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Abstract Sarcomas are a heterogeneous group of tumors
with mesenchymal origins. Sarcomas are broadly classified
into bone and soft tissue sarcomas with over 50 subtypes.
Despite recent advances in sarcoma classification and
treatment strategies, the prognosis of some aggressive
sarcoma types remains poor due to treatment infectiveness
and development of drug resistance. A better understanding
of sarcoma pathobiology will significantly increase the
potential for the development of therapeutics and treatment
strategies. Recently, expressions of microRNAs (miRNA),
a class of small non-coding RNAs, have been found to be
deregulated in many sarcomas and are implicated in sar-
coma pathobiology. Comprehensive understanding of gene
regulatory networks mediated by miRNAs in each sarcoma
type and the conservation of some shared/conserved
miRNA-gene networks could be potentially investigated in
the prevention, diagnosis, prognosis and as multi-modal
treatment options in these cancers. In this review, we will
discuss the current knowledge of miRNA-gene regulatory
networks in various sarcoma types and give a perspective
of the complex multilayer miRNA-mediated gene regula-
tion in sarcomas.
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Introduction

Sarcomas are mesenchymal tumors that accounts for about
1 % of all malignant tumor types in humans [1]. Approx-
imately 15 % of all malignant tumors in children are
pediatric sarcomas. Sarcomas can occur anywhere in the
body, but the majority occur in the extremities and can be
broadly classified into bone and soft tissue sarcoma with
over 50 subtypes [2, 3]. Sarcoma nomenclature is generally
based on the cell and/or tissue type, as in osteosarcoma
(OS), angiosarcoma, rthabdomyosarcoma (RMS) and lipo-
sarcoma. Even within a specific sarcoma type, tumors are
highly heterogeneous and the histopathological and clinical
features are not always distinct, causing a diagnostic
challenge. Several sarcoma types, however, are character-
ized by chromosomal translocations resulting in tumor-
specific fusion transcripts [4, 5]. The presence or absence
of such fusion transcripts are widely used as diagnostic
markers for certain subtypes [6]. In addition, DNA copy
number changes are used in sarcoma diagnosis [7]. Despite
these markers, a significant number of sarcomas are char-
acterized by complex karyotypes and remain unclassified
[6]. The risk of metastasis and the prognosis also depends
on the sarcoma type and grade [2]. Generally, the standard-
of-care for high-grade tumors includes chemotherapy and/
or radiation. Despite advances in treatment strategies, the
5-year survival rate remains static for certain sarcoma types
[8]. This bleak prognosis could be attributed to the relative
ineffectiveness of the treatment as well as the complex
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tumor biology leading to drug resistance [9]. A better
understanding of sarcoma biology will significantly
increase the potential for identification and development of
novel therapeutic targets and treatment strategies.

Significant efforts have been made to generate gene
expression profiles of various sarcoma types [10-14].
These profiles have enhanced our understanding of the
biology and classification of various sarcoma types [15]. In
recent years, mictoRNA (miRNA) expression patterns of
several sarcoma types have been determined [16, 17].
MicroRNA signature-based classification and subgrouping
of sarcomas were largely based on lines of differentiation
[16]. It is well established that miRNAs play a significant
role in posttranscriptional gene regulation [18]. Substantial
expression data have been generated using sarcoma tumor
tissues and cell lines, allowing us to integrate gene and
miRNA expression patterns and perform complex correl-
ative and functional studies [19] to better decipher the
sarcoma biology. In this review, we will discuss our current
understanding of miRNA-mediated gene regulatory net-
works in various sarcoma types and give our perspective
on the complex layers of gene regulation mediated by
miRNAs in these cancers.

MicroRNA biogenesis and function

MicroRNAs play a fundamental but significant role in most
aspects of cellular biology [20-25]. miRNA biogenesis
pathways and the mechanisms of regulatory functions are
described elsewhere in detail [25-28]. Here, we briefly
outline the biogenesis of miRNA. miRNAs are evolution-
arily conserved small non-coding RNAs that post-
transcriptionally regulate gene expression. In humans,
miRNAs are present in exons, introns or intergenic regions.
miRNAs are initially transcribed as primary miRNAs (pri-
miRNAs), either as monocistronic (single) or polycistronic
(multiple miRNAs) transcripts [29]. These pri-miRNAs are
processed by an RNAse IIl enzyme, Drosha, to become
precursor miRNA (pre-miRNA), a stem loop structure of
about 70 nucleotides. Pre-miRNAs are exported to cyto-
plasm by exportin 5 and subsequently processed by Dicer
to form mature miRNAs, 18-24 nucleotides in length. The
mature miRNA duplex is then bound to a miRNA-induced
silencing complex (miRISC), where the passenger or star
strand is selectively degraded, retaining the active strand.
The ‘seed’ sequence in the active strand directs the miRISC
to complementary sites in the mRNA transcripts (typically
in the 3'UTRs) and negatively regulates gene expression
[30, 31]. Protein translation regulation or mRNA degra-
dation of the target is determined based on the miRNA
complementarity with the target sequences [31, 32]. The
biogenesis of miRNAs is graphically illustrated in Fig. 1.
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miRNAs have emerged as major gene regulators and are
implicated in many disease processes including cancers
[25]. More than 60 % of human transcripts are directly or
indirectly under the control of miRNAs. miRNAs associ-
ated with cancer are collectively known as oncomiRs [33].
A miRNA can function either as an oncogene or a tumor
suppressor based on the cell types and the target genes it
regulates [34, 35]. The role of miRNA can be attributed to
the established hallmarks of cancer. For instance, over 40
miRNAs are implicated in cellular apoptosis [36] and some
may have overlapping roles in other cancer mechanisms
such as cell angiogenesis, invasion and metastasis [37-39].

The functional role of miRNAs has been extensively
studied in many cancer types, especially carcinomas and
hematopoietic malignancies [35]. In addition, these non-
coding RNAs are also implicated in regulating human
embryonic stem cells and cancer stem cells [40, 41]. Due to
the rarity and modest availability of quality tumor tissues,
there are only limited studies of miRNAs in sarcomas.
Further, lack of sufficient sarcoma models has also damp-
ened the miRNA studies in sarcomas. Despite these
obstacles, a number of studies have been reported on var-
ious sarcoma types and on the mechanisms through which
these miRNAs might contribute to sarcoma biology. For
instance, work by Riggi et al. [42] provides insights into
the mechanisms whereby a single oncogene can reprogram
primary cells to display a cancer stem cell phenotype in
Ewing’s sarcoma. They reported that fusion protein EWS/
Flil and miR-145 form a mutually regulating feedback
loop and identified SOX2 as their common target.

miRNA expression patterns in human sarcomas

Expression profiling of large numbers of miRNAs is a
powerful technique widely used to understand gene regu-
latory networks in cancer. It has been reported that,
compared to mRNA profiling, miRNA profiling can accu-
rately classify human cancers [43]. Thus, miRNA
expression patterns may be more closely linked to tumor
differentiation. Our group conducted the first study to
report global miRNA profiling in sarcomas [16]. This study
included 27 sarcomas, representing 7 sarcoma types. Pro-
filing was performed using microarray technology and/or
small RNA cloning and sequencing. The different tumor
types showed distinct miRNA expression profiles, as
demonstrated by an unsupervised hierarchical clustering.
Unique miRNA expression signatures were identified in
each tumor class. Remarkably, the miRNA expression
patterns were able to successfully distinguish two of the
sarcomas that had been misdiagnosed. We confirmed this
by reevaluating the tumors using histopathologic and
molecular analyses. Further, using a cloning approach, we
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Fig. 1 Schematic
representation of microRNA
biogenesis. The figure is partly
adapted from Subramanian and
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identified 14 novel miRNAs in the sarcomas examined.
Our data showed that different histological types of sar-
comas have distinct miRNA expression patterns, reflecting
the apparent lineage and differentiation status of the
tumors. The identification of unique miRNA signatures in
each tumor type may indicate their role in tumorigenesis
and may aid in diagnosis and/or prognosis of soft tissue
sarcomas. Recently, Greither et al. [44] reported the
expression of hypoxia-regulated miRNA, miR-210, to be
significantly associated with the prognosis and the age of
tumor onset in a gender-specific manner in soft-tissue
sarcoma patients. This evidence on the correlation of
expression of a single miRNA with prognosis in sarcoma
sheds light on the importance of these small RNA mole-
cules in sarcoma biology.

Recently, our group developed a web-accessible Sar-
coma miRNA Expression Database (S-MED), which is a
repository that describes the patterns of miRNA expression
in 22 human sarcoma subtypes [17]. S-MED provides both
basic and advanced data search options for exploration of
the data in heat map and text/numerical formats. The
database also provides statistical details such as fold
changes and p values for differentially expressed miRNAs
in each sarcoma type and corresponding normal tissue.
This comprehensive database is available through the URL
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link http://www.oncomir.umn.edu/. Together, these high-
throughput analyses reveal unique miRNA expression
signatures for different sarcoma subtypes, indicating that
miRNAs can regulate specific tissue lineages during tumor
differentiation. As the cell of origin for many sarcomas
remains uncertain, a key difficulty is in determining the
normal tissue to which sarcomas expression can be com-
pared. To circumvent this issue, some researchers
concentrate mainly on differences in miRNA expression
between different sarcoma types. Our database will aid
investigators in comparing their sarcoma or miRNA of
interest against other tumor subtypes or miRNAs. Further
functional characterization of candidate miRNAs has
identified the networks of several miRNAs and their target
genes that can serve as potential diagnostic/prognostic
biomarkers and as therapeutic targets. For the purpose of
clarity, the studies are presented for each subtype, although
for some extremely rare forms of sarcomas, no reports are
yet available.

Bone sarcomas

Bone sarcomas are relatively rare and account for only
0.2 % of all neoplasms. Several subtypes of bone sarcomas
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such as OS, Ewing’s sarcoma and chondrosarcoma are
identified based on the unique histology, cell of origin,
clinical features and site distribution. The following are the
major histological subtypes of bone sarcoma and their
miRNA expression patterns and functions.

Osteosarcoma

Osteosarcoma is the most common sarcoma and the pri-
mary malignant bone tumor with an incidence of 4-5 cases
per million. It arises from the metaphysis of the long bones
of adolescents and young adults. Two studies have shown
significant downregulation of miRNAs at the chr.14q32
locus in OS compared to normal bone tissues [45, 46].
Interestingly, neither group observed DNA copy number
changes in this locus, suggesting that additional epigenetic
mechanisms have contributed to this downregulation. In
addition, using bioinformatic predictions, we identified a
subset of 14932 miRNAs (miR-382, miR-369-3p, miR-544
and miR-134) that could potentially target cMYC transcript
[45]. We also functionally characterized this regulatory
network. Restoring the expression of these four 14q32
miRNAs decreased cMYC levels and synergistically
induced apoptosis in Saos2 cells. Further exogenous
expression of 14q32 miRNAs in Saos2 cells significantly
downregulated miR-17-92, a transcriptional target of
cMYC. The pro-apoptotic effect of 14q32 miRNAs in
Saos?2 cells was rescued either by overexpression of cMYC
cDNA without the 3’'UTR or with miR-17-92 cluster.
Together, our data support a model where the deregulation
of a network involving 14q32 miRNAs, cMYC and miR-
17-92 miRNAs could contribute to OS pathogenesis [45].
Maire et al. [46] also identified miRNAs that are predicted
to target genes involved in diverse intracellular signaling
pathways, including Notch, RAS/p21, MAPK, Wnt, and
the Jun/FOS pathways. Further, they developed a com-
prehensive molecular genetic map by integrating the
miRNA profiles with previously published array compar-
ative genomic hybridization DNA imbalance and mRNA

Fig. 2 Deregulation of
miRNA-mediated gene
networks in osteosarcoma
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gene expression profiles from a set of partially overlapping
OS tumor samples. Among the different miRNAs exam-
ined, an miR-382 and cMYC regulatory circuit was
observed to be deregulated in multiple studies and has been
functionally validated [45-47]. miRNA-gene network
deregulation in OS is illustrated in Fig. 2.

Several other groups have compared miRNA expression
in OS tissues, cell lines, and normal osteoblast cell lines.
They have identified dysregulated miRNAs and their
potential mRNA targets in OS [47-52]. For instance, Braun
et al. [53] reported that p53-responsive miRNAs, miR-192
and miR-215 are capable of inducing cell cycle arrest in
U20S cells carrying wild-type p53. Recently, Yan et al.
[54] demonstrated that over-expression of p53 transcrip-
tional target, miR-34a, could inhibit tumor growth and
metastasis of OS probably through downregulating cMet.
Functional studies have enabled identification of miRNAs
which have the potential to prevent disease progression.
Creighton et al. [55] uncovered a p53-associated role for
miR-31 in inhibiting proliferation of OS cell lines. miR-31
was demonstrated as being able to inhibit multiple steps in
the metastatic development of breast cancer by downreg-
ulating mRNA targets such as intergrin A5, radixin and
RhoA [55]. These results suggest that in vivo delivery of
miR-31 may have the potential to prevent pulmonary
metastasis in OS patients [56]. miRNAs can also be
potential biomarkers and therapeutic targets in OS. Duan
et al. [47] have reported that restoring miR-199a-3p func-
tion may provide therapeutic benefits in OS by decreasing
mTOR and signal transducer and activator of transcription
3 (STAT3) expression. miR-125b is yet another miRNA
that is frequently deregulated in OS samples and human OS
cell lines. It suppresses proliferation and migration of OS
cells through regulation of STAT3 [57]. Similarly, sup-
pression of miR-21 which is overexpressed in OS,
decreased invasion and migration in MG-63 OS cell lines
[58]. miR-21 targets RECK which suppresses invasion of
OS cells by decreasing the activity of MMPs [59]. Also,
miR-183 plays a role in suppressing migration and invasion
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in OS cells by targeting Ezrin [60]. Further, the expression
levels of miR-183 significantly correlate with lung metas-
tasis as well as with local recurrence of OS. A recent study
by Jones et al. [49] confirmed the tumor suppressive role of
miR-16 and the pro-metastatic role of miR-27a by per-
forming in vitro and in vivo functional validation in OS cell
lines.

miRNAs can also act as biomarkers of chemotherapeutic
responses in sarcomas. miR-140 is the first reported
miRNA candidate associated with drug sensitivity in OS
tumor xenografts treated with the chemotherapeutic agents
Doxorubicin, cisplatin and ifosfamide (IFO)[61]. In this
study, Song et al. [62] revealed consistent high expression
of miR-140, which caused chemoresistance to methotrex-
ate (MTX) and 5-Fluorouracil (5-FU) and suppressed cell
proliferation in both U20S and MG-63 OS cells. Further,
miR-140 negatively regulates histone deacetylase 4
(HDAC4) which interacts with p2l1, resulting in 5-FU
resistance. The same group also identified miR-215 as
playing a significant role in inducing chemoresistance to
MTX in U20S cells. In another study, Gougelet et al. [63]
examined miRNA expression profiles in 27 OS paraffin-
embedded samples to determine the relevance of miRNA
expression on chemoresistance to IFO. Supervised hierar-
chical clustering identified five candidate miRNAs (miR-
92a, miR-99b, miR-132, miR-193a-5p, and miR-422a) that
showed a statistically significant ability to discriminate
between good and poor responders to IFO. The targets of
these miRNAs detected by the in silico approach were
involved in cell cycle regulation, invasion, and bone
resorption through MAP kinase, TGF-f and Wnt pathways.
Recently, Jones et al. [49] reported higher expression of
miR-451 and miR-15b in pre-treatment biopsy OS samples
that correlated with subsequent positive responses to che-
motherapy. This indicates the ability of miRNAs to stratify
patients, suggesting that personalized chemotherapy regi-
mens may be viable in the near future. A recent review
extensively covers miRNA studies reported in OS [56].

Ewing’s sarcoma

Ewing’s sarcoma is an aggressive pediatric malignancy
that usually begins growing in a bone. It occurs primarily
in children and young adults, often appearing during the
teen years. It is primarily driven by a fusion of EWS/Ets
oncoproteins, which are gain-of-function transcriptional
regulators. Two studies analyzed global miRNA profile
changes after stable silencing of EWS/Flil fusion protein
[64, 65]. Mckinsey et al. [65] reported strong repression of
a group of miRNAs by EWS/Flil. Interestingly, these
miRNAs have predicted targets in the insulin-like growth
factor (IGF) signaling pathway, a pivotal driver of Ewing
sarcoma oncogenesis. In the second study, Ban et al. [64]

identified miR-145 as the top EWS/Flil-repressed miRNA.
miR-145 was expressed at low levels in primary Ewing’s
sarcoma tumor samples as compared to mesenchymal
progenitor cells. Surprisingly, miR-145 was found to target
the EWS/Flil transcript directly, functioning in a mutually
repressive feedback loop that regulated expression of this
fusion protein and miRNA [42, 65]. This regulatory net-
work represents an important component of the EWS-
FLII-mediated Ewing’s sarcomagenesis that may open a
new avenue to future miRNA-mediated therapy of this
devastating malignant disease. Yet another target of this
fusion oncoprotein is let-7a [66]. In this study, miRNA
arrays were used to compare the global miRNA expression
profile of human mesenchymal stem cells and Ewing’s
sarcoma cell lines, and showed that Ewing’s sarcoma dis-
plays a distinct miRNA signature that includes induction of
the oncogenic miR-17-92 cluster and repression of the
tumor suppressor let-7 family. In particular, the authors
identified deregulation of let-7a and its target HMGA2
expression to be key events in the development of Ewing’s
sarcoma.

miRNAs have also been investigated as potential bio-
markers of survival in Ewing’s sarcoma [67]. In this study,
miR-34a appeared to be associated with either event-free or
overall survival and emerged as a significant predictor of
outcomes. Patients with the highest expression of miR-34a
did not experience adverse events in 5 years. The high
miR-34a expression could be detected in paraffin-embed-
ded tissues by in situ hybridization, thus contributing to an
easy routine evaluation of this miRNA. Further, restoration
of miR-34a activity may be useful to decrease malignancy
and increase tumor sensitivity to current drugs, doxorubicin
and vincristine, thus suggesting its role as a response to
therapy marker. In a recent study, an integrated analysis of
miRNA and gene copy numbers was performed in xeno-
grafts of Ewing’s sarcoma [68]. Twenty differentially
expressed miRNAs were pinpointed in regions carrying
altered copy numbers, attributing changes in miRNA
expression to copy number changes.

Chondrosarcoma

Chondrosarcoma is a cancer composed of cells derived
from transformed cells that produce cartilage. Peripheral
chondrosarcoma is a malignant transformation of multiple
osteochondroma (MO), which is a rare skeletal disease
characterized by the formation of multiple benign carti-
lage-capped bone tumors. The most serious complication
of this pathology is malignant transformation into chon-
drosarcoma, which is estimated to occur in 1-5 % of
patients. Specific miRNAs have been reported to be
involved in chondrogenesis and inflammatory cartilage
diseases [69, 70]. Recently, Salvatore et al. [71] reported a
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miRNA profiling study in osteochondroma using 19 patient
samples compared to normal cartilage growth plate con-
trols. They observed an expression signature comprising of
eight miRNAs that were able to further distinguish healthy
growth plate controls from MO patients, which can regu-
late genes involved in MAPK and insulin signaling
pathway, Wnt signaling, heparin sulfate and glycan struc-
ture and biosynthesis. This is in line with gene expression
analyses previously performed in osteochondroma and
chondrosarcoma samples showing modulation of signal
transduction pathways like TGF-f/Wnt and IHH/PTHLH
during osteochondroma formation and malignant progres-
sion. Other gene members of IGF family (e.g., IGF2 and
IGFBP5) were also identified as differentially expressed
between osteochondromas and human growth plates. The
overlap between miRNA target predictions by Salvatore
et al. [72] and signaling cascades previously related to MO
pathogenesis support the potential involvement of the
detected miRNAs in MO pathogenesis and malignant
transformation.

Chordoma

Chordoma is a rare, slow-growing neoplasm that typically
arises from bone in the skull base and anywhere along the
spine. A subtype called chondroid chordoma shows histo-
logical features of chordoma and chondrosarcoma.
Recently, miRNA expression was analyzed in chordoma-
derived cell lines and chordoma tissue using miRNA
microarray technology with unsupervised hierarchical
clustering analysis [73]. In this study, the authors identified
miR-1 and miR-206 as being expressed at a significantly
lower level or absent in chordoma cells compared to nor-
mal cells. Reintroduction of miR-1 inhibited the growth of
chordoma cells, with suppression of MET and HDACA4.
MET is part of a receptor tyrosine kinase family of onco-
genes overexpressed in many human cancers including
sarcomas, particularly in chordoma (94.4 %), chondrosar-
coma (54.2 %), and OS (23.3 %) [74]. Importantly, a
recent study suggested that the MET oncoprotein plays a
major role in the metastatic process in chordoma [75].

Soft tissue sarcomas

Cancers that primarily affect connective tissues such as
muscle (smooth and skeletal), fat and blood vessels are
generally grouped as soft tissue sarcomas. The majority of
sarcoma subtypes are classified as soft tissue sarcomas.
These malignant mesenchymal tumors account for about
1 % of all human malignant cancers. Soft tissue sarcomas
such as gastrointestinal stromal tumor, synovial sarcoma
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(SS), RMS, leiomyosarcoma (LMS), liposarcoma, fibro-
sarcoma, and angiosarcoma are discussed in this section.

Gastrointestinal stromal tumor

Gastrointestinal stromal tumor (GIST) is one of the most
common mesenchymal tumors of the gastrointestinal tract
(1-3 % of all gastrointestinal malignancies). It is typically
defined as a tumor with activating mutations in the c-kit
gene or PDGFRA gene. We have profiled miRNA
expression of GIST samples and observed that miR-221
and miR-222, which have been shown to target the 3'UTR
region of KIT in experimental systems [76], were expressed
at a lower level. Since 80 % of GIST harbors an activating
mutation in KIT [77], lower expression of miR-221 and
miR-222 may allow for increased translation of KIT and
further enhance its oncogenic influence on the cell. This is
consistent with a recent finding using 54 paraffin-embed-
ded GIST tissues, where the authors observed significant
repression of miR-221 and miR-222 in KIT-positive
GISTs, compared to normal tissue, which was completely
reversed in KIT-negative GISTs [78]. The authors suggest
that miR-221/222 can be considered as a tool for future
therapeutic strategies for GISTs, especially for tumors with
secondary resistance to tyrosine kinase inhibitors. Another
therapeutic target that has been investigated recently is
miR-494 [79]. Using functional studies, Kim et al. [79]
have established miR-494 to be a negative regulator of KIT
in GISTs and have shown that overexpression of miR-494
in GISTs may be a promising approach to GIST treatment.
Previously, we have shown that miRNA expression pat-
terns can distinguish and identify a misdiagnosed GIST
case [16].

Another interesting observation with regard to miRNA
regulation in GISTs is the significant downregulation of 44
miRNAs clustered in a genetically imprinted region at
14q32.31 [80]. In this study involving 12 GISTs, the
authors observed significantly lower expression of two
candidate 14q32 miRNAs in GISTs with 14q loss, and also
in GISTs with tumor progression, indicating a correlation
between miRNA expression and tumor progression. This
was further validated in another study using 20 frozen
GISTs. In this study, Choi et al. [81] observed 6 GISTs
without 14q loss form a separate cluster distinct from
remaining 14 samples. In the 14 GISTs with 14q loss, 5
small bowel GISTs formed a separate cluster, whereas the
9 remaining GISTs divided into two groups according to
frequent chromosomal losses and tumor risk. Moreover,
overexpression of miR-196a was associated with high-risk
grade GISTs showing metastasis and poor survival. The
expression of miR-196a was also correlated with expres-
sion of HOXC and the IncRNA, HOTAIR [82]. Thus, these
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studies demonstrate the efficiency of miRNAs to classify
GISTs to various subtypes and tumor grade.

Rhabdomyosarcoma

Rhabdomyosarcoma, a malignant, skeletal muscle-derived
tumor is one of the most common soft-tissue sarcomas of
childhood. It accounts for 6-8 % of all pediatric tumors
and includes two main histological subtypes, embryonal
(ERMS) and alveolar (ARMS) RMS [3, 83]. While ERMS
has better prognosis (5-year overall survival >70 %),
ARMS is more aggressive with poor outcomes [84]. ARMS
is often associated with chromosomal translocations, the
resulting oncogenic fusion protein (for, e.g., PAX3-FKHR)
have greater prognostic values as they characterize a dis-
tinctly aggressive subgroup that is frequently unresponsive
to conventional therapies and has a high rate of recurrence.
Since RMS is widely thought to originate from myogenic
precursors, the bulk of studies addressing the role of
miRNAs in RMS have focused on myomiRs, i.e., the miR-
1/miR-133/miR-206 family. These are miRNAs that spe-
cifically control cell fate determination of myogenic
precursors and muscle tissue homeostasis.

In our initial study, we showed the distinction between
ERMS and ARMS using miRNA profiling [16]. Similarly,
Gougelet et al. [85] also demonstrated miRNA expression
profiling as a useful strategy to discriminate RMS sub-
types. Several studies have examined the potential of
myomiRs as therapeutic targets in RMS [86]. The
myomiRs are largely downregulated in RMS and their
functional contribution has been confirmed by gain-of-
function studies in which overexpression of myomiRs
inhibited RMS cell proliferation [87-90]. Overexpression
of miR-1 and miR-133a in an ERMS cell line revealed a
tumor suppressor-like role for these myogenic miRNAs
[87]. Similarly, re-expression of miR-206 in RMS cells
promoted myogenic differentiation and blocked tumor
growth in xenografted mice [89]. Further, it has been
shown that miR-1 and miR-206 directly regulate MET
proto-oncogene, the Met tyrosine-kinase receptor, which is
overexpressed in RMS [88, 89].

We have also observed relative downregulation of
myomiRs, miR-1 and miR-133 in RMS compared to nor-
mal skeletal muscle [16]. Further, in ARMS, miR-335 was
found to be overexpressed. This is interesting, since miR-
335 resides in the intron 2 of MEST (also known as PEG1).
MEST has been indicated to play a role in muscle differ-
entiation [91], and its mRNA expression is high in ARMS
(Baer et al. 2004 [92]). MEST is a downstream target of
PAX3, the gene involved in the PAX3-FKHR fusion [93].
It thus appears that the PAX3—FKHR fusion may influence
the transcription of miR-335 that has several predicted
myogenic targets including CHFR and HANDI.

In addition to myomiRs, non-muscle-specific miRNAs
have also been implicated in RMS. miR-29 has been shown
to be downregulated in RMS compared to normal muscle
tissues [16, 94]. miR-29 is a tumor suppressor in RMS, the
overexpression of which leads to cell cycle arrest and
differentiation of RMS cell lines. Wang et al. [94] char-
acterized the miRNA regulatory circuit NFkB-YY1-miR-29,
and indicated that the disruption of this circuit can lead to
RMS tumorigenesis. NF-kB activation can lead to over-
expression of YY1, which in turn interacts with EZH2,
causing sustained downregulation of miR-29b/miR-29¢c
leading to repression of myogenesis. Consistent with this,
tumor tissues from RMS patients showed upregulation of
YY1 and EZH2. miR-26a is yet another negative regulator
of EZH2, the expression of which is downregulated in
RMS [95]. We have observed high levels of miR-183 in
RMS cell lines and primary tumors and have shown an
oncogenic role for this miRNA using knockdown studies
[34]. This study also highlights the conserved miRNA gene
regulatory networks in several sarcoma types, including
RMS and SS. Elevated levels of miR-183 in these tumors
significantly reduce the transcripts and protein levels of
EGRI, a tumor suppressor and a transcription factor. Since
EGRI is downregulated, its transcriptional target of PTEN
is also significantly affected. Blocking the activity of miR-
183 using antimiRs elevated the levels of both EGR1 and
PTEN. Thus, a single miRNA miR-183 directly and indi-
rectly regulates two tumor suppressors, EGR1 and PTEN
[34].

Recently, we examined the regulatory networks under-
lying miR-1, miR-206 and miR-29 downregulation in RMS
[90]. Our data indicate that deregulation of these miRNAs
stabilizes the expression of PAX3 and cyclin D2 in both
(ERMS and ARMS) RMS types. Ectopic expression of
miR-1 and miR-206 shows significant downregulation of
PAX3 protein expression only in ERMS, and not in ARMS
cell lines. In ARMS, PAX3 forms a fusion transcript with
FKHR, and the resultant loss of PAX3 3’UTR in the fusion
transcript indicates an oncogenic mechanism to evade
miRNA-mediated regulation of PAX3. In addition, miR-29
also targets E2F7, another cell cycle regulator. Overex-
pression of miR-29 downregulates the expression of these
cell cycle genes and induces partial G1 arrest leading to
decreased cell proliferation. Taken together, our data sug-
gest that the RMS state is stabilized by the deregulation of
multiple miRNAs and their target genes, supporting a
tumor suppressor role for these miRNAs [90]. Similarly,
miR-29 has been implicated in epigenetic regulation in
other cancers. miR-29b can directly target HDAC4 during
osteoblast differentiation [96], and the miR-29 family can
potentially target DNA methyl transferases in lung cancer,
thereby causing global downregulation of DNA methyla-
tion [97]. These are potential areas that can be investigated
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in RMS biology. Some of the experimentally validated
miRNA target gene interactions in RMS are given in
Fig. 3.

The clinical relevance of these miRNAs has been
highlighted in several studies. Amplification of 13q31-32
chromosomal region, which includes C13o0rf25 gene har-
boring miR-17-92 cluster, was observed in a fraction of
ARMS patients [98]. Further, in a recent study, it was
shown that five of six miRNAs in miR-17-92 cluster were
overexpressed in PAX7-FKHR positive ARMS samples
with 13q31 amplification [99]. The high levels of these
five miRNAs correlated with worse outcome in 13q31-
amplified cases indicating a prognostic value for these
miRNAs. In a study involving a large cohort of RMS
samples, Missiaglia et al. [100] reported lower levels of
miR-206 in RMS compared to normal skeletal muscle, the
lower miR-206 levels correlating with increased metastasis
and poor survival at diagnosis in advanced-stage disease.
Moreover, this lower expression was associated with
activation of NFxkB, ERK and JNK signaling. In an effort
to identify non-invasive biomarkers for RMS, Miyachi
et al. [101] investigated the levels of muscle-specific
miRNAs in human serum samples. miR-206 levels were
found to be higher in sera of RMS patients compared to
healthy donors or pediatric patients with other tumors.
Although miR-206 is a tumor suppressor and downregu-
lated in RMS, it is unclear why miR-206 levels were
elevated in serum. These studies indicate the potential of
miR-206 expression as a diagnostic and prognostic marker.
miRNAs can also regulate drug responsiveness. In RMS
cell lines, the downregulation of miR-485-3p can cause
NF-YB-dependent decrease in Topoisomerase II (Top2)
[102]. NF-YB can bind Top2 promoter and inhibit its
transcription, thereby reducing the effect of Top2 inhibi-
tors. Overexpression of miR-485-3p reduces NF-YB and
restores Top2 expression, thereby reversing drug resis-
tance. Thus, miRNAs can be potential biomarkers for
response to therapy.

YY1/ other targets 7

| mir-13 Rl PRI

Fig. 3 Representative functionally validated miRNA-target genes in
RMS. Partly adapted from Li et al. [90]
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Synovial sarcoma

Synovial sarcoma, representing about 8 % of all soft tissue
sarcoma, occur near the joints of the arm, neck or leg, and is
most common in adolescents and young adults. We per-
formed the first study to examine miRNA expression in this
sarcoma [16]. We observed miR-143 to be expressed at
very low levels in SS relative to GIST and LMS, as dem-
onstrated by microarray, cloning and northern analyses.
miR-143 has been proven to target ERKS (also known as
MAPKY7), which is known to promote cell growth and
proliferation in response to tyrosine kinase signaling [103].
S$SX1, a common 3'-fusion partner gene resulting from a
t(X; 18) in SS, is predicted to be another target for miR-143.
Recently, our group has identified miR-183 to have a
potential oncogenic role in SS [34]. miR-183 targets the
tumor suppressor, EGRI1. In SS, the SS18-SSX fusion
protein represses EGRI expression through direct associa-
tion with the EGRI promoter. Further, miR-183 knockdown
in SS cell lines revealed deregulation of a miRNA network
composed of the miR-183—-EGRI-PTEN pathway. Global
miRNA expression profiles in this translocation-associated
sarcoma have been examined by Hisaoka et al. [104]. In this
study, 35 miRNAs were observed to be differentially
expressed in SS in comparison to other tissue types. There
were 21 significantly upregulated miRNAs, including some
miRNAs, such as let-7e, miR-99b, and miR-125a-3p,
clustered within the same chromosomal loci. Further, using
antimiR inhibitors against let-7e and miR-99b, the authors
demonstrated suppression in cell proliferation and modu-
lation in expression of their targets, HMGA2 and
SMARCAS, suggesting potential oncogenic role for these
proteins. The unique miRNA expression patterns observed
in this study warrant further investigation in order to
develop a better understanding of the oncogenic mecha-
nisms and future therapeutic strategies for SS.

Leiomyosarcoma

Leiomyosarcoma is a malignant cancer of uterine smooth
muscle. The benign form of this tumor is leiomyoma. In
our initial characterization of sarcoma, we included six
LMS samples [16]. Significance analysis of microarray
comparison of LMS and normal smooth muscle samples
identified significant overexpression of miR-1, miR-133a
and miR-133b in LMS. This is in contrast to what is
observed in RMS. These miRNAs play a major role in
myogenesis and myoblast proliferation [105]. Our analysis
also indicated LMS to be molecularly heterogeneous [16].
Recently, miRNAs were shown to play a pivotal role in the
control of smooth muscle differentiation. Danielson et al.
[106] demonstrated the remarkable ability of miRNA pat-
terns to subclassify different tumors of the smooth muscle
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lineage. They showed differential expression of >70
miRNAs, including members of the oncogenic miR-17-92
cluster, in LMS compared to normal myometrium. How-
ever, the role of these miRNAs was not functionally
characterized in this study. Recently, Shi et al. [107]
examined the functional correlation between let-7 and its
target HMGA2. Overexpression of HMGA?2 is common
in uterine leiomyomas. This group observed that over-
expression of HMGA2 and let-7-mediated HMGA2
repressions are relevant molecular alterations in LMS.
Further, using in vitro assays, they demonstrated that dis-
ruption of the control of HMGA?2 and let-7 pairs promotes
LMS cell growth.

miRNAs have also been investigated as ideal biomark-
ers for diagnosing malignant phenotypes in LMS. For
instance, in a recent study, Nuovo and Schmittgen [108]
utilized upregulation of miR-221 expression as an accurate
way to differentiate LMS from benign metastasizing leio-
myoma. They observed that metastasizing leiomyomas are
most likely benign lesions and not the malignant LMS.
Moreover, miRNAs have also been investigated as a mar-
ker of response for hormonal therapy. Pan et al. [108]
examined the expression, regulation and function of miR-
21 in leiomyomas. They observed miR-21 to be aberrantly
expressed and hormonally regulated in these benign
tumors. Further, the authors propose a feedback regulatory
interaction between miR-21, TGF-f and ovarian steroids,
necessary to balance their different functions in a cell- and
tissue-dependent context, influencing events such as
inflammatory response, cell growth regulation and tissue
turnover, leading either to cellular transformation and
tumorigenesis or tissue fibrosis. These studies indicate the
ability of miRNAs to modulate differentiation and act as
biomarkers, thus rendering them attractive therapeutic
agents against poorly differentiated sarcomas.

Liposarcoma

Liposarcoma is a malignant tumor that arises in fat cells in
deep soft tissue. It is the most common mesenchymal
cancer, with a mortality rate of 60 % among patients with
this disease.

Urgas et al. [109] investigated the alterations in miRNA
expression associated with liposarcomagenesis. They
compared miRNA expression between normal adipose
tissue, well-differentiated liposarcoma, and dedifferentiat-
ed liposarcoma using microarrays and deep sequencing
studies. This analysis identified over 40 miRNAs that were
dysregulated in dedifferentiated liposarcomas including
upregulation of miR-21 and miR-26a and downregulation
of miRNAs that are highly abundant in adipose tissue
(miR-143 and miR-145). Further functional characteriza-
tion of miR-143 demonstrated its tumor suppressor role in

liposarcoma, potentially by decreasing expression of
BCL2, topoisomerase 2A, protein regulator of cytokinesis
1 (PRC1), and polo-like kinase 1 (PLK1). In another study,
Zhang et al. [110] identified important functions for
miR-155 and f-catenin signaling in progression of lipo-
sarcoma. miR-155 was the most overexpressed miRNA in
this analysis, and functional investigations assigned its role
in the growth of dedifferentiated liposarcoma cell lines.
Casein kinase 1o (CK1a) was identified as a direct target of
miR-155 control which enhanced f-catenin signaling and
cyclin D1 expression, promoting tumor cell growth. In a
recent study, Taylor et al. [111] examined genetic altera-
tions contributing to liposarcomagenesis by sequencing the
genome, exome, transcriptome, and cytosine methylome
of a primary and recurrent dedifferentiated liposarcoma
from treatment-naive patients. These studies established a
role for small RNAs in liposarcomagenesis, typified by
methylation-induced silencing of miRNA-193b in dedif-
ferentiated liposarcoma, but not in their well-differentiated
counterpart. Patterns of miRNA expression in both dedif-
ferentiated and well-differentiated liposarcomas are given
in S-MED [17].

Malignant peripheral nerve sheath tumor

Malignant peripheral nerve sheath tumors (MPNSTs) are
aggressive soft tissue tumors that occur, either sporadically
or in patients with neurofibromatosis type 1. These tumors
have a 5-year survival rate of about 40 % [3]. Gene
expression analysis performed by our group has identified
an expression signature indicating p53 inactivation in the
majority of MPNSTs [112]. Subsequently, we performed
miRNA profiling in benign and malignant PNSTs. This
analysis indicated a relative downregulation of miR-34a in
most MPNSTs compared to neurofibromas. Using func-
tional studies, we demonstrated that exogenous expression
of p53 or miR-34a promote apoptotic cell death in
MPNSTs. In addition, miR-214 was highly upregulated in
MPNSTSs compared to neurofibromas. miR-214 is a direct
transcriptional target of TWIST1 [113], a regulator of
metastasis [114]. It is to be noted that TWIST1 is highly
expressed in MPNSTs. miR-214 targets PTEN, hence the
TWISTI-miR-214-PTEN pathway could be potentially
explored to decipher MPNST pathogenesis. Collectively,
our findings suggest that deregulation of miRNAs has a
potential role in the malignant transformation process in
PNSTs [112]. This was further confirmed by a series of
studies examining the role of several candidate miRNAs by
other groups. For instance, Chai et al. [115] reported
upregulation of miR-10b in primary Schwann cells isolated
from neurofibromas and in MPNST tumors and cell lines.
Using functional studies in multiple cell lines, the authors
demonstrated that the inhibition of miR-10b reduced cell
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proliferation, migration and invasion by affecting NF1
expression and RAS signaling. In another study, miR-21
was shown to play an important role in MPNST tumori-
genesis and progression through its target, PDCD4 [116].
Subsets of MPNSTs are characterized by the presence of a
1.4-Mb microdeletion. Pasmant et al. [117] identified the
presence of two miRNAs, miR-193A and miR-365-2, in
this microdeletion. However, expression analysis of these
miRNAs did not show any significant difference between
human dermal and plexiform neurofibromas and MPNSTs.

Schwannomas are benign tumors characterized by
mutations in the NF2 gene. Saydam et al. [118] reported
miRNA profiling of schwannomas and characterized the
tumor suppressor function of miR-7, which was one of the
most downregulated miRNAs in these tumors. In addition to
the known oncogene targets, epidermal growth factor
receptor (EGFR) and p21-activated kinase 1 (Pakl) for
miR-7, this group identified associated cdc42 kinase 1(Ack1)
oncogene as a direct target. These findings suggest miR-7 as
a potential therapeutic molecule for schwannoma treatment,
and prompt clinical evaluation of drugs that can inhibit the
EGFR, Pakl, and Ackl signaling pathways to treat this
tumor type. miR-21 was also observed to be consistently
overexpressed in vestibular schwannomas. This was corre-
lated with decreased levels of tumor suppressor, PTEN, a
known molecular target of miR-21 [119]. Both gene and
miRNA profiles of schwannomas were also compared with
those of neurofibroma and MPNSTSs. It can be noted that
neurofibroma and schwannoma clustered separately com-
pared to MPNSTs [112]. A schematic representation of
miRNA deregulations in the malignant transformation of
neurofibroma to MPNST is given is Fig. 4.

Fibrosarcoma

Fibrosarcoma (fibroblastic sarcoma) is a malignant tumor
derived from fibrous connective tissue and is characterized
by the presence of immature proliferating fibroblasts or
undifferentiated anaplastic spindle cells. Not many studies
have examined miRNA expression in this rare sarcoma.
Recently, two studies have characterized miRNA expres-
sion and function in human fibrosarcoma cell line HT1080.
Liu and Wilson [120] have demonstrated that miR-520c

miR-29a.‘b¢

NF1 mutation iR.
p53 miR-34a\y/
PTEN and
other targets?

miR-10b 4\
miR-21 ¢ Additional miRNA networks?

Fig. 4 Potential miRNA gene networks in the malignant transfor-
mation of neurofibroma to MPNSTs
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and miR-373 increases the expression of MMP9 by directly
targeting the 3'UTRs of mRNAs of mTOR and SIRT1 and
suppressing their translation. This results in activation of
the Ras/Raf/MEK/Erk signaling pathway and NF-xB
finally increasing MMP9 levels and activity, thereby
enhancing cell migration and cell growth in these cells. In
the second study, Weng et al. [121] showed that miR-409-
3p inhibits tumor growth, vascularization and metastasis
through downregulating angiogenin expression in HT1080
cells. Angiogenin is an angiogenic and tumorigenic factor
that is elevated in various types of cancers. This was fur-
ther confirmed by the inverse correlation of the expression
of miR-409-3p with angiogenin in mouse xenograft tissues
and in human fibrosarcoma samples.

Angiosarcoma and other sarcoma types

Our group has experimentally validated differentially
expressed miRNAs in angiosarcoma. Using S-MED, we
identified miR-515-3p, 515-5p, 517a, 517¢, 518b, 519a,
and 522 as upregulated specifically in this tumor type when
compared to the other sarcomas, and this could be
exploited to aid angiosarcoma diagnosis [17]. miRNA
expression patterns of many sarcoma types have been
characterized; however, the role of miRNAs in several
sarcoma types is not yet understood. For instance, the role
of miRNAs in sarcomas such as hemangiosarcoma and
pleomorphic undifferentiated sarcoma have not yet been
reported.

Conclusion

Although diagnosis and treatment of sarcoma pose many
challenges, there are several opportunities for investigating
sarcoma biology. For instance, by small RNA sequencing
of various sarcomas and corresponding normal types, we
have identified 14 novel human miRNAs [16]. Thus, the
potential for discovering novel RNA transcripts, including
small and long non-coding (IncRNAs), is high in sarcomas,
since sarcoma genomics is not extensively studied. Further,
these novel RNA transcripts may also play a role in other
tissues and cancer types. This is relevant, especially in the
characterization of conserved gene regulatory networks in
sarcomas and other epithelial and hematopoietic malig-
nancies. Common oncogenes and tumor suppressors are
deregulated in most cancer types. Both p53 and cMYC can
induce the expression of multiple miRNAs and can be
regulated by sets of miRNAs that are conserved and found
to be deregulated in multiple cancers [24, 122]. For
instance, activation of miR-17-92 mediated by cMYC is a
characteristic feature in OS and several other carcinomas
[24, 45]. Similarly, deregulation of miR-29 is noticed in
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both sarcomas (RMS and MPNSTs) [90, 112] and other
malignancies [123, 124]. miR-29 family members activate
pS53 [123], and their loss of expression can limit p53 levels
when required in the cell. Subsequently, loss or inactiva-
tion of p53 expression leads to downregulation of miR-34,
a transcriptional target of p53 [122]. Thus, understanding
the factors that modulate cMYC and/or p53 expression in
sarcomas can also provide valuable insights in the patho-
biology of other malignancies.

miRNA-gene deregulations are conserved in certain
types of sarcomas and other malignancies; however,
investigating miRNA biology in sarcomas can be chal-
lenging. First, a single miRNA can regulate many genes,
and, depending on the cell type and target availability, a
miRNA can function either as an oncogene or tumor sup-
pressor. Thus, roles of miRNAs cannot be generalized
across multiple cancers or cell types. Second, modulation
of miRNAs can also have off-target effects. Third, dereg-
ulation in miRNA expression leads to ‘noise’ in the cellular
gene expression, and these noise levels vary in different
cancers. Thus, based on miRNA deregulations, the resul-
tant noise in tumor cells and in surrounding stromal cells,
outcomes in terms of tumor initiation, progression, inva-
sion and metastases can vary extensively and contribute to
the heterogeneity within a specific sarcoma subtype.

miRNAs are known to have hundreds of targets, and
many of them may function as passengers in the tumori-
genic process [19]. Driver genes are key players in
tumorigenesis, and, depending on their function, they can
be both oncogenic and tumor suppressors. Investigating the
interactions between miRNAs and driver genes (driver of
driver genes) will significantly enhance our understanding
of the sarcoma pathobiology. These miRNA-gene net-
works can also work cooperatively with the competing
endogenous RNAs (ceRNAs) [125] and regulate/be regu-
lated by a plethora of gene networks that are maintained in
an intricate balance for normal cellular functioning.
Understanding these multilayered gene regulatory mecha-
nisms may pose a major challenge in understanding cancer
biology such as drug resistance and tumor recurrence.

Focusing on key ‘driver of driver genes’ may reduce the
miRNA-gene network complexities to a certain extent. The
future research directions for the roles of miRNAs in sar-
coma may include (1) development of body fluid (serum/
plasma) based miRNA biomarkers, (2) miRNA-based tar-
geting of genes in a cancer signaling pathway using
miRNA mimics and or antimiRs/sponges instead of tar-
geting single gene/protein product, (3) investigation of
potential ceRNAs as alternative drug targets for cancer
genes that are currently undruggable by regular therapeutic
approaches, and (4) modulating miRNA(s) expression
levels may be explored as differentiation, intercellular
communication and stem cell-based cancer therapies.
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