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Integrated exome and RNA sequencing
of dedifferentiated liposarcoma
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The genomic characteristics of dedifferentiated liposarcoma (DDLPS) that are associated

with clinical features remain to be identified. Here, we conduct integrated whole exome and

RNA sequencing analysis in 115 DDLPS tumors and perform comparative genomic analysis of

well-differentiated and dedifferentiated components from eight DDLPS samples. Several

somatic copy-number alterations (SCNAs), including the gain of 12q15, are identified as

frequent genomic alterations. CTDSP1/2-DNM3OS fusion genes are identified in a subset

of DDLPS tumors. Based on the association of SCNAs with clinical features, the DDLPS

tumors are clustered into three groups. This clustering can predict the clinical outcome

independently. The comparative analysis between well-differentiated and dedifferentiated

components identify two categories of genomic alterations: shared alterations, associated

with tumorigenesis, and dedifferentiated-specific alterations, associated with malignant

transformation. This large-scale genomic analysis reveals the mechanisms underlying the

development and progression of DDLPS and provides insights that could contribute to the

refinement of DDLPS management.
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Dedifferentiated liposarcoma (DDLPS) is a rare malignant
tumor with an incidence of <0.1/million each year1,2

that occurs in ~10% of cases of intermediate (locally
aggressive) well-differentiated liposarcoma (WDLPS)3. Surgical
excision is the primary treatment modality used for DDLPS,
as DDLPS exhibits a low response rate to conventional che-
motherapeutic reagents4. To date, several analyses have unveiled
genomic characteristics common to DDLPS, including the
amplification of 12q13-15, that are also frequently found in
WDLPS5–10. These studies have also identified a number of
genes within 12q13-15, including HOXC13, MDM2, HMGA2,
CDK4, and CPM, as being key to the development of DDLPS and
WDLPS; a number of additional genomic occurrences, such
as the loss of 11q23 and the gain of 6q23 and 1p32, have
been defined as genomic abnormalities that are specific to
DDLPS6,8,11–17. Recently, the Cancer Genome Atlas (TCGA)
Research Network has identified the characteristics of some types
of soft-tissue sarcoma, including DDLPS with amplification of
12q13-15, through comprehensive genomic analysis and showed
that the classification of DDLPS tumors based on the status of
their somatic copy-number alterations (SCNA) and DNA
methylation could predict clinical prognosis18. These results,
based on the analysis of 50 DDLPS cases, still require validation.
In addition, the genomic events associated with the malignant
transformation of DDLPS, and with DDLPS tumors without
12q13-15 amplifications that are histologically diagnosed, remain
to be identified.

We established the Japan Sarcoma Genome Consortium
(JSGC) in 2014 with the aim of generating a comprehensive map
of the genomic alterations and abnormalities present in bone and
soft-tissue tumors, in order to facilitate the implementation of
precision medicine. Here, we collect tumor and normal tissue
samples from 65 patients with DDLPS and perform whole-exome
and RNA sequencing at two facilities, the Institute of Medical
Science at the University of Tokyo (hereinafter, JSGC-IMSUT),
and the National Cancer Center Research Institute, Japan (JSGC-
NCC). In addition, we obtain FASTQ data derived from the
whole-exome and RNA sequencing of 50 DDLPS tumors from
TCGA, in order to conduct genomic meta-analysis on a total of
115 patients with DDLPS. In addition, eight pairs of well-
differentiated (WD) and dedifferentiated (DD) components from
DDLPS tumors are obtained for the comparison of their genomic
alterations.

Results
Clinical characteristics of the subjects. A total of 115 patients
were enrolled in the current study (28 from JSGC-IMSUT, 37 from
JSCG-NCC, and 50 from TCGA), and clinical information was
collected from 108 of 115 patients. Of these 108 patients, 75 (69.4%)
were male, and the mean age at diagnosis was 62.7 (±12.7) years
(Table 1). A total of 73.1% of the DDLPS tumors arose from the
retroperitoneum or abdomen, while the distribution of the primary
tumor sites varied among the three groups; tumors were most fre-
quently located in an extremity in JSGC-IMSUT patients (66.7%) and
in the retroperitoneum or abdomen in JSGC-NCC (78.4%) and in
TCGA (86.0%) patients. A total of 76.4% of the patients had tumors
that were 10 cm or more in diameter (Table 1; Supplementary
Table 1) and 98.1% of the patients underwent surgery (Table 1;
Supplementary Table 1). These results indicated that the patients
enrolled in this study may be representative of the general population
of patients with DDLPS.

Somatic mutations and copy-number alterations. Based on
exome sequencing for 115 pairs of DDLPS and normal tissue
samples, we identified 2639 somatic mutations, including

nonsynonymous single nucleotide variants (SNVs) and short
insertions/deletions (INDELs), with a mean of 24.2 (0.274 per
coding megabase) and a range of 0 to 70 mutations (Fig. 1a) per
sample. The frequency distribution of the somatic mutations was
almost comparable among the three groups, JSGC-IMSUT,
JSGC-NCC and TCGA (Supplementary Fig. 1a). The mutation
frequency at each chromosome ranged from 0.114 (in chromo-
some 21) to 0.482 (in chromosome 12) per coding megabase
(Fig. 1b; Supplementary Fig. 1b). Base substitution analysis of
synonymous and nonsynonymous SNVs with the adjacent 5′ and
3′ flanking nucleotides, in order to better understand the
mutational processes involved, showed that nucleotide altera-
tions from anyCG to anyTG were the most frequently detected in
DDLPS (Fig. 1c). The nucleotide alterations exhibited similar
trends among the three groups (Supplementary Fig. 1c). Muta-
tion signature analysis, using the COSMIC database, showed that
signature 3 contributed the most to these base substitutions,
followed by signature 1 (Fig. 1d), indicating that both the failure
of DNA double-strand break-repair (signature 3) and aging
(signature 1) may contribute to the development of DDLPS.
Recurrently, mutated genes (frequency of more than five sam-
ples) were MUC16, TTN, ATRX, TRHDE, PCLO, ZNF717, TP53,
FLG, and NAV3; however, the mutated loci at each gene were not
recurrent (Supplementary Fig. 2). The GISTIC analysis of SCNAs
identified 28 gained regions (357 genes) and 55 lost regions (455
genes) (Fig. 1e; Supplementary Data 1 and 2). As expected, the
gain of 12q15 resulted in the lowest FDR q-value in the GISTIC
analysis. The genome-wide analysis of SCNAs and their corre-
sponding GISTIC values showed that the copy numbers of genes
in chromosomes 11 and 13, and the short-arm of chromosome 9
were generally decreased, while those of the long-arms of chro-
mosomes 9 and 20 and the short-arms of chromosomes 4, 5, 7,
19, and X were increased. Notably, the copy numbers of the
genes located at 12q14.1–15 greatly increased (Supplementary
Fig. 3). Among these genes, SLC35E3, MDM2, and CPM exhib-
ited the highest mean GISTIC values with the lowest standard
deviations (Supplementary Fig. 3, boxed area), indicating
that these three genes are greatly and consistently amplified
in DDLPS.

Table 1 Clinical characteristics of patients with DDLPS.

Features Total (n= 108)a

Male sex, n (%) 75 (69.4)
Age at diagnosis ± std (y) 62.7 ± 12.7
Primary site, n (%)
Retroperitoneum or abdomen 79 (73.1)
Extremity 25 (23.1)
Chest wall or back 4 (3.7)
Tumor size, n (%)
10 cm ≥ 25 (23.6)
10 cm < 81 (76.4)
Unknown 2 (−)
Local treatment, n (%)
Surgery only 97 (89.8)
Surgery with adjuvant radiation 9 (8.3)
Radiation 1 (0.9)
Heavy ion 1 (0.9)
Surgical margin, n (%)
R0 40 (37.7)
R1 58 (54.7)
R2 3 (2.8)
RX 5 (4.9)
Not applicable 2 (−)

aClinical information from 108 of 115 patients was available for the current study
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Recurrent chromosomal rearrangements and fusion genes.
Genomon-Fusion, based on the sequencing of RNA from 101
DDLPS samples, revealed that the long-arm of chromosome 12 was
the most frequent site of intra-and interchromosomal rearrange-
ments, followed by chromosome 1 (Fig. 2a; Supplementary Fig. 4a).
Most of the interchromosomal rearrangements occurred between

chromosome 12 and other chromosomes (Fig. 2a), and the fre-
quency of interchromosomal rearrangements between chromosome
12 and other chromosomes was significantly correlated with that of
intra-chromosomal rearrangements within the other chromosomes
(r= 0.937 and P= 4.97 × 10−11, Pearson’s test), indicating that
instability within chromosome 12 was associated with the frequency
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Fig. 1 Characteristics of the somatic mutations and copy-number alterations in DDLPS. a Frequency of nonsynonymous SNVs and short INDELs identified
by exome sequencing for each DDLPS sample. b Mean mutation frequency per megabase of coding sequence for each autosomal chromosome. Light blue
and orange bars represent the frequency of SNVs and short INDELs, respectively. c 96 substitution classification for DDLPS samples. SNVs were classified
according to six base substitution patterns, C > A, C > G, C > T, T > A, T > C, and T > G, and also based on the identity of the bases immediately 5′ and 3′ to
each mutated base. d Mutation signature analysis for 119 DDLPS samples. The values represent the contribution of each signature (left) and the signature
number (right). e Chromosomal regions with gained (red) and lost (blue) SCNAs identified in 119 DDLPS samples using GISTIC 2.0. The genes in each
region are listed in Supplementary Data 1 and 2.
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of whole chromosomal rearrangements in DDLPS. Genomon-
Fusion identified three recurrently occurring interchromosomal
fusion genes: C15orf7-CBX3, CTDSP1-DNM3OS, and CTDSP2-
DNM3OS (Fig. 2b, c; Supplementary Table 2). As the presence of

C15orf7-CBX3 as a germline mutation has been previously repor-
ted19, we focused on the CTDSP2-DNM3OS and CTDSP1-DNM3OS
(CTDSP1/2-DNM3OS) fusions, which were verified by capillary
sequencing of cDNA from the tumor samples (Fig. 2b, c). We further
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identified several other DNM3OS fusions that had the same break-
point, including CTDSP1/2-DNM3OS and CPM-DNM3OS, in eight
of 101 DDLPS samples (Supplementary Table 3). DNM3OS tran-
scripts were significantly increased in DNM3OS-fusion-positive
DDLPS (Fig. 2d). A gene set enrichment analysis (GSEA) of both
DNM3OS-fusion-positive and -negative samples also showed that the
upregulation of DNM3OS was correlated with the presence of a high
GSEA score (Supplementary Fig. 5a) and the significant enrichment
of cell-cycle-related gene sets, including those associated with the
G2M checkpoint, E2F targets, and mitotic spindles, in positive
samples (Supplementary Fig. 5b), indicating the association of
DNM3OS-fusion genes with cell-cycle regulation. DNM3OS encodes
the MIR199A2-MIR214 cluster20,21; as the expression of MIR214 has
been found to mirror that of DNM3OS during embryonic develop-
ment22, we further analyzed the correlation between DNM3OS and
MIR214. The DNM3OS-fusion genes found in the DDLPS specimens
still contained MIR214 even after their genomic translocation
(Fig. 2b, c). Scatter plots of the expression of DNM3OS and MIR214
in JSGC-NCC and TCGA samples showed significant correlation in
the levels of these transcripts (Fig. 2e, f), indicating that DNM3OS
translocation may cause the induction ofMIR214 expression. Neither
additional 17 WDLPS samples nor 8 well-differentiated components,
obtained from the DDLPS tumor samples, were found to harbor the
DNM3OS fusions; however, other interchromosomal fusion genes
between chromosomes 1 and 12 were detected in nine of the 17
WDLPS cases (Supplementary Fig. 4b), suggesting the possibility that
DNM3OS fusions might serve as specific DDLPS markers to dis-
criminate WDLPS cases with and without dedifferentiation potential.

Association of SCNAs with clinical outcomes. Among the
genomic alterations that were identified in DDLPS during a series
of next-generation sequencing experiments, the alterations that
reoccurred with more than 10% frequency were subjected to
analysis of their associations with clinical outcomes. Log-rank
and univariate Cox-regression analyses revealed that 12 SCNA
regions, including those involving the gain of 1p32.1, 4p16.3,
5p15.33, 6p21.1, 20q12, Xp21.2, and Xq21.2, and the loss of
2q37.3, 9p21.2, 9q34.11, 13q34, and 16q24.3, were identified as
significant predictors of poor progression-free survival (Supple-
mentary Fig. 6a and Supplementary Table 4a). Further multi-
variate Cox-regression analyses that included these 12 SCNAs
identified the high-level gain of 4p16.3 and 6p21.1 and the loss of
9q34.11 as a significant independent predictor of poor
progression-free survival (Supplementary Table 4a). In contrast,
15 SCNAs, including those involving the gain of 1p32.1, 5p15.33,
5q35.3, 19p13.3, 19q12, and Xq21.1 and the loss of 6q27, 9p24.3,
9p21.2, 9q34.11, 11p15.5, 11q24.3, 13q32.3, 13q34, and 18q22.1,
were significantly associated with the disease-specific survival of
patients with DDLPS (Supplementary Fig. 6b and Supplementary
Table 4b); the gain of 1p32.1 was independently associated with
poor disease-specific survival (Supplementary Table 4b).

Mutational landscape of dedifferentiated liposarcoma. The
mutational profiles and genomic alterations that were found to be
associated with DDLPS are summarized in Fig. 3a. As the TCGA
study included DDLPS cases that were defined by 12q13-15
amplifications18, the cluster analysis for DDLPS with the high-
level gain of 12q15 was conducted after the classification of
DDLPS without the high-level gain of 12q15 as Cluster 3. One
SCNA, that involving the gain of 1p32.1, was independently
associated with disease-specific survival and was the basis for
dividing the DDLPS cases into two major clusters: Cluster 1
harbored the high-level gain of 12q15 along with the gain of
1p32.1, while Cluster 2 showed only the gain of 12q15 (Fig. 3a).
Histological examinations, including immunohistochemistry and

FISH, verified the compatibility of Cluster 3 samples with
DDLPS. Among the recurrently mutated genes, mutations or the
copy-number loss of TP53 was found to be accumulated in
Cluster 3, particularly in three of the five DDLPS samples that did
not have the high-level gain of 12q15 (Fig. 3a), indicating that the
disruption of the MDM2/TP53 axis was the most decisive geno-
mic event contributing to DDLPS development. Copy-number
analysis also identified the common genomic features of Cluster
3, including the consistent gain or loss of 157 genes in nine
regions (Supplementary Data 3), some of which were associated
with PI3K-AKT signaling based on the KEGG pathway database.

Association of genomic alterations with clinical prognosis.
Survival analysis after genomic clustering showed favorable
progression-free survival rate in patients with Cluster 2 DDLPS
compared with patients with Cluster 1 using Kaplan–Meier and
univariate Cox-regression analyses (Fig. 3b and Table 2a). The
disease-specific survival in patients with Cluster 2 was also more
favorable than in patients with Cluster 1 (Fig. 3c and Table 2b).
Multivariate Cox-regression analyses showed that Cluster 1
classification (vs Cluster 2) was a significant predictor for poor
progression-free and disease-specific survival, independently of
the surgical margin and primary tumor site (Table 2a, b). Further
multivariate analysis including the SCNA regions independently
associated with progression-free survival (i.e., the high-level gain
of 4p16.3 and 6p21.1, gain of Xq21.1 and loss of 9q34.11) and
significant clinical parameters also demonstrated that these four
SCNA regions are independent predictors of poor progression-
free survival (Supplementary Table 5). As GISTIC analysis
identified 83 significant SCNA regions (Fig. 1e), we further
explored the possibility that additional SCNAs in Cluster 1 or 2
could have affected the clinical prognosis. Within Cluster 1, log-
rank tests showed that nine gained regions (4p16.3, 6p21.1,
6q24.2, 6q24.3, 11q13.3, 19p13.3, 20q12, 20q13.33, and Xq21.1)
and three lost regions (11q24.3, 13q32.3, and 13q34) were sig-
nificantly associated with progression-free survival (Supplemen-
tary Fig. 7a and Supplementary Table 6a); it was also
demonstrated that six gained regions (5q35.3, 14q32.31, 19p13.2,
19p13.3, 20q12, and 20q13.33) and seven lost regions (5q35.1,
6q27, 8q24.3, 10p15.3, 11q24.3, 13q32.3, and 13q34) were sig-
nificantly associated with disease-specific survival (Supplemen-
tary Fig. 7b and Supplementary Table 6b), A multivariate Cox-
regression analysis that included these regions identified the loss
of 13q32.3 as an independent predictor of progression-free sur-
vival. In contrast, an analysis of Cluster 2 DDLPS showed that the
additional high-level gain of 1q24.3, 4p16.3, 6p21.1, and Xq21.1,
and the loss of 9q34.11, 10p15.3, 12q24.33, and Xq22.33 were
associated with poor progression-free survival (Supplementary
Fig. 8a and Supplementary Table 7a) and that the additional gain
of 1q24.3, 5p15.33, 12p13.32, 19q12, Xp21.2, and Xq21.1 and the
additional loss of 1q24.3, 6q27, 9q34.11, and 18q22.1 were asso-
ciated with poor disease-specific survival (Supplementary Fig. 8b
and Supplementary Table 7b). Further multivariate Cox-
regression analysis of Cluster 2 showed that the high-level gain
of 1q24.3, 4p16.3, and Xq21.1, and the loss of 9q34.11, 12q24.33,
and Xp22.33 were independent predictors of progression-free
survival (Supplementary Table 7). To further explore the SCNA-
dependent alterations of gene expression that were associated
with clinical prognosis, we examined the transcript levels of genes
in the SCNA regions. Six genes, JUN, DNM3, DNM3OS, TAF9B,
DGKQ, and STX18, which are located at 1p32.1, 1q24.3, Xq21.1,
and 4p16.3, showed altered expression that was correlated with
the SCNAs in all three cohorts (Supplementary Table 8) and
some of the genes exhibited significant association of high-
expression with poor clinical prognosis (Supplementary Fig. 9);
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this indicated that these genes that contained SCNAs were the
initial drivers of tumor progression in DDLPS.

Comparative analysis between WD and DD components. As we
obtained both intermediate well-differentiated (WD) and high-
grade malignant dedifferentiated (DD) components from eight
DDLPS samples, we compared their genomic profiles in order
to determine the mechanisms underlying the malignant trans-
formation of DD. As expected, DD harbored more somatic
mutations than matched WD in all cases, but shared few somatic
mutations with WD (Fig. 4a; Supplementary Fig. 10a). In con-
trast, WD and DD shared more SCNA regions in common, while
DD harbored more prominent SCNAs as well as additional
SCNA regions when compared with WD (Fig. 4b; Supplementary
Fig. 10b). GISTIC analysis confirmed the results of the com-
parative SCNA analysis, and identified the shared gain of 1q24.3
and 12q14.3-15 and loss of 1p36.33, 15q11.2, and 16p13.3
between DD and WD (Supplementary Fig. 10c, d). Circos plots
showed common recurrent intra- and interchromosomal rear-
rangements at chromosomes 1 and 12 in the DD and WD pairs
(Fig. 4c; Supplementary Fig. 11a), while the heatmap of the
chromosomal rearrangements revealed that the frequency of

rearrangements was increased in DD compared to WD (Sup-
plementary Fig. 11b, c). These results indicated that SCNAs and
chromosomal rearrangements at chromosomes 1 and 12, but not
somatic mutations, were common initial genomic events in both
DD and WD and that additional copy-number alterations or
chromosomal rearrangements were associated with the develop-
ment of DD.

The multidimensional scaling of the RNA expression from six
matched pairs revealed a clustered expression profile for WD but
a relatively scattered expression profile for DD (Fig. 4d). GSEA
revealed that gene sets that were related to cell-cycle progression,
including G2M checkpoint and E2F targets, were significantly
enriched in DD, while those related to adipocyte differentiation or
lipid metabolism, including adipogenesis and fatty acid metabo-
lism, were enriched in WD (Fig. 4e, f; Supplementary Table 9a, b).
We finally performed genome-wide screening analysis to identify
genes that are involved in the malignant transformation of DD.
During the first screening step, we searched for genes with
recurrent SCNAs that are specifically found in DD and identified
133 gained genes in 20 regions and 305 lost genes in 37 regions
(Supplementary Fig. 12). In the second step, we examined the
expression levels of the 438 genes in DD and WD, and identified
27 genes that showed differential expression in accordance with
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the SCNAs (Fig. 4g, h; Supplementary Table 10a, b). Of note, the
expression levels of G0S2 and DGAT2 were remarkably decreased
in DD compared with WD (Supplementary Table 10b), suggest-
ing the involvement of the downregulation of G0S2 and DGAT2
in malignant transformation mediated by copy-number loss
in DDLPS.

Discussion
This study examined the genomic alterations associated with
DDLPS by conducting whole-exome and RNA sequencing of more
than 100 tumor samples. Through a series of analyses, we con-
firmed that the gain of the chromosomal region 12q15, which is
already well-known to be associated with DDLPS, is the most fre-
quent mutation observed in DDLPS; we also identified a number of
DNM3OS-fusion genes. Based on the status of the genomic
alterations, DDLPS could be classified into three groups, and this
genomic classification could predict clinical outcomes. In addition,
the comparative analysis of WD and DD revealed the SCNAs and
chromosomal rearrangements at chromosomes 1 and 12 to be
common initial genomic events and also revealed that the aug-
mentation of the initially gained SCNA regions, the occurrence of
additional SCNA regions, and/or further chromosomal rearrange-
ments are events that are specifically associated with DD.

Previous studies have repeatedly reported the copy-number
gain at 12q13-15 in DDLPS5–10. Most of these studies focused on
the fact that the copy-number gain of specific genes, including
MDM2, HMGA2, and CDK4, were driver genomic alterations7.
The current study also identified the gain of 12q15 as the most
frequent event in DDLPS (Fig. 1e) and notably distinguished
MDM2, CPM, and SLC35E3 as the most consistently and greatly
duplicated genes in this region (Supplementary Fig. 3), indicating
that the simultaneous gain of MDM2, CPM, and SLC35E3 is a
crucial step during the development of DDLPS. This study found
that five of the 115 DDLPS tumors harbored no or low-level
amplification of 12q15. Indeed, it is difficult to diagnose malig-
nant soft-tissue tumors with little or no gain of 12q15 as DDLPS,
but the histological diagnosis of the JSGC patients in Cluster 3
was verified by musculoskeletal pathologists both before and after
the genomic analysis. The evidence that somatic mutations or the
copy-number loss of TP53 were accumulated in Cluster 3
(Fig. 3a) could support the histological diagnosis and suggests the

necessity of the disruption of the MDM2-TP53 axis during the
development of DDLPS.

Some histological types of sarcoma can be characterized by the
presence of specific fusion genes, such as EWSR1-FLI in Ewing’s
sarcoma23, EWSR1-ATF1 or EWSR1-CREB1 in clear cell sar-
coma24, and SS18-SSX1/2 in synovial sarcoma25, all of which
function as drivers of tumor development. FUS-DDIT3 is fre-
quently associated with myxoid liposarcoma26, while no recurrent
fusions have been reported in DDLPS. The current study iden-
tified CTDSP1-DNM3OS and CTDSP2-DNM3OS as recurrent
fusion genes. As CTDSP1 and CTDSP2 encode the C-terminal
domain small phosphatases 1 and 2 and the knock-down of
CTDSP2 in DDLPS cell lines inhibited cell proliferation27, further
analysis is essential to characterize the expression and function of
the fusion protein. However, and more importantly, DDLPS that
contained DNM3OS-fusion genes showed the significant upre-
gulation of DNM3OS (Fig. 2d; Supplementary Fig. 5a) and were
correlated with cell-cycle pathways when compared with those
without fusion genes (Supplementary Fig. 5b). In addition, the
gain of 1q24.3, accompanied by the upregulation of DNM3 and
DNM3OS (Supplementary Table 8), was significantly associated
with poor progression-free survival in Cluster 2 DDLPS (Sup-
plementary Table 7). Because DNM3OS encodes the MIR199A2-
MIR214 cluster20,21, of which MIR214 was maintained in the
DNM3OS-fusion genes (Fig. 2b, c), the fusion genes may be
involved with the induction of MIR214. Indeed, MIR214 and
DNM3OS are consistently expressed during embryonic develop-
ment22, and their expression was highly correlated in DDLPS
(Fig. 2e, f). Several tumor-suppressor genes, including PTEN,
ATM, TP53, and the adipogenic transcription factor PPARD, have
been validated as targets of MIR21420,28. Taken together, these
lines of evidence suggest that the upregulation of DNM3OS
mediated by chromosomal rearrangement could lead to the
proliferation of tumor cells and contribute to DDLPS progression.

Based on a series of genomic analyses, the DDLPS tumors
could be classified into three groups (Fig. 3a). This classification
showed that Cluster 1 DDLPS tumors were associated with
poorer clinical outcomes than Cluster 2 DDLPS tumors (Fig. 3b, c
and Table 2). Cluster 1 was characterized by the gain of 1p32.1,
which contains JUN and other genes, and is comparable with K1
and a portion of the K2 clusters from the TCGA study18. The

Table 2 Cox-regression analysis of progression-free (a) and disease-specific (b) survival with genomic clustering.

Univariate Multivariate

HR (95% CI) P-value HR (95% CI) P-value

(a) Progression-free survival
Primary tumor site

Trunk (vs Extremity)a 5.22 (2.08–13.10) 4.29 × 10−4** 4.29 (1.59–11.58) 4.01 × 10−3**
Surgical margin

(R2, R1, R0) 2.25 (1.33–3.81) 2.52 × 10−3** 1.62 (0.87–3.01) 0.131
Genomic cluster

Cluster 1 (vs 2) 1.82 (1.08–3.04) 0.0234* 2.31 (1.33–4.00) 2.84 × 10−3**
Cluster 3 (vs 2) 0.399 (0.55–2.92) 0.365 1.12 (0.14–8.85) 0.912

(b) Disease-specific survival
Primary tumor site

Trunk (vs Extremity)a 8.14 (1.10–60.06) 0.0397* 5.93 (0.76–46.21) 0.0894
Surgical margin

(R2, R1, R0) 2.70 (1.16–6.26) 0.0207* 2.23 (0.84–5.86) 0.106
Genomic cluster

Cluster 1 (vs 2) 2.86 (1.28–6.39) 0.0104* 3.18 (1.35–7.48) 8.07 × 10−3**
Cluster 3 (vs 2) 1.38 × 10−8 (0–Inf) 0.999 1.55 × 10−7 (0–Inf) 0.998

CI confidence interval, HR hazard ratio
The results are presented for the univariate and multivariate Cox-regression analysis for progression-free and disease-specific survival, using clinical measures and genomic cluster. Kaplan–Meier survival
curves according to the SCNA regions are shown in Fig. 3. *P < 0.05, **P < 0.01
aTrunk includes abdomen, retroperitoneum, chest wall, and back, and extremity includes extremity, shoulder, and girdle
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current and previous studies also showed the upregulation of JUN
was correlated with the gain in its copy number (Supplementary
Table 8)18. Because JUN amplification blocks adipogenesis11 and
is oncogenic in liposarcomas13, the upregulation of JUN that
occurs as a result of 1p32.1 gain may play a pivotal role in DDLPS

progression18,29. Prognostic nomograms, that provide survival
predictions for sarcoma patients has been established30,31. Geno-
mic clustering was shown to be an independent prognostic factor
of the clinical parameters; primary tumor site and surgical margin
(Table 2), and further multivariate Cox-regression analysis,
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including majority of MSKCC-nomogram clinical parameters; age,
gender, surgical margin, primary site, and tumor size30, showed
significant association of the genomic clustering with progression-
free and disease-specific survivals (Supplementary Table 11). Such
clinical models can more precisely predict prognosis by con-
sidering the relevant genomic clustering information in addition
to the clinical parameters. The results of a previous CNA assay
combined with a comparative genomic hybridization (CGH) array
on 52 DDLPS samples showed that the loss of 11q23–24 was the
most common mutational event in DDLPS, and that the loss of
19q13 was associated with poor prognosis6. The current study also
identified 11q24.2 and 19q13.43 as recurrent SCNAs (frequency of
40.3% and 26.1%, respectively), but failed to show the association
of 11q24.2 or 19q13.43 with clinical outcomes. We also identified
the genes, whose expression level was dependently modulated on
the prognostic SCNAs (Supplementary Table 8). These recurrent
SCNAs and genes can be the potent prognostic marker, though
further validation analysis, using other cohort samples, is required
for the clinical application.

The comparative analysis of the genomic alterations in WD
and DD from the same tumor tissue identified frequent SCNAs
and chromosomal arrangements, especially in chromosomes 12
and 1, but few common somatic mutations (Fig. 4a–c; Sup-
plementary Figs. 10, 11). This evidence supports the influence
of two important factors that contribute to the mechanisms
underlying the development of DDLPS. First, SCNAs, especially
at 1q24.3 and 12q14.3-15, and concurrent inter- and intra-
chromosomal rearrangements in chromosomes 1 and 12, but
not somatic mutations, were initial occurrences that were
shared during the development of these types of tumors. Sec-
ond, the augmentation of the common SCNAs and the emer-
gence of additional SCNAs and chromosomal rearrangements
in chromosome 12, both of which did not occur in WD, may
cause the malignant transformation of DD. Previous com-
parative analysis between DDLPS and WDLPS identified the
loss of 11q23 and the amplification of 6q23 and 1p32 as
genomic abnormalities specific to DDLPS6,11. This study
identified these SCNAs as recurrently affected regions in both
DD and WD. This discrepancy might be caused by the differing
backgrounds of the WD components in DDLPS and WDLPS.
Indeed, the current fusion analysis identified DNM3OS fusions
only in DDLPS and not in WDLPS, and a previous microarray-
based transcriptome analysis showed a distinct gene expression
pattern in WD from DDLPS versus that from WDLPS32.
Another previous CGH array that compared pairs of WD and
DD components from DDLPS tumors failed to identify any
SCNAs that were able to significantly distinguish the two types
of components33. Further comparative analysis using next-
generation sequencing may discriminate the genomic profiles of
WD in DDLPS from those of WDLPS and provide important
information for use in establishing a treatment strategy for
these tumors.

This study identified 27 genes that were specifically gained or
lost in DD, but not in WD, and were differentially expressed in
accordance with the alteration in their copy number (Fig. 4g, h;
Supplementary Table 10a, b). Of the 27 genes, G0S2 (G0/G1
Switch 2) and DGAT2 (diacylglycerol O-acyltransferase 2) were
highly expressed in WD, with a mean FPKM of ~1200 and 70,
respectively, but were remarkably suppressed in DD at a level of
approximately 95% (Supplementary Table 10b). As G0S2 reg-
ulates lipid metabolism and promotes apoptosis by binding to
BCL234–36, and DGAT2 plays an important role in triacylglycerol
biosynthesis and fat digestion and absorption37, the copy-number
loss and concomitant downregulation of G0S2 and DGAT2 most
likely strongly induced the dedifferentiation and malignant
transformation of adipogenic cells.

Overall, the genomic alterations that occur during the pro-
gression of DDLPS can be summarized as follows (Fig. 5): The
common genomic alterations in the DD and WD components,
including the gain of 12q15 (containing MDM2, CPM, and
SLC35E3), arise during the initiation step of DDLPS and lead to
the impairment of P53 and chromosomal instability. During the
second step of the malignant transformation, some of the tumor
clones undergo further augmentation of the initial SCNAs and
gain additional SCNAs and chromosomal rearrangements,
including the DNM3OS-fusion genes and the loss of G0S2 and
DGAT2, which contribute to the cell-cycle progression and
impairment of adipogenesis. Finally, additional SCNAs, including
the gain of 1p32.1, 1q24.3, 4p16.3, and Xq21.1 and the loss of
9q34.11, 12q24.33, 13q32.3, and Xp22.33, occur, which were
found to be involved in tumor progression and are associated
with poor clinical outcomes.

In conclusion, this study revealed the genomic characteristics of
DDLPS using comprehensive genomic analysis of more than 100
tumor samples and revealed the genomic clustering of DDLPS
tumors, which can be used to predict the prognosis of DDLPS
patients. These findings will shed light on the underlying
mechanisms of DDLPS development and progression and provide
insights that can contribute to the refinement of DDLPS therapy.

Methods
Patients and tumor samples. We collected matched pairs of frozen normal and
tumor samples from 65 patients (28 in JSGC-IMSUT and 37 in JSGC-NCC) with
dedifferentiated liposarcoma (DDLPS). We also obtained WD components from 8
of the 65 DDLPS samples. We used blood, skin, or adipose tissue as the germline
control samples. All of the samples collected from JSGC-IMSUT were transferred
to a core analytic facility after anonymization at each hospital. Other samples that
were collected from JSGC-NCC were prepared for next-generation sequencing at
the National Cancer Center Research Institute. The frozen tumor samples from
JSGC-IMSUT were sectioned for histological evaluation (Supplementary Fig. 13)
and extraction of DNA and RNA. Histological data from the frozen and formalin-
fixed paraffin-embedded tumor samples, which had been prepared for clinical
diagnosis, were evaluated by musculoskeletal pathologists to confirm the diagnosis
and validity of the tumors and also to examine the content of the tumor cells. The
present protocols were reviewed and approved by the Ethics Committees of all
participating institutions, including the Institute of Medical Science, the University
of Tokyo, the National Cancer Center, Japan, Tokyo Metropolitan Cancer and
Infectious Diseases Center Komagome Hospital, Kyushu University, Osaka Inter-
national Cancer Institute, Chiba Cancer Center, Nagoya University Graduate
School of Medicine, Kanagawa Cancer Center, National Hospital Organization
Hokkaido Cancer Center, and RIKEN Center for Integrative Medical Sciences. All
of the participants were enrolled and anonymised after approval by the institu-
tional review board. We obtained written informed consent from all participants,
except for those we could not contact due to loss of follow-up or death at regis-
tration. In these cases, the Institutional Review Boards at each participating
institution granted permission for existing tissue samples to be used for research
purposes. In addition, the Institutional Review Board of the Institute of Medical
Science, University of Tokyo provided permission for the fully anonymised genetic
data to be shared (protocol numbers 26-22-0630 and 30-78-B0305). None of the
samples used in this study came from patients who had opted out of participation.

Whole-exome sequencing. The whole-exome sequencing of the 65 DD and 8 WD
components as well as 65 matched germline samples was performed using target
capture with Agilent SureSelect XT Human All Exon V5+ IncRNA (Agilent, 5190-
6448) in JSGC-IMSUT and with Agilent SureSelect XT Human All Exon V5
(Agilent, 5190-6210) in JSGC-NCC. The raw sequence data generated by the
Illumina HiSeq2000 or HiSeq2500 sequencers were processed through an in-house
pipeline used for the whole-exome analysis of paired cancer genomes at the Human
Genome Center, Institute of Medical Science, University of Tokyo.

We also obtained FASTQ sequence data for 50 DDLPS cases from TCGA,
which were merged with our sequence data and subjected to the following analyses.

Analysis of somatic mutations. For our sequencing data, FASTQ files were
generated by CASAVA 2.0. Candidate somatic mutations were identified using the
Genomon pipeline [https://github.com/Genomon-Project/genomon-docs/tree/
v2.0]. The human reference file that was used is GRCh37/hg19. The candidate
mutations in a tumor sample were identified using the following criteria: (i)
Fisher’s exact P ≤ 0.01; (ii) ≥ 5 variant reads in the tumor sample; (iii) variant allele
frequency (VAF) in the tumor sample ≥ 0.08; and (iv) VAF of the matched normal
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sample < 0.07, with the exclusion of synonymous SNVs and known variants listed
in NCBI dbSNP build 131.

Analysis of somatic copy-number alterations. Copy-number aberrations were
quantified and reported for each bed size as the segmented, normalized, log2-
transformed exon coverage ratio between each tumor sample and its matched
normal sample. Significant focal copy-number alterations were identified using
GISTIC2 (v 2.0.22)38 [http://www.mmnt.net/db/0/0/ftp-genome.wi.mit.edu/
distribution/GISTIC2.0].

Mutational signature. We used MutationalPatterns39 to compare our mutational
catalog to the previously identified COSMIC mutational signatures40 [https://
cancer.sanger.ac.uk/cosmic/signatures_v2].

RNA sequencing. In JSGC-IMSUT, the total RNA was extracted from frozen
tumor tissues using the Qiazol reagent (Qiagen) and was purified using a RNeasy
Plus Universal Mini kit (Qiagen) with DNase I digestion, according to the man-
ufacturer’s instructions. The RNA integrity was verified using an Agilent 2100
Bioanalyzer with RNA Nano reagents (Agilent Technologies). High-quality RNA
from15 DD and 6 WD samples was subjected to polyA+ selection and chemical
fragmentation, and the 100-200-bp RNA fraction was used to construct cDNA
libraries using the TruSeq Stranded mRNA Prep kit (Illumina) according to the
manufacturer’s protocol. For the RNA-seq of low-quality RNAs from 4 DD sam-
ples and one WD sample, libraries were constructed from the total RNA using the
TruSeq RNA Access Library Prep kit (illumina), which captured the coding regions
of the transcriptome. In JSGC-NCC, the total RNA was extracted from 32 DDLPS
and 17 WDLPS samples using ISOGEN reagent (Nippon Gene), and was purified
using an RNeasy MinElute Cleanup kit (Qiagen). Libraries were constructed from
total RNA using the TruSeq Stranded Total RNA with Ribo-Zero Gold kit (illu-
mina). These paired-end libraries were sequenced with the Illumina HiSeq2000 or
HiSeq2500 platform.

Analysis of fusion genes. The fusion transcripts were detected using Genomon
(ver.2.2 [https://github.com/Genomon-Project/genomon-docs/tree/v2.2.com/
Genomon-Project/genomon-docs/tree/v2.2]) and further filtered by excluding
candidates that (i) were mapped to repetitive regions, (ii) had <3 spanning reads,

(iii) occurred out of frame, or (iv) had junctions that were not located at known
exon–intron boundaries.

Analysis of gene expression. Gene expression values were estimated from the
RNA-seq data from the tumor samples using Tophat241 (Tophat 2 v2.1.0 [http://
ccb.jhu.edu/software/tophat/downloads/tophat-2.1.0.tar.gz]) and Cufflinks42 (cuf-
flinks v. 2.2.1 [http://cole-trapnell-lab.github.io/cufflinks/releases/v2.2.1/]). The
paired-end transcriptome sequencing reads were aligned to the human reference
genome (GRCh37/hg19) in Tophat2. BAM files named accepted_hits.bam, which
were generated by the Tophat mapping module, were used to quantify the
expression data using Cufflinks. Each gene expression dataset, derived from a
different RNA library kit, was analyzed separately, as the RNA library kits each
produced different expression profile clusters. A GSEA to identify gene sets enri-
ched with DNM3OS-fusion-positive samples or DD components was performed
using the JAVA GSEA v3.0 program43. Quantitative RT-PCR was performed twice
to examine the MIR214 expression level in 29 JSGC-NCC samples. Each experi-
ment was conducted in triplicate and the MIR214 expression levels were calculated
by normalization to RNU48. The mean of the results of two experimental was used
for further correlation analysis.

Statistical analysis for clinical variants. We obtained clinical information,
including sex, age at diagnosis, primary tumor site, tumor size, modality of local
treatment, and surgical margin, from 112 of 119 participants (Table 1). The mean
follow-up duration for the 112 patients with DDLPS was 3.61 years, with a total of
401 person-years. Clinical factors, including age at initial presentation, sex, tumor size
(10 cm or more vs less than 10 cm), primary site (retroperitoneum, abdomen or chest
wall vs extremity), surgical margin status, metastasis status at presentation, and
genomic status were analyzed for their association with progression-free and overall
survival using the Cox proportional hazards regression model and Kaplan–Meier
statistics. Log-rank tests determined the univariate significance of a factor. Factors
found to be significant in a univariate analysis were included in a multivariate Cox
proportional hazards regression model. The hazard ratio (HR) and 95% CI were used
to report the magnitude of the differences and the strength of the association.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.
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Fig. 5 Scheme of genomic events during DDLPS progression.
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Data availability
Sequencing FASTQ data files from exome and RNA sequencing have been deposited at
the Japanese Genotype-phenotype Archive (JGA), which is hosted by the DDBJ, under
accession number JGAS00000000177 and JGAS00000000182. Other data sets referenced
during the study are available from the Genomic Data Commons [https://gdc.cancer.gov/].
All the other data supporting the findings of this study are available within the article and
its Supplementary Information files and from the corresponding author upon reasonable
request. A reporting summary for this article is available as a Supplementary
Information file.

Received: 5 September 2018; Accepted: 28 October 2019;

References
1. Tamaki, T. et al. The burden of rare cancer in Japan: application of the

RARECARE definition. Cancer Epidemiol. 38, 490–495 (2014).
2. Gatta, G. et al. Rare cancers are not so rare: the rare cancer burden in Europe.

Eur. J. Cancer 47, 2493–2511 (2011).
3. Weiss, S. W. & Rao, V. K. Well-differentiated liposarcoma (atypical lipoma) of

deep soft tissue of the extremities, retroperitoneum, and miscellaneous sites. A
follow-up study of 92 cases with analysis of the incidence of
“dedifferentiation”. Am. J. Surg. Pathol. 16, 1051–1058 (1992).

4. Thway, K. et al. Dedifferentiated liposarcoma: updates on morphology,
genetics, and therapeutic strategies. Adv. Anat. Pathol. 23, 30–40 (2016).

5. Asano, N. et al. Frequent amplification of receptor tyrosine kinase genes in
welldifferentiated/dedifferentiated liposarcoma. Oncotarget 8, 12941–12952
(2017).

6. Crago, A. M. et al. Copy number losses define subgroups of dedifferentiated
liposarcoma with poor prognosis and genomic instability. Clin. Cancer Res. 18,
1334–1340 (2012).

7. Crago, A. M. & Singer, S. Clinical and molecular approaches to well
differentiated and dedifferentiated liposarcoma. Curr. Opin. Oncol. 23,
373–378 (2011).

8. Louis-Brennetot, C. et al. The CDKN2A/CDKN2B/CDK4/CCND1 pathway is
pivotal in well-differentiated and dedifferentiated liposarcoma oncogenesis: an
analysis of 104 tumors. Genes Chromosomes Cancer 50, 896–907 (2011).

9. Kanojia, D. et al. Genomic landscape of liposarcoma. Oncotarget 6,
42429–42444 (2015).

10. Egan, J. B. et al. Whole genome analyses of a well-differentiated liposarcoma
reveals novel SYT1 and DDR2 rearrangements. PLoS ONE 9, e87113 (2014).

11. Mariani, O. et al. JUN oncogene amplification and overexpression block
adipocytic differentiation in highly aggressive sarcomas. Cancer Cell 11,
361–374 (2007).

12. Erickson-Johnson, M. R. et al. Carboxypeptidase M: a biomarker for the
discrimination of well-differentiated liposarcoma from lipoma. Mod. Pathol.
22, 1541–1547 (2009).

13. Snyder, E. L. et al. c-Jun amplification and overexpression are oncogenic in
liposarcoma but not always sufficient to inhibit the adipocytic differentiation
programme. J. Pathol. 218, 292–300 (2009).

14. Italiano, A. et al. Clinical and biological significance of CDK4 amplification in
well-differentiated and dedifferentiated liposarcomas. Clin. Cancer Res. 15,
5696–5703 (2009).

15. Tap, W. D. et al. Evaluation of well-differentiated/de-differentiated
liposarcomas by high-resolution oligonucleotide array-based comparative
genomic hybridization. Genes Chromosomes Cancer 50, 95–112 (2011).

16. Italiano, A. et al. HMGA2 is the partner of MDM2 in well-differentiated and
dedifferentiated liposarcomas whereas CDK4 belongs to a distinct inconsistent
amplicon. Int. J. Cancer 122, 2233–2241 (2008).

17. Cantile, M. et al. Hyperexpression of HOXC13, located in the 12q13
chromosomal region, in welldifferentiated and dedifferentiated human
liposarcomas. Oncol. Rep. 30, 2579–2586 (2013).

18. Cancer Genome Atlas Research Network. Comprehensive and integrated
genomic characterization of adult soft tissue sarcomas. Cell 171, 950–965 e28
(2017).

19. Schrider, D. R. et al. Gene copy-number polymorphism caused by
retrotransposition in humans. PLoS Genet. 9, e1003242 (2013).

20. el Azzouzi, H. et al. The hypoxia-inducible microRNA cluster miR-199a
approximately 214 targets myocardial PPARdelta and impairs mitochondrial
fatty acid oxidation. Cell Metab. 18, 341–354 (2013).

21. Qin, Y. et al. Deep-sequencing analysis reveals that the miR-199a2/214 cluster
within DNM3os represents the vast majority of aberrantly expressed
microRNAs in Sezary syndrome. J. Invest. Dermatol. 132, 1520–1522 (2012).

22. Lee, Y. B. et al. Twist-1 regulates the miR-199a/214 cluster during
development. Nucleic Acids Res. 37, 123–128 (2009).

23. May, W. A. et al. The Ewing’s sarcoma EWS/FLI-1 fusion gene encodes a
more potent transcriptional activator and is a more powerful transforming
gene than FLI-1. Mol. Cell Biol. 13, 7393–7398 (1993).

24. Wang, W. L. et al. Detection and characterization of EWSR1/ATF1 and
EWSR1/CREB1 chimeric transcripts in clear cell sarcoma (melanoma of soft
parts). Mod. Pathol. 22, 1201–1209 (2009).

25. Ladanyi, M. Fusions of the SYT and SSX genes in synovial sarcoma. Oncogene
20, 5755–5762 (2001).

26. Crozat, A., Aman, P., Mandahl, N. & Ron, D. Fusion of CHOP to a novel
RNA-binding protein in human myxoid liposarcoma. Nature 363, 640–644
(1993).

27. Barretina, J. et al. Subtype-specific genomic alterations define new targets for
soft-tissue sarcoma therapy. Nat. Genet. 42, 715–721 (2010).

28. Penna, E., Orso, F. & Taverna, D. miR-214 as a key hub that controls cancer
networks: small player, multiple functions. J. Invest. Dermatol. 135, 960–969
(2015).

29. Saada-Bouzid, E. et al. Prognostic value of HMGA2, CDK4, and JUN
amplification in well-differentiated and dedifferentiated liposarcomas. Mod.
Pathol. 28, 1404–1414 (2015).

30. Dalal, K. M., Kattan, M. W., Antonescu, C. R., Brennan, M. F. & Singer, S.
Subtype specific prognostic nomogram for patients with primary
liposarcoma of the retroperitoneum, extremity, or trunk. Ann. Surg. 244,
381–391 (2006).

31. Pasquali, S. et al. High-risk soft tissue sarcomas treated with perioperative
chemotherapy: improving prognostic classification in a randomised clinical
trial. Eur. J. Cancer 93, 28–36 (2018).

32. Shimoji, T. et al. Clinico-molecular study of dedifferentiation in well-
differentiated liposarcoma. Biochem. Biophys. Res. Commun. 314, 1133–1140
(2004).

33. Horvai, A. E., DeVries, S., Roy, R., O’Donnell, R. J. & Waldman, F. Similarity
in genetic alterations between paired well-differentiated and dedifferentiated
components of dedifferentiated liposarcoma. Mod. Pathol. 22, 1477–1488
(2009).

34. Heckmann, B. L., Zhang, X., Xie, X. & Liu, J. The G0/G1 switch gene 2 (G0S2):
regulating metabolism and beyond. Biochim. Biophys. Acta 1831, 276–281
(2013).

35. Welch, C. et al. Identification of a protein, G0S2, that lacks Bcl-2 homology
domains and interacts with and antagonizes Bcl-2. Cancer Res. 69, 6782–6789
(2009).

36. Yang, X. et al. The G(0)/G(1) switch gene 2 regulates adipose lipolysis through
association with adipose triglyceride lipase. Cell Metab. 11, 194–205 (2010).

37. Liu, Q., Siloto, R. M., Lehner, R., Stone, S. J. & Weselake, R. J. Acyl-CoA:
diacylglycerol acyltransferase: molecular biology, biochemistry and
biotechnology. Prog. Lipid Res. 51, 350–377 (2012).

38. Mermel, C. H. et al. GISTIC2.0 facilitates sensitive and confident localization
of the targets of focal somatic copy-number alteration in human cancers.
Genome Biol. 12, R41 (2011).

39. Blokzijl, F., Janssen, R., van Boxtel, R. & Cuppen, E. MutationalPatterns:
comprehensive genome-wide analysis of mutational processes. Genome Med.
10, 33 (2018).

40. Alexandrov, L. B. et al. Clock-like mutational processes in human somatic
cells. Nat. Genet. 47, 1402–1407 (2015).

41. Kim, D. & Salzberg, S. L. TopHat-Fusion: an algorithm for discovery of novel
fusion transcripts. Genome Biol. 12, R72 (2011).

42. Trapnell, C. et al. Differential gene and transcript expression analysis of
RNA-seq experiments with TopHat and Cufflinks. Nat. Protoc. 7, 562–578
(2012).

43. Subramanian, A., Kuehn, H., Gould, J., Tamayo, P. & Mesirov, J. P. GSEA-P: a
desktop application for gene set enrichment analysis. Bioinformatics 23,
3251–3253 (2007).

Acknowledgements
We express our gratitude to all the participants and collaborators in the Japan Sarcoma
Genome Consortium. We thank Satoyo Oda and Akane Sei for their technical and
administrative support. We also thank Dr. Nobuyuki Hashimoto and Dr. Nobuto Araki
for supporting the sample collection in Osaka International Cancer Institute. This study
was supported by KAKENHI (16H02676) of Japan Society of Promotion of Science; by
the Project for Development of Innovative Research on Cancer Therapeutics (P-
DIRECT) from Japan Agency for Medical Research and Development (AMED)
(15cm0106141h0002 and 15cm0106142h0002); by the Project for Cancer Research and
Therapeutic Evolution (P-CREATE) from AMED (16cm0106520h0001 and
18cm0106535h0001); by Grants-in-Aid for Practical Research for Innovative Cancer
Control from AMED (16ck0106089h003 and 18cm0106535h0001); by National Cancer
Center Research and Development Funds (26-A-1 and 26-A-3), and by the Takeda
Science Foundation. The super-computing resource was provided by Human Genome
Center, the Institute of Medical Science, the University of Tokyo.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-13286-z ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:5683 | https://doi.org/10.1038/s41467-019-13286-z | www.nature.com/naturecommunications 11

http://trace.ddbj.nig.ac.jp/jga
https://gdc.cancer.gov/
www.nature.com/naturecommunications
www.nature.com/naturecommunications


Author contributions
A.K., A.Y., E.K., H.F., H.H., H.K., M.K., N.N., S. Iwata, T.G., T.H., Y.I., and Y.N. provided
samples and clinical data. H.I., M.H., M.S., N.A., S. Mitani, and Y.T. performed sample
acquisition and processing for sequence. A.Y., D.M., T.M., and Y.O. performed patho-
logical review. H.I., H.N., M.F., M.S., N.A., S. Mitani, and T.S. performed sequence
analysis. K.K., R.Y., S. Imoto, and S. Miyano coordinated data acquisition from TCGA.
H.N., K.K., M.F., R.Y., S. Imoto, and S. Miyano performed bioinformatics analyses. H.I.,
K.K., K.M., M.H., N.A., and R.Y. directed the research and wrote the paper, with con-
tributions from A.K., H.N., M.F., R.N., S. Imoto, S. Miyano, T.K., and T.M.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-13286-z.

Correspondence and requests for materials should be addressed to R.Y., H.I. or K.M.

Peer review information Nature Communications thanks Janet Shipley and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

Makoto Hirata 1,28, Naofumi Asano2,3,28, Kotoe Katayama4,28, Akihiko Yoshida 5, Yusuke Tsuda1,6,

Masaya Sekimizu7, Sachiyo Mitani7, Eisuke Kobayashi8, Motokiyo Komiyama9, Hiroyuki Fujimoto9,

Takahiro Goto10, Yukihide Iwamoto11,12, Norifumi Naka13, Shintaro Iwata8,14, Yoshihiro Nishida15, Toru Hiruma16,

Hiroaki Hiraga17, Hirotaka Kawano6,18, Toru Motoi19, Yoshinao Oda20, Daisuke Matsubara21, Masashi Fujita 22,

Tatsuhiro Shibata23, Hidewaki Nakagawa22, Robert Nakayama3, Tadashi Kondo2, Seiya Imoto 24,

Satoru Miyano25, Akira Kawai8, Rui Yamaguchi25,29, Hitoshi Ichikawa 7,26,29 & Koichi Matsuda 27,29

1Laboratory of Genome Technology, Institute of Medical Science, University of Tokyo, Tokyo 108-8639, Japan. 2Division of Rare Cancer Research,
National Cancer Center Research Institute, Tokyo 104-0045, Japan. 3Department of Orthopaedic Surgery, Keio University School of Medicine,
Tokyo 160-8582, Japan. 4Laboratory of Sequence Analysis, Institute of Medical Science, University of Tokyo, Tokyo 108-8639, Japan. 5Department
of Pathology and Clinical Laboratory, National Cancer Center Hospital, Tokyo 104-0045, Japan. 6Department of Orthopaedic Surgery, Faculty of
Medicine, University of Tokyo, Tokyo 113-8654, Japan. 7Department of Clinical Genomics, National Cancer Center Research Institute, Tokyo 104-
0045, Japan. 8Department of Musculoskeletal Oncology, National Cancer Center Hospital, Tokyo 104-0045, Japan. 9Department of Urology,
National Cancer Center Hospital, Tokyo 104-0045, Japan. 10Department of Orthopaedic Surgery and Musculoskeletal Oncology, Tokyo
Metropolitan Cancer and Infectious Diseases Center Komagome Hospital, Tokyo 113-8677, Japan. 11Department of Orthopaedic Surgery, Graduate
School of Medical Sciences, Kyushu University, Fukuoka 812-8582, Japan. 12Kyushu Rosai Hospital, Kitakyushu 800-0296, Japan. 13Musculoskeletal
Oncology Service, Osaka International Cancer Institute, Osaka 541-8567, Japan. 14Division of Orthopaedic Surgery, Chiba Cancer Center, Chiba
260-8717, Japan. 15Department of Rehabilitation Medicine, Nagoya University Graduate School of Medicine, Nagoya 464-8601, Japan.
16Department of Orthopaedic Surgery, Kanagawa Cancer Center, Yokohama 241-8515, Japan. 17Department of Musculoskeletal Oncology, National
Hospital Organization Hokkaido Cancer Center, Sapporo 003-0804, Japan. 18Department of Orthopaedic Surgery, Teikyo University School of
Medicine, Tokyo 173-8606, Japan. 19Department of Pathology, Tokyo Metropolitan Cancer and Infectious Diseases Center Komagome Hospital,
Tokyo 113-8677, Japan. 20Department of Anatomic Pathology, Graduate School of Medical Sciences, Kyushu University, Fukuoka 812-8582, Japan.
21Division of Integrative Pathology, Jichi Medical University, Shimotsuke 329-0498, Japan. 22Laboratory for Cancer Genomics, RIKEN Center for
Integrative Medical Sciences, Yokohama 230-0045, Japan. 23Laboratory of Molecular Medicine, Institiute of Medical Science, University of Tokyo,
Tokyo 108-8639, Japan. 24Division of Health Medical Data Science, Institute of Medical Science, University of Tokyo, Tokyo 108-8639, Japan.
25Laboratory of DNA Information Analysis, Institute of Medical Science, University of Tokyo, Tokyo 108-8639, Japan. 26Division of Translational
Genomics, National Cancer Center-Exploratory Oncology Research & Clinical Trial Center, Tokyo 104-0045, Japan. 27Laboratory of Clinical
Genome Sequencing, Graduate School of Frontier Sciences, University of Tokyo, Tokyo 108-8639, Japan. 28These authors contributed equally:
Makoto Hirata, Naofumi Asano, Kotoe Katayama. 29These authors jointly supervised this work: Rui Yamaguchi, Hitoshi Ichikawa, Koichi Matsuda.
*email: ruiy@ims.u-tokyo.ac.jp; hichikaw@ncc.go.jp; kmatsuda@edu.k.u-tokyo.ac.jp

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-13286-z

12 NATURE COMMUNICATIONS |         (2019) 10:5683 | https://doi.org/10.1038/s41467-019-13286-z | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-019-13286-z
https://doi.org/10.1038/s41467-019-13286-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-9994-9958
http://orcid.org/0000-0002-9994-9958
http://orcid.org/0000-0002-9994-9958
http://orcid.org/0000-0002-9994-9958
http://orcid.org/0000-0002-9994-9958
http://orcid.org/0000-0002-3373-0099
http://orcid.org/0000-0002-3373-0099
http://orcid.org/0000-0002-3373-0099
http://orcid.org/0000-0002-3373-0099
http://orcid.org/0000-0002-3373-0099
http://orcid.org/0000-0002-1457-6233
http://orcid.org/0000-0002-1457-6233
http://orcid.org/0000-0002-1457-6233
http://orcid.org/0000-0002-1457-6233
http://orcid.org/0000-0002-1457-6233
http://orcid.org/0000-0002-2989-308X
http://orcid.org/0000-0002-2989-308X
http://orcid.org/0000-0002-2989-308X
http://orcid.org/0000-0002-2989-308X
http://orcid.org/0000-0002-2989-308X
http://orcid.org/0000-0003-0142-2240
http://orcid.org/0000-0003-0142-2240
http://orcid.org/0000-0003-0142-2240
http://orcid.org/0000-0003-0142-2240
http://orcid.org/0000-0003-0142-2240
http://orcid.org/0000-0001-7292-2686
http://orcid.org/0000-0001-7292-2686
http://orcid.org/0000-0001-7292-2686
http://orcid.org/0000-0001-7292-2686
http://orcid.org/0000-0001-7292-2686
mailto:ruiy@ims.u-tokyo.ac.jp
mailto:hichikaw@ncc.go.jp
mailto:kmatsuda@edu.k.u-tokyo.ac.jp
www.nature.com/naturecommunications

	Integrated exome and RNA sequencing of�dedifferentiated liposarcoma
	Results
	Clinical characteristics of the subjects
	Somatic mutations and copy-number alterations
	Recurrent chromosomal rearrangements and fusion genes
	Association of SCNAs with clinical outcomes
	Mutational landscape of dedifferentiated liposarcoma
	Association of genomic alterations with clinical prognosis
	Comparative analysis between WD and DD components

	Discussion
	Methods
	Patients and tumor samples
	Whole-exome sequencing
	Analysis of somatic mutations
	Analysis of somatic copy-number alterations
	Mutational signature
	RNA sequencing
	Analysis of fusion genes
	Analysis of gene expression
	Statistical analysis for clinical variants
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




