silenced hESCs. This manipulation reduced the
expression of neuronal markers in these cells when cultured in neural induction medium
(Fig. 3a, 3b, 3f, 3g). Collectively, we conclude that neither the epigenetic activity of
LTR7 DNA, nor the expression of HERV-H RNAs including LINC-ROR, is required for
pluripotency maintenance in self-renewal culture conditions. Significantly, LINC-ROR is
one of the effector molecules that is directly regulated by the YTHDC2/LTR7 axis and
restricts the neural differentiation potency of hESCs (Fig. 3j).

The m8A-modified HERV-Hs interact with YTHDC2 and LTR7 DNA

HERV-H transcripts are expressed from their LTR7 promoters, supporting the feasibility
that Y THDC? interacts with m®A-modified HERV-H RNAs in the vicinity of LTR7

DNA (Fig. 4a). To test this idea, we analyzed published m®A RNA immunoprecipitation
sequencing (RIP-seq)8! data and found that HERV-H transcripts are indeed extensively
modified by m6A (Fig. 4b). Next, we conducted RIP-seq and Enhanced cross-linking and
immunoprecipitation (eCLIP)-seq®2 using the antibody against YTHDC2. Results from both
assays showed that HERV-H RNAs are extensively bound by YTHDC2 (Fig. 4c; Extended
Data Fig. 4a-4c). Since the results from RIP-seq and eCLIP-seq were concordant, we used
YTHDC2 RIP-seq for the rest of this study. We identified 6,172 YTHDC2 RIP-seq peaks
in hESCs (p-value < 1e-5), including 6,043 peaks (97.9%) overlapping with the annotated
repeat regions of the human genome. Permutation test showed that the HERV-H and LTR7-
derived RNAs are the two most enriched repeat RNAs in the YTHDC2 RIP-seq peaks
(empirical p-value < 0.001, Fig. 4d, Supplementary Table 3). Together, these data indicate
that the HERV-H RNAs undergo m8A modification and are enriched for YTHDC2 binding
in hESCs.

Next, we asked whether YTHDC2 simply binds to many highly expressed RNAs, or
specifically interacts with HERV-H transcripts in a motif-dependent manner. To probe this
question, we identified 1,119 mRNAs associated with enriched YTHDC2 binding (log,
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fold change > 1, p-value < 0.05). Compared to the rest of 12,326 genes with lower

levels of YTHDC2 enrichment, the expression of the two groups of genes showed no
significant difference (Extended Data Fig. 4d, Wilcoxon test, p-value = 0.92). Further
analysis revealed that a CCGGACGG motif, which harbors the canonical m6A consensus
motif RRACH?4, is significantly enriched in the Y THDC2-occupied mRNA sequences
(Extended Data Fig. 4e, p-value = 1e-6). Particularly, we identified a significantly enriched
canonical m®A motif GGACU in the YTHDC2-occupied HERV-H RNAs from RIP-seq
(p-value = 1e-131) and eCLIP-seq (p-value = 1e-116) (Fig. 4e). To further assess whether
YTHDC?2 directly interacts with m6A-modified HERV-H RNAs, we conducted RNA
pulldown and electrophoretic mobility shift assay (EMSA) using a pair of biotin-conjugated
RNA oligonucleotides that contain a 30-base conserved HERV-H sequence flanking the
GGACU motif, with or without m6A-modification in this motif (Supplementary Table 1).
Compared to the unmethylated RNA probe, the methylated probe showed a much stronger
binding capacity with YTHDC?2 protein prepared from hESC nuclear lysates (Fig 4f). For
EMSA, the recombinant protein of the YTH-domain of human YTHDC2 (1218-1488 amino
acids) only binds to the methylated RNA probe, in a protein dosage-dependent manner, but
not to the unmethylated one (Fig 4g, Extended Data Fig. 4f). Taken together, we conclude
that YTHDC2 directly binds to the m8A-modified HERV-H RNAs in a motif-dependent
manner.

To interrogate the physical interaction between HERV-H RNA and LTR7 DNA, we analyzed
published hESC MARGI (MApping RNA-Genome Interactions) data, which quantitatively
reports genome-wide RNA-chromatin interactions®3. This revealed that HERV-H RNAs
indeed form interactions with their local LTR7s flanking HERV-H DNA, rather than with
solo LTR7s (Fig. 4h, 4i). The interaction frequency between HERV-H RNA and LTR7 DNA
significantly correlates with HERV-H transcription levels (Pearson correlation coefficient R
=0.76, p-value < 2.2e-16). Interestingly, HERV-H RNAs exhibit stronger interaction with
their 5’- and 3’- flanking LTR7 regions compared to their gene body (Extended Data Fig.
4g). The HERV-H RNAs occupied by YTHDC2 or modified by m8A also showed stronger
interaction with their promoter LTR7s compared to those without YTHDC2 binding or méA
modification (Extended Data Fig. 4h, 4i). These results suggest that the interactions between
HERV-H transcripts and LTR7 loci are likely to be dynamically regulated and stabilized by
YTHDC2 and m®A modification, and do not merely represent a nascent interaction between
newly transcribed RNA and template DNA.

The mfA-modified HERV-Hs control YTHDC2/LTR7 interaction

To determine the role of m8A modification of HERV-H in YTHDC2/LTR?7 axis, we treated
hESCs with STM2457%4, a highly potent and selective catalytic inhibitor of the m6A

writer METTL3. STM2457 treatment did not induce the degradation of HERV-H RNAs

or METTLS3 protein, but reduced the m8A level of all HERV-H RNAs by ~80% after two
days (Extended Data Fig. 5a - 5c¢). Significantly, STM2457 treatment disrupted the binding
of YTHDC2 on both HERV-H transcripts and LTR7 DNA genome-wide (Fig. 5a, 5b,
Extended Data Fig. 5d, 5e), and led to a global gain of repressive histone mark H3K9me3 on
LTR7/HERV-H loci (Fig 5¢). These data suggest that the RNA m®A modification regulates
epigenetic activity and YTHDC2 occupancy of LTR7/HERV-H sequences.
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To address the potential concern that the effect of STM2457 treatment is indirect, we
conducted a sequence-specific m®A editing experiment using LINC-ROR as a representative
locus (Fig. 5d). To edit m®A modifications of LINC-ROR, we fused the m6A-eraser
ALKBHS with dead CasRx (dCasRx-ALKBH5) 5960, which can remove m8A from LINC-
ROR 6566 with two gRNAs targeting the m8A-modified sequence (Fig. 5d, blue arrow). We
found that dCasRx-ALKBHS5, but not its mutant form dCasRx-dALKBH5 (dead ALKBHS5)
lacking m®A-eraser activity, can effectively reduce the extent of m8A modification of
LINC-ROR (Fig. 5e). Significantly, this manipulation resulted in a markedly decrease of
YTHDC2 binding on LINC-ROR RNA and its LTR7 DNA loci (Fig. 5f, 5g), as well as

a significant reduction of LINC-ROR RNA (Fig. 5h). These changes were not due to the
binding of dCasRx-dALKBHS5, nor to the destabilization of LINC-ROR transcripts (Fig.
5h, Extended Data Fig. 5f). Notably, reduction of m8A in LINC-ROR RNA also resulted

in a significant gain of the repressive marks H3K9me3 on the LINC-ROR locus (Fig. 5i),
indicating epigenetic silencing. By contrast, in the absence of YTHDC2, removal of mfA
from LINC-ROR did not induce a further reduction of LINC-ROR or gain of H3K9me3
modification on its LTR7 loci (Extended Data Fig. 5g-5i). Collectively, our data support a
model in which the m8A modification of HERV-H RNAs plays a causal role in preventing
the epigenetic silencing of LTR7/HERV-H genomic loci by recruiting the RNA m8A reader
YTHDC?2 (Fig. 4a).

YTHDC2 recruits TET1 to demethylate LTR7 DNA

From CARGO BiolD data, both TET1 and TET3 were identified as candidate proteins
enriched on LTRY loci (Fig. 1f, 1g). A previous study showed that in hESCs genetic
depletion of TET1, but not TET2/3, leads to a marked decrease of global 5hmC by

~70%%2, suggesting that TET1 plays a primary role in controlling 5hmC-mediated DNA
demethylation. Thus, we asked whether TET1 proteins play a role in the YTDHC2-
mediated regulation of LTR7/HERV-H via DNA demethylation. To enable specific
immunoprecipitation of TET1 protein, in the parental H1 hESC clones with intact or mutant
YTHDC?2 alleles, a V5 epitope was tagged to the N-terminus of the endogenous TET1
protein (TET1-V5) using a CRISPR/Cas9-mediated knock-in strategy®’ (Extended Data Fig.
6a-6¢). The endogenous YTHDC2 and TET1 proteins interact with each other in hESCs, and
such interaction relies on the TYH-domain of YTHDC?2, the presence of RNA molecules,
and the m6A-modification of RNAs (Fig. 6a, Extended Data Fig. 6d-6f). Furthermore, we
found that TET1 was significantly enriched on the LTR7s loci occupied by YTHDC2, and
vice versa (Fig. 6b, Extended Data Fig. 6g). The TET1 and YTHDC2 ChIP-seq signals
were highly correlated with each other across all the LTR7 loci (Extended Data Fig. 6h,
Pearson correlation coefficient = 0.61, P < 0.0001). Importantly, the binding of TET1 on
LTR7 sequences was markedly decreased in YTHDC2 KO cells (Fig. 6¢), accompanied by
a significant gain of DNA 5mC modification and a marked decrease of 5ShmC modification
surrounding the LTR7/HERV-H loci (Fig. 6d - 6f). These data strongly suggest that TET1 is
recruited by YTHDC2 to the LTR7/HERV-H loci where it induces DNA CpG demethylation
of TE sequences.

Next, we analyzed the published RNA-seq and methyl-capture sequencing data generated
from wild-type and TET1 KO H1 hESCs®7. We found that TET1 KO indeed led to a
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significant reduction of HERV-H expression (Fig. 6g, Wilcoxon p < 2.2e-16; Extended Data
Fig. 6i), accompanied by a gain of DNA CpG methylation in LTR/HERV-H sequences (Fig.
6h). Notably, the reduced HERV-H expression in the YTHDC2 KO hESCs can be rescued
by overexpression of LTR7 CARGO together with TET1CD, a fusion protein containing
dCas9 and the catalytic domain (CD) of TET1 that can convert DNA 5mC to 5hmC on

its targeted chromatin regions®® (Fig. 6i). Collectively, these data establish the causal role

of TET1 in controlling LTR7/HERV-H activity in hESCs and show that the silencing of
LTR7/HERV-H in the absence of YTHDC?2 is due at least in part to the loss of TET1 binding
on LTR7/HERV-H DNA.

HERV-Hs are required for TET1 binding to LTR7 DNA

Lastly, we asked whether m8A modification of HERV-H RNA is required for TET1
engagement on LTR7/HERV-H DNA and conversion of 5mC to 5hmC. We found that

upon targeted removal of mBA from LINC-ROR RNA (Fig. 5d, 5e), the binding of TET1

on the two LTR7 loci of LINC-ROR was markedly decreased (Fig. 6j) in the cells with
intact Y THDC2 expression. By contrast, erasing m®A from LINC-ROR in the absence

of YTHDC2 did not lead to further reduction of TET1 binding on the LINC-ROR locus
(Extended Data Fig. 6j). These data strongly suggest that the recruitment of TET1 to the
LTR7/HERV-H DNA requires both m6A modification of HERV-H RNA and YTHDC2.
Notably, the loss of TET1 binding on the LINC-ROR locus is accompanied by a concordant
gain of DNA 5mC and loss of DNA 5hmC across LINC-ROR sequences on both LTR7

loci and the gene body of LINC-ROR (Fig. 6k, Extended Data Fig. 6k, 61). These data
support a model in which m®A modification of HERV-H transcripts recruits TET1 to prevent
epigenetic silencing of LTR7/HERV-H loci, via a DNA demethylation mechanism.

DISCUSSION

In eukaryotes, RNA m®A modification is the most abundant epitranscriptome
modification!®, and the DNA cytosine 5mC and 5hmC marks are widely distributed
throughout the genome89.70. A recent study has reported the crosstalk between m®A and
DNA methylation, mediated by m®A reader FXR1 and TET1, in the regulation of chromatin
accessibility and transcription in cancer cell lines23. However, the biological significance of
the phenomenon remains largely unknown in physiological and pathological conditions’?.
Here, we demonstrate that the crosstalk between YTHDC?2 and TET1 is critical for

TE activity and the hESC fate. Our findings significantly expand our knowledge of the
regulatory crosstalk between the epitranscriptome and the epigenome.

Despite the critical role of TEs in development and diseases, it has been technically
challenging to identify the effectors controlling the activity of endogenous TE sequences.
Our study demonstrates that CARGO-BiolD is a powerful technology to identify key
regulators of TE activity. Considering the critical roles of TEs in regulating development,
immunity, aging, and cancerl4, we expect that CARGO-BiolD will become a powerful
technology to further our understanding of TE function and regulation in many biological
processes and human diseases. Extended discussion of this study can be found in the section
of Supplementary Information.
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Cell culture and differentiation

Antibodies

Plasmid con

H1 hESC line (WiCell, NIHhESC-10-0043) was maintained in mTseR plus medium
(Stemcell Tech, 100-0276) and detached using 5 mM EDTA/PBS or Accutase (Sigma,
A6964). The TET1-V5 H1 hESC line with intact YTHDC2 expression was a kind gift from
Dr. Danwei Huangfu (Sloan Kettering Institute, New York, NY, USA)®7. The HEK293T
cell line was obtained from ATCC. HEK293T cells were cultured in Dulbecco’s modified
Eagle’s Medium (DMEM) supplemented with 10% FBS and 1% penicillin-streptomycin
at 37 °C with 5% CO,. All cells were tested to confirm that there was no mycoplasma
contamination. To induce embryoid body formation, H1 cells were dissociated and
aggregated in EB medium in 6-well ultra-low attachment plates (Corning). Medium was
changed daily. Neural cells were induced using STEMdiff™ SMADI Neural Induction Kit
(Stemcell Technologies, 08581) following monolayer cell culture protocol.

All antibodies used in this study can be found in the supplementary file (Supplementary
Table 1).

struction

To construct the plasmids, we employed three different methods: restriction enzyme-based
cloning, Gibson Assembly, and Golden Gate Cloning. To generate the dCas9-TurbolD
construct, the KRAB domain on Lenti-dCas9-KRAB-blast (Addgene, 89567) was replaced
with TurbolD sequence (Addgene, 107169) using restriction enzyme-based cloning. For
SgRNA design targeting LTR7s, we identified transcription factor binding motifs at LTR7s,
used the Flashfly tool”2 to obtain candidate syRNAs, manually filtered sgRNAs to exclude
those with high off-target ratios, and ranked the sgRNAs based on their on-target numbers.
The CARGO construct was created using Golden Gate Cloning by ligating together each
individual gRNA expression fragment with BsmB1 cutting sites at both ends. The dCasRX-
ALKBH5 and dCasRX-dALKBHS5 constructs were generated using Gibson Assembly,
where dCasRX fragments (Addgene, 109050), ALKBHS5 fragments (Addgene, 134783)

or dAALKBHS5 fragments (Addgene, 134784), and backbones (Addgene, 89567) were PCR
amplified and assembled using Gibson Assembly Master Mix (NEB, E2611L). To produce
the lenti-YTHDC2 construct, the Cas9 sequence (Addgene, 52962) was replaced with
full-length YTHDC2 (Horizon, MHS6278-213245943) using Gibson Assembly, with point
mutations introduced by PCR amplification and validated by Sanger sequencing.

Proximity labeling assay and Quantitative LC-MS/MS analysis

In proximity labeling assays, cells expressing dCas9-TurbolD and gRNAS were treated with
500 pM biotin (Sigma, B4501) for varying time points (0-4 h) as previously described?’.
The nuclear biotinylated proteins were extracted with RIPA buffer (50 mM Tris-HCI, pH
8.0, 150 mM sodium chloride,1.0% Igepal CA-630, 0.5% sodium deoxycholate, and 0.1%
sodium dodecyl sulfate) and subjected to immunoprecipitation and Western blot analyses.
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For quantitative LC-MS/MS analysis, 10 million hESCs were used for each replicate and
biotinylated protein complexes were eluted with the elution buffer (2% SDS, 25 mM Tris pH
7.4,5mM DTT, and 5 mM free biotin). All enriched proteins ( FC > 1.5, p-value < 0.05)
were used for DAVID GO analysis’374 and ingenuity pathway analysis (IPA) with default
parameters’®.

Generation of knockout cell lines

Guide RNAs (sgRNAs) targeting YTHDC2 were selected from Human CRISPR Knockout
Pooled Library (GeCKO v2)78. YTHDC?2 targeting gRNAs were cloned into lentiCRISPRv2
vectors to make viruses. hESCs were infected with viruses or transiently transfected with
plasmids using FUGENE HD Transfection Reagent (Promega, E2311). Knockout cell lines
were sequenced to validate genotypes.

Generation of knock-in cell lines

To create knock-in cell lines, V5-P2A-puromycin fragments flanked by homology arms
were ligated to TOPO vectors using the Zero Blunt™ TOPO™ PCR Cloning Kit (Thermo
Fisher Scientific, 450031) to generate donor constructs. Cells were then transfected with
750 ng of the donor constructs and 250 ng of gRNA-expressing vectors in 24-well plates.
Cells were selected using 0.5 pg/ul Puromycin (Thermo Fisher Scientific, A1113802)
for three days. Single clones were genotyped and sequenced, and TET1 proteins were
immunoprecipitated from the transgenic clones to validate V5 epitope expression.

m6A editing by dCasRx-ALKBH5

To target specific mBA sites on RNA, cells were co-transfected with gRNASs against

mSA peak regions and dCasR-ALKBHS using the FUGENE HD Transfection Reagent.
(Promega, E2311) Negative controls included cells transfected with scramble gRNA or
dCasRx-dALKBHS5. Following selection with Puromycin or Blasticidin (Thermo Fisher
Scientific, A1113903) for 5-7 days, total RNA was extracted and subjected to gRT-PCR
and m8A RIP-gPCR assays to evaluate changes in RNA levels and m®A modification. The
mOA peak-negative region of the edited RNA was used as an internal control for méA level
normalization.

Co-immunoprecipitation and western blot

Co-IP assay was performed as previously described’’. We used 100 million hESCs to detect
the interaction between YTHDC?2 and TET1. hESCs were crosslinked in a solution of 200
ug/mL DSP (Thermo Fisher Scientific, 22585) at room temperature for 20 minutes. Cell
lysates were prepared using the co-IP lysis buffer (50 mM Tris-HCI pH 7.5, 120 mM NacCl,
0.5% NP-40, 0.1% SDS, and 1x EDTA-free protease inhibitor cocktail). The supernatants
were incubated with either 5 pg of antibody overnight. 200 pL of washed magnetic beads
(Thermo Fisher Scientific, 11203D) were added to each sample, followed by 3 hours of
incubation. The beads were then collected and washed 5 times with the wash buffer (2 mM
Tris-HCI pH 8.0, 100 MM NaCl, 1 mM EDTA, and 0.5% NP-40) at 4°C. The enriched
proteins were used for Western blot analysis.
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RNA extraction and Real-time Quantitative Analysis

Total RNA was extracted using the Direct-zol RNA MiniPrep Kit (Zymo Research, 11-331),
following the vendor's protocol. Genomic DNA contamination was removed by treating the
extracted RNA with DNase. Reverse transcription was carried out using the SMART Scribe
Reverse Transcriptase kit (TaKaRa, 639538). Real-time Quantitative Analysis (RT-gPCR)
was performed using iTaq Universal SYBR Green Supermix (Bio-Rad, 1725122). The
Primers used for RT-gPCR are listed in the Extended data 1.

RNA immunoprecipitation

mSA-RIP

RNA immunoprecipitation (RIP) was performed as previously described’8, For each
replicate, 40 million hESCs were washed with ice-cold PBS. Cells were lysed with 10

ml lysis buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM DTT, 0.5% Igepal CA-630,
supplemented with 40 U/ml of RNase inhibitor (Invitrogen, 10777019) and 1 x EDTA free
protease inhibitor). The supernatants were incubated with 5 g of antibody overnight at 4
°C. 200 pI prewashed magnetic beads were added and incubated for 3 hours. Bead-RNA
complexes were washed with RIP lysis buffer. The RNA complexes were eluted using 500 pl
TRIzol reagent (Ambion, 15596108) for RNA isolation.

mO8A-RIP was performed as previously described®6:79, For each replicate, 10 pg of

total RNA was fragmented into approximately 200-nt-long fragments using 1 x RNA
fragmentation buffer (10 mM Tris-HCI, 10 mM ZnCls in nuclease-free H,0). After
purification, the RNA was diluted with 1 x IP buffer (150 mM NaCl, 10 mM Tris-HCI

pH 7.5, 0.1% Igepal CA-630 in nuclease-free H,O supplemented with RNase inhibitor). 15
pl anti-m®A antibodies (Cell Signaling Technology, D9D9W) were added to the samples,
which were then incubated overnight at 4°C. Protein-A magnetic beads (Thermo Fisher
Scientific, 10002D) and protein-G magnetic beads (Thermo Fisher Scientific, 10004D) were
washed three times with 1 x IP buffer and added to the samples for another 4 hours of
incubation. The RNA-bead complexes were washed 5 times with 1 mL of 1 x IP buffer. The
RNA complexes were eluted using 500 ul TRIzol reagent (Ambion, 15596108), and isolated
using Direct-zol RNA MiniPrep Kit (Zymo Research, 11-331). m8A levels were measured
using RT-gPCR.

eCLIP-seq library preparation

eCLIP libraries were generated as reported®2. 10 million cells were treated with UV
crosslinking (254 nm, 400 mJ/cm?) and sonicated with Bioruptor (30 s ON/30 s OFF,

10 cycles) in the lysis buffer. The lysate was digested with RNase | and incubated with
YTHDC?2 antibody-coated beads, followed by an overnight incubation at 4 °C. The enriched
RNAs were dephosphorylated and ligated with a barcoded RNA adapter before being run

on PAGE gels and transferred to nitrocellulose membranes. A region from 160 kDa - 235
kDa was collected and treated with proteinase K to isolate RNAs. Free RNA was reverse
transcribed. The 5’ ends of cDNA were ligated with DNA adaptors, and after cleaning up the
reaction, the cONA was PCR amplified to generate libraries.
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RNA electrophoretic mobility shift

EMSA assays were performed with the LightShift Chemiluminescent RNA EMSA Kit
(Thermo Scientific, 20158). Recombinant YTH domain proteins were expressed and
purified from E. coli BL21 (DE3). Biotinylated RNA probes, with or without m®A, had

the sequence of 5"-CCACUGGAAAUCGGXCUGUCCAACUCACCU-3" (where X is A or
m6A). To determine the binding affinity of YTHDC2 for the RNA probes, 1 pl of RNA
probes (4 nM) was incubated with recombinant YTHDC?2 proteins (0, 20 nM, 100 nM, 500
nM, 2 uM and 5 pM) at room temperature for 30 min. The protein-RNA complexes were
separated on a native gel. The protein-RNA complexes were then transferred onto nylon
membranes and crosslinked by UV irradiation (254 nm, 120mJ/cm?) to be detected using
chemiluminescence.

In vitro probe pull-down

In vitro probe pull-down assay performed as previously described?4. 20 million cells were
lysed at 4 °C for 30 min in 5 ml lysis buffer (20mM Tris pH 7.5, 250 mM NacCl, 0.5%

NP- 40, 10% glycerol, 1 x Roche Complete Protease Inhibitor, 40 U/ml of RNase inhibitor).
Supernatants were diluted 1:1 in 20 mM Tris-HCI pH7.6 and incubated with biotinylated
RNA probes with or without m8A overnight. 100 pl streptavidin beads were washed twice
with the lysis buffer and incubated with samples for 2 h. The proteins were eluted and
separated with SDS-PAGE gel.

METTL3 inhibition and RNA stability assay

For METTL3 inhibition, STM2457 (MCE, HY-134836) was added into the medium at a
final concentration of 5 pM for 1, 2, 3 days®. Total RNA was extracted for analysis of
the mO8A level of HERV-H. The cells were also used for HEVRH stability analysis. For
RNA stability assay, cells were plated 16-24 h before treatment. 80% confluent hESCs
were treated with 5 pg ml~1 actinomycin D (Sigma, A1410) for 0, 1 h, 3 h, 7 h to inhibit
transcription. Total RNA was extracted and used for RT-qPCR analysis.

Nascent RNA synthesis measured by RT-gPCR

We performed nascent RNA capture using Click-iT Nascent RNA Capture Kit (Thermo
Fisher Scientific, C10365) according to the manufacturer's instructions. 5-Ethynyl Uridine
(EU) was added to a final concentration of 0.5 mM for 60 min and 10 min in the incubator.
EU labeled RNA was biotinylated and purified using streptavidin beads. The enriched RNA
was reverse transcribed and used for RT-gPCR analysis as described in the RNA extraction
and Real-time Quantitative Analysis part.

RNA sequencing and data analysis

Libraries for RNA sequencing were generated using Smart-seq280. Briefly, RNA was reverse
transcribed and cDNA was used to generate double stranded DNA (dsDNA). dsSDNA was
tagmented at 55 °C for 15 min and PCR amplified using Nextera primers. The libraries were
purified with magnetic beads and sequenced using the MGISEQ-2000 in pair-end mode with
100 bp per read. For RNA-seq data analysis, raw reads were trimmed using Fastp (0.20.0)81
and aligned to the hg38 genome using HISAT? (2.1.0)82 with default settings. Reads on
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each gene were counted using featureCounts (2.0.1)83. Differentially expressed genes were
determined using DESeq2 (1.36.0)84. Gene ontology analysis was performed using the
DAVID webtool with default parameters using all significant differentially expressed genes
(p-value < 0.05)73.74, Overlapped genes were obtained using the Calculate and draw custom
Venn diagrams webtool (http://bicinformatics.psb.ugent.be/webtools/\Venn/).

ChlP-seq and data analysis

ChIP libraries were generated as previously reported?’. 10 million cells were crosslinked
with 1% formaldehyde at room temperature for 10 min, quenched in 0.125 M glycine
buffer and lysed in 50 pl lysis buffer (1% SDS, 50 mM Tris-HCI, pH 8.0, 20 mM EDTA
supplemented with 10x protease inhibitor) on ice. The cell lysates were diluted to 500

ul with the cold TE buffer and sonicated using Covaris M220. The supernatants were
transferred into new tubes and DNA concentrations were measured on a NanoDrop. For each
replicate, 100 pl supernatants were diluted with 100 pl Binding Buffer (1% Triton-X, 01%
Sodium Deoxycholate supplemented with protease inhibitor in TE buffer) The mixture was
incubated with antibodies in the cold room overnight on a rotator. The following day, 20 pl
1gG pre-washed Dynabeads were added into each reaction and incubated for another 2 h.
After incubation, the beads were washed five times with wash buffer (50 mM Hepes, pH
8.0, 1% NP-40, 0.70% Sodium Deoxycholate, 0.5 M LiCl, 1 mM EDTA supplemented with
protease inhibitor) and twice with cold 1 x TE. The beads were transferred to new tubes
and incubated at 65°C for 20 min at 1300 rpm in the elution buffer (10 mM, Tris-HCI pH
8.0, 1 mM EDTA, 1% SDS). The supernatants containing DNA were transferred into new
tubes and incubated at 65°C overnight to reverse crosslink. The following day, 250 pl 1 x
TE and 8 ul RNase A were added to each sample and incubated at 37°C for 1 h to remove
RNA. Proteinase K was added and incubated at 55°C for 1 h. Then DNA was purified and
measured on a Qubit. To generate ChIP libraries, DNA ends were repaired. ployA tails were
added to the ends and then adaptors were ligated. Last, the DNA was amplified with TruSeq
primers and purified with magnetic beads. Libraries were sequenced on the MGISEQ-2000
platform in pair-end mode with 100 base pair per read.

For histone ChIP-seq analyses, raw reads were trimmed using Fastp (0.20.0)81 and aligned
to the hg38 genome using Bowtie2 (2.4.4)85 with the default parameter. For TET1

and YTHDC2 ChIP-seq analysis, reads were trimmed using Trim Galore (0.6.4) (https://
www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and aligned to the hg38 genome
using BWA (0.7.17)86. Mapped reads were filtered by MAPQ > 10 using SAMtools
(1.12)87. PCR duplicates were found using Sambamba (0.8.0)88. Peak calling was performed
using MACS?2 (2.2.7.1)8. HOMER (4.10)% annotatePeaks.pl was used to annotate peaks
and for gene ontology analysis. Genome coverage bigWig files for visualization were
generated with bamCoverage using deeptools (3.5.0)%1. Heatmaps and profiles plots were
generated using deeptools computerMatrix and plotProfile. The overlapping peaks were
calculated using bedtools intersect or HOMER mergePeaks. The Jaccard statistic ratio of the
intersection of two sets of peaks was calculated using bedtools (2.30.0)%2.

Nat Genet. Author manuscript; available in PMC 2024 January 04.


http://bioinformatics.psb.ugent.be/webtools/Venn/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 15

CUT&RUN and data analysis

CUT&RUN was performed using the CUTANA™ ChIC/CUT&RUN Kit (EpiCypher,
14-1048) according to manufacturer's instructions. For each replicate, 11 ul ConA Beads
were activated in the Bead Activation Buffer and kept on ice until cells were ready. 200

000 cells were used and slightly crosslinked in 0.1% formaldehyde for 2 min at room
temperature. Cells were washed and resuspended in 100 pl Wash Buffer. 10 ul pre-washed
ConA Beads were added. After incubation for 10 min at room temperature, cells were
resuspended in the 50 pl ice-cold Antibody Buffer. 1 ul antibodies were added and incubated
in the cold room overnight on a rotator. Then beads were washed twice in 200 pl cold Cell
Permeabilization Buffer and completely resuspended in 50 pl cold Cell Permeabilization
Buffer. 2.5 ul pAG-MNase was added and incubated on the rotator for 10 min at room
temperature. Then beads were washed twice in 200 pl cold Cell Permeabilization Buffer and
completely resuspended in 50 pl cold Cell Permeabilization Buffer. 1 pul 100 mM Calcium
Chloride was added to each tube and incubated for 2 h in the cold room. At the end of
incubation, 33 pl Stop Buffer Master Mix was added to each reaction and incubated for 30
min at 37 °C to release DNA fragments from the insoluble nuclear chromatin. DNA was
purified and used for library preparation. Libraries were sequenced on the MGISEQ-2000
platform in pair-end mode with 100 bp per read.

For CUT&RUN data analysis, raw reads were trimmed using Fastp (0.20.0)8! and aligned to
the hg38 genome using Bowtie2 (2.4.4)8. Mapped reads were filtered by MAPQ > 10 using
SAMtools (1.12)87.. Peak calling was performed using MACS2 (2.2.7.1)8°.

MeDIP sequencing and data analysis

The genomic DNA was first diluted in the TE buffer (10 mM Tris-HCI pH 8.0, 1 mM
EDTA) and fragmented using Covaris sonication. The sonicated DNA (10 pg) was then
repaired, A bases were added to the 3' end, and PCR adapters were ligated. After that, DNA
was dissolved in the 450 pl TE buffer and denatured by boiling at 95°C for 10 minutes,
followed by snap chilling on ice. To this DNA solution, 50 ul of 10x IP buffer (1.4 M NaCl,
100 mM Na-phosphate, pH 7.0, 0.5% Triton X-100) was added and incubated it with 1 pl
of anti-5hmC or anti-5mC antibodies overnight. On the following day, 100 ul of magnetic
beads were added, and the mixture was incubated at 4°C for another 4 hours. Afterward,
the beads were washed five times with 1x IP buffer, and the DNA was eluted from the
beads by boiling at 65°C for 15 minutes in the elution buffer (10 mM Tris pH 7.6, 1 mM
EDTA, 1% SDS). The DNA was purified and PCR amplified. Libraries were size selected
and sequenced on the MGISEQ-2000 platform in pair-end mode with 100 bp per read.

For MeDIP-seq data analysis, raw reads were trimmed using Fastp (0.20.0)81 and aligned to
the hg38 genome using Bowtie2 (2.4.4)8. Mapped reads were filtered by MAPQ > 30 using
SAMtools (1.12)87. PCR duplicates were found using Sambamba (0.8.0)88. Peak calling was
performed using MACS2 (2.2.7.1)8°.

Statistics and Reproducibility

Statistical analyses of the data were conducted as described in the respective figure legends.
No statistical method was used to predetermine sample sizes. No data were excluded from
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the analyses of all studies. Next-generation sequencing data generated in this study are based
on two biological replicates. All results from representative experiments were collected at
least three times independently. The experiments in this study were not randomized. The
investigators were not blinded to allocation during experiments and outcome assessment.

Extended Data
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the MassIVE database (Massive.ucsd.edu) under accession MSV000091407. Additional
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| the data were analyzed using published pipelines with parameters described in the
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Figure 1. Development of CARGO-Biol D to identify LTR7-associated proteomein hESCs.
a, Schematic of a representative full-length LTR7/HERV-H element. The promoter LTR7

drives the expression of HERV-H RNA, and is bound by transcription factors (TFs), RNA
polymerase Il (Polll), and chromatin remodelers (CR).

b, lllustration of the CARGO-BiolD experimental design. CARGO: Chimeric Array of
gRNA Oligos; BiolD: proximity-dependent biotin identification.

¢, d, Heatmap (c) and a genome browser snapshot (d) illustrating dCas9 binding and histone
H3K27ac and H3K9me3 modifications on LTR7/HERV-H sequences.

e, A representative Western blotting (WB) result showing the patterns of nuclear proteins
that are biotinylated by CARGO-BIolD at indicated experimental conditions. Three hours
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of biotin labeling is selected for proteomic analysis. n = 3 biologically independent
experiments.

f, Volcano plot showing 144 significantly enriched proteins that are spatially proximal to the
LTR7 loci. Exact p values are in Source Data 1.

0, Representative protein interaction network, significantly enriched Gene Ontology (GO)
terms (p < 0.05) and signaling pathways revealed by Ingenuity Pathways analysis (IPA) (p
< 0.05) of these LTR7-bound proteins in H1 hESC cells. The protein-protein interaction
information is retrieved from the STRING protein interaction database with default
confidence cutoff using Cytoscape. Proteins are grouped by their known molecular function
in different colors. Node titles show the corresponding gene symbols. Dashed edges show
the interactions with LTR7s. Solid edges show the known protein-protein interactions. Exact
p values are in Supplementary Table 2.
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Figure2. YTHDC2 occupies LTR7 genomic loci and limitstheir transcriptional silencing.
a, b, Heatmaps (a) and a genome browser shapshot (b) showing indicated signals on LTR7

sequences. Each row of the heatmap represents one LTR7 element. All LTR7 loci are ranked
in the same order and sorted based on their YTHDC2 ChlIP-seq signal across all heatmap
plots.

¢, RT-gPCR analysis showing the expression level of HERV-H and its retroviral genes in
YTHDC2 Knock-out (KO) compared to wild-type (WT) cells.

d, RT-gPCR analysis of newly transcribed HERV-H.

e, The WT and two mutant forms of YTHDC2 cDNA were expressed in YTHDC2 KO cells,
followed by RT-gPCR analysis to test their effect in rescuing the expression of HERV-H
transcripts. E317Q denotes a point mutation disrupting ATP binding of helicase. AYTH
indicates deletion of the entire YTH domain from YTHDC2.

f-i, Aggregated reads density (the top panels in f and g), heatmaps (the bottom panel in f and
0), and a genome browser snapshots (h, i), showing altered histone H3K9me3 and H3K27ac
modifications on LTRY loci in wild-type control (Ctrl) and YTHDC2 KO hESCs.

j» Venn diagram showing that the YTHDC2-bound (green) LTR7s significantly overlap with
the YTHDC2-regulated (red and blue) LTR7s (Chi-square test: p-value < 0.0001). Red:
LTR7s gain H3K9me3 in YTHDC2 KO (p-value < 0.05, fold change > 2); blue: the LTR7s
lose H3K27ac in YTHDC2 KO (p-value < 0.05, fold change >1.2).

k, Genome browser snapshot showing one representative LTR7/HERV-H element that

is bound and regulated by YTHDC2, and that shows increased H3K9me3 and reduced
H3K27ac ChlP-seq signal in YTHDC2 KO compared to the wild-type control hESCs.
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Data represent mean + s.e.m from three (c) or four (d, €) independent experiments. ns,
not significant; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. P values were
calculated by two-tailed Student's test in (c-€). Exact p values are in Source Data 1.
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Figure 3. The YTHDC2/LTR7 axisinhibits neuronal fate of hHESCsvia LINC-ROR.
a, b, Immunofluorescence staining (a) and RT-gPCR analysis (b) of neuronal markers in

control, YTHDC2 KO and LINC-ROR overexpression cells cultured in the neural induction
media.

¢, RT-gPCR analysis of neuronal markers in embryoid bodies derived from control,
YTHDC2 KO and LINC-ROR overexpression hESCs.

d, ChlIP-seq analysis of dCas9, H3K27ac and H3K9me3 ChlIP-seq signals on LTR7s bound
by dCas9.

e, Boxplot of RNA-seq data showing reduced HERV-H RNA levels upon LTR7 inhibition.

P value determined by two-sided Wilcoxon signed-rank test. n = 2 biologically independent
experiments. In the plots, center lines represent the median value, box limits the 25th and
75th percentiles, and whiskers denote minima and maxima (1.5% the interquartile range).

f, 9, Immunofluorescence staining (f) and RT-gPCR analysis (g) of neuronal markers in
control, CARGO and LINC-ROR overexpression cells cultured in the neural induction
media.

h, RT-gPCR analysis of neuronal markers in embryoid bodies derived from control, CARGO
and LINC-ROR overexpression hESCs.

i, Venn diagrams highlighting the shared downregulated genes in LTR7 CRISPRi, YTHDC2
KO, and hESC-derived neuronal cells. The 12 genes downregulated in three conditions are
listed on the right.

j. Schematic illustration of a model in which LINC-ROR is directly regulated by YTHDC2/
LTR7-axis and prevents neural fate of hESCs.
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Data represent mean £ s.e.m from three (b, g) or four (c, h) independent experiments. * p <
0.05, ** p < 0.01, *** p < 0.001. P values were calculated by two-tailed Student's test (b, c,
g, h). Exact p values are in Source Data 1.
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Figure4. The mBA-modified HERV-H RNAsinteract with Y THDC2 and LTR7 DNA.
a, Schematic illustration of the proposed model: YTHDC2 is recruited to the LTR7 DNA

sequences via its interaction with m8A-modified HERV-H RNAs associated with LTR7
DNA.

b, ¢, Aggregated RIP-seq reads counts of m6A MeRIP (b) and YTHDC2 RIP-seq (c) across
the HERV-H RNA sequences.

d, A permutation test was conducted to identify the transcripts of repeat families enriched
in the YTHDC2 RIP-seq peaks. The significantly enriched repeat RNAs in the YTHDC2
occupied RNA sequences were highlighted in red (p-value < 0.05). Exact p values are in
Supplementary Table 3.

e, The canonical m6A motif GGACU is significantly enriched in the Y THDC2-bound
HERV-H RNA sequences identified by RIP-seq or eCLIP-seq.

f, 9, RNA pull-down (f) and EMSA analysis (g) showing YTHDC2 binding to RNA with or
without m8A modification. n = 3 biologically independent experiments.

h, i, MARGI analyses showing aggregated signal (top panel of h; i) and heatmap (bottom
panel of h) centered on all LTR7s (h), LTR7s flanking HERV-H (i, blue line), and solo
LTR7s (i, green line).
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Figure 5. The m®A modification of HERV-H RNASs regulates the interaction and activation of the
YTHDC2/LTR7 axis.

a-c, Aggregated read counts (top) and heatmaps (bottom) showing the signal of YTHDC?2
RIP-seq (a), YTHDC2 ChlIP-seq (b), and H3K9me3 ChIP-seq (c) in hESCs treatment with
DMSO or STM2457. Each row of the heatmap represents one HERV-H RNA transcript (a)
or DNA element (b, c) as indicated.

d, Genome browser shapshot on LINC-ROR locus, displaying YTHDC?2 ChlP-seq,
YTHDC2 RIP-seq, and m8A MeRIP-seq data tracks. Two CasRx gRNAs were designed

to target the m®A peak (the dark blue arrow) of LINC-ROR. The two green arrowheads point
to the two LTR7 loci of LINC-ROR.

e, MeRIP-qPCR analysis using m8A antibody showing that dCasRx-ALKBH5, but not
dCasRx-dALKBHS5, specifically reduced m8A modification of LINC-ROR RNA.

f-i, The m8A modification of LINC-ROR was erased by dCasRx-ALKBH5. This
manipulation leads to reduced YTHDC2 binding on LINC-ROR RNA, determined by
YTHDC2 RIP-gPCR (f); decreased YTHDC2 occupancy on the two LTR7 DNA loci
flanking LINC-ROR, determined by YTHDC2 ChIP-gPCR (g); downregulation of LINC-
ROR RNA determined by RT-gPCR (h); and gain of H3K9me3 modification on the two
LTR7 loci flanking LINC-ROR, determined by H3K9me3 ChIP-gPCR (i).

dCasRx-Ab: dCasRx-ALKBHS5; dCasRx-dA5: dCasRx-dALKBHS5. Black bars: non-
targeting control gRNA; red and blue: the two guide RNAs (#1 and #2) targeting the
m8A-modified sequence of LINC-ROR (e-i). In the box plots (g, i), center lines represent
the median value, box limits the 25th and 75th percentiles, and whiskers denote minima and
maxima (1.5% the interquartile range) (n = 3 biologically independent experiments). Data
represent mean = s.e.m from three (e, h) or four (f) independent experiments. *p < 0.05, **p
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< 0.01. P values were calculated by two-tailed Student's test in (e-i). Exact p values are in
Source Data 1.
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Figure 6. YTHDC2 recruits TET1 to prevent epigenetic silencing of LTR7/HERV-H loci via DNA
demethylation.

a, YTHDC2 protein interacts with TET1 protein in H1 hESCs determined by endogenous
protein co-immunoprecipitation experiments. n = 3 biologically independent experiments.
b, YTHDC2 and TET1-V5 ChiIP-seq signal on LTR7 regions occupied by YTHDC2 in
hESCs. The LTR7 loci in the two heatmap plots were ranked in the same order and sorted
based on YTHDC2 ChIP-seq signal.

c-e, The TET1-V5 ChlP-seq (c), 5SmC MeDIP (d) and 5hmC MeDIP (€) in control and
YTHDC2 KO cells were shown as aggregated reads counts coverage (top) and heatmaps
(bottom) centered on LTR7 (c) and HERV-H (d, €) regions.

f, Genome browser snapshot showing a representative LTR7/HERV-H locus bound by
YTHDC2/TET1 and exhibiting reduced TET1 binding, increased 5mC, and decreased 5hm
signals in YTHDC2 KO cells.

0, Boxplot showing reduction of HERV-H RNAs in TET1 KO H1 hESCs compared to WT
cells.

h, Genome browser snapshot showing a representative LTR7/HERV-H locus exhibiting
increased 5mC signal upon TET1 knockout.

i, RT-gPCR analysis of HERV-H expression in the indicated hESCs.

i, TET1 ChIP-gPCR analysis in the indicated conditions.

k, 5hmC and 5mC MeDIP-gPCR analysis in the indicated conditions.

[, Cartoon illustration of the model proposed in this study: YTHDC2 recruits TET1 to

the genomic loci of LTR7/HERV-H, through its interaction with m6A modified HERV-H
RNAs. The engagement of TET1 on LTR7 sequences prevents the epigenetic silencing of
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LTR7/HERV-H and inhibits the neuronal fate of hESCs. LINC-ROR is one of the molecules
directly regulated by the YTHDC2/LTRY axis and inhibits neuronal fate.

In box plots (g, j, k), center lines represent the median value, box limits the 25th and 75th
percentiles, and whiskers denote minima and maxima (1.5x the interquartile range). P value
in (g) determined by two-sided Wilcoxon signed-rank test (n = 2 biologically independent
experiments). Data in (i-K) represent mean + s.e.m from three independent experiments. *p
<0.05, **p < 0.01, ***p < 0.001. P values were calculated by two-tailed Student's test (i-k).
Exact p values are in Source Data 1.

Nat Genet. Author manuscript; available in PMC 2024 January 04.



	Abstract
	INTRODUCTION
	RESULTS
	CARGO-BioID identifies TE-associated proteome
	YTHDC2 binds to LTR7s and limits their silencing
	The YTHDC2/LTR7 axis regulates neuronal fate commitment
	The m6A-modified HERV-Hs interact with YTHDC2 and LTR7 DNA
	The m6A-modified HERV-Hs control YTHDC2/LTR7 interaction
	YTHDC2 recruits TET1 to demethylate LTR7 DNA
	HERV-Hs are required for TET1 binding to LTR7 DNA

	DISCUSSION
	METHODS
	Cell culture and differentiation
	Antibodies
	Plasmid construction
	Proximity labeling assay and Quantitative LC–MS/MS analysis
	Generation of knockout cell lines
	Generation of knock-in cell lines
	m6A editing by dCasRx-ALKBH5
	Co-immunoprecipitation and western blot
	RNA extraction and Real-time Quantitative Analysis
	RNA immunoprecipitation
	m6A-RIP
	eCLIP-seq library preparation
	RNA electrophoretic mobility shift
	In vitro probe pull-down
	METTL3 inhibition and RNA stability assay
	Nascent RNA synthesis measured by RT-qPCR
	RNA sequencing and data analysis
	ChIP-seq and data analysis
	CUT&RUN and data analysis
	MeDIP sequencing and data analysis
	Statistics and Reproducibility

	Extended Data
	Extended Data Fig. 1
	Extended Data Fig. 2
	Extended Data Fig. 3
	Extended Data Fig. 4
	Extended Data Fig. 5
	Extended Data Fig. 6
	References
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

