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ABSTRACT
◥

Liposarcoma (LPS) is the most common soft-tissue sarcoma in
adults with two major subtypes, well differentiated and dediffer-
entiated. Both subtypes are characterized with the pathognomonic
giant ring or marker chromosomes that harbor high copy numbers
of known oncogenes. Here, we reported a comprehensive molecular
characterization of both tumor and normal tissues from the same
patients with LPS, including whole-genome sequencing (WGS),
transcriptome, enhancer landscape, and genome-wide three-
dimensional (3D) genome structure by Hi-C. Tumor-specific tran-
scripts and regulatory elements were identified, and enhancer
coamplification and hijacking events were discovered as novel
mechanisms upregulating oncogenes such as MDM2, CDK4, and

HMGA2. Combining Hi-C, optical mapping, nanopore long reads,
and WGS data partially resolved complex structural variations and
reconstructed the local genome and the giant chromosome. Overall,
this study provides a comprehensive resource for LPS research and
offers insights into how altered enhancers and the 3D genome
contribute to gene dysregulation in cancer.

Significance: Comprehensive profiling of the enhancer land-
scape and 3D genome structure in liposarcoma identifies exten-
sive enhancer-oncogene coamplification and enhancer hijacking
events, deepening the understanding of how oncogenes are
regulated in cancer.

Introduction
Liposarcoma (LPS) is the most common type of soft tissue

sarcoma, with reports of increased incidence in recent years (1).
Among these tumors, well-differentiated LPS (WD-LPS) and de-
differentiated LPS (DD-LPS) are the most frequent subtypes, and
account for about half of all cases (2). WD-LPS does not metas-
tasize, and histologically exhibits adipocyte-like morphology. In
contrast, DD-LPS is a high-grade non-lipogenic sarcoma and is
associated with high recurrence and poor prognosis (2). Up to one-
half of patients die within 5 years, and surgery remains the sole
therapeutic approach in these potentially devastating tumors (3–5).
Additional molecular insights are essential to spur development of
novel treatment targets with high efficacy.

WD-LPS and DD-LPS harbor similar genomic alterations, includ-
ing chromosomal amplification of 12q13–15 and neo-chromosomes,
which occur in a giant marker chromosome or a ring chromosome (2).
DD-LPS is further associated with additional abnormalities such as

copy-number alterations (CNA). The amplification of chromosome
12q13–15 includes many cancer-related genes, such as the oncogene
MDM2, cell-cycling regulator CDK4, and chromatin structure regu-
lator HMGA2 (4, 6). Furthermore, supernumerary ring or giant
chromosomes in both WD-LPS and DD-LPS, contain almost all the
amplified genomic regions from different chromosomes (7). In addi-
tion to these common alterations, recurrent amplifications of 1p32 and
6q23, which lead to overexpression of the adipocyte dedifferentiation
associated genes JUN and ASK1, have been reported in DD-LPS (8).
Further, deletions in chromosome 1p, 11q, 13q, 15q, 17p, and ampli-
fications at chromosome 1q, 5p, 6q, 8q, 11p, 12q, 14q, and 15q were
also previously reported in DD-LPS (2), although the clinical signif-
icance of these events is poorly understood.

In addition to genomic alterations, aberrant epigenomic features
such as DNA methylation and histone modifications have been
implicated in DD-LPS tumorigenesis. For example, promoter hyper-
methylation was found to silence expression of the pro-adipogenic
transcription factors (TF), CEBPA and KLF4, and downregulate pro-
apoptotic regulator FASLG (4). DNAmethylation status has been used
as a predictor of patient survival among the previously reported The
Cancer Genome Atlas (TCGA) dataset (4). Increased H3K9me3 signal
may also be responsible for driving a dedifferentiated phenotype, as it is
previously shown to reduce expression of the tumor suppressor
KLF6 (9). Studies have also investigated the super enhancer landscape
of these tumors and identified a BET protein-dependent core tran-
scriptional regulatory circuit that consists of FOSL2, MYC, and
RUNX1 (10). Indeed, genetic depletion of the BET genes, core
transcription factors, or their target gene SNAI2 mitigates the LPS
malignancy (10).

Despite these initial observations, it remains unclear how genomic
alterations are related to aberrant epigenomic and transcriptional
regulation in WD/DD-LPS. More importantly, the role of three-
dimensional (3D) genome organization in liposarcoma has not been
investigated yet. Therefore, in this study, we generatedHi-C, chromatin
immunoprecipitation sequencing (ChIP-seq) for H3K27ac, RNA
sequencing (RNA-seq), and whole-genome sequencing (WGS) in four
pairs of LPS patient samples and one LPS cell line (Lipo863B). By taking
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advantage of our recently published software NeoLoopFinder (11), we
resolved complex structural variants (SV) with the Hi-C data, and also
identified SV-induced chromatin loops. We demonstrated that the
coamplification of local regulatory elements and hijacking of distal
regulatory elements contributed to the regulation of key oncogenes,
such as MDM2, CDK4, and HMGA2. Furthermore, by integrating
WGS, Hi-C with additional Bionano optical mapping and Nanopore
long read sequencing in Lipo863B, one of themostwidely used cell lines
in LPS studies, we reported the general composition and potential
reconstructions of the giant chromosome inLPS. Collectively, our study
characterizes the chromatin regulatory landscape of LPS, identifies
oncogenic enhancer coamplification and enhancer hijacking events,
and offers a comprehensive view of how genomic structure variation
contribute to oncogenic regulation.

Materials and Methods
Cell culture

Liposarcoma cell line (Lipo863B) were cultured in DMEM supple-
mented with 15% FBS and additional 1mmol/LGlutaMax supplement
(Thermo Fisher Scientific, 35050061).

Nuclei isolation from patient samples
Patient liposarcoma samples were ground in liquid nitrogen,

lysed in cold lysis buffer (20 mmol/L Tris-HCl, pH 8.0, 15 mmol/L
NaCl, 60 mmol/L KCl, 320 mmol/L sucrose, 1 mmol/L DTT, 0.1%
triton X-100, 0.1 mmol/L PMSF, 1� proteinase inhibitor cocktail),
and dounced by homogenizer around 20 times using pestle B on the
ice. Then the supernatant containing the nuclei was transferred to a
15 mL tube. Nuclei were pelleted by spinning for 6 minutes at
600 � g in a swing-bucket centrifuge and were resuspended in lysis
buffer. The same volume of 1.4M sucrose buffer (20mmol/L Tris-HCl,
pH 8.0, 15 mmol/L NaCl, 60 mmol/L KCl, 1.4 M sucrose, 1 mmol/L
DTT, 0.1 mmol/L PMSF, 1� proteinase inhibitor cocktail) was care-
fully added to the bottom of 15 mL tube underneath of nuclei solution.
Then, the nuclei were purified by spinning for 30minutes at 2,500 � g
in swing-bucket centrifuge and resuspended in 200 mL of 320 mmol/L
sucrose buffer (20 mmol/L Tris-HCl, pH 8.0, 15 mmol/L NaCl,
60 mmol/L KCl, 320 mmol/L sucrose, 1 mmol/L DTT, 0.1 mmol/L
PMSF, 1� proteinase inhibitor cocktail). A small portion of nuclei was
taken out to a new 1.5 mL tube and added trypan blue to count the
number under the microscope. Tissue specimens were obtained in
accordance with institutionally approved protocols at the Ohio State
University (IRB: #2014-C0028).

RNA-seq
Twenty micrograms of ground patient samples or 1.5 million

liposarcoma cells were used for RNA-seq. The total RNAwas extracted
from TRizol according to the manufacturer’s protocol (Invitrogen).
PolyA RNA was purified from 1,000 ng of total RNA using oligo (dT)
beads (Invitrogen). Extracted RNAwas first fragmented, then followed
by reverse transcription, end-repair, adenylation, adaptor ligation, and
subsequent PCR amplification. The final product was checked by size
distribution and concentration using a BioAnalyzer High Sensitivity
DNA Kit (Agilent) and Kapa Library Quantification Kit (Kapa Bio-
systems). The libraries were sequenced on Hi-seq 2500 or NovaSeq
platform with 2 � 100 bp setting.

ChIP-seq
ChIP-seq experiments were performed as described previously (12)

with some modifications shown as follows. About 30,000 of nuclei or
cells were used for one ChIP. Native nuclei or cells were taken out from

�80�C freezer and resuspended in cold assay for transposase-acces-
sible chromatin with sequencing (ATAC-seq) lysis buffer (10 mmol/L
Tris-HCl, pH 7.5, 10 mmol/L NaCl, 3 mmol/L MgCl2, 0.1% IGEPAL
CA-630, 1� proteinase inhibitor cocktail). 1 ug of H3K27ac antibody
(Active Motif, 39133) was used per ChIP. After PCR amplification,
libraries were size-selected by 0.6�/1.0� KAPA pure beads. The
final libraries were sequenced on Hi-seq 2500 or NovaSeq platform
with 2 � 100 bp setting.

Hi-C
Hi-C was performed using 0.1 to 0.5 million isolated nuclei or 1

million liposarcoma cells as described previously (13), but with some
modifications. Briefly, 2% formaldehyde cross-linked nuclei were
digested by DpnII and then underwent biotin incorporation and
proximity ligation. Next, the reverse crosslinked DNA was purified
by 0.5� KAPA pure beads and was fragmented by sonication using
Covaris E220with the following parameters: 140W, duty factor 10, 200
per burst, 50 seconds. Then, size selection was performed by 0.55�/
0.85� KAPA pure beads and DNA was dissolved in 1� TE buffer.
Streptavidin beads (Thermo Fisher Scientific, 65601) was used to pull
down biotin-labeled DNA by rotation at room temperature for 15
minutes and then washed twice with 600 mL of wash buffer [5 mmol/L
Tris-HCl (pH 7.5), 0.5 mmol/L EDTA, 1 mmol/L NaCl, 0.05% Tween
20] and one time with 600 mL of 10 mmol/L Tris-HCl (pH 8.0). The
DNA bound on the beads was prepared for sequencing using KAPA
HyperPrep Kit (Roche) according to the manufacturer’s protocol and
amplified eight cycles by PCR. After purification by 0.85�KAPA pure
beads, the libraries were sequenced on Hi-seq 2500 or NovaSeq
platform with 2 � 100 bp setting.

Whole-genome sequencing
The genomic DNA from ground patient tissues or liposarcoma cell

lines was extracted using DNeasy Blood & Tissue Kit (Qiagen, 69504).
Then, 500 ng of genomic DNA was used for DNA library preparation
with the Illumina DNA PCR-Free Prep Kit according to manufac-
turer’s protocol.

BioNano optical mapping
The genomic DNA from Lipo863B was used for BioNano optical

mapping. gDNA was extracted using BioNano Blood and Cell Culture
DNA IsolationKit (80004). Next, the homogenized gDNAwas directly
labeled using DLE enzyme (BioNano, 80005) according to the Bio-
Nano Prep Direct Label and Stain (DLS)-30206 protocol. The labeled
and stained genomic DNA was then loaded onto a Saphyr chip for
optical data collection.

Nanopore sequencing
The genomicDNA fromLipo863Bwas used forNanopore sequenc-

ing. gDNA was isolated using BioNano Blood and Cell Culture DNA
Isolation Kit (80004). Then, the homogenized gDNA was sheared
by pipetting and nanopore library was made using NEBNext
Companion Module for Oxford Nanopore Technologies Ligation
Sequencing Kit (E7180S) and Nanopore Ligation Sequencing Kit
(SQK-LSK110). One microgram of library was loaded per GridION
Flow Cell (R9.4.1).

FISH experiment
Preparation and hybridization of FISH probes

FISHwas performed using Agilent SureFISH probesCDK4 localizing
to 12q14.1 (chr12:57968669–58276609) andMDM2 localizing to 12q15
(chr12:69137889–69317809). The probe/hybridization buffer mixture
was applied to the sample and co-denatured using a Thermobrite
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(Abbott Molecular) for 5 minutes at 78�, followed by a hybridiza-
tion for 24 hours at 37� in a humidified chamber.

FISH detection, visualization, and image capture
After hybridization, the FISH slides were washed in a 0.4�SSC

solution at 72� for 1 minute followed by 2�SSC solution at 37� for
15 seconds, then counterstained with DAPI (Abbot Molecular).
Fluorescent signals were visualized on an Olympus BX51 microscope
workstation (Applied Spectral Imaging) with DAPI, TRITC and FITC
filter sets. FISH images were captured using a digital U-TV0.5XC-3
camera (ASI) and FISHView ASI software.

RNA-seq data analysis
The raw reads were first trimmed for adapter and then mapped

against hg38 human reference genome using STAR (RRID:
SCR_004463; ref. 14). Gene-level abundance was quantitated using
RSEM program. The raw counts were then normalized using variance
stabilizing transformation (VST) function from DEseq2 (RRID:
SCR_015687) package. Top 500 variable genes from the 19 pairs of
patient samples were used to perform t-SNE analysis. We then used
DEseq2 to identify the differential expressed genes between paired
tumor and peritumor samples. Pathway enrichment analysis for up/
downregulated genes was performed using clusterProfiler.

For all the samples, we used the Arriba (version 2.2.1; ref. 15) to
detect fusion gene events.

ChIP-seq/ATAC-seq data analysis
For ChIP-seq and ATAC-seq data analysis, we used the standard

ENCODE ChIP-seq/ATAC-seq analysis pipeline (https://github.com/
ENCODE-DCC/chip-seq-pipeline2). Detected peaks for patient sam-
ples were filtered with cutoff q-value < 1e�8. Motif enrichment
analysis were performed with HOMER using the findMotifsGenome
program. Heatmaps were generated using deeptools by centering on
identified peaks center. Super enhancers were identified using the
ROSE algorithm (https://bitbucket.org/young_computation/rose).

Hi-C data analysis
We first trimmed the adapters of the Hi-C raw reads and then

mapped the trimmedfiles against hg38 human reference genomeusing
runHiC python package (https://pypi.org/project/runHiC/). The
copy-number variants (CNV) profile in each sample was estimated
from the Hi-C matrices using a generalized additive model. The
breakpoints of large SVs, as input to the NeoLoopFinder (https://
github.com/XiaoTaoWang/NeoLoopFinder), were identified fromHi-
C using Hi-C breakfinder (https://github.com/dixonlab/hic_breakfin
der). Local genome structure and neoloop were constructed and
identified using the NeoLoopFinder.

WGS data analysis
The raw reads were first trimmed for adapter and then mapped

against hg38 human reference genome using BWA-MEM algorithm
(0.7.17-r1188). Duplicate reads were removed using Picard Tools
(2.6.0-SNAPSHOT). For SV detection, we used three independent
softwares including lumpy (v 0.2.13), Delly (Version: 0.8.3), and
SvABA (Version: 1.1.0) with default parameters. For patients, peri-
tumor normal samples were used as control input to identify somatic
structure variations. SVs were filtered by the following criteria: length
greater than 50bp, with at least 10 supporting reads, identified by at
least two of the methods, blacklist regions including telomeric, cen-
tromeric, and 12 heterochromatic regions provided by the Delly
software were masked for the SV detections in all the methods. We

used SURVIVOR (16) for the SV filtering andmerging (https://github.
com/fritzsedlazeck/SURVIVOR). Svviz2 (17) were used for single SV
event visualization.

To identify SV events identified from both Hi-C and WGS, we also
use SURVIVORmerge function and allowingmaximum1Mbdistance
between the breakpoints.

Bionano optical mapping data analysis
DNA molecules were captured from the Saphyr instrument and

converted to BNX digital text file by Bionano Access (v1.6.1), which
contained the label position of each molecule. We required that the
molecules to be at least 150 kb in length andwithmore than nine labels
per molecule. Cell line consensus genomic maps (cmap) were gener-
ated through de novo assembly of DNA optical reads using Bionano
Solve 3.6.1 pipeline.

Specifically, A total of 1,741 Gb data were generated and 1,268 Gb
data were left after filtering. The filtered data are corresponding to
353� coverage of the hg38 human genome. These filtered molecules
were aligned using RefAligner with default parameters. It produced
1057 genome maps with an N50 of 29.45 Mbp.

SV detection was performed after de novo assembly using the
Bionano built-in SVs caller module by comparing the assembled
genomic maps (cmap) to the hg38 reference genome with default
parameters.

Nanopore sequencing data analysis
In total, we generated 119.8 Gb Nanopore sequencing data, which

were corresponding to 34� converge of the human genome with N50
57.5 kb. The raw data weremapped against the hg38 reference genome
using the minimap2 (18). The structure variations were identified
using Sniffles (19) and filtered using the same criteria as from WGS.
The example structure variations were visualized using Ribbon (20).

We tried nextDenovo (https://github.com/Nextomics/NextDe
novo) for de novo assembly, which resulted 304 contigs with N50
49.5Mb and the largest contig 124.8Mb.We also tried Flye (21), which
resulted 2670 contigs with N50 4.2 Mb.

Identification of CNV regions, CNV genes, and gene enhancer
coamplification event

CNVprofiles and segments were generated byControl-FREEC. The
ploidy parameter was set as two in all the samples. In total, we
identified 2,396 CNV regions from all the patient tumor samples. To
obtain the recurrent somatic CNVregions, wefirst subtracted theCNV
regions if 80% of them had overlap with CNV regions identified from
the corresponding peri-tumor samples. To count for the recurrencies
of the CNV regions, all the filtered CNV regions (1,876 regions) were
intersected by multiIntersectBed and 38 of the regions were recurrent
from all the 4 patient samples.

To calculate the number of enhancers located in the CNV regions,
we counted the H3K27ac peaks located 2.5kb away from gene
promoters that entirely located within the CNV regions (CNV gain:
≥5 copies, CNV loss: <2 copies) within each patient. To study how
CNV affect gene expressions, we specifically focused on the CNV
gain regions, and required 50% gene body to be overlap with CNV
regions. CNV region with both entire gene bodies and enhancers
would be considered as one gene enhancer coamplification event.

Data availability
Processed RNA-seq, WGS, Hi-C, and H3K27ac ChIP-seq data gen-

erated from primary patient samples have been deposited at the Gene
Expression Omnibus under accession GSE201056. Raw and processed
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RNA-seq, WGS, Hi-C, H3K27ac ChIP-seq, Nanpore sequencing data in
Lipo863B cell line have been deposited at the Gene Expression Omnibus
under accession GSE201056.

Results
Comprehensive genomic and epigenomic profiling in
liposarcoma

To identify and understand the aberrant CNAs and alterations in
epigenomic regulation and 3D genome organization, we studied five
pairs of WD-LPS and 14 pairs of DD-LPS patient samples, and a
commonly used DD-LPS cell line (Fig. 1A). Each pair of patient
samples contains one tumor tissue and one matched peritumoral
tissue as normal control. To profile the transcribed regions and to
reveal the differential transcriptomes between tumors and peritu-
moral tissues, we performed mRNA sequencing (mRNA-seq) in all
patient samples and cell lines (Supplementary Table S1). In four pairs
of DD-LPS patient samples (P241, P298, P69, and P209) and one
DD-LPS cell line (Lipo863B), we performed (i) chromatin immu-
noprecipitation followed by next-generation sequencing (ChIP-seq)
for histone modifications H3 lysine 27 acetylation (H3K27ac; Sup-
plementary Table S2) to chart active enhancer regions; (ii) Hi-C
experiments to study high-order chromatin structure and link distal
enhancers to their target genes (Supplementary Table S3); and (iii)
WGS to profile CNVs and dissect genome rearrangements (Supple-
mentary Table S4). To better reveal the sequence details of genomic
rearrangements, we performed Nanopore long-read sequencing and
BioNano optical mapping in Lipo863B cells to help assemble the
rearranged regions (Supplementary Table S5). In total, we generated
73 genomic datasets, including 62 for the patient tissue samples and
11 for the cell line Lipo863B. To date, this is the most comprehensive
analysis of epigenomic regulation and 3D genome organization in
liposarcoma.

Comparison of transcriptomes between LPS tumors and
peritumoral tissues

First, we performed clustering analysis for the 19 paired tumor
versus normal LPS samples with the RNA-seq data by t-SNE plot
(Supplementary Fig. S1A). The sample information and the statistics of
the sequencing data mapping were listed in Supplementary Table S1.
In general, tumor samples were clearly separated from the peritumor
normal tissues (Supplementary Fig. S1A). Surprisingly, the DD-LPS
andWD-LPS samples were not well separated, indicating that genome-
wide RNA-seq data alonemight not be able to fully capture the features
that differs these two subtypes of tumors. Then, we performed the
differential gene expression analysis to determine the tumor-specific
gene expression patterns using the same 19 pairs of patient samples.
We identified 1,186 genes with elevated expression and 1,027 down-
regulated genes in tumor (Fig. 1B). FRS2, MDM2, CDK4, as well as
E2F1 and CDKN2A genes were among the most upregulated ones,
consistent with current literature (4). SORBS1, KRT8, andMT1G were
among the top downregulated genes (Fig. 1B). Interestingly, MT1G
was previously reported to be a tumor suppressor and was silenced by
DNAmethylation in hepatocellular carcinoma (22, 23). Also, low-level
expression of SORBS1 was associated with poor clinical outcomes in
breast cancer and the inhibition of SORBS1 promotes the epithelial-to-
mesenchymal transition (EMT) process (24). Gene Ontology term
analysis showed that upregulated genes were more enriched in cell
proliferation pathways, whereas downregulated genes were more
involved in metabolic process, which may suggest a transition from
adipogenesis to proliferative pathways associated with transforma-
tion (Supplementary Fig. S1B).

Recurrent fusion genes identified from liposarcoma patient
samples

Gene fusion caused by genomic rearrangements plays a causal role
in tumorigenesis across various types of cancer, including BCR-ABL1
in chronic myelogenous leukemia (CML), EML4-ALK in non–small
cell lung cancer (NSCLC), and so on (25, 26). To identify recurrent
fusion genes in liposarcoma, we exploited the 19 pairs of RNA-seq
data and identified 1,391 fusion gene events for the 19 patient tumor
samples (Fig. 1C; Supplementary Fig. S2A). By further investigating
the fusion genes across all the patient samples, we identified genes that
recurrently (at least in 4 patient tumor samples) fused with other
genes, including CPM,HMGA2, FRS2, PTPRB, andMDM2, and so on
(Fig. 1D).

HMGA2 gene fusion has been identified in various mesenchymal
tumors (27–29). In our liposarcoma patient samples, about 50% were
identified with HMGA2 gene fusion events (Fig. 1D). Here, we
demonstrated an example of the HMGA2-VPS13D gene fusion iden-
tified from P298 patient tumor sample (Fig. 1E). In this example, the
first three exons of HMGA2 were fused with the last three exons from
VPS13D. The loss of HMGA2 30 UTR and let-7 binding sites in these
chimeric fusion events would probably lead to the activation of
HMGA2 pathway according to previous studies (27). We also noticed
that the HMGA2 was able to fuse with many different genes (Fig. 1F),
indicating that it was probably the truncation of theHMGA2 instead of
the fusion partners that play a role in tumorigenesis. Further inves-
tigation demonstrated that HMGA2 expression was significantly
higher (one tail t-test P-value ¼ 0.0126) in samples with HMGA2
fusion events comparing with samples without fusion (Fig. 1G). The
HMGA2 expression level was, to some extent, an indicator of patient
survival as shown from TCGA datasets that HMGA2 expression was
significantly anti-correlated with sarcoma patient survival (Fig. 1H).

WD/DD-LPS-specific enhancer landscape in patient samples
To study how the LPS genes were regulated, we performedChIP-seq

for H3K27ac to identify the potential enhancers in tumor and normal
tissues from patients P241, P298, P69, and P209 (Supplementary
Table S2). We also improved the ChIP-seq protocol so that it could
work with only �30,000 cells. We observed strikingly tumor-specific
enhancers near the well-known LPS oncogenes such as FRS2 and
MDM2 (Fig. 2A). In total, we identified 5,510 tumor-specific enhan-
cers and 1,487 peritumor-specific enhancers (Fig. 2B). We next
performed correlation analysis of the H3K27ac ChIP-seq signals at
the identified specific distal enhancer regions for our datasets and the
public available datasets. The hierarchical clustering of the correlations
demonstrated three major clusters: the normal samples, the cell lines,
and the tumor samples (Supplementary Fig. S3A). These results
indicate that tumor/peritumor-specific distal enhancers we identified
here were able to separate the tumor, normal, and cell line samples
from external datasets. We also predicted super-enhancers as
described previously (Supplementary Fig. S3B; ref. 30), and observed
that FRS2, HMGA2, and SDK2 genes are recurrently located in the
super-enhancer regions.

We further performedGREAT analysis for the pathway enrichment
of the tumor-specific enhancer regions identified in Fig. 2B. Tumor-
specific enhancers were more enriched in cell migration and prolif-
eration pathways whereas the peritumor-specific enhancers were
more enriched in lipid biosynthetic process or metabolic process,
which is consistent with the observations from the gene expression
results (Fig. 2C and D). Next, to identify which transcription reg-
ulators potentially modulate these transcriptional enhancers between
tumor and normal samples, we performed motif enrichment analysis.
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Figure 1.

Gene expression and fusion events in liposarcoma patient samples. A, A summary of the LPS patient samples and genomic profiling assays performed in this study.
B,The volcanoplot for 19pairs of patients RNA-seqdata.C,Thenumber of gene fusion events detected frompatients and cell line samples usingRNA-seqdata.D, List
of recurrent fusion gene partners (fusion events occurred in at least four samples for the gene). E, Example of HMGA2-VPS13D fusion in P298T sample. F, The
HMGA2-related fusion events in all the patient tumor samples. G, Expression level of HMGA2 in HMGA2 fusion-detected samples and non-fusion samples (one tail
t test P value¼0.0126).H,Kaplan-Meier survival analysis from TCGA sarcoma patient samples stratified by the expression level ofHMGA2. The high-level expression
group consists of patients with top 25% HMGA2 expression and low-level expression group has patients with bottom 25% HMGA2 expression.
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Figure 2.

Enhancer and chromatin interaction landscape in liposarcoma patient samples. A, Example regions around chr12: 69,445,000–69,585,000 and chr12: 68,800,000–
68,965,000 corresponding to genes FRS2 and MDM2 of tumor-specific enhancers. (Continued on the following page.)
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Transcription factors from Jun family, E2F1, ATF, TWIST1, ARID3A,
and NFIX were highly enriched in the tumor-specific enhancers
(Supplementary Fig. S3C).

WD/DD-LPS-specific chromatin interaction landscape in
patient samples

Spatial chromatin interaction plays an important role in the reg-
ulation of gene expression, including long-range control by distant
enhancers and repressors (31). Here, to address whether and how the
3D chromatin interactions are different between cancer and normal
samples from the same patient samples, we performed Hi-C in tumor
and normal tissues from patients P241, P298, P69, and P209. By
genome-wide search of chromatin interactions using Peakachu (32),
we identified a merged loop set of 46,987 in all samples. By comparing
the normalized signal at these loop regions, we identified 1,823 cancer-
specific chromatin interactions and generated aggregated peak analysis
(APA) plot in both tumor and normal samples (Fig. 2E). As expected,
we observed significant aggregation signal in tumor samples but not in
normal samples.

We further investigated how these cancer-specific chromatin inter-
actions affect gene expression. We observed genomic regions with
cancer-specific chromatin interactions involving significant upregu-
lated genes in tumor samples, for example, TGFB2 and SOX4 (Fig. 2F;
Supplementary Fig. S3D). We observed strong long-distance interac-
tion for TGFB2 and four interactions for SOX4 in tumor samples.
In addition, for the leftmost interaction of SOX4, we also observed
tumor-specific enhancers in all the four tumor samples. To evaluate
how gene expression were affected in general, we intersected the
interaction regions with gene promoter regions and obtained can-
cer-specific chromatin interaction-related genes. We observed an
elevating trend of gene expression level in the four patient tumor
samples comparing to the corresponding normal samples (Supple-
mentary Fig. S3C). These results demonstrated that the 3D chromatin
interactions would contribute to the upregulation of genes potentially
by facilitating the regulation from distal enhancers.

CNA and enhancer-gene coamplification
Liposarcoma is well known to have extensive CNVs and structure

variations (SV). To capture the comprehensive list of variations in the
patients, we first performedWGS at�30-fold of coverage for the four
pairs of primary tumors versus peritumoral tissues (Supplementary
Table S4) and a widely used liposarcoma cell line Lip863B (Fig. 3A;
Supplementary Fig. S4A), at�30 coverage in each sample. Overall, we
identified 2,396 CNV regions, with 38 regions recurrent in all the 4
patient samples. As we and others have shown that Hi-C can also be
used to estimate CNVs (11, 33), we then computed the genome-wide
CNV profiles with Hi-C data, and they were highly similar to those
computed from WGS data (Supplementary Fig. S4B).

As expected, we observed amplification of chr12q13–15 in all LPS
samples, which contains MDM2 and CDK4 genes, a signature of
liposarcoma (Fig. 3A; ref. 2). The Hi-C map and WGS track at this
signature amplification region showed high consistency from all
patient and cell line samples (Supplementary Figs. S4C–S4F). We also
observed other genes with extensive and recurrent copy-number gains,

such asMETTL1,TSFM,AVIL,CTDSP2 (Supplementary Fig. S5A). As
these genes were also significantly upregulated in the patient tumor
samples, we suspected that CNVs, especially copy-number gains, could
possibly contribute to the altered gene expression. Therefore, we
systematically investigated the relationship between CNVs and gene
expression. For this analysis, we used the four pairs of tumors versus
peritumor samples, in which we have both theWGS and the RNA-seq
data in tumor and peritumor tissues.We identified 138 genes that were
located inside an CNV gained regions in at least three tumor samples.
The log2FC of these 138 genes were significantly higher than the rest of
the genes (Supplementary Figs. S5B and S5C). Surprisingly, only 18 of
these genes were significantly upregulated (Fig. 3B; Supplementary
Fig. S5D), suggesting that CNV gain itself only contributed a small
portion of the upregulated genes.

As enhancers are critical for proper gene expression regulation, we
next examined how they were affected by the CNVs. On average, we
identified 3,316 enhancers located in CNV regions, with 1,925 gain of
copies and 1,191 in loss of copy regions. Strikingly, we observed
several oncogenes, and their linked enhancers were amplified togeth-
er. For examples, there was a �178 kb region containing the FRS2
oncogene that were amplified by �25 times on average in different
LPS samples (Fig. 3C). Nearly 60 kb downstream from the FRS2 gene
promoter, there was an enhancer (marked by H3K27ac) in the same
amplified region. We examined the virtual 4C data for this region
and the results showed there were strong chromatin interactions
between the FRS2 gene promoter and this enhancer. We made
similar observation for another oncogeneHMGA2 (Fig. 3D), whose
promoter region was linked with multiple enhancer elements down-
stream. For both genes, neither the enhancers nor the chromatin
loops between the enhancers and promoters were present in the
normal tissues.

Genome-widely, we observed 264 such gene enhancer coampli-
fication cases. All the protein coding genes we identified in Fig. 3B
with both significant elevated expression and CNV gains demon-
strated enhancer coamplification in at least two patient samples,
including OS9, MDM2, CDK4, CTDSP2, FRS2, METTL1, TSFM, and
so on. We further investigated the TCGA liposarcoma samples, and
strikingly, 87% of the patient samples (45 of 52) have amplified
regions that contain theMDM2 gene and the coamplified enhancers
that we identified in this study (Fig. 3E and F). In addition, we
identified 58 oncogenes, includingDDIT3,TWIST2, SNAI2, YEATS4,
and so on, with enhancer coamplification in at least one patient
sample. Their expression patterns are highly consistent with the
coamplification events (Supplementary Fig. S5B). These results
indicated that enhancer coamplification would potentially contribute
to the oncogene dysregulations, and it would be interesting in future
studies to investigate how such scenarios directly contribute to
oncogenesis.

Extensive structural variants and enhancer hijacking in LPS
We systematically identified structural variants such as translo-

cations and inversions in the patient genomes. First, we identified
SVs using the WGS data with three different SV callers including
Lumpy, Delly, and SvABA (34–36), and kept the SVs identified by at

(Continued.) B,Heatmap of genome-wide tumor-specific distal enhancers at CNV free regions. C and D, The GREAT analysis for the pathway enrichment of the
tumor-specific enhancers. E, APA for cancer-specific chromatin interactions in P298, P241, P69, and P209 tumor and normal samples (n ¼ 1,823). F, Cancer-
specific chromatin interactions involving SOX4 genomic region. The blue circles on the Hi-C map highlights the positions of the cancer-specific interactions as
well as the arcs below the Hi-C maps. The top two panels of the Hi-C maps are from the P241 and P298 patient tumor samples and the bottom panel shows the
merged Hi-C matrix from all the normal tissue samples. The tracks below are the H3K27Ac ChIP-seq profiles for the patient samples from both tumor (purple)
and normal (blue) tissues.
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The identification of the enhancer coamplification events. A, The CNV profiles for Lipo863B, P298, P241, P69, and P209 identified from the WGS data. B, Volcano
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least two methods for further analysis (Materials and Methods). An
example of interchromosomal translocations was shown in Sup-
plementary Fig. S6A. This translocation was between chr1:93.47Mb
and chr12:65.77Mb and was identified by all three methods. On
average, we detected several hundred inversions and translocations
in each tumor (Fig. 4A).

Previously, we and other groups have shown that Hi-C can be used
to detect a full range of SVs (33, 37), and it provides a unique list of SVs
that are missed by WGS. Here, we utilized HiCBreakFinder (33) to
obtain another list of SVs in these tumor samples (Fig. 4B). We then
compared the SVs predicted by Hi-C and WGS (Supplementary
Fig. S6B) and defined a list of high-confident SVs detected by both
methods.Wenoted thatHi-C tends to detect large-scale SVs compared
withWGS. To provide genome-wide overview of the SV landscape, we
drew the circos plot (38) with the high-confident SVs and the CNV
profiles (Fig. 4C). We observed that SVs could be very specific in
different patient samples, but we also noticed several SVs occurred at
the chr12 amplified region across all the samples.

Recent work has shown that SVs could lead to the “enhancer
hijacking” events by re-positioning the enhancers to the proximity
of oncogenes and elevating their expression (39, 40). Enhancer hijack-
ing events have been demonstrated in contributing to tumorigenesis in
different types of cancer (41–44). Using a method that our group
recently developed (NeoLoopFinder; ref. 11), we systematically
detected enhancer-hijacking events in all the LPS samples. We showed
such an example in Fig. 4D, where there were interchromosomal
translocations between chr1 and chr12. We reconstructed the local
chromatin interaction map surrounding the breakpoints with Neo-
LoopFinder. Because of the interchromosomal translocation, the
promoter of the HMGA2 gene (which was on chr12) was connected
to a cluster of enhancers on chr1 (Fig. 4D). There were no interactions
between the HMGA2 gene and this enhancer cluster in the corre-
sponding normal sample (Fig. 4E), because they were located in two
different chromosomes and no such translocation occurred. A similar
enhancer-hijacking event involving the HNMT1 gene was also
observed in tumor but not in the normal sample (Fig. 4F and G).
We demonstrated severalmore examples of enhancer-hijacking events
involving the TERT, TGFBR1, and TWIST2 oncogenes (Supplemen-
tary Figs. S7A–S7F). In total, we detected 1,906 neo-loops from all the
patient samples. APA on one of the patients P241 (1,440 neo-loops)
demonstrated strong enrichment comparing to the merged control
normal samples (Supplementary Fig. S7G).

Next, to evaluate the effects of neo-loops on gene expression level
genome-widely, we identified 805 genes located within the neo-loop
anchor (�20kb) regions as neo-loop involved genes from all the four
patient tumor samples. Significantly, these genes demonstrated higher
gene expression levels in the tumor samples comparing to the corre-
sponding normal samples in all patients (Fig. 4H). In addition, we also
noticed that the average H3K27Ac levels within the neo-loop anchors
demonstrated higher signals in tumors comparing with normal sam-
ples (Supplementary Fig. S7H), indicating that the neo-loops involved
genes upregulation were potentially through the enhancer-hijacking
events in general.

Interestingly, we noticed that Hi-C data were able to identify gene
fusion events in patient samples. TheHMGA2-VPS13D andHMGA2-
AC068134.1 fusion events (Fig. 1E and F) were also identified using
Hi-C data in P298 and P241 tumor samples correspondingly (Sup-
plementary Fig. S8). Combining the H3K27Ac ChIP-seq and the Hi-C
data, we observed the enhancer hijacking events for the fusion gene (as
highlighted in Supplementary Figs. S8A and S8B), which could be
another contributor to the activation of HMGA2.

Complex SVs and local genome assembly for the lipo863b cell
line

The human Lipo863B cell line was established from surgically
resected retroperitoneal DDLPS in 2011 (45), and has been widely
used for the studies of LPS tumors. To obtain a comprehensive
view of the SVs and study their role in altered gene expression in
LPS, we performed WGS, Hi-C, and two long-read sequencing:
Bionano optical mapping and Nanpore sequencing (Supplementary
Table S5). We observed a large variation of the numbers of SVs
from each platform (Fig. 5A, details in Materials and Methods).
Among them, Nanopore identified the most SVs (19,037), whereas
Hi-C reported the least (179). For the WGS data, we only consid-
ered SVs supported by at least two SV caller methods to mitigate the
false positives (Supplementary Figs. S9A and S9B), which predicted
4,758 SVs in total. As reported previously (46), Nanopore uniquely
captured a large number of insertions compared with WGS (Sup-
plementary Fig. S9C). Bionano also identified several thousand
deletions and insertion. In general, there are 1,810 SVs detected
by both of the two long-molecule sequencing platforms, with 1,519
insertions at kilobase in length. WGS and Nanopore also support
each other for 1,327 SVs mostly for short deletions (102–103 bp;
Supplementary Figs. S9D–S9F). Finally, we reported 3,579 high-
confident SVs, which were defined as SVs predicted by at least two
of all the technologies. One such example was shown in Supple-
mentary Figs. S10A to S10D, where an inversion event, supported
by all the four platforms, was identified between chr1:153.61Mb and
195.96Mb.

Next, we tried to perform local genome assembly, especially for
the regions that contain the known oncogenes for LPS, using the
long-read sequencing data from BioNano and Nanopore. An exam-
ple is shown in Fig. 5B, where we were able to assemble fragments
from four genomic loci together and the LPS signature geneMDM2
was in this region. The three breakpoints were individually sup-
ported by different technologies (Fig. 5C). For example, breakpoint
1 was supported by Bionano and Hi-C, breakpoint 2 was supported
by WGS and Nanopore and breakpoint 3 by WGS, HiC, and
Nanopore (Supplementary Figs. S10E and S10F). We further stud-
ied the enhancer hijacking events induced by SVs. As shown in
Supplementary Fig. S10A, we provided the supporting evidence
from Hi-C by the reconstructed Hi-C map and noticing that this
event also induced neo-loop formation, which could potentially
lead to the dysregulation of the S100A13 gene expression. This event
was further supported by WGS, Bionano, and Nanopore (Supple-
mentary Figs. S10B–S10D). More examples of such reconstructed
Hi-C maps were shown in Supplementary Figs. S11A to S11F. Also,
we observed multiple Bionano contigs mapped to the chr12: �55–
102Mb regions, indicating heavy rearrangement (Supplementary
Fig. S12A). We then also performed the genome reconstruction
using the AmpliconReconstrutor and achieved so far, the longest
cancer genome amplicon reconstruction (31.34Mb; Supplementary
Figs. S12B–S12D).

To further investigate how prevalent the MDM2 and CDK4 genes
are in LPS genomes, we performed FISH experiments. There are three
interesting observations: (i) consistent with the current literature in
LPS, there were tens of copies of each oncogene, as shown in the FISH
images. This is also consistent with the CNV profiles computed from
the WGS data; (ii) there was a giant chromosome in essentially all the
cells, and many copies of the MDM2 and CDK4 were on the giant
chromosomes; and (iii) the number of chromosomes in the Lipo863B
cells increased extensively, and it varied from cell to cell (�60
chromosomes in each cell; Fig. 5D). Therefore, it is imperative for
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Figure 4.

Enhancer hijacking events contribute to the oncogene misregulation in liposarcoma patient samples. A and B, The stratified number of SVs identified fromWGS (A)
and Hi-C (B). C, The circos plot showing SVs and CNVs identified in P241, P298, P69, P209 patient samples detected from both Hi-C and WGS data. D and E, The
reconstructed Hi-C map and genomic ChIP-seq, RNA-seq, and WGS tracks for translocation events chr1:84.11Mb-84.53Mb, chr12:65.77Mb-66.08Mb, and chr1:93.47–
93.60Mb from P298T (D) and the Hi-C map interactions from the same regions in merged normal samples (E). F and G, The reconstructed Hi-C map and genomic
ChIP-seq, RNA-seq, andWGS tracks for translocation events chr2:137.59Mb-138.12Mb, chr9:83.81Mb-84.11Mb from P241T (F) and the Hi-C map interactions from the
same regions in merged normal samples (G). H, Boxplot for expression levels of genes located within neo-loops anchor regions in patient samples.
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future genomic and epigenomic studies in LPS to adopt single cell-
based approaches.

Discussion
In this study, we have presented a systematic integration of

genome topology, epigenome landscape, genomic abnormalities,
and transcriptome in liposarcoma. In particular, our data and
analysis revealed how genomic aberrations contribute to the dys-
regulation of oncogenes. First, the transcriptome datasets from 19
pairs of liposarcoma patient samples charted the differentially
expressed genes between tumor and peritumor tissues. Analysis of
the H3K27ac ChIP-seq from four pairs of the patient samples
revealed a library of tumor specific enhancers. Further, we identified
genome-wide enhancer coamplification and enhancer hijacking
events as novel mechanisms for oncogenic expression in liposar-
coma patients, for example, MDM2, CDK4, HMGA2, by integration
of the genomic alteration information, 3d genomic interaction,
transcriptome, and the enhancer landscape from patient tumor
and the matched normal samples. In addition, we screened gene
fusion events genome-widely from all the 19 patient samples and
identified thousands of fusion events with high recurrency for the
highly amplified oncogenes such as MDM2, CDK4, FRS2, and
HMGA2. These CNV gains, enhancer coamplification and hijacking,
as well as gene fusions could play redundant roles in the activations of
oncogenes at chr12q13–15. Further studies are needed to dissect the
exact roles of these potential mechanisms. Finally, we fully charted the
genomic landscape using multi-platform datasets including Nanopore
long read sequencing, Bionano optical mapping, WGS and Hi-C as
well as epigenomic landscape fromH3K27ac ChIP-seq andATAC-seq
for a widely used liposarcoma cell line Lipo863B.

TheWDLPS andDDLPSwere notwell separated based onRNA-seq
data, which is likely due to that the WDLPS and DDPLS share many
common features. Clinically, WDLPS and DDLPS can have similar
microscopic appearances, although WDLPS typically has more lipo-
blastic-appearing cells, whereas DDLPS typically containsmore prom-
inent spindle shaped cells. Genetically, WDLPS and DDLPS both have
amplifications on chr12q13–15 and have markedly overexpressed
MDM2 and a set of other genes located in this amplified region. More
importantly, both subtypes can recur as multifocal lesions and it is
likely that WDLPS and DDLPS could exist in the same sample at
different proportions.

An increasing number of studies have demonstrated that disruption
of distal enhancers is implicated as an important cancer-driven mech-
anism in various tumors (40, 47–53). Super enhancers have been
observed and BET protein inhibitor, an enhancer inhibitor, was also
proved antitumor efficacy in liposarcoma (10). However, the mechan-
ismsof howenhancers contribute to liposarcoma tumorigenesis remains
unclear. In this study, we demonstrated the existence of both enhancer
coamplification and enhancer hijacking events with oncogenes in
liposarcoma patient samples. Such tumorigenesis mechanisms were in
line with previous examples of enhancer amplifications (47, 48, 54–58)
and enhancer hijacking (42, 44, 49–51, 53, 59), activating oncogenes in
various tumors. Among these studies, Andrew and colleagues demon-
strated that of 4,577 tumor samples across 9 different solid cancer, 743
tumors had high-level focal enhancer oncogene coamplifications
(56). Zhang. and colleagues found expression of hundreds of genes
was altered within 100kb of a structure variation breakpoint in over
1,200 cancer genomes, which could be attributed to enhancer
hijacking (60). These indicate that the roles of both enhancer
coamplification and enhancer hijacking in cancer were currently

under-appreciated (61). In liposarcoma, we observed the coexistence
of enhancer coamplification and enhancer hijacking in the same
patient involving the same oncogenes such as MDM2 and CDK4.
Further study is required to investigate whether and how these
aberrant enhancers cooperatively contribute to the dysregulation of
the oncogenes.

In this study, we have shown that the MDM2 gene upregulation,
fusion, coamplification, and enhancer hijacking events can occur
in the same patient (Supplementary Figs. S13A–S13C) for P298
and P69. This is potentially due to the importance of MDM2 in
liposarcoma. MDM2 amplification is the hallmark of both well-
dedifferentiated liposarcomas (WD-LPS) and dedifferentiated lipo-
sarcomas (DD-LPS). Its amplification has been used as a diagnostic
tool to distinguish WD-LPS and DD-LPS from benign lipomatous
neoplasms and other high-grade sarcomas in clinic (62). In addition,
the large genomic region (12q13–15) that contains MDM2 gene is
usually amplified and possesses frequent structural alterations, such
as fusions and inversions. Such genomic structural alterations usually
lead to the massive genome arrangement and the formation of extra
ring/giant chromosome, as evidenced by the FISH experiments
shown in Fig. 5D. As shown in this work, theMDM2 gene expression
was dramatically increased through a combination of copy gain,
enhancer coamplification, gene fusion, and enhancer hijacking, and
its upregulation has been shown to lead to tumor initiation and
progression (63, 64).

More generally, we demonstrated that multiple copies of MDM2
and CDK4 exist on the liposarcoma giant marker chromosome. The
giant chromosome represents a specific kind of amplification structure
different from both ecDNA and HSR (65). Recent studies have
revealed the multifaceted features of the extra-chromosomal circular
DNA in cancer (56, 66–68). However, little is known about the role
of the giant chromosome in cancer. In this work, we performed the
FISH experiments for CDK4 and MDM2, two of the most amplified
genes in liposarcoma. As shown Fig. 5D, we didn’t observe any
CDK4 or MDM2-containing ecDNA. Instead, we observed many
copies of these two oncogenes on the giant chromosome, in line
with previous studies (7, 65). However, we cannot completely
exclude the existence of ecDNA (that might contain other onco-
genes) in liposarcoma and it is possible that ecDNA and giant
chromosomes coexist in liposarcoma.

In addition, we characterized a high confidence list of structure
variations from the Lipo863B cell line, which provided a more com-
prehensive view of the liposarcoma cancer genome. Based on this, we
were able to further reconstruct the amplified segments containing
oncogenes. The reconstructions were re-affirmed by multi-platform
support. Genomic and epigenomic architectures were resolved at these
reconstructed genome segments. These greatly improved our under-
standing about the transcriptional regulations of the oncogenes in the
local context. It would greatly deepen our understanding about the
giant chromosome in cancers by resolving the whole genomic archi-
tectures in this cell line.
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