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SUMMARY

The role of chromatin-associated RNAi components in the nucleus of mammalian cells and in particular in the
context of developmental programs remains to be elucidated. Here, we investigate the function of nuclear
Argonaute 1 (Ago1) in gene expression regulation during skeletal muscle differentiation. We show that
Ago1 is required for activation of the myogenic program by supporting chromatin modification mediated
by developmental enhancer activation. Mechanistically, we demonstrate that Ago1 directly controls global
H3K27 acetylation (H3K27ac) by regulating enhancer RNA (eRNA)-CREB-binding protein (CBP) acetyltrans-
ferase interaction, a key step in enhancer-driven gene activation. In particular, we show that Ago1 is specif-
ically required for myogenic differentiation 1 (MyoD) and downstreammyogenic gene activation, whereas its
depletion leads to failure of CBP acetyltransferase activation and blocking of the myogenic program. Our
work establishes a role of the mammalian enhancer-associated RNAi component Ago1 in epigenome regu-
lation and activation of developmental programs.

INTRODUCTION

Argonaute (Ago) proteins are key components of the RNA inter-

ference (RNAi) pathway that regulate gene expression, both at

the post-transcriptional and transcriptional levels. The role of

Ago proteins in posttranscriptional gene silencing (PTGS) is

well defined in the cytoplasm (Carthew and Sontheimer, 2009;

Czech and Hannon, 2011; Meister and Tuschl, 2004). The nu-

clear functions of Ago proteins in DNA and histone methylation,

heterochromatin formation, and gene silencing have been exten-

sively explored in plants and fission yeast (Holoch and Moazed,

2015; Kim et al., 2006; Volpe et al., 2002; Wassenegger et al.,

1994). Recent studies indicate that Ago proteins are present

also in the nucleus of metazoan cells, preferentially at active

gene loci. In Drosophila, Dicer 2 and Ago2 are mainly associated

with active gene loci and control transcription by regulating RNA

polymerase II (RNA Pol II) pausing (Cernilogar et al., 2011).

Another study in Drosophila showed that Ago2 associates with

insulator proteins CTCF/CP190 at active promoters and appears

to be involved in CTCF/CP190-dependent looping between in-

sulators, enhancers, and promoters of the homeotic gene Abd-

B (Moshkovich et al., 2011). Human cells contain four Ago pro-

teins, Ago1, Ago2, Ago3, and Ago4 . The best studied in the nu-

clear compartment is Ago1, which has been reported to interact

with RNA Pol II, active gene promoters, and enhancers (Alló

et al., 2014; Huang et al., 2013). However, its RNA targets and

functional role in particular at enhancers remains to be eluci-

dated. Enhancers are cis-regulatory elements that promote the

transcription of target genes by positively directing the spatio-

temporal activity of core promoters (Dean et al., 2021; Levine

et al., 2014; Plank and Dean, 2014). They are generally charac-

terized by distinct chromatin signatures such as H3K4me1

over H3K4me3, CREB-binding protein (CBP)/p300 acetyltrans-

ferase binding, H3K27 acetylation (H3K27ac), and exhibiting

high sensitivity to DNA nucleases Creyghton et al., 2010; Djebali

et al., 2012; ENCODE Project Consortium, 2012; Ernst et al.,

2011; Ghisletti et al., 2010; Rada-Iglesias et al., 2011). Moreover,

enhancer elements produce a specific class of long noncoding

RNAs (lncRNAs) (enhancer RNAs [eRNAs]) that have been

shown to regulate gene activation via chromatin remodeling,

enhancer-promoter looping, and RNA Pol II recruitment (Hsieh

et al., 2014; Kim and Shiekhattar, 2015; Lam et al., 2014; Li
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et al., 2016; Melgar et al., 2011; Natoli and Andrau, 2012; Sartor-

elli and Puri, 2018). Recently, eRNA-CBP interaction was shown

to be a key step in stimulating enhancer-associated CBP acetyl-

transferase activity, thus distal promoter activation (Bose et al.,

2017). Our recent study in human cells indicates that association

of Ago1 with active enhancers is mediated by eRNAs, and this

appears to be relevant for the stability of higher order structures

and gene expression (Shuaib et al., 2019). The link with en-

hancers suggests a potential role with integrity of developmental

programs, so far unexplored.

In skeletal muscle precursor satellite cells and the differenti-

ating C2C12 cell line, transcription of eRNAs at myogenic

enhancer regions promotes myogenic differentiation 1 (MyoD)

and Myogenin (MyoG) transcription by increasing chromatin

accessibility and RNA Pol II occupancy at these loci (Mousavi

et al., 2013). The distal core enhancer (CE) eRNA (CEeRNA) reg-

ulates transcription of MyoD gene in a cis-mediated manner,

while proximal eRNA, distal regulatory regions eRNA (DRReRNA)

affects expression of Myogenin in trans (Mousavi et al., 2013;

Tsai et al., 2018). We used the samemodel system to investigate

the functional role of nuclear Ago1. We found that Ago1 is ex-

pressed during skeletal muscle cell differentiation and present

in the nucleus of C2C12 cells. Genome-wide analysis indicates

that Ago1 is enriched at enhancer regions and myogenic pro-

moters. Depletion of Ago1 reduces MyoD expression and

substantially impacts cell differentiation. Mechanistically, we

show that Ago1 is required for enhancer-mediated activation of

the myogenic program by controlling global CBP-mediated

H3K27ac and MyoD-driven differentiation program. Our study

unveils Ago1 as a pivotal player in enhancer function and estab-

lishes a previously unforeseen link between a mammalian nu-

clear RNAi component and control of developmental programs

via histone-specific epigenome modification.

RESULTS

Ago1 localizes in the nucleus of C2C12 cells
In order to verify Ago1 subcellular distribution in mouse skeletal

muscle cells, we first examined cytoplasmic and nuclear ex-

tracts of C2C12 cells using cellular fractionation and western

blot analysis. We detected Ago1 protein in both cytoplasmic

and nuclear compartments of undifferentiated myoblasts (MBs)

and differentiated myotubes (MTs, 48 h in differentiation media

[DM]) (Figure 1A). We also investigated the expression level of

all Ago genes (Ago1–Ago4) during differentiation at different

time points by qRT-PCR. The expression analysis showed that

the levels of Ago1 followed by Ago2 are increased during differ-

entiation (Figure 1B).MyoD andmyosin heavy chain 3 (MyH3) ex-

pressions were measured as a marker of muscle differentiation

(Figure 1B). Furthermore, immunofluorescence (IF) analysis

confirmed the localization of Ago1 protein in the nucleus and

cytoplasm of both undifferentiated MBs and differentiated MTs

(Figure 1C). We depleted Ago1 in C2C12 cells using a pool of

four small interfering RNAs (siRNAs) against Ago1. AllStars nega-

tive control siRNAs (QIAGEN) were used as a control for the

knockdown experiments. Transfected C2C12 cells were placed

in DM for 48 h and then harvested for analysis. The knockdown

efficiency was measured by qRT-PCR and western blot. The

siRNAs treatment diminished R70% of Ago1 for both protein

level and transcript (Figures 1D and 1E). We also observed the

same in IF analysis where Ago1 fluorescence signals were signif-

icantly diminished after Ago1 knockdown (Figure 1C). The nega-

tive control (siCtrl) and Ago1-depleted cells (siAgo1) showed

similar cell cycle profiles (Figures S1A and S1B). Importantly,

note that our siRNA-mediated knockdown of Ago1 decreased

the level of both cytoplasmic and nuclear Ago1 (Figures 1D

and 1E). In addition, we observed that Ago2 is detected in both

nuclear and cytoplasmic fractions (Figure S1C). This result is

consistent with a previous study that indicated high levels of

Ago2 in the nucleus of C2C12 cells during day 2 of differentiation

(MT2) (Sarshad et al., 2018). This nuclear Ago2 was shown to be

involved in regulating stem cell differentiation and silencing of

target RNAs in a microRNA (miRNA)-dependent manner (Sar-

shad et al., 2018). However, Ago3 and Ago4 proteins are more

enriched in the soluble cytoplasmic fraction (Figures S1D and

S1E). Furthermore, chromatin-associated Ago1 does not

interact with Ago2 and trinucleotide repeat-containing gene

6A/B proteins (TNRC6A and TNRC6B) (Figure S1F), which con-

firms a specific role of Ago1 in the chromatin compartment.

Notably, Ago1 differs from the other Ago proteins for the lack

of a functional ‘‘slicing’’ domain whereas the RNA binding and

other domains are conserved (Höck and Meister, 2008; Park

et al., 2017; Wu et al., 2008). These data indicate that different

Ago proteins are present in separate sub-nuclear compart-

ments, assigning to Ago1 a specific role in chromatin via RNA

binding and not processing.

Genome-wide binding of Ago1 and impact of Ago1
depletion on gene expression in C2C12 cells
To investigate the genome-wide association of Ago1 in C2C12,

we performed chromatin immunoprecipitation followed by

high-throughput sequencing (ChIP-seq). ChIP-seq data analysis

revealed that approximately 70%–78% of sequencing reads

were uniquely mapped to the mouse genome. We used Deep-

Tools (version 2.0) to assess the quality and reproducibility of

our ChIP data. We found good correlation between replicates

from three independent experiments in MB and MT2 cells (Fig-

ure S2A). We identified 6,274 and 17,619 Ago1 peaks in MB

and MT2, respectively, most of which overlapped with each

other (Figure 2A). The common overlapped peaks displayed

enrichment at the promoters and other genic sites, while the

unique MB and MT ChIP peaks are mainly enriched on the inter-

genic regions (Figure S2B). We observed a widespread distribu-

tion of Ago1 peaks in intergenic, intron, exon, promoter (1 kb

from transcriptional start sites [TSSs]), and UTR regions (Fig-

ure 2B). The loss of ChIP peaks upon Ago1 knockdown

confirmed the authenticity of Ago1 ChIP-seq data (Figure S2C).

Genome-wide analysis in a previous study indicated that Ago1

is strongly associated with active enhancers (Alló et al., 2014).

To determine whether Ago1 associates with muscle-specific en-

hancers, we overlapped Ago1 peaks with enhancer peaks that

have been identified in published data in C2C12 cells (Blum

et al., 2012). We found that Ago1 peaks in MBs overlapped

with 226 MB enhancers. In contrast, we found that Ago1 peaks

in MTs overlapped with 1,562 MT enhancers (Table S1). Using

publicly available data (Blum et al., 2012), we also verified that
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Ago1 peaks overlap with H3K27ac, H3K4me1, P300, and RNA

Pol II markers that are known to associate with active enhancers

(Tables S4 and S5). By examining the distribution of Ago1 peaks,

we found that Ago1 is enriched at promoters and enhancers of

key muscle-specific genes such as Myh6, Myh7, MyoG, and

Myf5 in MT2 cells (Figure S2D). It has been reported that in

C2C12, the well-characterized enhancer elements DRR and

CE, which are located �5 and �20 kb upstream of MyoD,

respectively, control MyoG and MyoD expression during muscle

differentiation (Mousavi et al., 2013; Tsai et al., 2018). Interest-

ingly, our ChIP-seq data showed enrichment of Ago1 at the

MyoD promoter and enhancers (DRR and CE) in MT2 cells, but

not in MB cells (Figure 2C). To validate Ago1 occupancy at

MyoD regulatory regions, we also performed Ago1 ChIP-qPCR

at these sites. Ago1 enrichment at MyoD promoter and regulato-

ry enhancer regions (DRR and CE) was confirmed in MT2 cells

and not in MB cells (Figure 2D). Similarly, we only found upregu-

lation of eRNA (eDRR and eCE) expression within these regula-

tory sites in MT2 cells (Figure 2E), which may aid in Ago1 recruit-

ment. To determine whether depletion of Ago1 affectsMyoD and

their regulatory eRNAs (eDRR and eCE) expression, we depleted

Ago1 in C2C12 cells. We found that knockdown of Ago1 resulted

in a significant decrease of MyoD transcript (Figure 2F) as well as

eRNAs (eDRR and eCE) (Figure S2E). Also, immunofluorescence

analysis showed reduction in MyoD fluorescence signals in

Ago1-depleted cells (Figure 2G). To identify genome-wide tran-

scriptional changes after Ago1 knockdown, we performed cap

analysis of gene expression sequencing (CAGE-seq) analysis.

We identified 2,815 potential transcribed eRNAs by overlapping

CAGE-seq predicted enhancers with GRO-seq data (Zhao et al.,

2019), and some of these displayed differential expression in

Ago1-depleted cells (Figure S2F) By DESeq2 analysis, we found

remarkable changes in CTSS (CAGE-detected TSS) expressions

upon Ago1 knockdown. The differentially expressed CTSSs

A B

C D

E

Figure 1. Subcellular distribution and expression of Ago1 in C2C12 cells during differentiation

(A) Protein expression of Ago1 was detected in both cytoplasmic and nuclear extracts from MB and MT2 cells using anti-Ago1 antibody. Alpha-tubulin and

histone 3 antibodies were used as cytoplasmic and nuclear markers, respectively.

(B) qRT-PCR was used to assay the gene expression of Ago1–Ago4 during differentiation. MyoD and Myosin heavy chain (MyH3) were used as specific dif-

ferentiation markers. Data were normalized to 18S and GAPDH. Error bars represent standard deviation (SD), calculated from three independent experiments. p

values were calculated using the t test (*p = 0.04, **p = 0.0024).

(C) Immunofluorescence analysis of Ago1 in MB and MT control and Ago1-depleted (siAgo1) cells. Ago1 was detected by specific antibody. DAPI was used to

stain nuclei (blue). Representative images are shown. Scale bars, 10 mm.

(D) Western blot showing Ago1 protein levels in siCtrl and siAgo1 cells. Histone 3 antibody was used as a loading control.

(E) qRT-PCR analysis of relative expression levels of Ago1 in siCtrl and siAgo1 cells. All data were normalized to 18S and GAPDH. Error bars represent SD,

calculated from three independent experiments.
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Figure 2. Genome-wide binding of Ago1 in C2C12 cells and effect of Ago1 depletion on gene expression and differentiation

(A) Venn diagram shows overlap between MB and MT2 Ago1 peaks.

(B) Genome-wide binding of Ago1 in MB (left) and MT2 (right) cells; bar plots show percentage of enrichment of Ago1 ChIP-seq peaks at multiple genomic loci.

(C) Enrichment of Ago1 at MyoD locus. Genome browser snapshots showing enrichment of Ago1 at MyoD promoters (PRR), core enhancer (CE), and distal

regulatory region (DDR) in MT2 cells.

(D) ChIP-qPCR analysis of Ago1 atMyoD promoter (MyoD-pro), CE, andDDR inMB andMT2 cells. Data are shown asmean ±SD of individual samples from three

independent experiments. p values were calculated using a two-tailed t test (*p < 0.02, ***p < 0.002). Immunoglobulin (Ig)G was used as a negative control.

(E) qRT-PCR analysis of relative expression levels of eRNA (eCE and eDRR) in MB and MT2 cells. All data were normalized to 18S and GAPDH. Error bars

represent SD, calculated from three independent experiments. p values were calculated using a t test (***p < 0.0001, ***p < 0.0001, and ***p < 0.0003,

respectively).

(F–K) Cells were transfected with negative control siRNA (siCtrl) and siRNAs against Ago1 (siAgo1).

(F) qRT-PCR analysis of relative expression levels of MyoD in siCtrl and siAgo1 cells. All data were normalized to 18S and GAPDH. Error bars represent SD,

calculated from three independent experiments. p values were calculated using a two-tailed t test (***p = 0.0002).

(legend continued on next page)
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include 3,147 upregulated and 3,610 downregulated clusters

(adjusted p [p-adj] < 0.05), which are mainly (83%) located in

gene promoter regions (Figure 2H). Upregulated CTSS clusters

showed enrichment of Gene Ontology (GO) terms related to

cell division, chromosome segregation, and DNA conformation

changes (Figure 2I). Interestingly, the downregulated CTSS clus-

ters are enriched with genes related to muscle development and

cell differentiation (Figure 2I). Consistently, we observed that

Ago1-depleted cells showed a low level of differentiation effi-

ciency with fewer MTs compared to control cells (Figures 2J

and 2K). A previous study indicated that depletion of Ago1 in-

creases the nuclear level of Ago2 and affects the subcellular dis-

tribution of other RNAi factors in human cells (Matsui et al., 2015).

To determine the effect of Ago1 knockdown on the nuclear levels

of Ago1–Ago4 in MT2 cells, we performed western blot analysis

on nuclear extracts from control and Ago1-depleted cells (Fig-

ures S2G–S2J). We found that depletion of Ago1 led to an

apparent increase in nuclear Ago2 and Ago4 levels (Figures

S2H and S2J).

Given the enrichment of Ago1 at skeletal muscle-specific

enhancer and promoter regions, we sought to examine the

functional significance and mechanistic aspect of this associ-

ation. We first verified enhancer-promoter interaction at the

MyoD locus by chromosome conformation capture (3C) anal-

ysis. Using 3C-qPCR, we analyzed interactions between the

MyoD promoter and CE and the DRR in wild-type MB and

MT2 cells. We found that interactions between the MyoD pro-

moter and enhancer regions increased during differentiation

in MT2 cells (Figures S3A and S3B). However, we also de-

tected these interactions in MB cells, which indicates that

these interactions are already established in proliferative

MBs (Figures S3A and S3B). Our recent report in human cells

shows Ago1 involvement in the 3D chromatin interactions

(Shuaib et al., 2019). Thus, we first tested the impact of

Ago1 knockdown on these interactions by using 3C analysis

in control and Ago1-depleted cells. Surprisingly, the interac-

tions between MyoD promoter and enhancer regions were

further increased upon Ago1 knockdown in MT2 cells (Figures

S3C and S3D) but with a negative impact on MyoD expres-

sion as shown in Figure 2F. The increase and decrease in

chromatin interactions at the global level were also observed

in human cells (Shuaib et al., 2019). These observations

indicate that somehow Ago1 contributes to proper interac-

tions between MyoD promoter and enhancer regions linked

to efficient MyoD expression in MT2 cells. Still, their physical

interaction does not appear to explain the function of Ago1.

We, therefore, investigated the potential role of Ago1 at

enhancers.

Ago1 interacts with eRNAs and CBP and affects
H3K27ac activity
It has been reported that eRNAs regulate transcription of target

genes by binding to CBP and stimulate its histone acetyltransfer-

ase activity (H3K27ac) (Bose et al., 2017). As Ago1 association

with active enhancers is mediated by eRNA (Shuaib et al.,

2019), we therefore hypothesized a role of Ago1 in the activation

of myogenic genes via the eRNAs-CBP pathway. To determine

whether Ago1 associates with eRNAs that are transcribed from

CE and DRR regions, we performed a UV cross-linked Ago1

RNA immunoprecipitation (Ago1-RIP) experiment followed by

qRT-PCR in MT2 cells. Notably, we found that Ago1 binds to

eRNA produced from CE regions called eCE and eRNA pro-

duced at DRR regions termed eDRR (Figure 3A). Ago1 deletion

mutant (Ago1-DRBD) without a RNA binding domain and Ago2

did not interact with these eRNAs (Figure 3B). We performed

Ago1-RIP-seq analysis to disclose the genome-wide distribution

of Ago1-bound different RNAs in C2C12 (MT2) cells (Figures S4A

and S4B). The distance analysis by region R revealed that RIP-

seq peaks and CAGE-seq-predicted enhancers are closer than

expected by chance (p % 0.002) (Figure S4C). We verified that

Ago1 also binds to different eRNAs (eCcnd1, eTet2, and eYY1)

that are known to be associated with CBP (Bose et al., 2017)

(Figures 3A and 3B). Therefore, we asked whether Ago1 regu-

lates gene expression through CBP. We first examined whether

Ago1 directly or indirectly interacts with CBP in the nucleus of

MT2 cells. We performed native co-immunoprecipitation (coIP)

experiments on nuclear extracts from wild-type C2C12 cells at

the MT2 stage. The pull-down assays revealed consistent co-

precipitation of nuclear Ago1with CBP and vice versa (Figure 3C,

lower panel). We also found a population of RNAs co-purified

with both Ago1 and CBP (Figure 3C, upper panel). The coIP ex-

periments with and without RNase treatment confirmed the role

of RNAs in Ago1-CBP interaction in vivo (Figures 3D and 3E).

To further validate the involvement of RNA in Ago1-CBP bind-

ing, we performed an in vitro interaction assay between recombi-

nant proteins (GST-Ago1 and CBP-HAT) with an increasing

amount of transcribed eRNA (eCE).Weobserveda clear enhance-

ment of CBP interaction with Ago1 by increasing the eRNA level

(Figures 3F and 3G). We next asked whether depletion of Ago1

in the cells affects eRNAs binding to CBP. To address this ques-

tion, we quantified binding of eRNAs to CBP in control and Ago1-

depleted cells using UV-RIP followed by qRT-PCR.We found that

the depletion of Ago1 significantly reduced the interaction of eCE,

eTet2, and eYY1 with CBP but not eDRR (Figure 3H). As a nega-

tive control we used nuclear lncRNA Malat-1, which is not de-

tected in CBP-RIP (Figure 3H). Furthermore, we assessed enrich-

ment of CBP at the MyoD locus by using ChIP-qPCR. ChIP

(G) Immunofluorescence of MyoD in siCtrl and siAgo1 cells using anti-MyoD antibody. DAPI was used to stain nuclei (blue). Major histocompatibility complex

(MHC) class I was used as specific differentiation marker. Representative images are shown. Scale bars, 10 mm.

(H) Volcano plot showing differentially expressed CTSS (CAGE-detected TSS) in Ago1-depleted cells, identified by CAGE-seq analysis. The numbers of sig-

nificant (false discovery rate (FDR) of 0.05, and log2 fold change [FC] > 1.5) differentially expressed CTSSs are shown.

(I) Gene Ontology analysis of upregulated and downregulated genes in Ago1-depleted cells.

(J) Fusion index and percentage of nuclei in siCtrl and siAgo1MT cells. The fusion index was calculated as the ratio of the nuclei number in multi-nucleatedMTs to

the total number of nuclei contained within the given field. Error bars indicate SD (n = 3). p values were calculated using a two-tailed t test (**p < 0.008). (H) Plot

represents percentage of MyoD-positive cells in siCtrl and siAgo1 MT cells.

(K) Effect of Ago1 knockdown on differentiation. Images were taken with an optical microscope for MB and MT cells transfected with siRNAs and siAgo1.
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analysis detected CBP at both the MyoD promoter and enhancer

regions (CE and DRR) (Figure 3I). When we depleted Ago1, CBP

enrichment was affected at the MyoD promoter but not at the

enhancer regions (Figure 3I). Similarly, the phosphorylated (Ser5)

RNA Pol II binding displayed reduction at the MyoD promoter

and enhancer regions but not the RNA Pol II (phospho-Ser2) (Fig-

ures S5A and S5B). Notably, the total level of CBP remained unaf-

fectedbyAgo1depletion (Figure 4A; FiguresS5CandS5D). These

results show Ago1-CBP interaction through eRNA components,

which are also involved in activating CBP-mediated H3K27ac.

A C D E

F G

B

H I J

Figure 3. Ago1 interacts with eRNAs and CBP and affects H3K27ac activity

(A and B) RIP-qPCR assays examining the interaction of Ago1, Ago1-DRBD, and Ago2 with eRNAs (eCE1, eCE2, eDRR, eCcnd1, eTet2, and eYY1) in MT2 cells.

Error bars indicate SD (n = 3). p values calculated by t test are shown (**p = 0.0013, *p = 0.028, *p = 0.020, *p = 0.019, ***p = 0.0006, and **p = 0.0032, respectively).

(C) Native coIP of Ago1 and CBP in nuclear extracts of MT2 cells. (Top) SYBR Gold staining shows the level of RNA immunoprecipitated with Ago1 and CBP.

(Bottom) Western blots of Ago1 and CBP.

(D and E) CoIP of Ago1 and CBP from nuclear extracts of MT2 cells in the presence and absence of RNase treatment (RNase A, RNase H, RNase I, RNase III,

RNase T1). Western blots show Ago1 and CBP levels in Ago1-IP and CBP-IP.

(F) Recombinant CBP-HAT and GST-tagged Ago1 proteins used for in vitro interaction assay.

(G) Interaction of CBP-HAT with GST-Ago1 in the presence of increasing concentrations of eRNA (eCE).

(H) Quantified binding of eRNAs to CBP in control and Ago1-depleted cells using UV-RIP of CBP followed by qRT-PCR. lncRNA Malat1 was used as a negative

control. Error bars show SD from three independent experiments. p values are shown (t test, ***p = 0.001, *p = 0.04, *p = 0.017, and *p = 0.023, respectively).

(I) ChIP-qPCR analysis of CBP at MyoD-pro, CE, and DDR in control and Ago1-depleted cells (n = 3). p value is shown (t test, *p = 0.01).

(J) The depletion of Ago1 affects H3K27ac activity at MyoD locus. ChIP-qPCR shows occupancy of H3K27ac at MyoD promoter and enhancer regions in control

and Ago1-depleted cells. All data are shown asmean ±SDof individual samples from three independent experiments. p values were calculated using a two-tailed

t test (*p = 0.022, **p = 0.0012, *p = 0.021, and *p = 0.023, respectively).
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A B
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D

E

F

Figure 4. Ago1 depletion diminishes H3K27ac

(A)Western blot analysis was used to examine the expression level of H3K27ac andCBP in control (siCtrl) and Ago1-depleted cells (siAgo1) from two independent

experiments. Histone H3 was used as a loading control.

(B) Immunostaining of H3K27ac in control (siCtrl) and Ago1-depleted cells (siAgo1). Nuclei were counterstained with DAPI and stained for H3K27ac. Repre-

sentative images are shown. Scale bars, 10 mm. Bar graphs indicate fluorescence signals for H3K27ac in siCtrl and siAgo1 cells from three independent ex-

periments.

(C) Fluorescence signals for H3K27ac were measured using Imaris software. Each spot (dot) represents fluorescence signals. Spot diameter is 2 mm. All data are

shown as mean ± SD of individual replicates from three independent experiments. p values were calculated using a two-tailed t test (**p = 0.0014).

(D) Genome-wide binding of H3K27ac in siCtrl and siAgo1 cells; bar plots show percentage enrichment of H3K27ac ChIP-seq peaks at multiple genomic loci.

(E) The Venn diagram shows overlap between siCtrl and siAgo1 H3K27ac peaks.

(F) Bar plot shows the total number of H3K27ac ChIP-seq peaks in siCtrl and siAgo1 cells. All data are shown as mean ± SD of individual samples from three

independent experiments. p values were calculated using a two-tailed t test (***p = 0.0006).

(G) Genome-wide distribution and level of H3K27ac ChIP-seq peaks in siCtrl and siAgo1 cells.
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Weaskedwhether depletion of Ago1 affects H3K27acmark at the

MyoD locus. To this end, we performed H3K27ac ChIP-qPCR in

control and Ago1 knockdown cells. H3K27ac levels were strongly

reducedboth atMyoDpromoter and enhancer regions uponAgo1

depletion (Figure 3J). Overall, these data indicate that Ago1 regu-

lates MyoD gene expression by binding to eRNAs and CBP and

stimulates H3K27ac during myogenic differentiation.

Ago1 depletion diminishes global H3K27ac
To examine whether depletion of Ago1 affects the H3K27ac

global level, we assessed the total level of H3K27ac in control

and Ago1-depleted cells. Western blot analysis of total nuclear

extract from Ago1-depleted cells revealed a strongly reduced

level of H3K27ac (Figure 4A). We then carried out immunofluo-

rescence experiments to verify H3K27ac in the nuclei of control

and Ago1-depleted cells. We observed substantial reduction in

H3K27ac fluorescence signals in Ago1-depleted cells compared

to control cells (Figures 4B and 4C). As a control, we performed

both western blot and immunofluorescence analysis for different

histone marks (H3K27me3 and H3K9me3) in control and Ago1-

depleted cells.We found that Ago1 depletion did not affect levels

of those histone marks (Figures S6A and S6D). Furthermore, to

determine whether Ago1 depletion affects the genome-wide oc-

cupancy of H3K27ac inMT2 cells, we performedH3K27acChIP-

seq in control and Ago1-depleted cells. ChIP-seq data analysis

revealed that approximately 72% of sequencing reads were

uniquely mapped to the mouse genome. A widespread distribu-

tion of H3K27ac peaks was observed in different genomic re-

gions, both in siCtrl and siAgo1 cells (Figure 4D). Ago1 ChIP-

seq peaks displayed a significant (p % 0.002) association with

H3K27ac ChIP peaks genome-wide (Figure S7A). Importantly,

the analysis revealed a highly significant reduction in the number

of H3K27ac ChIP peaks upon Ago1 depletion across the

genome (Figures 4E–4G; Figure S7B). We identified 26,356

H3K27ac peaks in siCtrl cells and only 2,552 H3K27ac peaks

in siAgo1 cells (Figure 4F). Finally, we found that the Ago1-

dependent decrease in the level of H3K27ac is not due to global

changes in CBP expression level (Figure 4A; Figures S5C–S5D)

but affects CBP activity.

Next, we investigatedwhether Ago1 binding affects the eRNA-

stimulated CBP-mediated H3K27ac in vitro. To this end, we per-

formed a histone acetylation (HAT) assay using reconstituted nu-

cleosomes (EpiGex, catalog no. EPX-01-RCN) and measured by

western blot analysis. The increasing amount of Ago1 in the

presence of equal concentrations of different eRNAs (eCE,

eCcnd1, and eYY1) increased the level of H3K27ac (Figures

5A–5D), confirming that Ago1 presence enhanced H3K27ac

in vitro. We also tested the effect of Ago1 on H3K18 acetylation

(H3K18ac) by a similar in vitro HAT assay. The level of H3K18ac

increased with increasing Ago1 concentration (Figure 5E), sug-

gesting an Ago1 impact on CBP acetylation activity at other res-

idues as well. These data indicate that the combinatorial binding

of Ago1 and eRNA stimulates CBP acetyltransferase activity, re-

sulting in increased levels of H3K27ac and H3K18ac in vitro.

siRNA-resistant Ago1 is able to rescue H3K27ac
Next, we sought to verify whether the reduction in the level of

H3K27ac upon Ago1 depletion is indeed specific to Ago1 pro-

tein. To analyze this, we used siRNA-resistant Ago1-MF (Myc-

FLAG tagged on the C-terminal) inducible system (pEntry-rtTA

Tet-on tetracycline-inducible vector, catalog no. PS100124, Or-

igene). The expression of endogenous Ago1 was suppressed

A B

D

C

E

Figure 5. Ago1-eRNA binding enhances CBP acetyltransferase activity

(A–D) Western blot showing in vitro HAT assay using reconstituted nucleosome (Epigex, catalog no. EPX-01-RCN) substrate. The assay was performed using

1 nM CBP-HAT titrated with 0–4 nM Ago1 in the presence of 2 nM (A) eRNA-eCE, (B) eRNA-eCcnd1, and (C) eRNA-eYY1. The reaction was run on SDS-PAGE;

after transfer to the membrane, western blotting was carried out with H3K27ac and H3 antibodies. (D) Line graph showing quantification of H3K27ac level after

normalization with H3 from western blot HAT assays (n = 3) in (A)–(C) with increasing Ago1 concentration. Densitometry was determined in Bio-Rad Chemidoc.

(E) Similar HAT assay as shown in (A) and probed for H3K18ac and H3 antibodies by western blot.
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using siRNA targeting the Ago1-UTR regions, and then Ago1-MF

was induced with doxycycline treatment in the same C2C12

cells. The level of H3K27ac and differentiation efficiency was

quantified by using western blot and fluorescence microscopy

analysis. We found that the significantly reduced level of

H3K27ac and myogenic differentiation (fusion index) by deple-

tion of endogenous Ago1 was restored after induction of

siRNA-resistant Ago1-MF in these cells (Figures 6A–6E). Thus,

the induced expression of siRNA-resistant Ago1-MF in the

endogenous Ago1-depleted cells was sufficient to rescue the

A B

C

D E

Figure 6. Silencing resistant Myc-FLAG-tagged Ago1 (Ago1-MF) is able to rescue H3K27ac and differentiation

(A) C2C12 cells were transfected with siRNA-resistant Ago1-MF (Myc-FLAG tagged) inducible vector (pEntry-rtTA Tet-on tetracycline-inducible vector, catalog

no. PS100124, Origene). After depleting the endogenous Ago1 (by siRNA targeting the Ago1-UTR regions), Ago1-MF was induced using doxycycline treatment.

Western blots show the total level of H3K27ac, H3, and Ago1 in control (siCtrl), endogenous Ago1 knockdown (Ago1-KD), and Ago1 knockdown followed by

induction of siRNA-resistant Ago1-MF (KD-Rescue). H3 was used as a loading control.

(B) Immunostaining of MyoD and MyHC as differentiation markers in control (siCtrl), endogenous Ago1-depleted (Ago1-KD), and Ago1 knockdown with induced

siRNA-resistant Ago1-MF (KD-Rescue) cells. Nuclei were stained with DAPI. Representative images are shown. Scale bars, 10 mm.

(C) Immunostaining of H3K27ac and DAPI as explained in (B).

(D) Bar graph shows fluorescence signals for H3K27ac in all of the above conditions (siCtrl, Ago1-KD, and KD-Rescue) from three independent experiments.

Fluorescence signals for H3K27ac were measured using Imaris software. Each spot (dot) represents fluorescence signals. All data are shown as mean ± SD of

individual replicates from three independent experiments. p values were calculated using a t test (**p = 0.0011, ***p = 0.0006).

(E) Bar graph displays the fusion index and percentage of nuclei inMT cells in these conditions (siCtrl, Ago1-KD, and KD-Rescue). The fusion index was calculated

as the ratio of the nuclei number in multi-nucleated MTs to the total number of nuclei contained within the given field. Error bars indicate SD (n = 3). p values were

calculated using a two-tailed t test (**p = 0.0066 and **p = 0.0095, respectively).
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level of H3K27ac and differentiation efficiency. These results

illustrate the crucial role of Ago1 in CBP-driven H3K27ac and

myogenic differentiation.

DISCUSSION

Accumulating evidence indicates that Ago1 and other RNAi

components are present in mammalian cell nuclei; however,

their roles in chromatin and gene regulation remain to be eluci-

dated, particularly in relevant developmental programs. In this

study, by using C2C12 skeletal muscle cells as a model system,

we reveal that Ago1 controls gene expression and myogenic cell

differentiation by affecting eRNA-CBP interaction and H3K27ac.

Previous work characterized eRNAs at regulatory regions of the

MyoD locus as drivers of chromatin remodeling and RNA Pol II

recruitment at target loci (Mousavi et al., 2013). A recent seminal

study unveiled that eRNAs participate in enhancer function by

binding CBP HAT and this interaction stimulates its histone ace-

tyltransferase activity, impacting transcription of target genes

(Bose et al., 2017). Our study identifies Ago1 as a key factor in

controlling eRNA-CBP interaction, and this step is required for

epigenome reprogramming to support myogenic differentiation.

Mammalian Ago1 contains a conserved RNA binding domain,

but it lacks RNA processing activity (Höck and Meister, 2008;

Park et al., 2017; Wu et al., 2008). Previous work from our lab

showed that association of Ago1 to active enhancers is depen-

dent on eRNA transcription and that depletion of Ago1 alters

expression levels of eRNAs in human cells (Shuaib et al.,

2019). Ago1 was found to bind RNA Pol II (Huang et al., 2013),

indicating either a defect in eRNA transcription and/or its stabil-

ity. Ago1 knockdown reduces the level of specific eRNAs and

binding of phosphorylated (Ser5) RNA Pol II at these sites, sug-

gesting an effect during transcription initiation. Our data suggest

that enhancer-bound Ago1 affects transcription integrity via

CBP-H3K27ac and that the previously reported effects on

splicing (Huang et al., 2013) may be a downstream effect of

defective programmed chromatin modification (H3K27ac) and

RNAPol II processivity. Moreover, we observed that Ago1 deple-

tion significantly impacts eRNA-CBP interactions but not the

binding and total level of CBP protein. These findings indicate

a scenario in which Ago1 would bind eRNA to mediate its inter-

action with CBP. Our RIP data, in vitro interaction assay, and

Ago1 depletion appear to confirm this hypothesis (Figure 3).

A function of nuclear Ago1 involving miRNA is not excluded. A

recent study showed that Ago2 protein is localized in the nucleus

of mammalian stem cells and C2C12 cells and is involved in

regulating stem cell differentiation and miRNA-mediated gene

silencing (Sarshad et al., 2018) . However, the depletion of

miRNA does not affect the association of Ago1 with chromatin

and RNA Pol II (Alló et al., 2014; Huang et al., 2013). In our pre-

vious work, we did not find any correlation between the deregu-

lated miRNAs and the expression of perturbed transcripts upon

Ago1 depletion (Shuaib et al., 2019). Consistent with a previous

report (Matsui et al., 2015), we observed an increased level of

Ago2 and Ago4 in the nucleus after Ago1 depletion. However,

the lack of Ago2 interaction with specific eRNAs and our rescue

experiment exclude a putative compensatory effect of other nu-

clear Ago proteins, particularly in eRNA-stimulated CBP activity.

Finally, previous studies reported that lncRNAs, including eR-

NAs, in combination with other factors (CTCF, Cohesin, mediator

complex) control enhancer-promoter interactions (Hacisuley-

man et al., 2014; Hsieh et al., 2014; Kagey et al., 2010; Kaikkonen

et al., 2013; Kim et al., 2015; Kim and Shiekhattar, 2015; Sal-

daña-Meyer et al., 2019; Sofueva et al., 2013). Perhaps counter-

intuitively, we found that knockdown of Ago1 results in

increasing enhancer-promoter interaction at the MyoD locus.

However, these data are in agreement with our previous results

obtained in human cells in which we showed that in Hi-C ana-

lyses, depletion of Ago1 results in a global increase in chromo-

somal interactions at Ago1-bound enhancer-promoter regions

(Shuaib et al., 2019). The present study sheds light on a different

level of chromatin regulation by identifying the functional impact

on histone modifications linked to developmentally regulated

enhancer-driven cell differentiation program.
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Bellora, N., Singh, B., Petrillo, E., Blaustein, M., et al. (2014). Argonaute-1 binds

transcriptional enhancers and controls constitutive and alternative splicing in

human cells. Proc. Natl. Acad. Sci. USA 111, 15622–15629.

Blum, R., Vethantham, V., Bowman, C., Rudnicki, M., and Dynlacht, B.D.

(2012). Genome-wide identification of enhancers in skeletal muscle: The role

of MyoD1. Genes Dev. 26, 2763–2779.

Bodega, B., Marasca, F., Ranzani, V., Cherubini, A., Della Valle, F., Neguem-

bor, M.V., Wassef, M., Zippo, A., Lanzuolo, C., Pagani, M., and Orlando, V.

(2017). A cytosolic Ezh1 isoform modulates a PRC2-Ezh1 epigenetic adaptive

response in postmitotic cells. Nat. Struct. Mol. Biol. 24, 444–452.

Bose, D.A., Donahue, G., Reinberg, D., Shiekhattar, R., Bonasio, R., and

Berger, S.L. (2017). RNA binding to CBP stimulates histone acetylation and

transcription. Cell 168, 135–149.e22.

Carthew, R.W., and Sontheimer, E.J. (2009). Origins and mechanisms of miR-

NAs and siRNAs. Cell 136, 642–655.

Cernilogar, F.M., Onorati, M.C., Kothe, G.O., Burroughs, A.M., Parsi, K.M.,

Breiling, A., Lo Sardo, F., Saxena, A., Miyoshi, K., Siomi, H., et al. (2011). Chro-

matin-associated RNA interference components contribute to transcriptional

regulation in Drosophila. Nature 480, 391–395.

Chen, J.C., and Goldhamer, D.J. (2004). The core enhancer is essential for

proper timing of MyoD activation in limb buds and branchial arches. Dev.

Biol. 265, 502–512.

ENCODE Project Consortium (2012). An integrated encyclopedia of DNA ele-

ments in the human genome. Nature 489, 57–74.

Cortesi, A., and Bodega, B. (2016). Chromosome conformation capture in pri-

mary human cells. Methods Mol. Biol. 1480, 213–221.

Creyghton, M.P., Cheng, A.W., Welstead, G.G., Kooistra, T., Carey, B.W.,

Steine, E.J., Hanna, J., Lodato, M.A., Frampton, G.M., Sharp, P.A., et al.

(2010). Histone H3K27ac separates active from poised enhancers and pre-

dicts developmental state. Proc. Natl. Acad. Sci. USA 107, 21931–21936.

Czech, B., and Hannon, G.J. (2011). Small RNA sorting: Matchmaking for Ar-

gonautes. Nat. Rev. Genet. 12, 19–31.

Dean, A., Larson, D.R., and Sartorelli, V. (2021). Enhancers, gene regulation,

and genome organization. Genes Dev. 35, 427–432.

Dekker, J. (2006). The three ‘‘C’’s of chromosome conformation capture: con-

trols, controls, controls. Nat. Methods 3, 17–21.

Djebali, S., Davis, C.A., Merkel, A., Dobin, A., Lassmann, T., Mortazavi, A.,

Tanzer, A., Lagarde, J., Lin, W., Schlesinger, F., et al. (2012). Landscape of

transcription in human cells. Nature 489, 101–108.

Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut,

P., Chaisson, M., and Gingeras, T.R. (2013). STAR: Ultrafast universal RNA-

seq aligner. Bioinformatics 29, 15–21.

Ernst, J., Kheradpour, P., Mikkelsen, T.S., Shoresh, N., Ward, L.D., Epstein,

C.B., Zhang, X., Wang, L., Issner, R., Coyne, M., et al. (2011). Mapping and

analysis of chromatin state dynamics in nine human cell types. Nature 473,

43–49.

Ghisletti, S., Barozzi, I., Mietton, F., Polletti, S., De Santa, F., Venturini, E.,

Gregory, L., Lonie, L., Chew, A., Wei, C.-L., et al. (2010). Identification and

characterization of enhancers controlling the inflammatory gene expression

program in macrophages. Immunity 32, 317–328.

Hacisuleyman, E., Goff, L.A., Trapnell, C., Williams, A., Henao-Mejia, J., Sun,

L., McClanahan, P., Hendrickson, D.G., Sauvageau, M., Kelley, D.R., et al.

(2014). Topological organization of multichromosomal regions by the long in-

tergenic noncoding RNA Firre. Nat. Struct. Mol. Biol. 21, 198–206.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-AGO1 (Clone#2A7)

(used for ChIP-seq)

Wako 015-22411; RRID: AB_2096179

Anti-Ago1 Antibody, clone 4B8 Merck Millipore Cat# MABE1121

Rabbit Anti-Argonaute 2 Monoclonal

Antibody (Clone C34C6)

Cell Signaling Technology Cat# 2897; RRID: AB_2096291

Argonaute 3 (D15D2) Rabbit mAb antibody Cell Signaling Technology Cat# 5054; RRID: AB_2797607

Argonaute 4 (D10F10) Rabbit mAb antibody Cell Signaling Technology Cat# 6913; RRID: AB_10828811

a-Tubulin (DM1A) Mouse Monoclonal

Antibody

Cell Signaling Technology Cat# 3873, RRID:AB_1904178

Anti-histone H3 antibody (ab1791) Abcam Cat# ab1791, RRID:AB_302613

Lamin B Antibody (C-20) Santa Cruz Biotechnology Biotechnology Cat# sc-6216,

RRID:AB_648156

Anti-Lamin A/C Antibody (346) Santa Cruz Biotechnology Cat# sc-7293, RRID:AB_627874

Anti-CREBBP antibody (ab2832) Abcam Cat# ab2832, RRID:AB_303342

MYOD Monoclonal Antibody (5.8A) ThermoFisher Cat# MA1-41017; RRID:AB_2282434

Histone H3K27ac antibody (MABI 0309) Active motif Cat# 39685; RRID: AB_2793305

H3K18ac Polyclonal Antibody, ChIP-

Verified

ThermoFisher Cat# PA5-85523, RRID:AB_279266)

Anti-trimethyl-Histone H3 (Lys27) Antibody Merck Millipore Cat# 07-449, RRID:AB_310624

Histone H3K4me1 antibody (MABI 0302) Active motif Cat# 39635, RRID:AB_2793284

Histone H3K9me3 antibody Active motif Cat# 39161, RRID:AB_2532132

MHC class I Antibody (H-300) Santa Cruz Biotechnology Cat# sc-25619, RRID:AB_649123

Goat anti-rabbit IgG-HRP Santa Cruz Biotechnology Cat# sc-2004, RRID:AB_631746

Goat anti-mouse IgG-HRP Santa Cruz Biotechnology Cat# sc-2005, RRID:AB_631736

Goat anti-Mouse IgG (H+L), Recombinant

Secondary Antibody, Alexa Fluor 488

ThermoFisher Cat# A28175; RRID: AB_2536161

Chicken anti-Rabbit IgG (H+L) Cross-

Adsorbed Secondary Antibody, Alexa Fluor

594

ThermoFisher Cat# A21442; RRID: AB_2535860

Chemicals, peptides, and recombinant proteins

Protein G Dynabeads ThermoFisher 10003D

Complete Mini EDTA-free proteinase

inhibitor

Roche 11836170001

T4 DNA ligase New England Biolabs M0202S

RNase A Thermo Fisher EN0531

Proteinase K New England Biolabs P8107S

TRIzol reagent Thermo Fisher 15596026

RNase A Thermo Fisher EN0531

RNase A/T1 Mix Thermo Fisher EN0551

NuPAGE LDS Sample Buffer ThermoFisher Cat# NP0007

Critical commercial assays

QuantiTect Reverse Transcription Kit QIAGEN 205311

Direct-zol RNA Miniprep Zymo Research R2050

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Qubit dsDNA HS Assay Kit ThermoFisher Q32854

Qubit RNA HS Assay Kit ThermoFisher Q32852

TruSeq Small RNA Library Prep Kit Illumina RS-200-0012

TruSeq Stranded Total RNA Library Prep Illumina 20020596

TruSeq ChIP Library Preparation Kit Illumina IP-202-1012

Deposited data

Ago1 ChIP-seq (C2C12) (siCtrl and siAgo1

cells)

This Study SRA, ID#PRJNA609032

Ago1 RIP-seq (C2C12) This Study SRA, ID# PRJNA609032

Ago1 CAGE-seq (C2C12) (siCtrl and siAgo1

cells)

This Study SRA, ID# PRJNA609032

H3K27ac ChIP-seq (C2C12) (siCtrl and

siAgo1 cells)

This Study SRA, ID# PRJNA609032

GRO-seq (C2C12) Zhao et al., 2019 GEO: GSM3146549

Experimental models: Cell lines

C2C12 ATCC CRL-1772

Oligonucleotides

Oligo Primers for RT-qPCR, ChIP-

qPCR,RIP- qPCR, and 3C- qPCR

Table S2 N/A

FlexiTube Gene Solution siRNAs for Ago1 QIAGEN GS236511

AllStars Negative Control siRNAs QIAGEN Cat# 1027281

Recombinant DNA

Plasmid: pOZ-FH-C-puro, retroviral vector,

(Used for expressing HA-FLAG-tagged

Ago1)

A kind gift from Andrew Lassar (Kumar

et al., 2009)

Addgene plasmid # 32516, RRID:

Addgene_32516

pGEX-5X-1 vector (Used for GST-tagged

Ago1 expression and purification)

GE Healthcare NA

pEntry-rtTA inducible vector ((Tet-on

tetracycline-inducible vector, C-terminal

Myc-FLAG tag)

Origene cat# PS100124

Software and algorithms

Trimmomatic http://www.usadellab.org/cms/?

page=trimmomatic

Version 0.38

STAR https://github.com/alexdobin/STAR Version 2.6

Samtools Li et al., 2009 Version 1.7

MACS https://hbctraining.github.io/

Intro-to-ChIPseq/lessons/

05_peak_calling_macs.html

Version 2.1.2

BBDuk https://jgi.doe.gov/data-and-tools/bbtools/

bb-tools-user-guide/bbduk-guide/

Version December 10, 2015

R package CAGEr https://bioconductor.org/packages/

release/bioc/html/CAGEr.html

Version 1.34

ClusterProfiler Yu et al., 2012 Version 4.0.5

Bedtools Quinlan and Hall, 2010 Version 2.26.0

ChIPseeker Yu et al., 2015 Version 1.26.2

NOISeq Tarazona et al., 2015 Version 2.34

Piranha Uren et al., 2012 Version 1.2.1

HOMER http://homer.ucsd.edu/homer/ Version 4.10
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to andwill be fulfilled by the LeadContact, (Valerio.orlando@kaust.

edu.sa).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d The raw sequencing data including ChIP-seq (Ago1 and H3K27ac), RIP-seq (Ago1), and CAGE-seq have been deposited at the

Sequence Read Archive (SRA, https://www.ncbi.nlm.nih.gov/sra/) and are publicly available as of the date of publication. The

project accession number is BioProject ID: PRJNA609032. Accession numbers of publically available datasets are listed in the

key resources table.

d This paper does not report original code.

d 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

C2C12 Myoblast (ATCC, CRL-1772, female) cells were purchased from ATCC before experiments and thus considered

authenticated.

METHOD DETAILS

Cell culture
C2C12 mouse myoblasts cells (from ATCC) were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with peni-

cillin, streptomycin and 10% fetal bovine serum (FBS). Differentiation was induced when cells reached approximately 90%–95%

confluence using DMEM supplemented with penicillin, streptomycin and containing 2% horse serum (HS).

Subcellular fractionation and western blot
C2C12Cells were harvested andwashed twice with PBS. For cytoplasmic, nuclear and chromatin extracts preparation the cells were

resuspended first in hypotonic buffer (10mM Tris, 10mM KCL, 1mM ethylenediaminetetra-acetic acid (EDTA), 1mM ethylene glycol

tetra-acetic acid (EGTA), 1%NP-40, 10%glycerol, supplemented with protease inhibitory cocktail (Roche) and 0.5mMphenylmethyl-

sulfonyl fluoride (PMSF). The samples were centrifuged at 3000 rpm for 10 min and the cytoplasmic proteins were collected. The

pellet was then washed three times with hypotonic buffer and resuspended in nuclear lysis buffer (20mM Tris, 400mM NaCl, 1mM

EDTA, 1mMEGTA, 30%glycerol, 0.5mMPMSF, and protease inhibitory cocktail (Roche)). After 10min on ice, the samples were son-

icated and centrifuged at 13,200 rpm for 10 min and nuclear proteins were collected. After that, the proteins were denatured,

reduced, separated by SDS-PAGE and transferred to PVDF transfer membrane. The membranes were blocked with milk 5% in

PBS-tween 0,1%(PBST) and incubated with primary antibodies overnight at 4�C. Following three washes with PBST, membranes

were incubated with the peroxidase-conjugated secondary antibody, in PBST, and immunoreactive proteins were detected using

Amersham ECL Kit (GE Healthcare Life Sciences).

Plasmid constructs
Mouse Ago1, with optimized codon usage for expression in bacteria, was cloned at the Xho1-Not1 sites of pGEX5X.1 in framewith an

N-terminal GST tag. Mouse Ago1 (NM_153403) for inducible expression inmammalian cells was custom cloned in pEntry-rtTA induc-

ible vector (Tet-on tetracycline-inducible vector, C-terminal Myc-FLAG tag, cat# PS100124, Origene).

Expression and purification of GST-Ago1
GST-tagged Ago1 was expressed in Escherichia coli (strain BL21-CodonPlus-RIL-pLysS, Stratagene). The bacterial culture was

grown in the presence of ampicillin and chloramphenicol at 37�C. Expression was induced at OD 0.6 (A600) by adding isopropyl

b-D-thiogalactoside (final concentration of 0.5mM) for six hours at 37�C. The soluble proteins were purified on glutathione Sepharose

4B beads (Amersham) by standard procedure.

RNA in vitro transcription
The template sequences for eRNA targets (eYY1 and eCcnd1) published previously (Bose et al., 2017) and eRNA-eCE were ordered

as gene fragments (gBlock, IDT) with T7 and T3 RNA polymerase promoter sites at opposite ends (Table S7). In vitro transcription was
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performed using the MEGAscript T7 RNA polymerase in vitro transcription kit (ThermoFisher, cat# AM1333) for 3 hours at 37C. After

DNA template removal by DNaseI digestion for 15 minutes at 37C, the transcribed RNAs were purified using the MEGAclear tran-

scription clean-up kit (cat# AM1908).

In vitro interaction assay
The in vitro interaction assay was performed using recombinant proteins GST-Ago1 and CBP-HAT with an increasing amount (0-

16nM) of transcribed eRNA (eCE). GST-tagged Ago1 was incubated with CBP-HAT and eRNA in reaction buffer (50mM Tris HCl

pH7.5, 150mM KCl, 0.1mM EDTA, 1mM DTT, 5% Glycerol, 0.02% NP40). After shaking incubation for 30 minutes, GST-tagged

Ago1 was pulldown with Glutathione agarose beads. The recovered proteins were resolved by SDS-PAGE and probed by western

blotting.

Histone acetyltransferases (HAT) assay
Western blot HAT assays were performed as described previously (Bose et al., 2017). The HAT assay reaction contained 1X HAT

buffer (Catalog # 20-148), acetyl CoA, recombinant nucleosome (H3) substrate, CBP-HAT (1nM), eRNA (2nM), and was titrated

with 0-4nM Ago1. After 30 minutes, the HAT reaction was stopped by adding LDS loading buffer, running on SDS-PAGE, and trans-

ferring to 0.2uM PVDF membrane. The membrane was probed with antibodies against H3K27ac, H3K18ac, and H3. Western blots

imaging and densitometric analysis were carried out with aChemidoc Biorad gel imager. H3K27ac andH3K18ac band densities were

normalized with H3 densities for calculating relative acetylation levels. Three independent experiments were performed.

Immunofluorescence
Cells were grown on coverslips, washed in Phosphate-buffered saline (PBS), fixed in 4% formaldehyde for 15 min and permeabilized

in 0.4% Triton X-100 in PBS for 15 min. The coverslips were then washed in PBS, and blocked with 1% BSA Bovine Serum Albumin

(BSA) solution for 1 h at room temperature. Following overnight incubation with primary antibody at 4�C, the coverslips were washed

and incubated with secondary antibody for 1h at room temperature. Nuclei were counterstained with 4,6-diamidino-2-phenylindole

(DAPI; 1 mg/ml). Images were obtained with ZEISS LSM 710 inverted confocal microscope with an Apo 63x oil-immersion objective.

Knockdown of Ago1 by siRNA in C2C12
Knockdown was accomplished by using a pool of 4 siRNAs (FlexiTube Gene Solution siRNAs for Ago1) fromQIAGEN. AllStars Nega-

tive Control siRNAs (QIAGEN) were used as control for the knockdown experiments. Gene silencing was monitored 48 h after trans-

fection and cells were harvested by lysis with Trizol Reagent for RNA extraction.

The siRNA-resistant Ago1 gene in pEntry-rtTA inducible vector (Tet-on tetracycline-inducible vector, C-terminal Myc-FLAG tag,

cat# PS100124, Origene) was transfected into C2C12 cells. After depletion of the endogenous Ago1 by using siRNAs against

Ago1 UTR regions, the exogenous Ago1-Myc-FLAG was induced with doxycycline treatment (1ug/ml) for 48 hours. Cells were

collected 48 hours post-transfection for further analysis.

RNA isolation and quantitative real-time RT-PCR
C2C12 cells were harvested by lysis with Trizol Reagent. Total RNA was isolated by Direct-zol RNA MiniPrep Kit (Zymo Research).

cDNA synthesis was performed usingQuantiTec reverse transcription kit (QIAGEN). Quantitative real-time PCRwas performed in Bio

Rad CFX96 real-time PCRMachine using cDNA template, primer mix (Table S2), and SYBR Select Mastermix (Applied Biosystems).

Antibodies
The following antibodies were used anti-Ago1 (Millipore; 4B8), anti-Ago2 (Cell Signaling; C34C6), anti-Ago3 (Cell Signaling; D15D2),

anti-Ago4 (Cell Signaling; D10F10), anti-Alpha-Tubulin (Cell Signaling; 3873), anti-Histone-3 (Abcam; 1791), Lamin B1 (Santa Cruz;

6216), Lamin A/C (Santa Cruz; 7293), anti-KAT3A / CBP antibody - ChIP Grade (Abcam; 2832), anti-Beta-Actin Antibody (C4) (Santa

Cruz; 47778), anti- MyoD (Invitrogen; MA1-41017), anti-H3K27ac (Active motif; 39685), anti-H3K27me3 (Millipore; 07449), anti-

H3K4me1 (Active motif; 39635), anti-H3K9me3 (Active motif; 39161) anti-MHC class I (H-300) (Santa Cruz; 25619), H3K18ac poly-

clonal antibody (ThermoFisher, PA5-85523), goat anti-rabbit IgG-HRP (Santa Cruz; 2004), goat anti-mouse IgG-HRP (Santa Cruz;

2005), Alexa Fluor 488 Goat Anti-mouse (Life Technologies), and Alexa Fluor 594 Chicken Anti-rabbit (Life Technologies).

Chromatin immunoprecipitation (ChIP)
ChIP experiment was performed as previously described (Bodega et al., 2017). C2C12 Cells were cross-linked with 1% of formal-

dehyde. Cross-linked cells were lysed in Lysis buffer 1 (50 mM HEPES KOH pH 7.5, 10 mM NaCl, 1mM EDTA, 10% glycerol,

0.5% NP–40, 0.25% Triton X-100). Nuclei were collected, washed in Lysis buffer 2 (10 mM Tris HCl pH 8, 200 mM NaCl, 1mM

EDTA, 0.5 mM EGTA) and lysed in Lysis buffer 3 (10 mM Tris HCl pH 8; 100 mM NaCl, 1mM EDTA; 0.5 mM EGTA; 0.1% Na-Deox-

ycholate, 0.5% N-laurylsarcosine). Protease inhibitors (Protease cocktail inhibitor and PMSF (phenylmethane sulfonyl fluoride) were

added to all lysis buffers. Chromatin was sheared and checked on agarose gel 1%. Each immunoprecipitation (IP) reaction was set

up using 100 mg of chromatin and incubated overnight with 5-8 mg of antibodies. The immune-complexes were recovered usingmag-

netic Dynabeads (protein G, Invitrogen) for 3 hours, and washed with Low salt wash buffer (0.1% SDS; 2mM EDTA, 1% Triton X-100,
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20 mM Tris HCl pH8, 150 mM NaCl), and High salt wash buffer (0.1% SDS, 2mM EDTA, 1% Triton X-100, 20 mM Tris HCl pH8,

500 mM NaCl), then suspended in Elution buffer (50 mM Tris HCl pH8, 10 mM EDTA, 1% SDS) and decross-linked. Chromatin

was digested with 0.2 mg/ml RNase Cocktail and 0.2 mg/ml proteinase K (Invitrogen), and DNA was purified and used for RT-

qPCR using primers (Table S2). The extracted ChIP-DNA was processed for high-throughput library preparation.

Library preparation and ChIP-seq analysis
ChIP libraries were prepared using MicroPlex library preparation kit and reagents from (Diagenode). The quality of ChIP libraries was

assessed on a Bioanalyzer (Agilent) using the Hypersensitive DNA kit (Agilent). Libraries were diluted to 10 nM and sent to Kaust

BioscienceCore Laboratory (Genomic lab) for sequencing onHiSeq 4000 (Illumina). After sequencing ChIP-seq reads of quality score

less than 25 and length of 35bp were removed using Trimmomatic (version 0.38) (Table S3). The reads were mapped to mouse

genome assembly (GRCm38/mm10) using STAR (version 2.6) using default parameters. Mapped readswere filtered to remove dupli-

cate sequences and sorted using Samtools (Li et al., 2009) (version 1.7). Peak calling was performed with MACS (version 2.1.2) by

calling narrow peaks for Ago1 ChIP samples and broad peaks for H3K27ac. The peaks were filtered out using threshold (q-valueR

2.5). Filtered peaks for 3 replicates were merged using Bedtools (Quinlan and Hall, 2010) (version 2.26.0). Finally, HOMER (version

4.10) was used for peaks annotation. To investigate the association of Ago1 and H3K27ac with muscle specific enhancers, Ago1 and

H3K27ac peak files were overlapped with enhancers from published data (Blum et al., 2012) using Bedtools (version 2.26.0). Over-

lapped peaks were identified within ± 50 kb of enhancer regions and enhancer-related marks in C2C12 cells.

Chromosome conformation capture (3C)
3C assays were performed as previously described (Cortesi and Bodega, 2016). Total of 53 106 cells were resuspended in 10 mL of

4�C cold cell lysis buffer (10 mM Tris, pH 8.0, 10 mM NaCl, 5 mM MgCl2, 100 mM EGTA, and protease inhibitors (Protease cocktail

inhibitor (Roche) and phenylmethylsulfonyl fluoride (PMSF), and incubated on ice for 10 minutes. The nuclei were crosslinked in a

buffer containing formaldehyde 1% in 10 mM Tris-Cl, pH 8.0, 10 mM MgCl2, 50 mM NaCl and 1 mM dithiothreitol. The reaction

was quenched by the addition of 0.125 M glycine. The crosslinked nuclei were resuspended in 500 mL of restriction enzyme buffer

with 0.3%sodiumdodecyl sulfate (SDS) and incubated at 37�C for 1 h. Triton X-100was then added to the final concentration of 1.8%

to sequester SDS. Digestion was performed using 500 U of PvuII and BglII (NEB) at 37�C overnight. The reaction was diluted to a final

concentration of 2.5 ng/ml in a ligation reaction buffer. 2,000 U of T4 DNA ligase (NEB) were added and ligations were incubated at

16�C for 8 h. The samples were treated with 1mg of proteinase K and incubated overnight at 65�C to reverse the formaldehyde cross-

links. After cross-linking, 25 mL RNase cocktail was added and the RNA was digested for 40 min at 37�C. The DNA was purified by

phenol-chloroform extraction and ethanol precipitation. The purified 3CDNAwas dissolved inwater and 50 ngwas amplified by PCR.

As several controls are necessary for the correct interpretation of 3C data (Dekker, 2006). We used Bacterial Artificial Chromosome

(BAC) (RP23-209P3, BACPAC Resources Center) as a control template covering 22 kb upstream of the MyoD locus that contains

MyoD promoter, Core enhancer (CE) located approximately 20 kb upstream and the distal regulatory region (DRR) located 5 kb up-

stream of the MyoD (Chen and Goldhamer, 2004). We used PvuII and BglII restriction enzymes for 3C assays and designed two

different PCR primer sets that flank the PvuII and BglII (Table S2). BAC DNA was purified by PhasePrep BAC DNA kit (Sigma) and

digested with PvuII and BglII (NEB), followed by ligation in 50 ml. The DNA was purified by phenol-chloroform extraction and ethanol

precipitation. The ligation products were analyzed by real-time PCR in Bio Rad CFX96 PCRMachine using 50 ng of the 3C DNA tem-

plate, 5ng BAC DNA, primer mix, and SYBR Select Mastermix (Applied Biosystems). We first confirmed that all of the 3C primers

amplified 3C products of BAC DNA with predicted size and approximately equivalent efficiencies. We also determined digestion

and ligation efficiencies of BAC DNA and 3C samples. The efficiency of digestion and ligation was measured by PCR and real-

time PCR using primers in (Table S2). We selected two baits (the fixed primer), (P1) that detected the PvuII-1 fragment and (B2)

that detected the BglII-2 fragment. We then measured the crosslinking frequencies between these baits and the various PvuII and

BglII sites throughout the MyoD locus. Interaction frequencies were normalized to the Ct value of the corresponding ligated BAC am-

plicon. The sequences of the primers used for 3C assay are listed in (Table S2). Furthermore, all of the 3C products derived from

crosslinked and BAC templates were confirmed by Sanger-sequencing.

UV-RNA immunoprecipitation (UV-RIP)
C12C12 cells were UV crosslinked at 254 nm (0.3 J/m2) in 10mL ice-cold PBS and collected by scraping. The UV-RIPwas performed

following the above ChIP experiment until the last washing step as described in the protocol. The whole procedure was carried out at

4�C and all the buffers were prepared in DEPC (0.1% (v/v) and supplemented with Superase-In (Ambion – AM2696) 10U/ml. The sam-

ples were treated with Proteinase K and TURBO DNase (Invitrogen). Finally, RNA was purified and used for RT-qPCR and

sequencing.

Stable C2C12 cell lines expressing Ago1 RNA binding domain deleted mutant (Ago1-DRBD, deleted amino acids T173-K224, and

C233-R368) proteins fused to C-terminal FLAG and HA epitope tags were generated using retroviral vector (pOZ-FH-C-puro, Addg-

ene plasmid # 32516) (Kumar et al., 2009). The FLAG-HA-tagged Ago1-DRBD was immunoprecipited by HA-antibody (Abcam, #

ab9110) for UV-RIP RT-qPCR experiment.
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Co-immunoprecipitation (coIP)
Co-IP experiment was performed as previously described (Bodega et al., 2017). 30 3 106 pelleted cells were suspended in 6 mL of

cytosolic extraction buffer (50 mM Tris-HCl, pH 8, 150mMNaCl, 0.5 mMEDTA, 10 mM imidazole, pH 8, 0.5% Triton X-100, 5% glyc-

erol). The nuclei were pelleted at 1,500 g and 4�C, and the supernatant was used for cytosolic IP. Nuclei were washed once in cyto-

solic extraction buffer and suspended in 3mL of nuclear extraction buffer (50 mM Tris-HCl, pH 8, 50 mMNaCl, 0.5 mMEDTA, 10mM

imidazole, pH 8, 0.5% Triton X-100, 5% glycerol), sonicated and digested with DNase (75 U of Turbo DNase (Ambion)). Debris was

pelleted at 16,380 g and 4�C, and the supernatant was used for nuclear IP. Each IP was set up with 2mg of protein in a final volume of

600 mL at final concentration of 150 mMNaCl; then 6–8 g of the antibodies were added and incubated overnight at 4�C on the wheel.

The immunocomplexes were then recovered with 80 mL (1/10 of IP volume) of magnetic Dynabeads (protein A/G; Invitrogen) and

washed with wash buffer (50 mM Tris-HCl, pH 8, 200 mM NaCl, 0.5 mM EDTA, 10 mM imidazole, pH 8, 0.5% Triton X-100, 5% glyc-

erol) four times for 5 min with rotation at 4�C. Bead elution was done with 400 mM TE buffer (10 mM Tris-HCl, pH 8, 1 mM EDTA,

400mMNaCl) at 55�C for 30min or in elution buffer (5%SDS, 10mMDTT). The eluted immunoprecipitates were subjected towestern

blot analysis.

CAGE-seq
The CAGE libraries were generated as described previously (Shuaib et al., 2019) using extracted RNA with three replicates in each

condition (siCtrl and siAgo1 C2C12 cells). Raw data was quality-checked and trimmed with BBDuk (version December 10, 2015)

(https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-guide/) with aminimum read length of 35 bp and aminimum

Phred quality score of 20. High quality reads were thenmappedwith end-to-endmode against theMusmusculus genome (GRCm38)

using STAR (version 2.7.1a) (Dobin et al., 2013). From the BAM files, the expression quantification was performed using the R pack-

age CAGEr (version 1.34). CTSS clusters were annotated with clusterProfiler (version 4.0.5) (Yu et al., 2012) and ChIPseeker (version

1.26.2) (Yu et al., 2015) with the UCSC knownGene annotation (based on GENCODE VM23).

RIP-seq
Raw data was quality-checked and trimmed with Trimmomatic (version 0.39) with a minimum read length of 35 bp and a minimum

Phred quality score of 25. High quality reads were thenmappedwith end-to-endmode against theMusmusculus genome (GRCm38)

using STAR (version 2.7.1a) (Dobin et al., 2013). At this point, 2 approaches were followed. In the first approach, gene expression

quantification was carried out using featureCounts (version 2.0) (Liao et al., 2014) on the UCSC knownGene annotation (based on

GENCODE VM23). Afterward, a differential gene expression analysis was performed for each IP against the INPUT sample with

NOISeq (version 2.34) (Tarazona et al., 2015). In the second approach, from the mapping files, RIP peaks were called using piranha

(version 1.2.1) (Uren et al., 2012) with the following command-line options ‘‘-s -l.’’ Peaks were annotated with clusterProfiler (version

4.0.5) (Yu et al., 2012) and ChIPseeker (version 1.26.2) (Yu et al., 2015) with the UCSC knownGene annotation (based on GENCODE

VM23).

QUANTIFICATION AND STATISTICAL ANALYSIS

ChIP-seq data were analyzed using specific pipelines with statistical setting described in the methods. Quantification of images and

western blot data was performed with IMARIS software and Chemidoc (Biorad) respectively. The significance of statistical analyses

was computed with t test. The quantification and statistical details (p value, and the value of n) of each analysis can be found in the

respective figure legends.
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