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SUMMARY
Many lncRNAs have been discovered using transcriptomic data; however, it is unclear what fraction of
lncRNAs is functional and what structural properties affect their phenotype. MUNC lncRNA (also known as
DRReRNA) acts as an enhancer RNA for theMyod1 gene in cis and stimulates the expression of other promyo-
genic genes in trans by recruiting the cohesin complex. Here, experimental probing of the RNA structure re-
vealed thatMUNC containsmultiple structural domains not detected by prediction algorithms in the absence
of experimental information. We show that these specific and structurally distinct domains are required for
induction of promyogenic genes, for binding genomic sites and gene expression regulation, and for binding
the cohesin complex.Myod1 induction and cohesin interaction comprise only a subset ofMUNC phenotype.
Our study reveals unexpectedly complex, structure-driven functions for the MUNC lncRNA and emphasizes
the importance of experimentally determined structures for understanding structure-function relationships in
lncRNAs.
INTRODUCTION

In 2004, the International Human Genome Sequencing Con-

sortium found that roughly 70% of the nucleotides in the human

genome are transcribed but not translated, thus comprising non-

coding RNAs (ncRNAs) (International Human Genome

Sequencing Consortium, 2004). Since then, many ncRNAs

have been discovered and characterized, and a few functionally

characterized, but even fewer have experimentally determined

structural information. The majority of long non-coding RNAs

(lncRNAs), defined as transcripts longer than 200 nucleotides,

share signatures of coding RNAs: they are transcribed by RNA

polymerase II, spliced, capped at the 50 endwith 7-methylguano-

sine, and polyadenylated at the 30 end (Derrien et al., 2012).

lncRNAs are not transient intermediaries to functional proteins,

but functional macromolecules that drive cellular programs. It

is thus important to understand how intrinsic higher-order

lncRNA structures enable their function.

Most published studies have predicted the secondary struc-

tures of lncRNAs computationally by leveraging thermodynamic

properties of base pairing, base stacking, and other atomic inter-

actions. Although modeling can be accurate for short RNA se-
This is an open access article under the CC BY-N
quences, accuracy drops significantly as the length of the tran-

script increases (Miao et al., 2015; Deigan et al., 2009). Data

from probing experiments can be used to restrain folding algo-

rithms to yield more accurate structural models, especially for

long RNAs (Li et al., 2020a; Deigan et al., 2009; Mustoe et al.,

2019). SHAPE-MaP (20-hydroxyl acylation analyzed by primer

extension coupled with mutational profiling) chemical probing

strategies have proven especially useful, as nearly every nucleo-

tide is probed in a single experiment, and RNAs of nearly any

length can be studied (Merino et al., 2005; Smola et al., 2015a,

2015b; Busan et al., 2019). Chemical probing studies have re-

vealed that individual RNAs have distinct ‘‘structural personal-

ities’’ (Weeks, 2021), a feature that likely applies to lncRNAs

and to individual domains within large lncRNAs. High-resolution

methods, especially of ribosome (Watson et al., 2020) and viral

(Jaafar and Kieft, 2019) systems have revealed enormous

complexity in RNA structure and that large RNAs tend to form

smaller domains.

The lack of structure-function studies in the lncRNA field is a

major limitation for determining the molecular mechanisms by

which lncRNAs exert their functions. One of the best-character-

ized lncRNAs is Xist lncRNA, which is a master regulator of X
Cell Reports 38, 110361, February 15, 2022 ª 2022 The Authors. 1
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chromosome inactivation (Cerase et al., 2015; Brown et al.,

1991). Deletion studies showed that a 50 conserved repeat region

(RepA) of Xist is indispensable for gene silencing (Wutz et al.,

2002). NMR studies found that a 26-nucleotide fragment that in-

cludes the RepA sequence forms a stem-loop structure (Duszc-

zyk et al., 2008).More recent studies have further demonstrated

the influence of structure on the functions of lncRNAs: dynamic

and flexible structures in Xist act as landing pads for proteins

(Fang et al., 2015; Smola et al., 2016), MEG3 pseudoknot struc-

tures (‘‘kissing loops’’) modulate the p53 response (Uroda et al.,

2019), an unstructured region in theSLNCR1 lncRNA nucleates a

non-canonical transcription complex that promotes melanoma

invasion (Schmidt et al., 2020), andGAS5 lncRNA contains three

structural domains that independently regulate cell survival un-

der different conditions (Frank et al., 2020).

The MUNC lncRNA (also known as DRReRNA) plays an impor-

tant role in myogenesis, the process of skeletal muscle tissue for-

mation (Mueller et al., 2015; Cichewicz et al., 2018; Tsai et al.,

2018; Mousavi et al., 2013). MUNC is located 5-kb upstream of

theMyod1 transcription start site and has two functional isoforms

(Mueller et al., 2015). Both are upregulated in skeletal muscles

compared with other tissues and during differentiation of skeletal

muscle myoblasts (Mueller et al., 2015). Based on the results of

genomic transcriptome profiling (RNA-seq) in differentiating mu-

rine myoblasts, the abundance of MUNC lncRNA is comparable

to that of Myod1 mRNA. MUNC was initially thought to be a

classic enhancer RNA (eRNA) that acts to maintain open chro-

matin and induce expression of theMyod1 gene in cis. However,

MUNC depletion using small interfering RNA (siRNA) reduces

Myod1 transcription and myoblast differentiation, and since

siRNA acts post-transcriptionally, this effect is inconsistent with

a cis-acting effect onMyod1 transcription. Stable overexpression

of MUNC lncRNA from heterologous loci stimulates the expres-

sion of multiple promyogenic RNAs, including Myod1, meaning

that the MUNC lncRNA operates in trans (Mueller et al., 2015).

MUNC overexpression in C2C12 cells that lack the Myod1 gene

induces the expression of other myogenic genes, demonstrating

that MUNC is capable of regulating genes in a MYOD1-indepen-

dentmanner (Cichewicz et al., 2018). Thus,MUNC regulates gene

expression in cis and in trans. It has been suggested that the trans

functions of MUNC are mediated through the recruitment of the

cohesin complex to target promoters (Tsai et al., 2018). Here,

we describe the first structure-function study of MUNC lncRNA.

We characterized multiple RNA functional domains in MUNC

and found that different domains mediate distinct features of

MUNC promyogenic activity.
Figure 1. MUNC isoforms regulate different sets of genes involved in p

(A) Scheme of experimental design.

(B) RT-qPCR analysis of Ctrl, MS- (MUNC spliced), and MU- (MUNC unspliced

normalized to Gapdh and shown relative to Ctrl. */#p < 0.05, **/##p < 0.01, ***/###p

three biological replicates (mean ± SEM).

(C) PCA of RNA-seq data. Black dashed line indicates differentiation direction.

(D) BART analysis for upregulated genes shows enrichment of transcription fac

dashed line represents Irvin-Hall p value of 0.05. Subunits of cohesin complex a

(E) GSEA plots for myogenic genes.

(F) Venn diagram of the overlap between differentially upregulated genes.

(G) Muscle-related GO terms enriched in upregulated genes. Black dashed line r

See also Figure S1.
RESULTS

MUNC lncRNA promotes promyogenic pathway
differentiation
The MUNC gene encodes two functional lncRNA isoforms that

are approximately equal in abundance (Mueller et al., 2015),

which we refer to as spliced and unspliced since they differ by

the inclusion of an intron. We stably overexpressed each isoform

separately in C2C12murinemyoblasts and cultured the resulting

cell lines in proliferating (GM) or differentiating (DM3) conditions

for 3 days (Figure 1A). Each isoform induced expression of

Myod1,Myog, andMyh3, although expression of the spliced iso-

form resulted in higher levels of these transcripts (Figure 1B).

RNA-seq analysis reveals that although the two isoforms are

both promyogenic, they induce different sets of genes. Hierar-

chical clustering of the RNA-seq data confirmed that all the cells

in proliferating conditions were distinct from all the cells grown in

differentiating conditions (Figure S1A). The principal compo-

nents most responsible for distinguishing proliferating and differ-

entiating expression profiles in control cells are exacerbated

upon MUNC overexpression, but, intriguingly, the spliced and

unspliced isoforms contributed to changes in different axes (Fig-

ure 1C). In proliferating conditions, overexpression of either

spliced or unspliced MUNC pushed cells toward an expression

profile more similar to that of differentiated control cells than to

control cells grown under proliferating conditions, and cells

that overexpressed the spliced isoform had transcriptomes

more similar to that of differentiated control cells than did cells

that expressed the unspliced isoform. In differentiation medium,

when endogenous MUNC is expressed, overexpression of the

spliced isoform induced more differentiation-related genes in

the direction of the scores on the second axis of the principal

component analysis (PCA2), whereas the unspliced isoform

had a lesser effect in the direction of the scores on the first

axis of the principal component analysis (PCA1) (Figure 1C).

MUNC overexpression altered expression of many genes,

although fewer genes responded to MUNC overexpression

than when cells were switched to differentiating conditions (Fig-

ure S1B). Thus,MUNC overexpression promotes a pro-differen-

tiation gene expression profile, and this phenotypic shift can

even be observed in C2C12 cells in proliferating (non-differenti-

ating) conditions.

To identify the transcription factors that regulate the genes

altered byMUNC overexpression, we employed binding analysis

for regulation of transcription (BART), which identifies transcrip-

tion factors enriched in a set of promoters relative to the factors’
romyogenic pathways

) overexpressing cells grown under proliferating conditions. Levels of mRNAs

< 0.001, two-tailed Student’s t test versus Ctrl/MS. Data are representative of

tors that are predicted to upregulate genes during normal myogenesis. Black

re bolded.

epresents Benjamini-Yekutieli p value of 0.05.
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genome-wide binding site distribution (Wang et al., 2018). We

first identified the 20 transcription factors most highly activated

during normal differentiation (Figure 1D). Nineteen of these

regulators were also activated by overexpression of at least

one MUNC isoform in proliferating cells, and 15 were activated

by both (Figure 1D). The top 10 predicted transcription factors

are known to contribute to myogenesis (Figure S1C and S1D).

The cohesin complex is involved in regulation of genes upregu-

lated by the MUNC spliced isoform (Figure S1C), supporting

the hypothesis that MUNC recruits this complex (Tsai et al.,

2018).

The MUNC isoforms produced distinct changes in gene

expression when overexpressed in proliferating cells. Gene Set

Enrichment Analysis indicated that the genes upregulated by

the spliced isoform in proliferating cells are involved in myogen-

esis, similar to the enrichments observed between differentiating

and proliferating control cells (Figure 1E). Interestingly, overex-

pression of the unspliced MUNC isoform in proliferating cells

did not result in significant enrichment for genes associated

with myogenesis (Figure 1E), suggesting that either the spliced

is simply better than the unspliced isoform at inducing promyo-

genic genes or that the two isoforms regulate distinct sets of

genes. In support of the latter hypothesis, 645 genes were upre-

gulated by both isoforms of MUNC (e.g., Myod1, Myog, and

Myh3; Figure 1B), whereas there were 2,730 genes upregulated

by one isoform and not the other (Figures 1F and S1E). Gene

ontology (GO) analysis revealed that both non-overlapping and

overlapping upregulated gene sets are involved in muscle-

related pathways (Figure 1G) and that the genes upregulated

by the expression of the spliced isoform were more significantly

enriched formuscle-related pathways than those upregulated by

expression of the unspliced isoform. The same patterns were

observed for genes downregulated in proliferating cells and for

genes up- and downregulated by MUNC overexpression in

differentiating conditions (Figure S1E). In summary, both iso-

forms of the MUNC lncRNA induce expression of promyogenic

genes, likely through activation of a common set of transcription

factors. The genes regulated by the two isoforms are distinct,

and the spliced isoform has a more pronounced effect on pro-

myogenic and differentiation gene expression profiles than

does the unspliced isoform.

SHAPE-MaP of MUNC reveals distinct secondary
structures
To determine the structural features of MUNC lncRNAs and to

find the structural modules important for its promyogenic activ-

ity, we analyzed the structures of the ectopic spliced and un-

spliced isoforms using SHAPE-MaP chemical probing (Smola

et al., 2015a, 2015b;Weeks, 2021). The RNAswere probed using

the SHAPE reagent 5-nitroisatoic anhydride (5NIA) in C2C12

cells (in cell) and after gentle extraction from C2C12 cells (cell

free). SHAPEmeasures local nucleotide flexibility; thus, unpaired

nucleotides are preferentially acylated at their 20-hydroxyl
groups. SHAPE-modified nucleotides are identified asmutations

and short deletions in cDNAs created during relaxed fidelity MaP

reverse transcription. The resulting MUNC mutation profiles

enabled us to model the secondary structures of the spliced

and unspliced MUNC isoforms.
4 Cell Reports 38, 110361, February 15, 2022
The SHAPE analysis of the spliced isoform identified multiple

regions likely to form well-defined local domains (Figures 2A

and 2B). The SHAPE-supported model differs substantially

from previously reported MUNC lncRNA structures predicted

using bioinformatic algorithms (Cichewicz et al., 2018). SHAPE

reactivities from two independent experiments performed 3

years apart showed good agreement (Pearson’s R = 0.94; Fig-

ure S2A) and yielded similar pairing probabilities (Figure S2B).

In-cell and cell-free SHAPE data for the MUNC spliced isoform

are highly correlated (Pearson’s R = 0.92; Figure S2C), suggest-

ing that the in-cell structure is similar to that of the cell-free RNA.

We also identified nucleotides with significant in-cell protection

from or enhancement of modification relative to the cell-free

structure (Figures 2B and S2D), highlighting regions of potential

protein interactions or other changes in cells.

Comparisons of SHAPE reactivity profiles (Figure S3A) and

base-pairing probabilities (Figure S3B) for the spliced isoform

(518 nt; exon 1 and exon 2) and the unspliced isoform (1,083

nt; exon 1, intron, and exon 2) indicate that the isoforms share

six structurally homologous domains (referred to as common

hairpin [CH] domains; Figures 2B and S3C). CH1 and CH6 do-

mains are at the 50 and 30 ends of the transcripts, respectively,

whereas CH2 is close to the 30 end of exon 1.We also discovered

regions of well-defined structure unique to the spliced isoform

(Figure 2B): one hairpin (SH1), two in-cell protected regions

(PR1 and PR2), and onewell-defined loop (L1). All of the selected

structures (with the exception of CH2) are contained within low-

SHAPE low-Shannon regions (51 nt median window, <0.4

SHAPE, <0.06 entropy), with SH1 being the most strongly low-

SHAPE low-Shannon region.

Distinct structural domains of the spliced isoform of
MUNC regulate myogenesis
We next tested how disruption of structural domains in the

spliced isoform of MUNC identified using SHAPE-based

modeling affected the expression of promyogenic factors. A se-

ries of variants lacking specific structural domains or containing

defined mutations were overexpressed in C2C12 cells (Figures

3A and S4A–4C). The wild-type isoform induced production of

Myod1, Myog, and Myh3 mRNAs in proliferating cells. Deletion

or mutation of all tested sites decreased Myod1 induction, and

DCH1 and DCH4 deletions completely inhibited Myod1 induc-

tion (Figure 3B). Myog induction required the CH1, CH2, CH5,

and CH6 domains and wild-type PR2 site (Figure 3C). The motifs

dispensable for Myog induction were dispensable for Myh3 in-

duction as well, with the exception of CH4 (Figure 3D). Notably,

the DCH1 mutant did not induce any of the three promyogenic

factors (Figures 3A–3D), suggesting that CH1 plays a critical

role in activity of the spliced isoform of MUNC. Overexpression

of the wild-type spliced isoform in differentiating cells also

induced the three promyogenic factors, and DCH1 and DCH4

impaired in induction of all three promyogenic factors in differen-

tiating cells (Figures S4D–S4F).

The mutations that disrupted CH4, CH3, and L1 impaired

Myod1 induction but promoted expression of Myog, suggesting

that the lncRNA activatesMyog independently ofMyod1 in prolif-

erating cells (Figure 3E). DifferentMUNC domains also influenced

Myh3 andMyod1 expression (Figure 3F). Mutations in domains of



Figure 2. SHAPE-MaP of MUNC spliced isoform reveals a structured architecture

(A) SHAPE reactivity profile (top) and pairing probabilities (bottom) for the cell-free MS isoform (n = 2). Mean reactivities (±SE) are colored by relative value as

shown in (B).

(B) Minimum free energy secondary structure model of MS. Structural domains are highlighted in gray.

See also Figures S2 and S3.
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spliced MUNC affected Myh3 and Myog expression similarly,

except DCH4, which had a deleterious effect on Myod1 and

Myh3 expression but notMyog expression (Figure 3G). Thesecor-

relations suggest that MUNC induces Myog independently of

Myod1. whetreas Myh3 induction is mostly dependent on Myog

with some additional dependence on Myod1.
In some cases, functional domains can cooperate when sup-

plied either in cis or in trans (Uroda et al., 2019), so we tested

whether DCH1 and DCH4 variants complement each other

without being physically connected. Co-overexpression of

DCH1 and DCH4 in trans did not rescue defects in Myod1 or

Myh3 induction in proliferating (Figures 3H–3K) or differentiating
Cell Reports 38, 110361, February 15, 2022 5



Figure 3. Distinct structural domains of the spliced isoform of MUNC are required for induction of promyogenic factors.

(A) Constructs used in the study.

(B–D) RT-qPCR analyses of (B) Myod1, (C) Myog, and (D) Myh3 mRNAs normalized to Gapdh and shown relative to MS overexpression in proliferating control

cells. Data are representative of at least two independent transfectants with at least three biological replicates for each of them (mean ± SEM).

(E–G) Plots of average induction of (E)Myod1 versusMyog, (F).Myod1 versusMyh3, and (G)Myog versuswMyh3 in Ctrl cells and cells expressingMS constructs.

Black line is the theoretical correlation line if the expression of one gene is dependent on another; blue line shows experimental correlation.

(legend continued on next page)
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cells (Figures S4G–S4J). We conclude that the local proximity of

CH1 and CH4 elements on the same RNA molecule is important

for induction of expression of Myod1 and of Myh3.
Overexpression ofMUNC leads to phenotypical changes
in C2C12 cells
Overexpression of the spliced isoform of MUNC induced pro-

duction of MYOD1 protein in proliferating conditions and dif-

ferentiation conditions (Figures 4A, 4B, S5A, and S5B). Pheno-

typical changes and an increase in the frequency of myosin

heavy-chain (MHC)-positive cells were also observed upon

overexpression of the spliced isoform of the lncRNA (Figures

4C and 4D). Induction of MYOD1 protein was not observed

in proliferating cells when the MUNC construct lacked CH1,

CH4, or CH5 domains (Figure 4B). In differentiation conditions,

DCH1 and DCH4 did not induce MYOD1 protein expression,

although other constructs did (Figures S5A and S5B).

Although Myog and Myh3 mRNA are induced by expression

of the wild-type spliced isoform in proliferating conditions,

MYOG and MHC protein expression required differentiation.

Given that protein levels are affected by MUNC spliced over-

expression in a domain-specific manner, we tested C2C12 dif-

ferentiation efficiency as measured by percentage of MHC-pos-

itive cells upon overexpression of the variousMUNC constructs.

Expression of the wild-type splicedMUNC isoform increased the

percentage of MHC-positive cells at 3 days of differentiation

(Figures 4C and 4D). The effect of MUNC lncRNA on differentia-

tion was especially dependent on CH1 and CH4 domains (Fig-

ures 4C and 4D).
MUNC transcripts lacking CH1 and CH4 are structurally
similar to wild type
When structure-function studies by making targeted deletions

in RNAs is being performed, it is important to assess whether

local sequence changes alter the RNA structure. We per-

formed cell-free SHAPE-MaP on wild-type MUNC-spliced,

DCH1, and DCH4 constructs to assess whether these mutants

retained the overall structure of the native lncRNA. The

SHAPE-informed secondary structure models and reactivity

data of DCH1 and DCH4 were highly similar to each other

and to the wild-type spliced isoform (Figures 5A–5C). The

reactivity data for these two constructs were highly correlated

with the data for the wild-type spliced isoform (Pearson’s R

values 0.93 and 0.94, respectively; Figures 5D and 5E). The

structures of all retained structural domains and conserved

helices were preserved in both DCH1 and DCH4 mutants, sup-

porting that global lncRNA structure is maintained. These data

further support the overall accuracy of our structural models,

as specific, well-defined motifs can be deleted without

affecting the global structure. We conclude that CH1 and

CH4 domains are critical for the observed promyogenic

phenotypes.
(H) RT-qPCR analysis of MUNC levels normalized to Gapdh and shown relative

(I–K) RT-qPCR analyses of (I)Myod1, (J)Myog, and (K)Myh3mRNAs normalized

replicates (mean ± SEM). *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student’s

See also Figure S4.
MUNC binds to specific genomic sites and regulates
expression of adjoining genes in a domain-specific
manner
We next investigated whether MUNC physically associates with

the genes it regulates (Figure S6A). Using the chromatin isolation

by RNA purification (ChIRP) assay, we identified MUNC-binding

sites at 410 genomic loci. More than 90% of identified targets

overlapped with previously published results (Tsai et al., 2018)

(Figure S6A), and the locations of binding sites relative to tran-

scription start sites of nearby genes were very similar between

the two datasets (Figures S6B and S6C). To understand whether

MUNC lncRNA binding to chromatin affects gene expression

regulation, we compared our ChIRP-seq targets with RNA-seq

profiles of wild-type cells in proliferating and differentiating con-

ditions with those of cells that overexpress MUNC and with

expression microarray data from cells where MUNC RNA had

been depleted (Mueller et al., 2015). Hierarchical clustering

demonstrated that the expression profiles of MUNC-targeted

genesmore closely resemble the expression in proliferating con-

ditions than differentiating conditions when MUNC is depleted

(Figure S6D). This confirmed that MUNC is required for expres-

sion changes during normal myogenesis. In support of the hy-

pothesis that MUNC binding to a promoter region directly regu-

lates expression of the downstream gene, overexpression of

MUNC in proliferating cells results in expression profiles of

MUNC-bound genes, similar to the profile in differentiating con-

ditions (Figure S6E). These results support MUNC’s role as a

promyogenic factor and that the MUNC-binding sites are func-

tional and important for skeletal muscle differentiation.

To establish which of theMUNC targets are important formyo-

genesis, we separately evaluated genes activated by and genes

repressed by MUNC. The MUNC-activated genes were defined

asMUNC-bound genes that are induced during normal differen-

tiation, repressed by depletion ofMUNC, and induced byMUNC

overexpression. The MUNC-repressed genes were defined as

MUNC-bound genes that are repressed during normal differen-

tiation, induced by MUNC depletion, and repressed by MUNC

overexpression. There were 37 MUNC-activated genes and 22

MUNC-repressed genes that were regulated in a concordant

manner during myogenesis (Figure S6A). ChIRP-qPCR for 10

of them showed that MUNC binding to the sites adjoining these

genes was significantly increased after MUNC overexpression,

and RT-qPCR confirmed significant up- or downregulation of

these genes (Figure S6F).

We next evaluated the effects ofMUNCmutants on binding to

the promoter regions and on gene expression (FigureS 6A, S7A,

and S7B). In particular, the CH1 domain is critically important for

MUNC binding and activation of Myod1, Myog, and Dcn and

repression of Fnbpl1 and Il15. The CH5 domain is important for

MUNC-mediated regulation of Myod1, Myog, Dcn, Met, and

Runx1. Although all domains were required for Myod1 induction

byMUNC (Figure 2B), specific domains were important for bind-

ing to the two MUNC-binding sites in the Myod1 promoter
to Ctrl. Three biological replicates (mean ± SEM).

to Gapdh and shown relative to MS. Data are representative of three biological

t test.

Cell Reports 38, 110361, February 15, 2022 7



Figure 4. MUNC structural domains are necessary for myotube formation

(A) Representative western blot for MYOD1 in proliferating cells with or without indicated MS constructs. HSP90 served as a loading control.

(B) Quantification of MYOD1 protein in proliferating cells normalized to HSP90 and shown relative to MS. Data represent two independent transfectants with two

biological replicates for each (one of four is shown in A; mean ± SEM).

(C) Representative immunofluorescence images. Scale bar, 200 mm.

(D) Quantification of the percentage of MHC-positive cells. Data represent two independent transfectants with at least 1,000 nuclei counted (mean ± SEM). *p <

0.05, **p < 0.01, ***p < 0.001, two-tailed Student’s t test.

See also Figure S5.
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region. CH4, PR1, and L1 are important for binding to one site,

and CH2, SH1, and PR2 are important for binding to the other;

CH1, CH5, and CH6 are required at both sites. In another

example, PR2 is required forMUNC to bind to and downregulate

the Fam137b gene, whereas CH1 is required for downregulation

of Fnbpl1. Thus, different MUNC structural domains regulate

different sets of target genes. In addition, binding to and regula-

tion of some genes require the function of multiple domains. This

argues against a common mechanism of MUNC function on all

target genes.

To disentangle the roles ofMUNC sequence and structure, we

designed four independent mutants (with compensatory muta-

tions where necessary) each for the CH1 and CH4 domain (Fig-

ures 6B and 6C, accordingly) to change the sequences of these

domains without disrupting the structure. These mutants were

overexpressed in C2C12 cells (Figure S7C). For the CH1 domain

there was no specific sequence important for Myod1 or Myh3
8 Cell Reports 38, 110361, February 15, 2022
promyogenic factors, but we discovered one mutation

(CH1mutD) in the terminal loop that affected the ability of

MUNC to induce Myog (Figure 6B). This second separation-of-

function mutant (the first being DCH4) further suggested that

MUNC regulates Myog independently of Myod1. We also

observed partial inhibition of Dcn and Met induction by MUNC

in the same mutant (Figure S7D). The fact that we observed an

effect in only one of four compensatory mutants and only on

some genes but not others suggests that the structure plays a

major role with some input from the sequence on specific target

genes. For the CH4 domain we found no effect of sequence on

the induction of the three promyogenic factors (Figure 6C) or

regulation of MUNC target genes (Figure S7E).

To further explore sequence influence on the MUNC pheno-

type, we performed motif enrichment analysis using MEME

(Bailey and Elkan, 1994) and found 12 significant motifs present

in 76.17% of MUNC ChIRP-seq peaks. Next, we used FIMO



Figure 5. Deletion of CH1 or CH4 domains does not disrupt MUNC lncRNA structure

(A and B) Minimum free energy secondary structure model of (A) DCH1 and (B) DCH4, color coded for SHAPE reactivities. Structural domains are highlighted in

gray.

(C) SHAPE reactivity profiles from cell-free SHAPE-MaP. Mean reactivities (±SE) are colored by relative value. Gray boxes indicate primers used for PCR. Black

dashed lines represent deletions.

(D and E) Correlation plot of SHAPE reactivities for (D) wild-type (x-axis) and (E) mutant (y-axis) spliced isoforms.
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Figure 6. Distinct MUNC spliced domains are required for binding to specific genomic sites, regulating adjoining gene expression, and

interacting with protein partners

(A) Heatmap of ChIRP-qPCR (‘‘MUNC binding’’) and RT-qPCR (‘‘gene expression’’) Z scores upon expression of MS constructs in proliferating cells. Mean values

from three biological replicates are presented as Z score. Green outlined boxes identify domains required both forMUNC binding and gene expression regulation.

(B and C) Left: scheme of point mutations in CH1 (B) and CH4 (C) domains (with compensatory mutations to maintain base-pairing when necessary). Right: RT-

qPCR of Myod1, Myog, and Myh3 mRNAs normalized to Gapdh upon expression of MUNC constructs in proliferating cells. Shown relative to MS. Three in-

dependent transfectants (mean ± SEM).

(D) SMC3 association with MUNC constructs in proliferating cells. Levels of MUNC lncRNA in RIP-qPCR were normalized to H19 lncRNA and shown relative to

MS. Three biological replicates (mean ± SEM). *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student’s t test.

See also Figures S6 and S7.
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(Grant et al., 2011) to identify significant motifs present in studied

MUNC domains. We identified 4 significant motifs present in

MUNC and 31.25% of MUNC ChIRP-seq peaks: 1 motif in

CH1 domain (5.86% of peaks), one motif in CH5 domain

(6.64% of peaks, including Myod1), and two motifs in CH6
10 Cell Reports 38, 110361, February 15, 2022
domain (23.05% of peaks, including Myod1 and Fam173b) (Fig-

ure S7E). However, mutations in the motif in CH1 (CH1mutA,

CH1mutB, CH1mutC, and beginning of CH1mutD) had no effect

on the promyogenic genes and MUNC target genes. Therefore,

the sequencemotif in CH1 is not responsible forMUNC function,
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and there was no similar motif in the other domain studied in

detail, CH4. On the basis of the results from eight independent

sequence mutants, we conclude that MUNC function attributed

to CH1 and CH4 is primarily driven by structure, with the only

dependence on sequence seen in the role of the terminal loop

in CH1 for Myog induction.

MUNC is known to interact with the cohesin complex subunits

including structural maintenance of chromosomes 3 (SMC3) to

regulate gene expression (Tsai et al., 2018). RNA-immunoprecip-

itation with an anti-SMC3 antibody and RIP-qPCR of MUNC

demonstrated that deletions of CH1, CH2, CH3, CH5, CH6, or

SH1, but not CH4, PR1, or PR2, significantly decreased MUNC

binding to SMC3 (Figure 6G).

We also noted that approximately equal numbers of genes

adjoining MUNC-binding sites are up- or downregulated after

MUNC overexpression and that the genes are distributed over

all chromosomes and not clustered around the MUNC locus

(Figure 7A). Together all these data show that MUNC can acti-

vate or repress genes that are proximate to sites where it is

bound both in cis and in trans through distinct domains. We

also proved that multiple mechanisms may be important for

DNA/protein binding and gene regulation by MUNC (Figures

7B–7E). SMC3 binds in the promoter regions of Myod1, Myog,

and Runx1 (Tsai et al., 2018); however, MUNC-SMC3 binding

is not sufficient for all MUNC-mediated gene expression regula-

tion. For example, mutation of the PR2 domain did not change

MUNC-SMC3 binding but decreased induction of Myod1 and

Myog by MUNC (Figure 7F). Conversely, although MUNC-

SMC3 binding was diminished upon deletion of SH1 or CH3,

MUNC could still induce Myog (Figure 7G) and Myod1 and

Myog and Runx1 (Figure 7H), respectively. Thus, in some cases

MUNC-SMC3 binding may not be sufficient or required for regu-

lating gene expression by MUNC.

DISCUSSION

Analyses of protein structure to define domains responsible for

specific functions have proved essential for understanding

complex functions. Analogous structure-directed functional

studies for lncRNAs are rare. Here, we performed a structure-

function analysis of the two isoforms of the MUNC lncRNA,

which function during differentiation of skeletal muscle myo-

blasts (Mueller et al., 2015). Critically, the secondary structures

determined based on modeling directed by SHAPE-MaP data

differed substantially from those predicted using computa-

tional-only RNA folding algorithms (Cichewicz et al., 2018;

Tsai et al., 2018), emphasizing the need for experimental

data-directed structural studies and modeling of lncRNAs

(Weeks, 2021).

We performed a structure-guided analysis of the importance

of domains that are common to the two MUNC isoforms and

that are unique to the spliced isoform. The mechanism of action

of MUNC lncRNA is more complex than expected for an eRNA,

as we showed that different RNA domains of MUNC are impor-

tant for binding to and regulating different genes. Importantly,

we showed that the deletion of CH1 and CH4 domains were sur-

gical and did not alter the overall structure of the lncRNA. We do

not know if the same is true for the other deletions, but the persis-
tence of many functions with these deletions suggests that they,

too, did not disrupt the overall structure of MUNC.

Both the spliced isoform and the unspliced isoform promote

myogenesis and share multiple well-defined structural motifs

but also contain isoform-specific structural domains. Although

the two isoforms differ by the presence of a single intron, they

clearly have non-identical effects. The two isoforms do activate

a common subset of genes, as well as a larger, non-overlapping

set of genes, and both sets of genes are enriched in muscle

related pathways. The spliced transcript is also a much stronger

promyogenic factor than the unspliced isoform. Multiple factors

might influence the two isoforms’ divergent behaviors. First, the

spliced isoform is more stable structurally: it has a larger fraction

of well-determined (low entropy) structures than the unspliced

transcript. Second, different sites on the two isoforms may be

bound by varying cellular factors: the relative changes in reac-

tivity profiles between in-cell and cell-free conditions, a measure

of interactions with cellular factors, are much higher for the

spliced than for the unspliced isoform. Because most structural

domains present in the spliced isoform also exist within the un-

spliced one, we hypothesize that the intron in the unspliced tran-

script binds to additional factors that allow it to target different

genes. Last, the included intron in the unspliced isoform may

contribute more to Myod1 transcription in cis when functioning

as an eRNA, while the more stably folded regions that assemble

after MUNC splicing could regulate other targets in trans.

To evaluate the mechanisms by which the spliced isoform of

MUNC regulates gene expression, we focused on Myod1,

Myog, and Myh3, which encode promyogenic transcription fac-

tors. We previously reported thatMUNC overexpression leads to

increases in levels of these mRNAs (Mueller et al., 2015; Ciche-

wicz et al., 2018). By careful comparison of effects of different

MUNC mutants, we showed that MUNC directly regulates

expression of all three mRNAs, although its effect on Myh3 ap-

pears to beMyog- andMyod1-dependent in proliferating murine

myoblasts. This observation confirms MUNC function is not

limited to the secondary effects of MYOD1 expression resulting

from MUNC enhancer RNA activity.

To interrogate whether different regions of MUNC act inde-

pendently or whether they must be in cis, we focused on CH1

and CH4. These two domains are the most important of the do-

mains tested for Myod1 induction, and deletion of either did not

affect the structure of the other as shown by SHAPE-MaP ana-

lyses. The mutants with deletions of CH1 and of CH4 did not

complement each other in trans to rescue Myod1 induction.

Therefore, CH1 andCH4motifs must exist on the samemolecule

to stimulate Myod1 expression in trans.

Our structural and functional studies revealed that MUNC has

multiple effector domains and does not regulate expression of all

its target genes by a common mechanism. Because MUNC

could be recruitingmultiple transcription complexes, we focused

on genes that are directly regulated byMUNC binding near their

promoter. We used ChIRP to determine the sites in the genome

whereMUNC binds and looked for cases whereMUNC also reg-

ulates adjoining gene expression to find potentially direct targets

ofMUNC. Distinct combinations ofMUNC domains are required

for binding to and induction ofDcn (CH1 andCH5),Met (CH2 and

CH5), and Runx1 (CH5 and SH1), genes that are known to
Cell Reports 38, 110361, February 15, 2022 11



Figure 7. MUNC regulates genes in cis and in trans through multiple mechanisms

(A) Chromosomal locations of MUNC ChIRP peaks (green), genes upregulated by MS (red), and genes downregulated by MS (blue). White star marks Myod1

locus.

(B) Graph summarizing all interactions identified in this study. Lines represent significant alterations relative to MS in DNA binding and gene regulation or SMC3

binding when a particular domain is mutated. Line width represents effect size; dashed lines indicate SMC3 binding sites in promoters of Myod1, Myog, and

Runx1.

(C–G) Simplified graphs as in B, summarizing (C) interactions of CH1, (D) interactions of CH5, (E) domains required for optimal MUNC-SMC3 binding, (F) in-

teractions of PR2, and (G) interactions of CH3.
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stimulate muscle differentiation (Li et al., 2020b; Umansky et al.,

2015; Wang et al., 2005; Kishioka et al., 2008). Similarly, different

domains were critical for downregulation of Il15 (CH1, CH3, and

PR2), Prmt6 (SH1), and Grip1 (CH4), genes that are known to

have a negative impact on skeletal muscles (Quinn et al., 1995;

Choi et al., 2019; Wu et al., 2005). Thus, the multi-modal mech-

anisms of regulation of gene expression by MUNC involve

different domains of MUNC and likely different protein partners.
12 Cell Reports 38, 110361, February 15, 2022
MUNC recruits varying cooperative machinery depending on the

genomic context, and this behavior is likely exemplary of other

lncRNAs.

In conclusion, this study established the power of integrating

experimentally driven secondary structure modeling with struc-

ture-function analyses to identify functional domains and mech-

anisms of action of lncRNAs. Indeed, all well-determined do-

mains chosen for validation based on our models proved to be
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functional. There is now a growing body of evidence that sug-

gests that well-determined (low SHAPE, low entropy) motifs

tend to correlate with functional motifs in large RNAs (Weeks,

2021; Boerneke et al., 2019). Our study clarifies the role of

RNA structure in MUNC function. MUNC was initially described

as a cis-acting eRNA for Myod1 and was soon thereafter shown

to have trans-acting functions beyond those expected for a clas-

sical eRNA (Mueller et al., 2015; Cichewicz et al., 2018; Tsai

et al., 2018). We show that this underlying functional complexity

ofMUNC is integratedwith its RNA structural complexity. Our re-

sults confirm MUNC regulation of Myod1 and complex regula-

tion of other genomic targets in trans. In addition, our study

shows that binding of SMC3, and by association cohesin, is

not sufficient for MUNC function and may not be essential for

regulating all of the target genes such as Myod1, Myog, and

Runx1.

The compact and highly organized structure ofMUNC lncRNA

differentiates it from longer lncRNAs like Xist and HOTAIR, that

contain long, unstructured, repetitive sequence regions that

appear to function as landing pads for protein multimerization

(Wang et al., 2017; Smola et al., 2016). MUNC instead appears

to have scaffolding functions more similar to those of ANRIL

(Zhang et al., 2020). MUNC may act as an eRNA in cis to recruit

a regulatory protein complex (like cohesin) as it does for Myod1

or in trans as demonstrated forMyog and Runx1.MUNC binding

can also inhibit some target gene transcription as for Il15, Prmt6,

and Grip1 by binding to their promoter region and diminishing

activity of a transcriptional regulatory factor; in these cases,

MUNC may act as a decoy or may directly occlude a binding

site. Last, since MUNC is encoded 5 kb upstream of the tran-

scription start site of Myod1, the transcription of MUNC itself

may positively regulate the transcription of Myod1 and other

loci in close three-dimensional proximity by maintaining active

chromatin structure. MUNC may also play a role in stabilizing

the genome organization and control the spreading of post-

translational modifications to nearby chromatin. Regardless,

experimentally derived structure models are essential for rapid

characterization of functionally important motifs within RNAs of

interest.

Limitations of the study
In our study, we have definedMUNC secondary structure based

on SHAPE-MaP and the functionality of different structural do-

mains. A limitation is the current lack of information on the tertiary

structure ofMUNC that would allow further functional evaluation.

We have performed SHAPE-MaP on only two mutants, each

lacking a domain important for promyogenic phenotype. This

work clearly emphasizes the value of structure-informed func-

tional studie and, to understand lack of binding to specific

genomic sites followed by alteration of gene regulation, further

mutants should be studied. Likewise, it would be useful to

perform ChIRP-seq on all mutants to see changes in genome-

wide binding of MUNC upon introduction of specific mutations.

Additionally, we focused on MUNC interactions with only one

protein, SMC3, a subunit of cohesin complex. Other protein part-

ners of MUNC are known (Tsai et al., 2018). Now, in light of the

available secondary structure for MUNC and information about

nucleotides protected from reactivity in cells, it would be
possible to precisely determine protein-binding motifs within

MUNC. The ribonucleoprotein networks analyzed by mutational

profiling (RNP-MaP) method could be used to map cooperative

interactions among multiple proteins bound toMUNC at nucleo-

tide resolution (Weidmann et al., 2021). Finally, this study did not

explore intra- and intermolecular RNA-RNA interactions of

MUNC that would inform additional insights into the mechanism

of action of this intriguing lncRNA.
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Antibodies

Mouse monoclonal MyoD (5.8A) Santa Cruz Cat# sc-32758; RRID: AB_627978

Rabbit polyclonal MYH3 Proteintech Cat# 22287-1-AP; RRID: AB_2879060

Mouse monoclonal myogenin (F5D) Santa Cruz Cat# sc-12732; RRID: AB_627980

Mouse monoclonal HSP90a/b (F-8) Santa Cruz Cat# sc-13119; RRID: AB_675659

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Cat# 7074; RRID: AB_2099233

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Cat# 7076; RRID: AB_330924

Goat anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa

Fluor Plus 555

Thermo Fisher Scientific Cat# A32732; RRID: AB_2633281

Anti-SMC3 antibody Abcam Cat# ab9263; RRID: AB_307122

Bacterial and virus strains

StellarTM Competent Cells Takara Cat# 636763

Chemicals, peptides, and recombinant proteins

Proteinase K New England Biolabs Cat# P8107S

Phenol/Chloroform/Isoamyl Alcohol (25:24:1

Mixture, pH 6.7/8.0, Liq.), Fisher BioReagents

Thermo Fisher

Scientific

Cat# BP1752I-400

5-nitroisatoic anhydride (5NIA) AstaTech Cat# 69445

Dimethyl sulfate Millipore Sigma Cat# D186309

TURBO DNase Thermo Fisher

Scientific

Cat# AM2238

TRIzolTM Reagent Thermo Fisher

Scientific

Cat# 15596018

SuperScript II Reverse Transcriptase Thermo Fisher

Scientific

Cat# 18064014

Manganese (II) chloride tetrahydrate Millipore Sigma Cat# M3634

Betaine Millipore Sigma B0300-1VL

Q5 Hot-start high Fidelty DNA Polymerase New England Biolabs Cat# M0493

Puromycin Sigma Cat# P9620

Hygromycin Life technologies Cat# 10687-010

Lipofectamine 3000 Life Technologies Cat# L3000015

DMEM-high glucose medium GE Healthcare Life

Sciences co.

Cat# SH30022.FS

FBS (20%) Gibco Cat# 10437-028

HS (2%) GE Healthcare Life

Sciences co.

Cat# SH30074.03

MilliporeSigmaTM ImmobilonTM Western

Chemiluminescent HRP Substrate (ECL)

Millipore Sigma Cat# WBKLS0500

Hoechst 33342 Life Technologies Cat# H3570

ProLongTM Gold Antifade Mountant Life Technologies Cat# P10144

Biotin-16-dUTP Roche Cat# 11093070910

Terminal Transferase New England BioLabs Cat# M0315S

HaltTM Protease Inhibitor Thermo Fisher Scientific Cat# 78438

SUPERasedInTM RNase Inhibitor (20 U/mL) Ambion Cat# AM2694

RNase H, from E. coli, 10 U/mL Ambion Cat# AM2293

Rnase A New England Biolabs Cat# T3018L

DynabeadsTM MyOneTM Streptavidin C1 Thermo Fisher Scientific Cat# 65002

(Continued on next page)
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Phosphatase Inhibitor Millipore Sigma Cat# 5892970001

PierceTM Protein G Plus Agarose Thermo Fisher Scientific Cat# 22851

Critical commercial assays

NEBNext� Poly(A) mRNA Magnetic Isolation

Module

New England BioLabs Cat# E7490S

NEBNext� UltraTM Directional RNA Library

Prep Kit for Illumina

New England BioLabs Cat# E7420S

Agencourt AMPure XP kit Beckman Coulter Cat# A63881

Direct-zol RNA MiniPrep Kit Zymo Research Cat# R2052

PD-10 Desalting Columns GE Healthcare Life Sciences Cat#17-0851-01

GeneJET RNA Cleanup and Concentration

Micro Kit

Fisher Cat# K0841

Illustra Microspin G-50 columns GE Healthcare Life Sciences Cat# 27533001

Zymoclean Gel DNA Recovery Kit Genessee Cat# 11-301

QubitTM dsDNA HS Assay Kit Thermo Fisher Scientific Cat# Q32851

Nextera XT DNA Library Preparation Kit Illumina Cat# FC-131-

1024

Nextera XT Index Kit (24 indexes, 96 samples) Illumina Cat# FC-131-

1001

In-Fusion HD Cloning kit Takara Cat# 638910

GoScript RT cDNA synthesis kit VWR Cat# PAA5004

PowerUpTM SYBR� Green Master Mix Thermo Fisher Scientific Cat# A25778

QIAquick Nucleotide Removal Kit Qiagen Cat# 28304

DNA SMART ChIP-Seq kit Takara Bio Cat# 634865

Deposited data

C2C12 RNA-seq This paper GSE174203

MUNC SHAPE-MaP This paper GSE174217

MUNC ChIRP-seq This paper GSE174195

Experimental models: Cell lines

C2C12 PAX7 negative murine myoblasts N/A N/A

C2C12 PAX7 negative MUNC spliced overexpressing

murine myoblasts

(Mueller et al., 2015) N/A

C2C12 PAX7 negative MUNC genomic overexpressing

murine myoblasts

(Mueller et al., 2015) N/A

C2C12 PAX7 negative MUNC spliced DCH1 overexpressing

murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced DCH2 overexpressing

murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced DCH3 overexpressing

murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced DCH4 overexpressing

murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced DCH5 overexpressing

murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced DCH6 overexpressing

murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced DSH1 overexpressing

murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced PP1mut overexpressing

murine myoblasts

This paper N/A

(Continued on next page)
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C2C12 PAX7 negative MUNC spliced PP2mut

overexpressing

murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced L1mut

overexpressing

murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced DCH1+ DCH4

overexpressing murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced CH1mutA

overexpressing murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced CH1mutB

overexpressing murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced CH1mutC

overexpressing murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced CH1mutD

overexpressing murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced CH4mutA

overexpressing murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced CH4mutB

overexpressing murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced CH4mutC

overexpressing murine myoblasts

This paper N/A

C2C12 PAX7 negative MUNC spliced CH4mutD

overexpressing murine myoblasts

This paper N/A

Oligonucleotides

MUNC SHAPE-MaP RT and PCR primers, see

Table S1

This paper N/A

MUNC cloning primers, see Table S1 This paper N/A

ChIRP oligonucleotides, see Table S1 This paper N/A

ChIRP-qPCR primers, see Table S1 This paper N/A

RT-qPCR primers, see Table S1 This paper N/A

Recombinant DNA

pLPCX MUNC spliced (Mueller et al., 2015) N/A

pLHCX MUNC spliced (Cichewicz et al., 2018) N/A

Software and Algorithms

STAR v2.5 (Dobin et al., 2013) https://github.

com/alexdobin

/STAR

HTSeq 0.6.1p1 (Python 2.7.5) (Anders et al., 2015) https://htseq.

readthedocs.io/

en/release_

0.11.1/

R Studio https://www.rstudio.com/

products/rstudio/

N/A

DESeq2 (Love et al., 2014) https://biocond

uctor.org/packa

ges/release/bioc

/html/DESeq2.

html

BART 2.0 (Wang et al., 2018) http://bartweb.

org/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005) http://software.

broadinstitute.

org/gsea/index.

jsp

Gene Ontology (GO) by GeneTrail2r (Stöckel et al., 2016) https://biocond

uctor.org/pack

ages/release/bioc

/html/clusterPro

filer.html

ShapeMapper 2 (Busan and Weeks, 2018) https://github.

com/Weeks-UNC

/shapemapper2

SuperFold (Smola et al., 2015b) https://github.

com/Weeks-UNC

/Superfold

RNAStructure (Reuter and Mathews, 2010) https://rna.urmc.

rochester.edu/

RNAstructure.

html

VARNA visualization applet for RNA (Darty et al., 2009) http://varna.lri.fr/

ImageJ Software 1.50i (Java 1.6.0_24) (Schneider et al., 2012) https://imagej.

nih.gov/ij/

bowtie2 (Langmead and Salzberg, 2012) http://bowtie-

bio.sourceforge.

net/bowtie2/

index.shtml

MACS2 (Zhang et al., 2008) https://pypi.org

/project/MACS2/

GREAT (Mclean et al., 2010) http://great.

stanford.edu/

public/html/

MEME (Bailey and Elkan, 1994) https://meme-

suite.org/meme/

FIMO (Grant et al., 2011) https://meme-

suite.org/meme

/doc/fimo.html

Other

StepOnePlusTM Real-Time PCR System Applied Biosystems Cat# 4376600

Agilent Technologies 2100 Bioanalyzer Agilent N/A

Illumina HiSeq 2500 instrument Illumina N/A

Illumina MiSeq Illumina N/A

QuBIT Thermo Fisher Scientific N/A

Zeiss Axio Observer Live Cell microscope Zeiss N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Anindya

Dutta (duttaa@uab.edu).

Materials availability
Plasmids and cell lines generated in this study will be made available upon request. We may require a payment and/or a completed

materials transfer agreement in case there is potential for commercial application.
Cell Reports 38, 110361, February 15, 2022 e4

mailto:duttaa@uab.edu
http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://github.com/Weeks-UNC/shapemapper2
https://github.com/Weeks-UNC/shapemapper2
https://github.com/Weeks-UNC/shapemapper2
https://github.com/Weeks-UNC/Superfold
https://github.com/Weeks-UNC/Superfold
https://github.com/Weeks-UNC/Superfold
https://rna.urmc.rochester.edu/RNAstructure.html
https://rna.urmc.rochester.edu/RNAstructure.html
https://rna.urmc.rochester.edu/RNAstructure.html
https://rna.urmc.rochester.edu/RNAstructure.html
http://varna.lri.fr/
https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
https://pypi.org/project/MACS2/
https://pypi.org/project/MACS2/
http://great.stanford.edu/public/html/
http://great.stanford.edu/public/html/
http://great.stanford.edu/public/html/
https://meme-suite.org/meme/
https://meme-suite.org/meme/
https://meme-suite.org/meme/doc/fimo.html
https://meme-suite.org/meme/doc/fimo.html
https://meme-suite.org/meme/doc/fimo.html


Article
ll

OPEN ACCESS
Data and code availability

d RNA-seq, ChIRP-seq and SHAPE-MaP data have been deposited at GEO and are publicly available as of the date of publica-

tion. Accession numbers 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

For proliferating conditions, C2C12 cells (female murine myoblasts) were cultured in DMEM-high glucose medium (GE Healthcare

Life Sciences co.) with 20% fetal bovine serum (Gibco). For differentiation, the serum was 2% horse serum (GE Healthcare Life Sci-

ences co.).

METHOD DETAILS

RNA-seq
RNA samples were isolated from proliferating (GM) or differentiating (DM3) control cells or cells that overexpress aMUNC construct

by TRIzol extraction usingDirect-zol RNAMiniPrep Plus Kit including DNase treatment. RNA-seqwas performed byHudson Alpha on

poly(A)-enriched RNA using the Illumina HiSeq 2500 instrument. RNA-seq data was aligned to the mouse assembly GRCm38/mm10

using STAR v2.5 (Dobin et al., 2013) and quantified by HTSeq (Anders et al., 2015). DESeq2 R package (Love et al., 2014) was then

applied to identify differentially expressed genes with a adjusted p of <0.05. Bioinformatic prediction for functional factors (including

transcription factors and chromatin regulators) that bind at cis-regulatory regions was performed using BART 2.0 (Wang et al., 2018).

Gene set enrichment analysis was performed as previously described (Subramanian et al., 2005). Gene Ontology was performed us-

ing GeneTrail2 (Stöckel et al., 2016). All RNA-seq library data files are available under GEO accession number GSE174203 as a part of

the SuperSeries GSE174218.

SHAPE-MaP
Cell-free SHAPE

Control or MUNC construct overexpressing C2C12 cells were grown to 70% confluency in two 15-cm dishes. Both plates were

washed once in PBS before scraping and lysis in 2.5 mL of proteinase K buffer (40 mM Tris, pH 8, 200 mM NaCl, 1.5% sodium do-

decyl sulfate, and 0.5 mg/mL proteinase K). Proteins were digested for 45 min at 23�C with intermittent mixing. Nucleic acids were

extracted twice with 1 volume of phenol:chloroform:isoamyl alcohol (25:24:1) that was pre-equilibrated with 1.13 RNA folding buffer

(110 mM HEPES, pH 8, 110 mM NaCl, 5.5 mMMgCl2). Excess phenol was removed through two subsequent extractions with 1 vol-

ume chloroform. The final aqueous layer was buffer exchanged into 1.1 3 RNA folding buffer using PD-10 desalting columns (GE

Healthcare Life Sciences). The resulting RNA solution was incubated at 37�C for 20 min before being split into two equal volumes.

The SHAPE reagent, 250 mM 5NIA (AstaTech) in DMSO was added to one half, and DMSO was added to the other. Samples were

incubated at 37�C for 10 min. RNA was precipitated with 1/10 volume of 2 M NH4OAc and 1 volume of isopropanol. After one wash

with 75%ethanol, the resulting pellet was dried and resuspended in 88 mL of water and 10 mL of 103 TURBODNase buffer and 4 units

of TURBODNase (Thermo Fisher) were added. The mixture was incubated at 37�C for 1 h. RNAwas purified (GeneJET RNA Cleanup

and Concentration Micro Kit, Fisher) and eluted into 20 mL of nuclease-free water.

In-cell SHAPE

Control C2C12 cells or cells expressingMUNC constructs were grown to 70%confluency in four wells of a 6-well plate. After washing

with PBS, 900 mL of standard growthmediumwas added. Next, 100 mL of 250mM5NIA was added to twowells and 100 mL of DMSO

(control) were added to the other two wells. Plates were incubated at 37�C for 10 min. Media was aspirated, cells were washed once

with PBS, and total RNAwas extracted using TRIzol (Thermo Fisher). RNA pellets were dried and resuspended in 88 mL nuclease-free

water, treated with TURBO DNase, and purified with GeneJET RNA Cleanup and Concentration Micro Kit as described for the cell-

free experiment.

MaP reverse transcription

1 mg of each RNA sample was subjected toMaP reverse transcription, which requires Superscript II and addition of betaine andMn2+

to the RT buffer (Siegfried et al., 2014; Smola et al., 2015b), using aMUNC-specific reverse primer (Table S1). The cDNA generated

was buffer exchanged over Illustra microspin G-50 columns (GE Healthcare). For second-strand cDNA synthesis, output DNA (cor-

responding to 167 ng of total RNA) was used as a template for 25 mL PCR reactions (Q5 Hot-start polymerase, NEB) with primers

made to amplify spliced (1-518 bp) and unspliced (1-792 and 584-1083 bp) MUNC isoforms. Reactions included 1x Q5 reaction

buffer, 250 nM each primer, 100 mM dNTPs, 0.02 units/mL Q5 Hot-start polymerase. PCR was conducted as follows: 98�C for 30

s, then 25 cycles of 98�C for 10 s, 60�C (MUNC spliced) or 69�C (MUNC unspliced) for 30 s, and 72�C for 35 s, followed by 72�C
for 2 min. Step 1 PCR products were run on a 2% gel and purified using Zymoclean Gel DNA Recovery Kit and eluted in 10 mL of

nuclease-free water. Purified PCR products were measured using a Qubit dsDNA HS Assay Kit, and 1 ng was used for tagmentation
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using Nextera XT DNA Library Preparation Kit (Illumina). After neutralization with NT buffer, multiplex indices were added using the

Nextera XT DNA Library Preparation Kit (Illumina). PCR was performed as follows: 72�C for 3 min, 95�C for 30 s, then 12 cycles of

95�C for 10 s, 55�C for 30 s, 72�C 30 s, and, finally, 72�C for 5 min. Step 2 PCR products were purified using a 0.8x ratio of Agencourt

AMPure XP beads (Beckman Coulter) and eluted in 20 mL of nuclease-free water.

Sequencing of MaP libraries

Size distributions and purities of fragmentedMUNC amplicon libraries were verified (2100 Bioanalyzer, Agilent). Libraries (about 120

amol of each) were sequenced on a MiSeq instrument (Illumina) with 2 3 250 or 2 3 300 paired-end sequencing. Libraries derived

from total cytoplasmic RNA were sequenced with 2 3 300 paired-end sequencing on a MiSeq instrument, combining reads from

multiple runs until desired RNA sequencing depth was achieved. All SHAPE-MaP libraries data files are available under GEO acces-

sion number GSE174217 as a part of the SuperSeries GSE174218.

Mutation counting and SHAPE profile generation with ShapeMapper 2 software

FASTQfiles fromsequencing runsweredirectly input into theShapeMapper2 software (BusanandWeeks, 2018) for readalignment and

mutation counting. To ensure that mutation rates were not affected by reduced fidelity at reverse transcription initiation sites, target

FASTA files input to ShapeMapper 2 had primer-overlapping sequences and the first 5 nucleotides transcribed were set to lowercase,

which eliminates these positions from analysis. ShapeMapper 2 was run with the –min-depth 4000 flag and all other values set to de-

faults. In each experiment, the 5NIA-treated samples were designated as the ‘‘modified’’ samples and DMSO-treated samples as ‘‘un-

modified’’ samples.

Modeling MUNC structure using SuperFold

The SuperFold analysis software (Smola et al., 2015b) was used with experimental SHAPE data to inform RNA structure modeling by

RNAStructure (Reuter and Mathews, 2010). Default parameters were used to generate base-pairing probabilities for all nucleotides

(with a max pairing distance of 600 nt) and minimum free energy structure models.

Identification of in-cell changes in MUNC spliced SHAPE reactivity

SHAPE reactivities of in-cell and cell-free treated RNAs were normalized to each other using a median difference minimization strat-

egy to improve normalization between in-cell and cell-free samples and enable sensitivity to single-nucleotide level differences. First,

the log relative reactivities for each dataset were calculated as follows:

LOGRELNT = log10

�
5NIA mutation rateNT

DMSO mutation rateNT

�

Initial scaling factor = MEDIANðLOGRELcell�freeÞ -- MEDIANðLOGRELin�cellÞ
The LOGRELin-cell values were adjusted up by the initial scaling factor, and differences were calculated for each nucleotide:

DiffNT = LOGRELNT�cell�free -- LOGRELNT�in�cell

The final scaling factor (added to in-cell LOGREL values) was calculated as the value that minimizes the median for all nucleotides

of | DiffNT|. New DiffNT values were computed with the final scaling factor, and Z-scores were computed for each nucleotide:

Zscore =
DiffNT � DiffNTs

sNTs

Only nucleotides with Z-scores > 1.645 standard deviations from the mean (90% confidence intervals) in both replicates were

considered significant shifts in SHAPE reactivity.

Graphical display of SHAPE data

Secondary structure projection images were generated using the (VARNA) visualization applet for RNA (Darty et al., 2009).

Structural analyses of MUNC mutants

Cells overexpressing the wild-type splicedMUNC isoform andDCH1 andDCH4mutants were used for cell-free SHAPE as described

above.MaP reverse transcriptionwas performed using aMUNC-specific reverse primer. For second-strand cDNA synthesis we used

the same reverse primer for all threeMUNC constructs but a different forward primer was used forDCH1 that overlapped the deletion

junction. All the further steps were performed as described above.

Cell lines generation
The pLPCX plasmid carrying the sequence of spliced MUNC (Mueller et al., 2015) was used as a template to obtain mutants via

PCR followed by In-Fusion cloning. The constructs were linearized and transfected into the C2C12 cells using Lipofectamine

3000 (Life Technologies). After 24 h, pools of stably transfected cells were selected with 2 mg/ml puromycin. The procedure

was repeated at least twice for each construct to ensure that the observed phenotype was not an effect of random selection of

a less or more differentiation-potent population. For complementation experiments DCH4 was cloned into pLHCX vector. At 24 h

after transfection, pools of stably transfected cells were selected with 300 mg/ml hygromycin. Oligonucleotide sequences are listed

in Table S1.
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RNA isolation and RT-PCR
RNA was isolated by TRIzol extraction using Direct-zol RNAMiniPrep Plus Kit including DNase treatment. cDNA synthesis for mRNA

expression levels measurement was performed using GoScript RT cDNA synthesis kit (VWR) with random hexamer priming. After

cDNA synthesis, qPCR was performed with StepOnePlusTM Real-Time PCR System using PowerUpTM SYBR� Green Master Mix

(Thermo Fisher). All primers used in this study are listed in Table S1.

Western blotting
Cells were lysed in IPH buffer (50 mMTris-Cl, 0.5%NP-40%, 50mMEDTA). Samples were run on a 10% polyacrylamide SDS-PAGE

gel and transferred to nitrocellulose membranes. Membranes were blocked for 30 min in 5% milk containing PBST and incubated

overnight with primary antibody in 1% milk. After washing, secondary antibody incubation was carried out for 1 h at 1:4000 dilution

before washing and incubation with Millipore Immobilon HRP substrate. Antibodies used were as follows: MYOD1 sc-32758 (Santa

Cruz Biotechnology), MHC 22287-1-AP (Proteintech), MYOGENIN sc-12732 (Santa Cruz Biotechnology), and HSP90 sc-13119

(Santa Cruz Biotechnology).

Immunofluorescence assay
Cells were plated on glass coverslips and collected after 3 days of differentiation. The coverslips were fixed with 4% paraformalde-

hyde in PBS for 15 min, permeabilized in 0.5% Triton X-100 in PBS, and blocked in 5% goat serum. The coverslips were incubated

with primary antibodyMHC22287-1-AP (Proteintech) overnight at 4�Cand thenwith Alexa Fluor 555-conjugated secondary antibody

(Thermo Fisher Scientific) for 1 h. Cells were stainedwith Hoechst 33342 (1 mg/mL; Invitrogen) for 2min at room temperature, washed,

and then mounted with ProLong Gold (Invitrogen). The primary and secondary antibodies were diluted 1:400 and 1:1000, respec-

tively. Microscopy was performed using the Zeiss Axio Observer Live Cell microscope and ImageJ Software for analysis (Schneider

et al., 2012).

ChIRP-seq and ChIRP-qPCR
Antisense probes complementary to the genomic MUNC sequence (Table S1) were labeled with biotin-16dUTP (Roche,

11093070910) using a terminal transferase reaction (NEB, M0315). Probes were purified with the QIAquick Nucleotide Removal

Kit (QIAGEN, Cat: 28304). ChIRP was performed as described (Chu et al., 2012). ChIRP libraries were prepared using DNA SMART

ChIP-Seq kit (Takara Bio., 634865) with 1 ng of DNA as startingmaterial. The quality and quantity of final libraries were assessed using

an Agilent Technologies 2100 Bioanalyzer. Libraries were sequenced on an Illumina MiSeq platform (Genome Analysis and Technol-

ogy Core, University of Virginia School of Medicine). All ChIRP-seq libraries data files are available under GEO accession number

GSE174195 as a part of the SuperSeries GSE174218.

ChIRP-seq data from our study and from Tsai et al. (Tsai et al., 2018) were independently analyzed. First, data was aligned to the

mouse assembly GRCm38/mm10 using bowtie2 version 2.3.4.1 (Langmead and Salzberg, 2012). Peak calling was done using

MACS2 version 2.1.1.20160309 (Zhang et al., 2008) with a q value cutoff of 0.05. Peaks were assigned to gene-centric genomic re-

gions with GREAT (Mclean et al., 2010). To ensure detection of only true positives, we designed an additional set of biotinylated

probes based on the structure of the spliced MUNC (Table S1). Next, we performed ChIRP followed by qPCR with StepOnePlusTM

Real-Time PCR System using PowerUpTM SYBR� Green Master Mix (Thermo Fisher). Oligonucleotide sequences are listed in

Table S1.

RIP-qPCR
The RNA immunoprecipitation assay (RIP) was carried out as previously described (Klattenhoff et al., 2013) with slight modification.

Briefly, 1x107 proliferating cells from each cell line were lysedwith lysis buffer, incubated on ice for 20min, and centrifuged at 2,500xg

for 10 min. The nuclear pellet was lysed with RIP lysis buffer (25 mM Tris, pH 7.4, 150 mMKCl, 1 mMDTT, 0.5%NP-40, 1 mMPMSF,

10 mM NaF, 0.25% sodium deoxycholate, phosphatase inhibitor (Roche), protease inhibitor (Thermo Fisher), and 100 U/ml RNase

inhibitor) and incubated on ice for 30min. The cell lysates were sonicated for a total of 30 s (10 s on, 10 s off) with 10% amplitude. The

lysates were centrifuged at 10,000xg for 15 min, and 1 mg of cell lysates were incubated with 4 mg of SMC3 antibody (Abcam) at 4�C
overnight. The immuno-complexes were captured with 30 ml Protein G Plus Agarose beads (Thermo Fisher) and incubated at 4�C
for 2 h. The SMC3-bound RNA-protein complexes were washed three times with RIP lysis buffer. Next, 1 ml of TRIzol was added

directly to the pellet, and RNA was precipitated with ethanol and glycogen followed by cDNA synthesis and qPCR analysis.

Fold enrichment was calculated by taking the ratio of MUNC enrichment in SMC3 immunoprecipitated over a negative control

long noncoding RNA H19.

Other bioinformatic analyses
Motif analysis was performed using MEME (Bailey and Elkan, 1994) and FIMO (Grant et al., 2011). A map of chromosomal locations

was created with the idiogramFISH package for R (Roa F, 2021). A graph that summarizes all interactions presented in this study was

created using the rTRM package for R (Diez et al., 2014).
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QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical information of each experiment, including the statistical methods, the p value and sample numbers (n) are shown in

figure legends. All experiments were performed at least two times, with similar results. The statistical method used for comparison

between experimental groups was a two-tailed Student’s t test. Statistical significance was expressed as a p value.
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Figure S1. The Spliced Isoform is More Promyogenic than Unspliced MUNC, Related to Figure 1. 

(A) Heatmap showing clustering of RNA-seq data. 

(B) Plots of fold change vs. mean of normalized counts. Upregulated genes are in red and downregulated genes are 

in blue (adjusted p<0.01). 

(C-D) BART for genes upregulated in C) MS vs. Ctrl and D) MU vs. Ctrl under proliferating conditions. Black 

dashed line represents Irvin-Hall p value of 0.05. 

(E) Venn diagrams representing overlap between differentially regulated genes.  



 

Figure S2. Secondary Structure of the MUNC Spliced Isoform, Related to Figure 2. 

(A) Correlation plot between cell-free SHAPE reactivities from two biological replicates of analysis of MS in cell-

free conditions. 

(B) The pairing probabilities of nucleotide pairs of MS in cell-free conditions represented by arcs linking the 

involved nucleotides. 

(C) In-cell and cell-free SHAPE reactivity profiles of MS. Domains detected in both MS and MU are labeled CH1-

CH6. The spliced isoform-specific domain is labeled SH1. 

(D) In-cell enhancements and protections based on comparison of in-cell and cell-free SHAPE reactivity profiles of 

MS from two biological replicates. White boxes indicate locations of structural domains CH1-CH6 and SH1. 



 



Figure S3. Comparison of SHAPE-MaP-Derived Structures of Spliced and Unspliced Isoforms Reveals 

Common Domains, Related to Figure 2. 

(A) SHAPE reactivity profiles for MS (top) and MU (bottom) cell-free RNAs. Mean reactivities (± SE) are colored 

by relative value. Black dashed line represents intron. 

(B) Pairing probabilities of nucleotide pairs indicated by arcs linking the involved nucleotides for MS (top) and MU 

(bottom). Arc color indicates probability. Black lines indicate the six common domains. Black dashed line 

represents the location of the intron. 

(C) Minimum free energy secondary structure model of MU color coded by SHAPE reactivities. Domains are 

highlighted in grey. 

(D) SHAPE reactivity profiles for the MU in-cell (top) and cell-free (bottom). Mean reactivities (± SE) are colored 

by relative value. 

  



 

 

Figure S4. Overexpression of Spliced Isoform of MUNC Leads to Induction of Promyogenic mRNAs During 

Differentiation, Related to Figure 3. 

(A) Secondary structure model of MS as shown in Figure 2B. 

(B-C) RT-qPCR analyses of MUNC levels normalized to Gapdh and shown relative to Ctrl in B) proliferating and 

C) differentiating C2C12 cells. Control (Ctrl) cells do not overexpress a MUNC construct. Data represent at least 

two independent transfectants with at least three biological replicates for each of them (mean ± SEM). 

(D-F) Levels of D) Myod1, E) Myog, and F) Myh3 normalized to Gapdh and shown relative to MS. Data represent at 

least two independent transfectants with at least three biological replicates for each of them (mean ± SEM). 



(G) RT-qPCR analysis of MUNC levels normalized to Gapdh and shown relative to Ctrl. Data represent three 

biological replicates (mean ± SEM). 

(H-J) RT-qPCR analyses of levels of H) Myod1, I) Myog, and J) Myh3 mRNAs normalized to Gapdh and shown 

relative to MS. Data represent three biological replicates (mean ± SEM). 

∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, two-tailed Student’s t test. 

  



 

 

Figure S5. Overexpression of Spliced MUNC Isoform Leads to Induction of Promyogenic Proteins During 

Differentiation, Related to Figure 4. 

(A) Representative Western blot used for MYOD1 in differentiating cells. HSP90 served as a loading control. 

(B) Quantification of MYOD1 protein in differentiating cells normalized to HSP90 and shown relative to MS. Data 

represent two independent transfectants with two biological replicates for each of them (one out of four is shown in 

A; mean ± SEM). Statistical significance was calculated using two-tailed Student’s t test. *** and * indicates p < 

0.001 and < 0.05, respectively, in comparison to MS. 

  



 

 

Figure S6. Analysis of MUNC ChIRP-seq Datasets Reveals MUNC Functional Targets, Related to Figure 6. 

(A) Scheme of ChIRP-seq analyses followed by overlap with the RNA-seq data after MUNC overexpression and 

microarray data after MUNC knockdown to identify functional MUNC targets. 



(B-C) Graphs of locations of sites of MUNC association in absolute distance to transcription start sites (TSS) for 

data generated A) for this paper and B) by Tsai et al. 

(D) Heatmap showing clustering of data from control and MUNC-depleted cells grown under proliferating and 

differentiation conditions. Microarray data from Mueller et al. (2015). 

(E) Heatmap showing clustering of RNA-seq data from control and cells overexpressing MS or MU grown under 

proliferating or differentiation conditions. 

(F) ChIRP-qPCR of MUNC genomic binding sites (ChIRP peaks) and RT-qPCR analysis of expression of genes 

adjoining to ChIRP peaks. Data represent three biological replicates (mean ± SEM) from MUNC spliced 

overexpressing cells over control cells. Statistical significance shown in Figure 6A. 

  



 

 



Figure S7. Distinct Structural Domains of MUNC Regulate Expression of Different Genes, Related to Figure 

7. 

(A) RT-qPCR results for expression of 8 analyzed genes adjoining MUNC ChIRP peaks for proliferating cells. 

Levels of mRNAs were normalized to Gapdh and shown relative to MS. Data represent two independent 

transfectants, three biological replicates for each of them (mean ± SEM). 

(B) ChIRP-qPCR results for 11 analyzed MUNC ChIRP peaks for proliferating cells. Levels were normalized to 

unspecific site (Gapdh) and shown relative to MS. Data represent two independent transfectants, three biological 

replicates for each of them (mean ± SEM). 

(C) RT-qPCR analyses of MUNC levels normalized to Gapdh and shown relative to Ctrl. Data represent three 

independent transfectants (mean ± SEM). 

(D-E) RT-qPCR analyses of levels of MUNC target genes (Dcn, Grip1, Met) normalized to Gapdh and shown 

relative to MS for D) CH1 and E) CH4 domain mutants. Data represent three independent transfectants (mean ± 

SEM). 

F) Motifs identified in MUNC ChIRP-seq peaks located within the studied MUNC domains by motif enrichment 

analysis performed using MEME followed by FIMO. 

∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, two-tailed Student’s t test. 

  



SHAPE-MaP 

Oligo_name Sequence 

MUNC_F ATTTATAGCACCTTGGAAGACTAGC 

MUNC_R GTTATTCACCGAGGGACACG 

MUNC_genomic_R1 ATTTATAGCACCTTGGAAGACTAGC 

MUNC_genomic_F1 CTCTCTCCCATTGGTCGGTT 

MUNC cloning primers 

Primer_name Forward_primer_sequence Reverse_primer_sequence 

CH1 
GGACTCAGATCATTTATGAAATGCAAG

GCCTGGACAG 

TCCAGGCCTTGCATTTCATAAATGAT

CTGAGTCCGGTAGC 

CH2 
GGAGAACTGAGCCTCAGCAGATTTAAG

TCAAATGAAAGAGCA 

CATTTGACTTAAATCTGCTGAGGCTC

AGTTCTCCTGC 

CH3 
ATGAACCCCACATCCATACCAATGGGA

GAGAGCACGT 

TGCTCTCTCCCATTGGTATGGATGTG

GGGTTCATCAT 

CH4 CCCAGGTTTGCTGGAATAGA CTCTCACGCTGCCTCTGCCC 

CH5 
TTGCTGGAATAGAATGATATAAGGATA

GAAATCAAAAGAGCCC 

TGATTTCTATCCTTATATCATTCTATT

CCAGCAAACCTG 

CH6 
CTTAAACCACTGTGCCCGAATAACGGCC

GCCTCGGCC 

CGAGGCGGCCGTTATTCGGGCACAGT

GGTTTAAGTGT 

SH1 
CGTCCCAGGCAAACCAGCAGCGTGAGA

GCTTGTATGA 

TACAAGCTCTCACGCTGCTGGTTTGC

CTGGGACGTGC 

PR1 
CGTCCCAGGCAAACACTAAGCTGCTTTG

CCTGGGCAGAGG 

TGCCCAGGCAAAGCAGCTTAGTGTTT

GCCTGGGACGTGCTCT 

PR1-comp 
CTTACACGTGAGAGCTTGTATGAGTAAG

TAC 
CTGCCCAGGCAAAGCAGAGG 

PR2 
CACTAGTGACTTGTAGCACATTTTGCTA

AAT 
TCCAGCAAACCTGGGCTCTA 

L1 
TTCAACTATACCACTGTGCCCGCCGTGG

G 
CAAGCGAGTGAATGAACAGTC 

MUNC_pLPC

X 

AGATCCGCTAGCGCTACCGGACTCAATT

TATAGCACCTTGGAAGACTAGC 

TTATCGATGTTTGGCCGAGGCGGCCG

TTATTCACCGAGGGACACG 

MUNC_pLHC

X 

GACCGATCCAGCCTCCGCGGCCCCAATT

TATAGCACCTTGGAAGACTAGC 

CTAAATAAAATCTTTTATTTTATCGGT

TATTCACCGAGGGACACGAAGAC 

CH1mutA 
GATACCTTGGAAGACTAGCCAAGGGAA

TCGAAATGCAAGGCCTGGACAG 

GATTCCCTTGGCTAGTCTTCCAAGGT

ATCATAAATGATCTGAGTCCGGT 

CH1mutB 
TTCCAAAAGACTAGTTGGAAGAGCTGA

AATGCAAGGCCTGGACAG 

TTCCAACTAGTCTTTTGGAATGCTAT

AAATGATCTGAGTCCGGT 

CH1mutC 
GGAGCTAGCCAAGGGAGCTGAAATGCA

AGGCCTGGACAG 

CTCCCCAAGGTGCTATAAATGATCTG

AGTCCGGT 

CH1mutD 
TCGACCAAGGGAGCTGAAATGCAAGGC

CTGGACAG 

TCGATCTTCCAAGGTGCTATAAATGA

TCTGAGTCCGGT 

CH4mutA 
TCGGTATGAGTAAGTACCTACATATGAC

CCAGGTTTGCTGGAATAGA 

TCATATGTAGGTACTTACTCATACCG

ACTCTCACGCTGCCTCTGCCC 

CH4mutB 
ACGCAAGTAAGTACCTGTGCGGAGCCC

AGGTTTGCTGGAAT 

CGCACAGGTACTTACTTGCGTAAGCT

CTCACGCTGCCTCTG 

CH4mutC 
GCTTGTATGGACAAGTATTCACATAGAG

CCCAGGTTTGCT 

GCTCTATGTGAATACTTGTCCATACA

AGCTCTCACGCTGC 

CH4mutD 
AGAGCTTGTATGAGTGGACGCCTACAT

AGAGCCCAGGTTT 

TGGGCTCTATGTAGGCGTCCACTCAT

ACAAGCTCTCACGC 



ChIRP oligos 

Oligo_name Sequence Experiment 

mmMUNC_1 GCTAGTCTTCCAAGGTGCTA ChIRP-seq 

mmMUNC_2 CTTTCCAGGCCTTGCATTTC ChIRP-seq 

mmMUNC_3 ATAGGTGGCCCCTTTGATTT ChIRP-seq 

mmMUNC_4 CATCCTGAGGCTCAGTTCTC ChIRP-seq 

mmMUNC_5 CAGTATGCTGCCGATGGATG ChIRP-seq 

mmMUNC_6 ATTGGTCGGTTGCAACATTC ChIRP-seq 

mmMUNC_7 AGGTACTTACTCATACAAGC ChIRP-seq 

mmMUNC_8 TCTATTCCAGCAAACCTGGG ChIRP-seq 

mmMUNC_9 AGCAAAATGTGCTACAAGTC ChIRP-seq 

mmMUNC_10 CAGTCTTGGGCTCTTTTGAT ChIRP-seq 

mmMUNC_11 GCACAGTGGTTTAAGTGTCA ChIRP-seq 

mmMUNC_12 AAGCCACTGCAGCAGTGATC ChIRP-seq 

mmMUNC_13 TACTTTGCTCACCATGGCGT ChIRP-seq 

mmMUNC_14 ACCAGCATACCATGGATAGG ChIRP-seq 

mmMUNC_15 TTATTCACCGAGGGACACGA ChIRP-seq 

mmMUNC_16 GTCACTAAAACTTCCCCCAG ChIRP-seq 

mmMUNC_17 GCTGAGTCTAAGTGATTGG ChIRP-seq 

mmMUNC_18 TCTCCAAGGAAGCACTTCAA ChIRP-seq 

mmMUNC_19 TCTGTTTCATTATGCAGTGC ChIRP-seq 

mmMUNC_20 TTCCTTGGCGGATGAATGA ChIRP-seq 

mmMUNC_21 CACACTAGGTGCACCACAA ChIRP-seq 

mmMUNC_22 CCTCAGCTGAATATGCTCAG ChIRP-seq 

mmMUNC_23 CTATTGCTTCCTCCTTTTTG ChIRP-seq 

mmMUNC_24 GTCGTTAGTAATGATTTCGA ChIRP-seq 

mmMUNC_25 TACAGTGAGGGATGGATGTA ChIRP-seq 

lacZ_1 ATTAAGTTGGGTAACGCCA ChIRP-seq 

lacZ_2 CTGTAGCCAGCTTTCATCAA ChIRP-seq 

lacZ_3 CAGATGAAACGCCGAGTTA ChIRP-seq 

lacZ_4 CGTTATCGCTATGACGGAA ChIRP-seq 

lacZ_5 AGGCAGTTCAATCAACTGTT ChIRP-seq 

lacZ_6 CACTTACGCCAATGTCGTTA ChIRP-seq 

lacZ_7 ATAAGGTTTTCCCCTGATGC ChIRP-seq 

lacZ_8 AAGACGTACGGGGTATACAT ChIRP-seq 

lacZ_9 TTTCCATCAGTTGCTGTTGA ChIRP-seq 

lacZ_10 GACCAACTGGTAATGGTAGC ChIRP-seq 

mmMUNC_biot1 CCCTGTCCTTTCCAGGCCTTGCATTT ChIRP-qPCR 

mmMUNC_biot2 TCATAAGTGCTCTTTCATTTGACTTAAA ChIRP-qPCR 

mmMUNC_biot3 AAGCTCTCACGCTGCCTCTGCCCAGGCA ChIRP-qPCR 

mmMUNC_biot4 AAGTCATTCTATTCCAGCAAACCTGGGCTCT ChIRP-qPCR 



mmMUNC_biot5 GTCTTGGGCTCTTTTGATTTCTATCCTTAT ChIRP-qPCR 

mmMUNC_biot6 GACCAGCATACCATGGATAGGAGTACT ChIRP-qPCR 

ChIRP-qPCR primers 

Gene_name Forward_primer_sequence Reverse_primer_sequence 

Dcn AAACCACCGAGGGACACATT AGCTCCGGAAGCACTAAAACTA 

Fam173b TAATTGATGTGGGAGGGGGC GGGTAGGAACCTGAAGGCAG 

Fnbp1l GGATGCTAGCTTTTACAGATGCAGT TGGCTACCCTGCTTCCATAGT 

Grip1 TGACGGATTCTTTACGAACAGC AGCATATTCAGCTGAGGGAAGT 

Il15 CCTGATTTGTGCTGATCCCCTG 
CATAACAGAAGTAAAATTATAGTTAT

GAAGTAGTAG 

Met CAGGTGTGGCAGTCTATGCTT AAGGTCATTCTCATCGGCCTG 

Myod1 GGAAGACTAGCCAAGGGAGC CCACTGACCTGGAGAAGCAC 

Myod1 CACTTAAACCACTGTGCCCG ATTCACCGAGGGACACGAAG 

Prmt6 CCCCAGGGATGTGAGAGGTA CAGATAATGTCATCCCCCATGGAT 

Runx1 CCTCCCCTAAGAAACTGCGT TTCTTCTGAGTTCGGCACCC 

Myog TTTGGTGAGCCTAGGTGAAAAT GGCATTCTAATGTGTTTCGTCA 

RT-qPCR primers 

Gene_name Forward_primer_sequence Reverse_primer_sequence 

Gapdh GCACAGTCAAGGCCGAGAAT GCCTTCTCCATGGTGGTGAA 

Myod1 CATCCGCTACATCGAAGGTC GTGGAGATGCGCTCCACTAT 

Myog AGCGCAGGCTCAAGAAAGTGAATG CTGTAGGCGCTCAATGTACTGGAT 

Myh3 TCCAAACCGTCTCTGCACTGTT AGCGTACAAAGTGTGGGTGTGT 

Dcn GCAAATACCCGGATTAAAAGGTCG GTCCAGCCCAAGAGACTTGT 

Fam173b CGATGGAGCGAGTAGATGCT AATAATGACGCCCCGGTCTC 

Fnbp1l CACACTCTCCATTGAGCCCG CCATCTTCATCGACCACCCTC 

Grip1 AGTACGCCCCGGAGCAAG AGTGTAGGGACTCTCATCTCTCTC 

Il15 ACAGCTCAGAGAGAATCCACC AAGGACCTCACCAGCAAGGA 

Met GTACAAACTCCAGCCGCGT TCCACAGCCATCCTCGGTG 

Prmt6 TACCTCACCGCTCCAGTCTT GTCCTTGGTCAGGGATGCTC 

Runx1 TTTCGCAGAGCGGTGAAAGA CGAAAACGCACCTCTCCTGA 

MUNC CTATGGCGGCAGGAGAACTG GGACGTGCTCTCTCCCATTG 

H19 TAGAGCGAGTAGCTGGGGTG AGACCCTAGTCTCCAGTCCG 

 

Table S1. Oligonucleotides used in the study, Related to STAR Methods. 
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