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R-loops, RNA:DNA hybrids that often form cotranscriptionally, are emerging as key regulators of genome function, yet

their roles in shaping chromatin architecture and developmental potential remain incompletely defined. Here, we use in-

ducible Rnaseh1 expression in mouse embryonic stem cells (mESCs) to achieve short-term, global R-loop depletion and to

systematically interrogate their impact on chromatin structure and lineage specification. We find that R-loop loss has a min-

imal effect on steady-state gene expression or self-renewal. Instead, it leads to a striking reduction in H2A.Z occupancy at

both active and bivalent promoters, accompanied by increased nucleosome density, revealing a previously unrecognized

role for R-loops in maintaining promoter architecture. During gastruloid differentiation, R-loop-depleted mESCs exhibit

accelerated ectodermal differentiation, along with dysregulation of lineage-specific transcription factors and impaired

cell–cell signaling. Consistent with these alterations, R-loop-depleted cells showwidespread perturbations in gene regulatory

networks across several early cell types. These findings uncover a critical role for R-loops in shaping the H2A.Z chromatin

landscape and preserving balanced lineage trajectories during early development, offering new insights into the epigenomic

regulation of stem cell fate.

[Supplemental material is available for this article.]

Chromatin-associated RNAs are increasingly recognized as key reg-
ulators of nuclear processes, including gene expression, RNA pro-
cessing, and epigenetic modification. These RNAs, such as long
noncoding RNAs, enhancer RNAs, and upstream antisense RNAs,
often actnear their sites of transcription,modulating local chroma-
tin states and transcriptional activity. Although their importance
in epigenetic regulation iswell established, their biochemical prop-
erties pose challenges for functional characterization, and the
mechanisms by which they influence chromatin architecture re-
main incompletely understood.

Among these RNAs, R-loops, typically cotranscriptional RNA:
DNA hybrids that displace the nontemplate DNA strand, represent
a major and dynamic class of chromatin-associated structures.
Although unresolved R-loops are known to induce genome insta-
bility through replication–transcription conflicts and increased
DNA fragility (Hatchi et al. 2015; Hamperl et al. 2017; Crossley
et al. 2019), accumulating evidence suggests that R-loops also
play regulatory roles in shaping the epigenome. For example, R-
loops can inhibit DNA methylation by blocking DNA methyl-
transferases (Ginno et al. 2012) or recruiting demethylases (Arab
et al. 2019; Sabino et al. 2022). In addition, R-loops promote the
recruitment of the RNA methyltransferase METTL3-METTL14,
leading to N6-methyladenosine (m6A) modification of RNA tran-
scripts (Zhang et al. 2024), which impacts transcription termina-
tion, RNA stability, and translation (Yang et al. 2019; Ding et al.
2023). Finally, R-loops have been shown to colocalize with some
active histone modifications, as expected given the requirement
for transcription to generate R-loops.

We and others have previously shown that R-loops impact
the binding of a few chromatin regulatory enzymes, including

the Tip60-p400 histone acetyltransferase and histone exchange
factor and the Polycomb Repressive Complex 2 (PRC2) (Chen
et al. 2015; Skourti-Stathaki et al. 2019; Alecki et al. 2020).
Notably, we previously observed a significant defect in the differ-
entiation capacity of mouse embryonic stem cells (mESCs) that
were partially depleted of R-loops (Chen et al. 2015). Despite these
findings, a comprehensive understanding of how R-loops influ-
ence chromatin structure is lacking. Here we comprehensively in-
vestigate the direct roles of R-loops in the regulation of chromatin
structure using an inducibleRnaseh1mESCmodel to test the short-
term effects of R-loop depletion on multiple features of chromatin
architecture. Furthermore, to better understand how these pertur-
bations contribute to defects in mESC pluripotency, we examined
the impact of R-loop depletion on lineage allocation during differ-
entiation in a gastruloid model.

Results

Short-term R-loop depletion does not disrupt mESC

self-renewal or growth

To investigate the role of R-loops in shaping the epigenome in a
system in which they are functionally important (Chen et al.
2015), we generated a doxycycline (Dox)-inducible Rnaseh1
(RHKI) mESC line. Although Rnaseh1 overexpression is a widely
used method to deplete R-loops by degrading RNA within RNA:
DNA hybrids, long-term overexpression can lead to cellular adap-
tation, potentially obscuring direct effects. To enable short-term
and uniform R-loop depletion, we engineered a system using the
ZX-1 mESC line, which harbors a targeted rtTA transactivator at
the Gt(ROSA)26Sor locus and a Cre-loxP cassette at Hprt1
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(Iacovino et al. 2011). We replaced the Cre cassette with Rnaseh1
via recombination (Supplemental Fig. S1A) and validated correct
targeting and inducible expression. We determined Rnaseh1 over-
expression plateaued at 0.5 µg/mL Dox (Supplemental Fig. S1B)
and remained stable for at least 96 h after induction (Fig. 1A).
RHKI cells showed no evident differences in doubling time or alka-
line phosphatase staining upon Dox addition (Supplemental Fig.
S1C,D), suggesting no effect of short-term Rnaseh1 overexpression
on mESC proliferation or self-renewal.

We next assessed R-loop depletion usingDNA/RNA immuno-
precipitation followed by quantitative PCR (DRIP-qPCR). We ob-
served a moderate reduction in R-loop signal upon Dox addition
at several loci, which plateaued at ∼48 h after induction (Fig. 1B;
Supplemental Fig. S1E). Similar results were observed using
DRIPc-seq (Supplemental Fig. S1F,G). These results are consistent
with prior studies using constitutive Rnaseh1 overexpression
(Chen et al. 2015; Maul et al. 2017; Pires et al. 2023) and confirm
that short-term Rnaseh1 induction partially reduces R-loop levels
in mESCs.

To assess transcriptional consequences of R-loop reduction,
we performed RNA-seq after 48 h of Dox treatment. Only 33 genes
were differentially expressed using a low fold change cutoff to
detect even modest changes (|fold change|≥1.5, adjusted P≤
0.05) (Fig. 1C; Supplemental Table S1), with no enriched Gene
Ontology categories. Pluripotency genes (e.g., Pou5f1, Sox2) were
unaffected, although a few developmental regulators (Cdx1,

Hhip) showed modest changes (Fig. 1D). These results indicate
that short-term R-loop depletion does not disrupt self-renewal or
global gene expression but may prime cells for altered differentia-
tion responses.

R-loops maintain promoter-proximal H2A.Z enrichment

in mESCs

R-loops have been associated with various epigenetic features, in-
cluding DNA hypomethylation and histone modifications linked
to active transcription, such as H3K4me3 and H3K27ac (Ginno
et al. 2012; Sanz et al. 2016; Arab et al. 2019). However, it remains
unclear whether R-loops directly regulate these features or simply
colocalize with them owing to shared association with transcrip-
tional activity. To address this, we systematically profiled chroma-
tin features following short-term R-loop depletion usingCUT&Tag
and CUT&RUN.

We observed small but significant changes in several histone
marks such as H3K27ac and H3K27me3 (Fig. 2A; Supplemental
Fig. S2A). Notably, the H3K27me3 response differed from that
seen upon long-term R-loop depletion (Chen et al. 2015), high-
lighting the utility of short-term Rnaseh1 overexpression. In con-
trast, we observed a striking reduction in the histone variant
H2A.Z occupancy following Rnaseh1 induction (Fig. 2A), which
was absent in Dox-treated parental ZX-1 cells (Supplemental Fig.
S2B), confirming specificity. In mammals, H2A.Z is typically en-
riched at transcription start sites (TSSs), including at both the –1
and +1 promoter-flanking nucleosomes, and at some enhancers
(Raisner et al. 2005; Barski et al. 2007; Ku et al. 2012). Upon
Rnaseh1 induction, H2A.Z occupancy at TSSs was prominently
reduced, whereas promoter-distal DNase I hypersensitive sites,
used here as a proxy for enhancers, were less strongly affected
(Supplemental Fig. S2C).

Genome-wide analysis revealed 9077 peaks with significantly
reduced H2A.Z occupancy (H2A.Z-down) and only 318 with in-
creased occupancy (H2A.Z-up) out of 61,420 peaks (Fig. 2B).
H2A.Z-down peaks were predominantly located at promoter-prox-
imal regions, in contrast to H2A.Z-up peaks (Fig. 2C), suggesting R-
loops influence H2A.Z deposition mainly at promoters. R-loops
were enriched at H2A.Z-down peaks relative to other H2A.Z peaks
(Supplemental Fig. S2D), and R-loop levels were moderately and
significantly correlated with Dox-dependent changes in H2A.Z
levels (Supplemental Fig. S2E; for example loci, see Supplemental
Fig. S2F). GeneOntology analysis of genes near H2A.Z-down peaks
revealed enrichment for developmental- and differentiation-relat-
ed categories (Fig. 2D), despite low expression of these genes in
self-renewingmESCs.Notably, H2A.Z losswas observed at promot-
ers of key developmental regulators, including T and multiple
Hoxa cluster genes (Fig. 2E). These findings suggest that R-loops
promote H2A.Z accumulation at both lowly expressed and highly
expressed genes in mESCs.

R-loops modestly reduce promoter-proximal nucleosome

occupancy

R-loops are frequently found near TSSs and transcription termina-
tion sites (TTSs). Thus, if R-loops promote nucleosome occupancy
surrounding TSSs, their depletion could indirectly reduce H2A.Z
enrichment at these sites. To test this, we first performed ATAC-
seq to assess changes in chromatin accessibility after short-term
Rnaseh1 overexpression. Analysis of subnucleosomal fragments
(≤120 bp), whichmark nucleosome-free regions, revealedminimal
differences: Zero differential ATAC-seq peaks were observed, and
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Figure 1. Short-term R-loop disruption has minimal effects on mESCs.
(A) Western blot of HA-RNASEH1 induction by doxycycline (Dox; 500
ng/mL) at 0, 24, 48, 72, and 96 h of induction. Tubulin is included as a
loading control. (B) Disruption of R-loops by short-term induction of
Rnaseh1. DRIP-qPCR is shown for several locations after 48 h of Dox treat-
ment. Exogenous RNase H treatment after gDNA isolation is shown as an
additional control. Mean and standard error of mean relative to the nega-
tive control locus are shown. (∗∗∗) P<0.001, (∗∗) P<0.01, (∗) P<0.05,
(n.s.) nonsignificant (two-sided Student’s t-test). (C) Changes in gene ex-
pression upon short-term Rnaseh1 induction in undifferentiated mESCs.
Significance relative to log2 (fold change)measured by RNA-seq (n = 3 rep-
licates per condition) is plotted. Twenty-two downregulated genes (or-
ange) and 11 upregulated genes (blue) (|log2FC|≥0.58, adjusted P-
value≤0.05) are indicated. (D) Gene expression of select genes from
RNA-seq data. The expression level is transformed through regularized
log transformation (rlog). Pou5f1 and Sox2 are genes with no significant
changes; Rnaseh1, Hhip, Cdx1, and S100a1 are genes with significant
changes upon Rnaseh1 induction.
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themean signal across all the ATAC-seq peakswas very similar (Fig.
3A; Supplemental Fig. S3A,B). These data suggest that R-loop
depletion has a minimal impact on chromatin accessibility.

Tomore directly assess nucleosome positioning and occupan-
cy, we performed MNase-seq, which captures nucleosome foot-
prints across the genome (Lee et al. 2004; Song and Crawford

2010;Hughes and Rando 2014).We carefully titratedMNase diges-
tion to ensure comparable digestion kinetics between conditions
(Supplemental Fig. S3C) and analyzed both mononucleosome-
sized (MN-mono) fragments (150–200 bp) and subnucleosomal
(MN-sub) fragments (≤120 bp) at genes stratified by expression lev-
el. MN-sub fragments, which reflect nucleosome-depleted regions,

A C
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Figure 2. R-loop depletion causes genome-wide changes in H2A.Z occupancy in mESCs. (A) Enrichment of R-loop-associated epigenetic features.
Aggregation plots of indicated features, measured by CUT&Tag (n = 4 replicates for H2A.Z, H3K27me3, and H3K36me3 and n=2 for all other epitopes),
surrounding peak centers from published ChIP-seq data obtained from GEO (H3K4me3 and H3K27ac: GSE31039; H3K27me3: GSE123174; H2A.Z:
GSE34483) or metagene profiles over gene bodies (H3K36me3 and RNAP2-S2P). Aggregation plots measuring the mean reads per 10 million were gen-
erated for each replicate, and the mean and standard error of mean for all replicates are shown. (∗∗∗) P<0.001, determined as described in the
Supplemental Methods. (B) Heatmaps illustrating H2A.Z signal across peak centers of H2A.Z-down and H2A.Z-up peaks that differ between control
and Dox treatment (defined with fold change of two or more and FDR≤0.05). Two representative replicates of each condition are shown. (C )
Quantification of genomic features of peaks belonging to the H2A.Z-up or H2A.Z-down peak set. The distribution of features across the mouse genome,
denoted as “genome,” is shown for reference. (D) Dotplot of GO category enrichment of the top 12 GO-terms of genes near H2A.Z-down peaks. AQ-value
≤0.05 was used as the cutoff for GO category enrichment. (E) Genome browser tracks illustrating the effect of ectopic Rnaseh1 induction on H2A.Z en-
richment. Black bars above gene models indicate significantly changed peaks. Two replicates each for control and Rnaseh1-induced (Dox) mESCs are
shown.
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were enriched upstream of TSSs and showed minimal changes
upon R-loop depletion (Fig. 3B), consistent with the ATAC-seq
results. MN-mono fragments revealed a small but significant in-
crease in promoter-proximal nucleosome occupancy (Fig. 3B),
which is also observed atH2A.Z-downpeaks and TSSs (Supplemen-
tal Fig. S3D).

To further explore the chromatin context of these changes,
we trained a ChromHMM model using epigenomic mapping
data from control cells, identifying 10 distinct chromatin states
(Fig. 3C). Modestly increased MN-mono signal and reduced
H2A.Z signal was observed at ChromHMM states corresponding
to active and bivalent promoters (Fig. 3D). Bivalent promoters,
—marked by both H3K4me3 and H3K27me3, are typically found

at developmental genes that are lowly transcribed in mESCs but
poised for activation. Notably, these are two of three states charac-
terized by high probability of H2A.Z association and two of three
states characterized by the presence of R-loops (Fig. 3C;
Supplemental Fig. S3E). In contrast, nucleosome occupancy re-
mained largely unchanged across the remaining eight chromatin
states (Supplemental Fig. S3F).

Together, these results demonstrate that R-loops promote
H2A.Z enrichment and rule out the possibility that reduced
H2A.Z levels result fromnucleosome loss.Wenote that themodest
increase in nucleosome occupancy observed upon Rnaseh1 overex-
pression appears to have little to no effect on gene expression, as
evidenced by the minimal changes to the mESC transcriptome
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Figure 3. R-loop disruption increases nucleosome occupancy at active and bivalent genes. (A) Aggregation plot of subnucleosomal ATAC-seq signal (1 to
120 bp fragments) across transcription start sites (TSSs) and TSS-distal DNase I hypersensitive sites (DHS w/o TSS; DNase-seq [GEO]: GSE37074) in control
and Rnaseh1-overexpressing mESCs (n =4 replicates each). Aggregation plots measuring the mean RPM (reads per 10 million) were generated for each
replicate, and the mean and standard error of mean for all replicates are shown. (∗∗∗) P<0.001, determined as described in the Supplemental
Methods. (B) Aggregation plot of MNase-seq signal (n =2 replicates for each condition) in RPM surrounding the TSSs of high (n = 6166), medium (n =
6180), and low (n = 43,055) expression genes. Mean and standard error of mean are shown. (MN-mono) Mononucleosome-sized fragments (150–200
bp), (MN-sub) subnucleosome-sized fragments (1–120 bp). The three expression categories were determined using bulk-RNA-seq data from control
mESCs. (∗) P<0.05, (∗∗∗) P<0.001, determined as described in the Supplemental Methods. (C) ChromHMM characterization of chromatin states from
the epigenomic profiling data. (Left) Ten states resulting from ChromHMM analysis of all ATAC-seq, CUT&Tag, or CUT&RUN data measured in control
mESCs. (Right) Enrichment of genomic features (CpG, TSS, and TTS) in each of the 10 states. (D) Aggregation plots ofMN-mono,MN-sub andH2A.Z across
active and bivalent promoter regions from ChromHMM. Mean RPM and standard error of mean are shown.
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upon Dox addition (Fig. 1C). However, given the established role
of H2A.Z in early development (Creyghton et al. 2008; Hu et al.
2013; Liu et al. 2022), its reduction at developmental loci may
compromise the fidelity of lineage commitment.

R-loop disruption alters expression of key differentiation

regulators

Given the observed effects of R-loop reduction on H2A.Z occupan-
cy at promoters of developmental genes, we next investigated how
R-loop depletion affects mESC differentiation. Our previous work
showed that long-term R-loop disruption impairs exit from pluri-
potency during embryoid body formation (Chen et al. 2015). To
more comprehensively assess lineage specification, we employed
a gastruloid differentiation model, in which mESC aggregates are
exposed to defined stimuli to form 3D structures that mimic as-
pects of gastrulation (Beccari et al. 2018; van den Brink and
Oudenaarden 2021).

Using RHKI mESCs, we initiated gastruloid differentiation
after a 2 day pretreatment with or without Dox (Fig. 4A). Bulk
RNA-seq was performed at 72 and 120 h, representing middle
and late stages of differentiation. Principal component analysis
revealed that differentiation time was the primary driver of vari-
ance, with control and R-loop-depleted samples clustering by
time point (Supplemental Fig. S1H), indicating that R-loop loss
does not block differentiation per se. However, by 120 h, we
identified 245 upregulated and 228 downregulated genes in R-
loop-depleted gastruloids (Fig. 4B; Supplemental Table S1).
Notably, several transcription factors (TFs) critical for lineage
specification were differentially expressed, including down-
regulation of Cdx2 and Foxa2 and upregulation of Neurog3 and
Sox5 (Fig. 4B,C). Trunk Hox genes (Hox5–Hox11), essential for
posterior development (Gouti et al. 2017; van den Brink and
Oudenaarden 2021; Ibarra-Soria et al. 2023), were also downregu-
lated. Additionally, we observed altered expression of key signal-
ing components, including Fgfr4 (FGF pathway) and Wnt5a/
Wnt7a (WNT pathway).

To explore the dynamics of these changes, we classified differ-
entially expressed genes based on their temporal expression trajec-
tories (Fig. 4D). For example, Pax3 and Sox3, which promote neural
differentiation, were progressively induced and further elevated in
R-loop-depleted cells, whereas other developmental regulators
showed reduced expression in the absence of R-loops. Gene
Ontology analysis revealed that upregulated genes were enriched
for neuronal differentiation, whereas downregulated genes were
associated with pattern specification and somite development
(Fig. 4E). These findings suggest that R-loop depletion may selec-
tively alter differentiation trajectories and/or rates, enhancing
differentiation along ectodermal/neural pathways relative to
mesodermal and endodermal lineages. However, bulk RNA-seq
cannot identify the steps atwhichdifferentiation is altered or iden-
tify which cell types are most affected.

Distinct effects of R-loop disruption on different cell lineages

during mESC differentiation

To directly assess whether R-loop depletion alters lineage specifica-
tion,we performed single-cell RNA sequencing (scRNA-seq) during
gastruloid differentiation in the presence or absence of Rnaseh1
overexpression, using the same differentiation protocol as for
bulk RNA-seq. This approach enabled high-resolution profiling
of cell states and developmental trajectories.

We integrated our scRNA-seq data with two published gastru-
loid data sets (Rosen et al. 2022; Suppinger et al. 2023) for joint
analysis. After applying a unified preprocessing pipeline (see
Methods), we observed strong concordance across data sets, with
overlapping cell clusters in UMAP space (Supplemental Fig. S4A,
B). Minor differences were attributable to differences in sampling
time points; for example, our 0 h samples (undifferentiated
mESCs) were unique to our study, whereas 72 and 120 h samples
clustered closely with published data. To annotate cell types, we le-
veraged reference scRNA-seq data from mouse embryos (E3.5–
E8.5) (Mohammed et al. 2017; Cheng et al. 2019; Pijuan-Sala
et al. 2019; Qiu et al. 2022) and used CellMatch (Kearns et al.
2023) to assign gastruloid clusters to embryonic cell types
(Supplemental Fig. S4C). We identified clusters corresponding to
all three germ layers: ectoderm (e.g., caudal neuroectoderm,neuro-
mesodermal progenitors [NMPs], spinal cord, neuron-like cells),
mesoderm (e.g., primitive streak, paraxial mesoderm, splanchnic
mesoderm), and endoderm (e.g., definitive endoderm/gut) (Fig.
5A,B). All clusters were present in both control and R-loop-deplet-
ed samples and expressed expected marker genes (Supplemental
Fig. S4D; Supplemental Table S2), confirming their identities.

To explore lineage dynamics, we performed trajectory infer-
ence by integrating our data with time-resolved gastruloid data
sets and applying a modified pyVIA algorithm that incorporates
both transcriptomic similarity and time point information. This
analysis reconstructed a comprehensive differentiation map with
three major germ layer trajectories and revealed key lineage deci-
sionpoints (Fig. 5C; Supplemental Fig. S5A). Comparing transition
probabilities between conditions, we found that R-loop depletion
increased transitions from epiblast to caudal neuroectoderm and
from spinal cord to neuron-like cells (Supplemental Fig. S5B).
These changes were reflected in altered lineage proportions:
NMP1 was modestly overrepresented in R-loop-depleted samples
at 72 h, whereas NMP2 and spinal cord were overrepresented at
120 h (Fig. 5D; Supplemental Fig. S5C,D), suggesting accelerated
differentiation toward neural fates. These findings indicate that
R-loop loss perturbs early lineage decisions, accelerating ectoder-
mal differentiation relative to mesoderm and endoderm.

R-loop depletion alters expression of lineage-specific TFs

To uncover the factors driving alterations inmESC differentiation,
we examined TF expression across cell types. Many TFs critical for
lineage specification were differentially expressed upon Rnaseh1
induction (Supplemental Table S3). In many cases, although
only a modest difference in fold change was observed for key TFs
in different cell types, we observed a more prominent change to
the proportion of cells expressing the TF. For example, Klf2was ex-
pressed in a smaller proportion of epiblast cells in Dox (46%) rela-
tive to control (63%), as was the case for Cdx1 in the primitive
streak (33% in Dox; 45% in control). Conversely, Mxi1 was ex-
pressed in a larger fraction of paraxial mesoderm A cells in Dox
conditions (Fig. 5E; Supplemental Fig. S5E; Supplemental Table
S3). In splanchnic mesoderm, we observed reduced expression of
Hand2 and Mef2c, two TFs essential for cardiac development (Lin
et al. 1997; Liu et al. 2009; Miquerol and Kelly 2013; Anderson
et al. 2017), suggesting compromised mesodermal potential.

Given that the first alterations in differentiation appear to
originate at the epiblast stage, we closely examined TF expression
at this transition point. Pou3f1, a neural-promoting TF expressed
early in neurogenesis, was upregulated in both epiblast and caudal
neuroectoderm in R-loop-depleted cells (Fig. 5F). Its early
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inductionmay contribute to the accelerated ectodermal differenti-
ation. NMPs, which coexpress Sox2 and T, can adopt neural or me-
sodermal fates depending on the relative expression of these
factors (Chalamalasetty et al. 2011). Although we did not capture
the double-positive NMP state, the trajectory analysis indicated a
transition from NMP1 to NMP2, characterized by increased Sox2

and decreasedT expression, suggesting neuronal fate commitment
of the NMPs. This transition was accompanied by upregulation of
downstream neural TFs such as Hes3, Hes5, and Pax6, further sup-
porting ectodermal commitment. We also observed downregula-
tion of TFs involved in posterior axial patterning and early
lineage specification, including Nkx1-2, Cdx1, and Cdx2.

A

C

D

B

E

Figure 4. Key developmental regulators are dysregulated in gastruloids from R-loop-depleted mESCs. (A) Gastruloid differentiation protocol and collec-
tion time points for bulk RNA-seq and scRNA-seq. Rnaseh1 was induced at day –2 for 2 days prior to differentiation. At day 0, cells were replated for gas-
truloid differentiation (seeMethods). At day 2, CHIR was added for 1 day to stimulateWNT signaling. (B) Volcano plot of bulk RNA-seq data (n = 3 replicates
per condition) at 120 h of gastruloid differentiation, indicating changes in gene expression upon Rnaseh1 overexpression. Upregulated (n = 228) and
downregulated genes (n =245) are highlighted in blue and orange, respectively (|log2FC|≥0.58, adjusted P-value≤0.05). (C) Example upregulated
and downregulated genes at 120 h. Gene expression differences between control and Rnaseh1-overexpressing cells are shown as Z-scores. Three replicates
for each condition were performed. (D) Violin plots of examples of upregulated and downregulated genes at 0, 72, and 120 h with a regression line to
indicate the temporal expression pattern. Patterns were identified by k-means clustering. (E) Dotplots of GO analysis results showing with top 10 GO-terms
for upregulated and downregulated genes. GO categories shown are with a Q-value≤0.05.
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Interestingly, T expression was elevated in caudal neuroectoderm,
whichmay enhance NMP formation and contribute to altered lin-
eage dynamics (Henrique et al. 2015).

Together, these findings reveal that R-loop depletion induces
cell type–specific changes in key lineage-specific TFs, consistent
with the observed shifts in lineage allocation. These results high-
light a previously unrecognized role for R-loops in regulating tran-
scriptional programs that control early cell fate decisions.

Elevated retinoic acid signaling reinforces lineage differences

in R-loop-depleted gastruloids

During gastrulation,WNT signaling is essential for primitive streak
formation and anterior–posterior patterning (Morgani and
Hadjantonakis 2019). In gastruloids, treatment with the WNT ag-
onist CHIR99021 is critical for elongation and spatial patterning of
lineage-specific gene expression (van den Brink et al. 2014;

A B

C D E

F G

Figure 5. R-loop depletion alters differentiation in gastruloids. (A) Clusters of scRNA-seq data composed of two published data sets combined with con-
trol and Dox-induced RHKI cells from this study, shown as a UMAP. Cell type annotations are shown in B. (NMP) Neuromesodermal progenitors. (B) UMAP
of scRNA-seq fromRHKI across three time points (n = 2 for 0 h and n =4 for 72 h and 120 h), split by treatment condition: control (left) andDox (center). Cell
annotations are indicated to the right. (C, bottom) Sankey plot showing the lineage trajectory of control scRNA-seq data. (Top) Simplified lineage diagram
with dotted lines indicating the cell types corresponding to each germ layer or early progenitor. (D) Proportions of total cells in control and Dox conditions
at 120 h of gastruloid differentiation. Colors correspond to cell types shown in C. (E) Violin plots of differentially expressed genes (DEGs) between control
and Dox conditions for different differentiated cell types. DEGs were called as described in the Methods with adjusted P-values≤0.05, |log2FC|≥0.58, and
the percentage of expressed cells ≥0.25. (PS) Primitive streak, (caudal NE) caudal neuroectoderm, (NMP) Neuromesodermal progenitor, (PSM-A) paraxial
mesoderm A, (PSM-B) paraxial mesoderm B, (SM) splanchnic mesoderm. (F,G) Violin plots of critical genes among cell types in ectoderm trajectory (F ) and
genes related to retinoic acid signaling among NMP/spinal cord and PSM/SM (G). (∗) adjusted P-value < 0.05, (∗∗∗) adjusted P-value < 0.001.
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Cermola et al. 2021; Suppinger et al. 2023). In this system, alter-
ation of growth factor exposure or simulation of cell–cell commu-
nication (CCC) can drive gastruloid differentiation toward
specialized subtypes of gastruloids (Rossi et al. 2021, 2022; van
den Brink and Oudenaarden 2021).

Given the observed lineage-specific differentiation changes
in R-loop-depleted gastruloids, we therefore investigated whether
altered CCC contributes to this phenotype. Differential expression
analysis revealed significant changes in genes involved in intercel-
lular signaling. For example, Fgfr1 (FGF/MAPKpathway) was dysre-
gulated in multiple mesodermal populations; Notch1 and Notch2
were altered in paraxial mesoderm; and TFs such as Smad3 and
Tcf7l1, which mediate TGFB and WNT signaling, were also affect-
ed (Fig. 5E; Supplemental Fig. S5F,G).

Notably, genes involved in retinoic acid (RA) signaling, a
pathway critical for neuronal commitment of NMPs, were signifi-
cantly altered. Aldh1a2, encoding the enzyme responsible for RA
synthesis, was upregulated in mesodermal populations, whereas
Cyp26a1, encoding a protein that degrades RA, remained low in
both mesoderm and ectoderm (Fig. 5G). This imbalance suggests
RA signaling from mesoderm to ectoderm may be enhanced in
Rnaseh1-overexpressing gastruloids. High expression of the RA
adaptor gene Crabp2 in NMP2 and spinal cord cells further
supports increased RA signaling in ectodermal lineages. Slight
upregulation of Rarb in mesoderm also suggests increased RA re-
sponsiveness, which may inhibit paraxial mesoderm differentia-
tion (Russell et al. 2018).

To directly assess CCC changes, we used CellChat (Jin et al.
2021, 2025) to infer ligand–receptor interactions between cell
types. This analysis revealed increased RA signaling frommesoder-
mal populations (PSM-A, PSM-B) to ectodermal lineages (NMP2,
spinal cord) in R-loop-depleted gastruloids (Fig. 6A). The most
significantly enhanced interaction was Aldh1a2–(Crabp2–Rarb)
(Fig. 6B; Supplemental Fig. S6A), suggesting a mesoderm-to-ecto-
derm RA signaling axis that reinforces neural fate commitment.
Additional changes in FGF, Notch, and TGFB signaling were also
observed (Supplemental Fig. S6B). Together, these findings suggest
that altered CCC, particularly increased RA-mediated signaling,
contributes to the ectodermal acceleration observed in R-loop-de-
pleted gastruloids.

R-loop depletion rewires gene regulatory networks to promote

neuronal differentiation

To understand how altered CCC and TF activity contribute to al-
tered differentiation, we reconstructed gene regulatory networks
(GRNs) using scMTNI (Zhang et al. 2023), incorporating trajectory
information to improve inference. Because of limited cell numbers
in several terminal cell types, we focused on intermediate cell
types.

We first examined GRN changes at the early bifurcation from
epiblast to either caudal neuroectoderm or primitive streak. Upon
Rnaseh1 induction, we observed an increase in predicted T target
genes across the early lineages (Supplemental Fig. S6C), which re-
mained after normalizing for total edges (Fig. 6C). We also ob-
served expansion of Sox11, Cdx2, and Pou3f1 regulatory modules
in caudal neuroectoderm, alongside a reduction in the Nkx1-2
module. AlthoughWNT signaling is required for T induction, cor-
relation analysis among T, Lef1, Tcf7l1, and Nkx1-2 (Tamashiro
et al. 2012) did not reveal major differences between conditions
(Supplemental Fig. S6D), suggesting that altered WNT responsive-
ness is not the primary driver of T upregulation.

Consistent with enhanced RA signaling, the Rarbmodulewas
modestly expanded in spinal cord cells upon R-loop depletion (Fig.
6D). Shared Rarb targets were enriched for sensory system develop-
ment, whereas Dox-specific targets included Dlg2 and Crabp2,
genes involved in neuronal differentiation and RA signaling, re-
spectively (Fig. 6E; Supplemental Fig. S6E; Sanders et al. 2022).
These findings support a model in which RA signaling reinforces
ectodermal fate commitment. In contrast, splanchnic mesoderm
cells showed reduced expression of cardiogenic TF genes, Hand2
andMef2c (Fig. 5E), and GRN analysis revealed amarked reduction
in Hand1, Hand2, and, especially, Mef2c target modules (Fig. 6F).
GO analysis ofMef2c targets unique to control cells showed enrich-
ment for muscle development, whereas shared targets were associ-
ated with cardiac development (Fig. 6G; Supplemental Fig. S6F),
suggesting impaired cardiogenic potential in R-loop-depleted cells.

Together, these results demonstrate that R-loop depletion
leads to widespread GRN rewiring, accelerating neuronal gene
programs relative to mesodermal and cardiogenic regulatory net-
works. These changes likely underlie the enrichment of differenti-
ated ectodermal cell types and reducedmesodermal differentiation
observed in R-loop-depleted gastruloids.

Discussion

R-loops are required for normal H2A.Z localization in mESCs

In this study, we used an inducible Rnaseh1 overexpression system
to investigate the role of R-loops in chromatin regulation and
mESC differentiation. Unlike previous studies that relied on
long-term Rnaseh1 overexpression, which are potentially con-
founded by cellular adaptation or transgene silencing, our system
allowed us to examine the short-term consequences of R-loop
depletion. Despite the broad potential of RNASEH1 to target
RNA/DNA hybrids, short-term R-loop depletion had minimal ef-
fects on steady-state mRNA levels or self-renewal, suggesting that
the observed chromatin changes are direct consequences of R-
loop loss. Notably, R-loop depletion was partial (twofold to three-
fold or less reduction at many genes), consistent with prior studies
(Chen et al. 2015; Maul et al. 2017) and may therefore underesti-
mate the full impact of R-loops on chromatin architecture.

Althoughmost chromatin features, including histonemodifi-
cations, RNA Polymerase II occupancy, and overall chromatin ac-
cessibility, were largely unaffected, we observed a pronounced
reduction inH2A.Z occupancy at∼20%ofH2A.Z peaks and a small
increase in nucleosome occupancy. These changes were evident at
both highly expressed genes and bivalent genes, many of which
regulate developmental programs. Considering the modest effect
on steady-state mRNA levels in mESCs depleted of R-loops, this
suggests that neither the small effect on nucleosome occupancy
nor the larger effect on promoter-proximal H2A.Z levels has a ma-
jor effect on mESC gene expression during self-renewal. However,
given that H2A.Z is essential for proper differentiation (Hu et al.
2013), R-loops appear to facilitate mESC differentiation by main-
taining H2A.Z levels at key regulatory genes. This aligns with our
previous observation that Rnaseh1 overexpression reduces binding
of Tip60-p400 (Chen et al. 2015), a chromatin remodeling com-
plex involved in H2A.Z deposition. To date, the mechanism link-
ing R-loops to Tip60-p400 function remains unclear, as no
physical interaction between RNA/DNA hybrids and any Tip60-
p400 and SRCAP component was detected in a previous survey
of RNA/DNA hybrid binding proteins (Wu et al. 2021b). Thus,
we speculate that R-loops indirectly promote H2A.Z deposition
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Figure 6. Alterations in signaling and lineage-specific gene regulatory networks (GRNs) in R-loop-depleted gastruloids. (A) The heatmap of communi-
cation probability of retinoic acid (RA) signaling among mesoderm cells (PSM-A, PSM-B, SM) and ectoderm cells (NMP1, NMP2, spinal cord). The sources
and targets of inferred RA signaling are indicated. (B) The communication probabilities of indicated ligand-receptor pairs in RA signaling from PSM-A to
mesoderm cell types (PSM-A, PSM-B, SM) and ectodermal cell types (NMP1, NMP2, spinal cord). (C) Barplots depicting the proportion of targets in the
indicated module related to the total target in each specific cell type/treatment combination. (D) Network plots illustrating TF–target relationships in the
Rarbmodule for spinal cord. The trajectory diagram highlights the cell type in the trajectory map. “Unique” edges indicate TF–target pairs that only exist in
a specific combination of cell type and treatment, shown with a dashed line, whereas solid lines denote nonunique pairs. Edge thickness indicates the cor-
relation strength of the TF–target pair. The line color of each edge indicates a positive or negative correlation between TF and its targets. (E) Dotplot of GO
analysis results for target genes in the Rarbmodule. Shared targets indicate genes are positively correlated and shared between control and Dox. AQ-value
≤0.05 was used as the cutoff for GO category enrichment. (F ) Network plots illustrating TF–target relationships in the Hand1, Hand2, andMef2cmodules
for splanchnic mesoderm. Labels are as in D. (G) Dotplot of GO analysis results for target gene categories inMef2cmodule. The positively correlated, con-
trol-specific targets (left) and the targets shared between the control and Dox (right) are shown. A Q-value≤0.05 was used as the cutoff for GO category
enrichment.
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by Tip60-p400 and/or SRCAP through temporarily interfering
with nucleosome formation, thus creating a nucleosome-free
span of DNA favorable for the binding and/or activity of one or
both enzymes.

R-loop disruption in mESCs alters the repertoire of differentiation

outcomes

To explore the functional consequences of R-loop depletion, we
used the gastruloid model to examine differentiation across all
three germ layers. Bulk RNA-seq revealed dysregulation of key
developmental genes, including Cdx2 and multiple Hox genes,
many of which were also marked by R-loop-dependent H2A.Z oc-
cupancy in mESCs. scRNA-seq enabled reconstruction of differen-
tiation trajectories that were consistent with prior gastruloid
studies (Rosen et al. 2022; Suppinger et al. 2023), as well as embry-
onic development (Tani et al. 2020). Notably, R-loop depletion al-
tered early lineage decisions, with increased expression of TFs such
as Pou3f1 and T in epiblast and caudal neuroectoderm, along with
rewiring of the TGRN. At later stages, we observed elevated RA sig-
naling from themesoderm to ectoderm, likely reinforcing ectoder-
mal commitment. RA-related genes such as Crabp2 were
upregulated, and GRN analysis revealed expansion of Rarb mod-
ules in spinal cord cells. In contrast, cardiogenic networks driven
by Hand2 and Mef2c were diminished, suggesting impaired meso-
dermal potential. These findings highlight how R-loops influence
not only chromatin architecture but also downstream functions
such as transcriptional networks and intercellular signaling path-
ways that coordinate lineage specification.

Together, our results demonstrate that R-loops are critical for
establishing chromatin states that prime developmental genes for
activation and for maintaining balanced lineage trajectories dur-
ing early differentiation. Although dispensable for self-renewal,
R-loops are essential for robustmultilineage potential. Future stud-
ies using lineage-specific R-loop depletion or in vivomodelswill be
important to dissect the temporal- and context-specific roles of R-
loops in development.

Limitations of the study

The study of R-loop functions is limited by imperfect tools avail-
able for both mapping and perturbation of R-loops in cells. We
employed an inducible allele of Rnaseh1 to facilitate conditional
R-loop depletion, but R-loop reduction was only partial and re-
quired 1–2 days to deplete R-loops at the loci we examined.
Consequently, the effects of R-loops during differentiation may
be owing to a combination of effects in mESCs and in various dif-
ferentiation progenitors. Multiple approaches for mapping R-
loops have been described but have been shown to exhibit limited
overlap in the locations of R-loops identified by each, especially at
genes with medium to low expression (Mukhopadhyay et al.
2024). In addition, categorization of genomic loci by changes in
epigenomic features, such as H2A.Z-down regions, creates a binary
distinction between loci with significant changes in H2A.Z levels
upon R-loop disruption and those that were not significant. This
implies (often incorrectly) that loci not classified as H2A.Z-down
or H2A.Z-up are unchanged and may introduce error when quan-
tifying other epigenetic features at H2A.Z-down, H2A.Z-up, and
“other” loci. Although our study indicates R-loops are important
for normal H2A.Z deposition in mESCs, the mechanisms underly-
ing this requirement are unknown. Finally, although the gastru-
loid model of differentiation exhibits some features of
developing embryos, mESC differentiation in gastruloids is not

equivalent to development in vivo. Consequently, the functions
of R-loops in developing embryos in vivomay be somewhat differ-
ent from those inferred from the altered differentiation profiles in
this study. Finally, it should be noted that our bulk and scRNA-seq
measurements capture mRNA levels, not nascent transcription,
leaving open the possibility that post-transcriptional mechanisms
play a role in the observed changes in mRNA levels upon R-loop
depletion.

Methods

Cell culture

ZX-1 cells (gift from Michael Kyba) (Iacovino et al. 2011) were
maintained in standard ESC medium (high-glucose DMEM, 10%
FBS, glutamine, MEMNEAA, β-mercaptoethanol, and LIF) on feed-
er cells. For feeder-free culture, cells were gradually adaptedwith re-
duction of feeder cells as well as switching to 2i/LIFmedium (NDiff
227with LIF, 2%FBS, 3 µMCHIR-99021, 1 µMPD0325901) on gel-
atin-coated dishes. ZX-1 and RHKI cells were passaged every other
day using Accutase and plated at 2–2.5 ×105 cells per 6 cm dish at
5% CO2, 37°C. Details of RHKI cell line generation and validation
are provided in the Supplemental Methods.

Gastruloid differentiation

RHKI cells were differentiated into gastruloids as previously de-
scribed (Baillie-Johnson et al. 2015; Cermola et al. 2021), with mi-
nor modifications. Briefly, cells were seeded at 300 cells/well in
NDiff 277 medium in U-bottom 96-well plates. CHIR-99021 (3
µM) was added on day 2, and medium was refreshed on days 3
and 4. For Rnaseh1 induction, 0.5 µg/mL Dox was added from
day –2 to day 5. Samples were collected at days 0, 3, and 5 for
RNA-seq and scRNA-seq. Full protocol details are provided in the
Supplemental Methods.

Protein extraction and western blotting

Cell pellets were lysed in buffer containing 50 mM Tris-HCl (pH
7.5), 250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 1% Triton X-100,
0.5% NP-40, and 10% glycerol supplemented with 1× Halt prote-
ase inhibitor (Thermo Fisher Scientific). After a 15 min incubation
on ice, lysates were centrifuged at 15,000g for 15 min at 4°C. The
supernatant was used for protein quantification (Bio-Rad), fol-
lowed by boiling in protein loading dye prior to SDS-PAGE and
western blot analysis. Primary antibodies were used at the follow-
ing dilutions: anti-tubulin (Abcam, 1:5000) and anti-HA (Cell
Signaling, 1:1000); secondary antibodies, goat antirabbit HRP
were diluted 1:5000.

RNA extraction and RNA-seq

Total RNA was extracted using the Direct-zol RNA microprep kit
(Zymo) with on-column DNase I digestion. Bulk RNA-seq libraries
were prepared using the Illumina stranded mRNA prep kit and se-
quenced on a NovaSeq (PE150). For scRNA-seq, gastruloids were
dissociated with Accutase, and single-cell suspensions were pro-
cessed using the 10x Genomics Chromium Next GEM single cell
3′ kit. Libraries were sequenced on a NovaSeq targeting 20,000
reads per cell. Details of bulk and scRNA-seq sample processing
are provided in the Supplemental Methods.

DRIP-qPCR and DRIPc-seq

DRIP was performed as previously described (Sanz and Chédin
2019; Dowling et al. 2024) with minor modifications. Genomic
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DNA from RHKI cells (±Dox) was extracted, digested with restric-
tion enzymes, and treated with RNase III. DNA was immunopre-
cipitated using the S9.6 antibody, and enrichment was
quantified by qPCR. For DRIPc-seq, IPed RNA/DNA hybrids were
digested with DNase I, libraries were prepared using a NEBNext
Ultra II directional RNA library prep kit, and sequenced on a
NovaSeq. Oligonucleotides used in this study are included in
Supplemental Table S4. Full protocol details are provided in the
Supplemental Methods.

CUT&RUN and MapR

CUT&RUN and MapR were performed following established pro-
tocols (Hainer and Fazzio 2019; Yan and Sarma 2020) using anti-
CTCF and RHΔ-MNase, respectively. Briefly, cells were bound to
Concanavalin A (ConA) beads, incubated with primary antibodies
or fusion proteins, and subjected to targeted chromatin digestion.
Libraries were prepared using amodifiedNEBNext Ultra II protocol
and sequenced on aNovaSeq (PE150). Detailed procedures, includ-
ing digestion conditions, library prep modifications, and sequenc-
ing parameters, are provided in the Supplemental Methods.

CUT&Tag

CUT&Tag was performed as described previously (Kaya-Okur et al.
2019), using antibodies against H3K4me3, H3K27me3, H3K27ac,
H3K36me3, H4ac, H3.3, and phospho-Rpb1(Ser2). Briefly, cells
were bound toConA beads, incubatedwith primary and secondary
antibodies, and treated with pA-Tn5 transposase. Libraries were
prepared using Nextera primers and sequenced on a NovaSeq
(PE150). Full protocol details are provided in the Supplemental
Methods.

ATAC-seq

ATAC-seq was performed following established protocols
(Buenrostro et al. 2015; Corces et al. 2017). Cells were lysed and
tagmented with Tn5, and DNA was purified and amplified.
Libraries were gel-purified, QC’d, and sequenced (NovaSeq
PE150; 10–20 million reads per library). For full details, see the
Supplemental Methods.

MNase-seq

MNase-seq was conducted as previously described (Henikoff et al.
2011). Cells were fixed; nuclei were isolated and digested with
varying MNase concentrations; and DNA was purified. Libraries
were gel-purified and sequenced (NovaSeq PE150; 50–60 million
reads per library). Detailed procedures are included in the
Supplemental Methods.

Data analysis

Chromatin profiling data analysis

CUT&RUN, CUT&Tag, MapR, DRIPc-seq, ATAC-seq, and MNase-
seq data were processed using standard pipelines. Reads were
trimmed with Trimmomatic (Bolger et al. 2014), aligned to the
mm10 genome using Bowtie 2 (Langmead and Salzberg 2012),
and filtered for quality and duplicates. bigWig files were generated
with deepTools (Ramírez et al. 2016) or bedGraphToBigWig (Kent
et al. 2010), and peak calling was performed using HOMER (Heinz
et al. 2010). Differential peaks were identified using HOMER
and annotated with BEDTools (Quinlan and Hall 2010) and
clusterProfiler (Wu et al. 2021a). For MNase-seq, reads were strati-
fied by fragment size, and merged BAMs were used to assess
nucleosome occupancy. Chromatin states were inferred using

ChromHMM (Ernst and Kellis 2012), and visualizations were gen-
erated with deepTools, HOMER, and ggplot2 (Wickham 2016).
Full pipeline details are provided on GitHub and in the
Supplemental Code (see below).

Bulk RNA-seq analysis

Reads were trimmed with Trimmomatic and aligned to mm10
(with annotation; GENCODE vM25) using STAR (Dobin et al.
2013). Gene-level quantification was performed with RSEM (Li
and Dewey 2011), and differential expression was assessed using
DESeq2 (Soneson et al. 2016). Genes with an adjusted P-value≤
0.05 and |log2FC|≥0.58 were considered differentially expressed.
PCA, heatmaps, and violin plots were generated in R (R Core
Team 2022). Gene Ontology enrichment was performed using
clusterProfiler. Time course expression trends were analyzed using
DEGreport (https://www.bioconductor.org/packages/release/bioc/
html/DEGreport.html). Full pipeline details are provided on
GitHub and in the Supplemental Code (see below).

scRNA-seq analysis

Raw reads were aligned to the mm10 genome (mm10-2020) using
Cell Ranger (10x Genomics), and gene count matrices were pro-
cessed using Seurat and SCANPY (Wolf et al. 2018; Hao et al.
2021, 2024). Doublets were identified with DoubletFinder
(McGinnis et al. 2019), and cells were filtered based on mito-
chondrial content, feature count, and cell cycle scores. PCA were
performed with using Harmony for batch effect correction
(Korsunsky et al. 2019), followed by UMAP reduction for visualiza-
tion and clustering with PARC from pyVIA (Stassen et al. 2021).
Cell types were annotated using CellMatch and validated against
published gastruloid and embryonic data sets. Trajectory inference
was performed using pyVIA, integrating real time point informa-
tion from our data set and two published references.

Pseudotime was initially inferred at the cluster level using
pyVIA, achieving ≥70% correlation with real time points. Single-
cell pseudotime was then refined using Margaret (Pandey and
Zafar 2022), leveraging the same adjacency matrix and time point
alignment strategy. For comparisons between control and Dox-
treated samples, pseudotime distributions and trajectory weights
were analyzedwithout time-series constraints to avoid the bias ow-
ing to limited time points in our data set. Differential gene expres-
sionwas assessed usingMAST (Finak et al. 2015) with subsampling
to control for cell number differences. CCC was inferred using
CellChat (Jin et al. 2021, 2025) with CellChatDB.mouse as the col-
lection of ligand-receptor pairs.

GRNs were inferred using a multistep approach combining
SCENIC and scMTNI, which incorporated trajectory information
during GRN inference (Aibar et al. 2017; Zhang et al. 2023).
Baseline GRNs were constructed from control data (ours and pub-
lished), stratified by cell type, and refined through repeated sub-
sampling. Final GRNs for control and Dox-treated conditions
were derived from robust TF–target edges conserved across subsam-
ples. Functional differences were assessed via overlap and GO en-
richment analyses. Full pipeline details are provided on GitHub
and in the Supplemental Code (see below).

Code availability

Full pipeline details and scripts are provided on GitHub, accessible
through Zenodo (https://doi.org/10.5281/zenodo.15603611) and
as Supplemental Code.
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Data access
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