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I.  LIPOSARCOMAS ARE ADIPOCYTIC SOFT
Ti1SSUE SARCOMAS

oft tissue sarcomas (STS) are malignancies that

show mesenchymal and neuroectodermal

differentiation and thus most often resemble
supportive and connective tissue including fat, blood
vessels, muscle, bone, tendons, and nerves. Over 70
subtypes of sarcomas exist and pathologists have
classified these broadly according to the degree to
which they resemble differentiated cell types (Figure 1)".
This review will focus on the most common subset of
STS in adults, “liposarcoma”, which are tumors with
histological features of specialized fat cells.
Liposarcoma are broken down into several subtypes.

differentiated liposarcoma (WDLPS), dedifferentiated
liposarcoma (DDLPS), myxoid liposarcoma (MLPS), and
pleomorphic liposarcoma (PLPS)'. Overall survival is
highest for MLPS, followed by WDLPS and DDLPS, and
then PLPS** (Figure 2). While WDLPS occurs
predominantly in the deep soft tissues of the limbs and
retroperitoneumn, DDLPS is located mostly in the
retroperitoneum. MLPS and PLPS are preferentially
located within the limbs®. Despite these broad
categories, liposarcoma can also have mixed
phenotypes and is often further subdivided into even
more rare entities with other ultra-rare features. For
instance, pleomorphic MLPS has attributes of both
PLPS and MLPS ©7.
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Figure 1: The Taxonomy of Soft Tissue Sarcoma. Sarcomas are classified according to pathologically defined tissue
differentiation states. Liposarcomas are the adipocytic tumors
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II. LiPOSARCOMA GENOMIC CLASSIFICATIONS

STS have lower average somatic point mutation
burdens than epithelial cancers®. When examining their
karyotypic characteristics, they are classically divided
into two major groups: complex and simple®®. The
liposarcoma subtypes WDLPS, DDLPS, and PLPS
belong to the group of complex karyotypes, which are
cells that have undergone steady and constant
accumulation of multiple genomic copy number
alterations, chromosomal anomalies and various types
of rearrangements over time. This genomic instability is
ongoing and occurs as a result of aberrations in genes
involved in DNA repair, DNA replication and cell cycle
regulation such as TP53". The complex karyotypes in
these liposarcomas are likely to have arisen from
mutations in the TP53 pathway. Both WDLPS and
DDLPS have near universal amplification of chr12q, a
region that includes MDM2, which is a gene that directs
the protein degradation of TP53. For PLPS, recurrent
mutations in TP53 (7%) and losses of RBT occur'®™®,

Behavior and changes in the microenvironment
can create a permissive context under which
liposarcoma form. For instance, over expression of the
immune-related cytokine IL-22 in a mouse on a high fat
diet led to the only reported spontaneous formation of
WDLPS in a mouse model™. This implies that the
relationship between the microenvironment and tumor
may already be established when liposarcoma first form.
This would explain why patient-derived WDLPS models
have been difficult to establish as this dependence is
stil not well understood. Since chromosomal
imbalances restrict the environment in which cancers
can grow', the genomic instability that follows could
then solidify this dependence.

Those sarcomas with simple karyotypes are
nearly diploid; their driver events are typically fusion
transcripts expressed via reciprocal chromosomal
translocations. In the clinic, these diagnostic fusions are
detected by fluorescent in situ hybridization (FISH),
fusion panels, and reverse transcription polymerase
chain reaction (RT-PCR). MLPS is an example of a
liposarcoma with a simple karyotype and that is fusion-
driven. It is mostly diploid and defined by a recurrent
translocation between chromosomes 12 and 16:
t(12;16) (g13;p11) that results in a fusion protein
FUS-DDIT3.

[11. DEGREE OF ADIPOCYTIC DIFFERENTIATION
ARE PATHOLOGIC MARKERS OF
LIPOSARCOMA
Each liposarcoma subtype resembles different
stages of adipocytic differentiation (Figure 2). This was
first illustrated in an unsupervised analysis of gene

expression patterns found in WDLPS, DDLPS, MLPS,
PLPS, benign lipoma and normal fat'®. Three clusters
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formed: the first included normal fat, lipoma, and
WDLPS; the second contained DDLPS and PLPS; and
the third included only MLPS. In a complementary study,
gene expression profiles of these four major
liposarcoma subtypes were compared with those of
human mesenchymal stem cells that were undergoing
differentiation into mature fat. Each liposarcoma subtype
resembled different stages in this process that were akin
to their degree of differentiation'”. For instance, DDLPS
expressed genes that were comparable to those that at
day 7, which reflects stem cells in their early stages of
differentiation, only starting their commitment to
becoming fat as compared to cells at day 21, when
maturation is almost complete. In support of this, 16
genes from the PPARYy signaling pathway that leads to
adipocytic terminal differentiation were significantly
lower in DDLPS than in normal fat'®. On the contrary,
WDLPS was more similar to cells at day 21, when
differentiation is almost complete. PLPS closely
resemble cells at day 10 while MLPS or round
liposarcoma resembled those at day 14. These
expression patterns imply that the degree of
dedifferentiation of liposarcoma can be related to
survival, with higher degree of differentiation leading to
improved survival.

DNA methylation patterns also reflect these
differences in differentiation states. When examining
DNA methylation states in 80 various sarcomas in an
unsupervised manner, each liposarcoma subtype
formed a distinct group™. Several distinguishing genes
are related to adipocytic differentiation. One example is
NNAT, which induces the activation of adipocytic
transcription factors CREB and CEBP family*®and was
significantly ~ methylated  (hypermethylation)  and
upregulated in MLPS than in normal fat and other
sarcomas'®?'. Decreased methylation (hypomethylation)
and downregulation of NNAT was observed in DDLPS
and PLPS, which likely results in a more dedifferentiated
state. Another example is the CDKN2A gene, whose
CpG island methylation levels are shared by PLPS,
DDLPS, and non-neoplastic fat, but not MLPS™. In
addition, ALDH1A3 is involved in the oxidative
degradation of lipids and may contribute to cancer stem
potential. A strong negative correlation between the
methylation of ALDHTA3 and its expression levels was
found across several sarcoma subtypes, with the
strongest hypermethylation and down regulation for
MLPS™,
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Figure 2: Survival and differentiation states of various liposarcoma subtypes

Dedifferentiated liposarcoma has the worst
outcome, followed by pleomorphic, round-cell, then
well-differentiated, and finally myxoid liposarcoma®.
Gene expression and DNA methylation patterns in
lipoma and liposarcoma subtypes are similar to those
seen during the various stages along the differentiation
pathway of mesenchymal stem cells as they progress
towards becoming mature adipocytes. In concordance
with these observations in liposarcoma, a recent
hallmark of cancer — phenotypic plasticity — was recently
added describing mechanisms associated with
disrupted differentiation. The mechanisms are divided
into three classes — dedifferentiation of mature cells to a
progenitor or stem-like state, blocked differentiation
preventing progenitor cells from maturing, and trans
differentiation enabling switching between lineages. It is
likely that dedifferentiation and blocked differentiation
occur in the various liposarcoma subtypes and that
these two mechanisms are intertwined and held in place
through mutations or epigenetic patterns.

[V.  LiPOSARCOMA FORMATION THROUGH
GENETIC Loss
Patients with  Li-Fraumeni syndrome and
retinoblastoma have germline mutations of 7TP53 and

RB17, respectively, which leads to the formation of
various tumor types, including high incidences of

sarcomas as second and concurrent malignancies #. In
Li-Fraumeni patients, these include liposarcoma, which
occur less frequently than other sarcoma subtypes such
as osteosarcoma, leiomyosarcoma (LMS), and
rhabdomyosarcoma 2%, In like manner, retinoblastoma
patients also occasionally develop liposarcoma, the
majority of sarcoma risk being bone tumors,
fiorosarcoma, rhabdomyosarcoma, and pleomorphic
sarcomas®. Therefore, there is evidence that these
canonic cancer genes are responsible for driving
liposarcoma initiation.

Sarcoma tumor initiation by mutation of TP53
and ARB7 tumor suppressor genes have been
demonstrated in vivo. Genetically engineered mouse or
rat models of TP53 mutants develop sarcomas, namely
angiosarcoma, osteosarcoma, and rhabdomyosarcoma
with high levels of genomic instability?**. Deletion of
both TP53 and RB1 genes in mice leads to lower tumor
generation time, resulting in greatly reduced survival
than is seen when each gene is mutated alone®'. When
both TP53 and PTEN are simultaneously deleted
specifically within  adipose tissue, spontaneous
generation of all four subtypes of liposarcoma occur®,
This model underscores the importance of the TP53 and
PISK/AKT pathways in the initiation of liposarcoma,
which may be partly due to the way in which they
activate the Notch signaling pathway®. The effect of the
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PIBK/AKT pathway on tumor initiation would also explain
why PIKSCA amplification by fluorescent in situ
hybridization (FISH) is associated with older age, larger
tumor size, and shorter disease-free survival duration in
liposarcoma, without distinction for a particular
subtype®. These models also illustrate  how
compounding gene losses can affect the nature and
aggressiveness of the liposarcoma that is formed. This
is further supported by the higher number of gene
losses in DDLPS as compared to WDLPS®,

TP53 and ARB7 also alter the ability of
mesenchymal cells to differentiate. Knocking out TP53 in
mesenchymal stem cells (MSC) prevents the expression
of PPARy, a key gene in directing adipocytic
differentiation®. Instead, these MSC cells become more
prone to osteogenic differentiation®. Without RB7, stem
cells can no longer differentiate efficiently®”. RB1 either
pushes osteogenic differentiation in MSCs through
RUNX2 or prevents adipocytic differentiation by
inhibiting PPARy*,

Since Li-Fraumeni is an example of a syndrome
with germline predisposition to developing multiple
types of cancer including liposarcoma, there may be
other germline risk factors to be identified. Out of 4,432
unique liposarcoma records in SEER (1973-2015
cohort), 2968 (0.00063%) had a recording of other
concurrent cancers. Liposarcoma have concurrent
diagnoses in ovarian cancer®, hereditary nonpolyposis
colorectal cancer®, Muire-Torre syndrome*', multiple
myeloma* and CLL (also our recent unpublished data
and infiltration in TCGA-SARC sample)®. Identifying
these predisposition genes will enable us to interpret
mutations in sporadic cases, as illustrated by the
discovery of the telomere protection gene, POTT, as
predisposing to angiosarcoma and cardiac sarcomas®.

V. TELOMERES IN LIPOSARCOMA SURVIVAL
AND PERSISTENCE
Strategies to sustain cell survival include the
elongation of chromosome ends: the telomeres. There

are various Telomere Maintenance Mechanisms (TMM)
including reactivation of the telomerase enzyme that

serves to lengthen telomeres or the process of
Alternative Lengthening of Telomeres (ALT) that
employs homologous recombination methods to

lengthen short telomeres. Activating mutations within the
TERT promoter that encodes telomerase occur in a
subset of MLPS*. On the other hand, inactivating
mutations and copy number losses in genes involved in
ALT (ATRX DAXX) are detected in a subset of all
liposarcomas, most frequently in DDLPS*. Several
assays are used to assess the activity of ALT within
cells, which include: pulse field gel electrophoresis,
terminal restriction fragment (TRF) Southern-blot
analysis to measure telomere lengths, quantification of
single-stranded circular DNA structures (C-circles)
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consisting of telomeric CCCTAA repeats, and
immnofluorescence to identify the presence of ALT-
associated promyelocytic leukemia bodies (APB). In all
subtypes of liposarcoma, patients with ALT positivity as
measured by these assays have worse progression-free
and disease-specific survival rates**’. DDLPS is often
the subtype cited with more ALT+ than WDLPS*.

VI. WELL-DIFFERENTIATED (WDLPS) AND
DEDIFFERENTIATED LIPOSARCOMA (DDLPS)

Precursor or immature adipocytes are termed,
“lipoblasts™*®. Their gene expression patterns are most
similar to those of nonmalignant adipocytes®. Well-
differentiated (WDLPS) and dedifferentiated (DDLPS)
liposarcomas are distinguishable from  benign
lipoblastoma and lipoma through karyotyping and
breakpoint  mapping.  Lipoblastoma can  have
histological similarities with  liposarcoma but is
discriminated by an inversion involving the PLAGT gene
on chr8”"*, Both lipoma and liposarcoma can have
rearrangements or alterations on chr12. However, the
breakpoints in lipoma appear to be more distal than in
MLPS, WDLPS, and DDLPS® with rearrangements
involving HMGA2, rather than amplification of the entire
gene. Therefore, the breakpoint location serves to
identify disease type and severity within the adipose
tissue. More recently, lipomas were shown to have low
mutation burden, low copy number alterations (CNA)
and share mutations with liposarcoma in APC, RYR2,
and MAPK7*,

There is evidence that WDLPS and DDLPS
share a common origin based on shared point
mutations from which each subtype develops in an
evolutionary divergence®®*. There are patients who
transition from WDLPS to DDLPS and very rarely, others
who go from a diagnosis of DDLPS to WDLPS. In fact,
each liposarcoma tumor is a mixture of both subtypes
with one dominating over the other at different times.
This common origin and plasticity are attributed to the
presence of extraneous supernumerary ring or rod
chromosomes within the nucleus, called
‘neochromosomes”, amidst otherwise diploid-looking
genomes. The neochromosomes are also common in
atypical lipomatous tumors and have occasionally been
reported in lipoblastoma®*¢, Whole genome sequencing
of two isolated neochromosomes from a liposarcoma
cell line revealed that they have no true centromeres and
are therefore unstable®. Upon closer molecular
assessment using copy number microarrays and
spectral  karyotyping, these neochromosomes are
derivations of chr12g13-15 along with  other
chromosomes, most commonly chr1g21-22 and
chr6g23%%. The observation of chr12 amplifications in
both  WDLPS and DDLPS is nearly universal®® A
minimum number of 20 copies per cell was observed



using fluorescent in situ hybridization on the region that
includes MDM?2 and neighboring gene CPM®.

Out of the four current theories on the formation
of these neochromosomes®, two have evidence that
they are likely the primary source of genetic
heterogeneity within liposarcoma tumors (Figure 5). The
first is that chromosome shattering events, called,
“chromothripsis”, generated these neochromosomes.
This suggests that this transformative event may have
selected for cells with chr12 as their primary backbone,
which promoted cell survival®. This selection would
seem most likely due to the most amplified genes:
MDM2 and CDK4. MDM2 inhibits the tumor suppressor
TP53, thereby circumventing the cell's rescue signals
during DNA damage to repair without proceeding
through the cell cycle (G1 and G2 arrest) and any
signals towards apoptosis that would cause the
aberrant cell to die. CDK4 would allow for unimpeded
and enhanced progression through the cell cycle. The
manner in which these chromosome pieces are stitched
together into a neochromosome appear random.
Therefore, just as no two snowflakes are alike, it is
conceivable that the number and content of
neochromosomes in each liposarcoma cell would not
be the same and would change with each cell division in
the same way that mitochondrial DNA populations are
altered in each daughter cell. The second theory is
based on whole genome data of two DDLPS specimens
that did not exhibit any features of chromothripsis’. In

this study, the authors postulate that the
A
AINIrJaInmw
Chromothripsis
(chromosome (| n o
shatterin
) CI]. |DCI]I
Fragments with
no centromeres

Circularized fragments
(ring neochromosomes,
eccDNA)

neochromosomes are the result of progressive
rearrangements and amplification. Both models are
mutually exclusive and may delineate particular subsets
of WDLPS and DDLPS. Following the generation of
neochromosomes, either linear or circular breakage-
fusion-bridge amplification (BFB) would lead to the
multiple copies of the neochromosomes that are
common to WDLPS and DDLPS®. Since BFB events do
not always cause the exact same breaks within a
chromosome, the daughter cell of any given
neochromosome-containing parental cell is likely to be
different (Figure 5). This was demonstrated using a
CRISPR-based ecTag method in glioblastoma
spheroids®. Amplification of oncogenes in extra
chromosomal DNA may be the shortest route to
heterogeneity than amplification of these genes within
intact, autosomal chromosomes®. Hence, there is vast
heterogeneity within the population of liposarcoma cells,
supporting the early observations that both WDLPS and
DDLPS contain all four CD34/CD36 adipose markers by
flow cytometry, with each of the four populations present
at different proportions®. The high level of heterogeneity
is likely the reason treatment strategies are difficult to
design. In addition, the triggers of transition or
predominance of one subtype over the other is still
unclear. Multiomic RNA and ATAC sequencing with
spatial deconvolution may aid in tracking the mutation
and environmental triggers as shown in recent studies in
breast cancer and glioma®.
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Figure 3. Neochromosome formation in liposarcoma. A. Chromothripsis leads to chromosome fragments that then
circularize into neochromosomes. B. The Break-Fusion-Bridge pathway that generate rod neochromosomes. These
rods have the potential to circularize into ring neochromosomes
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Figure 4: An illustration of the heterogeneity within an individual WDLPS or DDLPS due to the presence of
neochromsomes. These nuclear neochromosomes are made up of different fragments from various chromosomes,
chr12 being the most common and selected for (orange). The lack of true centromeres in these neochromosomes
leads to the high probability of unequal segregation during mitosis, much like the random inheritance of

mitochondrial DNA in daughter cells

Various genes within the region of chr12q
amplification (MDM2, HMGA2, YEATS4, FRS2, CPM,
DDIT3, PTPRQ) are implicated in the adipocytic
differentiation pathways and in cancer progression. The
degree to which each of these genes contribute to
liposarcoma formation and progression is yet unclear.
Evidence supporting roles for these genes is
summarized below and in Tyler et al.”.

MDM2: The N-terminal region promotes adipocyte
differentiation through activation of CREB transcription
at the expense of myogenesis in P537"; mdm2~/~
mouse embryonic fibroblasts”. Mdm2 adipocyte-
specific knock-in  (Mdm2-AKIl) mice have increased
white adipose tissue dysfunction, weight gain and
insulin resistance when fed a high-fat diet”.

CPM: CPM was significantly increased genes in early
stages of differentiation when inducing adipogenesis in
bone marrow derived human mesenchymal stem cells™,
adipose tissue-derived human mesenchymal stem
cells, and  adipose-derived  stromal  cells™.
Amplification that included CPM was observed in a large
majority of WDLPS and DDLPS patient samples (78%,
39/50)'*. CPM distinguishes WDLPS and DDLPS from
lipoma through having higher protein levels than benign
lipoma and normal fat tissue'. Knockdown using small
interference RNA (siRNA) reduced cell proliferation, cell
growth, colony formation, migration and invasion while
increasing apoptosis in two of the DDLPS cell lines
tested'®. This finding was recapitulated in eight
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liposarcoma cell lines that had undergone a genome-
wide CRISPER knockout screen (DepMap 22Q2
release)’™’®. There, CPM was second most enriched
dependency for viability among all the liposarcoma
lines.

DDIT3: DDIT3 (CHOP/GADD153) is a chromatin
remodeler that is expressed highly during the last stages
of adipocytic differentiation  from lipoblasts to
adipocytes””.  When over expressed in primitive
sarcoma cells (fibrosarcoma) cells, DDIT3 can induce
liposarcoma phenotypes™. It is expressed at the protein
level in WDLPS, DDLPS, MLPS, PLS, and lipoma™. It
blocks adipocytic differentiation by direct dominant
negative inhibition of CEBP proteins from their target
sites as well as preventing the accumulation of CEBPA
in cells®.

FRS2: FRS2 serves to recruit FGF, thereby facilitating
FGFR signaling®. FGFR signaling is also active during
differentiation of mesenchymal stromal cells®* and
human pre-adipocytes®®. However, FRS2 inhibits
adipocytic signaling in bone marrow stromal cells in 3D
culture®™ These differing responses to FGFR signaling in
cells according to environment and cell type that is
receiving the signal may explain why not all liposarcoma
have amplification of this gene.

HMGAZ2: FGF signaling also plays a role in HMGA2
expression. HMGA2 is a transcription factor that has
relatively low expression in adult tissues as compared to
embryonic and mesenchymal stem cells®®. Thus, it is


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mdm2

important for proper development of multiple tissues
and has high expression in the first three hours of
adipogenesis of  3T3-L1  preadipocytes  before
decreasing in subsequent stages®. FGF signaling by
adipocytic stem cells can induce HMGA2 expression®.
Once turned on, it can bind Rb1 to displace HDAC1
from Rb/E2F at their binding sites, leading to activated
E2F1 and cell cycle progression®. It is upregulated in
lipomas and transgenic mice that overexpress HMGA2
result in hyperplasia of white adipose tissue®*>. These
data suggest that HMGA2 alone cannot induce tumor
progression and may only provide the proliferative
context under which liposarcoma form.

PTPRQ: PTPRQ is a protein phosphatidylinositol
phosphatase (PIPase) whose over expression would
prevent adipocyte differentiation from mesenchymal
stem cells®. Gain in PTPRQ on chr12g21 was observed
in 46% of DDLPS®,

YEATS4: By inhibiting the promoters of p14 and p21,
YEATS4 (GAS4) represses the p53 pathway®.
Knockdown of YEATS4 in non-small cell lung cancer
cells leads to increased expression of p21, p53 and
PARP cleavage®.
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Figure 5: The role of genes from chr12 (in red) that are frequently amplified in WDLPS and DDLPS in adipocytic
differentiation and tumor growth. The differentiation state of the tumor cell may affect the impact of these genes.
Therefore, the selection of these genes for amplification may be determined by the cell differentiation state. FRS and
DDIT3 have documented activities affecting the CEBP transcription factors that direct earlier adipocytic progenitors
while YEATS4, HMGAZ2, and PTPRQ appear to affect the later pre-adipocytic stages

Besides chr12q, other copy number alterations
involved in adipocyte differentiation are aberrant in
WDLPS and DDLPS. Loss of methylation within the
promoter of CEBPA (chr19g13) may explain the lower
expression of CEBPA in DDLPS than in WDLPS®. Gains
in chr17p11 in DDLPS result in additional histologic
features that are akin to UPS®. Gains in oncogenes that
block adipocytic differentiation have been seen: JUN
(chr1p32)”” and YAP1 (chr11g22)®°. Lipid metabolism
may be aberrant in DDLPS as losses and subsequent
lower expression of genes such as PLIN2 (chr9p22),
LIPE (chr19g13), DLAT (chr11g23-24), and ACADS8
(chr11g23-24) occur more often in DDLPS as compared
to other sarcoma types®®. Rearrangement of SYT7
(calcium channel) was observed in WDLPS'®,

The level of heterogeneity and genomic
complexity delineates differences between WDLPS and
DDLPS. DDLPS have a higher number of point
mutations that appear to be caused by the genome
editing protein APOBEC (mutation signatures COSMIC2
and 13)%. However, these point mutations may not
contribute to the etiology of disease (passenger events)
as the number was positively associated with age,
largely nonfunctional, and not known to be cancer
drivers®®,  DDLPS also harbor higher number of
rearrangements and copy number alterations than
WLPS*™" In fact, the frequency of somatic copy
number alterations was highest in DDLPS when
compared against LMS, undifferentiated pleomorphic
sarcoma (UPS), synovial sarcoma (SS), and malignant
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peripheral nerve sheath tumor (MPNST)®. DDLPS has
overall poorer survival, likely due to these increased
burdens of mutations and copy number alterations®*.
Further reduced local relapse-free survival was
observed in DDLPS patients with loss of chr19g13 or
chr9p22-24 or chr17g21%. When integrating both copy
number and methylation alterations in a set of DDLPS
(TCGA-SARC), disease-specific survival rate was
significantly longer in one subgroup, cluster K3
(chr6g25.1  amplified and fewer  unbalanced
chromosome segments than K2) that shared a
particular pattern of copy number alterations. Clusters
K1 (JUN amplified) and K2 (TERT amplified and
chromosomally unstable) had worse survival than K38,
This group had the lowest levels of immature dendritic
cell infiltration. Overall, the study suggested that copy
number alterations and methylation impacted survival
and may be used as predictive biomarkers for DDLPS.

VII.  MyxoiD LiposARCOMA (MLPS)

Myxoid liposarcoma are the most common
liposarcoma in young patients under age 22° The

lipoblasts, “crow’s feet” vascular network'® —and
markers of immature adipogenicity'®. Transitional areas
of increased cellularity can occur'® with other patterns:
round cell, pseudoacinar, lipoblast-rich, island,
lipomatous, stromal hemangiopericytoma-like
characteristics'®. The presence of small blue round
cells in more than 5% of the tumor is considered the
“round-cell” subtype'™, which is more aggressive with
poorer prognosis that metastasizes more frequently to
the bone rather than to other tissue sites'®.

Within a background of a mostly quiet
karyotype, the diagnostic molecular feature found in
more than 95% of tumors is the reciprocal translocation
t(12;16) (q13;p11): FUS-DDIT3 (TLS-CHOP)'®. There
are at least 10 known variants, of which the major
categories involve breakpoints nearexon 5 or exon 7/8 of
FUS, while other breakpoints occur after exon 4, 8, 13 in
DDIT3'". These breakpoints eliminate the RNA-binding
domain of FUS, which is then replaced by the DNA-
binding domain of DDIT3 along with the rest of DDIT3
that includes a leucine zipper dimerization domain'®,
Only variants with breakpoints near or after exon 13

characteristic  pathological ~ features of myxoid have an intact RNA-binding domain from FUS in the
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Figure 6: FUS-DDITS fusion transcript isoforms. FUS exons are shown in green, while DDIT3 exons are in blue

The FUS-DDIT3 fusion can transform
mesenchymal cells in mice'®, partly by stimulating
elF4E expression, which results in down regulation of
the PPARy and C/EBPa pathways, thereby inhibiting
adipocytic differentiation'. It can also activate the
IGFR1/PI3K/AKT pathway'"® and repress miR-486, which
may result in upregulation of PAI-1, a molecular that is
involved in tumor invasion and metastasis''. An
alternative mouse model demonstrated that expressing
FUS-DDIT3 under a mesoderm promoter Prx1 within a
P53 null background results in synergy in tumor
formation'. This may explain the poorer likelihood of
survival in myxoid liposarcoma patients with TP53
mutations'"®. Therefore, mutation in TP53 may contribute
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to a more aggressive tumor in the context of this
translocation.

An alternative translocation event, EWSR1-
DDIT3 (t(12;22)(g13;g12)), occurs in a minority of
patients (4-5% in both pediatric and adult) (4-5%) with at
least 4 known transcript isoforms'“. FUS and EWSR17
are functionally interchangeable since either gene fused
to DDIT3 induced tumors in a xenograft model'®. In fact,
FUS and EWSR1? are paralogs, belonging to the FET
family of general RNA-binding proteins that also
includes TAF15"¢. Together, these proteins appear to
interact in a single complex'”""® with a myriad of roles in
RNA splicing, association with RNA helicases, DNA
damage response, miRNA processing, RNA transport,



and possibly others™®.  Arginine methylation by the
PRMT family, namely PRMT1, regulates their nucleo-
cytoplasmic localization and binding to DNA™.

Rearrangements involving FUS and EWSR1 with
other C-terminal partnersoccur in various other cancer
and sarcoma subtypes. For instance, FUS-ATF1 was
found in an angiomatoid fibrous histiocytoma' !, FUS-
ERG occurs in acute myeloid leukemia'®'® FUS-
BBF2H7 in low grade fibromyxoid sarcoma'®, and
FUS/EWSR1-KLF17 in myoepithelial tumors'® In an
analogous way, EWSR1- WT1 and EWSR1-FLI1 occur in
Ewing Sarcoma and desmoplastic small round cell
tumor (DSRCT), respectively'®'?’ Since the FET family
forms the N-terminal partner, the C-terminal part of the
fusion may affect protein interactions, differentiation
state and the cell type that ultimately becomes
malignant'®. For myxoid liposarcoma, DDIT3 may affect
fat differentiation, while other partners such as WT1 for
Ewing Sarcoma and DSRCT (EWSR1-WT1 translocation)
influence other tissue types. In addition, point mutations
of FUS are frequently observed in patients with
amyotrophic  lateral sclerosis  (ALS)'®'®,  These
mutations disrupt the nuclear localization sequence so
that FUS remains in the cytoplasm™'. Therefore, the
type of mutation within a specific gene can drive
different, unrelated diseases. Also, the mechanisms by
which similar translocations diseases depends on the
partners involved. Thus, comparisons of these
mechanisms in various disease types may elucidate the
roles of each translocation partner in disease generation
as well as inform as to whether we can combine patients
with these different diseases into basket trials for novel
therapeutic options.

Other distinguishing genomic features have
been described for myxoid liposarcoma. The presence
of the testis antigen NY-ESO-1 is thought to differentiate
myxoid liposarcoma from other myxoid tumors'?. TERT
promoter mutations are the most frequent in myxoid
liposarcoma as compared to other sarcomas®.
Activating mutations in PIK3CA are the most common in
myxoid liposarcoma as compared to other major
liposarcoma histotypes®, with greater incidence in
round cell myxoid liposarcoma'®. These mutations
appear to be mutually exclusive with PTEN loss and
IGF1R expression'®, In addition, patients with PIK3CA
mutations in the helical or kinase domains have a
shorter disease-specific survival than those with wild
type PIK3CA'™. Lower survival is also associated with
methylation of the p14(ARF) promoter that leads to
lower expression of ARF'**' Higher proliferative activity
in MLPS is associated with high levels of B-catenin'®’
whereas growth through angiogenesis may be positively
influenced by the hypermethylation and down regulation
of the extracellular matrix glycoprotein EFEMP1, as
compared to normal fat™.

VIII. PLEOMORPHIC LIPOSARCOMA (PLPS)

The definition of this particular subtype is the
presence of pleomorphic lipoblasts'™. It is found
frequently in the extremities of older adults, with those
within upper extremities having poorer survival'®. This
subtype excludes the distinguishing mutations found in
the other subtypes described above: no fusions
involving DDIT3 and no consistent amplification of
MDM2™. It has a more complex karyotype than other
liposarcoma subtypes'''*which may explain why
these patients have the shortest survival of all
liposarcoma subtypes. This complex karyotype nature of
PLPS may form the basis for its pathologic and copy
number profile resemblance to undifferentiated
pleomorphic sarcoma (UPS)'*™* Both had gains in:
1p, 1q, 5p, 19qg, and 20g and recurrent losses in 1q, 29,
3p, 4qg, 10g, 11g, and 13q (including RB7). When
comparing PLPS karyotypes among multiple complex
karyotype pleomorphic sarcomas', the frequency of
chromosomal aberrations was the fewest in
pleomorphic liposarcoma. Thus, these may not be as
advanced in complexity and severity as other
pleomorphic sarcoma. Missense TP53 mutations within
exons 5-9 were found in 60% of the 31 cases that were
examined'"* low levels of Rb1, and other features
such as phyllodes of the breast' which occur more
frequently in women with Li Fraumeni Syndrome
(TP53 germline mutation).

[X. CURRENT AND FUTURE GENOMICS

a) Single Cell Sequencing

Despite the recent advances in understanding
liposarcoma biology, there is still much to unravel in
order to find effective targeted therapies for recurrent or
metastatic lesions. Questions remain on how we can
effectively explore themes within the complex
heterogeneity of liposarcoma including degrees of
adipocytic differentiation, mixed phenotype or clonal
subtype, and cell of origin, which may enable avenues
to potential therapeutics. Recently, single-cell
sequencing (SCS) has made a dramatic impact on the
field of cancer by revealing novel cell/differentiation
states, exploring inter- and intra-tumor heterogeneity,
and discovering rare cell populations previously
undetected. Since Macosko et al. and Klein et al.
developed Drop-Seq and in Drop respectively in 2015,
approximately 14,534 articles were found using the
keywords ‘single-cell’ and ‘sequencing’ to search in
PubMed™®'*". Among those articles, 68 contained the
word ‘sarcoma’, and 5 contained ‘liposarcoma’. This
suggests that SCS is not being effectively used to
explore sarcoma and liposarcoma genomics given the
prevalence of SCS within the last decade. In the
following section, we will discuss applying various SCS
technologies to liposarcoma genomics, describe the
common pitfalls when approaching liposarcomas, and
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examine the intersection of SCS and liposarcoma
clinical care. Where liposarcoma-specific data are
limited, we will extrapolate lessons learned from the
cancer field and other sarcomas.

The democratization and commercialization of
SCS have led to stable platforms for cancer research.
The most widely used modality — transcriptomics or
single-cell RNA-sequencing (scRNA-seq) —can profile
gene expression for thousands of cells within a single
experiment. The gene expression profile for each cell
can be used to characterize and catalogue the cellular
taxonomy of the tumor as well as define novel states or
subtypes in cancer cells. Importantly, scRNA-seq has
been used to detect rare subpopulations of cells
including cancer stem cells and circulating tumor cells.
For epigenomics, the most popular method is single-cell
ATAC (assay for transposase-accessible chromatin)
sequencing (ScATAC-seq), which is used to measure
the chromatin accessibility in single cells. Lastly, for
genomics, single-cell DNA-sequencing (scDNA-seq)
can be used for copy number alteration profiling,
mutations, and clonal evolution. Additional layers of
information can be studied through single-cell
multiomics, where subsequent technologies can be
used on cells of the same specimen followed by
computational integration methods to combine the data
or within the same cell where cellular barcodes link
different -omics data.

While somatic hallmarks can be detected with
techniqgues such as WES, SCS enables deeper
exploration of mutations in the subpopulations within the
tumor. Since both WDLPS and DDLPS contain
amplifications within chr12q regions, SCS could be used
to detect copy number alterations (CNAs) to separate
malignant cells apart from normal cells and determine
the clonal substructure of the malignant cells. This could
enable understanding the cell of origin and how degrees
of adipocytic could affect tumor burden. Technologies
like Tapestri (Mission Bio) and Single-Cell CNV (10x
Genomics) can directly detect CNAs by scDNA-seq.
Recent work by the Navin group demonstrated that
CNAs between scDNA-seq from single cells when
merged together and bulk whole-exome-sequencing
(WES) had high concordance for patients with triple
negative breast cancer (TNBC). Pearson correlation
showed a mean of 0.871 across five different matched
patient data sets'®. A key limitation with this approach is
that possible mutations for TNBC patients must be well-
known in advance. This data feeds into a custom
targeted panel of all known mutation sites for scDNA-
seq, which greatly reduces the cost when compared to
an unbiased panel. Advantages to using this approach,
aside from the cost reduction, is enabling high-
throughput single-cell analysis of clonal diversity within
patients and understanding of possible clonal
substructures. Key questions this could answer for
WDLPS and DDLPS would be to understand the clonal
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evolution or transition, if it occurs, between WDLPS and
DDLPS.

As an alternative to scDNA-seq, there are
multiple software packages that can infer CNAs from
scRNA-seq data. This has the advantage of utilizing the
more popular scRNA-seq with the addition of evaluating
gene expression'**'*°. The currently available software
packages used to infer CNAs from scRNA-seq data are:
InferCNV, CaSpER, and CopyKAT'#$11%2 They operate
under the assumption that CNAs are correlated with
increasing or decreasing gene expression and that by
fitting a mixture model to the data set, confounding
factors from normal gene expression fluctuation could
be removed. Work on synovial sarcoma, an aggressive
neoplasm driven by the SS18-SSX fusion, demonstrated
that CNAs could be detected using infer CNV on the
SscRNA-seq data and that the inferred CNAs matched
the data from WES'®. The limitations with using software
to infer CNAs from scRNA-seq is dependent on the
model used with each software varying in detection of
CNAs. In addition, normal reference cells may be
required as an input and, in some cases, malignant and
normal reference cells may not be easily distinguishable
from the gene expression data alone. Nonetheless,
these inference methods could determine tumor
heterogeneity and enable identification of patient-
specific features that are not found in the gene
expression data.

Importantly for MLPS, which is driven by FUS-
DDIT3, and in some cases, EWSR1-DDIT3 fusion, SCS

can detect and quantitate fusions or structural
rearrangements. However, this depends on the
sequencing chemistry. There are four popular

chemistries for generating sequencing reads - full-
length, 3', 5', and tagmentation. 3’ and 5’ sequencing
have been popularized by 10x Genomics, since these
chemistries can easily enable profiling of up to 10,000
cells. However, these chemistries have high bias for 3’
or 5" read coverage. This hinders the ability to detect
mutations such as SNPs, indels, and rearrangements
that may not exist at either 3’ or 5" ends. In that regard,
full-length  mRBNA profiing does enable in-depth
sequencing capable of genotyping and detecting
mutations. One such method that uses full-length mRNA
sequencing is the SMART-seqwork flow (Takara Bio).
However, SMART-seq has much lower throughput
compared to 3" and 5 SCS. It requires fluorescent-
activated cell sorting (FACS) to sort single-cells into
wells of a 96-well plate. This does have an added benefit
of cell typing the cells prior to sequencing if the cell type
specific surface markers are well-expressed. Recently,
SMART-seq was employed to detect the SS78-SSX
fusion transcripts in synovial sarcoma'®. A common
problem in SCS is annotating malignant cells v. normal
cells. In this case, the presence of the fusion transcript
was used to delineate malignant cells from normal cells.
As for MLPS, since there are at least 10 known variants



of the translocation, as known through synovial
sarcoma, SMART-seq could easily identify the variants,
while having the added benefit of transcriptomic data for
each cell linked to any one variant. Importantly,
regardless of grade, MLPS has potential to metastasize.
A key question to explore using SCS would be to identify
if there exists a cell state or subclone within the lesion
that has a higher propensity for metastasis.

Feasibility of using SCS with fatty tissues, such
as liposarcoma, is an important issue to resolve. Two
major concerns with adipocytes are their large and
fragile nature, which has proven to be a problem with
SCS technologies. An alternative strategy to certain SCS
methods, like scRNA-seq, which typically uses whole
cells, is to use the nucleus — termed single-nucleus
RNA-seq (snRNA-seq)™. SnRNA-seq has previously
been leveraged for various mouse and human adipose
tissue'™*'®’". Recently, an atlas of white adipose tissue
demonstrated that only snRNA-seq was capable of
sequencing and detecting adipocytes, which were not
present in the scRNA-seq data from the same tissue'®.
Interestingly, while many of the other cells within the
microenvironment were also present in snRNA-seq,
there were also a lower abundance of endothelial and
immune cells. Overall, this suggests that sequencing
liposarcoma, where cases with WDLPS tend to be
fattier, may require nucleus rather than whole cell. In that
regard, techniques using scDNA-seq or scATAC-seq
should not be affected since the nucleus is typicallly the
default input.

b) Cell-Free tumor DNA in Liposarcoma

Detection of possible recurrence or metastasis
in patients with liposarcoma that have undergone
complete resection can be difficult and costly. Because
there are no diagnostic biomarkers associated with
possible recurrence or metastasis, clinical examinations
with frequent imaging throughout the body is the only
alternative.

Recently, cell-free tumor DNA (ctDNA) has
emerged as a novel method to interrogate cancer
biology and etiology in a feasible manner by profiling
tumor-derived materials, such as blood, cerebral spinal
fluid, and urine™. CtDNA often contain genetic material
that had been shed from tumor cells, where such
materials should reflect the tumor genome in some
capacity. At a molecular level, somatic mutations, copy
number alterations, methylation, and point mutations
can be detected in ctDNA by sequencing methods. In
that regard, ctDNA is a useful diagnostic tool that could
detect early diagnosis and predict tumor burden and
activity and overcome the hurdles of traditional
diagnostic methods such as imaging and traditional
biopsies.

Given that MLPS has a well-defined molecular
diagnostic feature, the FUS-DDIT3 or the alternative
EWSR1-DDIT3 translocation, ctDNA has recently been

used to monitor disease activity of patients with
MLPS'™,  Quantification of ctDNA of the t(12;16)
breakpoint for multiple patients using digital droplet PCR
demonstrated a correlation of ctDNA concentration with
tumor volume and stage. Upon resection there was an
observed drop-off of t(12;16) ctDNA, while recurrence or
metastases was associated with an increase of {(12;16)
ctDNA concentration.

Interestingly, unlike  MLPS  where the
translocation was detected by ctDNA, genotyping
WDLPS and DDLPS was more difficult. While these
tumors harbor amplifications resulting in multiple copies
of MDM2, CDK4, and HMGAZ2, the method for detection
by digital droplet PCR in a recent study was not nearly
as sensitive'®. CtDNA derived from the peripheral blood
from five WDLPS/DDLPS patients were collected and
primers for MDM2 and a control gene, EIF2C1, were
used to genotype. The MDMZ2/EIF2C1 ratio was 1.21
(range of 1.14-1.38), whereas health patients had a ratio
of 1.09 (range of 0.69-1.41), which had no statistical
significance, suggesting that PCR may not have enough
specificity and sensitivity to detect the CNAs. On the
other hand, a separate study used shallow whole-
genome sequencing, which is well-established for
genotyping with low-coverage, to detect MDMZ2 in
ctDNA from the plasma of WDLPS and DDLPS
patients'™". Interestingly, only two out of three DDLPS
patients had readily detectable MDM2 amplification.
This seemed to correlate with tumor size, where the
undetected patient had a tumor size of 14 cm v. 19 and
25 cm. Moreover, no WDLPS patients had detectable
MDM2 ampilification in ctDNA, perhaps due to the lower
cellularity content of these tumors as opposed to
DDLPS. In addition, a longitudinal study showed that
MDM2 levels decreased after tumor resection. Overall,
these data suggests that MDM2 amplification could be
detected for DDLPS patients by shallow whole-genome
sequencing from the plasma.

While PLPS is an aggressive sarcoma with high
recurrences, it does not have a unifying genetic
alteration that could be easily detected for disease
monitoring. Over 50% of patients diagnosed with PLPS
will eventually have metastatic disease®®. A study
evaluating PLPS for biomarkers failed to identify
prognostic biomarker for patients whose follow-up
information was available (n=22)". Despite the lack of
distinctive genetic alterations, patient-specific gene
variants found within the ctDNA could be a possible
avenue for detecting residual disease or possible
recurrence. One strategy would be to perform deep
NGS sequencing on tumor tissue from surgical
resection to discover patient specific alterations. Paired
analysis of patient plasma from ctDNA using a targeted
approach, like molecular tag-based sequencing, may
reveal concordant mutations with the tumor tissue that
could be used for disease monitoring during follow-up.
In a recent study that monitored patient-specific ctDNA
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across a diverse set of tumors, the authors found that
for patients (n=40) with three or more longitudinal time
points the patient-specific ctDNA had a correlation with
tumor burden in 16/19 (85%) patients with partial
response and overall in 27/40 (68%) patients'®. On the
other hand, use of cancer antigens only correlated with
tumor burden in 19/40 (47.5%) patients, suggesting a
lower utility than patient-specific CtDNA.

Outside of somatic mutations, detection of DNA
methylation in ctDNA may offer an alternative modality
for monitoring tumor burden and recurrence. Whole-
genome bisulfite sequencing (WGBS) can detect DNA
methylation throughout the genome. Importantly,
methylation patterns greatly differ between malignant
and normal cells, and could be used to distinguish
between different cancer types. Certain sarcomas, such
as synovial sarcomas, had unique methylation patterns
that was relatively uniform®. On the other hand, DDLPS
had 3-4 methylation patterns that overlapped with
undifferentiated pleomorphic sarcoma and gynecologic
leiomyosarcoma. Nonetheless, detecting methylation in
ctDNA has utility for monitoring tumor burden. The
Circulating  Cell-free Genome  Atlas  (CCGA;
NCT02889978)is a prospective, multi-center, observa-
tional study that uses machine learning to detect cancer
type and tumor burden from ctDNA'®. By WGBS,
methylation signatures could robustly identify several
cancer types with high specificity. Importantly, they
found that WGBS of ctDNA outperformed WGS, which
detected somatic mutations, and targeted mutation
panels in classifying cancer types. Because methylation
is more pervasive than mutations, it may enable lower
limits of detection compared to detection limits for
somatic mutations detected through WGS or targeted
CtDNA panels'™. A clear limitation in this study is the
small number of sarcoma patients included. Another
limitation is that not all participants were asymptomatic,
could inform the utility of DNA methylation for disease
monitoring. Studies including asymptomatic patients
were still ongoing.

X.  SUMMARY

In summary, WDLPS, DDLPS and PLPS have
complex genomics due to either formation or
propagation of neochromosomes or complex
rearrangements and copy number alterations. These
mutations lead to high levels of heterogeneity
generating mixed tumor phenotypes, which can be
difficult to classify. The altered genes, which are
selected for during tumor evolution, drive the perpetual
survival and continued growth of immature or poorly
differentiated dipocytes. Unlike the other liposarcoma
subtypes, MLPS is characterized by a translocation,
where the N-terminal partner, DDIT3, in a healthy context
plays an important role in regulating adipogenic
differentiation. However, in the setting of MLPS, the
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fusion protein may instead act as an aberrant
transcription  factor inhibiting adipogens is and
maintaining immature adipocyte. In addition to genetic
alterations, tumor development and formation may be
influenced by exogenous factors including surrounding
the tissue microenvironments and tissue inflammatory
state as well as endogenous factors including TP53,
RB1, and PI3K/AKT/PTEN pathways. A summary of the
current therapies against these drivers and other genes
are reviewed in Keung and Somaiah and Tyler et al.
70165 Qverall, the severity of disease appears to be
strongly influenced by higher degrees of genetic
alterations and poorer differentiation. Insights into
mechanisms of phenotypic plasticity — dedifferentiation
or blocked differentiation — may enable better
understanding on how to control differentiation in
liposarcoma therapeutically. It is important to note that
phenotypic plasticity is not a novel invention by cancer
cells but rather a co-opt of latent mechanisms that are
used by healthy cells to support tissue homeostasis'®.

The latest developments in tools and
technologies, including SCS and ctDNA, will be
fundamental in advancing biology, diagnostics, and
molecular therapeutics. SCS may shed light on
intertumoral heterogeneity and identify subclones with
actionable gene targets. Utilizing ctDNA may enable a
feasible method for diagnosis and disease monitoring
where recurrence is a possibility. Most importantly,
continued exploration of the genomics of liposarcoma
should enable advances in drug development centered
on the genetic alterations.
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