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Hijacking of transcriptional condensates by
endogenous retroviruses
Vahid Asimi1,2,14, Abhishek Sampath Kumar1,3,14, Henri Niskanen1,14, Christina Riemenschneider1,3,14,
Sara Hetzel 1, Julian Naderi1, Nina Fasching4, Niko Popitsch4,5, Manyu Du 6,7, Helene Kretzmer1,
Zachary D. Smith8,9, Raha Weigert1, Maria Walther1, Sainath Mamde1, David Meierhofer10,
Lars Wittler11, René Buschow 12, Bernd Timmermann13, Ibrahim I. Cisse6,7, Stefan L. Ameres4,5,
Alexander Meissner 1,8,9 and Denes Hnisz 1 ✉
Most endogenous retroviruses (ERVs) in mammals are incapable of retrotransposition; therefore, why ERV derepression is
associated with lethality during early development has been a mystery. Here, we report that rapid and selective degradation of the heterochromatin adapter protein TRIM28 triggers dissociation of transcriptional condensates from loci encoding
super-enhancer (SE)-driven pluripotency genes and their association with transcribed ERV loci in murine embryonic stem
cells. Knockdown of ERV RNAs or forced expression of SE-enriched transcription factors rescued condensate localization at
SEs in TRIM28-degraded cells. In a biochemical reconstitution system, ERV RNA facilitated partitioning of RNA polymerase II
and the Mediator coactivator into phase-separated droplets. In TRIM28 knockout mouse embryos, single-cell RNA-seq
analysis revealed specific depletion of pluripotent lineages. We propose that coding and noncoding nascent RNAs, including
those produced by retrotransposons, may facilitate ‘hijacking’ of transcriptional condensates in various developmental and
disease contexts.

E

RVs make up around 10% of mammalian genomes, and
ERVs are repressed by multiple mechanisms including heterochromatin, DNA methylation and modification of their
RNA transcripts1–13. One of the best-studied repressive pathways
involves the TRIM28 heterochromatin corepressor that is recruited
by KRAB-ZFP transcription factors to ERVs in pluripotent embryonic stem cells (ESCs), where it recruits the histone H3 K9 methyltransferase SETDB1 and the heterochromatin protein HP1α
that together establish a repressive chromatin environment7,9,14–17.
ERV derepression is associated with lethality at various embryonic
stages and in ESCs deficient for the TRIM28-HP1α pathway7–10,
although most ERVs in mice and humans have lost their ability
to undergo retrotransposition1–6, and deletion of entire clusters of
KRAB-ZFP factors does not lead to elevated transposition rates in
mice18. These findings suggest that RNA transcripts produced by
ERVs may contribute to developmental phenotypes associated with
ERV derepression.
RNA has long been recognized as a component of phase-separated
biomolecular condensates, including stress granules, splicing speckles and Cajal bodies19, and recent studies indicate that RNA may
make important contributions to nuclear condensates formed by
transcriptional regulatory proteins20. During transcription, nascent
RNA is thought to promote formation of transcriptional condensates enriched in RNA polymerase II (RNAPII) and the Mediator

coactivator through electrostatic interactions that contribute to
phase separation21. ERV RNAs can be transcribed at hundreds, if
not thousands, of genomic loci, and many nuclear noncoding RNAs
localize to the loci where they are produced22. These data lead us
to hypothesize that ERV RNA transcripts may impact the genomic
distribution of transcriptional condensates in cells deficient for
ERV repression.
Here, we test the model that ERV RNA transcripts contribute
to lethality associated with ERV derepression through disrupting
the genomic distribution of transcriptional condensates. We found
that RNAPII-containing condensates, typically associating with
SE-driven pluripotency genes, are hijacked by transcribed ERV
loci upon acute perturbation of the machinery responsible for
ERV repression in ESCs. Condensate association was dependent on
ERV RNAs and was rescued by ERV RNA knockdown or forced
expression of pluripotency transcription factors. The results highlight an important role of ERV RNA transcripts in nuclear condensates in pluripotent cells.

Results

Rapid and selective degradation of TRIM28 in mESCs. ERVs,
including intracisternal A-type particles (IAPs), are bound by
members of the TRIM28-HP1α pathway and marked by H3K9me3
in murine ESCs (mESCs)7,9,14–17 (Fig. 1a,b and Supplementary
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Fig. 1a–g). In contrast, heterochromatin components tend not to
occupy enhancers bound by the pluripotency transcription factors
(TFs) OCT4, SOX2 and NANOG that drive the cell-type-specific
transcriptional program of mESCs7,23,24 (Fig. 1a,b and Supplementary
Fig. 1h–j).
Resolving the direct consequences of ERV derepression has been
impeded, in part, by limitations of classic gene disruption strategies and the essential nature of the TRIM28-HP1α pathway in
mESCs7–10. To overcome these challenges, we generated an mESC
line that encodes degradation-sensitive TRIM28-FKBP alleles using
the dTAG system (Fig. 1c and Supplementary Fig. 2a,b)25. Directed
differentiation and tetraploid aggregation assays confirmed that
TRIM28-FKBP mESCs maintained pluripotency and a gene
expression profile similar to parental V6.5 mESCs (Supplementary
Fig. 2d–n). Endogenously tagged TRIM28 experienced reversible,
ligand-dependent proteolysis with near-complete degradation after
6 h of exposure to the dTAG-13 ligand (Fig. 1d and Supplementary
Fig. 2b). Quantitative mass spectrometry confirmed that TRIM28
degradation was highly selective up to 24 h of dTAG-13 treatment
(Supplementary Fig. 2c). Short-term (up to 24 h) TRIM28 degradation did not substantially alter the protein levels of pluripotency markers (for example, OCT4, SOX2, SSEA-1) (Fig. 1d and
Supplementary Fig. 2j-l), suggesting that acute TRIM28 degradation did not markedly alter the pluripotent state.
Reduced SE transcription in TRIM28-degraded mESCs. To monitor changes in transcriptional activity upon acute TRIM28 degradation, we used TT-SLAM-seq, a recently developed genome-wide
nascent transcription readout26. TT-SLAM-seq combines metabolic labeling and chemical nucleoside conversion (SLAM-seq)27
with selective enrichment of newly synthesized RNA (TT-seq)28 to
detect nascent RNA transcription with high temporal resolution
and sensitivity (Supplementary Fig. 3a–c). Consistent with previous reports7,29, we observed derepression of several main classes
of ERVs, including IAPs, MMERVK10C and MMERVK9C elements in TRIM28-degraded ESCs (Fig. 1e and Supplementary
Fig. 4a–f) and loss of H3K9me3 at these sites (Supplementary
Fig. 4g). Derepression of ERVs was also confirmed with extended
TRIM28 degradation for 96 h and RNA-seq (Fig. 1e and
Supplementary Fig. 4a–e). The TT-SLAM-seq data revealed around
250 genes whose transcription was significantly induced and around
300 genes whose transcription was significantly reduced upon 24 h
of TRIM28 degradation (greater than twofold, false discovery rate
(FDR) < 0.05) (Fig. 1f,g). The downregulated genes were enriched
for SE-associated pluripotency genes (NES = −1.6, P < 10−3)
(Fig. 1h). Downregulation of these genes was associated with the
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reduction of nascent transcription at the SEs (Fig. 1i and Extended
Data Fig. 1a–d), which tended to precede the reduction of transcription at the SE-driven gene (Fig. 1f and Extended Data Fig. 1a–c).
These results were unexpected, as TRIM28 binds to ERVs in mESCs
and is not bound at enhancers or SEs (Fig. 1b and Supplementary
Fig. 1i,j). These data reveal the direct transcriptional response to the
loss of TRIM28 and suggest that acute TRIM28 degradation leads to
reduction of SE transcription in ESCs.
Reduced SE-condensate association in TRIM28-degraded
mESCs. Components of the transcription machinery, for example,
RNAPII and the Mediator coactivator, form biomolecular condensates that associate with SEs in ESCs30–33, and the presence of
RNAPII condensates at genomic sites correlates with elevated transcriptional activity32. We thus hypothesized that reduction of SE
transcription in TRIM28-degraded ESCs may be caused by reduced
association of transcriptional condensates with SE loci. To test this
idea, we visualized the genomic region containing the well-studied
SE at the miR290-295 locus using nascent RNA-fluorescence in situ
hybridization (FISH) and transcriptional condensates using immunofluorescence (IF) against RNAPII31. RNAPII puncta consistently colocalized with the miR290-295 locus in control ESCs, and
the colocalization was reduced after 24 h of TRIM28 degradation
(Fig. 1j and Extended Data Fig. 2a), while the overall level of
RNAPII did not change (Extended Data Fig. 2b,c). Similar results
were observed at the Fgf4 SE locus (Extended Data Fig. 2d,e). These
data indicate that transcriptional condensates associate less with SE
loci in TRIM28-degraded ESCs.
To further probe colocalization between RNAPII condensates
and SEs, we used live-cell super-resolution photoactivated localization microscopy (PALM)32. We used an mESC line that encodes
24 copies of an MS2 stem-loop integrated into the SE-driven Sox2
gene, a transgene encoding the MCP MS2-binding protein with a
SNAP tag (MCP-SNAP) and Rpb1 RNAPII subunit endogenously
tagged with the Dendra2 photoconvertible fluorophore. We integrated the degradation-sensitive FKBP tag into the Trim28 locus
in these cells, enabling acute TRIM28 degradation (Extended Data
Fig. 2f). In this system, the MCP-SNAP protein can be used to visualize nascent RNA produced by the Sox2 gene, and the Dendra2 tag
can be used to track RNAPII clusters32. We then visualized RNAPII
clusters for 2 min in live mESCs using PALM and measured the size
and distance of the RNAPII cluster nearest to the Sox2 locus. We
found that 24 h dTAG treatment led to a significant reduction in the
size of the RNAPII cluster nearest to the Sox2 locus (P = 2 × 10−4,
Wilcoxon–Mann–Whitney test) (Fig. 1k) and an increase in the distance between the locus and the nearest RNAPII cluster (P = 0.04,

Fig. 1 | TRIM28 degradation leads to the reduction of SE transcription and loss of transcriptional condensates at SEs in mESCs. a, Models of the
TRIM28/HP1α pathway and enhancers. b, Heatmap of ChIP–seq read densities within a 2-kb window around full-length IAP ERVs and enhancers in
mESC. The genomic elements were length normalized. Enhancers include the constituent enhancers of SEs and typical enhancers. Rpm, reads per million.
c, Scheme of the dTAG system to degrade TRIM28 in mESCs. d, Western blot validation of the FKBP degron tag and its ability to degrade TRIM28.
e, FC in read density of TT-SLAM-seq and RNA-seq data after the indicated duration of dTAG-13 treatment, normalized to the level in the DMSO control.
Data are presented as mean values ± s.d. from three biological replicates. P values are from unpaired two-sided t-tests. **P < 0.01. f, Genome browser
tracks of ChIP–seq data (H3K27Ac, OCT4, SOX2, NANOG) in control mESCs and TT-SLAM-seq data upon 0 h, 2 h, 6 h and 24 h dTAG-13 treatment at
the Klf4 locus. Chr, chromosome. g, FC of gene transcription (TT-SLAM-seq data) upon dTAG-13 treatment. The number of significantly deregulated
genes (DESeq2) and example pluripotency genes are highlighted. h, Gene set enrichment analysis: genes are ranked according to their FC in transcription
(TT-SLAM-seq) after 24 h of dTAG-13 treatment. SE genes are marked with black ticks. P denotes a nominal P value. i, Log2 FC in TT-SLAM-seq read
density at SEs and typical enhancers upon dTAG-13 treatment normalized to untreated control mESCs. P values are from two-sided Wilcoxon–Mann–
Whitney tests. ****P = 5 × 10−8, ***P = 5 × 10−4. j, Representative images of individual z-slices (same z) of RNA-FISH and IF signal, and an image of the
merged channels. The nuclear periphery determined by DAPI staining is highlighted as a white contour (scale bars, 2.5 μm). Also shown are averaged
signals of either RNA-FISH or RNAPII IF centered on the FISH foci or randomly selected nuclear positions (scale bars, 0.5 μm). r denotes a Spearman’s
correlation coefficient. k, Live-cell PALM imaging of Dendra2-RNAPII and nascent RNA transcripts of Sox2-MS2 in mESCs after 24 h dTAG-13 treatment.
Left, size of the nearest RNAPII cluster around Sox2; middle left, distance between the Sox2 locus and the nearest RNAPII cluster; middle right, average
RNAPII cluster size globally; right, number of RNAPII clusters per cell. Data are presented as mean values ± s.d. P values are from Wilcoxon–Mann–
Whitney tests.
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Wilcoxon–Mann–Whitney test) (Fig. 1k), while the global size of
RNAPII clusters in the cells and the average number of RNAPII clusters per cell did not change (Fig. 1k). These data indicate reduced
association of RNAPII condensates at the Sox2 SE locus upon acute
TRIM28 degradation in live cells.
Derepressed IAP RNA foci overlap RNAPII condensates. To
investigate whether transcriptional condensates colocalize with
derepressed ERVs, we visualized IAP ERV loci with RNA-FISH.
Nuclear IAP foci became progressively apparent after 24–48 h of
TRIM28 degradation (Fig. 2a and Extended Data Fig. 3a), and some
nuclear IAP foci colocalized with RNAPII puncta visualized with
IF (mean Manders’ overlap coefficient (MOC), 0.193; n = 24 cells)
(Fig. 2a and Extended Data Fig. 3a). Colocalization of IAP foci was
similarly observed with Mediator puncta visualized with IF using
antibodies against the MED1 (MOC, 0.135; n = 24 cells) (Fig. 2b) and
MED23 Mediator subunits (Extended Data Fig. 3b). Overall, ~20%
of IAP foci were located within 200 nm of an RNAPII or MED1
puncta, a distance range compatible with regulatory interactions32
(Fig. 2c). Consistent with the colocalization of transcriptional condensates with IAP foci and their reduced colocalization with SEs, the
occupancy of RNAPII, Mediator and the transcription-associated
H3K27Ac chromatin mark increased at various ERV families
already after 24 h of TRIM28 degradation, while their enrichment
was reduced at SEs (Fig. 2d and Supplementary Fig. 5a,b).
As transcriptional condensates may associate with multiple distant DNA sites, we explored the possibility that condensates associating with ERVs incorporate ERV-proximal genes. To this end, we
visualized the Cthrc1 locus using nascent RNA-FISH, as Cthrc1 was
among the top upregulated genes in the TT-SLAM-seq data after
24 h of TRIM28 degradation and is located within 100 kb of three
ERVs (Fig. 2e). We found that the Cthrc1 locus colocalized with
RNAPII puncta in TRIM28-degraded ESCs (Fig. 2f and Extended
Data Fig. 4a). The locus also colocalized with puncta formed by
the NFY TF, whose motif is highly enriched in the long terminal
repeat (LTR) of IAPs and other ERVs (Fig. 2g and Extended Data
Fig. 4b,c), but not with puncta of a control TF NRF1 (Extended
Data Fig. 4d). Transient (30 min) treatment of the cells with 1.5%
1,6 hexanediol (1-6 HD)—a short chain aliphatic alcohol that dissolves various biomolecular condensates including RNAPII condensates32 (Extended Data Fig. 3c,d)— reduced the level of Cthrc1
nascent RNA (twofold, P < 0.05, t-test) in TRIM28-degraded cells,
indicating that RNAPII condensates contribute to the upregulation
of this gene (Extended Data Fig. 3e). We then used CRISPR–Cas9
to delete the three ERVs at the Cthrc1 locus and found that, in the
absence of the three ERVs, induction of Cthrc1 and other genes in
the locus was compromised upon TRIM28 degradation (Fig. 2h
and Supplementary Fig. 6a–e). To further probe contacts between
derepressed ERVs and genes, we performed in situ Hi-C in control
and TRIM28-degraded ESCs. We found that 24 h of TRIM28 degradation did not lead to marked genome-wide changes in chromatin contacts (Supplementary Figs. 7a,b and 8a,b) but did lead to a
shift of the most-induced ERV taxa from the inactive ‘B’ towards
the active ‘A’ compartment (Fig. 2i and Supplementary Fig. 7c) and
a moderate increase in the contact frequency of ERVs with transcribed genes and SEs (Fig. 2j and Supplementary Fig. 7d). These
results demonstrate that transcriptional condensates may incorporate genes proximal to derepressed ERVs.
SE-enriched TFs rescue condensate localization. RNAPII- and
Mediator-containing condensates are thought to be anchored at SEs
by TFs that are enriched at these sites34. One would thus expect that
overexpression of SE-enriched TFs rescues the reduced association
of transcriptional condensates with SEs in TRIM28-degraded cells.
To test this idea, we generated degradation-sensitive TRIM28-FKBP
alleles in an induced pluripotent stem cell (iPSC) line that contains
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integrated transgenes encoding OCT4, SOX2, KLF4 and MYC
under a doxycycline-inducible promoter (Fig. 3a,b and Extended
Data Fig. 5a,b)35. The OCT4, SOX2 and KLF4 TFs are highly
enriched at SEs in ESCs36. TRIM28 degradation in the iPSCs led to
the appearance of IAP foci as revealed by IAP RNA-FISH (Fig. 3c,d).
Overexpression of OCT4, SOX2, KLF4 and MYC substantially
reduced the fraction of iPSCs containing IAP foci (Fig. 3c,d) and
overall IAP RNA level in the cell population (Fig. 3e). Furthermore,
OCT4, SOX2, KLF4 and MYC overexpression rescued the extent of
colocalization of RNAPII puncta with the miR290-295 SE locus in
TRIM28-degraded cells (Fig. 3f) while the overall levels of RNAPII
subunits did not change (Extended Data Fig. 5c,d). OCT4, SOX2,
KLF4 and MYC overexpression also partially rescued the downregulation of the miR290-295 SE RNA and Pri-miR290-295 transcript
in TRIM28-degraded cells (Fig. 3g) and nascent transcript levels at
the Klf4, Fgf4, Oct4 and Mycn SE loci (Extended Data Fig. 5e–h).
These results suggest that forced expression of SE-binding TFs prevents the loss of transcriptional condensates at the miR290-295 SE
locus and attenuates IAP induction in TRIM28-degraded cells.
Roles of ERV RNA in condensate formation and localization.
RNA is a key component of numerous biomolecular condensates19
and nascent RNA can enhance phase separation of transcriptional
regulatory proteins21. Therefore, we hypothesized that RNA produced at ERV loci may contribute to the genomic localization of
RNAPII-containing condensates. To test this idea, we knocked
down various ERV RNAs in TRIM28-degraded cells. Expression
of shRNAs targeting the four most prominent ERV families (IAPs,
MMERVK10Cs, MMERVK9Cs, MMETns) partially rescued the
downregulation of SEs and their associated genes after 24 h of
TRIM28 degradation while knocking down IAPs alone did not
(Extended Data Fig. 6a–d). However, expression of the shRNAs for
24 h before inducing TRIM28 degradation (for 24 h) almost entirely
rescued the upregulation of ERV transcript levels (Fig. 4a,b and
Extended Data Fig. 6e,g), the appearance of IAP RNA-FISH foci
(Extended Data Fig. 6h), reduced transcription at SEs and their associated genes (Fig. 4b,c and Extended Data Fig. 6f) and the reduced
association of RNAPII condensates at the mir290-295 SE locus (Fig.
4d and Extended Data Fig. 6i–j). These results indicate that knockdown of ERV RNAs rescues the decrease of SE transcription and
reduced condensate localization at SEs in TRIM28-degraded cells.
To further dissect the relationship between ERV RNA and transcriptional condensates, we performed in vitro reconstitution experiments. We purified recombinant, mCherry-tagged C-terminal
domain (CTD) of RNAPII, which was shown previously to form
condensates in vitro30,33, and mixed it with fluorescein-labeled
in vitro transcribed IAP RNA fragments. The IAP RNA fragments
facilitated RNAPII CTD droplet formation in a dose-dependent
manner (Fig. 4e,f and Extended Data Fig. 7a), and the IAP RNA
was enriched within RNAPII CTD droplets in a dose-dependent
manner (Fig. 4e,g). IAP RNA also facilitated condensation of the
intrinsically disordered region (IDR) of the MED1 Mediator subunit (Extended Data Fig. 7b–e)—a frequently used in vitro model of
Mediator31,33,34. Furthermore, IAP RNA enhanced droplet formation
of purified recombinant HP1α (an in vitro model of heterochromatin37), but the optimal concentration of the RNA for HP1α was
about fivefold lower than that for MED1 IDR in this in vitro system
(Fig. 4h and Extended Data Fig. 8a,b). As expected, various other
RNAs for example SE RNA21 and RNA from main satellite repeats38
also enhanced droplet formation of MED1 IDR and HP1α in vitro,
but the difference in the optimal RNA concentration stayed consistently about fivefold (Extended Data Fig. 8a,b). Moreover, IAP
RNA fragments facilitated partitioning of both the MED1 IDR and
NFYC-IDR into IAP-RNA-containing heterotypic droplets (Fig. 4i,j
and Extended Data Fig. 7f–i). These results indicate that IAP RNA
can enhance droplet formation of key transcriptional regulatory
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proteins, and suggest a mechanistic basis for the difference of the
effect of RNA on heterochromatin and transcriptional condensates.
Transgenic ERVs compete with SEs for activators. Derepressed
ERV loci seem to compete for transcriptional condensates with
SEs, in part through producing RNA that facilitates condensation
Nature Genetics | VOL 54 | August 2022 | 1238–1247 | www.nature.com/naturegenetics

of transcriptional activators. To probe this competition directly,
we investigated whether simultaneously activated transcription at
repetitive loci (for example, ERVs) could compromise transcription
at SEs. First, we attempted to activate IAPs using CRISPRa39, but targeting a dCas9-VP64 protein to IAPs with several guide RNAs failed
to produce meaningful transcription at those elements. We then
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mimicked the effect of simultaneous ERV induction by generating
an mESC line containing multiple copies of an integrated PiggyBac
transposon (Extended Data Fig. 9a–d). The transposon encoded a
Dox-inducible green fluorescent protein (GFP) transgene with a
polyA between two loxP sites, and ~900 bp fragments of IAPEz ERVs
(Fig. 4k). Transfection of a plasmid encoding a Cre-recombinase
enabled the generation of an isogenic line (‘IAPEz line’) encoding Dox-inducible IAPEz transgenes with the same copy number
and insertion sites as GFP in the parental mESC line (‘GFP line’)
(Fig. 4k). Quantitative PCR with reverse transcription (qRT–PCR)
analyses confirmed induction of either GFP or IAPEz transcription upon Dox treatment in the respective lines (Fig. 4l). Moreover,
induction of IAPEz transcription led to a rapid reduction of SE
Nature Genetics | VOL 54 | August 2022 | 1238–1247 | www.nature.com/naturegenetics

transcription at the miR290-295, Klf4 and Fgf4 loci, and reduced
transcript levels of the associated genes, whereas it generally did not
affect transcript levels of typical enhancer-associated genes (Fig.
4m and Extended Data Fig. 9e). In contrast, induction of GFP transcription had only a mild effect on SEs (Fig. 4m and Extended Data
Fig. 9e). Consistent with the specific effect of IAPEz RNA induction,
cellular fractionation experiments revealed that about twice as much
of the IAPEz RNA is retained in the nuclear fraction compared with
the GFP RNA (Extended Data Fig. 9f). Similar results were observed
in a second pair of mESC lines in which the IAPEz fragment was
substituted with fragments of MMERVK10C ERVs of around 900 bp
(Extended Data Fig. 9g–i). Induction of MMERVK10C transcription from a PiggyBac transposon compromised transcription at SEs
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and their associated genes (Extended Data Fig. 9g–i). These results
demonstrate that simultaneous activation of transgenic ERVs may
compromise SE transcription in mESCs, and the ERV RNA seems
to play an important role in this process.
ERV derepression correlates with loss of pluripotent cells. The
above results suggest that pluripotent stem cells fail to maintain
transcription of SE-driven genes when ERV repression is compromised. This model predicts that the amount of ERV products
would correlate with the inability of embryos to maintain a pluripotent compartment. To test this model in vivo, we used our recently
developed zygotic perturbation platform (Fig. 5a)40–42. We generated
zygotic deletion mutants of TRIM28, SETDB1, HP1α and other
epigenetic regulators implicated in ERV repression, and assayed
the timing and amount of the GAG protein produced by IAPs
(Fig. 5b). IAP GAG foci were detected in E3.5 blastocysts of
TRIM28, SETDB1 and KDM1A knockout (KO) mutants, and these
mutations were lethal at around E6.5 in embryos (Fig. 5b,c) suggesting that early appearance of IAP GAG foci may correlate with the
onset of embryonic lethality.
To probe which cell types are affected by derepression of ERVs,
we used single-cell RNA-seq (scRNA-seq). We created a reference cell state map of an early mouse embryo spanning a window of developmental stages (E5.5 to E7.0) that encompass the
onset of lethality in TRIM28 KO mice (around E6.5) (Extended
Data Fig. 10a–f,i)7,43,44. We then generated TRIM28-deficient
embryos using Cas9/sgRNA delivery into zygotes (Extended Data
Fig. 10a–c) and mapped cell states using scRNA-seq (Fig. 5d and
Extended Data Fig. 10g). The E6.5 TRIM28 KO scRNA-seq data
revealed a dramatic scarcity of epiblast cells normally derived
from pluripotent cells of the inner cell mass (ICM) (Fig. 5d), and
an abundance of extraembryonic lineages (for example, parietal
endoderm) (Fig. 5e and Supplementary Fig. 9a,b). Quantifying
the fraction of reads mapping to various ERV taxa revealed that
IAPs and MMERVK10Cs were derepressed in all cell types, while
MMERVK9Cs and MMETns were derepressed specifically in epiblast cells, resulting in a higher total fraction of reads from ERVs
(Fig. 5e and Extended Data Fig. 10h). These data indicate that the
amount of ERV RNA transcripts is especially high in pluripotent
cells in TRIM28 KO embryos.
IF imaging corroborated specific depletion of pluripotent cells
in early embryos. The pluripotency factors NANOG, OCT4, SOX2
and KLF4 were already virtually absent in the ICM of TRIM28 KO
E3.5 blastocysts (Fig. 5f and Supplementary Fig. 10a-b), and the
inner part of the blastocysts was instead populated by cells expressing the endoderm marker GATA6 (Fig. 5f). This phenotype is reminiscent of NANOG knockout embryos, in which the pluripotent
ICM is replaced by GATA6-expressing parietal endoderm-like cells
(Fig. 5f)45. These data are consistent with upregulation of endoderm
markers observed in TRIM28-degraded ESCs (Supplementary
Fig. 11a-c). Overall, these findings suggest that extended ERV derepression results in the loss of expression of pluripotency genes and
consequent depletion of pluripotent cells in early mouse embryos.

Discussion

The results presented here support a model in which ERV retrotransposons have the capacity to hijack biomolecular condensates formed by key transcriptional regulatory proteins in
pluripotent cells (Fig. 5g). This model may help explain why thousands of transposition-incapable ERVs are repressed in mammals
and how their reactivation could alter cellular fates in the absence of
retrotransposition7,9,18,46–50.
Derepressed ERVs seem to compete with SEs for transcriptional
condensates in pluripotent cells, in part through the RNA transcripts
they produce. In vitro, various RNA species facilitate phase separation of transcriptional regulators and heterochromatin proteins,
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primarily via engaging in electrostatic interactions21,38. In ESCs,
forced transcription of ERV RNA from multiple loci led to a profound decrease in SE transcription while transcription of GFP RNA
had a moderate effect (Fig. 4k–m and Extended Data Fig. 9g–i),
suggesting sequence contribution to the impact of ERV RNAs on
RNAPII-containing condensates in vivo. Recent studies reported
that m6A methylation plays an important role in repressing ERV
transcripts11–13. The contribution of ERV RNA to the hijacking of
transcriptional condensates from SEs may explain the in vivo role
and importance of ERV RNA modifications.
Many nuclear noncoding RNAs are known to localize to the
loci where they are produced22, but their functions are mysterious. Transient expression of ERVs and nuclear IAP foci have been
described in early-stage human and mouse embryos48,49,51,52 and
adult immune cells53, suggesting that ERV RNAs may play important roles in transcriptional programs during mammalian development. Consistently, previous studies suggested that derepressed
transposons can act as enhancers and alternative promoters of cellular genes29,48,53–55. RNA transcripts produced by ERVs may thus
contribute to the genomic distribution of condensates in various
developmental contexts.
Condensate hijacking by ERVs may contribute to disease.
Trim28 haploinsufficiency is associated with obesity56 and predisposes to Wilms’ tumor57. Some ERVs may function as enhancers
in acute myeloid leukemia58, and ERV transcription is associated
with neurological diseases59 such as amyotrophic lateral sclerosis60
and schizophrenia61. The capacity of ERV RNAs to hijack transcriptional condensates may shed light on the molecular basis of
these conditions.
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Methods

Licenses. All animal procedures were performed in our specialized facility,
following all relevant animal welfare guidelines and regulations, approved by the
Max Planck Institute for Molecular Genetics and LAGeSo, Berlin (license number,
G0247/18-SGr1; and Harvard University (IACUC protocol 28-21)). S2 work was
performed following all relevant guidelines and regulations, approved by the Max
Planck Institute for Molecular Genetics and the local authorities LAGeSo, Berlin
(license number, 222/15-17a).
Cell culture. The V6.5 mESCs and iPSCs were cultured on irradiated primary
mouse embryonic fibroblasts (MEFs) under standard serum/leukemia inhibitory
factor (LIF) conditions (KO DMEM containing 15% fetal bovine serum (FBS),
supplemented with 1× penicillin/streptomycin, 1× GlutaMAX supplement, 1×
nonessential amino acids, 0.05 mM β-mercaptoethanol (all from Gibco) and
1,000 U ml–1 LIF).
For ChIP–seq, TT-SLAM–seq and RNA-seq experiments, mESCs were
depleted from MEFs by incubating them on gelatin-coated cell culture plates for
45 min at 37 °C, allowing MEFs to attach while mESCs remain in suspension. MEF
depletion was performed twice, after which mESCs were seeded on gelatin-coated
plates and maintained in serum/LIF conditions with 2,000 U ml–1 LIF.
For RNA-FISH combined with IF, MEF-depleted cells were grown on round
18-mm glass coverslips (Roth LH23.1). Coverslips were coated with 5 µg ml–1 of
poly-l-ornithine (Sigma-Aldrich, catalog no. P4957) for 30 min at 37 °C and with
5 µg ml–1 of Laminin (Corning, catalog no. 354232) overnight at 37 °C.
To perturb RNAPII condensates, cells were treated for 30 min with
1.5% 1-6 HD (Sigma) in serum/LIF conditions with 2,000U ml–1 LIF
(Extended Data Fig. 3c,d).
Generation of the TRIM28-FKBP ESC line. To knock in the degradation-sensitive
FKBPF36V tag at the N-terminus of TRIM28, a repair template containing homology
arms spanning upstream and downstream of the target site was cloned into a
pUC19 vector (NEB) (Supplementary Fig. 2a). The repair template included a
mRuby2 fluorescent protein sequence, P2A linker and the FKBP tag sequence
(Supplementary Fig. 2a)25. mRuby2 sequence was amplified from the mRuby2-N1
plasmid (Addgene, catalog no. 54614), and the P2A-FKBP sequence was amplified
from the PITCh dTAG donor vector (Addgene, catalog no. 91792). A guide RNA
(Supplementary Table 1b) targeting the N-terminus of TRIM28 was cloned into
the sgRNA-Cas9 vector pX458 (Addgene, catalog no. 48138). The repair template
and the sgRNA-Cas9 vector were transfected into V6.5 mESCs and iPSCs by
nucleofection using Amaxa 4D Nucleofector X Unit (Lonza) according to the
manufacturer’s instructions. To screen for positive integrations, the transfected
cells were sorted for mRuby2 fluorescent protein expression with flow cytometry.
The sorted cells were seeded as single cells and expanded for a few days. Single
colonies were picked and genotyped for the correct integration with Western blot.
TRIM28 degradation. Before treatment, cells were seeded on 0.2% gelatin-coated
plates after two rounds of MEF depletion. For degradation of TRIM28, 500 nM
of dTAG-13 compound25 was mixed with mESC medium (supplemented with
2,000 U mL–1 LIF) and incubated for the time indicated; medium was changed
daily for fresh dTAG-13.
RNA-FISH combined with IF. RNA-FISH combined with IF was performed
essentially as described31. For IF, dTAG-13- or DMSO- treated cells were fixed in
4% paraformaldehyde for 10 min at RT and stored in PBS at 4 °C. All buffers and
antibodies were diluted in RNase-free PBS (Thermo Fisher, catalog no. AM9624).
Cells were permeabilized with 0.5% Triton X-100 (Thermo Fisher, catalog no.
85111) for 10 min at RT, followed by three consecutive 5 min PBS washes. Cells
were then incubated in the primary antibody (RNAPII (Abcam, catalog no.
ab817) at 1:500, NFY-A (Santa Cruz, catalog no. sc-17753 X) at 1:250, NRF1
(Abcam, catalog no. ab55744) at 1:500, MED1 (Abcam, catalog no. ab64965)
at 1:500 and MED23 (Bethyl Labs, catalog no. A300-425A) in PBS overnight.
After two 5 min PBS washes, cells were incubated in the secondary antibody
(Invitrogen, goat anti-mouse Alexa Fluor 488 (catalog no. A-11001) or goat
anti-rabbit Alexa Fluor 488 (catalog no. A-11008)) at 1:500 in PBS for 60 min at
room temperature. Cells were washed twice in PBS for 5 min and re-fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature. Following two 5 min
PBS washes, cells were washed once with 20% Stellaris RNA-FISH Wash Buffer A
(Biosearch Technologies, catalog no. SMF-WA1-60) and 10% deionized formamide
(EMD Millipore, catalog no. S4117) in RNase-free water (Invitrogen, catalog no.
10977035) for 5 min at RT. Cells were hybridized with 90% Stellaris RNA-FISH
Hybridization Buffer (Biosearch Technologies, catalog no. SMF-HB1-10), 10%
deionized formamide and 12.5 or 25 µM Stellaris RNA-FISH probes. Probes were
hybridized in a humidified chamber overnight at 37 °C. Cells were washed with
Wash Buffer A for 30 min at 37 °C and stained with 0.24 µg ml–1 4,6-diamidino2-phenylindole (DAPI) in Wash Buffer A for 3 min at room temperature. Cells
were washed with Stellaris RNA-FISH Wash Buffer B (Biosearch Technologies,
catalog no. SMF-WB1-20) for 5 min at RT, mounted onto glass microscopy slides
with Vectashield mounting medium (Vector Laboratories, catalog no. H-1900)
and sealed using transparent nail polish. Images were acquired with LSM880
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Airyscan microscope equipped with a Plan-Apochromat ×63/1.40 oil differential
interference contrast objective or Z1 Observer (Zeiss) microscope with ×100
magnification with Zen 2.3 v.2.3.69.1016 (blue edition) or Zen (black edition).
Images were processed with ZEN 3.1 (Zeiss) and ImageJ software v.2.1.0/1.53i
(Figs. 1j, 2a–b, 2f–g, 3f and 4d and Extended Data Figs. 2a, 3a–b,d, 4d and 6h).
ImageJ colocalization plugins were used for colocalization analysis of ERV IAP
RNA-FISH with RNAPII and MED1 IF62,63. For nearest RNAPII cluster distance
analysis in the miR290-295 RNA-FISH dataset, z-projections consisting of ±4.5
slices around the FISH spot were obtained in both channels and thresholded to
allow detection of individual RNAPII clusters. Center of mass distances to the
nearest cluster were calculated using FIJI (DiAna)63. RNA-FISH probes were
designed and generated by Biosearch Technologies Stellaris RNA-FISH to target
introns of miR290-295 primary transcript and Cthrc1, and IAPEz transcripts.
Sequences of RNA-FISH probes are available in Supplementary Table 1a.
Live-cell PALM. Live-cell PALM imaging was carried out as described before32,64,65.
mESCs used for live-cell PALM imaging were derived from R1 background, with
the Sox2 gene tagged with 24 repeats of MS2 stemloops at its mRNA 3′ end, Rpb1
tagged with Dendra2 at its N-terminus, EF1α-NLS-MCP-SNAP inserted stably into
the genome and both alleles of Trim28 tagged with the degradation-sensitive FKBP
tag (Extended Data Fig. 2f). Cells were simultaneously illuminated with 1.3 W cm–2
near UV light (405 nm) for photoconversion of Dendra2 and 3.2 kW cm–2
(561 nm) for fluorescence detection with an exposure time of 50 ms. We acquired
images of Dendra2-RNAPII for 100 s (2,000 frames) for quantification of Pol II
clusters. For dual-color imaging, cells were incubated with 100 nM JF646 SNAP
ligand for 20 min and washed with 2i medium, followed by 30 min incubation
in 2i media without JF646-HaloTaq ligands, to wash out unbound SNAP ligands
before fluorescence imaging in L-15 medium. We acquired 50 frames (2.5 s) with
642 nm excitation with a power intensity of 2.5 kW cm–2 and quickly switched
to simultaneous 405/561 imaging for PALM. Super-resolution images were
reconstructed and analyzed using MTT66 and qSR67. RNAPII cluster size was
defined as the total number of localizations within the image acquisition time
(100 s). The distance was calculated as the distance between the center of the MS2
nascent transcription site and the center of the nearest RNAPII cluster (Fig. 1k).
TT-SLAM-seq. TT-SLAM-seq was performed as described previously26.
Briefly, cells were treated with DMSO or 500 nM dTAG-13 for 2, 6 or 24 h and
subjected to 15 min of 4-thiouridine (4sU) labeling using 500 µM 4sU. Total
RNA was extracted with Trizol (Ambion) and 24:1 chloroform:isoamylalcohol
(Sigma) while using 0.1 mM dithiothreitol (DTT) in isopropanol precipitation
and ethanol washes. For each sample, 50 µg of total RNA was fragmented with
Magnesium RNA Fragmentation Module (NEB), and fragmentation buffer was
removed from samples with ethanol precipitation in presence of 0.1 mM DTT.
RNA was then resuspended in 350 µl RNase-free water, diluted in biotinylation
buffer (200 mM HEPES pH 7.5, and 10 mM EDTA) and topped up with 5 µg
MTS-Biotin (previously diluted to 50 µg ml–1 in dimethylformamide) to reach
a final volume of 500 µl. The biotinylation reaction was incubated for 30 min at
room temperature while keeping samples in rotation and protected from light.
Unbound biotin was removed with acid-phenol:chloroform extraction (125:24:1,
Ambion) and isopropanol precipitation. Biotinylated RNA was resuspended in
100 µl RNase-free water, denatured in 65 °C for 10 min and then cooled on ice for
5 min. The biotinylated RNA was captured with 100 µl µMACS streptavidin beads
(Miltenyi) by incubating for 15 min in rotation while keeping samples protected
from light. µMACS columns were equilibrated on magnetic stand with nucleic
acid equilibration buffer and two times with biotinylation buffer (20 mM HEPES,
1 mM EDTA, pH 8). Beads were transferred to columns and washed three times
with wash buffer (100 mM Tris-HCl pH 7.5, 10 mM EDTA, 1 M NaCl and 0.1
% Tween 20), and labeled RNA was eluted twice with a total 200 µl of 100 mM
DTT. RNA was cleaned up with RNeasy Minelute columns (Qiagen) and eluted
to RNase-free water with 1 mM DTT. 4sU residues of RNA were alkylated with
iodoacetamide treatment (10 mM iodoacetamide in 50 mM NaPO4, pH 8 and 50
% DMSO) by incubating samples in 50 °C for 15 min, followed by quenching with
20 mM DTT. RNA samples were purified with ethanol precipitation and treated
with Turbo DNase (Invitrogen). Sequencing libraries were prepared with NEBNext
Ultra II Directional RNA Library Prep Kit and NEBNext Multiplex Oligos (NEB),
according to manufacturer’s instructions, except using 8 min incubation time in
fragmentation step.
Generating wild-type and mutant mouse embryos. Zygotes were generated by
in vitro fertilization (IVF) as previously described68. Briefly, B6D2F1 female mice
aged 7–9 weeks were superovulated with two rounds of hormone injections (5 IU
of pregnant mare serum gonadotrophin followed by 5 IU of human chorionic
gonadotrophin after 46 h). Oocytes were isolated and cultured in pre-gassed
KSOM medium before IVF. F1 (C57BL/6J × Castaneous) sperm isolated from
the cauda epididymis were thawed and used for IVF. At 6 h after fertilization,
zygotes were washed in M2 medium for multiple rounds and then prepared for
electroporation. Alt-R CRISPR–Cas9 and guide RNAs ribonucleoproteins were
prepared as described previously40. Guide RNAs used to target the genes are listed
in Supplementary Table 1b. Zygotes were washed in three drops of OptiMEM
Nature Genetics | www.nature.com/naturegenetics
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Reduced Serum Medium (Thermo Fisher Scientific) before electroporation.
NEPA21 electroporator (NEPAgene) was used for electroporating zygotes with the
following settings for a small chamber: four poring pulses of 34 V for 2.5 ms with
an interval of 50 ms were used to generate pores in the zona pellucida layer. Voltage
decay was set at 10% and (+) polarity. To enable intake of the ribonucleoproteins,
five transfer pulses of 5 V were applied for 50 ms each with an interval of 50 ms.
Voltage decay for the transfer was set at 40% with an alternating polarity of (+) and
(−). Electroporated zygotes were washed in three drops of KSOM medium and
cultured in pre-gassed KSOM drops until blastocyst stage under standard embryo
culture conditions. Blastocysts were scored for viability and morphology and
retransferred bilaterally in a clutch of 15 blastocysts per uterine horn into day 2.5
pseudopregnant CD-1 surrogate female mice. E6.5 embryos were dissected from
the uterus in 1× Hanks’ Balanced Salt Solution and used for further analysis. E5.5
wild-type embryos were generated with the setup, and mock electroporation with
guide targeting GFP sequence was used.
scRNA-seq of embryos. E5.5 wild-type and E6.5 TRIM28 mutant embryos were
dissected from the decidua in 1× Hanks’ Balanced Salt Solution and then washed
in 1× PBS. Reichert’s membrane was removed carefully with sharp forceps and
glass capillaries, and the embryos were washed in 1× PBS with 0.4% BSA. The
embryos were disaggregated with TrypLE Express (Gibco) with gentle pipetting
every 10 min up to a total of 40 min at 37 °C. The dissociated cells were counted
for viability and then washed in 1× PBS with 0.4% BSA for a total of three washes
at 4 °C and 1,200 r.p.m. for 5 min. The cells were subjected to scRNA-seq using a
10x Genomics Chromium Single Cell 3′ v.2 kit. Single-cell libraries were generated
following the manufacturer’s instructions with the exception of the cycle number
used. Libraries were sequenced on a Novaseq6000 with asymmetric reads and a
depth of 300–350 million fragments per library.
Average image and radial distribution analysis. The image analysis pipeline
used for the colocalization analysis of RNA-FISH combined with IF was described
previously31. Briefly, MATLAB scripts were used to identify RNA-FISH foci in
z stacks through intensity thresholding (the same threshold was used for image
sets shown on the same figure panels) and create RNA-FISH signal centroids (x,
y, z) that were stitched together and positioned in a box of size l = 1.5 μm. For
identified FISH foci, signal from corresponding location in the IF channel was
collected in the l × l square centered at the RNA-FISH focus at each corresponding
z-slice. The IF signal centered at FISH foci for each FISH and IF pair were then
combined to calculate an average intensity projection, providing averaged data
for IF signal intensity within a l × l square centered at FISH foci. The same process
was carried out for the FISH signal intensity centered on its own coordinates,
providing averaged data for FISH signal intensity within a l × l square centered at
FISH foci. As a control, this same process was carried out for IF signal centered at
random nuclear positions generated using custom Python scripts. These average
intensity projections were then used to generate two-dimensional contour maps of
the signal intensity or radial distribution plots. Contour plots are generated using
inbuilt functions in MATLAB. The intensity radial function ((r)) is computed from
the average data. For the contour plots of the IF channel, an intensity colormap
consisting of 14 bins with gradients of black, violet and green was generated.
For the FISH channel, black to magenta was used. The generated colormap was
employed to 14 evenly spaced intensity bins for all IF plots. The averaged IF
centered at FISH or at randomly selected nuclear locations were plotted using
the same color scale. For the radial distribution plots, the Spearman correlation
coefficients, r, were computed and reported between the FISH and IF (centered at
FISH) signal. A two-tailed Student’s t-test, comparing the Spearman correlation
calculated for all pairs, was used to generate P values (Figs. 1j, 2f–g, 3f and 4d and
Extended Data Figs. 2a and 4d).
Bioinformatics. All analyses were carried out using R v.3.6.3 unless stated
otherwise.
TT-SLAM-seq processing. Raw reads were trimmed by quality, Illumina adapter
content and polyA content analogous to the RNA-seq samples and aligned with
STAR with parameters ‘–outFilterMultimapNmax 50–outReadsUnmapped
Fastx’ to the SILVA database69 (downloaded 6 March 2020) to remove rRNA
content. Unaligned reads were afterwards reverse-complemented using the
seqtk ‘seq’ command (https://github.com/lh3/seqtk, v.1.3-r106; parameters: -r).
Reverse-complemented reads were processed using SLAM-DUNK70 with the ‘all’
command (v.0.4.1; parameters: -rl 100 -5 0) with the GENCODE gene annotation
(VM19) as ‘-b’ option. Reads with a ‘T > C’ conversion representing nascent
transcription were filtered from the BAM files using alleyoop (provided together
with SLAM-DUNK) with the ‘read-separator’ command. Counts per gene were
quantified based on the ‘T > C’-converted reads using htseq-count (v.0.11.4;
parameters:–stranded=yes,–nonunique=all)71. FPKM values were calculated based
on the resulting counts. For genome-wide coverage tracks, technical replicates
were merged using samtools ‘merge’72. Coverage tracks for single and merged
replicates were obtained using deepTools bamCoverage72 (v.3.4.3; parameters:–
normalizeUsing CPM) separately for the forward and reverse strand based on the
‘T > C’-converted reads.
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Enhancer and SE annotation. The annotation of SErs, enhancers and enhancer
constituents was taken from Whyte et al.73. Coordinates were lifted from mm9 to
mm10 using UCSC liftOver. These coordinates were used throughout this study
for all enhancer-associated analyses (Supplementary Table 2).
Retrotransposon element definition. The genome-wide retrotransposon
annotation of LTR, LINE and SINE elements was downloaded from Repbase74.
Based on the Repbase classification system, we used the element annotation as
LTR, LINE or SINE as the retrotransposon classes. Retrotransposon families
considered in this study were L1 and L2 elements (LINE), ERV1, ERV3, ERVK,
ERVL and MALR (LTR), as well as Alu, B2, B4 and MIR elements (SINE). Repeat
subfamilies used in this study were subdivided into IAP, MMERVK and MMETn
(ERVK) elements. IAPs and MMERVKs consist of multiple different subfamilies
as annotated by Repbase (Supplementary Figs. 1a and 4a), which we summarized
under these broader terms. The classification is consistent with retrotransposon
classification described in previous studies1,75,76.
Full-length retrotransposons were defined based on the Repbase repeat
annotation. For full-length ERVK elements, we required the element to consist
of an inner part with two flanking LTRs. First, elements annotated as inner parts
(containing the keyword ‘int’) were merged if they belonged to the same subfamily
and were located within maximal 200 bp of each other. Second, only the merged
inner parts with an annotated ERVK LTR within a distance of, at most, 50 bp on
each side were selected as full-length element candidates. For IAPs specifically, only
LTRs that belonged to an IAP subfamily were considered. No size restrictions were
applied on the inner parts or LTRs, which could lead to potential false positive
candidates that are too truncated to be able to be transcribed, but, on the other
hand, provides an unbiased definition of full-length repeat elements. The subfamily
per element was defined based on the inner part. Inner parts flanked by only one
LTR were termed half-length elements. LTRs without an inner part were termed
solo LTRs. To provide a broad overview of potential full-length L1 elements, only
annotated elements with a size of greater than 6 kb were shown. The genomic
coordinates of retrotransposons are listed in Supplementary Table 2a–e.
scRNA-seq processing. Fastq files for the wild-type timepoints E6.5 and E7.0
were downloaded from GEO (Supplementary Table 1c)77. For the wild-type
time point E5.5 and the Trim28 KO, raw reads (fastq) were generated using Cell
Ranger (https://support.10xgenomics.com/single-cell-gene-expression/software/
downloads/latest) (v.4) from 10x Genomics Inc. with the command ‘cellranger
mkfastq.’ Reads from all timepoints were aligned against the mouse genome
(mm10), and barcodes and unique molecular identifiers were counted using
‘cellranger count’. Multiple sequencing runs were combined using ‘cellranger aggr.’
Retrotransposon expression quantification. Global repeat expression
quantification from RNA-seq, TT-SLAM-seq and scRNA-seq (Fig. 1e and
Supplementary Fig. 4b-e) was carried out as described40. Briefly, to estimate the
expression for each retrotransposon subfamily without bias due to gene expression,
only reads not overlapping any gene were considered for the analysis. Reads
overlapping splice sites, as well as reads with a high polyA content, were removed.
The remaining reads were counted per subfamily only if they aligned uniquely or
multiple times to elements of the same subfamily. Here, any annotated element of
a specific subfamily from Repbase was considered independent of our full-length
ERVK annotations. Reads aligning to multiple elements were counted only once.
For scRNA-seq samples, reads were counted per subfamily, sample and cell state.
The number of reads per subfamily was normalized by library size for RNA-seq
and TT-SLAM-seq samples and normalized by reads aligning to genes and repeats
for scRNA-seq samples. Fold change (FC) was calculated with respect to the
DMSO or wild-type samples.
Statistical tests. The statistical significance of the difference of IAP expression
between DMSO control and dTAG timepoints for TT-SLAM-seq and RNA-seq
was calculated using an unpaired two-sided t-test (Fig. 1e). Statistical significance
of differences in FC (versus DMSO) in control versus 1-6 HD-treated cells was
estimated with unpaired two-sided t-test (Extended Data Fig. 3e). All other tests
are described in the figure legends.
Definition of boxplot elements. In Figs. 1i and 4c,f–h,j, Extended Data Figs.
7c,e and 8b and Supplementary Fig. 7c, elements depicted in boxplots are as
follows: middle line, median; box limits, upper and lower quartile; whiskers, 1.5×
interquartile range. In Extended Data Figs. 2b–d and 5c, elements depicted in dot
plots are as follows: middle line, mean; whiskers, s.d.; points, all data points.
Statistics and reproducibility. For all RNA-FISH combined with IF experiments,
the target combination of gene transcript and transcriptional activator was probed
on one coverslip of mESCs and at least two viewpoints were acquired. The number
of detected foci included in the radial plot analysis is indicated under nfoci in Figs.
1j, 2f,g, 3f and 4d and Extended Data Figs. 2b,d, 4d and 6j. For Fig. 2a,b, n indicates
the number of analyzed nuclei collected from at least three viewpoints, whereas
the total number of detected IAPez foci is indicated in Fig. 2c (1,774 for RNAPII
and 2,735 for MED1). Colocalizing foci (distance <200 nm) from Fig. 2a,b are
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indicated in Fig. 2c (344 of 1,774 for RNAPII and 381 of 2,735 for MED1). In Fig.
1h, enhancer constituents with significant transcription (FPKM > 1) are included
(n = 117 for super-enhancers, n = 153 for typical enhancers).
IAP RNA-FISH–RNAPII IF experiments were repeated three times. Images
and analysis of one representative experiment are displayed in Fig. 2a, and those
from a second replicate experiments in Extended Data Fig. 3a. IAP RNA-FISH–
MED1/MED23 IF images are from one biological replicate staining experiment
(Fig. 2b and Extended Data Fig. 3b). IF images of 1-6 HD-treatment experiments
(Extended Data Fig. 3d) and Cthrc1 RNA–NRF1 IF images are from one biological
replicate staining experiment (Extended Data Fig. 4d).
For in vitro biochemistry experiments (Fig. 4e,i and Extended Data Figs.
7a,b,d,g,h and 8a), at least one independent slide containing the indicated mix
was imaged and at least five independent viewpoints were acquired for each
slide. Data are displayed as boxplots (Fig. 4f,g,h,j and Extended Data Figs. 7c,e,i
and 8b), and each dot represents an individual droplet (n is the total number
of droplets). In the boxplots, the lower box limit was set to the 25th percentile,
upper box limit was set to the 75th percentile, the center line indicates the median
and the whiskers represent the range within 1.5× interquartile. The following
numbers of viewpoints and droplets were analyzed (formatted as condition
per number of replicates per number of viewpoints per experiment per total
number of droplets shown if the figure contains a boxplot): Fig. 4e,f,g, (IAP RNA:
0 nM; Fluorescein: 73 nM)/3/5/4,152, (3.7 nM)/3/5/1,337, (37 nM)/3/5/8,142,
(73 nM)/3/5/11,018; Fig. 4h, (all conditions)/1/5/5 (each dot represents an
image); Fig. 4i,j, (IAP RNA: 0 nM)/2/5/308, (15 nM)/2/5/332; Extended Data
Fig. 7a–e, (IAP RNA: 0 nM; Fluorescein: 73 nM)/2/5/945, (3.7 nM)/2/5/293,
(37 nM)/2/5/217, (73 nM)/2/5/321; Extended Data Fig. 7g, (all conditions)/2/5;
Extended Data Fig. 7h,i, (mEGFP)/2/5/337, (NFYC-IDR-mEGFP)/2/5/434;
Extended Data Fig. 8a,b, (IAP RNA-Cy5 all combinations)/1/5/5 images, (Maj Sat
Repeat RNA-Cy5 all combinations)/1/10/10 images, (MiR290-295 SE RNA-Cy5
with MED1 IDR-mEGFP)/1/10/10 images and (MiR290-295 SE RNA-Cy5 with
HP1α-mCherry)/1/20/20 images).
Sample sizes in Fig. 1k are as follows: left, sample size: 157 (DMSO), 112
(dTAG-13) cells; middle left, sample size: 157 (DMSO), 112 (dTAG-13) cells;
middle, right, sample size: 2,591 (DMSO), 1,572 (dTAG-13) RNAPII clusters; right,
number of RNAPII clusters per cell: sample size: 94 (DMSO), 59 (dTAG-13) cells.
Sample sizes in Fig. 4c are as follows: left panel shows SE constituents with
FPKM > 0.05 (n = 163), middle panel contains SE-associated genes (n = 185) and
right panel includes all active genes FPKM > 1 (n = 11,525).
Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All data are available in the Supplementary Information. Sequence data were
deposited at GEO under the accession number GSE159468. Mass spectrometry
data were deposited at ProteomeXchange under the accession ID PDX021895.
Plasmids generated in the study are available at Addgene. Source data are provided
with this paper.

Code availability

All custom code used in this study was deposited along with the raw data at
Zenodo (https://doi.org/10.5281/zenodo.6521914).
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Extended Data Fig. 1 | Reduction of super-enhancer transcription and the pluripotency circuit in TRIM28-degraded mESCs. a. Acute reduction of
transcription at the miR290-295 super-enhancer locus upon TRIM28-degradation. Displayed are genome browser tracks of ChIP-seq data (H3K27Ac,
OCT4, SOX2, NANOG) in control mESCs, and TT-SLAM-seq data upon 0 h, 2 h, 6 h and 24 h dTAG-13 treatment at the miR290-295 locus. Rpm:
reads per million. Co-ordinates are mm10 genome assembly co-ordinates. b. Acute reduction of transcription at the Mycn super-enhancer locus upon
TRIM28-degradation. Displayed are genome browser tracks of ChIP-seq data (H3K27Ac, OCT4, SOX2, NANOG) in control mESCs, and TT-SLAM-seq
data upon 0 h, 2 h, 6 h and 24 h dTAG-13 treatment at the Mycn locus. Rpm: reads per million. Co-ordinates are mm10 genome assembly co-ordinates.
c. qRT-PCR validation of the TT-SLAM-seq data at the miR290-295 and Klf4 loci. Displayed are transcript levels after the indicated duration of dTAG-13
treatment. Values are displayed as mean ± SD from three independent experiments and are normalized to the level at 0 h. P values are from two-tailed
t-tests. ****: P < 10−4, ***: P < 10−3, **: P < 10−2, *: P < 0.05. d. Visualization of nascent transcripts at super-enhancers, enhancers and de-repressed LTR
retrotransposons. Displayed are TT-SLAM-seq read densities from both strands within 4 kb around the indicated sites. The genomic features (the middle
part of the plot) were length normalized. Meta-analyses of the mean signals are displayed above the heatmaps.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Loss of SE-association with RNAPII puncta at super-enhancers. a. Analyses of cells used in Fig. 1j. (left) RNAPII IF intensity at
the miR290-295 FISH foci (nDMSO = 61, ndTAG-13 = 50). (middle) RNAPII mean fluorescence intensity at random nuclear positions (nDMSO = 61, ndTAG-13 = 50).
(right) Distance between the FISH focus and the nearest RNAPII puncta (nDMSO = 67, ndTAG-13 = 53). Data presented as mean values ± SD from one staining
experiment. P values are from two-sided Mann-Whitney tests. NS: not significant. b. Images of RNA-FISH and IF signal. Nuclear periphery determined by
DAPI staining is highlighted as a white contour. Also shown are averaged signal of either RNA FISH or RNAPII IF centered on the miR290-295 FISH foci or
randomly selected nuclear positions. Data were collected as an independent replicate of experiments displayed in Fig. 1j. Scale bars: 2.5 μm. c. Analysis
of cells used in panel ‘b’. (left) RNAPII IF intensity at the miR290-295 FISH foci (nDMSO = 43, ndTAG-13 = 25). (center) RNAPII mean fluorescence intensity
(nDMSO = 30, ndTAG-13 = 40). (right) Number of RNAPII puncta on a representative set of cells (nDMSO = 22, ndTAG-13 = 22). Data are presented as mean values
± SD from one staining experiment. P values are from two-sided Mann-Whitney tests. NS: not significant. d. Images of individual z-slices (same z) of the
Fgf4 RNA-FISH and IF signal. Nuclear periphery determined by DAPI staining is highlighted as a white contour. Also shown are averaged signals of either
RNA FISH or RNAPII IF centered on the FISH foci or randomly selected positions. Scale bars: 2.5 μm. e. Analyses of cells used in panel ‘d.’ (left) RNAPII IF
intensity at the Fgf4 FISH foci (nDMSO = 53, ndTAG-13 = 37). (right) RNAPII mean fluorescence intensity at random nuclear positions (nDMSO = 53, ndTAG-13 = 29).
Data presented as mean values ± SD from one staining experiment. P values are from two-sided Mann-Whitney tests. NS: not significant. f. (left) Scheme
of FKBP knock-in strategy in the R1 mESCs used in the PALM experiments. (right) TRIM28 Western blot in the R1 mESCs. Western blot was done once.
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Extended Data Fig. 3 | Condensate hijacking additional data. a, b. Co-localization between the IAP RNA and (a) RNAPII puncta and (b) MED23 puncta
in TRIM28-degraded mESCs. Displayed are separate images of the RNA-FISH and IF signal, and an image of the merged channels. The nuclear periphery
determined by DAPI staining is highlighted as a white contour. The zoom column displays the region of the images highlighted in a yellow box zoomed
in for greater detail. After 24 h dTAG-13 treatment, small nuclear puncta appear, and after 48 h of dTAG-13 treatment, large nuclear foci are visible. Scale
bars: 2.5 μm. c. Scheme of the 1-6 hexanediol (1-6 HD) treatment experiments. d. Representative images of RNAPII immunofluorescence in control and
1-6 HD-treated cells. 1-6 HD partially dissolved the punctate localization of RNAPII. Scale bars: 5 μm. e. Transcription of the nascent Cthcr1 RNA is reduced
by 30 min 1% 1-6 hexanediol-treatment in TRIM28-degraded cells. The bar plots show qRT-PCR data as fold change normalized to the DMSO control
across 6 and 3 biological replicates for 24 h and 48 h timepoints, respectively. Note that the IAP RNA does not contain introns; thus, the IAP RNA qRT-PCR
detects the steady state pool of IAP RNAs. Each dot represents a data point, and bar indicates the mean. P values are from two-tailed t tests. NS: not
significant.

Nature Genetics | www.nature.com/naturegenetics

Nature Genetics

Articles

Extended Data Fig. 4 | Additional characterization NFY and NRF1. a. The RNAPII IF signal at Cthrc1 FISH foci is higher than the average nuclear signal.
Quantification of the RNAPII IF intensity at Cthrc1 FISH foci (n = 20) and nuclei (n = 47) in the cells analyzed in Fig. 2f is shown. Data are presented as
mean values ± SD from one staining experiment. P value is from a two-sided Mann-Whitney test. b. The sequence of IAPs is enriched for various TF
binding motifs, including the motif of NFY. Top: schematic of an IAP element. Bottom: motif images, adjusted P values and motif IDs, and the expression
level of the TF in mESC RNA-seq data. Displayed are the top-scoring motifs based on adjusted P-value. Motifs were filtered for redundancy. c. The NFYA IF
signal at Cthrc1 FISH foci is higher than the average nuclear signal. Quantification of the NFYA IF intensity at Cthrc1 FISH foci (n = 14) and nuclei (n = 16) in
the cells analyzed in Fig. 2g is shown. Data are presented as mean values ± SD from one staining experiment. P value is from a two-sided Mann-Whitney
test. d. NRF1 puncta do not co-localize with the nascent RNA Cthrc1 in TRIM28-degraded mESCs. Displayed are separate images of the RNA-FISH and
IF signal, and an image of the merged channels. The nuclear periphery determined by DAPI staining is highlighted as a white contour. Also shown are
averaged signals of either RNA FISH or NRF1 IF centered on the Cthrc1 FISH foci or randomly selected nuclear positions. Scale bars: 2.5 μm.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Additional characterization of the OSKM/dTAG-13 experiments. a. Western blot validation of the FKBP degron tag and its ability
to degrade TRIM28 in iPSCs. Washout of the dTAG-13 ligand (24 h) indicates reversibility of degradation. Western blot experiments were performed
twice and one representative image is shown. Actin is shown as the loading control. b. Western blot validation of the OSKM ectopic expression in the
iPSC line. Western blot experiments were performed three times and one representative image is shown. HSP90 is shown as the loading control. c.
dTAG-13 treatment leads to reduced RNAPII immunofluorescence signal at miR290-295 FISH foci which is rescued by OSKM ectopic expression, while
overall RNAPII levels do not change. (top) Quantification of RNAPII mean fluorescence intensity (n = 117 for DMSO, n = 138 for dTAG-13, n = 110 for
Dox+dTAG-13) in the cells used in Fig. 3f. (bottom) Quantification of RNAPII IF intensities at the miR290-295 FISH foci (n = 128 for DMSO, n = 39 for
dTAG-13, n = 89 for Dox+dTAG-13) detected in the cells used in Fig. 3f. Data are presented as mean values ± SD from one staining experiment. P value is
from a two-sided Mann-Whitney test. d. Mass spectrometry-detected protein abundance for three individual replicate samples after 0 h, 24 h, 48 h, 72 h
and 96 h dTAG-13 treatment of mESCs. RNAPII subunits are highlighted in green. Mediator complex subunits are highlighted in red. e–h. qRT-PCR data
normalized to the 0 h of dTAG-13 treatment. Data are from three independent biological replicates (that is, three wells on a tissue culture plate) and are
presented as mean values ± SD. The experiment was repeated three times, and data from one representative experiment are shown. P values are from
two-tailed t-tests. *: P < 0.05, ***: P < 10−3, ****: P < 10−4.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Knockdown of ERV RNA rescues super-enhancer transcription in TRIM28-degraded cells. a. Scheme of knockdown experiments
with simultaneous TRIM28 degradation. b. qRT-PCR analysis from three independent biological replicates. Data presented as mean values ± SD.
Experiment was performed twice, and the data shown are from one representative experiment. P values are from two-tailed t tests. ****: P < 10−4, ***:
P < 10−3, **: P < 10−2, *: P < 0.05. c. Scheme of IAP knockdown experiments. d. qRT-PCR data displayed as fold change normalized to the 0 h control from
three independent biological replicates. Data are presented as mean values ± SD. Each dot represents the mean of the three biological replicates of
an individual experiment. P values are from two-tailed t-tests. ****: P < 10−4, ***: P < 10−3, **: P < 10−2, *: P < 0.05. e. Scheme of the experiment in which
shRNAs are induced for 24 h and then treated either with DMSO (yellow), dTAG-13 (orange) or with dTAG-13 and Dox (maroon) for additional 24 h. f.
qRT-PCR data as fold change normalized to the Dox (24 h) treatment control from three independent biological replicates. Data are presented as mean
values ± SD. Experiment was performed twice, and data from one representative experiment is shown. P values are from two-tailed t-tests. ****: P < 10−4,
***: P < 10−3, **: P < 10−2, *: P < 0.05. g. RNA levels detected with total RNA-seq. Values from three biological replicates are normalized to levels detected
at 0 h. Red arrowheads highlight the ERV taxa against whose sequences the shRNAs were designed. h. Representative images of IAP RNA FISH in cells
described in panels (e–f). Scale bar: 2.5 μm. i. Analyses of cells used in Fig. 4d. (left) RNAPII IF intensities at the miR290-295 FISH foci (nDMSO = 100, ndTAG13 = 52, nDox+dTAG-13 = 60). (right) RNAPII mean fluorescence intensity at random nuclear positions (nDMSO = 97, ndTAG-13 = 88, nDox+dTAG-13 = 60). Data presented
as mean values ± SD from one staining experiment. P values are from two-sided Mann-Whitney tests. NS: not significant. j. Images of individual z-slices
(same z) of the RNA-FISH and IF signal. Nuclear periphery determined by DAPI staining is highlighted as a white contour. Also shown are averaged
signals of either RNA FISH or RNAPII IF centered on the miR290-295 FISH foci or randomly selected positions. Scale bars: 2.5 μm. The experiment is an
independent biological replicate of the experiments shown in Fig. 4d.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | IAP RNA facilitates droplet formation of transcriptional activators in vitro. a. IAP RNA facilitates RNAPII CTD droplet formation
in vitro. Displayed are representative images of droplet formation by purified RNAPII CTD-mCherry fusion proteins in the presence of in vitro transcribed
IAP RNA fragments. Scale bar: 10 μm. b. IAP RNA facilitates MED1 IDR droplet formation in vitro. Displayed are representative images of droplet
formation by purified MED1 IDR-mCherry fusion proteins in the presence of in vitro-transcribed IAP RNA. c. Partitioning ratio of MED1 IDR-mCherry into
droplets at the indicated IAP RNA concentrations. Every dot represents a detected droplet. Data for the quantification was acquired from at least five
images of two independent image series per condition. P value is a from a two-tailed t test. d. IAP RNA is enriched within MED1 IDR droplets. Displayed
are representative images of the enrichment of fluorescein-labeled IAP RNA in MED1 IDR-mCherry droplets. e. Quantification of the enrichment of
fluorescein-labeled IAP RNA in MED1 IDR-mCherry droplets. Data for the quantification was acquired from at least five images of two independent
image series per condition. P value is from a two-tailed t test. f. (left) Schematic model of the heterotrimeric NFY transcription factor. (right) Graphs
plotting intrinsic disorder in the NFYA, NFYB and NFYC proteins. The NFYC-IDR cloned for subsequent experiments is highlighted with a blue bar. g.
Concentration-dependent droplet formation by purified recombinant NFYC IDR-mEGFP. Scale bar: 10 μm. h. Representative images of droplet formation
by purified NFYC IDR-mEGFP and MED1 IDR-mCherry fusion proteins. MED1 IDR-mCherry mixed with purified mGFP is included as a control. Scale bar: 10
μm. i. Partitioning ratio of NFYC IDR-mEGFP or mEGFP in MED1 IDR-mCherry droplets. Every dot represents a detected droplet. Data for the quantification
was acquired from at least five images of two independent image series per condition. P value is a from a two-tailed t test.
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Extended Data Fig. 8 | Effects of various RNAs on MED1 IDR and HPα droplets in vitro. a. RNA facilitates MED IDR and droplet HPα formation in vitro.
Displayed are representative images of droplet formation by purified (left) MED1 IDR-mEGFP fusion protein and (right) HPα-mCherry fusion protein in the
presence of in vitro transcribed RNA fragments. Scale bar: 10 μm. b. Quantification of the partitioning of (left) MED1 IDR and (right) HPIα into droplets in
the presence of the indicated RNA species. Values are normalized against the partition ratio at no RNA added. Data for the quantification was acquired
from at least five images of two independent image series per condition. IAP RNA quantification is the same plot displayed in Fig. 4h.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Induction of ERV transcription compromises super-enhancer transcription. a. Western blot of TRIM28, OCT4 and SOX2 in the
indicated cell lines. Western blot experiments were performed once. b. FACS analysis of GFP in the ‘GFP (IAPEz) line’ and ‘GFP (MMERVK10C) line’.
c. Genotyping qRT-PCR of the ‘GFP (IAPEz) line’ and ‘GFP (MMERVK10C) line.’ Primer sets amplifying the transgenic GFP or repeat sequence (IAP or
MMERVK10C) were used. Data are from triplicate experiments. d. qRT-PCR validation of IAPEz upregulation. Values are normalized against the IAPEz
level in the corresponding DMSO condition. Data are presented as mean values ± SD from three biological replicates. e. Additional supporting data for the
experiment in Fig. 4m. qRT-PCR data are shown as fold change normalized to the DMSO control treatment. Data are presented as mean values ± SD from
three biological replicates. P values are from two-tailed t-tests. ****: P < 10−4, ***: P < 10−3, **: P < 10−2, NS: not significant. f. The amount of GFP, IAPEz, Hprt
and Malat1 RNA were quantified in the nuclear and cytoplasmic fractions by qRT-PCR. The values are normalized against the amount of in vitro transcribed
Ttn RNA that was spiked in at equimolar amount to the cytoplasmic and nuclear fractions. The expression values are then displayed as the percentage
of the RNA in the nuclear and cytoplasmic fractions. Hprt is used as a control of a cytoplasmic mRNA, and Malat1 is used as control RNA known to be
enriched in the nucleus. Data are presented as mean values ± SD from three biological replicates. P values are from a two-way ANOVA Sidak’s multiple
comparison test. ***: P < 10−3, NS: not significant. g. Schematic model of the experiment mimicking MMERVK10C transcription. mESC lines harboring
~61 copies of a PiggyBac transposon encoding a Dox-inducible GFP or MMERVK10C transgene were treated with Dox (to induce GFP or MMERVK10C
expression). h. qRT-PCR validation of the ‘GFP line’ and ‘MMERVK line’. The bar plots show qRT-PCR data as fold change normalized to the DMSO control
treatment. Data are presented as mean values ± SD from three biological replicates. N.d.: not detectable. i. qRT-PCR data as fold change normalized to the
DMSO control treatment. Data are presented as mean values ± SD from three biological replicates. P values are from two-tailed t-tests. ****: P < 10−4, ***:
P < 10−3, **: P < 10−2, NS: not significant.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Reference cell state maps in early mouse embryos. a. Scheme of the zygotic CRISPR/Cas9 – scRNA-seq platform. b. Cut site
analysis. The number, type and distribution of reads mapping to the sites targeted with the TRIM28 guide RNAs is quantified in the scRNA-seq data.
c. Immunofluorescence verification of TRIM28 KO. Representative images are shown, with the number of embryos where the immunofluorescence
confirmed the genotype per the total number of embryos analyzed. The knockout experiment was performed five times independently, and the pool of
embryos from all experiments were used for staining. Scale bars: 20 μm. d. UMAP of wild type early mouse embryos spanning E5.5-E7.0 developmental
window. The wild type cells used in scRNA-seq experiments from E5.5, E6.5 and E7.0 developmental stages were included. e. RNA velocity map of
wild type early mouse embryos spanning E5.5-E7.0 developmental window. f. Heatmap representation of the expression levels of marker genes of each
cluster/cell state. g. Combined cell state map. The wild type cells and TRIM28 KO cells used in scRNA-seq experiments were included. h. Elevated IAP
expression in TRIM28 KO cells. (left) Wild type cells used in scRNA-seq experiments from E5.5, E6.5 and E7.0 developmental stages are projected on the
combined reference map and are colored according to the IAP expression of the corresponding embryo and cell state. (right) TRIM28 KO E6.5 cells are
projected on the combined reference map and are colored according to IAP expression of the corresponding embryo and cell state. i. Bright-field images
of representative embryos from E5.5 wild type and E6.5 TRIM28 KO. Dotted lines represent the embryo that was dissected out from the dense Reichert’s
membrane. Scale bar is 100 µm.
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