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AbstractWell-differentiated (WD) liposarcoma is a low-grademesenchymal tumor with fea-
tures of mature adipocytes and high propensity for local recurrence. Often, WD patients
present with or later progress to a higher-grade nonlipogenic form known as dedifferenti-
ated (DD) liposarcoma. These DD tumors behave more aggressively and can metastasize.
Both WD and DD liposarcomas harbor neochromosomes formed from amplifications and
rearrangements of Chr 12q that encode oncogenes (MDM2, CDK4, and YEATS2) and adi-
pocytic differentiation factors (HMGA2 and CPM). However, genomic changes associated
with progression from WD to DD have not been well-defined. Therefore, we selected pa-
tients with matched WD and DD tumors for extensive genomic profiling in order to under-
stand their clonal relationships and to delineate any defining alterations for each entity.
Exome and transcriptomic sequencing was performed for 17 patients with both WD and
DD diagnoses. Somatic point and copy-number alterations were integrated with transcrip-
tional analyses to determine subtype-associated genomic features and pathways. The re-
sults were, on average, that only 8.3% of somatic mutations in WD liposarcoma were
shared with their cognate DD component. DD tumors had higher numbers of somatic
copy-number losses, amplifications involving Chr 12q, and fusion transcripts than WD
tumors. HMGA2 and CPM rearrangements occur more frequently in DD components.
The shared somatic mutations indicate a clonal origin for matched WD and DD tumors
and show early divergence with ongoing genomic instability due to continual generation
and selection of neochromosomes. Stochastic generation and subsequent expression of
fusion transcripts from the neochromosome that involve adipogenesis genes such as
HMGA2 and CPM may influence the differentiation state of the subsequent tumor.
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INTRODUCTION

Sarcomas are malignancies showing mesenchymal differentiation that have been classified
into more than 70 histological subtypes (Taylor et al. 2011a; Fletcher 2013). They are gener-
ally grouped according to the tissue or cell type that they most resemble. The liposarcoma
subtypes are tumors with varying degrees of adipocytic differentiation. These are catego-
rized into four main groups: well-differentiated (WD), dedifferentiated (DD), myxoid, and
pleomorphic (Taylor et al. 2011a; Fletcher 2013). Myxoid liposarcomas are characterized
by a disease-defining translocation DDIT3 with FUS or EWSR1, whereas pleomorphic lipo-
sarcomas show complex karyotypes, often alongside TP53 mutations (Knight et al. 1995;
Hosaka et al. 2002; Mariño-Enríquez et al. 2014). The most common forms are the WD
and DD liposarcomas (Fletcher et al. 2002). These are intimately related in that DD liposar-
coma arises in the context of WD liposarcoma (Lahat et al. 2008). The differences in overall
histology and behavior of these tumors are striking (Fletcher et al. 2002; Bill et al. 2016). WD
liposarcoma is a low-grade tumor expressing markers of mature adipocytes with a high pro-
pensity for local recurrence (Laurino et al. 2001). SomeWD tumors exhibit, either de novo or
later progress to, a higher-grade, more aggressive, typically nonlipogenic form that can me-
tastasize (Henricks et al. 1997). This tumor is termed “dedifferentiated” liposarcoma. DD li-
posarcoma patients have poorer survival, have a higher mitotic index, and are more likely to
experience metastasis (Dalal et al. 2006; Mussi et al. 2008).

Molecular characterizations using independent WD and DD tumors have shown similar
profiles. There are no obvious differences in the somatic mutation landscapes between
WD and DD liposarcomas as determined by targeted sequencing for which subtype-specific
therapy can be specified (Kanojia et al. 2015). In addition, both of these tumors harbor ampli-
fied segments fromChr 12q that form the basis of ring or rod neochromosomes, the origins of
which are unknown (Pedeutour et al. 1999; Garsed et al. 2014). Often, fragments from addi-
tional chromosomesbecome incorporated into these neochromosomes, resulting inmultiple
genomic rearrangements involving Chr 12q and other chromosomal regions. Breakage-
fusion-bridge cycles mediate amplification of Chr 12q, whichmay generate the striking num-
ber of structural rearrangements and amplified oncogenes that were observed in two DD
liposarcoma tumor samples using whole-genome sequencing (Taylor et al. 2011b) and the
lack of continuity in the amplified Chr 12q regions in WD/DD liposarcomas as seen by
FISH analysis (Italiano et al. 2008). The high copy oncogenes from Chr 12q include MDM2,
CDK4, HMGA2, and YEATS2, which drive tumorigenesis (Papenfuss and Thomas 2015).
However, current clinical trials of MDM2 and CDK4 inhibitors as single agents have not yield-
ed significant responses (Ray-Coquard et al. 2012; Dickson et al. 2016; Wagner et al. 2017).

To better examine the molecular bases for the differences in histopathology and clinical
behavior between synchronous WD and DD liposarcomas as well as their relatedness, we
collected a novel and unique data set of patients who developed both WD and DD tumors
during the course of their disease (Table 1; Fig. 1A,B). With this cohort, we conducted exten-
sive exome and transcriptome profiling of somatic alterations, differential expression, and
fusions of each subtype. We then determined both intra- and interpatient differences be-
tween WD and DD tumors.

RESULTS

Clonal Origin of Both WD and DD Tumor Components
Comparisons of somatic aberrations between matched tumors can be used to determine
their degree of relatedness. For each of these patients, the total numbers of somatic point
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mutations did not differ significantly between theWDandDD components. DD components
often had slightly higher mutation burdens than their matchedWD samples, but this did not
reach significance (Table 2; Fig. 1C, and paired t-test P = 0.36). No recurrent point mutation
was found across samples. Few (two to 11) somaticmutationswere detected in bothmatched
WD and DD tumors in any given patient (Table 2; Fig. 1D; Supplemental Table 1A–C).
The majority of these shared mutations were also at low allele frequencies (0.1–0.2,
Supplemental Table 1A). Furthermore, only one known cancer gene,NAV3, with a nonsynon-
ymous mutation was common in both WD and DD tumors from patient DWN3 (uc001syp.3,
p.R2241Q, variant allele frequencies of 0.77 and 0.80 in WD and DD tumors, respectively).
Together, these findings suggest that coincident WD and DD liposarcomas within the
same patient are related, with clonal origin and early divergence. Because the numbers of
somatic mutations were very few in these samples, wewere limited in our ability to character-
ize the clonal population structure and mutation signature differences between WD and DD
components (Supplemental Fig. 1E). From the data available, pairwise comparisons in muta-
tion signatures did not reveal any differences between sample pairs. Whole-genome se-
quencing would improve the characterization of whether WD is truly the clonal origin of DD.

Figure 1. Whole-exome profiling of concurrent well-differentiated (WD) and dedifferentiated (DD) liposarco-
mas. (A,B) Representative hematoxylin and eosin stains of liposarcomas used in this study: WD and DD. (C )
Boxplots of the total numbers of somatic mutations called by MuTect when comparing tumors with their
matched normal samples. Only fresh frozen cases of WD (left) and DD (right) liposarcomas were included
here. A paired t-test comparing the somatic mutation burdens betweenWD andDD liposarcomas was not sig-
nificant (P= 0.36). (D) Venn diagram example showing the number of somaticmutations in patient 3 (DWN3) as
called by MuTect.
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Recurrent WD and DD Copy-Number Alterations
We delineated somatic copy-number profiles from the exome data and identified focal re-
gions of amplifications or losses (Fig. 2A–D) (see Methods). Canonical amplifications in
CDK4, MDM2, and YEATS2 were observed in all samples (Supplemental Table 2).
Recurrent copy-number amplifications were observed in Chromosomes 1q, 5p, 6q, and
12q that were recapitulated as focal amplifications in both tumor types (Fig. 2A,C;
Supplemental Table 3). As a note, the reported recurrent Chr 1p32 amplification in c-JUN
was present in 3 of 17 samples (DWN6-DD, DWN7-DD, and FF7-WD) (Coindre et al.
2010; Kanojia et al. 2015). In addition, loss of TP53 was found in one sample (DWN3-DD),
and three patients had TERT amplification (DWN2-WD, DWN2-DD, DWN10-DD, and
FF7-DD) in Chr 5p. By GISTIC, additional focal amplifications were seen in regions Chr 1p,
Chr 10q, Chr 14q, Chr 17p, Chr 18q, and Chr 19p, with the signal for Chr 14q and Chr 5p
being slightly stronger in DD liposarcoma (Fig. 2A,C; Supplemental Table 3A–C).
Recurrent losses in Chr 13 occurred in five patients (DWN1-WD, DWN3-DD, DWN10-DD,
FF5-DD, and FF9-WD), which includes known tumor suppressors DLEU1, FOXO1, GJB2,
PDSSB, USP12, ARL11, RASL11A, IFT88, THSD1, SPRY2, DACH1, CDX2, TRIM13, KLF5,
ING1, EDNRB, BRCA2, TPTE2, KL, STARD13, PCDH17, SOX1, RB1, TSC22D1, PCDH8,
DLEU2, LATS2, GPC5, PDX1, KCNRG, FLT3, INTS6, PCDH9, and OLFM4, although this
did not give any significant focal peak.

Higher Number of Losses in DD Tumors Than in WD Tumors
In general, deletions were more abundant in DD than in WD tumors (P = 0.025 for deleted
genes; P = 0.14 for amplified genes) (Fig. 2E,F). No gene was included in a segment of
copy-number alteration that was enriched in either WD or DD tumors by Fisher’s exact
test. There were a significantly higher number of copy-number alterations in Chromosome
12 (P = 0.016) and in Chr 12q (P = 0.022) in DD than for WD samples (Supplemental Fig.
2A,B). This implies that neochromosomes of DD tumors go through more breakage-fusion-
bridge cycles than do WD tumors. No gene within Chr 12q was amplified or deleted signifi-
cantly in either WD or DD tumors. Next, we used a pathway-level approach to identify
enrichments of somatic copy-number changes in WD or DD tumors. To do this, we com-
pared the copy-number alteration enrichment scores for each pathway between WD and

Table 2. Total tallies of shared mutations between the WD and DD components, and the percentage of
shared mutations in each WD and DD component, respectively

Patient
Total WD
mutations

Total DD
mutations

Shared
mutations

Total WD
functional
mutations

Total DD
functional
mutations

Shared
functional
mutations

DWN1 105 159 2 30 45 0

DWN2 185 29 11 53 1 2

DWN3 60 71 8 12 22 3

DWN4 80 90 9 16 14 1

DWN5 101 117 9 22 38 2

DWN6 67 162 8 7 27 1

DWN7 145 172 6 30 29 1

DWN8 97 148 11 13 22 0

DWN10 47 212 3 11 18 1

Functional mutations: nonsynonymous, stop-gains, stop-losses, and mutations affecting splice sites.
WD, well-differentiated; DD, dedifferentiated.
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Figure 2. Somatic copy-number alterations in concurrent WD and DD liposarcomas. (A) Focal amplifications
and (B) deletions inWD samples as determined by GISTIC 2.0. (C ) Focal amplifications and (D) deletions in DD
samples as determined byGISTIC 2.0. (E) Gene-level burdens of gains and (F ) losses inWD (left) andDD (right)
samples, both fresh frozen and FFPE.
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DD samples (see Methods). There, we found that immune-related pathways scored higher in
copy-number losses in DD than inWD samples that are also differentially expressed between
these two subtypes in our data (Fig. 3B,C).

Differentially Expressed Genes Support Pathological Differences
When comparing the overall gene expression differences between WD and DD samples,
357 genes were more highly expressed in WD compared to DD tumors (Fig. 3A). The top-
ranking genes, including FABP4, ADIPOQ, LPL, LEP, and PTGER3, have roles in lipid metab-
olism and differentiation. Of the known adipocytic differentiation markers, the levels of
PPPARγ, CEBPB, CEBPD, FOXO1, FOXO3, FOS, JUN,MYC, and CDKN1Awere also higher
inWDwhen compared toDD samples. The data supports themoremature adipocytic nature
of WD tumors. Apart from the adipocytic pathways (Fig. 3B), the immune system and bone
morphogenesis pathways were also enriched in WD samples. The 395 genes with lower ex-
pression in WD tumors when compared to DD tumors are assumed to be mostly genes that
are up-regulated in DD liposarcomas. For these, the highest-ranking genes were involved in
DNA replication, cell cycle, cell division, andDNA repair (Fig. 3C). Notably, many of the high-
ranking genes in DNA repair belonged to DNA homologous recombination (HR) repair
genes such as GINS4, BRCA2, XRCC2, RAD51AP1, RAD51, XRCC1, POLQ, FEN1, and
RAD54B.

Few Differentially Expressed Genes Are Caused by Copy-Number Alterations
This unique data set provided the opportunity to study whether copy-number alterations in
each paired set of matched tumors would impact gene expression differences between WD
and DD tumor groups. These tumor-specific aberrations could provide insight into their
pathological and clinical differences. First, we approached this at the gene level, based on
the exome copy-number segments (Supplemental Fig. 2C,D). For instance, if there were am-
plifications within the WD component of a particular patient that were also amplified in DD
tumors from other patients or appearing in both WD and DD components in other patients,
then these would be filtered out because they could occur in either tumor type and did not
drive intrinsic differences between WD and DD tumor types. Thus, we identified WD- and
DD-specific amplifications and losses for further study. Although there were numerous sub-
type-specific amplifications and losses, very few gene expression differences could be ex-
plained by them. Of 907 WD-specific gains, only 11 were overexpressed in their cognate
samples when compared to all DD samples, including transcription factor FOS, antigen-pro-
cessing factor LONRF1, and PAX3/7 binding protein PAXBP1. Similarly, from the 1177 DD-
specific gains, only 22 were lower in expression in WD when compared to DD samples (in-
cluding genes related to DNA repair RMI2 and BABM1, mesenchymal stem cell factor
TUFT1, heterochromatin factor CBX1, and DGK1, which regulates intracellular concentra-
tions of diacylglycerol). Similar strategies were used to identify DD-specific losses. Of these
7888, 55 were recurrent in at least four patients, including the Golgi-related genes BOK,
GAL3ST2, SLC30A1, and STK25. Three of these genes, BOK, GAL3ST2, and STK25, are
on Chr 2q. The most recurrently deleted genes were RNU6-19P and SRGAP2D, which
were seen in seven and eight patients, respectively. Out of these losses, 63 are more highly
expressed in DD liposarcoma (including PPP2R5A, GOS2, and NR4A3). None of the WD-
specific losses were down-regulated in our WD cohort. PTEN is a DD-specific loss in three
DD samples (DWN3-DD, DWN5-DD, and DWN7-DD) and its expression is lower in these
samples when compared to their matched WD tumor (data not shown).

Second, we used an integrative pathway analysis to identify those pathways in which the
genes were enriched in both copy-number alterations and gene expression changes in the
same direction (seeMethods). Immune-related pathways are both enriched by copy-number
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Figure 3. Differentially expressed genes between WD and DD liposarcomas. (A) Volcano plot denoting the
genes that are significantly higher in expression in WD liposarcomas (red; 357 genes) and in DD liposarcomas
(blue; 395 genes). Gene Set Enrichment Analysis (GSEA) plots of pathways that are significantly more highly
expressed in (B) DD and (C ) WD tumors based on GSEA analysis.
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losses specifically in DD samples and are significantly down-regulated in DD samples com-
pared to WD samples (Supplemental Table 4A,B). Interestingly, an immune signature anal-
ysis (see Methods) also indicated that DD samples have lower immune infiltration scores of
28 different immune cell types than do WD samples (Bindea et al. 2013). As a note, the two
pathway-level enrichment analyses aforementioned did not show any differences in path-
ways related to adipocyte differentiation.

DD Samples Had a Higher Number of Fusions
Nine-hundred and thirty-three putative gene fusion transcripts were identified in the nine
pairs of frozen WD and DD samples, with a median of 39 fusions per sample (see
Methods, Supplemental Table 5A–D). DD samples had a significantly higher number of fu-
sions than their pairedWD samples (Fig. 4A,B; P = 0.0115 by paired t-test). A significant pro-
portion of these fusions involve Chromosome 12 (median = 0.44) (Fig. 4C). In addition, DD
samples shared lower proportion (average = 17%) of their fusions with their cognate WD
samples than did theWD samples (average = 6.9%) (P = 0.0167 by paired t-test). These again
imply that neochromosomes of DD tumorsmay go throughmore breakage-fusion-bridge cy-
cles than WD tumors after divergence from their clonal origin. Closer examination revealed
that the majority of these fusions were not in the correct orientation (head-to-tail), represent-
ing collateral damage without any important functional roles in tumor growth. However,
there were intact fusions involving HMGA2 and CPM of Chr 12q that were more recurrent
in DD samples (6/9, P = 0.049 and 5/9, P = 0.13, respectively) than in WD tumors (1/9 and
1/9, respectively) (Supplemental Table 5C,D, Supplemental Methods). The protein domains
in which identified breakpoints were predicted to occur showed that theHMGA2 fusion tran-
scripts found in DD samples all contained intact AT-hook DNA binding motifs, whereas the
fusion in the DWN1–WD sample had a truncated AT-hook DNAbindingmotif that may result
in a nonfunctional chimeric protein. In addition,HMGA2was also significantly overexpressed
in DD samples when compared to WD samples (Supplemental Table 5C, P = 0.04; log2 of
fold change = 1.97). Fusions involving carboxypeptidase M (CPM) on Chr 12q were also
more prevalent in DD tumors than in WD tumors. These rearrangements would cause trun-
cated transcripts ofCPM to be depressed, which follows the significantly lower levels ofCPM
found in DD tumors when compared to WD tumors (P = 0.01; log2 of fold change = 1.77).

DISCUSSION

The molecular basis of WD liposarcoma progression to DD liposarcoma has not been well
studied. The patients in this study presented with both tumor types, some as recurrent tu-
mors from an initial pretreated WD diagnosis and others as a concurrent progression of
DD adjacent to WD liposarcoma. With exome and transcriptome profiling of these tumors,
we have several lines of evidence to suggest that these coincident tumors arise from a com-
mon origin and diverged early. First, the existence of shared point mutations between WD
and DD components indicate that they were derivatives from a common ancestral clone as
these shared events are rare in independent tumors from two individuals. Second, the total
numbers of shared point mutations per patient were few despite having comparable overall
mutation burdens in both tumor types. This suggests that although the point mutations ac-
cumulated at a similar rate in each tumor type, the large proportion of tumor-specific point
mutations indicates an early and continual divergence. Therefore, the propensity for dedif-
ferentiation is determined early on in the disease rather than as a result of slow progressive
accumulation of mutations. Copy-number alterations (especially amplified Chr 12q) may be
responsible for determining the initiation of malignancy because there were no clear drivers
in the somatic point mutations.
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Many of the copy-number alterations observed are likely due to the breakage-fusion-
bridge events that continue to generate and alter the neochromosomes at each cell division.
Our data support the early existence and amplifications of Chr 12-based neochromosomes.
First, gains from Chr 12 are highest in magnitude in matched WD and DD liposarcomas, are
100% recurrent across all patients, and are accompanied by coamplifications of Chr 6q23
and Chr 1p32, both of which harbor known oncogenes. Next, we observed that most of

Figure 4. Number of fusion transcripts in concurrent WD and DD liposarcomas. (A) Boxplots of the total num-
ber of fusion transcripts called by at least two callers. (B) Circos plots of these consensus fusion calls in the WD
and DD tumors from patient DWN-6. (C ) The proportion of fusion transcripts that occur on Chromosome 12.
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the shared fusion transcripts between WD and DD tumors (mean = 71.9%) involve genes in
Chr 12. Because the number of copy-number losses and fusions was higher in DD than inWD
tumors, we infer that DD tumors have undergone more cycles of breakage-fusion-bridge
than their matchedWD tumors. This would be consistent with the high number of amplifica-
tions and overexpression ofCDK4 andMDM2 fromChr 12q in DD tumors when compared to
WD tumors that would contribute to the rapid cell division and thus increased breakage-fu-
sion-bridge events experienced by DD tumors.

The ongoing breakage-fusion-bridge cycles of the 12q region on neochromosomes may
generate rearrangements that are involved in determining the adipocytic differentiation
state of daughter cells. For instance, two genes on Chr 12q affect adipocyte differentiation:
high-mobility group protein (HMGA2) and carboxypeptidase M (CPM). HMGA2 acts as a
transcriptional regulating factor to promote adipogenesis and mesenchymal differentiation
(Ozturk et al. 2014), whereas CPM activates extracellular proteins such as EGF and FGF
(McGwire and Skidgel 1995) that are up-regulated during mesenchymal cell differentiation
in various lineages, including adipocytes. Rearrangements disrupting the coding regions of
both HMGA2 and CPM occurred significantly more frequently in DD than in their matched
WD samples. The Cancer Genome Atlas sarcoma (TCGA SARC) set also revealed that out of
all the sarcoma subtypes characterized, only DD liposarcomas have fusions involving
HMGA2 (there are no WD liposarcomas in this data set) (Hu et al. 2018). Although a fusion
transcript involving HMGA2 was found in one WD sample, it was predicted to truncate
one of the AT-hook DNA binding motifs and may result in a nonfunctional chimeric protein.
Several studies also showed that in DD liposarcoma, rearrangements ofHMGA2 to distant or
extrachromosomal regions result in the loss of Let-7 miRNA binding sites within the 3′-un-
translated regions (3′ UTRs) (Meza-Zepeda et al. 2001; Taylor et al. 2011b). This leads to
the overexpression of a truncated protein that activates the sarcoma protooncogene SSX1
in mesenchymal stem-like cells (Henriksen et al. 2010). It now appears that the balance be-
tween HMGA2 and Let-7 determines whether a cell will be stem-like, invasive and self-re-
newing, or differentiating into mature and less malignant cells in multiple types of cancer
(Copley et al. 2013; Yu et al. 2015). The fact that we found HMGA2 to be more highly ex-
pressed in DD than in WD tumors and CPM with comparatively little expression in DD
than in WD favors the idea that both rearrangement and expression control of genes on
Chr 12q would determine the ultimate levels of wild-type and mutant transcripts of such
genes. The differentiation state that is observed pathologically would then be the combined
effects of both the timing and levels of these various products. The exact conditions for de-
veloping DD liposarcoma must be rarer and rate-limiting because WD tumors often recur as
WD before reappearing as DD and also that a DD tumor mass is often smaller than its syn-
chronous WD tumor. But once developed, these DD malignancies then grow rapidly, show
extensive local infiltration, and sometimes metastasize. Therefore, we hypothesize that on-
going breakage-fusion-bridge cycles of the neochromosomes in the clone origin of WD
and DD liposarcomas generate a heterogeneous population of daughter cells. At some
point in time, stochastic development of daughter cells with certain, still-undefined, levels
of the HMGA2 fusion transcripts without the 3′ UTR and disrupted CPM transcripts then be-
come a DD mass (Mayr et al. 2007).

Epigeneticmechanisms and noncoding RNAsmayexplain the expression differences be-
tween the two subtypes that we cannot account for by point mutations and copy-number al-
terations as seen in the recent pan-sarcoma analysis (The Cancer Genome Atlas Research
Network 2017). Methylation of CEBPA and KLF14 promoters was reported to alter their
gene expression in DDmore thanWD liposarcoma, but we did not observe these expression
differences in our samples (Supplemental Fig. 3; Taylor et al. 2011b). In addition, enriched
H3K9me3methylation of the transcription factor, KLF6, appears to result in lower expression
in DD liposarcomas when compared to WD liposarcomas (Keung et al. 2015; Keung and Rai
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2016). When overexpressed, KLF6 decreases proliferation of DD cells and increase latency
periods of DD xenografts (Keung et al. 2015; Keung and Rai 2016). However, this differential
effect was trending in our data andwas not significantly different, although KLF2, 3, 4, 5, 6, 7,
8, 9, 10, 11, 12, 13, and 15 were higher in WD than in DD samples (Supplemental Fig. 3).
These alternative driving mechanisms may elucidate the unexpected links we found to
bonemorphogenesis, telomeremaintenance, and other pathways that were differentially ex-
pressed in our data. The concordance of our expression datawith an independent expression
microarray analysis of the dysregulated genes between independent WD and DD tumors
(CIDEA, LMNB2,MFAP2, RNASEH2A, PPP2RSA, and GOS2) should be investigated further
(AOliviera [MayoClinic, Rochester, MN], pers. comm.). Enrichments in immune-related path-
ways inWD tumors also suggest tumor-infiltrating T cells, macrophages, and others aremore
prevalent in these tumors, although this effectmaybe due to overall lower purity levels ofWD
samples, which would require more in-depth studies. Of note, Matushansky et al. (2008) re-
ported that WD was most similar to Day 21 of mature adipocyte differentiation. We did not
observe these adipocytic genes to be differentially expressed compared to normal fat.

In conclusion, circular extrachromosomal DNA that encodes cancer genes is far more
common in cancer cells and probably plays a central role in generating the heterogeneity
that constitutes advanced cancers because of the stochastic nature of neochromosomal rep-
lication with breakage-fusion-bridge cycles (Turner et al. 2017). Much larger functional
screens will be required to determine whether these are passenger or driver events.
Future studies are needed to investigate the putative mechanisms of HMGA2 that may
reveal therapeutic implications in combining inhibitors of CDK4/MDM2 and HMGA2 in
DD liposarcoma. Given the few genes that were differentially expressed in the development
of DD liposarcoma, there may be additional epigenetic mechanisms that play a role in the
progression of these tumors.

METHODS

Samples
Retrospective samples were collected and de-identified under a protocol wherein consent
was waived that was approved under the institutional review board at UT MD Anderson
Cancer Center. Seventeen patients with primary or recurrent tumors that had both WD
and DD components along with their matched normals (nine frozen: five primary and four
recurrent; and eight formalin-fixed paraffin-embedded [FFPE]: four primary and four recur-
rent) were retrieved and re-reviewed for pathology classification by sarcoma pathologist be-
fore submission for sequencing (Table 1; Supplemental Table 1). Examples of histology are
shown in Figure 1A,B. For all the patients with the exception of DWN1, the tumors examined
were from the same date of collection (Table 1). For DWN1, the WD was recurrent after the
DD recurrence (Table 1). See Supplemental Methods for purity assessment (Supplemental
Fig. 1A).

Whole-Exome Sequencing
For DNA extraction of the frozen samples (<30 mg), the Frozen Tissue protocol from the
QIAamp DNA Mini kit was followed (QIAGEN) with an elution volume of 60–100 µL. More
details can be found in the Supplemental Methods. The FFPE samples were deparaffinized
(see Supplemental Methods) before using the QIAamp DNA FFPE Tissue kit to extract DNA
(QIAGEN). Protocol instructions were followed with two exceptions: overnight incubation at
56°C to ensure full lysis of the cells and elution volumes of 25–50 µL. All DNA samples were
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quantified using PicoGreen or the Tapestation 2200 (Agilent Technologies) and the quality
confirmed using gel electrophoresis.

DNA samples were submitted for 76-bp short-read paired-end whole-exome sequenc-
ing on Illumina HiSeq 2000 (Illumina) after SureSelect Human All Exon V4 library preparation
(Agilent Technologies) (See Supplemental Methods). Median coverage for tumors is 198×
and for matched normal is 101× (Supplemental Table 6A). Driver mutations were defined
as those somatic variants with minor allele frequencies (MAFs) of <0.01 in both ESP6500
(Exome Variant Server, NHLBI GO Exome Sequencing Project) and 1000Genomes (1000
Genomes Project Consortium et al. 2015) databases, as well as restricting calls to those
that were nonsynonymous, stop-gains, stop-losses, and splicing changes. These calls were
also compared against a published compilation of known cancer genes (Cheng et al.
2014), composed of CancerGenes (Higgins et al. 2007), Network of Cancer Genes
(D’Antonio et al. 2012), and the Sanger Cancer Gene Census in COSMIC (Forbes et al.
2011). Only frozen samples were used in the mutation analysis because the variants in the
FFPE samples were largely derived from nonreproducible C > T/G >A sequencing artifacts
that were caused by the formalin fixation, and true positives were indistinguishable
(Supplemental Fig. 1A; Schweiger et al. 2009). However, we believe that the shared muta-
tions between paired DD and WD FFPE samples are true positives and their numbers are
comparable to those of the frozen samples (Supplemental Table 1B).

Copy-Number Analysis
For all patients, somatic copy-number calls from whole-exome data using matched normals
were obtained by first deriving segments using circular binary segmentation (CBS) (Olshen
et al. 2004) and then deriving log2 ratio scores with an in-house tool, exomeCN, which is
a modified version of HMMcopy (Ha et al. 2012) tuned for our data. For assessing amplifica-
tions and deletions, log2 scores > 0.5 were considered gains, whereas log2 scores <−0.5
were considered losses. Focal somatic copy-number alterations were identified using
GISTIC2.0 (Mermel et al. 2011) at the 95% confidence level. See Supplemental Methods
for comments on somatic copy-number alterations profiles in FFPE samples. Gene-level
copy-number assessment was done using customized log2 score cutoffs for each patient
to designate the segments as amplifications or deletions. Subsequently, the genes found
within the amplified or deleted segments were intersected using Venny (Oliveros 2007–
2015).

RNA Sequencing
For all frozen samples except for DWN6-WD, DWN7-WD, and DWN10-WD, total RNA was
extracted with the RNeasy Mini Kit. For those three samples, the fat content in the samples
interferedwith extraction and they required a user-developed protocol fromQIAGEN’s web-
site, “Purification of total RNA from fatty tissues using the RNeasy Lipid Tissue Mini Kit and
MaXtract High Density” (QIAGEN 2007). Complementary DNA (cDNA) was generated from
total RNA using the NuGEN Ovation RNA-Seq FFPE System. After quantification and shear-
ing, libraries were then made from cDNA using the NuGEN Ovation Ultralow Library System
V2. Libraries from each sample were pooled together in equimolar amounts and sequenced
on the Illumina HiSeq 2500 (Illumina, Inc.) (Supplemental Table 6B). See Supplemental
Methods for data processing methods.

Differential Copy-Number Alterations between WD and DD Tumors
Fisher’s test was used to determine whether the copy number of a gene was differentially
altered between WD and DD tumors. To identify whether the copy number of genes within
a pathway were differentially altered between WD and DD tumors, an enrichment score of
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copy-number alteration was derived for a pathway in a sample, which is odds ratio for the
ratio of genes with copy-number alterations in a pathway versus the ratio of genes with
copy-number changes among all genes. The copy-number alteration enrichment score
(CNAPS) for pathway i and sample j is defined as

CNAPSi = (NAi,j/NPi)/(TNAj/N), (1)

where NAi,j is the number of copy-number altered genes in pathway i for sample j, NPi is the
number of genes in pathway i, TNAi is the number of altered genes in sample j, and N is the
number of genes in sample j. A t-test was then used to compare enrichment scores of each
pathway between theWD andDD samples to identify pathways that are specifically enriched
in WD or DD copy-number alterations. Pathway information in the MSigDB database
(Subramanian et al. 2005) (category C2) was used for calculations.

An integration analysis was performed to integrate copy-number and gene expression
data in order to identify pathways in which changes in somatic copy number were correlated
with differential gene expression changes between WD and DD samples. First, all genes are
ordered based on the mean difference in copy-number alteration (log2 ratio) between WD
and DD samples. Gene set enrichment analysis (GSEA) (Mootha et al. 2003) was then
used to identify pathways in which genes with amplifications or losses between WD and
DD samples were enriched (termed GSEA_CNV). The categorized pathways in the
MSigDB database (category C2) were used in this analysis. GSEAwas also applied to identify
differentially expressed pathways between WD and DD samples (termed GSEA_EX) based
on the gene list ordered by gene expression fold changes between WD and DD samples.
The product-truncated method (Zaykin et al. 2002) was then applied to combine P-values
of GSEA_CNV andGSEA_EX for each pathway. Pathways with significant combined P-values
(P < 0.05) would have significant difference in both copy-number alterations and gene ex-
pression betweenWD and DD samples. In the truncated product method, the product score
W of the two P-values (Pi) that do not exceed a fixed τ value (τ was set to 0.01 both for GSEA
association and deregulation analysis) can be calculated as

w =
∏2

i=1

PI(Pi≤t)
i , (2)

where I(·) is the indicator function. The probability of W for w < 1 can be evaluated by con-
ditioning on k, the number of pi < τ:

Pr(W ≤ w) =
∑2

k=1

Pr 2
k

( )
(1− t)

2−k

w
∑k−1

s=0

(k ln t− lnw)s
s!

( )
I(w ≤ tk) + tkI(w . tk). (3)

Immune Signature Analysis
Immune signature analysis was performed in gene signature sets of 28 different immune cell
types (Bindea et al. 2013) using the R package Gene Set Variation Analysis (GSVA)
(Hänzelmann et al. 2013). GSVA calculates the enrichment score of a gene set per sample
by comparing the rank distribution of genes in the gene set against the random distribution.
Each enrichment score represents the level of the genes in a gene set are harmoniously up-
or down-regulated in a sample.

Fusion Transcripts Identified by RNA Sequencing
To reduce false positives (Carrara et al. 2013), we applied an integrative analysis of multiple
fusion detection methods. We first applied four tools—TopHat-Fusion (Kim and Salzberg
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2011), MapSplice (Wang et al. 2010), FusionMap (Ge et al. 2011), and PRADA (Torres-Garcia
et al. 2014)—to detect putative fusions in our nine pairs of frozen WD/DD samples. Then,
fusions with at least one junction read and at least two supporting mate pair reads that
mapped to candidate gene pairs were kept. Finally, only those fusions that were detected
by at least two tools are selected. Fisher’s exact test was used to determine whether a fusion
is significantly enriched in WD or DD liposarcoma.

ADDITIONAL INFORMATION

Data Deposition and Access
Whole-exome and RNA sequencing BAM files have been deposited at the European
Genome-phenome Archive (EGA; https://www.ebi.ac.uk/ega/), which is hosted by EGI
and CRG, under accession number EGAS00001002807.

Ethics Statement
All samples were collected and de-identified under protocols approved by the institutional
review board (IRB) at UT MD Anderson Cancer Center to analyze retrospective and prospec-
tive tissues and examine patient data retrospectively with consent waiver.
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