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BSTRACT 

habdomyosarcoma (RMS) is a pediatric soft tis- 
ue cancer with a lack of precision therapy options 

or patients. We hypothesized that with a general 
aucity of known mutations in RMS, chromatin struc- 
ural driving mechanisms are essential for tumor pro- 
iferation. Thus, we carried out high-depth in situ 

i-C in representative cell lines and patient-derived 

enografts (PDXs) to define chromatin architecture 

n each major RMS subtype. We report a compre- 
ensive 3D chromatin structural analysis and char- 
cterization of fusion-positive (FP-RMS) and fusion- 
egative RMS (FN-RMS). We have generated spike- 

n in situ Hi-C chromatin interaction maps for the 

ost common FP-RMS and FN-RMS cell lines and 

ompared our data with PDX models. In our stud- 
es, we uncover common and distinct structural el- 
ments in large Mb-scale chromatin compartments, 
umor-essential genes within variable topologically 

ssociating domains and unique patterns of struc- 
ural variation. Our high-depth chromatin interactiv- 
ty maps and comprehensive analyses pr o vide con- 
ext for gene regulatory events and reveal functional 
hromatin domains in RMS. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

habdomyosarcoma (RMS) is an aggressi v e pediatric solid 

umor, with prognoses that are highly dependent on the 
ubtype ( 1–4 ). The major RMS subtypes are defined by 

istological features, termed alveolar RMS (ARMS) and 

mbryonal RMS (ERMS), while more rare forms also ex- 
st ( 2 , 4 ). The ARMS subtype is often dri v en by oncopro-
eins encoded by fusion e v ents resulting in PAX3–FOXO1 

r PAX7–FOXO1 expression ( 5–7 ). ERMS is driven by 

berrantly acti v e signaling pathways, including RAS ( 8 ), 
IPPO ( 9 , 10 ) and NOTCH ( 11 ). It is of note that the
yogenic master regulator MYOD is essential in RMS 

n its wild-type form ( 12–14 ), while mutations in MYOD 

ause a particularly aggressi v e and untreatab le subtype of 
MS ( 2 , 15 , 16 ). Thus, understanding the molecular and 

hromatin-recognition functions of MYOD is of high in- 
erest for defining altered RMS epigenetics and disease 
tiology / tumorigenicity. Clinical studies hav e re v ealed that 
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fusion-positi v e RMS (FP-RMS) has poorer outcomes than
fusion-negati v e RMS (FN-RMS) ( 17 , 18 ). Howe v er, key
questions remain: To what extent can chromatin architec-
ture itself be oncogenic, to sta bilize a berrant epigenetic
states? Are the genome structures of RMS subtypes con-
served despite the divergent clinical risk associated with fu-
sion status? These questions have motivated our compre-
hensi v e characterization and analysis of FN-RMS and FP-
RMS, at the le v el of 3D chromatin structure and genome
organization in cell lines and patient-deri v ed tissues. 

We sought to characterize genome structure–function
relationships in RMS at se v eral unique le v els, including
(i) larger ( > Mb-scale) structural contact domains termed
compartments ( 19–21 ), (ii) medium-range ( < Mb-scale)
contact domains, or topolo gicall y associating domains
(TADs) ( 19 , 22 , 23 ), (iii) in the context of the cis -chromatin
interactions at loci with copy number variation (CNV), or
structural variations (SVs) ( 24–27 ), and (iv) at the le v el of
the gene regulatory loci encoding the major fusion onco-
genes in FP-RMS ( 28 ). In our comparati v e analyses, we
discover substantial unique or subtype-specific regions at
the compartment le v el ( > 1 Mb) amid convergence in epige-
netic conservation of FP-RMS and FN-RMS genomes. We
report a comprehensi v e set of subtype-specific TADs, of-
ten bracketing tumor-associated genes. Within the PAX3–
FOXO1 locus in FP-RMS cells, we find evidence for unique
structural e v ents leading to the formation of the fusion alle-
les, which also has ramifications on local chromatin interac-
tivity. Expanding upon this finding, in our structural analy-
sis of the RMS landscape, we discover previously unknown
SV e v ents that are distinct within and across RMS subtypes.
We also uncover r ecurr ent SV and CNV patterns within
the ERMS subtype ( 29 ) in cell lines and patient-deri v ed
xenografts (PDXs), suggesting that defects in genome in-
tegrity may be a common dri v er. 

Our previous studies have focused on protein-centric
chroma tin conforma tion sequencing, modifying the
HiChIP method in RMS for in situ spike-in (AQuA-
HiChIP) of orthologous-species nuclei ( 14 , 30–32 ). Herein,
we employed a modified version of AQuA-HiChIP allow-
ing us to perform in situ Hi-C incorporating orthologous
spike-in chromatin (Spice-C), to ensure that any absence of
local chromatin interactions in our data was biological and
not a product of experimental variation. Our 3D landscape
presents a highly rigorous characterization of the initial
high-resolution chromatin contact maps and an in-depth
analysis of genome structure–function relationships in
RMS. With our key definitions of conserved structural
features in these tumors, we anticipate our studies will con-
tinue to catalyze impactful connections between primary
genetic dri v ers and structural epigenetics. 

MATERIALS AND METHODS 

Cell lines 

The human RMS cell lines RD (female), Rh30 (male),
SMS-CTR (male) and Rh4 (female) were a gift from Dr
Peter Houghton (Uni v ersity of Te xas Health Science Cen-
ter, San Antonio) and C2C12 myoblasts were obtained

from ATCC. All lines were maintained in either DMEM or 
RPMI supplemented with 10% fetal bovine serum at 37 

◦C
with 5% CO 2 . Cell lines were authenticated by genotyping. 

CRISPR / Cas9 knockout 

CRISPR guides at the PAX3 promoter were designed us-
ing the Benchling 

® platform. The guides were cloned in
pLentiCrisprV2-Puro or Hygro v ectors. Lenti virus gener-
ated in 293T cells was used to infect RMS cells in the
presence of 8 �g / ml protamine and selected for 5 days in
puromycin (2 �g / ml) + hygromycin (100 ng / ml) supple-
mented growth media. 

Cellular assays 

Cell growth kinetics of PAX3 TAD boundary element
knockout (KO) cells were monitored using the Incucyte ®

imaging platf orm. Colon y assa ys were perf ormed by plat-
ing serially diluted control and KO cells in growth media
and stained with crystal violet after 15 days. Immunoflu-
orescence staining was performed in cells after 3 days in
dif ferentia tion medium (DMEM + 2% horse serum) and
fixed with 4% parafor maldehyde, per meabilized in 0.5% Tri-
ton X-100 / phospha te-buf fered saline and incubated with
MyHC and MEF2C antibodies followed by Alexa-488 / 563
secondary antibodies along with DAPI and imaged using
an Olympus FL-2000 confocal microscope at 20 × magnifi-
cation. 

Western blotting 

Total cell lysate was obtained by lysing in 1 × RIPA buffer
supplemented with protease inhibitors (Roche) and MG213
(Calbiochem). Membranes (PVDF, Bio-Rad) were de v el-
oped using ECL reagent (Immobilon, Millipore). Inter-
nal control (GAPDH, CST, #2118) and target antibod-
ies PAX3 (R&D, #MAB2457), FOXO1 (CST, #2880S),
MYOD1 (Santa Cruz, #sc760), MYOG (DSHB, #F5D),
MEF2C (CST, #5030) and MyHC (DSHB, #MF20) were
probed on different regions of the same blot and imaged
(Li-Cor). 

ChIP-seq library preparation 

Formaldehyde (1%, 10 min) fixed cells wer e shear ed to
achie v e chromatin fragmented to a range of 200–700
bp using an Acti v e Motif EpiShear Sonicator. Chro-
matin samples wer e immunopr ecipitated overnight at 4 

◦C
with antibodies targeting MYOD (CST, cat#13812S),
H3K27ac (Acti v e Motif, #39133), CT CF (Millipor e, #07-
729) and H3K9me3 (Acti v e Motif, #39062). DNA purifi-
cations were performed with the modified ChIP protocol
described previously ( 33 ). For sample normalization, 2 mil-
lion C2C12 cells were added to 6 million RMS cells before
sonication. ChIP-seq libraries were prepared using Illumina
indexes and adaptors as described previously ( 31 ). Libraries
wer e multiplex ed and sequenced using the NextSeq500 (Il-
lumina). 
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Table 1. Analytical tools for Hi-C analysis 

Software Version Reference 

bwa 0.7.17-r1188 ( 35 ) 
pairtools v0.3.0 ( 36 ) 
cooltools v0.4.0 ( 36 ) 
TopDom v0.10.1 ( 37 ) 
HiCExplorer v3.7 ( 40 ) 
neoloopfinder 0.2.4.post2 ( 39 ) 
R v4.0.0 https://www.r-project.org/ 
juicebox 2.2.2 ( 41 ) 
diffHic v1.22.0 ( 38 ) 
hicbreakfinder NA https://github.com/dixonlab/ 

hic breakfinder 
ENCODE 

ChIP-seq 
v2.1.2 ( 42 ) 

deeptools v3.3.1 ( 43 ) 
HOMER v4.11.1 ( 34 ) 
HiGlass v1.11.7 ( 44 ) 
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hIP-seq data processing 

hIP-seq data were processed with the ENCODE ChIP- 
eq pipeline with chip.x cor ex clusion range max set at 25. 
 air ed-end fastqs wer e aligned with bowtie2 to hg38, with 

arameters bowtie2 -X2000 –mm. Ne xt, b lacklisted region, 
nma pped, mate unma pped, not primary alignment, multi- 
a pped, low ma pping quality (MAPQ < 30), duplicate 

eads, and PCR duplicates were removed. Peaks were called 

ith MACS2, with parameters -p 1e-2 –nomodel – shift 
 –extsize $ [FRAGLEN] –keep-dup all -B –SPMR, where 
RAGLEN is the estimated fragment length. IDR analyses 
ere performed on peaks from replicate samples or pseudo- 

eplicates for MYOD ChIP-seq with a threshold of 0.05. 
otif analysis with HOMER ( 34 ) was then carried out on 

onservati v e IDR peaks. For visualization, bedGraph files 
ere generated with MACS2 bdgcmp from the pile-up, and 

hen converted to bigwig format with bedGraphToBigWig. 
eatmaps were generated with deeptools. PAX3–FOXO1 

hIP-seq was analyzed as previously reported ( 33 ). Raw se- 
uencing data and processed files are available at Gene Ex- 
ression Omnibus (GSE215203). 

pike-in chromatin equalized Hi-C (Spice-C) 

D, SMS-CTR, Rh30 and Rh41 cells were fixed for 10 min 

t room temperature (23 

◦C) and mouse myoblasts (C2C12) 
ere spiked in at a 25% cell ratio. The cells were lysed gen- 

ly with Hi-C buffer to release nuclei, permeabilized in 0.5% 

DS for 10 min a t 62 

◦C , quenched with 10% Triton X-100
nd digested with MboI (200 U, 2 h at 37 

◦C), which was 
hen heat inactivated (20 min, 62 

◦C). Biotin incorporation 

as done with biotin-14-dATP (Thermo, cat#19524-016) 
nd DN A Pol ymerase I, Lar ge (Kleno w) Fragment (NEB, 
at#M0210) for 1 h at 37 

◦C. We performed in situ ligation 

ith T4 DNA ligase (4 h, room temperature). Nuclei were 
esuspended in TE and sonicated (fiv e cy cles with shear- 
ng ‘on’ time with 30 s on and 30 s off), using the Acti v e

otif EpiShear Probe Sonicator, 30% power. The sheared 

NA was re v erse cr oss-linked with SDS and Pr oteinase 
 overnight and pulled down with M-280 Streptavidin 

ynabeads (Thermo, cat#11205D), washed and eluted, fol- 
owed by end repair, A-tailing, adapter ligation and library 

mplification all on-bead as previously reported ( 33 ). For a 

etailed protocol of the Spice-C method, refer to the Ma- 
erials and Methods section in the Supplementary Data. 

i-C sequencing 

ibraries were indexed with Illumina barcodes and quanti- 
ed using Qubit (Thermo Fisher), with concentrations mea- 
ured between 1 and 10 ng / �l. Median fragment lengths 
or our libraries wer e measur ed with TapeStation (Agilent) 
nd were between 200 and 500 bp with average size ∼350 

p for each indexed library. After validating indexed library 

oncentrations and indexes with qPCR (IGM, Nationwide 
hildren’s Hospital), we sequenced the libraries on the No- 
aSeq S1 platform (Illumina) with paired-end 150 bp reads 
nd 300 sequencing cycles ( ∼1 billion reads) and demul- 
iplexed for further analysis. Two independent biological 
eplicates for each cell line were combined informatically 
o get contact maps with 30 million valid, long-range cis 
ontacts. 

i-C data processing 

i-C data were processed in accordance with 4D Nucle- 
some processing pipeline recommendations. Briefly, fastq 

les were aligned to hg38 with bwa-mem ( 35 ), allowing for 
oft clipping. Mapped r eads wer e then tagged for PCR du- 
lications, parsed for ligation junction, merged and then 

orted into binned matrix using pairtools ( 36 ). Matrix ag- 
rega tion and normaliza tion (ICE) were carried out with 

ooltools (Table 1 ). 

i-C data analyses 

ompartments were called at 100 kb using cooltools call- 
ompartments, using H3K27ac as the r efer ence track. 
ADs were called with R package TopDom ( 37 ). Differen- 

ial TAD analysis was carried out with R package diffHic 
 38 ). We used hicbreakfinder ( https://github.com/dixonlab/ 
ic breakfinder ) to find structural break points, and then 

eoloopfinder ( 39 ) to estimate copy number and recon- 
truct SVs (Table 1 ). 

ESULTS 

n our previous studies, we developed an orthologous chro- 
atin spike-in approach for short-range chromatin interac- 

ion domains ( 31 ). Howe v er, the resolution in these studies 
recluded our ability to define large-scale compartmental 
tructures ( 19 , 20 , 45 ) and smaller-scale TADs. We were mo-
ivated to understand chromatin domains in RMS, and thus 
stablished our approach to perform in situ Hi-C for deep 

equencing. With the same e xperimental wor kflow as in our 
revious studies ( 14 , 31 ), we developed a modified in situ Hi-
 protocol Spice-C (see the Materials and Methods section 

n the Supplementary Data) ( 19 ). In our approach, we per- 
eabilize nuclei with gentle SDS treatment and heat ( 32 ), 

erform restriction digests with MboI, biotinylate exposed 

NA ends with a Klenow extension and perform proximity 

igation to stitch together proximal chromatin ends associ- 
ted with cis -interactions. We gently shear chromatin prior 

https://www.r-project.org/
https://github.com/dixonlab/hic_breakfinder
https://github.com/dixonlab/hic_breakfinder
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to re v erse cross-linking and on-bead library preparation for
next-generation sequencing. We noted that our early at-
tempts to scale up the in situ Hi-C reactions resulted in
quenching of the library amplification step with our strep-
tavidin beads, which is a common caveat of on-bead library
pr eparation. We cir cumvented this issue through pr epa-
ration of individual amplification reactions with no more
than 10 �l beads in sequencing library amplifications (see
the Materials and Methods section in the Supplementary
Data). 

We established our modified in situ Hi-C method for FP-
RMS cells (Rh4 and Rh30) and FN-RMS cells (RD and
SMS-CTR) with ∼1 billion paired-end sequencing reads
per cell line after combining replicate samples. We mapped
the reads onto the human reference genome, tagged for
PCR duplication removal and parsed into contact pairs. We
binned valid contacts into interaction matrices and normal-
ized interaction matrices using the ICE algorithm ( 46 ) for
subsequent analyses. 

Analyses of compartment structures in RMS 

Compartments are Mb-scale, self-interacting chromatin
structures ( 20 ). Generally, human genomes can be classi-
fied into ‘compartment A’ and ‘compartment B’ via prin-
cipal component analysis of the interaction matrix ( 19–21 ).
Regions in compartment A are gene-rich and are usually in
an ‘acti v e’ local epigenetic state. These regions usually ex-
hibit higher GC content and contain more acti v e chromatin
markers such as H3K27ac ( 21 , 47 , 48 ). In contrast, regions
in compartment B are relati v ely gene-poor and show higher
le v els of silent or r epr essi v e local epigenetic markers such as
H3K9me3 ( 49 , 50 ). Based on these previous findings ( 19 , 20 ),
we carried out compartment analysis with our in situ Hi-C
at 100 kb resolution. Compartments were assigned based on
the sign of the first principal component (PC1) value of the
correla tion ma trices, using H3K27ac as the r efer ence track
( 19 , 20 ). We generated compartment definitions for two FP-
RMS cell lines (Rh4 and Rh30; Figure 1 A and B) and two
FN-RMS cell lines (RD and SMS-CTR; Figure 1 C and D)
and de v eloped these maps for comparati v e analyses. 

The relationship of H3K9me3 with compartments A and B 

To understand the roles of chromatin modifications and
RMS dri v ers such as PAX–FOXO1 ( 6 , 7 ) as well as MYOD
( 14 ) in the compartmental structures of FP-RMS and FN-
RMS , we esta blished H3K27ac, H3K9me3, PAX3–FOXO1
and MYOD ChIP-seq in each cell model, using gentle son-
ication to avoid epitope shearing ( 33 , 51 ). We found that re-
gions belonging to compartment A have a higher le v el of
GC content and H3K27ac deposition compared to regions
assigned to compartment B (Figure 1 E and F) with excep-
tions within chromosomes 3, 12 and 18 (see Supplementary
Figur es S1–S4). Inter estingly, H3K9me3, a r epr essi v e his-
tone modification, is not necessarily depleted in compart-
ment A across chromosomes (Figure 1 E and F, and Supple-
mentary Figures S1–S4). While the intensity of H3K9me3 is
systematically higher in compartment B across many chro-
mosomes, this histone mark is also present in compart-
ment A, especially noticeable at chromosomes 5, 18, 21
and others (Supplementary Figures S1–S4). To our sur-
prise, we also observed substantial signal of H3K27ac and
H3K9me3 in both compartmental classes. This is consistent
with histone modifications having unique roles in a context-
dependent fashion, or with heter ochr omatin regions being
punctua ted with activa ting marks as has been shown by us
and observed in other cell types ( 48 , 52 ). The relati v e en-
richments of H3K9me3 in B compartments wer e mor e pro-
nounced in the FN subtype (Figure 1 E and F, and Supple-
mentary Figures S1–S4). The greater degree of concordance
between deposition of H3K9me3 and B compartments in
FN-RMS relati v e to FP-RMS may be related to distinct
large-scale compartment structure in each subtype, or alter-
nati v e functions of H3K9me3 and heter ochr omatin forma-
tion in a subtype-specific context. As we used H3K27ac to
assign compartmental identities, it follows that some chro-
mosomes unexpectedly exhibit a positive correlation be-
tween le v els of H3K27ac and H3K9me3. This unexpected
concordance may have resulted from locally distinct epige-
netic functions of H3K9me3, which can reside within both
acti v e and r epr essi v e chromatin regions ( 33 , 53 ). We noted
that while GC richness is invariant in the context of local or
global epigenetic state, deposition of histone marks is highly
dependent upon the local chromatin context (Supplemen-
tary Figures S1–S4) ( 46 , 54 ). 

In all four RMS cell lines, saddle plots ( 46 , 55 , 56 ) re-
vealed a pr efer ence for self-interaction within compartment
class (e.g. B–B interactions or A–A interactions), relati v e
to cross-compartmental interactions (Supplementary Fig-
ur e S5). Mor eover, we f ound that f or each RMS cell line, re-
gardless of fusion status, B–B compartmental interactions
were stronger than A–A homotypic interaction strengths.
While these trends suggested epigenetic convergence across
FP-RMS and FN-RMS, we did observe that Rh30 had
a higher prevalence for intercompartmental interactions
across compartment classes, relati v e to the other RMS cell
lines that we investigated (Supplementary Figure S5). The
unique compartmental ar chitectur e in Rh30, with incr eased
tendency for chromatin interactions occurring across com-
partment classes, suggests that while there is a high degree
of subtype-specific structure, variation also exists within
subtypes. 

PAX3–FOXO1 and MYOD have distinct binding profiles
within compartments 

We observed PAX3–FOXO1 and MYOD within both com-
partments A and B (Figure 1 E and F, and Supplemen-
tary Figures S1–S4). MYOD deposition is more enriched in
compartment A, and increases as the strength of compart-
ment A increases: a trend reminiscent of H3K27ac (Figure
1 G and I). On the other hand, PAX3–FOXO1 had a consis-
tent signal intensity irrespecti v e of the sign or magnitude of
PC1 except for a slight increase in intensity in the strongest
A compartments (Figure 1 H). This profile is distinct from
both H3K27ac (Figure 1 I) and H3K9me3 (Figure 1 J). Pre-
vious r esear ch has r e v ealed that PAX3–FOXO1 has been
shown to have pioneer transcription factor (TF) function,
and MYOD may have pioneer factor-like properties that
augment its association with compacted chromatin regions
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Figure 1. Chromatin compartments in RMS. Correlation heatmaps along chromosome 2 in ( A ) Rh4 cells, ( B ) Rh30 cells, ( C ) RD cells and ( D ) SMS-CTR 

cells, with normalized eigenvectors sho wn belo w and correlation values shown on the right. The associations between compartment calls and GC richness, 
H3K27ac, H3K9me3, MYOD binding and PAX3–FOXO1 binding are shown for Rh4, Rh30, RD and SMS-CTR cells on ( E ) chromosome 16 and ( F ) 
chromosome 19 with A compartments shown in blue and B compartments shown in black. PC1 values for compartments are plotted against average 
intensity for chromatin marks and regulatory factors: H3K27ac ( G ) H3K9me3 ( H ), MYOD as scatter ( I ) and PAX3–FOXO1 ( J ). ( K ) A compartments 
and B compartments are plotted in blue and black, respectively, for Rh4, Rh30, RD and SMS-CTR on chromosome 16 (left) and chromosome 19 (right). 
( L ) Discordant and concordant compartments’ association with deposition of H3K27ac, MYOD and PAX3–FOXO1. Discordant compartments were 
defined as A–B (compartment A in FP and compartment B in FN) and B–A (compartment B in FP and compartment A in FN). 

art/zcad028_f1.eps
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(Supplementary Figures S1–S4) ( 33 , 51 ). Our compartmen-
tal analyses are consistent with an ability of PAX3–FOXO1
to bind both acti v e and inacti v e chromatin across a wide
variety of chromatin structural domains ( 33 , 51 ). The dif-
ferent intensity profiles of MYOD and PAX3–FOXO1 in
compartment A suggest that the master regulatory factors
PAX3–FOXO1 and MYOD have distinct chromatin struc-
tural roles in RMS, as opposed to overlapping functions
(Supplementary Figure S6). 

Identification of subtype-specific compartments: PAX3–
FOXO1 is associated with the opening of heter ochr omatin
in FP-RMS, while H3K27ac is associated with maintaining
compartment A status 

We hypothesized that compartments that have distinct clas-
sifications between FP and FN cell lines would be salient
when comparing across RMS subtypes. To investigate the
similar (concordant) and dissimilar (discordant) compart-
ments in each major subtype, we defined the subtype-
specific compartments in FP-RMS and FN-RMS cell lines.
Overall, we found that over 83% of the genome in each
RMS cell model had been assigned a compartment, and
55% of all compartments are consistent in all four RMS cell
lines. Se v enty-two percent of FP-RMS compartments were
consistent within the two cell lines (Rh4 and Rh30), while
FN-RMS cell lines (RD and SMS-CTR) showed a higher
le v el of consistency at 82% (Figure 1 K and Supplemen-
tary Figure S7). In terms of the subtype-specific compart-
ments, concordant A compartments (A–A) constituted 30%
of all compartments, while concordant B compartments (B–
B) accounted for another 25% of all compartments. Dis-
cordant compartments were defined as A–B (compartment
A in FP and compartment B in FN) and B–A (compart-
ment B in FP and compartment A in FN). Even though
discordant compartments constituted a relati v ely small pro-
portion of all compartments (6%), we did observe some
stereotypic patterns of compartment discordance. Subtype-
specific compartmentalization was especially prevalent on
chromosomes 19 and 22 (18% and 17%, respecti v el y), w hile
chromosomes 17, 21 and 1 had more compartmental simi-
larity across subtypes (74%, 73% and 72%, respecti v ely; Fig-
ure 1 K and Supplementary Figure S7, blue = compartment
A, black = compartment B). 

We next proceeded to examine whether chromatin regula-
tory factors were associated with discordant compartments.
We examined the prevalence of histone acetyla tion a t A–
B, B–A, A–A and B–B regions. We found that H3K27ac
has the highest concentration in A–A compartments. Sixty-
six percent of FP and 76% of FN A–A regions have at
least one H3K27ac site. In comparison, only 6% of FP and
9% of FN B–B regions have H3K27ac (Figure 1 L). The
stark contrast suggests that regions with consistent com-
partment assignments might share similar structures and
functions between subtypes. In discordant compartments,
H3K27ac deposition is higher in the A compartment, which
is consistent with the definition. Overall, MYOD shows
a similar profile to H3K27ac, both in percentage of com-
partments occupied and in the general trend of pr efer en-
tial binding within A compartments. This is consistent with
MYOD signal intensity (Figure 1 G) tracking closely to that
of H3K27ac (Figure 1 I). Howe v er, MYOD does occupy
more B–B compartments and fewer A–A compartments
than H3K27ac. Moreover, we find that at MYOD sites with
B-to-A switching from FN to FP are associated with loci
encoding WNT signaling molecules (Supplementary Ta-
ble S1). PAX3–FOXO1 is less commonly observed in A–
A and A–B compartments, mostly because PAX3–FOXO1
has much fewer FP-consensus binding events throughout
the genome. While H3K27ac and MYOD are more com-
mon in A–A compartments, PAX3–FOXO1’s presence in
both compartments is almost equal, showing a higher affin-
ity to regions that changed from B to A. This is an extension
of our findings that PAX3–FOXO1 has pioneer function in
FP-RMS cells ( 33 , 51 ). 

Analyses of TADs in RMS 

Human genomes contain structures that are highly self-
interacting and self-insulating ( 22 , 23 ). These structures,
with early observations from Heard, Ren and co-w ork ers,
span tens of thousands of base pairs to a few Mb, and
are known as TADs. To form TADs, CTCF and cohesin
function together via a loop extrusion mechanism ( 46 ),
with cohesin facilitating the loop extrusion and CTCF
functioning as an insulator to block cohesin processivity
( 19 , 45 , 57 , 58 ). Interestingl y, w hen CTCF is conditionally
deleted, TADs are lost, while large-scale compartments per-
sist, suggesting a decoupling of shorter-range and longer-
range chromatin organization ( 57 ). There is evidence that
TADs are generally conserved across mouse and human
chromatin and conserved across tissues within human cell
lines ( 19 ). Howe v er, we hypothesized tha t identifica tion of
subtype-specific TADs for RMS would allow us to con-
ceptuall y and mechanisticall y connect chromatin structure
and gene expression regulation in the tumor. Thus, we stud-
ied the chromatin domain structure of FP-RMS and FN-
RMS, with a focus on the differential TADs between the
subtypes. 

We observed that TAD assignments are v ery sensiti v e to
many parameters, among which include resolution of bins
and size of the moving window, which has been seen by
us and others, and remains a key area in bioinformatic re-
search ( 59 , 60 ). For our analysis, we used 50 kb bins and a
moving window of 10-fold on each side, resulting in me-
dian TAD size of ∼1 Mb (Figure 2 A and B). We uncov-
ered 1860, 1920, 2019 and 2059 TADs for Rh4, Rh30, RD
and SMS-CTR cell lines, respecti v ely. Most of the TADs are
consistent within all four cell lines and have CTCF binding
e v ents at both TAD boundaries. For example, the TAD at
chr2:216.75–217.75 Mb is present in all four RMS cell lines,
demarcated with strong CTCF signal (Figure 2 C). Even
though the strengths of the TADs differ slightly across cell
lines, we observe the signature ‘dot structures’ formed by
the two TAD-defining CTCF binding sites at the bound-
aries in all four RMS cell lines ( 45 , 57 , 61 ). We also observe
the distinct stripe pattern that may be evidence of cohesin
extrusion in action ( 62 ). The sub-TAD strengths of CTCF-
demarcated loop domains are relati v ely weaker in the RD
cell line than in others, but sub-TAD boundaries at around
217.20 and 217.50 Mb are both visible, as exemplified in a
highly r epr esentati v e TAD structur e (Figur e 2 C). 
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A B C

D E

Figure 2. TADs in RMS. ( A, B ) Subtype-specific TADs are shown on chromosome 1 for Rh4, Rh30, RD and SMS-CTR with a colorimetric interaction 
intensity scale (shown, left) and subtypes (shown, right). ( C ) CTCF-bounded loop domains are shown with interaction intensity plotted in blue above 
CTCF ChIP-seq data for each cell line in green. Looping interactions are highlighted in yellow with arcs connecting the loop anchors on the ChIP-seq 
plots. ( D ) The most highly enriched motifs (top sequences, left; top TFs, right) at TAD boundaries are indicated for Rh4, Rh30, RD and SMS-CTR. ( E ) 
Tumor-specific genes associated with differential TADs in our RMS cell models are indicated. 
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PAX3–FOXO1 is not associated with defined TAD
boundaries 

We sought to determine whether there exists association
between PAX3–FOXO1 and the genomic loci encoding
boundaries. Based on recent studies in the muscle lineage
( 63 ) illustra ting MYOD localiza tion a t loop anchors, we
hypothesized that MYOD, a critical core regulatory fac-
tor essential for myogenic cell fate determination, would
be localized to TAD boundaries. We found only moder-
a te associa tions of the canonical E-box motif localized to
these boundaries and there was no evidence of MYOD pref-
erentially binding to TAD boundaries (permutation test;
P -value ≤0.67). To our surprise, there was no evidence
that PAX3–FOXO1 binding e v ents were significantly en-
riched at the TAD boundaries (permutation test; P -value
≤0.99), compar ed to CT CF binding ( P -value < 10 

−5 ). The
most highly enriched motif associated with TAD bound-
aries was CTCF (adjusted P -value < 10 

−4 ). Both P53 and
YY1 motifs were enriched within our datasets but not sig-
nificantly (Figure 2 D). Thus, we find evidence for CTCF
as instructi v e for TAD maintenance in FN-RMS and FP-
RMS, as well as the conservation of key motifs, including
YY1 for TAD domain boundaries across subtypes. We at-
tribute these findings to a fundamental distinction between
loops and TADs. While some loop domains are synony-
mous with TADs, many can be differently defined based
on the fundamental properties of the class of cis -chromatin
interaction ( 19 , 45 ). In comparison, CTCF binding sites
are highly concentrated at TAD boundaries (permutation
test, P -value < 10 

−5 ; Figure 2 D). These results are in ac-
cor dance with pre vious reports in other tissues where as-
sociations between CTCF / cohesin were found at bound-
aries ( 19 , 45 , 62 , 64 ). Understanding mechanisms of PAX3–
FOXO1 and MYOD for shorter-range looping e v ents will
be of high interest in future studies. Mechanistically, it is in-
teresting that the functions of these essential tumor dri v er
TFs may exist at the larger compartment level, while being
more context-specific or gene-specific for TAD structures. 

To investigate whether TADs are associated with gene ex-
pression patterns in RMS, we analyzed 303 differentially
called TADs between FP-RMS and FN-RMS cell lines
(FDR < 0.01, FC > |log 2 (1.5)|). Some TADs that display
distinct patterns between subtypes are located close to genes
associated with tumorigenesis, such as RBFOXO1 , ORC3 ,
TCF4 , PTN and NRG1 (Figure 2E and Supplementary Fig-
ure S8). We observed RBFOXO1 showing stronger gene
body and downstream interactions in FP-RMS than in FN-
RMS cell lines. For ORC3 , there exist stronger interactions
between upstream regions and the gene body in FP-RMS
than in FN-RMS cell lines. In our compartment analysis,
we also observed that the genes that are involved in A–B
or B–A switching mostly encompassed a neurogenesis sig-
nature (128 genes) by GSEA anal ysis, w hile a small sub-
set included genes involved in myogenesis (11 genes, Sup-
plementary Table S2). Importantly, a majority of differen-
tial TADs between FP-RMS and FN-RMS were associated
with genes involved in neurogenesis. Our findings provide
a unique chromatin structural context for studies that find
that FP-RMS tumors can express genes involved in neuro-
genesis ( 65 , 66 ). 
Genome integrity and RMS: CNV, SV and classical
fusions –– perv asive cop y number changes in RMS cell lines 

SVs include genomic alterations such as somatic muta-
tions, genome duplication, genome deletion and genomic
translocation e v ents. Recent studies hav e re v ealed that
SVs and chromosomal imbalances are prevalent in can-
cer ( 25 , 67 , 68 ), and specifically in childhood tumors ( 69–
71 ). For example, there is evidence that SVs occur in dif-
fuse intrinsic pontine glioma, leukemias and lymphomas,
and ar e r elati v ely enriched in childhood sarcomas ( 29 , 69–
74 ). In RMS, certain CNVs, including MYCN amplifica-
tions ( 2 ), have been associated with chemotherapy resis-
tance and poor patient pro gnoses. Interestingl y, it has been
reported that FN-RMS genomes go through more struc-
tur al alter ations compared to FP-FMS genomes, while FP-
RMS often undergoes genome duplication e v ents in pa-
tients ( 27 , 29 ). 

We applied neoloopfinder ( 39 ) to reconstruct copy num-
ber profiles from our Hi-C data for our FP-RMS (Rh4
and Rh30) and FN-RMS (RD and SMS-CTR) cell lines.
We found pervasi v e copy number changes in all four RMS
cell lines regardless of fusion status (Figure 3 A–E and Sup-
plementary Figure S9). The Rh30 genome has the highest
percentage of altered copy number, as only 46.51% of the
Rh30 genome remained copy number neutral. The SMS-
CTR cell line has the next highest level of altered copy num-
ber, with 48.31% of the genome remaining copy number
neutral. Rh4 and RD cell lines are slightly more stable, with
54.86% and 55.42% of the genome being copy number neu-
tral, respecti v ely. At the same time, Rh30 has slightly more
single copy loss than the other cell lines, with 30.54% of the
genome estimated to have CN = 1 (Figure 3 F–I). Strikingly,
PAX3–FOXO1 and MYOD both localize to CN-enriched
loci in Rh4 cells, suggesting that primary and essential tu-
mor dri v ers can interact with neo-scaffolding elements oc-
curring through genome instability (Figure 3 L and M). It
is notable that CNV in RMS is associated with the PAX3–
FOXO1 locus and also provides scaffolding for PAX3–
FOXO1 binding (Figure 3 F, G and M, and Supplementary
Table S3). We hypothesize that this reveals a mechanism
where CNV both enhances tumor-essential gene dosage and
provides scaffolding for essential TFs to localize (Figure 3 J–
M). It was noteworthy that MY CN copy n umber is elevated
in Rh30 cells, potentially connecting high MYCN expres-
sion with structural alterations (Figure 3 G and Supplemen-
tary Table S3). We observed striking elevations in CNV at
the loci encoding the cell cycle regulator CDK4 (Supple-
mentary Table S3), which is associated with more severe pa-
tient outcomes in FP-RMS ( 2 ). Even though copy number
profiles differ from cell line to cell line, there exist deletions
that are common to both FN and FP cell lines, such as the
deletion at the start of chr22 (Figure 3 E) and amplification
at the start of chr14 (Supplementary Figure S9). Our work
has re v ealed key patterns of SV and CNV in each major
subtype, which provides new evidence that events leading
up to but not limited to the canonical fusion e v ents in RMS
may be critical for sarcomagenesis. We anticipa te tha t CNV
calls from our deep 3D genomic sequencing will continue to
serve key roles in connecting chromatin architectural orga-
nization and structural alterations in human cancer. 
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Figure 3. CNVs and SVs from Hi-C. CNV is indicated with colorimetric scale for Rh4, Rh30, RD and SMS-CTR for chromosome 1 ( A ), chromosome 
5 ( B ), chromosome 12 ( C ), chromosome 19 ( D ) and chromosome 22 ( E ). On the scale, black = deletion / loss, blue = single copy, beige = two copies and 
red = three or more copies. The distributions of CNV gains and losses are shown for Rh4 ( F ), Rh30 ( G ), RD ( H ) and SMS-CTR ( I ) as a function of percent 
coverage across the genome on the y -axis. Fusion status for each cell line is indicated beneath the plot. The association of chromatin regulatory factors 
and histone marks with CNV in Rh4 cells is shown as a function of deposition of H3K27ac ( J ), H3K9me3 ( K ), MYOD binding ( L ) or PAX3–FOXO1 
binding ( M ). Heatmaps detailing the translocation at PAX3 (chr2) and FOXO1 (chr13) loci in Rh4 FP-RMS cells ( N ). Recurrent patterns of SV along 
chromosome 8 are present with increased interaction frequencies between 71.8 and 127.6 Mb for FN-RMS PDXs, SJCRH13758 X2, SJCRHB0011 X 

and SJCRHB013 X ( O ), which is lacking in the FN-RMS cell lines RD and SMS-CTR ( P ). 
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he PAX3–FOXO1 fusion gene has differ ent structur es in dif- 
erent cell lines 

e next asked whether SV identification from Hi-C could 

llumina te structural a ttributes in the locus encoding the 
ajor tumor dri v er in FP-RMS. Another type of SV is 

enome r econstruction r esulting from a br eak in the lin- 
ar chromosome fiber. A failure to repair the break could 

esult in a translocation e v ent, a deletion or an inversion 

re vie wed in ( 25 )]. In FP-RMS, SVs lead to fusion genes
uch as PAX3–FOXO1 and PAX7–FOXO1 , which are es- 
ential in FP-RMS but poorly understood at the molec- 
lar le v el. We asked the following questions: (i) whether 
he PAX3–FOXO1 fusion loci in Rh4 and Rh30 cell lines 
re structurally the same and (ii) whether there are struc- 
ural breaks common to FN cell lines. Using bioinformatic 
ools, w e w er e able to r econstruct and visualize PAX3– 

OXO1 fusion locus along the altered genome ( 24 , 39 ). As 
ne would expect, the chromosomal break is visible in Rh4 

nd Rh30 cell lines but absent in RD and SMS-CTR cell 
ines (Figure 3 N and Supplementary Figure S10). The SV 

 v ent in Rh30 cell line is a translocation between TTS of 
AX3 and TSS of FOXO1 . This is consistent with the in- 
eraction heatmap showing a symmetric radiating pattern 

rigina tes a t chr2:222.2 Mb and chr13:40.6 Mb (Supple- 
entary Figure S11 and Figure 4 A). The SV e v ent result-

ng in PAX3–FOXO1 in the Rh4 cell line, howe v er, is more 
omple x. The SV involv es an insertion of the PAX3 gene 
chr2:222.2–222.3 Mb, anti-sense) between chr13:40.6 Mb 

nd chr13:43.27 Mb, producing the two strip-like hotspots 
n the heatmap (Figure 3 N). Howe v er, the square to the top

eft of the break site also suggests an inversion at chr2:222.2 

b, just downstream of PAX3 , and chr13:39.5 Mb. Fur- 
hermor e, ther e ar e also long-r ange inter actions of chr3 be-
ween 41.25 and 77.00 Mb, as well as interchromosomal in- 
eraction between chr2:222.0 Mb and chr13:77.50 Mb (Fig- 
re 3 N and Supplementary Figure S11). The interacti v e ar- 
hitecture of chr2 and chr13 in Rh4 cell line is not well de- 
ned, as multiple SVs could exist from independent fusion 

r amplification e v ents. 
We also studied TADs on the reconstructed Rh4 and 

h30 genomes (neo-TADs) by calculating directionality in- 
ex ( 22 ) on the reconstructed genome. In both Rh4 and 

h30 cell lines, the PAX3–FOXO1 fusion gene is located at 
he inside of a neo-TAD (Figures 3 N and 4 A). In the Rh4
ell line, the TAD spans chr13:39.6–40.6 Mb, chr2:222.2– 

22.3 Mb and then chr13:43.27–43.9 Mb, with CTCF bind- 
ng sites flanking both ends of the TAD and pointing to 

he interior of the TAD. We have discovered that conver- 
ent CTCF sites flanking the PAX3–FOXO1 neo-TAD are 
n agreement with the high degree of CTCF-motif conver- 
ence flanking TADs across mammalian chromatin archi- 
ectural systems ( 19 ). In the Rh30 cell line, the neo-TAD 

pans 39.6–40.6 Mb on chr13, and then 222.2–222.7 Mb, 
ith evidence suggesting a sub-TAD from chr13:40.0 Mb 
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Figure 4. Functional r equir ements for TADs. ( A ) Hi-C data corr esponding to the r econstructed PAX3–FOXO1 TAD r egion is shown (top); the PAX3 
TAD region is shown for Rh30 (middle) and SMS-CTR (bottom) at chromosome 2. The solid black lines delineate TADs in each case. ( B ) ChIP-seq for 
CTCF, SNAI2 and H3K27ac at the PAX3 locus in SMS-CTR cells. CRISPR guide RNAs targeting the TAD at this locus are indicated with Guides 1–4. 
( C ) DepMap CRISPR score for RMS cell lines; values below −1 indicate essentiality of PAX3 . ( D ) Genomic PCR of the CRISPR / Cas9 targeted region 
in control and PAX3 TAD boundary element deleted cells. ( E ) Expression of P AX3, FOXO1, P AX3–FOXO1 (P3F) and GAPDH control in Rh30 and 
SMS-CTR cells, with SNAI2–CTCF peak at PAX3 TAD boundary deleted ( PAX3 TAD boundary element KO). ( F ) Clonal PCR analysis of isolated 
clones 1–7 with wild-type control, and primers spanning the CRISPR targeted r egion. ( G ) RT-qPCR RNA expr ession analysis of the CT75 gene, which 
is adjacent to the PAX3 gene (blue = control; red = CRISPR knockout of the PAX3 TAD boundary element). ( H ) Cell growth analysis of PAX3 TAD 

boundary element deleted compared to control Rh30 and SMS-CTR cells. ( I ) Colony assay of PAX3 TAD boundary element deleted cells compared to 
control Rh30 and SMS-CTR cells. ( J ) Expression of myogenic dif ferentia tion factors in PAX3 TAD deleted compared to control in Rh30 and SMS-CTR 

cells. ( K ) Confocal images of control and PAX3 TAD boundary element deleted cells after 3 days of dif ferentia tion; cells were stained for DAPI (blue), 
dif ferentia ted myosin MyHC (green) and MEF2C (red). ( L ) Quantification of immunostaining from PAX3 TAD deleted cells compared to control cells 
grown in dif ferentia tion media. 
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o chr2:222.7 Mb (Figure 4 A). Thus, despite the common 

enetic dri v ers in FP-RMS, the e v ents leading to the SV en-
oding the fusion alleles have occurred through distinct re- 
rrangement mechanisms. We extended our analyses of SV 

nto PDXs, obtained from the Childhood Solid Tumor Net- 
ork (St Jude Children’s Research Hospital) ( 75 ), from the 
N-RMS subtype to understand the context for frequent 
V e v ents reported in this subtype ( 29 ). We investigated the
Vs in PDXs from FN-RMS patients obtained from St Jude 
esearch Hospital (SJRHB013758 X2, SJRHB0011 X and 

JRHB013 X). Using the same algorithms for SV detec- 
ion, we found a structural break located on chr8 in all three 
DX samples, near the MSC gene, while the same break 

s not conserved in RD or SMS-CTR cell lines (Figure 3 O 

nd P). Thus, high-depth Hi-C in RMS has re v ealed unique 
atterns of SV in each cell line or PDX, while some of these
V e v ents produce conv ergent gene fusions, and others pro- 
uce di v ergent structur al and architectur al features. 

AD structur e upstr eam of PAX3 is essential to PAX3– 

OXO1 expression 

e identified chromatin contact domain structures near 
he PAX3 locus, which we hypothesized are essential to 

ur FP-RMS cell lines (Figures 3N and 4 A). PAX3 is an 

mportant regulator of stemness in the muscle ( 76 , 77 ). In 

P-RMS the PAX3–FOXO1 oncogene is a dri v er of this 
isease ( 6 , 7 ), while a role for PAX3 in FN-RMS remains
o be defined. We hypothesized that these conserved do- 
ain structures had intrinsic functional significance for 
MS tumor maintenance. We noted that there are distinct 

ontact domains at the PAX3 locus in Rh30 and SMS- 
TR cells, while a neo-TAD is formed at a similar re- 
ion at the PAX3–FOXO1 locus of Rh30 cells (Figure 4 A). 
e also detected overlapping CTCF and SNAI2 binding 

eaks at the 5 

′ PAX3 TAD boundary r egion (Figur e 4 B). 
e found that a subset of SNAI2 binding peaks in FN- 
MS, SMS-CTR and RD cells, overlapped with CTCF 

t predicted TAD boundaries. We hypothesized that this 
TCF / SN AI2 overla pping site was important in defining 

he TAD boundary and may also be important for main- 
aining PAX3 expression in RMS cells (Figure 4 B). We next 
sked whether PAX3 served essential roles in RMS and 

oted a differential requirement for expression of PAX3 

n DepMap ( 78 ) in FP-RMS cells and not in FN-RMS 

ells (Figure 4 C). Howe v er, it is challenging to distinguish 

hether the DepMap guide RNAs are able to target en- 
ogenous PAX3 versus the PAX3–FOXO1 fusion gene. We 
av e pre viously observ ed that PAX3–FOXO1 is an essen- 
ial gene in Rh4, while the loss of the fusion gene has 
esser effects on Rh30 ( 79 ). Thus, to investigate the func- 
ional roles of chromatin domains for essentiality of PAX3 

xpression, we designed CRISPR / Cas9 guides to delete 
he CTCF / SNAI2 co-bound site in Rh30 and SMS-CTR 

ells, which is proximal to the TAD boundary (r eferr ed to 

erein as the PAX3 TAD boundary element). This regula- 
ory element has a previously unknown function. We used 

 two-guide CRISPR / Cas9 strategy and deleted a 91 bp re- 
ion upstream of the PAX3 gene that is proximal to the 5 

′ 
AD boundary in both Rh30 and SMS-CTR cells. We con- 
rmed the deletion by genomic PCR (Figure 4 D) and per- 
ormed western blot assays to assess PAX3 protein expres- 
ion. We observed a > 90% loss of PAX3 protein when the 
AX3 TAD boundary was deleted in Rh30 and SMS-CTR 

ells, implying that this TAD boundary element is essential 
or endogenous PAX3 expression (Figure 4 E). We next as- 
essed expression of the PAX3–FOXO1 fusion protein using 

oth the PAX3 and FOXO1 antibodies. We observed that 
O XO1 and PAX3–FO XO1 expression was significantly in- 
reased in Rh30 cells upon deletion of the boundary ele- 
ent (Figure 4 E). This is consistent with previous studies 

howing mutual e xclusi vity in e xpression of PAX3–FOXO1 

elati v e to PAX3 ( 80 , 81 ). Interestingly, in SMS-CTR cells
he endogenous FOXO1 protein was also increased (Figure 
 E). Since our CRISPR / Cas9 approach may lead to mo- 
aic deletion of the TAD, we isolated single clones from the 
AX3 TAD boundary element deleted Rh30 population. 
e demonstrate that there exist clones with complete loss 

f the wild-type locus. Howe v er, other clones hav e indels, 
nd many of these clones lack the wild-type locus (Figure 
 F). We independently ablated the PAX3 TAD boundary 

lement in RD cells and again show > 90% loss of PAX3 

xpression (Supplementary Figure S12). We repeated the 
lonal analyses and can find clones with complete loss of 
he wild-type TAD boundary region. Since ablation of the 
AX3 5 

′ TAD boundary element results in loss of PAX3 

 xpression, we ne xt assessed the e xpression of CT75 , a 

ong noncoding RNA of unknown function, which is lo- 
ated just outside the P AX3 TAD boundary . Deletion of 
he PAX3 TAD boundary element resulted in a slight but 
ot significant increase in its expression (Figure 4 G). To- 
ether, our experiments define the PAX3 5 

′ TAD boundary 

lement, which is bound by CTCF and is required for PAX3 

xpression. 
We next assessed the functional consequences of the loss 

f the PAX3 TAD boundary element. We performed growth 

ssa ys and f ound that while Rh30 cells are viable, they 

ave a deficit in growth compared to control cells, while 
n SMS-CTR cell growth was unaffected (Figure 4 H). In 

olon y f orming assa ys, we saw a similar tr end, wher e the
AX3 TAD boundary was essential for growth of Rh30 

ut not SMS-CTR cells (Figure 4 I). Lastly, we assessed 

he effect of the loss of PAX3 on myogenic differentia- 
ion. In Rh30 cells, loss of PAX3 expression, through dele- 
ion of its TAD boundary element, resulted in an increase 
n MYOD, MYOG, MEF2C and dif ferentia ted myosin 

MyHC expr ession, Figur e 4 J), while SMS-CTR cells did 

ot show an induction of myogenic dif ferentia tion reg- 
la tors. This ef fect was also observed in cells grown in 

yogenic dif ferentia tion media, where Rh30 cells with the 
AX3 TAD boundary element deleted showed increased 

yogenic dif ferentia tion (Figure 4 K and L), while SMS- 
TR cells did not show any increase in myogenic differen- 

ia tion. Together, we demonstra te tha t our identifica tion of 
D chroma tin structures a t the PAX3 locus re v eals essen- 
ial components of its transcriptional and oncogenic reg- 
lation in RMS . Furthermore , by selecti v ely targeting the 
AX3 TAD we can selecti v ely deplete PAX3 and not PAX3– 

OXO1 expression, thus illuminating roles of PAX3 in the 
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DISCUSSION 

We report the genome structure of RMS in each major sub-
type. In our Hi-C studies, we observe common and dis-
tinct architectural and epigenetic e v ents across FN-RMS
and FP-RMS subtypes. We anticipate further advances in
this area as the epigenetics and genome structure associated
with the infrequent PAX3–NCOA and PAX3–INO80 fu-
sions in RMS are elucidated and compared with the PAX3–
FO XO1 and PAX7–FO XO1 fusion dri v ers ( 4 ). In our stud-
ies, we identify unique structural elements underlying large-
scale compartmental structures, TADs and SVs. In the cases
of compartments, we find tumor-driving TFs highly asso-
ciated with each class of compartment category (A and
B). In our analyses of TADs, we find a surprising lack of
co-occurrence of MYOD and PAX3–FOXO1 binding sites
flanking these structural elements, while our evidence sup-
ports that the CTCF ‘rule’ of flanking convergent motifs ap-
plies strongly in each major subtype of the tumor. Consid-
ering CNV, we find evidence from our Hi-C data that gene
loci encoding CDK4 , MYCN and PAX3–FOXO1 are am-
plified suggesting that multiple pathways may r einfor ce the
genetics driving tumorigenesis ( 2 , 27 ). 

It is interesting to note that SVs are not shared between
cell lines, e v en within a subtype. We did not detect any
subtype-specific SVs that are common to both FN-RMS
cell lines. In FP-RMS cell lines, the only common SV we
detected is the PAX3–FOXO1 fusion locus. These results
motivated the following question: What chromatin domains
are functionally driving in FP-RMS? To further evaluate
this question, and the structural elements within the PAX3–
FOXO1 locus in Rh30, we performed CRISPR deletion
with guide RNAs targeting CTCF and SNAI2 co-bound
sites within the neo-TAD (Figure 4 A and B). In these ex-
periments, we found that PAX3 expression was highly de-
pendent on the CTCF / SNAI2 sites at the TAD boundary
(Figure 4 C and D). The effects of PAX3 loss in these cells
wer e minor decr ease in proliferation and significant induc-
tion of myogenic dif ferentia tion in FP-RMS (Figure 4 F–
H). Thus, our chromatin structural studies have helped us
define structure–function relationships in FP-RMS, within
the PAX3 TAD. Further studies will be important to un-
derstand other ‘functional’ TADs in RMS, within each ma-
jor subtype, as previous studies have shown a decoupling of
TAD structure and RNA Pol II activity ( 45 ). 

Interestingly, we and others ( 29 ) have identified many SV
e v ents in the FN subtype. Gi v en the prevalence of SV in FN-
RMS, and the new data indicating lack of clinical se v erity
of RAS mutations in this subtype ( 2 ), we hypothesize that
there may be fusion genes in FN-RMS cell lines. For ex-
ample, our evidence suggests that there is e xcessi v e inter-
action between CGGBP1 on chr3 and ATP8A2 on chr13
in SMS-CTR cell line (Supplementary Figure S13). Long-
read RNA sequencing and high content imaging ( 26 , 82 ) will
be efficacious in further studies of potential fusion dri v er
e v ents of ERMS to expand the scope of known alterations
in this tumor. Mor eover, futur e studies will be impactful for
domain-specific normalizations in the context of spike-in
chromatin (Supplementary Figure S14). 

To the best of our knowledge, our study defines chro-
matin ar chitectur e in RMS at high depth for the first time.
Since ther e ar e no pr ecision ther apies y et reported for this
tumor, mor e pr ecise mechanistic and structural understand-
ing of chromatin initiation and maintenance in RMS may
re v eal ne w possibilities for precision medicine. It is no-
table that the structural features we have identified are also
functional featur es, r einfor cing tumor growth at se v eral key
le v els. Understanding the chromatin structural context for
ne w dri v er genes as they emerge along with transcriptional
mechanisms along the linear chromatin fiber will be impact-
ful in the community of r esear chers and clinicians seeking
to understand RMS etiology. 
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