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Sarcoma Stem Cell Heterogeneity b
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Abstract Sarcomas represent an extensive group of divergent malignant diseases,
with the only common characteristic of being derived from mesenchymal cells. As
such, sarcomas are by definition very heterogeneous, and this heterogeneity does
not manifest only upon intertumoral comparison on a bulk tumor level but can be
extended to intratumoral level. Whereas part of this intratumoral heterogeneity
could be understood in terms of clonal genetic evolution, an essential part includes
a hierarchical relationship between sarcoma cells, governed by both genetic and
epigenetic influences, signals that sarcoma cells are exposed to, and intrinsic devel-
opmental programs derived from sarcoma cells of origin. The notion of this func-
tional hierarchy operating within each tumor implies the existence of sarcoma stem
cells, which may originate from mesenchymal stem cells, and indeed, mesenchymal
stem cells have been used to establish several crucial experimental sarcoma models
and to trace down their respective stem cell populations. Mesenchymal stem cells
themselves are heterogeneous, and, moreover, there are alternative possibilities for
sarcoma cells of origin, like neural crest-derived stem cells, or mesenchymal com-
mitted precursor cells, or — in rhabdomyosarcoma — muscle satellite cells. These
various origins result in substantial heterogeneity in possible sarcoma initiation.
Genetic and epigenetic changes associated with sarcomagenesis profoundly impact
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the biology of sarcoma stem cells. For pediatric sarcomas featuring discrete recipro-
cal translocations and largely stable karyotypes, the translocation-activated
oncogenes could be crucial factors that confer stemness, principally by modifying
transcriptome and interfering with normal epigenetic regulation; the most exten-
sively studied examples of this process are myxoid/round cell liposarcoma, Ewing
sarcoma, and synovial sarcoma. For adult sarcomas, which have typically complex
and unstable karyotypes, stemness might be defined more operationally, as a reflec-
tion of actual assembly of genetically and epigenetically conditioned stemness fac-
tors, with dedifferentiated liposarcoma providing a most thoroughly studied
example. Alternatively, stemness can be imposed by tumor microenvironment, as
extensively documented in osteosarcoma. In spite of this heterogeneity in both sar-
coma initiation and underlying stemness biology, some of the molecular mecha-
nisms of stemness might be remarkably similar in diverse sarcoma types, like
abrogation of classical tumor suppressors pRb and p53, activation of Sox-2, or inhi-
bition of canonical Wnt/fB-catenin signaling. Moreover, even some stem cell mark-
ers initially characterized for their stem cell enrichment capacity in various
carcinomas or leukemias seem to function quite similarly in various sarcomas.
Understanding the biology of sarcoma stem cells could significantly improve sar-
coma patient clinical care, leading to both better patient stratification and, hopefully,
development of more effective therapeutic options.

Keywords Sarcoma - Liposarcoma - Ewing sarcoma - Chondrosarcoma - Synovial
sarcoma - Osteosarcoma - Mesenchymal stem cells - Sarcoma stem cells - Sarcoma
cells of origin - Genetic and epigenetic plasticity - In vitro sarcoma progression
models - Sox-2 - p53 - pRb - Wnt/B-catenin pathway - Dickkopf

Sarcomas represent an unusually wide, extensive, and heterogeneous group of
tumors, whose sole common denominator is that they originate from mesenchy-
mal cells. They could be divided according to various criteria. The most traditional
histopathologic classification divides sarcomas into two large groups according to
the type of tissue of primary manifestation, namely bone sarcomas, including osteo-
sarcoma and chondrosarcoma, and soft tissue sarcomas, including liposarcoma,
fibrosarcoma, undifferentiated pleomorphic sarcoma, leiomyosarcoma, rhabdomyo-
sarcoma, and a large group of other pediatric sarcomas [1]. Besides, we can classify
sarcomas according to genetic criteria, and, again, we can distinguish two large
groups: sarcomas with largely normal karyotypes and discrete structural chromo-
somal changes and sarcomas with complex karyotypes and pronounced karyotypic
instability. The first group includes especially pediatric sarcomas, which rely for the
most part on reciprocal translocations to activate specific oncogenes (Table 7.1).
The adult sarcomas — including osteosarcoma, chondrosarcoma, most liposarco-
mas, fibrosarcoma, angiosarcoma, leiomyosarcoma, and undifferentiated pleomor-
phic sarcoma — carry usually very complex karyotypes with numerous structural
and numerical alterations [2, 4]. Researchers have only begun to understand the
complex mechanisms behind this karyotypic instability. Especially dedifferentiated
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Table 7.1 Most frequent structural chromosomal aberrations found in sarcomas®

Tumors

Cytogenetic events

Genes involved/fusion

Fibrosarcoma, infantile t(12;15)(p13;q26) ETV6-NTRK3
Synovial sarcoma t(X;18)(pl1.2;q11.2) SS18-SSX1, SSX2
Clear cell sarcoma t(12;22)(q13;q12) EWSRI-ATFI
t(2;22)(q32.3;q12) EWSRI-CREBI
Alveolar rhabdomyosarcoma t(2;13)(q35;q14) PAX3-FOXO1
t(1;13)(q36;q14) PAX7-FOXO1
Mesenchymal chondrosarcoma del(8)(q13;3q21.1) HEYI-NCOA2
Alveolar soft-part sarcoma t(X;17)(p11;925) ASPSCRI-TFE3
Lipoma 12q15 rearrangement HMGA?2 rearrangement
Ewing sarcoma t(11;22)(q24:;q12) EWSRI-FLI1
1(21;22)(q22,q12) EWSRI-ERG
1(7;22)(p22;q12) EWSRI-ETVI
t(17;22)(q12;q12) EWSRI-EIAF
t(2;22)(q33;q12) EWSRI-FEV
t(16;21)(p11;q22) TLS(FUS)-ERG
Inversion of 22q EWSRI-ZSG
Myxoid/round cell liposarcoma t(12;16)(q13;pl1) FUS-DDIT3

t(12;22)(q13;q12)

EWSRI-DDIT3

Extraskeletal myxoid chondrosarcoma

£(9;22)(q22:q12)

EWSRI-NR4A3

€(9:17)(22:q12)

TAF15-NR4A3

Dermatofibrosarcoma protuberans/
giant cell fibrosarcoma

t(17:22)(q22;q13),
supernumerary ring
chromosomes encompassing
chr 17 and 22

COLIAI-PFGFB

Inflammatory myofibroblastic tumor t(2;19)(p23;p13) TPM4-ALK
t(2;17)(p23;q23) CLTC-ALK
inv(2)(p23;q13) RANBP2-ALK

Angiomatoid fibrous histiocytoma 1(2;22)(q32.3;q12) EWSRI-CREBI
t(12;22)(q13;q12) EWSRI-ATF1

t(12;16)(q13;q11)

TLS(FUS)-ATF1

Low-grade fibromyxoid sarcoma

t(7;213)(q34;p11)

FUS-CREB3L2

Sclerosing epithelioid fibrosarcoma

t(11;16)(p11;p11)

FUS-CREB3LI

Hemosiderotic fibrolipomatous tumor

t(1;10)(p11;q24)

MGEA5-TGFBR3

Epithelioid hemangioendothelioma

t(1;3)(p36;925)

WWTRI-CAMTAI

Soft tissue myoepithelioma t(1;22)(q23;q12) EWSRI-PBX1
GCT of tendon sheath t(1;2)(p13;q37) COL6A3-CSF1
Solitary fibrous tumor inv(12)(q13;q13) NAB2-STAT6
Nodular fasciitis t(17;22)(p13;q13) MYH9-USP6

Pseudomyogenic t(7;19)(q22:q13) SERPINEI-FOSB
hemangioendothelioma

Soft tissue angiofibroma t(5:8)(q15;q13) AHRR-NCOA2
CIC-DUX4 sarcoma t(4;19)(q35;q13) CIC-DUX4

(continued)
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Table 7.1 (continued)

Tumors Cytogenetic events Genes involved/fusion
t(10;19)(q26;q13) CIC-DUX4L10
BCOR-CCNB3 sarcoma inv(X)(pl1.4;p11.22) BCOR-CCNB3
Phosphaturic mesenchymal tumor 1(2;8)(q35:q11) FNI-FGFRI
Leiomyoma (uterine) t(12;14)(q15;q24) or HMGAI (HMGIC)
deletion of 7q rearrangement
Synovial sarcoma t(X;18)(pl1;pll) SS18-SSX1 or SS18-
SSX2, SS18-S5X4
Desmoplastic small round cell tumor | t(11;22)(p13;q12) EWSRI-WTI
Endometrial stromal tumor t(7;17)(p15;q21) JAZF1-SUZI2
Extraskeletal myxoid chondrosarcoma | t(9;22)(q22;q12) EWSRI-NR4A3
1(9;17)(q22:q11) TAF15-NR4A3
t(9;15)(q22;q21) TCFI12-CHN

aSource: References [1-3]

liposarcoma (one of four major liposarcoma groups [5]) features a constantly
changing karyotype involving the so-called neochromosomes — giant, sometimes
ring-shaped, chromosomal structures that accumulate most of the amplified onco-
gene loci originating from different chromosomes and result from multiple complex
mechanisms, such as chromothripsis and breakage-fusion-bridge cycles [6].

Mesenchymal Stem Cells

Many of the mesenchymal tissues that can be affected by sarcomas undergo con-
tinuous remodeling and renewal much like epithelia, and it comes as little surprise
that there is a similar hierarchical cellular organization. Supposedly sitting on the
top of this cell hierarchy are mesenchymal stem cells (MSCs), which behave much
like other adult stem cells, i.e., they can self-renew and differentiate into the respec-
tive downstream cell types. For MSCs, trilineage differentiation potential in vitro is
considered a sort of a definition criterion. Upon appropriate stimulation, MSCs can
enter osteogenic, adipogenic, and chondrogenic differentiation [7, 8]. The true dif-
ferentiation potential of MSCs is broader, however. At least in vitro, they are able to
enter the neurogenic differentiation pathway as well. Of course, they also differenti-
ate into fibroblasts, the major constituent of lamina propria of most, if not all, epi-
thelial tissues. This fibroblastic differentiation pathway can take a special form — the
carcinoma-associated fibroblasts (CAFs) — providing a supportive stroma found in
practically all carcinomas. Another differentiated cell type originating from MSCs
is endothelium, a differentiation pathway exploited by tumors of various origins as
well, yielding tumor vasculature.

MSC:s can be isolated and propagated from a lot of tissues in the body, two pro-
totypical sources being bone marrow and white adipose tissue. These cells are,
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nonetheless, not identical and differ in terms of both their relative differentiation
abilities and epigenetic genome regulation [9, 10]. These biological differences
extend into different nomenclatures: The bone marrow-derived MSCs (BM-MSCs)
have been recently proposed to be called skeletal stem cells [11], while the white
adipose tissue MSCs are traditionally called adipose tissue-derived stromal cells
(ASCs). A notable exception among mesenchymal tissues as to for their exclusive
derivation from MSCs is the skeletal muscle, which carries its own stem cell popu-
lation, the satellite cells. Remarkably, the satellite stem cell niche also adopts a
MSCs-like population, again carrying a special name, the fibroblast-adipocyte pre-
cursor (FAP) [12]. To make the things even more complicated, there is a separate
adult stem cell population, the neural crest-derived stem cells. These cells have
descendant cell types, such as specialized neurons, glial cells, and melanocytes, but
they can also differentiate into the full spectrum of mesenchymal cell types [13]. In
conclusion, there is a pronounced and rather extensive heterogeneity among stem
cell populations of normal mesenchymal tissues.

Molecular Biology of MSC Stemness and Differentiation

As introduced above, MSCs have one of the broadest differentiation capacities
among adult stem cells, each of the various differentiation programs dominated by
specific signals resulting in the activation of specific transcription factors.
Transcription factors crucial for osteogenic differentiation are Runx2 and directly
downstream positioned Osterix. Among the signals, bone morphogenetic proteins
are prominent, resulting in specific Smad activation; notably, a direct Smad-Runx2
protein-protein interaction has been described. Adipogenic differentiation results
from the transcription factor succession C/EBPoa—C/EBPB—PPARY. As to the chon-
drogenic differentiation, Sox-9 is regarded as a master transcription factor [14].
Crucial from the point of view of sarcoma initiation and development, MSC
stemness and differentiation seem to be regulated by an intricate network, whose
essential players are classical tumor suppressor proteins p53 and pRb on one hand
and key stemness regulators SIRT-1 and Sox-2 on the other (Fig. 7.1). First of all,
p53 is a general stemness inhibitor, a function not limited to MSCs [15].
Mechanistically, a part of this stemness inhibition relies on direct as well as indirect
transcriptional repression of both SIRT-1 (two p53 binding sites in the promoter plus
a binding site for the p53 downstream transcription factor HIC-1, as well as
p53-inducible miRNA34-mediated silencing) [16, 17] and Sox-2 (mediated mainly
by p53-activated miRNA145) [18-20]. SIRT-1, a longevity gene, codes for NAD*-
dependent protein deacetylase, which, by virtue of this specific posttranslational
modification, regulates the activity of numerous cellular proteins. Among them is
p53, with deacetylation resulting in blocking of its nuclear translocation and the
significant diminution of transcription activation potency, at least in embryonic
stem cells [21]. Sox-2 is another direct SIRT-1 target, but in this case, the effect is
exactly opposite: Deacetylation promotes the nuclear localization and transcrip-
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Fig. 7.1 Molecular circuitry operating in stemness regulation in MSCs and sarcoma stem cells.
See text for detailed explanation

tional activation of downstream genes [22]. Besides SIRT-1 and p53-mediated regu-
lation, Sox-2 is transcriptionally repressed in primary fibroblasts by an unusual
complex involving cell cycle inhibitor p27 and retinoblastoma family proteins pRb
and p130; notably, p53 potentiates this effect [23]. In addition to stemness regula-
tion, p53 is also crucially involved in MSC differentiation. Functional p53 seems to
be a necessary prerequisite for successful adipogenic differentiation, in part via
mitochondria-generated reactive oxygen species, in part via a direct mutual positive
regulation with PPARy [24]. On the other hand, p53 inhibits both osteogenic (in part
by directly repressing the Runx2 gene and inhibiting Osterix activity through a
direct protein-protein interaction) [25] and chondrogenic (via the miRNA145-
mediated silencing of Sox-9) differentiations [18, 19, 26].

Some of the tumor suppressor activities of p53 and pRb consist in their actions on
cellular life span, restricting it and promoting a special type of cell cycle arrest —
senescence. Indeed, MSCs — especially of human origin — are not immortal, at least
in vitro, and succumb to senescence arrest sometimes after just a few passages;
inasmuch these properties lie in the nature of MSCs or result from culture stress (the
bone marrow is a frank hypoxic area, whereas MSCs are usually cultured in normal
oxygen conditions) is still not entirely clear. Anyway, senescence could be regarded
as an antitumor barrier, overcoming of which could be an important step in
tumorigenesis. Interestingly, apart from p53 and pRb, there seems to be one more
player impacting both MSC differentiation and senescence, namely, the Wnt/p-
catenin pathway. The activation of p-catenin has been reported to be part of both
osteogenic and chondrogenic differentiations; on the other hand, this pathway also
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accelerates the senescence of MSCs; MSC immortalization can be promoted by Wnt
inhibitor Dickkopf-1 (and by SIRT-1) [27, 28].

MSC stemness regulation and sarcomagenesis are associated in various ways.
Both SIRT-1 and Sox-2 are poor prognosis factors across various sarcoma types [29,
30]. Diverse sarcomas can be found in increased frequency in affected families suf-
fering from both p53 (Li-Fraumeni syndrome) and pRb (hereditary retinoblastoma)
germ line mutation-driven hereditary cancer syndromes [31]. One of the genes car-
ried within the amplified region underlying neochromosome generation in dedif-
ferentiated liposarcoma is MDM?2 coding for a direct p53 inhibitor [32]. Our own
transcriptomic analysis of two separate progression models of murine soft tissue
sarcoma, the JUN fibrosarcoma progression series [33] and the 3T3-L1 — LM3D
liposarcoma progression series [34], revealed that Dickopf-2 and Dickkopf-3, as
well as additional published inhibitors of canonical Wnt/p-catenin signaling includ-
ing Adenomatosis polyposis coli down-regulated 1, Fibulin-5, Maternally expressed
3, and Integrator complex subunit 6, are all upregulated during sarcoma progres-
sion. Strikingly, this seems to be accompanied by upregulation of the Receptor tyro-
sine kinase-like orphan receptor 2 (Ror2), suggesting a switch from the canonical
Wnht signaling to the noncanonical Wnt5a-Ror2 pathway [34a].

Sarcoma-Initiating Cells and Sarcoma Stem Cells

Keeping in mind the above-outlined development of mesenchymal tissues reflect-
ing an intrinsic cellular hierarchy that starts from mesenchymal stem cells and fol-
lows a given differentiation path through progenitors to terminally differentiating
cells, it is quite natural to expect that part of this hierarchy would be preserved in
sarcomas. Accordingly, we can assume the existence of sarcoma stem cells that
both self-renew and differentiate, much like in carcinomas and leukemias. Of
course, only some sarcoma types — for example, osteosarcoma, chondrosarcoma,
liposarcoma, leiomyosarcoma, or rhabdomyosarcoma — allow to follow a certain
differentiation pathway reminiscent of physiological differentiation. Other sarcoma
types — diagnosed as undifferentiated pleomorphic sarcoma or simply just spindle
cell sarcoma — do not show any easily recognizable differentiation pattern. In fact,
the residual differentiation capacity might not be easily discernible even in high-
grade tumors of the former sarcoma types. In such cases, the tumorous (pseudo)
differentiation can take the form of diversity in functional aspects, like clonoge-
nicity, tumorigenicity, therapeutic resistance, motility, and invasiveness. Various
questions about sarcoma stem cells — like those about their abundance, properties,
self-renewal, and differentiation ability — should be clearly separated from ques-
tions about sarcoma-initiating cells, which are cells that incur the first mutagenic
insult ultimately yielding a sarcoma.

In this respect, the various types of mesenchymal stem cells would be apparent
candidates [35-37]. Several reasons support this conclusion. First, again drawing
lessons from various carcinoma and leukemia stem cells, the path from a respective
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tissue stem cell (mesenchymal for sarcomas) to its derivative cancer stem cell is
simpler and more direct than the path assuming cancer initiation in a more differen-
tiated cell, because the various stemness mechanisms are already operating. In addi-
tion, the reliance of sarcomas and sarcoma stem cells on Sox-2 and SIRT-1 is a good
argument for their derivation from mesenchymal stem cells. We should not forget,
however, that MSCs are not a uniform cell type and BM-MSCs clearly differ from
ASCs and probably from MSCs isolated from other sources, NCSCs notwithstand-
ing. Another argument is that MSC-specific expression signature has been identified
in some sarcomas and it could be especially clearly revealed (together with the
restauration of the full multilineage differentiation potential in vitro) by performing
an experimental reversion of sarcoma cells, for example, by an shRNA-mediated
knockdown of driver fusion oncogenes in translocation-derived sarcomas. Finally,
MSCs are amenable to both spontaneous transformation and purposeful genetic
manipulation resulting in sarcomas (see below). This last argument should not be
overemphasized, however, because a similar outcome could also be arrived at by the
in vitro transformation of normal fibroblasts, that is, differentiated mesenchymal
cells [38].

In addition, even though it could be feasible to infer the origin of simpler
translocation-dependent sarcomas, this task can be much more complicated in
karyotypically complex sarcomas. Indeed, available models suggest alternative
possibilities. For example, at least in mouse models, a probable osteosarcoma-ini-
tiating cell is an osteogenic progenitor, not MSC [39, 40]. What is more, it could be
shown that a human fibrosarcoma cell line could be converted to a liposarcoma by
a forced expression of a key liposarcoma oncogene CHOP (DDIT3) [41]. And, of
course, rhabdomyosarcomas derive almost certainly from satellite cells [42, 43].
We can thus conclude that there are many potential candidates for the sarcoma
cell of origin, including various MSCs and NCSCs and various other mesenchymal
cell types.

Modeling Sarcomagenesis in MSCs

Assuming the MSC origin of at least a great part of sarcomas, we can directly use
our knowledge of MSC biology — including our ability to differentiate MSCs along
a desired path, together with our increasing understanding of underlying biology of
diverse sarcomas — to build MSC-based models of sarcoma development. This
endeavor can have several forms.

First, we can perform in vitro differentiation of MSCs, identify differentially
expressed genes, proteins, or pathways, and relate them to the corresponding sar-
coma type. Two studies illustrate well this point. In the first of them, primary
human BM-MSCs were subjected to chondrogenic differentiation, and a specific
chondrogenesis expression signature was identified. When the gene expression
profiles of chondrosarcoma samples of different grades were confronted with the
chondrogenesis expression signature, it turned out that all the grade III and grade 11
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metastatic cases clustered together close to the undifferentiated MSCs, whereas
grade I and nonmetastatic grade II chondrosarcomas were more similar to late dif-
ferentiation stages of MSCs approaching mature chondrocytes [44]. This result
rather convincingly shows that stemness preservation (or regain) can represent an
important contribution to metastatic competence. In addition, the chondrogenesis
gene expression signature identified could be of a direct clinical utility, especially
for the prognosis of grade II chondrosarcoma patients.

A conceptually similar approach has been applied to liposarcoma. The liposar-
coma itself represents a complex diagnosis consisting of at least four distinct tumor
types: dedifferentiated, pleomorphic, myxoid/round cell, and well-differentiated
[5]. It could be shown that each of them corresponds, at least in terms of their
specific gene expression profile, to a different stage of adipogenic differentiated
MSC. Again, this result might have an immediate diagnostic value. Dedifferentiated
and pleomorphic liposarcomas thus feature the expression of typical MSC mark-
ers — like CD44, CD54, and hepatocyte growth factor — while myxoid/round cell
and well-differentiated liposarcomas adopt the expression of typical fat markers,
namely, adiponectin, leptin, and lipoprotein lipase [45]. This approach made also
possible the identification of genes and pathways typical of either path of liposar-
comagenesis. Although their clinical utility has yet to be demonstrated, an intrigu-
ing candidate pathway compromised in both dedifferentiated and pleomorphic
liposarcoma cases is insulin signaling, a very well-defined proadipogenic signaling
pathway, which could be amenable to various pharmacological modulations [46].
It should be stressed, nevertheless, that especially dedifferentiated liposarcoma is
a very complicated tumor type, for which the cell of origin is largely unclear (it
could be a MSC at an early point of adipogenic differentiation or progressing well-
differentiated liposarcoma) and whose genome, as mentioned above, is extremely
unstable with unprecedented consequences for gene expression, stemness, and clin-
ical behavior (see below).

If we embrace the idea that most sarcomas may originate from MSCs, a logical
next step is to undertake an attempt at deriving sarcoma models by their targeted
manipulation. In the last decade, several valuable sarcoma models have been estab-
lished in this way, revealing several general rules of sarcoma development. First, it
turned out that rodent (especially murine) MSCs are distinctly more susceptible to
initiate sarcomagenesis than their human counterparts; indeed, murine and rat
MSC:s are even prone to spontaneous sarcomagenesis upon prolonged in vitro cul-
ture, which is practically never observed in human MSCs. We can only speculate
about biological reasons for this difference. It is known for quite a long time that
mouse adult tissues constitutively express telomerase and the murine cells are thus
immortal upon appropriate cell culture conditions, eliminating the senescence bar-
rier (see above). In addition, most — if not all — experiments have been performed on
MSCs isolated from various inbred mouse strains, and we can assume a random
fixation of various mutant alleles during the inbreeding process. The existing senes-
cence barrier — probably among other mechanisms — makes human MSCs intrinsi-
cally resistant to sarcomagenesis, and usually this is the first obstacle to be overcome
in order to convert human primary MSCs into desired sarcoma cells. A standard
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approach is to introduce viral oncogenes that eliminate the p53- and pRb-mediated
senescence arrest (HPV E6 and E7 oncogenes or SV40 large T antigen, respec-
tively), complemented by the stable overexpression of the gene coding for catalytic
subunit of telomerase (hTERT) [47, 48]. Even these MSC derivative cell lines
(called 3 hit MSCs — E6, E7, and hTERT) were not susceptible to spontaneous sar-
comagenesis, and two additional genetic steps turned out to be necessary, namely,
c-Myc stabilization by virtue of SV40 small t antigen expression and a permanent
mitogenic stimulation by the forced expression of a constitutively active Ha-Ras
oncogene [47, 48]; Myc-Ras is a traditional cooperating oncogene pair, defined by
its joint ability to transform rat embryonic fibroblasts [49]. The resulting 5 hit MSCs
finally yielded undifferentiated pleomorphic sarcomas when injected into a severely
immunocompromised mouse [50].

A separate question is which factors promote particular types of sarcomagenesis.
This seems to be a very complex issue encompassing several points, such as the
source of MSCs (BM-MSCs vs. ASCs), their species origin (mouse or human), and
of course the genetic changes either spontaneously accumulated or purposefully
introduced. Especially, p53 deficiency (alone or combined with pRb deficiency) can
initiate various sarcoma types depending on other factors. In mouse BM-MSCs,
spontaneous p53 mutations have been associated with fibrosarcoma development
[51], whereas mouse p53—/— ASCs were transformed toward leiomyosarcoma [50],
and the combined deficiency of both pl6™&4% and p19ARF (two tumor suppressor
proteins encoded by a single locus and acting via pRb and p53 pathways, respec-
tively [49]) coupled to c-Myc overexpression in mouse BM-MSCs triggered osteo-
sarcoma development [52]. The knowledge and availability of translocation-activated
fusion oncogenes provided additional possibilities of specifically directing sarco-
magenesis along a desired pathway. The FUS-CHOP oncoprotein, specific for myx-
oid/round cell liposarcoma, provided a particularly revealing example. A purposeful
expression of FUS-CHOP in mouse ASC of p53—/— background [50], in 4 hit (HPV
E6, E7, hTERT, and SV40 small-t) or 5 hit (+ Ha-Ras"'?) human BM-MSC back-
grounds [50], or in HT'1080 fibrosarcoma cells [41], respectively, was able to divert
the pathway of sarcomagenesis from leiomyosarcoma, undifferentiated pleomor-
phic sarcoma, or fibrosarcoma to liposarcoma. It seems, therefore, that this type of
liposarcomagenesis involves at least two principal causal factors: a general tumori-
genic transformation of cells (provided by the recipient cells that are already com-
petent to various types of sarcomagenesis) and a limited, corrupt, and incomplete
lipomatous differentiation provided by the FUS-CHOP translocation oncoprotein.

Ewing sarcoma provides another example of a sarcoma that relies on a transloca-
tion oncogene imposing its effect on target cells. From a certain point of view, its
biology seems to be opposite to myxoid/round cell liposarcoma, with sarcomagen-
esis resulting from a specific dedifferentiation or reprogramming toward a primitive
stem cell phenotype. Indeed, in transgenic mice, a conditional p53 deletion in
embryonic limb bud cells led predominantly to osteosarcoma (i.e., a tumor featuring
an intrinsic partial differentiation ability) [53], while if combined with EWS-FLI-1
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translocation oncogene overexpression, this partial differentiation was lost, leading
to Ewing sarcoma-like tumors [54]. Like FUS-CHOP, EWS-FLI-1 alone does not
transform human adult BM-MSCs (unlike mouse MSCs), but it is able to impose a
gene expression profile reminiscent of Ewing sarcoma [55]. Intriguingly, the degree
of matching between these gene expression profiles was even greater if pediatric
instead of adult BM-MSCs were used. A further increase was achieved when EWS-
FLI-1-transduced pediatric human BM-MSCs were cultured in medium used to
raise induced pluripotent stem cells [20], quite clearly classifying Ewing sarcoma as
a stem cell- or reprogramming-type malignancy.

On the other hand, it is not yet clear whether MSCs are the cells of origin for
Ewing sarcoma. Independent experiments with EWS-FLI-I-transduced NCSCs also
showed a strong concordance with the Ewing sarcoma gene expression profile [56],
leaving the question of Ewing sarcoma’s cell of origin open. A similar question with
a very similar dilemma is also pending for synovial sarcoma [57, 58].

Sarcoma Stem Cell Heterogeneity

From all the discussion above, we can take the existence of sarcoma stem cells as,
if not certain, then certainly highly probable. Various approaches have been adopted
to identify and isolate sarcoma stem cells (Table 7.2), which are, by and large, iden-
tical to those applied in various carcinomas, lymphomas, and leukemias, including
a group of “obligate” stem cell markers, like CD44, CD90, and CD133 [80]. Such
approaches suffer from an inherent weakness that they are based on an a priori
assumption that positive cells equal stem cells, which is not always true. Specific for
certain sarcomas could be cell surface markers that define normal mesenchymal
stem cells.

Another possibility would be a marker-free approach essentially aimed at identi-
fying chemoresistant cancer and normal stem cells, like side population (SP) sorting
directed toward cells with a high expression of ABC efflux membrane transporters,
especially ABCB1 and ABCG2, or Aldefluor assay targeting cells specifically over-
expressing detoxification enzymes of aldehyde dehydrogenase family, especially
ALDHI1A1 and ALDH1A3 [81]. Several experimental models in which sarcoma-
genesis could be followed in a stepwise manner showed that sarcoma development
and progression were associated with an increase in the stem cell fraction, expressed
as both SP- [79] and Aldefluor-positive cells [65]. This association could be inter-
preted as sarcomas representing indeed stem cell tumors. Interestingly in this con-
text, the Wnt inhibitor Dickkopf-1 has been reported not only to be crucial to
overcoming senescence but also to increase ALDH1AT1 expression and thus to pro-
mote sarcoma stemness [82]. In addition, specific stem cell targeting could be one
mechanism of action of a relatively new antisarcoma chemotherapeutic drug tra-
bectedin [83].
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Table 7.2 A survey of stem cell markers exploited to identify and enrich for sarcoma stem cells

Marker Biological function Sarcoma type References
CD133 (prominin-1) Surface glycoprotein with | Synovial sarcoma, [59-63]
five transmembrane osteosarcoma,
domains localizing to rhabdomyosarcoma,
membrane protrusions Ewing’s sarcoma,
liposarcoma,
chondrosarcoma
ALDH(1) (aldehyde Group of enzyme catalyzing | Osteosarcoma, Ewing’s [59, 61,
dehydrogenase) the oxidation of sarcoma, liposarcoma, 63-66]
intracellular aldehyde to fibrosarcoma, synovial
carboxylic acid sarcoma, chondrosarcoma,
rhabdomyosarcoma,
myxoid/round cell
liposarcoma
Nestin (neuronal stem | Type VI intermediate Rhabdomyosarcoma, [60, 61,
cell) filaments protein osteosarcoma, fibrosarcoma | 63]
(only in sphere-forming cell
subpopulations)
CD184 (also as C-X-C | Alpha-chemokine receptor | Osteosarcoma, synovial [60, 67]
chemokine receptor specific for stromal-derived | sarcoma
type 4 — CXCR4 —or | factor-1 (SDF-1)
fusin)
CD117 (mast/stem cell | Receptor tyrosine kinase Osteosarcoma [59, 60,
growth factor 68]
receptor—SCFR; c-Kit
proto-oncogene)
CD29 (integrin beta-1) | Adhesion molecule and Osteosarcoma [69]
extracellular matrix receptor
CD49f (integrin Adhesion molecule and Osteosarcoma [60]
alpha-6) extracellular matrix receptor
STRO-1 (stromal cell | Cell surface marker protein | Osteosarcoma [59, 60,
precursor surface expressed on mesenchymal 68]
antigen) stem cells
SSEA-4 (stage-specific | Glycosphingolipid Osteosarcoma [60]
embryonic antigen-4) | expressed on embryonic
stem cells
CD57 (HNKI1 - human | Cell surface protein Ewing’s sarcoma [60]
natural killer-1 or expressed on NK cells and
LEU7) neuroendocrine tumors
LGRS (leucine-rich Member of the Wnt Ewing’s sarcoma [60]
repeat-containing signaling pathway;

G-protein-coupled
receptor 5) also as
G-protein-coupled
receptor 49 (GPR49) or
G-protein-coupled
receptor 67 (GPR67)

R-spondin receptor

(continued)
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Table 7.2 (continued)
Marker Biological function Sarcoma type References
FGFR3 (fibroblast Receptor tyrosine kinase Rhabdomyosarcoma [60]
growth factor receptor
3) also as CD333
NANOG Transcription factor Ewing’s sarcoma, [60, 70,
involved in self-renewal of | osteosarcoma, 71]
undifferentiated embryonic | rhabdomyosarcoma
stem cells
Sox2 also as SRY Transcription factor Osteosarcoma, Ewing’s [60, 71]
(sex-determining involved in self-renewal of | sarcoma,
region Y)-box 2 undifferentiated embryonic | rhabdomyosarcoma,
stem cells synovial sarcoma
Oct-4 (octamer-binding | Transcription factor Osteosarcoma, Ewing’s [60, 66,
transcription factor 4) | involved in self-renewal of | sarcoma, 70, 72]
also as POUSF1 undifferentiated embryonic | rhabdomyosarcoma
stem cells
CBX3 (chromobox Component of Osteosarcoma [73]
protein homolog 3) heterochromatin, binds
DNA and other proteins and
receptors
c-Myc Transcription factor Rhabdomyosarcoma [71,74]
activating proliferation and
apoptosis
Pax3 (paired box gene | Transcription factor Rhabdomyosarcoma [71,75]
3) involved in muscle
development
CD105 also as Involved in TGF-$ Osteosarcoma [76]
endoglin (ENG) signaling, cytoskeletal
organization, and migration
CD44 Cell surface glycoprotein Osteosarcoma [69, 76]
expressed on mesenchymal
stem cells important in
cell-cell interactions and
cell adhesion and migration;
can interact with many
ligands (HA, osteopontin,
collagens, etc.)
CD146 also as A surface glycoprotein Fibrosarcoma, [77]

melanoma cell
adhesion molecule

involved in cell adhesion, a
receptor for laminin alpha 4

undifferentiated
pleomorphic sarcoma,

(MCAM) or cell osteosarcoma

surface glycoprotein

MUCI18

ABCG2 (ATP-binding | Protein transporting various | Osteosarcoma, [61]
cassette subfamily G molecules across extra- and | undifferentiated

member 2)

intracellular membranes

pleomorphic sarcoma

(continued)
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Table 7.2 (continued)

Marker Biological function Sarcoma type References
ABCAS (ATP-binding | Protein transporting various | Osteosarcoma [73]
cassette, subfamily A molecules across extra- and
member 5) intracellular membranes
Side population (dye Multiple ABC efflux Osteosarcoma, Ewing’s [59, 78,
exclusion) pumps, including ABCB1 | sarcoma, synovial sarcoma, | 79]
and ABCG2 undifferentiated
pleomorphic sarcoma,
fibrosarcoma

Genetic and Epigenetic Plasticity of Sarcoma Stem Cells

An obvious question is inasmuch stemness of potential sarcoma stem cells is a
“heritage” from an initiated normal stem cell (in this case most probably a mesen-
chymal stem cell) or whether it results directly from the action of sarcoma onco-
genes. Two karyotypically simple translocation-dependent sarcomas could be rather
instrumental to illustrate the latter possibility.

Synovial sarcoma is initiated by t(X;18)(p11;ql1) translocation, resulting in a
fusion protein between SS18 (whose gene is located on chromosome 18) and one of
the translocation partner proteins SS1, SS2, or, rarely, SS4 (collectively called SSX,
encoded by multiple homologous genes located on chromosome X) [84]. It has been
reported that synovial sarcoma cells, without any sorting or selection, exhibited a
high degree of stemness: Clonogenicity (sarcosphere formation) and tumorigenicity
were comparable to those achieved by stem cell marker sorted populations in other
tumors [85]. The SS18-SSX chimeric proteins encompass several transcription reg-
ulatory and protein-protein interaction domains, but, notably, no DNA-binding
domain. The actual notion is that SS18-SSX engages a plethora of protein interac-
tion partners, leading to complex changes in gene expression and finally resulting in
accentuated stemness. Well-documented protein-protein interaction takes place
between SS18-SSX and epithelial-mesenchymal transition (EMT)-triggering tran-
scription repressors Snail and Slug, which prevents their binding to the E-cadherin
gene promoter and results in pseudoepithelial transdifferentiation observed in some
synovial sarcomas [85a]. Many SS18-SSX interaction partners involve chromatin
modifier proteins, with a complex epigenetic reprogramming as a direct conse-
quence. For example, it has been reported that SS18-SS2 directly interacts with the
Polycomb-group complex 1 components Bmil and RinglB, resulting in Bmil
destabilization and the consequent derepression of a large group of Polycomb-
silenced developmental genes. SS18 itself is a component of the mSWI/SNF-BAF
chromatin remodeling complex, and its replacement by SS18-SSX fusion oncopro-
teins leads to complex changes in gene expression, among others to the erasure of
the repressive histone mark H3K27me3 at the Sox-2 locus [86, 87].

Strikingly, both of these effects are achieved also by the EWS-FLI-1 fusion
oncoprotein underlying Ewing sarcoma, but via different mechanisms. Unlike
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SS18-SSX, EWS-FLI-1 acts on its own as a direct transcription factor, via the
ETS-DNA-binding domain supplied by the FLI-1 translocation partner [88].
According to recent results, EWS-FLI-1 can directly compete with the Polycomb
repressor complex 1 (or, more probably, transcription factors mediating its recruit-
ment, like YY-1) for binding to particular loci — notably certain HOX genes, espe-
cially posterior HOXD genes — resulting in their derepression [89]. In addition, it
likely acts as both direct and indirect activator of Sox-2. This latter regulatory func-
tion is based on its direct transcriptional repression of miRNA145, encoded by a
p53-responsive gene and directly targeting Sox-2 (as well as Oct-4). Intriguingly,
EWS-FLI-1 is itself a target of miRNA145-mediated silencing, its repression thus
stabilizing EWS-FLI-1 itself as well, a regulatory circuit already described for the
relationship between Oct-4 and miRNA 145 in embryonic stem cells [20].

Not surprisingly, all the epigenetic regulations crucially depend on the entire
regulatory context resulting from signals acting on the cell. In the above-discussed
experimental analyses of both synovial sarcoma and Ewing sarcoma, variations in
cell culture media played important roles. In vivo, such a regulatory context would
probably differ from cell to cell, generating a heterogeneous cell population with
variable expressions of stemness traits in each individual sarcoma cell.

What is the situation in karyotypically complex sarcomas? As already mentioned
above, dedifferentiated liposarcoma is an example of tumor type with an unusually
high degree of genetic and epigenetic instability. This instability manifests at all
thinkable levels. Karyotypic instability is mainly represented by neochromosomes,
giant or ring chromosomes accumulating amplified segments of various chromo-
somes. Their origin is not clear, but the consensus is that they are triggered by the
originally extrachromosomal amplification of a specific amplicon at 12q. Among
the genes amplified are MDM?2 (coding for a direct p53 inhibitor, as mentioned
above), CDK4, and YEATS2 (coding for an acetylated and crotonylated histone
reader). Via repeated breakage-fusion-bridge cycles, the 12q amplicon triggers a
progressive genome destabilization, including structural chromosomal aberrations
[90]. Notable among them is the translocation between HMGA2 and CPM genes.
HMGA?Z2 codes for a nonhistone chromatin protein involved in global gene expres-
sion regulation. The translocation removes the 3’-part of the HMGA2 gene, result-
ing in two principal effects. First, it leads to the production of a shortened protein,
and, second, because the removed 3’-part of the gene contains at least three target
sequences for the let-7 miRNA, this shortened HMGA?2 protein is grossly overex-
pressed [91]. Intact HMGA?2 expressed at a normal level promotes adipogenic dif-
ferentiation; an overexpressed full-length or shortened protein abolishes it instead,
however. In addition, overexpressed HMGA?2 has particular gene expression conse-
quences. Among the genes it specifically induces, prominent is the SS/, one of the
synovial sarcoma translocation partners (see above), eventually promoting stemness
[92]. Copy number alterations in dedifferentiated liposarcoma underlie the overex-
pression of some additional genes with presumed roles in stemness (c-JUN onco-
gene, mesenchymal stem cell factor gene TUFTI) or chromatin organization
(heterochromatin factor gene CBXT) [90]. There can also be more traditional epi-
genetic aberrations, like the promoter hypermethylation of the gene encoding the
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key adipogenic transcription factor C/EBPa or of the miRNA193b gene [93]. One of
the miRNA193b targets is the fatty acid synthase — an important cancer metabolic
enzyme that (as described for leiomyosarcoma) at the same time interacts with vari-
ous histone modification enzymes and modulates their activity [94], producing a
sort of feed-forward loop in epigenome destabilization. Last but not the least, some
point mutations found in liposarcoma can produce similarly widespread epigenetic
consequences to those caused by more extensive changes described above. About
8% of dedifferentiated liposarcoma cases harbor point mutations (mostly missense)
in the gene encoding histone deacetylase 1 [93]; striking in this respect is the finding
that HDAC inhibitors might specifically target sarcoma stem cells (as described for
the osteosarcoma model) [95].

These various mechanisms of dedifferentiated liposarcoma genome instabil-
ity create an unprecedented level of genetic and epigenetic plasticity and impacts
numerous genes implicated in differentiation and stemness regulation. This situ-
ation sets a completely new stage for research on cancer stem cell heterogeneity.
Traditionally, it has automatically been assumed that a cancer stem cell achieves its
stemness either from an initially mutated normal stem cell or as the direct molecular
consequence of an initiating mutation. Once established, cancer stemness can be
passed to some daughter cells, resulting in a more or less stable cancer stem cell
pool, and it can be lost only by differentiation. Isolated populations of cancer stem
cells, like side population cells or stem cell marker sorted cells, thus provide quasi-
pure stem cells, but for a certain time only — until they are diluted by differentiation.
In the context of the huge genetic and epigenetic plasticity, like that found in dedif-
ferentiated liposarcoma, stemness might be understood in a completely different
way. Stem cells might correspond simply to cells that at a given moment accu-
mulate a sufficient number of stemness-promoting and differentiation-inhibiting
mutations and epigenetic changes; in other words, stemness can be understood as
a defined actual functional state rather than a quasi-fixed cell type. Some of such
stem cells may differentiate, others can simply lose their stemness-promoting and
differentiation-inhibiting genetic and epigenetic changes as a direct consequence
of genetic and epigenetic plasticity, and still others, originally non-stem cells, can
regain these changes by the same token. Stem and non-stem cells are thus continu-
ously and bidirectionally changing, mixing, and merging.

Microenvironmental Influence on Sarcoma Stem Cells

All the discussion on sarcoma stem cells pursued by now concentrated largely on
cell-autonomous mechanisms. We know, however, that tissue homeostasis is regu-
lated by the cross talk between tissue-specific stem cells and their microenviron-
ment, and, in a similar way, signaling from tumor niches may play relevant roles in
the regulation of sarcoma stem cells [96-98]. Among the different subtypes of sar-
coma, the relevance of the interaction between microenvironmental components
and cancer (stem) cells has been especially well described in osteosarcoma [99].
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Osteosarcoma cells closely interact with local microenvironmental cell types, such
as stromal cells (MSCs and cancer-associated fibroblasts), osteoblasts, osteocytes,
osteoclasts, or chondrocytes, as well as with immune infiltrates mainly composed of
T lymphocytes and macrophages [97, 100]. The interaction between these multiple
players results in the production of signaling factors that contribute to either favor-
ing or decrease of stemness properties in osteosarcoma [97]. Thus, signaling medi-
ated by fibroblastic growth factor (FGF)-Sox2 axis [101], transforming growth
factor B (TGF-p) [102], the Hippo signaling regulator YAP1 [103], or NOTCHI
[40], among others, was reported to promote stemness in osteosarcoma. On the
other hand, signals with proven pro-osteogenic activities, like those dependent on
bone morphogenetic proteins (BMP) [104] or WNT factors [101], seem to decrease
sarcoma stem cell frequency and to promote osteogenic differentiation. In addition,
extracellular matrix components of the tumor microenvironment have also been
reported to interact with sarcoma stem cells. This is the case of hyaluronan, which
may promote stemness properties in tumor cells through the binding with its recep-
tor, the cancer stem cell marker CD44 ([105] — see Table 7.2). We can assume that
details of composition of this complex tumor microenvironment differ in each indi-
vidual tumor, resulting in a wide spectrum of osteosarcoma stemness modulation.

Notice that within the context of osteosarcoma (and possibly other sarcoma types
as well), MSCs can thus be viewed not only as possible cells of origin but also as a
stromal supporting type. Indeed, MSCs are the cell type with rather precisely
described interactions with osteosarcoma stem cell subpopulations. MSCs may be
activated by the acidic conditions generated by osteosarcoma cells and these tumor-
conditioned MSCs favor osteosarcoma stemness and chemoresistance via IL6-
NF-xB signaling [106]. Moreover, MSCs may increase chemoresistance of
osteosarcoma cells through the activation of IL6/STAT3 pathway [107].

Several locations within the bone microenvironment where pro-stemness signal-
ing is particularly active have been proposed as suitable niches for osteosarcoma
stem cells [96] (Fig. 7.2): (i) the perivascular niche, which was described as the most
likely location for the most immature MSCs and therefore may also constitute a
niche for sarcoma stem cells originated by transformed MSCs [108]; (ii) the hypoxic
niche, which is an important stemness-promoting environmental condition in bones
[109]; and (iii) the endosteal niche, which is a signal-rich environment where tumor
cells interfere with the bone remodeling process, establishing a “vicious cycle” that
favors osteoclast-mediated osteolysis and the subsequent release of calcium and
growth factors (FGF, TGF-p, IGF1, BMP, etc.), which support stem and tumorigenic
properties [97]. In any case, these three prototypical osteosarcoma niche types differ
in their detailed molecular mechanisms of stem cell support, plausibly resulting in a
niche-dependent osteosarcoma stem cell heterogeneity.

The detailed knowledge of the microenvironment in maintaining tumor homeo-
stasis has encouraged the development and testing of therapies aimed to counteract
pro-tumoral signals, including pro-stemness signals, from the microenvironment
[96]. Consequently, several therapeutic strategies have been recently developed to
target the role of the tumor-promoting osteoclast activity [110, 111], to reduce the
vascularization of tumors [112], and to enhance the immune response against
tumors [113, 114].
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Fig. 7.2 Osteosarcoma stem cell niches. Figure shows the most relevant cell types of the bone
microenvironment that may interact with osteosarcoma cells. Suggested locations for osteosar-
coma stem cells include the perivascular niche, the endosteal niche, and the areas of poor vascular-
ization (hypoxic niche) (adapted from [96]
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