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SUMMARY

The HUSH complex recognizes and silences foreign DNA such as viruses, transposons, and 

transgenes without prior exposure to its targets. Here, we show that endogenous targets of the 

HUSH complex fall into two distinct classes based on the presence or absence of H3K9me3. 

These classes are further distinguished by their transposon content and differential response 

to the loss of HUSH. A de novo genomic rearrangement at the Sox2 locus induces a switch 

from H3K9me3-independent to H3K9me3-associated HUSH targeting, resulting in silencing. 

We further demonstrate that HUSH interacts with the termination factor WDR82 and—via its 

component MPP8—with nascent RNA. HUSH accumulates at sites of high RNAPII occupancy 
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including long exons and transcription termination sites in a manner dependent on WDR82 and 

CPSF. Together, our results uncover the functional diversity of HUSH targets and show that this 

vertebrate-specific complex exploits evolutionarily ancient transcription termination machinery for 

co-transcriptional chromatin targeting and genome surveillance.

Graphical Abstract

In brief

We show that the HUSH complex accumulates at sites of high RNAPII occupancy in a 

manner dependent on termination factors WDR82 and CPSF. However, co-transcriptional genome 

surveillance by HUSH can be decoupled from silencing. Two classes of HUSH targets are 

distinguished by the presence or absence of H3K9me3 and transposon content.

INTRODUCTION

Invasion by foreign DNA, such as viruses and transposons, poses an ever-present threat 

to genome integrity against which all species must defend themselves. Hence, diverse 

mechanisms for restricting mobile element activity have evolved across eukaryotes 

(reviewed in Almeida et al.1). Repression of such foreign elements is mediated by the 

deposition of repressive histone modifications (such as trimethylation of histone H3 

lysine 9 [H3K9me3]) and DNA methylation marks.2–5 Heterochromatin formation is often 

guided toward regions recognized as “non-self” DNA via sequence-dependent mechanisms 
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involving small RNAs or DNA-binding proteins.3,5–10 For example, in mammalian cells, 

the Krüppel-associated box zinc finger protein (KRAB-ZFP) family has evolved to 

recognize specific DNA sequences for binding transposable elements (TEs). KRAB-ZFPs 

recruit epigenetic silencing machinery including TRIM28 and the histone methyltransferase 

SETDB1, which subsequently deposits H3K9me3.10,11 In germ cells, the PIWI-interacting 

RNA (piRNA) system utilizes small RNA guides to identify expressed TEs by forming 

double-stranded RNAs.6–9 Although these systems employ distinct mechanisms of TE 

targeting, both rely on the recognition of sequence-specific features, thereby requiring 

memory of non-self elements that are developed over an evolutionary timescale. In stark 

contrast, the vertebrate-specific human silencing hub (HUSH) complex was recently found 

to repress a diverse set of foreign DNA targets without previously encountering their 

sequences.12

The core HUSH members MPP8, TASOR (FAM208A), and PPHLN1 (periphilin) were 

initially identified as regulators of transgene silencing in mammalian cells.13 The 

HUSH complex binds to chromatin and recruits the ATP-dependent chromatin remodeler 

MORC2 and methyltransferase SETDB1 to deposit H3K9me3 and silence its targets. 

Since its discovery, the list of HUSH-silenced targets has expanded to include LINE-1 

retrotransposons (L1s), endogenous retroviruses (ERVs), the HIV provirus, and various 

transgenes with diverse sequence features.12–18 However, the molecular mechanism by 

which HUSH identifies these broad classes of non-self-targets remains elusive.

Despite its well-characterized role as a silencing complex, there is mounting evidence 

that HUSH silencing is coupled to sites of active transcription.12,15 We have previously 

demonstrated that HUSH binds and represses euchromatic L1s and that induction of 

transcription through L1 leads to HUSH accumulation.15 Intriguingly, the presence of 

introns protects HUSH-targeted transgenes from H3K9me3 silencing.12 Furthermore, MPP8 

has been shown to interact with ZCCHC8 to promote RNA degradation of TE targets 

through the nuclear exosome targeting (NEXT) complex.14 Collectively, these observations 

suggest a link between HUSH and the co-transcriptional processes.

Here, we find that the deletion of a gene desert separating the highly expressed Sox2 
gene and its super-enhancer induces transcriptional silencing, which we subsequently show 

through a genetic screen to be HUSH-dependent. These observations coupled with genome-

wide analyses reveal that the endogenous HUSH targets fall into two distinct classes. The 

first class of HUSH targets is poorly expressed, enriched in H3K9me3 and evolutionarily 

young TEs, and is transcriptionally silenced by HUSH. In contrast, the second and more 

abundant class of HUSH targets is devoid of H3K9me3 and transposons and instead contains 

expressed coding and non-coding genes. A gene desert deletion at the Sox2 locus induces 

a switch from H3K9me3-independent to H3K9me3-associated HUSH binding, resulting 

in HUSH-mediated silencing. We further demonstrate that HUSH accumulates at sites 

of high RNAPII occupancy, especially at long exons and transcription termination sites 

(TTS). HUSH binding is dependent on the termination factors WDR82 and cleavage 

and polyadenylation specificity factor (CPSF). Together, our results reveal the functional 

diversity of HUSH targets, uncover a role for the termination machinery in HUSH targeting 
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to chromatin, and suggest that target recognition by HUSH is a dynamic, co-transcriptional 

process.

RESULTS

Intragenic deletion yields unexpected epigenetic silencing at Sox2 locus

We initially developed a system to probe the effects of genomic distance on enhancer 

activity, generating an endogenous Sox2 reporter in mouse embryonic stem cells (mESCs) 

by knocking in allele-specific GFP or BFP tags at the C terminus (Figure 1A). Next, 

uniquely on the Sox2-GFP allele, we shortened the distance between the well-characterized 

Sox2 super enhancer19 located 100 kb downstream of the gene to 1 kb while leaving 

the Sox2-BFP allele intact (Figure 1A; hereafter we will refer to the shortened Sox2-
GFP allele as Sox2–1kb). Given recent findings that enhancer activity can decay with 

distance,20 we expected that the expression from the Sox2–1kb allele would increase. To 

our surprise, although expression from the full-length Sox2-BFP allele remained unchanged, 

the shortened Sox2–1kb allele was silenced, as measured by BFP and GFP fluorescence, 

respectively (Figure 1B). Single-molecule RNA FISH with GFP- or BFP-specific probes 

confirmed that this silencing occurred at the RNA level (Figure S1A).

To investigate why the Sox2–1kb allele was silenced despite the deletion of a 

transcriptionally inert gene desert, we designed a CRISPR knockout (KO) screen to identify 

potential silencing mediators. Doxycycline-inducible Cas9 and lentiviral sgRNA libraries 

were integrated into the parental Sox2–1kb line (Figures 1A and S1B). Due to limitations 

in throughput associated with a fluorescence-activated cell sorting (FACS)-based screen, we 

selected two sub-library pools covering 20% of the mouse coding genome that included 

the highest number of nuclear-localized targets. BFP-positive cells enriched or depleted for 

GFP, corresponding to populations in which silencing was lost or maintained, respectively, 

were then sorted by FACS and guide RNAs analyzed by sequencing (Figure 1C). We 

discovered guides for multiple genes significantly enriched in the GFP-positive vs. negative 

cells, indicating that loss of these genes might rescue the expression from the silenced allele 

(Figure 1D; Tables S1 and S2). Importantly, two of these genes, Mpp8 and Setdb1, are both 

components of the HUSH complex,13 suggesting a role for HUSH in silencing the short 

Sox2–1kb allele (Figure 1D).

The HUSH complex is responsible for silencing the Sox2 short allele

To confirm the involvement of the HUSH complex in silencing the Sox2–1kb reporter, we 

generated clonal MPP8 KO mESC lines in the Sox2–1kb background (Figure 2A). Loss 

of MPP8 rescued the observed silencing phenotype and restored GFP expression (Figure 

2B). Furthermore, KO of TASOR, a defining subunit of HUSH, also dramatically increased 

the proportion of GFP-positive cells in the population of Sox2–1kb mESCs transduced 

with TASOR-targeting sgRNAs (Figure 2C). Notably, TASOR-targeting sgRNAs were not 

present in the CRISPR library used in our screen (which only covered 20% of the genome), 

and thus, TASOR was not previously detected as a hit in this screen. The HUSH complex 

recruits SETDB1 to deposit the histone modification H3K9me3 and repress its targets13,21; 

we assessed the enrichment of H3K9me3 by chromatin immunoprecipitation quantitative 
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PCR (ChIP-qPCR) and sequencing (ChIP-seq) in the Sox2–1kb mESCs. We observed the 

accumulation of H3K9me3 at both Sox2 and its enhancer, which was specific to the GFP 

allele (Figure 2D). KO of MPP8 significantly relieved H3K9me3 (Figure 2E), confirming 

that HUSH targets the de novo genomic rearrangement at the Sox2 locus, resulting in the 

silencing of the gene and its enhancer.

Previous reports suggested structural similarities between HUSH and the RNA-induced 

transcriptional silencing (RITS) complex in fission yeast.22 Silencing by the RITS complex 

is dependent on the RNAi machinery component Dicer.23 To test if this also applies to 

HUSH, we used CRISPR-Cas9 to KO Dicer1 in the Sox2–1kb reporter line (Figures 

S1C and S1D). In contrast to the significant increase in GFP expression upon the loss 

of HUSH (Figures 2B and 2C), Dicer deletion did not rescue the silencing of the GFP allele 

(Figure S1E), thereby demonstrating that—unlike the RITS complex—HUSH silencing is 

independent of RNAi.

Although many seemingly diverse HUSH targets have been identified previously, they 

are predominantly viral and TE-derived sequences or exogenous transgenes.15,16,18,22,24,25 

Furthermore, much of our current understanding of HUSH biology is based on transgenic 

reporter assays.18,24,26 Upon validation of HUSH as our silencing culprit, we sought to 

understand this de novo target in a native context, both prior to and after the genomic 

rearrangement. For this purpose, we endogenously tagged the C terminus of both TASOR 

and MPP8 with an auxin-inducible degron (AID) as well as GFP and HA tags (hereafter, 

AGH), allowing us to both rapidly deplete the proteins with piggyBac-integrated TIR1 and 

circumvent known issues with TASOR endogenous antibodies (Figure 2F). We performed 

ChIP-seq for TASOR-AGH, MPP8, and H3K9me3 in wild-type (WT) mESCs, initially 

focusing on the Sox2 locus (Figure 2G). Surprisingly, even in unperturbed conditions, 

we observed robust binding of MPP8 and TASOR to both Sox2 and its distal enhancer. 

However, consistent with the abundant expression of Sox2 in mESCs, there was no apparent 

H3K9me3 at either of these sites in WT cells. Of note, we observed a downstream 

intracisternal A-type particle (IAP) element tiled heavily with H3K9me3 and bound by 

MPP8, but not by TASOR (Figure 2G). However, the H3K9me3 did not spread beyond this 

IAP element in the Sox2–1kb cells and was not affected by the MPP8 KO (Figure S1F).

Given the function of HUSH as an H3K9me3-dependent silencing complex, the presence 

of MPP8 and TASOR at the highly transcribed Sox2 locus seemed counterintuitive. 

Combined with our observation that the shortened Sox2–1kb allele is silenced by HUSH and 

H3K9me3, these observations suggest the existence of distinct modes of HUSH association 

with chromatin.

Two classes of HUSH targets distinguished by H3K9me3, transposon content, 
transcriptional activity, and response to HUSH loss

With the surprising discovery of HUSH binding (but not silencing) the WT Sox2 locus, 

we used our H3K9me3, TASOR-AGH, and MPP8 ChIP-seq data to explore whether other 

endogenous HUSH targets without H3K9me3 exist. Consistent with the reported functions 

of MPP8 in additional protein complexes beyond HUSH,27–29 we called more peaks for 

MPP8 (n = 26,739) than for TASOR (n = 15,555) (Figure 3A). To uncouple HUSH 
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binding from H3K9me3 and from HUSH-independent MPP8 peaks, we first binned MPP8 

ChIP-seq peaks into H3K9me3-positive and -negative regions. We then distinguished bona 

fide HUSH targets by the enrichment of TASOR (Figure 3A). This analysis allowed us to 

identify and visualize three classes of genomic targets: HUSH without H3K9me3, HUSH 

+ H3K9me3, and MPP8-only sites, representing HUSH-independent binding of MPP8 

to chromatin (Figure 3A). Strikingly, despite the known role of HUSH as a silencing 

complex, most HUSH peaks (9,803 of the 15,555 total TASOR peaks) are found in regions 

devoid of H3K9me3, similar to what we observed at the WT Sox2 locus. Re-analysis of 

published SETDB1 ChIP-seq30 revealed that HUSH sites with H3K9me3 and MPP8-only 

sites are both enriched for SETDB1 (Figure 3B), with a high correlation between MPP8 

and SETDB1 binding. In contrast, HUSH targets without H3K9me3 display weak SETDB1 

binding (Figures 3A and 3B), suggesting that SETDB1 is preferentially recruited to (or 

stabilized at) a select subset of HUSH sites, subsequently resulting in their methylation at 

H3K9.

Given that the majority of previously identified endogenous HUSH targets are evolutionarily 

young TEs,15 we intersected our data with positions of known repetitive element families to 

identify their distribution within the three above-described classes (Figure 3C). Consistent 

with known HUSH targets,15,16 evolutionary young L1 elements such as L1Md along 

with long terminal repeats (LTRs) such as IAPEz dominated the H3K9me3-positive HUSH 

regions but interestingly had unique and well-defined signatures (Figure 3D). Specifically, 

full-length L1s were mostly targeted by HUSH but not by MPP8 alone and displayed 

relatively lower levels of H3K9me3. In contrast, LTRs had overall higher levels of 

H3K9me3 and were bound either by the HUSH complex or MPP8 alone. Within the 

HUSH-bound regions, the LTR targets primarily corresponded to active IAPEz-int LTRs, 

whereas the MPP8-only regions harbored additional LTR subfamilies, consistent with broad 

targeting of LTRs by the MPP8-containing TRIM28 complex11,16 (Figures 3C and S2A).

In contrast to the H3K9me3-enriched regions, the H3K9me3-negative HUSH targets were 

devoid of L1 and LTR elements (Figure 3C). We systematically compared the enrichment 

of all annotated repeat classes at H3K9me3-positive vs. negative HUSH sites. As expected, 

H3K9me3-positive sites were enriched in young L1 and LTR retrotransposon families, 

including L1Md and various IAP and MERV-K elements (Figure S2A). In contrast, 

H3K9me3-negative HUSH targets were largely devoid of TEs and instead enriched in tRNA 

genes and tRNA-derived repeats (Figure S2A). Further analysis of trinucleotide repeats 

revealed selective enrichment of A-trinucleotides at the H3K9me3-positive sites, especially 

pronounced at L1s, in agreement with their known A-skew (Figure S2B). Thus, in addition 

to SETDB1 binding, TE enrichment and A-richness further distinguish H3K9me3-positive 

and -negative HUSH targets.

We next focused on additional genomic features that may characterize distinct HUSH 

targets. We found that both H3K9me3-positive and -negative HUSH targets, but not MPP8-

only sites, are enriched in exons (Figure 3D). Among the H3K9me3-positive HUSH targets, 

the exon signals mostly corresponded to L1 ORFs, although dense HUSH binding was also 

associated with large clusters of repetitive KZFP genes, harboring H3K9me3 at their 3′ 
ends (Figure S2F). H3K9me3-negative regions were associated with both non-coding and 
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protein-coding genes. The gene ontology analysis at these regions showed enrichment in 

genes associated with chromatin organization and nucleosome assembly (Figure S2C). This 

is driven at least in part by the histone genes, as exemplified by strong HUSH binding at the 

tight array of abundantly expressed single-exon histone genes (Figure S2G). In contrast, we 

failed to detect any significant gene ontology categories enriched at the H3K9me3-positive 

sites.

Given that HUSH silencing has been reported to be transcription-dependent,12,15 we 

analyzed the total RNA levels at HUSH and MPP8-only targets by rRNA-depleted RNA-seq. 

In contrast to the MPP8-only sites, we observed detectable RNA expression at all HUSH 

targets. However, consistent with their repression by HUSH, the H3K9me3-positive sites 

showed substantially lower transcriptional activity compared with sites devoid of H3K9me3 

(Figure 3E). We next asked how the loss of HUSH affects RNA levels at these two target 

classes. We utilized our endogenously tagged MPP8-AGH and TASOR-AGH cell lines to 

acutely deplete MPP8 and TASOR, respectively (Figure S2D), and examined total RNA 

expression (Figures 3F and 3G). As expected, H3K9me3-positive HUSH targets were de-

repressed upon MPP8 or TASOR depletion. Surprisingly, however, the H3K9me3-negative 

HUSH targets showed decreased RNA expression in the absence of MPP8 or TASOR 

(Figures 3F and 3G). Thus, the two classes of targets identified in our study respond 

distinctly to the loss of HUSH. Of note, at the long TASOR depletion time points (10 days), 

the transcription from the H3K9me3-negative targets was upregulated in the auxin-treated 

cells relative to the untreated control (Figure S2E), suggesting a compensatory mechanism 

upon prolonged loss of HUSH. Altogether, our analyses identified two classes of HUSH 

targets that are distinguished by their epigenetic status, TE content, and differential response 

to HUSH perturbation.

The HUSH complex interacts with RNA polymerase II-associated factors and binds nascent 
RNA

To identify candidate molecular players that may mediate the function and targeting of 

HUSH at these distinct classes of sites, we utilized the MPP8-AGH and TASOR-AGH cell 

lines to perform immunoprecipitation followed by mass spectrometry (IP-MS) (Figures 4A 

and 4B; Table S3). Overall, and despite MPP8 participating in other molecular complexes, 

we detected striking similarities between MPP8 and TASOR interactors, including PPHLN1, 

the third member of the HUSH complex, and the known protein partners SETDB1 and 

ATF7IP. Interestingly, we identified FIP1L1, a member of the CPSF complex, as an 

interactor of both MPP8 and TASOR. Furthermore, we identified WDR82, another regulator 

of transcription termination and a direct RNAPII C-terminal domain (CTD)-binding 

protein,31,32 to be enriched in our IPs to a comparable extent as canonical HUSH members 

(Figures 4A and 4B). To validate WDR82 as a putative HUSH interactor, we pulled down 

TASOR in our TASOR-AGH cell line and indeed retrieved both MPP8 and WDR82 by coIP; 

this interaction was not disrupted with RNAseA treatment (Figure 4C). Together, our results 

uncover interactions of HUSH with the RNAPII-associated transcription termination factors.

We next asked if HUSH binds nascent RNA, like many components of the RNA processing 

machinery. Previous studies showed that HUSH indeed binds RNA through PPHLN112 
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and structural analyses suggested RNA binding for TASOR.22 To characterize HUSH 

RNA binding patterns genome-wide, we utilized infrared UV-C crosslinking IP sequencing 

(irCLIP-seq). We first tested MPP8 and TASOR for their capacity to directly bind RNA 

by irCLIP-PAGE and determined MPP8 to be the most robust (although this does not 

preclude a role for other HUSH components in RNA binding; Figures S3A and S3B). We 

proceeded to extract the crosslinked RNA species for sequencing and mapped RT stops, 

representing the nucleotide at which MPP8 is directly crosslinked to RNA, and observed 

strong binding to RNA derived from diverse genomic features, with the highest percentage 

of RT-stops mapping within introns, consistent with nascent RNA binding (Figure S3C). 

The irCLIP signal could not simply be explained by correlation with RNA abundance, as 

many transcripts expressed at relatively low levels were bound by MPP8 (Figure S3D). 

Furthermore, when we normalized to both feature length and transcript level, it was evident 

that MPP8 predominantly bound exonic RNAs from both genic and L1 regions (Figure 4D), 

reminiscent of the enrichment of exons at HUSH genomic occupancy sites (Figure 3D). We 

observed strong enrichment of MPP8 irCLIP reads at the H3K9me3-negative HUSH ChIP 

peaks but not at the MPP8-only sites, suggesting that despite MPP8 participating in multiple 

protein complexes, the observed CLIP signals can be largely attributed to HUSH-associated 

RNAs (Figures 4E, S3E, and S3F).

The observation that the HUSH complex interacts with nascent RNA stemming from the 

sites of its chromatin occupancy and binds transcription termination machinery suggests 

that it may be tracking with the RNAPII. In agreement, when we reanalyzed previously 

published RNAPII ChIP-seq datasets, including those for distinct CTD phosphorylation 

states,33 we observed enrichment of RNAPII at HUSH peaks, especially pronounced at 

H3K9me3-negative sites (Figures 4F and S4A). Together, our results are consistent with the 

model whereby HUSH associates with RNAPII-bound processing factors and with nascent 

RNA and accumulates at the sites of high RNAPII occupancy.

WDR82 regulates HUSH accumulation on chromatin

We next examined the mechanism by which HUSH is recruited to the RNAPII machinery. 

We focused on WDR82, which was an attractive candidate for multiple reasons: (1) it 

is the most highly enriched HUSH interactor in our IP-MS experiments (Figures 4A and 

4B) and (2) it directly associates with and regulates the RNAPII CTD, playing roles 

in the recruitment of the Set1 H3K4me3 methyltransferase complex to RNAPII and in 

transcriptional termination.31,32,34–36 We performed ChIP-seq for WDR82 and H3K4me3 

and compared WDR82 genomic occupancy with that of TASOR, MPP8, SETDB1, 

H3K9me3, and H3K4me3 by calculating odds ratios for ChIP-seq peak overlap (Figure 

5A). As expected, the binding of TASOR and MPP8 was highly overlapping (odds ratio 

722). Furthermore, WDR82 was correlated with H3K4me3, consistent with its role in Set1 

methyltransferase complexes (odds ratio 127).37 Strikingly, the strongest odds ratio among 

all pairwise overlaps was that of WDR82 and TASOR (1,630; Figure 5A). Further analysis 

revealed that WDR82 was enriched at both H3K9me3-negative and H3K9me3-positive 

targets, with more robust binding at the H3K9me3-negative regions, whereas the MPP8-only 

sites were not bound by WDR82 (Figures 5B and S4B).
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To test the effects of WDR82 on HUSH genomic occupancy, we generated clonal WDR82 

KO mESC lines in both WT and TASOR-AGH genetic backgrounds and validated the 

loss of WDR82 in these cells by immunoblotting (Figure 5C). Loss of WDR82 did not 

affect the stability of the HUSH complex components or the interaction between TASOR 

and MPP8 (Figure S4C). Strikingly, however, TASOR binding was drastically diminished 

at both H3K9me3-positive and -negative sites (Figures 5D, 5E). Furthermore, loss of 

WDR82 was associated with diminished MPP8 binding at HUSH-targeted L1 elements and 

H3K9me3-negative HUSH sites (Figure 5D). In contrast, MPP8 signals increased at HUSH-

bound IAPeZ elements and MPP8-only sites, most of which are LTR retrotransposons, 

broadly targeted by the MPP8-containing KZFP-TRIM28 complexes (Figures 3C, 5D, and 

S2A). Indeed, when we reanalyzed existing TRIM28 mESC ChIP-seq data and juxtaposed 

them against the effects of WDR82 KO on MPP8 binding,16 we observed that MPP8 

sites upregulated in WDR82 KO cells corresponded to the TRIM28-bound sites (Figure 

5D). We speculate that this effect is due to competition for MPP8 between HUSH and 

KZFP-TRIM28 complexes: once HUSH is depleted from chromatin, more MPP8 may be 

available to associate with the TRIM28 complex. Regardless, this result demonstrates the 

specificity of our observations—it is indeed uniquely at HUSH-only sites that MPP8 binding 

to chromatin is diminished by the loss of WDR82. WDR82 KO was also accompanied by 

the upregulation of L1 ORF1p protein (Figure 5C), indicating the importance of WDR82 for 

HUSH-dependent L1 silencing.

Upon examination of genome browser tracks of ChIP-seq signals in WDR82 KO cells, 

we noticed that although at most targets HUSH binding was lost, at a smaller subset 

of loci, TASOR remained bound to chromatin, but the peak was shifted relative to its 

position in WT cells (Figures 5F and S4D). Indeed, although the overall TASOR ChIP-

seq signal was greatly diminished in WDR82 KO cells (Figure 5E), it also became 

asymmetric, extending further downstream in the sense direction (Figure 5E; comparison 

of scaled aggregate plots is shown in Figure 5G). Loss of WDR82 was previously shown 

to result in transcriptional readthrough caused by defects in RNAPII termination.31 To 

test if transcriptional readthrough contributed to the observed shifts in HUSH binding, we 

used precision run-on sequencing (PRO-seq) to identify changes in nascent transcription in 

WDR82 KO cells. Consistent with RNAPII ChIP-seq, we observed high PRO-seq signals 

at HUSH-bound regions, but not at MPP8-only sites (Figure S4E). WDR82 KO resulted 

in a significant reduction in PRO-seq signals at HUSH targets (Figure 5H). At the sites 

characterized by downstream shifts in HUSH binding, we observed diminished PRO-seq 

signals at the center of the original peak and readthrough transcription coincident with 

the direction of the HUSH ChIP-seq shift (Figures 5F and S4D). Consistent with previous 

observations that WDR82 preferentially affects the termination of non-coding transcripts, 

many of the sites with transcriptional readthrough and accompanied reduction or shift 

in HUSH binding were long non-coding RNA genes such as Malat1, Neat1, and Tsix 
(Figures S5A–S5C). Collectively, our data show that WDR82 significantly affects the stable 

association of HUSH with chromatin and reveals concordant changes in HUSH ChIP-seq 

and PRO-seq upon loss of WDR82.
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Silencing at the Sox2–1kb locus is WDR82-dependent and associated with perturbation of 
termination signals

We next returned to the Sox2 locus to understand what signals may cause the switch 

between the H3K9me3-negative and -positive HUSH binding. As expected, given the global 

effect of WDR82 depletion on HUSH binding, we observed that both TASOR and MPP8 

binding at the Sox2 locus were dramatically reduced in WDR82 KO cells (Figure S6A, 

top panel). Furthermore, loss of WDR82 was associated with transcriptional readthrough 

at the Sox2 gene (Figure S6A, middle panel, top PRO-seq tracks on the sense strand) 

and enhancer (Figure S6A, PRO-seq on the sense/antisense strands). To test if WDR82 

loss is required for HUSH-mediated silencing of the Sox2–1kb allele, we stably integrated 

doxycycline-inducible Cas9 and two sgRNAs for WDR82, TASOR, or negative control 

regions, and monitored silencing of Sox2-GFP by FACS over time (Figure S6B). Although 

the Sox2–1kb allele remained silenced in the negative control cells, KO of either TASOR or 

WDR82 rescued GFP expression to a comparable extent (Figure S6B).

We then performed PRO-seq in the Sox2–1kb reporter cells and compared nascent 

transcription in these cells with that of WT cells, with a caveat that the nascent RNA signal 

comes both from the shortened GFP allele and full-length BFP allele. As expected, given 

the HUSH-dependent silencing of the Sox2–1kb allele, the loss of MPP8 enhanced PRO-seq 

signal at the locus (Figure S6A). Additionally, we observed that the genomic rearrangement 

resulted in the loss of the native TTS, and this was accompanied by spurious transcription 

on the sense strand downstream of deletion directly adjacent to the enhancer, suggesting 

that the Sox2–1kb intergenic deletion generated an ectopic TTS (Figure S6A). To directly 

test whether perturbation of the termination signal can drive the silencing of the shortened 

Sox2 allele, we generated a 590 bp heterozygous deletion spanning termination-associated 

elements at the Sox2-GFP allele in the full-length Sox2–100kb reporter line (Figure S6C); 

this TTS deletion resulted in significant loss of the GFP signal in a subpopulation of cells 

and in the accumulation of H3K9me3 at the locus (Figures S6D and S6E).

H3K9me3-negative HUSH targets overlap transcription termination sites

Our observations suggest links between HUSH targeting to chromatin and transcription 

termination machinery. We noted that another termination factor, the CPSF complex member 

FIP1L1, was among the most enriched HUSH-associated proteins (Figures 4A and 4B). 

To test if CPSF also contributes to HUSH targeting, we used endogenous targeting to 

tag its core subunit CPSF3 with AID, which on auxin addition resulted in acute loss of 

CPSF3 and termination defects (Figures 6A and S7A). Subsequent analysis of CPSF3 and 

MPP8 binding by ChIP-seq revealed accumulation of CPSF3 at H3K9me3-negative HUSH 

targets and a decrease in MPP8 occupancy at these sites following acute CPSF3 degradation 

(Figures 6B, 6C, S7D, and S7E).

Strong enrichment of WDR82 and CPSF3 at H3K9me3-negative HUSH sites prompted 

us to examine their overlap with TTS. Indeed, this analysis revealed that nearly 75% of 

H3K9me3-negative HUSH targets overlap an annotated TTS (Figure 6D). We note, however, 

that our analysis of the H3K9me3-positive HUSH sites likely underestimates their overlap 

with terminators due to poor TTS annotation in TEs and the presence of many cryptic TTS 
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in such elements. Given that H3K9me3-negative HUSH sites overlap regions where various 

forms of RNAPII accumulate and that WDR82 has been previously linked to H3K4me3, a 

mark enriched at promoters and 5′ gene ends,38,39 we analyzed HUSH enrichment at TSS, 

gene bodies, and TTS.

We compared ChIP-seq coverage of TASOR, MPP8, and WDR82 to that previously 

published for RNAPII and NELF.33,40 We observed that—similarly to RNAPII—TASOR, 

MPP8, and WDR82 are enriched at both the TSS and TTS of H3K9me3-negative HUSH 

targets, whereas NELF signal is only detected at TSS, as expected (Figure 6E). However, 

the relative ratio of TASOR, MPP8, and WDR82 to RNAPII is higher at TTS than at TSS, 

suggesting that HUSH preferentially interacts with RNAPII accumulating at terminators. 

Finally, although HUSH binds at a subset of TTS in a termination machinery-dependent 

manner, we did not observe transcriptional readthrough at these sites on MPP8 KO, whereas 

such readthrough was evident upon loss of CPSF or WDR82 (Figures S5C, S6B, and S7A–

S7C). Furthermore, the overall PRO-seq signal at the HUSH-bound TTS did not diminish in 

the absence of MPP8, in contrast to what we observed for WDR82 (Figures S5C, S7B, and 

S7C). These observations suggest that HUSH targeting is coupled to but not per se required 

for transcription termination.

DISCUSSION

The HUSH complex has emerged as a central mechanism for protecting vertebrate 

genomes against the invasion of active transposons, retroviruses, and transgenes due to 

its unique ability to detect and repress mobile elements without prior exposure to their 

sequences.12,13,15,16,18 Recent efforts have expanded the determinants of HUSH targeting 

to include active transcription, lack of introns, overall length, and skewed nucleotide 

content.12,15 However, a mechanistic understanding of how HUSH is recruited to its 

chromatin targets is still lacking.

Here, we made a serendipitous discovery that deletion of a gene desert separating the highly 

expressed Sox2 gene and its super-enhancer induces HUSH-dependent silencing. Both the 

gene and the super-enhancer are bound by HUSH prior to the genomic rearrangement and 

transcriptional repression, which ultimately led us to the realization that the majority of 

sites targeted by HUSH in mESCs are uncoupled from silencing and H3K9me3. These 

H3K9me3-negative sites are distinct from the canonical HUSH targets in that they exhibit 

low levels of SETDB1 binding, are devoid of TEs, and are enriched for transcribed exons 

and TTS. In agreement with the close link between HUSH binding and transcription 

termination, we found that termination factors WDR82 and CPSF interact with HUSH 

and regulate its chromatin occupancy. These results, together with previously published 

observations, allow us to propose a mechanistic model of co-transcriptional genome 

surveillance by HUSH (Figure 7A). In this model, actively transcribed regions of the 

genome are dynamically monitored by HUSH through a mechanism involving interactions 

between HUSH and RNAPII-associated termination machinery (Figure 7A).

In agreement, we and others demonstrated that HUSH associates with co-transcriptional 

RNA processing factors and nascent RNA and that its targeting to chromatin is dependent 
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on active transcription12,15,24 and termination factors WDR82 and CPSF3 (this study). At 

genomic sites where HUSH binding is incompletely lost upon WDR82 KO, HUSH shifts 

in the direction of the RNAPII transcriptional readthrough (Figure 7A). Throughout the 

genome, HUSH accumulates at sites where RNAPII elongation is known to slow down, 

such as long exons and transcription termination zones. Notably, the PNUTS-PP1 complex 

is recruited by WDR82 to directly regulate RNAPII CTD and induce stalling at termination 

sites.35

Another important discovery of a co-transcriptional process that affects HUSH function has 

come from a recent study demonstrating that inclusion of introns in long cDNA transgenes 

can counteract HUSH-mediated repression.12 Since invading mobile elements are often 

products of reverse transcription and thus are intronless, such a strategy could distinguish 

invading retroelements from host genes. Given a documented role of splicing machinery in 

counteracting premature transcript cleavage and polyadenylation,41,42 and conversely, the 

preferential role of WDR82 in the termination of poorly spliced transcripts, we speculate 

that opposing effects of introns and WDR82 on HUSH recruitment may reflect active 

competition between splicing and termination. Furthermore, introns prevent the usage of 

strong polyadenylation site (PAS) terminators, and it has been recently hypothesized that 

this occurs through conformational changes in RNAPII that hinder the recruitment of 

termination factors like WDR82.43 Such a model could explain the observation that introns 

protect against HUSH-mediated silencing.

HUSH-dependent silencing occurs at a subset of targets recognized as non-self, such as 

evolutionary young L1s, LTR retrotransposons, or invading retroviruses (Figure 7B). Our 

finding that a gene desert deletion at the Sox2 locus induces a switch from the H3K9me3-

independent to H3K9me3-associated HUSH binding suggests that HUSH is continuously 

monitoring the transcribed genome to deploy silencing when the non-self DNA feature 

is detected. This raises the question of what precise molecular signals provide a direct 

trigger for epigenetic silencing by HUSH, and how are H3K9me3-negative HUSH targets 

protected from it. We speculate that A-skew, the presence of cryptic termination sites, and 

the lack of introns—features commonly found in TEs and viruses—combine to promote 

the deployment of HUSH-mediated silencing. Interestingly, L1s are a major source of 

alternative polyadenylation and premature termination sites in the genome, and this has 

been in part attributed to their A-skew, a feature that is also important for HUSH-mediated 

silencing and slow elongation through L1 sequences.12,44–46 Moreover, A/T content rather 

than the presence of a canonical PAS is understood to control termination of non-coding 

RNAs.43

Although the HUSH complex was found to be vertebrate-specific, the function of WDR82 

in transcription termination is highly conserved across evolution. The WDR82 homolog in 

yeast, called Swd2, is a member of the cleavage and polyadenylation factor (CPF) complex 

and interacts with the PP1/Dis2 phosphatase complex homologous to the mammalian 

PNUTS-PP1 to promote 3′ end transcript processing.31,35,47–51 Interestingly, although yeast 

lacks HUSH, an analogous process that couples CPF complex recruitment to non-canonical 

TTS with heterochromatin assembly has been recently described in fission yeast.52 Thus, 
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connections between termination machinery and heterochromatin formation may represent 

an ancient mechanism that during vertebrate evolution has been exploited by HUSH.

The phenomenon of RNA-directed transcriptional gene silencing (TGS) has been described 

in many organisms including yeast, plants, and worms; however, the significance of TGS 

remains controversial in mammals.8 The majority of TGS mechanisms in model organisms 

rely on the production of small RNAs, in a manner dependent on the RNAi component Dicer 

and on the RNA-dependent RNA polymerase (RdRP) that amplifies the RNAi response by 

producing double-stranded RNA substrate for Dicer.9 These small RNAs are subsequently 

loaded onto the RITS complex to initiate gene silencing in an RNAPII-dependent manner.9 

Mammals lack the RdRP activity, and the major mechanism of small RNA-dependent TGS 

convincingly established in the mammalian system is that involving piRNAs, a class of 

TE-derived small RNAs expressed selectively in the germline. It is therefore intriguing that 

structural parallels have been recently drawn between HUSH and the yeast RITS complex.22 

However, we demonstrate here that HUSH silencing is Dicer-independent. Moreover, 

the recently described mechanism linking transcription termination and heterochromatin 

assembly in fission yeast is also RNAi-independent.52

Nonetheless, HUSH silencing is transcription-dependent and thus represents a novel TGS 

pathway uniquely present in vertebrates. At least two components of HUSH, PPHLN1,12 

and MPP8 (this study) have been shown to bind RNAs at the sites of HUSH chromatin 

occupancy. However, the evidence that HUSH binding to chromatin is RNA-directed 

is currently lacking, and an alternative explanation for current observations is that the 

association of HUSH with RNA is simply a consequence of the proximity to the ongoing 

nascent transcription. Genomic sites at which RNAPII slows down could provide a window 

of opportunity for HUSH to effectively compete for the nascent RNA substrate with 

components of the RNA processing machinery rich in RNA-binding proteins. To what 

extent such interactions with RNA contribute to HUSH targeting or function remains 

to be established. We note potential parallels with HP1, a chromodomain protein which

—similarly to MPP8—directly binds both H3K9me3-modified histones and RNA.53,54 

In fission yeast, binding of HP1 to RNAs transcribed at the heterochromatin assembly 

sites weakens its association with H3K9me3, leading to the transcript release from 

heterochromatin and destruction via RNA decay pathway.55

Our study emphasizes the diversity of HUSH targets and also underscores the fact that 

many of the MPP8-bound genomic sites are independent of TASOR, a defining subunit of 

HUSH (Figure 7B). Therefore, caution needs to be taken when attributing MPP8-related 

phenotypes to HUSH. We further showed that the deletion of a non-coding gene desert, 

devoid of annotated regulatory elements, can result in profound effects on gene expression 

by triggering HUSH-dependent TGS. This observation highlights a heretofore unappreciated 

mechanism by which non-coding genomic rearrangements and deletions can impact gene 

function by the recognition of the resulting transcribed structural variant site as non-self 

DNA.
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Limitations of the study

Our observation that a HUSH target can switch from H3K9me3-negative to H3K9me3-

positive in response to the deletion of the TTS is limited to the Sox2 locus. It remains 

to be established if this observation is generalizable to other H3K9me3-negative HUSH 

targets. Furthermore, our data support a model whereby HUSH travels with RNAPII and 

associated machinery; however, the precise molecular cue for HUSH-mediated silencing and 

its relationship with termination or splicing remains to be identified.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Joanna Wysocka 

(wysocka@stanford.edu).

Materials availability—Cell lines and plasmids generated by the authors are available 

upon request to other researchers

Data and code availability

• ChIP-seq, RNA-seq, PRO-seq, and CLIP-seq data have been deposited at GEO 

and are publicly available as of the date of publication under GEO: GSE208753. 

This paper analyzes existing, publicly available data; the accession numbers for 

the datasets are listed in the key resource table.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Culture of mouse embryonic stem cells—R1 mESCs were cultured as previously 

described.66 Briefly, male R1 cells were grown in monolayer on tissue culture plates 

pretreated with 7.5 ug/ml polyL-ornithine (Sigma) and 5 ug/ml laminine (BD) consecutively 

for 1 hour each in PBS. Cells were maintained in serum-free 2i + LIF media containing 

MEK inhibitor PD0325907 (0.8 uM), GSK3β inhibitor CHIR99021 (3.3 μM), and leukemia 

inhibitory factor (LIF).

METHOD DETAILS

Endogenous tagging Sox2—Mouse embryonic stem cells were electroporated (Lonza 

nucleofection) per the manufacturers protocol with px458-mCherry56 carrying Cas9 and 

a single sgRNA targeting the C-terminus of Sox2 (TGCCCCTGTCGCACATGTGA) as 

well as two linearized pGEM-T (Promega) donors containing either GFP or BFP and 1 

kb homology arms. GFP/BFP double positive cells were single- cell sorted by FACS and 

clonally selected.
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Generating genomic rearrangement and TTS deletion in the Sox2 
reporter—A heterozygous 100 kb deletion between Sox2 and its enhancer were 

generated by transient expression of Cas9 and a pair of sgRNAs (Upstream guide: 

GGCCGAATGATTAATAACG; downstream guide: AGCAGCTGAGCATCAAAGGG) in 

px458-mCherry56 with Lipofectamine 2000 (Thermo Fisher Scientific). Transfected cells 

were again sorted on mCherry as single cells and clonally selected. Clones were 

genotyped for heterozygous deletions by allele specific PCR primers both internal 

and external to the designed junction. Perturbation of the Sox2 TTS region was 

generated similarly using the following gRNAs: GACGCGCC GAGCGTTCTGCG and 

AAGAGGCGACACAGGCCTAG. Guide RNAs for the Sox2–1kb deletion and TTS 

deletion are listed in Table S4.

ChIP-seq—10–30 million sub-confluent cells were fixed on 10 cm plates with 1% 

methanol-free formaldehyde in PBS for 10 minutes at room temperature with nutation. 

Glycine was added dropwise to a final concentration of 125 mM to quench for an additional 

5 minutes with nutation. Cross-linked cells were washed once with PBS before scraping 

on ice in cold PBS + 0.001% Triton X-100. Cell pellets were obtained by centrifugation at 

1350 × g for 5 minutes at 4C, snap frozen in liquid nitrogen, and stored at −80C. On the 

day of the immunoprecipitation, pellets were thawed on ice for 30 minutes and resuspended 

in 5 mL LB1 (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 

0.5% NP-40, 0.25% Triton X-100, with 1X Roche cOmplete Protease Inhibitor Cocktail) 

and rotated end over end at 4C for 5 minutes. Samples were centrifuged for 5 minutes at 

4C and the pellet was resuspended in 5mL LB2 (10 mM Tris-HCl pH 8.0, 200 mM NaCl, 1 

mM EDTA, 0.5 mM EGTA, with 1X Roche cOmplete Protease Inhibitor Cocktail) and again 

rotated end over end at 4C for 5 minutes. Samples were centrifuged for 5 minutes at 4C and 

the pellet was resuspended in 1 mL LB3 (10 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM 

EDTA, 0.5 mM EGFTA, 0.1% sodium deoxycholate, 0.5% N-lauroylsarcosine, 1X Roche 

cOmplete Protease Inhibitor Cocktail, 1 mM PMSF) per ChIP (typically 5–10 million cells). 

Samples were sonicated in 1 mL Covaris AFA tubes for 5 minutes at peak power = 140, duty 

factor = 10, and cycles per burst = 20 in the E220 evolution Covaris.

After sonication, samples were spun at 14,000 × g for 10 minutes at 4C. Triton X-100 was 

added to the soluble supernatants to a final concentration of 1%. Fragmented chromatin was 

allocated for each ChIP and input sample (1%), and 7ug of the desired antibody was added 

to 1 mL of each ChIP. Inputs were stored at 4C and immunoprecipitations were rotated 

end over end at 4C overnight. Antibodies used in this paper include: MPP8 (Proteintech, 

16796–1), GFP (Thermo Fisher Scientific, A-11122), H3K9me3 (Abcam, ab8898), WDR82 

(Cell Signaling, #99715), and H3K4me3 (Abcam, ab8580).

100ul of magnetic protein G Dynabeads (Thermo Fisher) slurry was washed 4× 1 mL with 

0.5% BSA in PBS for each IP. ChIPs were then added to pre-cleared protein G beads and 

rotated end over end at 4C for 4–6 hours. Chromatin-bound beads were then washed 5× 

1mL with ice cold RIPA wash buffer (50 mM HEPES-KOH pH 7.5, 500 mM LiCl, 1 mM 

EDTA, 1% NP-40, 0.7% sodium deoxycholate), inverting the samples gently to mix. A 

final wash/buffer exchange was performed with 1 mL TE + 50 mM NaCl before aspirating 

the beads completely. Chromatin was eluted in Elution Buffer (50 mM Tris-HCl pH 8.0, 
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10 mM EDTA, 1% SDS) at 65C for 20 mins with 800 RPM agitation in a ThermoMixer 

(Eppendorf). Eluted chromatin and input samples were incubated overnight (>12 hours) at 

65C to reverse formaldehyde crosslinking. Samples were diluted with one volume TE and 

digested with RNaseA (0.2 ug/ul final) for 2 hours at 37C and subsequently Proteinase 

K (0.2 ug/ul final) for 2 hours at 55C. DNA was cleaned up on ChIP DNA Clean & 

Concentrator columns (Zymo Research) and eluted in 50ul supplied DNA Elution Buffer.

For library preparation, ChIP and input DNA was quantified by Qubit dsDNA high 

sensitivity kit, and up to 50ng was used for combined end repair and A-tailing (NEBNext 

Ultra II) per the manufacturers protocol. Following Adaptor ligation and cleavage with the 

USER enzyme, samples were cleaned up on DNA Clean & Concentrator-5 columns (Zymo) 

and eluted in 11ul water. Size selection was performed on a 5% native PAGE gel. DNA 

in the range of 200–800 bp was excised and extracted overnight in crush-soak buffer (500 

mM NaCl, 1 mM EDTA, 0.1% SDS) at 55C with agitation. Crush-soak slurry was filtered 

using Spin-X columns (Corning) and cleaned up on column. Libraries were amplified with 

the NEBNext Ultra II Q5 master mix and either included multiplex oligos or custom primers 

to add respective indices. Total cycle number was determined by qPCR. Amplified libraries 

were purified with sequential XP SPRI bead clean-up steps. Final quantification and QC 

was assessed by Bioanalyzer (Agilent) and libraries were pooled for sequencing on either 

Nextseq or NovaSeq (Illumina) platforms.

CRISPR pooled KO screen—Lentivirus harboring sgRNA libraries (10 guides per gene) 

was produced as previously described in 293FTs.57 Mouse embryonic stem cells harboring 

the endogenous Sox2 1kb reporter were transduced on 6-well plates with centrifugation and 

8 ug/ml polybrene. Virus for each sub-library, concentrated from a 15 cm plate, was added 

to two, full 6-well plates (about 4M cells per well seeded the night before). Cells were 

centrifuged at 1000×g for two hours at 33C. Media was changed immediately after spinning 

and doxycycline was added at 2ug/ml. One day post transduction, infection efficiency and 

estimated viral titer was assessed by FACS analysis of mCherry positive cells on an LSR 

II flow cytometer (BD). Ideally this is around 30% for cells to receive one guide per cell. 

Puromycin was added at 1 ug/ml to select for sub-library integration. Selected cells were 

expanded in doxycycline for multiple passages to achieve 5×15cm plates per sub-library. 

Cells were released with Trypsin, washed with PBS, and resuspended in cold FACS buffer 

(2% FBS, 2 mM EDTA, 1% Sodium Azide in PBS). Cells were sorted at the Stanford 

Shared FACS Facility first for mCherry, indicating integration of the KO library, then 

for EGFP and TagBFP. Genomic DNA from sorted cells was harvested using the Gentra 

Puregene kit (Qiagen). Libraries for each sample were generated as previously described,67 

and pooled for sequencing on the Nextseq (Illumina).

Co-IP—Protein G Dynabeads (Thermo Fisher) were washed three times with 1 mL cold GG 

Lysis Buffer (10 mM HEPES, 2 mM MgCl2, 10 mM KCl, 0.5% NP-40, 0.5 mM EDTA, 

150 mM NaCl). Beads were conjugated overnight at 4C in bulk at a ratio of 50ul beads:5ug 

antibody in 1mL GG Lysis buffer rotated end over end. Mouse embryonic stem cells were 

washed once with PBS before lysing on-plate (1 mL per 10 cm plate) with ice cold GG 

lysis buffer + protease and phosphatase inhibitor cocktail tablets (Roche). Lysed cells were 
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scraped from the plate and quickly moved to a tube on ice. Cells were homogenized on ice 

15x with a pre-chilled 1 mL dounce. Lysate was centrifuged at 15,000 × g for 5 minutes at 

4C to pellet insoluble material. Concentration of the soluble fraction was calculated using 

a BCA protein quantification kit (pierce) per the manufacturer’s protocol. Samples were 

diluted to 1–2 mg/ml with GG lysis buffer for IP. Pre-conjugated protein G beads were 

added to each IP at a ratio of 5 ug antibody per mg of protein. IP samples were rotated end 

over end at 4C for 4 hours. Post IP, beads were washed 4× 1mL with GG lysis buffer. Beads 

were spun briefly before returning to the magnet to remove all residual buffer. Beads were 

resuspended in 50 ul elution buffer (1x LDS, 0.1M DTT, GG lysis) and incubated at 95C for 

10 mins. Eluate was harvested after returning beads to the magnet.

Total cell lysis and Western blot—Mouse embryonic stem cells were washed once with 

PBS before lysing on-plate in ice (1 mL per 10 cm plate) with ice cold RIPA buffer (50 mM 

Tris-HCl pH 7.4, 250 mM NaCl, 1 mM NP40, 0.5% sodium deoxycholate, and 0.1% SDS). 

Lysate was sonicated briefly with a Diagenode Bioruptor Plus for 4 cycles of 30 seconds 

on, 30 seconds off at 4C and centrifuged for 10 minutes at 14,000 × g at 4C. The soluble 

fraction was moved to a new tube and protein concentration was quantified using the Pierce 

BCA protein kit (Thermo Scientific). NuPAGE LDS Sample Buffer (Thermo Scientific) was 

added to a final concentration of 1x and DTT was added to a final concentration of 100 

mM. Samples were incubated at 95C for 7 minutes before loading. Proteins were separated 

on a NuPAGE Bis-Tris gel run in MOPS SDS buffer (Invitrogen). Proteins were transferred 

to an Immobilon PVDF membrane (Millipore) in a tris-glycine transfer buffer containing 

20% methanol at 350 mA for 1 hour at 4C. Membranes were blocked for 15 minutes 

with agitation in PBST (0.2% tween in PBS) containing 5% milk. Antibody dilutions 

were prepared in 5% milk PBST and added to blots in heat sealable strips. Blots were 

incubated with the respective primary antibody overnight at 4C with agitation. Membranes 

were washed four times with PBST for 5 minutes with agitation. Secondary antibodies were 

added at a dilution of 1:10,000 in 5% milk PBST, and membranes were incubated at room 

temperate for 1 hour with agitation. Membranes were washed extensively with PBST (at 

least 4 washes of 5 mins each). ECL prime (Amersham) was added briefly and removed 

prior to film exposure and development.

Endogenous tagging with AID-GFP-HA—A dsDNA gene block containing C-terminal 

ready nanoAID, sfGFP, and 3xHA sequences was purchased through IDT. The targeting 

construct was assembled in pGEM-T using a Gibson assembly master mix (NEB) and the 

EcoRV cut site. The assembly contained upstream and downstream homologous sequences 

to the c-terminus of the gene of interest as well as the AID-GFP-3xHA gene block. Cells 

were transfected with the targeting construct in combination with a single sgRNA and 

spCas9 expressed from the px458-mCherry plasmid (available on Addgene). Two days post 

transfection, GFP-positive single cells were sorted into fibronectin (5 ug/ml) coated 96-well 

plates with the help of the Stanford Shared FACS Facility. Clones were screened by PCR 

and/or Western blot for homozygous integration. Guide RNA sequences for endogenously 

tagging MPP8 and TASOR are available in Table S4.
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rRNA-depleted RNA-seq library construction—Total RNA was extracted with 

TRIzol (1 ml per 10 cm plate). Chloroform (200 ul) was added to each sample, mixed 

by hand, and centrifuged for 10 minutes at 15,000×g. The aqueous phase was extracted and 

two volumes of 95% EtOH was added to each sample. Samples were vortexed briefly and 

added to an RNeasy spin column (Qiagen). DNase treatment, clean up, and elution was 

performed according to the manufacturer’s instructions. RNA was quantified on a nanodrop 

(Fisher Scientific) and 2 ug was used for ribosomal RNA depletion utilizing the Ribo Minus 

Eukaryote V2 kit (A15026; Invitrogen). rRNA-depleted RNA was quantified by RNA 6000 

pico bioanalyzer (Agilent) and 20 ng was fragmented with the RNA fragmentation kit 

(Ambion). Briefly, RNA was pre-heated to 70C and 2 ul of 10x fragmentation buffer was 

spiked in for 2.5 mins at 70C. Next, 2ul of stop solution was added to quench the reaction on 

ice. Fragmented RNA was brought up to 100 ul with water along with 200 ul of RLT buffer 

(Qiagen) and 300 ul 95% EtOH. Samples were vortexed briefly before binding and cleaning 

up on an RNeasy column (Qiagen). RNA was eluted twice in 50ul water each for a total 

volume of 100 ul. RNA was lyophilized completely and resuspended in 5 ul water. Library 

construction and barcoding was carried out using the Ovation RNA-seq FFPE kit (Nugen). 

Post-amplification libraries were lyophilized, run on a native PAGE gel, and size selected to 

remove any free adaptor or primer. DNA was extracted from the PAGE gel overnight using 

the crush-soak method and cleaned on a DNA clean and conventrator-5 column (Zymo). 

Pooled libraries were denatured with NaOH and sequenced on the NextSeq 500 (Illumina) 

as a 2×75 run.

Mass spectrometry processing—Sample processing was performed as previously 

described.68 Specifically, protein samples were size-separated on bis-tris SDS-PAGE gels 

(Bio-Rad), and the gel was fixed and stained with the Colloidal Blue Staining Kit (Thermo 

Fisher Scientific) as per the manufacturer’s instructions. Each ChIRP-MS experiment (1 

lane in the gel) was cut into 2 slices from the SDS-PAGE and prepared independently. Gel 

slices were prepared for mass spectrometry by rinsing sequentially in 200 μL HPLC-grade 

water, 100% Acetonitrile (ACN, ThermoFisher Scientific), 50 mM Ammonium Bicarbonate 

(AmBic). Samples were reduced by adding 200 μL of 5 mM DTT in 50 mM AmBic and 

incubating at 65°C for 30 min. The reduction buffer was discarded, and samples were cooled 

to room temperature. Alkylation was achieved by adding 200 μL of 25 mM iodoacetamide 

in 50 mM AmBic for 20 min at 25°C in the dark. The alkylation buffer was discarded, 

samples were rinsed once in 200 μL 50 mM AmBic, and then they were washed twice 

for 10 min each in 200 μL of freshly prepared 50% ACN in 50 mM AmBic. After each 

wash, the supernatant was discarded, and after all washes, samples were dried for 3 h using 

a SpeedVac. Once dry, proteins were digested by adding 100 ng of trypsin in 200 mL of 

50 mM AmBic for 16 h at 37°C. Samples were subsequently acidified by adding formic 

acid to a final concentration of 1% and incubating at 37°C for 45 min. Finally, samples 

were desalted using C18 HyperSep Filter Plates with a 5–7 μL bed volume (ThermoFisher 

Scientific) following the manufacturer’s instructions. Samples were eluted twice in 100 μL 

80% ACN in 0.2% formic acid, dried on a lyophilizer, and resuspended in 10 μL 0.1% 

formic acid for mass spectrometry analysis.
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All samples were resuspended in 10 μL 0.2% formic acid in water and 4 μL were injected 

on column for each sample. Peptides were separated over a 50 cm EasySpray reversed 

phase LC column (75 μm inner diameter packed with 2 μm, 100 Å, PepMap C18 particles, 

Thermo Fisher Scientific). The mobile phases (A: water with 0.2% formic acid and B: 

acetonitrile with 0.2% formic acid) were driven and controlled by a Dionex Ultimate 3000 

RPLCnano system (Thermo Fisher Scientific). An integrated loading pump was used to load 

peptides onto a trap column (Acclaim PepMap 100 C18, 5 um particles, 20 mm length, 

ThermoFisher) at 5 μL/min, which was put in line with the analytical column 6 min into 

the gradient for the total protein samples. Gradient elution was performed at 300 nL/min. 

The gradient increased from 0% to 5% B over the first 6 min of the analysis, followed by 

an increase from 5% to 25% B from 6 to 86 min, an increase from 25% to 90% B from 

86 to 94 min, isocratic flow at 90% B from 94 to 102 min, and a re-equilibration at 0% for 

18 min for a total analysis time of 120 min. Precursors were ionized using an EASY-Spray 

ionization source (ThermoFisher Scientific) source held at +2.2 kV compared to ground, and 

the column was held at 45°C. The inlet capillary temperature was held at 275°C, and the 

RF lens was held at 60%. Survey scans of peptide precursors were collected in the Orbitrap 

from 350–1350 Th with an AGC target of 1,000,000, a maximum injection time of 50 

ms, and a resolution of 120,000 at 200 m/z. Monoisotopic precursor selection was enabled 

for peptide isotopic distributions, precursors of z = 2–5 were selected for data-dependent 

MS/MS scans for 2 s of cycle time, and dynamic exclusion was set to 45 s with a ± 10 ppm 

window set around the precursor monoisotope. An isolation window of 1 Th was used to 

select precursor ions with the quadrupole. MS/MS scans were collected using HCD at 30 

normalized collision energy (nce) with an AGC target of 50,000 and a maximum injection 

time of 54 ms. Mass analysis was performed in the Orbitrap with a resolution of 30,000 at 

200 m/z and an automatically determined mass range.

Infrared crosslinking and immunoprecipitation (irCLIP)—irCLIP was performed 

as previously reported.69 R1 mouse embryonic stem cells were grown as described above 

and protein-RNA interactions were fixed with UV crosslinking to a total of 0.35 J cm−2. 

Whole-cell lysates were generated in CLIP lysis buffer (50 mM HEPES, 200 mM NaCl, 1 

mM EDTA, 10% glycerol, 0.1% NP-40, 0.2% Triton X-100 and 0.5% N-lauroylsarcosine) 

and briefly sonicated using a probe-tip Branson sonicator to solubilize the chromatin. 

Each experiment was normalized to the total protein amount, typically 1 mg, and partially 

digested with RNase A (Thermo Fisher Scientific, EN0531) for 10 min at 37 °C and then 

quenched on ice. Endogenous MPP8 protein was captured with protein G dynabeads pre-

conjugated to MPP8 antibody (Proteintech; 16796–1) for 16 hours at 4 °C with rotation. The 

samples were sequentially washed (1 min each wash) at 25 °C in 1-mL volumes as follows: 

2x high stringency buffer (15 mM Tris–HCl, pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% 

Triton X-100, 1% sodium deoxycholate, 120 mM NaCl and 25 mM KCl), 1x high salt buffer 

(15 mM Tris–HCl, pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% Triton X-100, 1% sodium 

deoxycholate and 1 M NaCl) and 2x NT2 buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 

1 mM MgCl2 and 0.05% NP-40). The RNA–protein complexes were dephosphorylated after 

the NT2 washes with T4 PNK (NEB) for 45 min in an Eppendorf Thermomixer at 37 

°C, 15 s at 1,400 r.p.m., 90 s of rest in a 30 μL reaction, pH 6.5, containing 10 U T4 

PNK, 0.1 μL SUPERase-IN (Thermo Fisher Scientific) and 6 mL PEG 400 (16.7% final). 
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The dephosphorylated RNA–protein complexes were then rinsed once with NT2 buffer and 

3′-end ligated overnight with T4 RNA ligase 1 (NEB) in an Eppendorf Thermomixer at 16 

°C, 15 s at 1,400 r.p.m., 90 s of rest in a 60 μL reaction containing 10 U T4 RNA ligase, 

1.5 pmol pre-adenylated-IR800–3′ biotin DNA-adaptor, 0.1 μL SUPERase-IN and 6 μl of 

PEG 400 (16.7% final). The following day, the samples were rinsed once with 500 mL NT2 

buffer and resuspended in 30 μL of 20 mM dithiothreitol (DTT) and 1x LDS (Thermo Fisher 

Scientific) in NT2 buffer. The samples were heated to 75 °C for 10 min and the released 

RNA–protein complexes were separated by 4–12% bis-Tris SDS–PAGE (1.0 mm × 12 well) 

at 200 V for 45 min. The resolved ribonucleoprotein complexes were wet-transferred to 

nitrocellulose at 550 mA for 45 min at 4 °C.

The nitrocellulose membranes were imaged using an Odyssey CLx scanner (LiCor); the 

RBP–RNA complexes were excised using scalpels and the RNA was recovered by adding 

0.1 mL Proteinase K reaction buffer (100 mM Tris, pH 7.5, 50 mM NaCl, 1 mM EDTA and 

0.2% SDS) and 5 μL 20 mg/mL Proteinase K (Thermo Fisher Scientific). The proteins were 

digested for 60 min at 50 °C in an Eppendorf Thermomixer. Ligated RNA was captured 

with 5 μL of MyOne Streptavidin C1 Dynabeads (Thermo Fisher Scientific), which had been 

rinsed and suspended in 50 μL Biotin IP buffer (100 mM Tris, pH 7.5, 1 M NaCl, 1 mM 

EDTA and 0.1% Tween), and end-over-end rotation for 45 min at room temperature. The 

beads were placed on a magnet and washed three times sequentially with 100 μL Biotin 

IP buffer and once with 100 μL 1x PBS. cDNA synthesis occurred on the bead support by 

adding 12 μL water; 1 μL of 3 μM RT Primer and 1 μL of 10 mM dNTPs were added, heated 

to 70 °C for 5 min and then rapidly cooled to 4 °C. We then added cDNA master mix (4 μL 

5×SuperScript IV (SSIV) buffer, 1 μL 100 mM DTT and 1 μL SuperScript IV; 6 μL total) 

to the annealed RNA and incubated for 30 min at 55 °C. After cDNA synthesis, the beads 

were placed on a magnet and washed twice sequentially with 100 μL Biotin IP buffer and 

once with 100 μL 1x PBS. The beads were resuspended in 10 μL cDNA elution buffer (8.25 

μL water, 1 μL of 1 μM P3 short oligo and 0.75 μl of 50 mM MnCl2) and heated to 95 °C 

for 10 min. Subsequently, samples were cooled down at a rate of 0.1 °C s− to 60 °C. Next, 

5 μL circularization reaction buffer (3.3 μL water, 1.5 μL 10×Circligase II buffer and 0.5 μl 

Circligase II; Epicentre) was added. The cDNA was circularized for 2 h at 60 °C, followed 

by purification with 30 μL AMPure XP beads (Beckman Coulter) and 75 μL isopropanol. 

The samples were incubated for 20 min at 25 °C, washed twice with 100 μL 80% ethanol, 

air dried for 5 min and eluted in 14 μL water. Elution took place at 95 °C for 3 min and the 

samples were immediately transferred to a magnet. The eluted cDNA was transferred to a 

new PCR tube containing 15 μL 2×Phusion HF-PCR master mix (NEB), 0.5 μL of 30 μM 

P3/P6 PCR oligo mix and 0.5 μL 15×SYBR Green I (Thermo Fisher Scientific). Real-time 

qPCR was then performed as follows: 98 °C for 2 min; 15 cycles of 98 °C for 15 s, 65 

°C for 30 s and 72 °C for 30 s, with data acquisition set to the 72 °C extension step. The 

PCR reactions were cleaned by adding 4.5 μL isopropanol, 54 μL AMPure XP beads and 

incubating for 10 min. The beads were washed once with 80% ethanol, dried for 5 min and 

eluted in 15 μL water. Illumina flow cell adaptors were added by adding 15 μL 2×Phusion 

HF-PCR master mix and 0.4 μL P3solexa/P6solexa oligo mix and amplified as follows: 98 

°C for 2 min, followed by three cycles of 98 °C for 15 s, 65 °C for 30 s and 72 °C for 

30 s. The final libraries were purified with the addition of 48 μL AMPure XP beads and 
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incubation for 5 min. The beads were washed twice with 70% ethanol, dried for 5 min and 

eluted in 20 μL water. The libraries (1–2 μL) were quantitated using a HS-DNA Bioanalyzer. 

The samples were deep sequenced on the Illumina NextSeq machine (single-end, no index, 

high-output, 75-base-pair cycle run).

Single molecule fluorescence in situ hybridization—Mouse ESCs were 

hybridized with Stellaris RNA FISH Probe sets labeled with Quasar 570 (Biosearch 

Technologies, Inc.), following the manufacturer’s instructions available online at https://

www.biosearchtech.com/support/resources/stellaris-protocols. Briefly, mESCs were cultured 

on fibronectin coated glass coverslips and fixed in 4% paraformaldehyde at room 

temperature for 10mins. mESC were then permeabilized overnight by 70% (vol./vol.) 

ethanol at 4°C. Coverslips were hybridized with 500 nM probes in hybridization buffer 

(10% Formamide, 10% 20x SSC, 10% Dextran sulfate, 1mg/mL Escherichia coli tRNA, 

2mM Vanadyl ribonucleoside complex and 20ug/mL BSA) at 37 degree for 4 hours 

followed by washing and Hoechst staining. Custom Stellaris FISH Probe sets were designed 

against EGFP and TagBFP by utilizing the Stellaris® RNA FISH Probe Designer v4.2 

(Biosearch Technologies, Inc.) available online at https://www.biosearchtech.com/stellaris-

designer. Probe sequences are available upon request. Z stack images were captured on 

wide-field microscope (Eclipse Ti, Nikon) equipped with a COMS camera (ORCA-Flash 

4.0, Hamamatsu) and controlled by NIS-elements (Nikon). Objective with NA 1.4 and 60X 

magnification yielded an xy pixel-size of 107 nm. 21 Z-slices were recorded with a 200 nm 

step-size. GFP and BFP transcript numbers were estimated with FISH-quant.70

PRO-seq permeabilization—Cell permeabilization for PRO-seq was carried out under 

the advisement of the Nascent Transcriptomics core at Harvard Medical School, Boston, 

MA. Specifically, 10 cm plates of mESCs were washed once on-plate with PBS and released 

with Trypsin before quenching with ice cold DMEM + 10% FBS. Cells were counted and 

15M cells were aliquoted per sample in 15 mL tubes.

PRO-seq library construction—Aliquots of frozen (−80°C) permeabilized cells were 

thawed on ice and pipetted gently to fully resuspend. Aliquots were removed and 

permeabilized cells were counted using a Luna II, Logos Biosystems instrument. For 

each sample, 1 million permeabilized cells were used for nuclear run-on, with 50,000 

permeabilized Drosophila S2 cells added to each sample for normalization. Nuclear run-

on assays and library preparation were performed essentially as previously described71 

with modifications noted: 2X nuclear run-on buffer consisted of (10 mM Tris (pH 8), 

10 mM MgCl2, 1 mM DTT, 300mM KCl, 20uM/ea biotin-11-NTPs (Perkin Elmer), 

0.8U/uL SuperaseIN (Thermo), 1% sarkosyl). Run-on reactions were performed at 37°C. 

Adenylated 3’ adapter was prepared using the 5’ DNA adenylation kit (NEB) and ligated 

using T4 RNA ligase 2, truncated KQ (NEB, per manufacturer’s instructions with 15% 

PEG-8000 final) and incubated at 16°C overnight. 180uL of betaine blocking buffer (1.42g 

of betaine brought to 10mL with binding buffer supplemented to 0.6 uM blocking oligo 

(TCCGACGATCCCACGTTCCCGTGG/3InvdT/)) was mixed with ligations and incubated 

5 min at 65°C and 2 min on ice prior to addition of streptavidin beads. After T4 

polynucleotide kinase (NEB) treatment, beads were washed once each with high salt, low 
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salt, and blocking oligo wash (0.25X T4 RNA ligase buffer (NEB), 0.3uM blocking oligo) 

solutions and resuspended in 5’ adapter mix (10 pmol 5’ adapter, 30 pmol blocking oligo, 

water). 5’ adapter ligation was per Reimer but with 15% PEG-8000 final. Eluted cDNA 

was amplified 5-cycles (NEBNext Ultra II Q5 master mix (NEB) with Illumina TruSeq 

PCR primers RP-1 and RPI-X) following the manufacturer’s suggested cycling protocol for 

library construction. A portion of preCR was serially diluted and for test amplification to 

determine optimal amplification of final libraries. Pooled libraries were sequenced using the 

Illumina NovaSeq platform.

ChIP-seq analysis—ChIP-seq fastq files were aligned to the mm10 assembly with BWA 

MEM. Peak calls were performed with macs360 callpeak function with –broad option, 

mouse genome effective size and corresponding background reads. Visualization tracks 

were generated with bedtools genomecov (–bg –scale) with scaling factor being 106 per 

number aligned reads and converted to bigWig with bedGraph-ToBigWig (Kent tools). 

BigWigs were visualized using the IGV browser.59 ChIP-seq interval overlap statistics were 

performed with bedtools fisher tools and visualized using R. A superset of ChIP peaks 

from various modifications was obtained with mean shift algorithm as described previously. 

ChIP coverage over intervals for scatter plots and statistical tests was obtained with bedtools 

coverage. H3K9me3+ regions were identified by performing DESeq2 analysis of the ChIP-

seq counts in the intervals.

Heatmaps for ChIP-seq, RNA-seq, and PRO-seq—Heatmaps for ChIP-seq, RNA-seq 

and PRO-seq were generated by intersecting bam alignment files with intervals of interest 

using bedtools v2.25.0,58 followed by tabulation of the distances of the reads relative to 

the center of the interval and scaling to account for total aligned read numbers (106 per 

number aligned). For CLIP data the bed file of RT-stops was used instead. Heatmaps were 

plotted using a custom R function. Aggregate plots were generated by averaging rows of the 

heatmap matrix. Similarly, bootstrap intervals were obtained by sampling with replicates the 

rows of the heatmap matrix, averaging the rows followed by determining 0.025 and 0.975 

quantile. Heatmaps of the intersect of repetitive elements with HUSH peaks was obtained as 

described previously.15

CRISPR KO screen analysis—Initially, effect size and statistics for each sgRNA 

were determined by Cas9 high-Throughput maximum Likelihood Estimator (casTLE) 

as described previously,63 comparing the enrichment of on-target guides to that of non-

targeting and safe-harbor guide RNAs in the library. To complement this approach, we used 

DESeq265 to determine sgRNA enrichment and p-value for each gene.

irCLIP-seq analysis—RT stops were called utilizing the improved FAST-iCLIP pipeline 

as previously described.69 Briefly, duplicates were removed with fastx-collapser, 5’ barcodes 

and 3’ adaptors were trimmed, and STAR was used to align to the mm10 genome build.61

Mass spectrometry analysis—FASTA sequences of the human proteome (Uniprot: 

UP000005640) were used to map the peptides with MaxQuant62 with the following 

parameters: semi-specific cleavage specificity at the C-terminal site of R and K allowing 

for 2 missed cleavages. Mass tolerance was set at 12 ppm for MS1s, 0.4 for MS2s. 
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Methionine oxidation, asparagine deamidation, and N-term acetylation were set as variable 

modifications. Cysteine carbamidomethylation was set as a fixed modification.

External datasets—External next generation sequencing data were downloaded from the 

Sequence Read Archive (SRA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Details regarding quantification and statistical analysis can be found in the corresponding 

figure legends and Experiment Details section of the STAR Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We thank members of the Wysocka labs for helpful discussions, comments, and advice. This research was 
supported by the NIH grant R35 GM131757, funding from the Howard Hughes Medical Institute, a Lorry Lokey 
endowed professorship, and a Stinehart Reed award to J.W. A.S. was supported by the National Defense Science 
and Engineering Graduate Fellowship. S.B. was supported by the Gruss Lipper, Rothschild, and Zuckerman 
fellowships. We acknowledge the Stanford Shared FACS Facility for assistance in cell sorting and analysis and the 
Stanford Protein and Nucleic Acid for use of the Bioanalyzer.

REFERENCES

1. Almeida MV, Vernaz G, Putman ALK, and Miska EA (2022). Taming transposable elements 
in vertebrates: from epigenetic silencing to domestication. Trends Genet. 38, 529–553. 10.1016/
j.tig.2022.02.009. [PubMed: 35307201] 

2. Deniz Ö, Frost JM, and Branco MR (2019). Regulation of transposable elements by DNA 
modifications. Nat. Rev. Genet. 20, 417–431. 10.1038/s41576-019-0106-6. [PubMed: 30867571] 

3. Greenberg MVC, and Bourc’his D (2019). The diverse roles of DNA methylation in mammalian 
development and disease. Nat. Rev. Mol. Cell Biol. 20, 590–607. 10.1038/s41580-019-0159-6. 
[PubMed: 31399642] 

4. Nicetto D, and Zaret KS (2019). Role of H3K9me3 heterochromatin in cell identity establishment 
and maintenance. Curr. Opin. Genet. Dev. 55, 1–10. 10.1016/j.gde.2019.04.013. [PubMed: 
31103921] 

5. Slotkin RK, and Martienssen R (2007). Transposable elements and the epigenetic regulation of the 
genome. Nat. Rev. Genet. 8, 272–285. 10.1038/nrg2072. [PubMed: 17363976] 

6. Ernst C, Odom DT, and Kutter C (2017). The emergence of piRNAs against transposon invasion 
to preserve mammalian genome integrity. Nat. Commun. 8, 1411. 10.1038/s41467-017-01049-7. 
[PubMed: 29127279] 

7. Gutbrod MJ, and Martienssen RA (2020). Conserved chromosomal functions of RNA interference. 
Nat. Rev. Genet. 21, 311–331. 10.1038/s41576-019-0203-6. [PubMed: 32051563] 

8. Holoch D, and Moazed D (2015). RNA-mediated epigenetic regulation of gene expression. Nat. 
Rev. Genet. 16, 71–84. 10.1038/nrg3863. [PubMed: 25554358] 

9. Martienssen R, and Moazed D (2015). RNAi and heterochromatin assembly. Cold Spring Harb. 
Perspect. Biol. 7, a019323. 10.1101/cshperspect.a019323. [PubMed: 26238358] 

10. Schultz DC, Ayyanathan K, Negorev D, Maul GG, and Rauscher FJ (2002). SETDB1: a 
novel KAP-1-associated histone H3, lysine 9-specific methyltransferase that contributes to HP1-
mediated silencing of euchromatic genes by KRAB zinc-finger proteins. Genes Dev. 16, 919–932. 
10.1101/gad.973302. [PubMed: 11959841] 

Spencley et al. Page 23

Mol Cell. Author manuscript; available in PMC 2024 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



11. Imbeault M, Helleboid PY, and Trono D (2017). KRAB zinc-finger proteins contribute to the 
evolution of gene regulatory networks. Nature 543, 550–554. 10.1038/nature21683. [PubMed: 
28273063] 

12. Seczynska M, Bloor S, Cuesta SM, and Lehner PJ (2022). Genome surveillance by 
HUSH-mediated silencing of intronless mobile elements. Nature 601, 440–445. 10.1038/
s41586-021-04228-1. [PubMed: 34794168] 

13. Tchasovnikarova IA, Timms RT, Matheson NJ, Wals K, Antrobus R, Göttgens B, Dougan G, 
Dawson MA, and Lehner PJ (2015). GENE SILENCING. Epigenetic silencing by the HUSH 
complex mediates position-effect variegation in human cells. Science 348, 1481–1485. 10.1126/
science.aaa7227. [PubMed: 26022416] 

14. Garland W, Müller I, Wu M, Schmid M, Imamura K, Rib L, Sandelin A, Helin K, and Jensen 
TH (2022). Chromatin modifier HUSH co-operates with RNA decay factor next to restrict 
transposable element expression. Mol. Cell 82, 1691–1707.e8. 10.1016/j.molcel.2022.03.004. 
[PubMed: 35349793] 

15. Liu N, Lee CH, Swigut T, Grow E, Gu B, Bassik MC, and Wysocka J (2018). Selective silencing 
of euchromatic L1s revealed by genome-wide screens for L1 regulators. Nature 553, 228–232. 
10.1038/nature25179. [PubMed: 29211708] 

16. Robbez-Masson L, Tie CHC, Conde L, Tunbak H, Husovsky C, Tchasovnikarova IA, Timms 
RT, Herrero J, Lehner PJ, and Rowe HM (2018). The HUSH complex cooperates with 
TRIM28 to repress young retrotransposons and new genes. Genome Res. 28, 836–845. 10.1101/
gr.228171.117. [PubMed: 29728366] 

17. Yurkovetskiy L, Guney MH, Kim K, Goh SL, McCauley S, Dauphin A, Diehl WE, and Luban 
J (2018). Primate immunodeficiency virus proteins Vpx and Vpr counteract transcriptional 
repression of proviruses by the HUSH complex. Nat. Microbiol. 3, 1354–1361. 10.1038/
s41564-018-0256-x. [PubMed: 30297740] 

18. Zhu Y, Wang GZ, Cingöz O, and Goff SP (2018). NP220 mediates silencing of unintegrated 
retroviral DNA. Nature 564, 278–282. 10.1038/s41586-018-0750-6. [PubMed: 30487602] 

19. Li Y, Rivera CM, Ishii H, Jin F, Selvaraj S, Lee AY, Dixon JR, and Ren B (2014). CRISPR reveals 
a distal super-enhancer required for Sox2 expression in mouse embryonic stem cells. PLoS One 9, 
e114485. 10.1371/journal.pone.0114485. [PubMed: 25486255] 

20. Zuin J, Roth G, Zhan Y, Cramard J, Redolfi J, Piskadlo E, Mach P, Kryzhanovska M, Tihanyi G, 
Kohler H, et al. (2022). Nonlinear control of transcription through enhancer-promoter interactions. 
Nature 604, 571–577. 10.1038/s41586-022-04570-y. [PubMed: 35418676] 

21. Timms RT, Tchasovnikarova IA, Antrobus R, Dougan G, and Lehner PJ (2016). ATF7IP-
mediated stabilization of the histone methyltransferase SETDB1 is essential for heterochromatin 
formation by the HUSH complex. Cell Rep. 17, 653–659. 10.1016/j.celrep.2016.09.050. [PubMed: 
27732843] 

22. Douse CH, Tchasovnikarova IA, Timms RT, Protasio AV, Seczynska M, Prigozhin DM, Albecka 
A, Wagstaff J, Williamson JC, Freund SMV, et al. (2020). TASOR is a pseudo-PARP that directs 
HUSH complex assembly and epigenetic transposon control. Nat. Commun. 11, 4940. 10.1038/
s41467-020-18761-6. [PubMed: 33009411] 

23. Bhattacharjee S, Roche B, and Martienssen RA (2019). RNA-induced initiation of 
transcriptional silencing (RITS) complex structure and function. RNA Biol. 16, 1133–1146. 
10.1080/15476286.2019.1621624. [PubMed: 31213126] 

24. Matkovic R, Morel M, Lanciano S, Larrous P, Martin B, Bejjani F, Vauthier V, Hansen MMK, 
Emiliani S, Cristofari G, et al. (2022). TASOR epigenetic repressor cooperates with a CNOT1 
RNA degradation pathway to repress HIV. Nat. Commun. 13, 66. 10.1038/s41467-021-27650-5. 
[PubMed: 35013187] 

25. Tunbak H, Enriquez-Gasca R, Tie CHC, Gould PA, Mlcochova P, Gupta RK, Fernandes L, 
Holt J, van der Veen AG, Giampazolias E, et al. (2020). The HUSH complex is a gatekeeper 
of type I interferon through epigenetic regulation of LINE-1s. Nat. Commun. 11, 5387. 10.1038/
s41467-020-19170-5. [PubMed: 33144593] 

26. Prigozhin DM, Douse CH, Farleigh LE, Albecka A, Tchasovnikarova IA, Timms RT, Oda SI, 
Adolf F, Freund SMV, Maslen S, et al. (2020). Periphilin self-association underpins epigenetic 

Spencley et al. Page 24

Mol Cell. Author manuscript; available in PMC 2024 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



silencing by the HUSH complex. Nucleic Acids Res. 48, 10313–10328. 10.1093/nar/gkaa785. 
[PubMed: 32976585] 

27. Chang Y, Sun L, Kokura K, Horton JR, Fukuda M, Espejo A, Izumi V, Koomen JM, Bedford MT, 
Zhang X, et al. (2011). MPP8 mediates the interactions between DNA methyltransferase Dnmt3a 
and H3K9 methyltransferase GLP/G9a. Nat. Commun. 2, 533. 10.1038/ncomms1549. [PubMed: 
22086334] 

28. Müller I, Moroni AS, Shlyueva D, Sahadevan S, Schoof EM, Radzisheuskaya A, Højfeldt JW, 
Tatar T, Koche RP, Huang C, and Helin K (2021). MPP8 is essential for sustaining self-renewal 
of ground-state pluripotent stem cells. Nat. Commun. 12, 3034. 10.1038/s41467-021-23308-4. 
[PubMed: 34031396] 

29. Tsusaka T, Kikuchi M, Shimazu T, Suzuki T, Sohtome Y, Akakabe M, Sodeoka M, Dohmae 
N, Umehara T, and Shinkai Y (2018). Trimethylation of ATF7IP by G9a/GLP recruits 
the chromodomain protein MPP8. Epigenetics Chromatin 11, 56. 10.1186/s13072-018-0231-z. 
[PubMed: 30286792] 

30. Xu W, Li J, He C, Wen J, Ma H, Rong B, Diao J, Wang L, Wang J, Wu F, et al. (2021). 
METTL3 regulates heterochromatin in mouse embryonic stem cells. Nature 591, 317–321. 
10.1038/s41586-021-03210-1. [PubMed: 33505026] 

31. Austenaa LMI, Barozzi I, Simonatto M, Masella S, Della Chiara G, Ghisletti S, Curina A, de 
Wit E, Bouwman BAM, de Pretis S, et al. (2015). Transcription of mammalian cis-regulatory 
elements is restrained by actively enforced early termination. Mol. Cell 60, 460–474. 10.1016/
j.molcel.2015.09.018. [PubMed: 26593720] 

32. Lee JH, and Skalnik DG (2008). Wdr82 is a C-terminal domain-binding protein that recruits 
the Setd1A histone H3-Lys4 methyltransferase complex to transcription start sites of transcribed 
human genes. Mol. Cell. Biol. 28, 609–618. 10.1128/MCB.01356-07. [PubMed: 17998332] 

33. Brookes E, de Santiago I, Hebenstreit D, Morris KJ, Carroll T, Xie SQ, Stock JK, Heidemann 
M, Eick D, Nozaki N, et al. (2012). Polycomb associates genome-wide with a specific RNA 
polymerase II variant, and regulates metabolic genes in ESCs. Cell Stem Cell 10, 157–170. 
10.1016/j.stem.2011.12.017. [PubMed: 22305566] 

34. Austenaa LMI, Piccolo V, Russo M, Prosperini E, Polletti S, Polizzese D, Ghisletti S, Barozzi I, 
Diaferia GR, and Natoli G (2021). A first exon termination checkpoint preferentially suppresses 
extragenic transcription. Nat. Struct. Mol. Biol. 28, 337–346. 10.1038/s41594-021-00572-y. 
[PubMed: 33767452] 

35. Landsverk HB, Sandquist LE, Bay LTE, Steurer B, Campsteijn C, Landsverk OJB, Marteijn 
JA, Petermann E, Trinkle-Mulcahy L, and Syljuåsen RG (2020). WDR82/PNUTS-PP1 prevents 
transcription-replication conflicts by promoting RNA polymerase II degradation on chromatin. 
Cell Rep. 33, 108469. 10.1016/j.celrep.2020.108469. [PubMed: 33264625] 

36. Hughes AL, Szczurek AT, Kelley JR, Lastuvkova A, Turberfield AH, Dimitrova E, Blackledge 
NP, and Klose RJ (2023). A CpG island-encoded mechanism protects genes from premature 
transcription termination. Nat. Commun. 14, 726. 10.1038/s41467-023-36236-2. [PubMed: 
36759609] 

37. Wu M, Wang PF, Lee JS, Martin-Brown S, Florens L, Washburn M, and Shilatifard A (2008). 
Molecular regulation of H3K4 trimethylation by Wdr82, a component of human Set1/COMPASS. 
Mol. Cell. Biol. 28, 7337–7344. 10.1128/MCB.00976-08. [PubMed: 18838538] 

38. Guenther MG, Levine SS, Boyer LA, Jaenisch R, and Young RA (2007). A chromatin 
landmark and transcription initiation at most promoters in human cells. Cell 130, 77–88. 10.1016/
j.cell.2007.05.042. [PubMed: 17632057] 

39. Mikkelsen TS, Ku M, Jaffe DB, Issac B, Lieberman E, Giannoukos G, Alvarez P, Brockman 
W, Kim TK, Koche RP, et al. (2007). Genome-wide maps of chromatin state in pluripotent and 
lineage-committed cells. Nature 448, 553–560. 10.1038/nature06008. [PubMed: 17603471] 

40. Etchegaray JP, Zhong L, Li C, Henriques T, Ablondi E, Nakadai T, Van Rechem C, Ferrer C, Ross 
KN, Choi JE, et al. (2019). The histone deacetylase SIRT6 restrains transcription elongation via 
promoter-proximal pausing. Mol. Cell 75, 683–699.e7. 10.1016/j.molcel.2019.06.034. [PubMed: 
31399344] 

Spencley et al. Page 25

Mol Cell. Author manuscript; available in PMC 2024 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



41. Oh JM, Di C, Venters CC, Guo J, Arai C, So BR, Pinto AM, Zhang Z, Wan L, Younis I, and 
Dreyfuss G (2017). U1 snRNP telescripting regulates a size–function-stratified human genome. 
Nat. Struct. Mol. Biol. 24, 993–999. 10.1038/nsmb.3473. [PubMed: 28967884] 

42. Venters CC, Oh JM, Di C, So BR, and Dreyfuss G (2019). U1 snRNP telescripting: suppression of 
premature transcription termination in introns as a new layer of gene regulation. Cold Spring Harb. 
Perspect. Biol. 11, a032235. 10.1101/cshperspect.a032235. [PubMed: 30709878] 

43. Vlaming H, Mimoso CA, Field AR, Martin BJE, and Adelman K (2022). Screening thousands of 
transcribed coding and non-coding regions reveals sequence determinants of RNA polymerase II 
elongation potential. Nat. Struct. Mol. Biol. 29, 613–620. 10.1038/s41594-022-00785-9. [PubMed: 
35681023] 

44. Han JS, Szak ST, and Boeke JD (2004). Transcriptional disruption by the L1 retrotransposon 
and implications for mammalian transcriptomes. Nature 429, 268–274. 10.1038/nature02536. 
[PubMed: 15152245] 

45. Lee JY, Ji Z, and Tian B (2008). Phylogenetic analysis of mRNA polyadenylation sites reveals 
a role of transposable elements in evolution of the 3′-end of genes. Nucleic Acids Res. 36, 5581–
5590. 10.1093/nar/gkn540. [PubMed: 18757892] 

46. Perepelitsa-Belancio V, and Deininger P (2003). RNA truncation by premature polyadenylation 
attenuates human mobile element activity. Nat. Genet. 35, 363–366. 10.1038/ng1269. [PubMed: 
14625551] 

47. Benjamin B, Sanchez AM, Garg A, Schwer B, and Shuman S (2021). Structure-function analysis 
of fission yeast cleavage and polyadenylation factor (CPF) subunit Ppn1 and its interactions 
with Dis2 and Swd22. PLoS Genet. 17. e1009452. 10.1371/journal.pgen.1009452. [PubMed: 
33711009] 

48. Brewer-Jensen P, Wilson CB, Abernethy J, Mollison L, Card S, and Searles LL (2016). Suppressor 
of sable [Su(s)] and Wdr82 down-regulate RNA from heat-shock-inducible repetitive elements by 
a mechanism that involves transcription termination. RNA 22, 139–154. 10.1261/rna.048819.114. 
[PubMed: 26577379] 

49. Cheng H, He X, and Moore C (2004). The essential WD repeat protein Swd2 has dual functions 
in RNA polymerase II transcription termination and lysine 4 methylation of histone H3. Mol. Cell. 
Biol. 24, 2932–2943. 10.1128/MCB.24.7.2932-2943.2004. [PubMed: 15024081] 

50. Lee JH, You J, Dobrota E, and Skalnik DG (2010). Identification and characterization of a novel 
human PP1 phosphatase complex. J. Biol. Chem. 285, 24466–24476. 10.1074/jbc.M110.109801. 
[PubMed: 20516061] 

51. Parua PK, Booth GT, Sansó M, Benjamin B, Tanny JC, Lis JT, and Fisher RP (2018). A Cdk9–
PP1 switch regulates the elongation–termination transition of RNA polymerase II. Nature 558, 
460–464. 10.1038/s41586-018-0214-z. [PubMed: 29899453] 

52. Vo TV, Dhakshnamoorthy J, Larkin M, Zofall M, Thillainadesan G, Balachandran V, Holla S, 
Wheeler D, and Grewal SIS (2019). CPF recruitment to non-canonical transcription termination 
sites triggers heterochromatin assembly and gene silencing. Cell Rep. 28, 267–281.e5. 10.1016/
j.celrep.2019.05.107. [PubMed: 31269446] 

53. Muchardt C, Guillemé M, Seeler JS, Trouche D, Dejean A, and Yaniv M (2002). Coordinated 
methyl and RNA binding is required for heterochromatin localization of mammalian HP1 α. 
EMBO Rep. 3, 975–981. 10.1093/embo-reports/kvf194. [PubMed: 12231507] 

54. Rachez C, Legendre R, Costallat M, Varet H, Yi J, Kornobis E, and Muchardt C (2021). HP1g 
binding pre-mRNA intronic repeats modulates RNA splicing decisions. EMBO Rep. 22, e52320. 
10.15252/embr.202052320. [PubMed: 34312949] 

55. Keller C, Adaixo R, Stunnenberg R, Woolcock KJ, Hiller S, and Bühler M (2012). HP1Swi6 
mediates the recognition and destruction of heterochromatic RNA transcripts. Mol. Cell 47, 215–
227. 10.1016/j.molcel.2012.05.009. [PubMed: 22683269] 

56. Gu B, Comerci CJ, McCarthy DG, Saurabh S, Moerner WE, and Wysocka J (2020). Opposing 
effects of cohesin and transcription on CTCF organization revealed by super-resolution imaging. 
Mol. Cell 80, 699–711.e7. 10.1016/j.molcel.2020.10.001. [PubMed: 33091336] 

Spencley et al. Page 26

Mol Cell. Author manuscript; available in PMC 2024 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



57. Morgens DW, Wainberg M, Boyle EA, Ursu O, Araya CL, Tsui CK, Haney MS, Hess GT, Han 
K, Jeng EE, et al. (2017). Genome-scale measurement of off-target activity using Cas9 toxicity in 
high-throughput screens. Nat. Commun. 8, 15178. 10.1038/ncomms15178. [PubMed: 28474669] 

58. Quinlan AR, and Hall IM (2010). BEDTools: a flexible suite of utilities for comparing genomic 
features. Bioinformatics 26, 841–842. 10.1093/bioinformatics/btq033. [PubMed: 20110278] 

59. Thorvaldsdóttir H, Robinson JT, and Mesirov JP (2013). Integrative Genomics Viewer (IGV): 
high-performance genomics data visualization and exploration. Brief. Bioinform. 14, 178–192. 
10.1093/bib/bbs017. [PubMed: 22517427] 

60. Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, Nusbaum C, Myers RM, 
Brown M, Li W, and Liu XS (2008). Model-based analysis of ChIP-seq (MACS). Genome Biol. 9, 
R137. 10.1186/gb-2008-9-9-r137. [PubMed: 18798982] 

61. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, and 
Gingeras TR (2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21. 
10.1093/bioinformatics/bts635. [PubMed: 23104886] 

62. Cox J, and Mann M (2008). MaxQuant enables high peptide identification rates, individualized 
p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat. Biotechnol. 26, 1367–
1372. 10.1038/nbt.1511. [PubMed: 19029910] 

63. Morgens DW, Deans RM, Li A, and Bassik MC (2016). Systematic comparison of CRISPR/Cas9 
and RNAi screens for essential genes. Nat. Biotechnol. 34, 634–636. 10.1038/nbt.3567. [PubMed: 
27159373] 

64. Langmead B, and Salzberg SL (2012). Fast gapped-read alignment with Bowtie 2. Nat Methods 9, 
357–359. 10.1038/nmeth.1923. [PubMed: 22388286] 

65. Michael Love SA (2017). DESeq2. 10.18129/B9.BIOC.DESEQ2.

66. Gu B, Swigut T, Spencley A, Bauer MR, Chung M, Meyer T, and Wysocka J (2018). 
Transcription-coupled changes in nuclear mobility of mammalian cis-regulatory elements. Science 
359, 1050–1055. 10.1126/science.aao3136. [PubMed: 29371426] 

67. Deans RM, Morgens DW, Ökesli A, Pillay S, Horlbeck MA, Kampmann M, Gilbert LA, Li A, 
Mateo R, Smith M, et al. (2016). Parallel shRNA and CRISPR-Cas9 screens enable antiviral 
drug target identification. Nat. Chem. Biol. 12, 361–366. 10.1038/nchembio.2050. [PubMed: 
27018887] 

68. Flynn RA, Belk JA, Qi Y, Yasumoto Y, Wei J, Alfajaro MM, Shi Q, Mumbach MR, Limaye 
A, DeWeirdt PC, et al. (2021). Discovery and functional interrogation of SARS-CoV-2 RNA-
host protein interactions. Cell 184. 2394.e16–2411.e16. 10.1016/j.cell.2021.03.012. [PubMed: 
33743211] 

69. Zarnegar BJ, Flynn RA, Shen Y, Do BT, Chang HY, and Khavari PA (2016). irCLIP platform 
for efficient characterization of protein–RNA interactions. Nat. Methods 13, 489–492. 10.1038/
nmeth.3840. [PubMed: 27111506] 

70. Mueller F, Senecal A, Tantale K, Marie-Nelly H, Ly N, Collin O, Basyuk E, Bertrand E, Darzacq 
X, and Zimmer C (2013). FISH-quant: automatic counting of transcripts in 3D FISH images. Nat. 
Methods 10, 277–278. 10.1038/nmeth.2406. [PubMed: 23538861] 

71. Reimer KA, Mimoso CA, Adelman K, and Neugebauer KM (2021). Co-transcriptional splicing 
regulates 3′ end cleavage during mammalian erythropoiesis. Mol. Cell 81, 998–1012.e7. 10.1016/
j.molcel.2020.12.018. [PubMed: 33440169] 

Spencley et al. Page 27

Mol Cell. Author manuscript; available in PMC 2024 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• CRISPR screen uncovers de novo silencing by HUSH upon structural gene 

rearrangement

• H3K9me3 separates distinct classes of HUSH targets

• HUSH accumulates at sites of high RNAPII occupancy including long exons 

and TTS

• Termination factors WDR82 and CPSF promote HUSH chromatin binding
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Figure 1. Intragenic deletion results in unexpected epigenetic silencing at the Sox2 locus
(A) Schematic diagram of the Sox2 locus and its associated CRISPR-Cas9 screen in mESCs: 

in WT mESCs, Sox2, and its super-enhancer are separated by a 100 kb gene desert (top). 

Allele-specific GFP and BFP tags were integrated into the Sox2 gene (middle) and two 

sgRNA were used to delete the space between Sox2 and its enhancer (bottom). CRISPR 

screen was conducted by transducing a library of sgRNAs covering 20% of the mouse 

coding genome and induction of Cas9 expression (bottom).
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(B) Fluorescence-activated cell sorting (FACS) histogram plots of BFP (left) and GFP (right) 

in WT (top), Sox2-100kb (center), and Sox2-1kb (bottom) mESCs.

(C) FACS 2D plots of BFP (x axis) and GFP (y axis) in Sox2–1kb mESCs following 

transduction with sgRNA library covering 20% of the mouse coding genes and after 

induction of Cas9 expression. Marked in red is the gating strategy that was used to sort 

BFP+/GFP+ and BFP+/GFP− populations, which was followed by deep-sequencing and 

differential analysis of sgRNAs enrichment.

(D) Differential enrichment of sgRNAs between GFP-positive and GFP-negative populations 

that were sorted in (C) as calculated by DE-Seq. Marked in red aregenes associated with the 

HUSH complex.
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Figure 2. The HUSH complex is responsible for silencing at the Sox2 short allele
(A) MPP8 western blot in Sox2–1kb reporter (control) and MPP8 knockout (KO) subclones. 

Membranes were probed with antibodies against MPP8 and β-actin as a loading control.

(B) FACS 2D plots of GFP (x axis) and forward scatter (y axis) in WT mESCs, Sox2–1kb 

reporter (control), and MPP8 KO clones.

(C) FACS histogram plots of GFP in Sox2–1kb reporter cells transduced with two non-

targeting sgRNAs (control) or TASOR-targeting sgRNAs (TASOR KO), 9 days after 

induction of Cas9 expression.
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(D) H3K9me3 ChIP-seq coverage aligned independently to Sox2-GFP (green) or Sox2-BFP 
(blue) alleles in the Sox2–1kb cell line.

(E) Chromatin immunoprecipitation quantitative PCR (ChIP-qPCR) of H3K9me3 in Sox2–

1kb reporter. Schematic diagram of the Sox2 locus in the Sox2–1kb reporter and location 

of primers used for the qPCR (top). Percentage of input recovered for H3K9me3 ChIP in 

Sox2–1kb reporter control (red) and MPP8 KO clones (blue) with the different primers for 

qPCR (bottom).

(F) Top: schematic diagram of the MPP8 and TASOR endogenous tagging strategy in WT 

mESCs (termed “AGH” for AID-GFP-HAx3). Bottom: western blots in WT (control) and 

endogenously tagged mESCs, probing for MPP8 (left), HA (right) and β-actin as a loading 

control.

(G) Browser tracks of TASOR, MPP8 and H3K9me3 ChIP-seq in WT mESCs surrounding 

the Sox2 locus. Highlighted in yellow are the major ChIP-seq pileups for either MPP8 and 

TASOR (HUSH peaks) or MPP8-only peaks.
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Figure 3. Two classes of HUSH targets distinguished by H3K9me3, transposon content, and 
response to HUSH depletion
(A) Heatmaps showing ChIP-seq coverage for MPP8, TASOR, H3K9me3, and SETDB1 

at MPP8 peaks. The x axis represents distance from MPP8 ChIP peak in kb. Heatmaps 

were sorted first by H3K9me3 and then by MPP8 and TASOR signal. Regions with high 

coverage of both MPP8 and TASOR were classified as HUSH targets (H3K9me3-positive; 

orange and H3K9me3-negative; light blue), whereas regions with low or no TASOR were 

delineated as MPP8-only (gray). The number of peaks for each class (n) is indicated. ChIP 

peak orientation in heatmaps is stranded based on the ratio of positive- and negative-stranded 

PRO-seq signals.

(B) Scatterplots showing all MPP8 and TASOR ChIP-seq peaks as a function of log 

coverage for MPP8 (x axis) and SETDB1 (y axis) ChIP-seq. Marked in red are peaks 

overlapping H3K9me3 (left) or TASOR (right).
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(C) Heatmaps showing the presence and relative position of repetitive elements as annotated 

by repeat masker, centered and sorted as in (A). The x axis represents distance from MPP8 

ChIP peak in kb.

(D) Heatmaps showing relative position of transcribed exons as annotated by custom 

transcriptome models derived from RNA-Seq of WT mESCs, centered and sorted as in 

(A). The x axis represents distance from MPP8 ChIP peak in kb.

(E) Heatmaps showing RNA-seq coverage in WT mESCs, centered and sorted as in (A). The 

x axis represents distance from MPP8 ChIP peak in kb.

(F) Heatmaps showing subtraction of RNA-seq coverage in MPP8-depleted mESCs (treated 

with auxin for 7 days) from control mESCs, centered and sorted as in (A). The x axis 

represents distance from MPP8 ChIP peak in kb.

(G) Heatmaps showing subtraction of RNA-seq coverage in TASOR-depleted mESCs 

(treated with auxin for 1 day) from untreated control mESCs, centered and sorted as in 

(A). The x axis represents distance from MPP8 ChIP peak in kb.
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Figure 4. The HUSH complex interacts with RNA polymerase II termination factors and binds 
nascent RNA
(A) Log of label-free quantification (LFQ) intensity for HA immunoprecipitation (IP) 

followed by mass-spectrometry in TASOR-AGH (y axis) and untagged control mESCs (x 

axis). Colored dots highlight associations of proteins with the HUSH complex (blue) or with 

RNA polymerase II (red).

(B) Same as (A), for MPP8-AGH IP-MS.

(C) Western blot showing coIP of MPP8 and WDR82 with TASOR (HA IP) in the TASOR-

AGH cell line. Samples were incubated with RNaseA at 2 ng/μL during the IP. Inputs (in), 

non-bound flowthrough (NB), and HA peptide eluted (E) fractions at shown.

(D) Enrichment of MPP8 irCLIP-seq for various genomic features. y axis was calculated by 

normalizing the number of RT stops to both length and level of transcription, as measured by 

PRO-seq. Exons were annotated by custom transcriptome models derived from RNA-seq of 

WT mESCs.

(E) Aggregate plot showing MPP8 CLIP-seq normalized read count (y axis) relative to the 

distance from HUSH or MPP8-only ChIP peaks (x axis). HUSH peaks were divided into 

H3K9me3-positive (blue), H3K9me3-negative (purple), or MPP8-only regions based on the 

classification in Figure 3A.

(F) Heatmaps showing ChIP-seq coverage for RNA polymerase II using different antibodies 

that recognize various C-terminal domain (CTD) modifications, centered and sorted as in 

Figure 3A. The x axis represents distance from MPP8 ChIP peak in kb.
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Figure 5. WDR82 is required for HUSH accumulation on chromatin
(A) Heatmap showing odds ratio values for overlap between H3K4me3, H3K9me3, MPP8, 

TASOR, and WDR82 ChIP-seq peaks. Peaks were called using MACS2 with broad peak 

settings. Statistics were calculated by BEDTools fisher. The number of peaks for respective 

proteins is indicated at the bottom.

(B) Heatmaps of WDR82 ChIP-seq coverage in WT mESCs, centered and sorted as in 

Figure 3A. The x axis represents distance from MPP8 ChIP peak in kb.
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(C) Western blot of WT and TASOR-AGH mESC total cell lysates. Control and WDR82 

KO clones from each cell line are shown. Membranes were probed with antibodies against 

WDR82, L1-ORF1p, and HSP90 as a loading control.

(D) Heatmaps showing TASOR (left) or MPP8 (middle) differential ChIP-seq coverage in 

WDR82 KO – WT backgrounds compared with reanalyzed ChIP-seq coverage for TRIM28 

(right). Signal is centered and sorted as in Figure 3A. The x axis represents distance from 

MPP8 ChIP peak in kb.

(E) Aggregate plot showing TASOR ChIP-seq coverage (y axis) relative to the distance from 

HUSH ChIP peak (x axis) in WT (red) and WDR82 KO (blue) mESCs.

(F) Top: browser tracks of TASOR, MPP8 and WDR82 ChIP-seq in WT and WDR82 KO 

mESCs. Bottom: browser tracks of PRO-seq in WT (orange) and WDR82 KO (blue) mESCs 

for the positive (+) and negative (−) DNA strands. The arrow marks the observed shifts in 

ChIP-seq and PRO-seq signals in WDR82 KO samples.

(G) Aggregate plot showing TASOR ChIP-seq coverage individually scaled to span (0,1) 

interval in each sample (y axis) to visualize changes in plot shape, relative to the distance 

from HUSH ChIP peak (x axis) in WT (red) and WDR82 KO (blue) mESCs.

(H) Heatmaps showing subtraction of PRO-seq coverage (WDR82 KO – WT), for sense (S, 

left) and antisense (AS, right) strands. Heatmaps were centered and sorted as in Figure 3A. 

The x axis represents distance from MPP8 ChIP peak in kb.
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Figure 6. HUSH is coupled to transcription termination machinery
(A) Western blot in CPSF3-AGH mESCs, either with or without auxin treatment for 6 or 12 

hours. Membranes were probed with antibodies against CPSF3 and β-actin.

(B) Average plot of CPSF3 ChIP-seq coverage at H3K9me3-negative HUSH peaks in 

CPSF3-AGH cells with or without auxin represented by blue or red lines, respectively. The x 

axis indicates distance from HUSH ChIP peak in kb.
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(C) Average plot of MPP8 ChIP-seq coverage at H3K9me3-negative HUSH peaks in 

CPSF3-AGH cells with or without auxin represented by blue or red lines, respectively. 

The x axis indicates distance from HUSH ChIP peak in kb.

(D) Fraction of HUSH peaks that overlap GENCODE-annotated transcription termination 

sites (TTS) for H3K9me3-positive and H3K9me3-negative regions.

(E) Aggregate plots of TASOR, MPP8, WDR82, RNAPII (8WG16), and NELF ChIP-seq 

coverage centered on unique TSS, midpoints, or TTS (based on polyA) for H3K9me3-

negative HUSH sites. Plotted are the median (solid line) and 95% CI of 1,000× bootstrap. 

The ordinate represents genomic distance relative to the feature in kb and the abscissa 

represents coverage (reads per billion per base per region).
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Figure 7. Model for co-transcriptional, termination machinery-coupled targeting of HUSH to 
endogenous genic and transposon targets
(A) Schematic model for the mechanism of HUSH binding to endogenous, non-TE gene 

targets absent H3K9me3 (top-left), and silencing of young, transcriptionally-active TEs 

(top-right). HUSH associates with termination factors WDR82 and CPSF and tracks 

with RNAPII to survey transcribed portion of the genome. Loss of WDR82 results in 

transcriptional readthrough by RNAPII and prevents stable interaction of HUSH with 

chromatin at both H3K9me3-positive and -negative HUSH targets. We hypothesize that 

recognition of a cryptic TTS in an L1 or at the Sox2–1kb allele may provide a trigger 

H3K9me3.

(B) Summary of the different regions and relevant features that are associated with 

H3K9me3 and/or HUSH ChIP-seq signals.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

MPP8 – Rabbit polyclonal Proteintech Cat# 16796-1; RRID: AB_2266644

GFP – Rabbit polyclonal Thermo Fisher Scientific Cat# A11122; RRID: AB_221569

H3K9me3 – Rabbit polyclonal Abcam Cat# Ab8898; RRID: AB_306848

WDR82 – Rabbit monoclonal Cell Signaling Technology Cat# 99715; RRID: AB_2800319

H3K4me3 – Rabbit polyclonal Abcam Cat# ab8580; RRID: AB_306649

HRP conjugated mouse monoclonal anti-HSP90 Cell Signaling Technology Cat# 79641S; RRID: AB_2799937

HA – Rabbit polyclonal Abcam Cat# ab9110; RRID: AB_307019

LINE-1 ORF1p-Rabbit monoclonal Abcam Cat# ab216324; RRID: 
AB_2921327

Bacterial and virus strains

10-beta Competent E. coli (high efficiency) NEB C3019H

5-alpha Competent E. coli NEB C2987H

Chemicals, peptides, and recombinant proteins

MEK inhibitor PD0325901 Selleck Chemicals Cat# S1036

GSK3b inhibitor CHIR99021 Selleck Chemicals Cat# S2924

polyL-ornithine Sigma-Aldrich Cat# P4638-100MG

Laminin Life Technologies Cat# 23017015

Fibronectin ThermoFisher Cat# FC01010MG

Indole-3-acetic acid sodium salt (auxin analog) Sigma-Aldrich Cat# 5148-2G

cOmplete, EDTA-free Protease Inhibitor Cocktail Millipore Sigma 11873580001

PhosSTOP Millipore Sigma 4906845001

SUPERaseIn ThermoFisher AM2694

Critical commercial assays

Lipofectamine2000 ThermoFisher Cat#11668019

NEBNext Ultra II DNA Library Prep Kit for Illumina New England BioLabs Cat# E7645S

TRIzol Reagent Invitrogen Cat# 15596018

NEBNext Multiplex Oligos for Illumina kit New England BioLabs Cat# E7335S

AMPure XP Beckman Coulter Cat# A63881

Dynabeads Protein G for Immunoprecipitation Invitrogen Cat# 10004D

Qubit dsDNA HS Assay Kit Invitrogen Cat# Q32854

Ovation RNA-seq FFPE Nugen discontinued

Unicersal Plus Total RNA-seq library preparation kit with NuQuant, 
mouse any-deplete

Tecan Cat# 9157-24

RNeasy Plus Mini Qiagen Cat# 74134

DNA Clean & Concentrator-5 Zymo Cat# D4014

HyperSep C18 Plates ThermoFisher 60300-425
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

ChIP-seq, RNA-seq, and PRO-seq This paper GEO: GSE208753

Western blot raw images This paper Mendeley DOI: 0.17632/
v5y87syfcc.1

Experimental models: Cell lines

R1 mESC WT This paper N/A

R1 mESC TASOR-AGH TIRI mCherry This paper N/A

R1 mESC TASOR-AGH TIR1-mCherry KO T1 This paper N/A

R1 mESC TASOR-AGH TIR1 mCherry WDR82 KO T5 This paper N/A

R1 mESC Sox2-1kb 1311 TRE Cas9 Blast This paper N/A

R1 mESC Sox2-1kb MPP8 KO M1 TRE Cas9 Blast This paper N/A

R1 mESC Sox2-1kb MPP8 KO M16 TRE Cas9 Blast This paper N/A

R1 mESC Sox2-100kb BG4 This paper N/A

R1 mESC MPP8-AID-HA TIR1-mCherry This paper N/A

R1 mESC Sox2-1kb This paper N/A

R1 mESC CPSF3-AGH TIR1-mCherry This paper N/A

R1 mESC WDR82 KO W4 This paper N/A

R1 mESC WDR82 KO W8 This paper N/A

R1 mESC MPP8-AGH This paper N/A

R1 mESC Sox2-1kb DICER1 KO Clone 22 This paper N/A

R1 mESC Sox2-1kb DICER1 KO Clone 23 This paper N/A

Oligonucleotides

Sox2 C-term endogenous tagging sgRNA: 
TGCCCCTGTCGCACATGTGA

This paper N/A

Sox2-1kb deletion upstream sgRNA: GGCCGAATGATTAATAACG This paper N/A

Sox2-1kb deletion downstream sgRNA: 
AGCAGCTGAGCATCAAAGGG

This paper N/A

Primers and sgRNA sequences, see Table S4 This paper N/A

Recombinant DNA

Super piggyBac Transposase expression vector System Biosciences (SBI) Cat# PB210PA-1

pGEM-T Promega Cat# A1360

Plasmid: pAS_pb_Ef1a-TIR1_Ubc-mCherry-Puro This paper Addgene Cat# 195567

Plasmid: pAS458-U6_CBA-mCherry This paper Addgene Cat# 195566

Plasmid: pbTRE3G-SpCas9-IRES-Blast This paper Addgene Cat# 195506

Plasmid: px458-mCherry Gu et al.56 Addgene Cat# 161974

Plasmid library: Mouse CRISPR Deletion Morgens et al.57 Addgene Cat# 1000000121

Library - Apoptosis and cancer

Software and algorithms

bedtools V2.25.0 Quinlan and Hall58 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

IGV Thorvaldsdóttir et al.59 N/A

MACS3 Zhang et al.60 N/A

STAR Dobin et al.61 N/A

MaxQuant Cox and Mann62 N/A

CasTLE Morgens et al.63 N/A

Bowtie 2 Langmead and Salzberg64 N/A

DESeq2 Michael Love65 N/A

Other

NextSeq 500 Illumina N/A

NovaSeq 6000 Illumina

LightCycler 480 Roche N/A

Bioanalyzer Agilent N/A

Amaxa 4D nucleofector Lonza N/A

Covaris sonicator E220 Covaris N/A

LSRII Flow Cytometer BD N/A

FACSARIA II Flow Cytometer BD N/A
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