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MINI REVIEW

MicroRNAs in the pathobiology of sarcomas

Anne E Sarver' and Subbaya Subramanian'~

Sarcomas are a rare and heterogeneous group of tumors. The last decade has witnessed extensive efforts to understand
the pathobiology of many aggressive sarcoma types. In parallel, we have also begun to unravel the complex gene
regulation processes mediated by microRNAs (miRNAs) in sarcomas and other cancers, discovering that microRNAs have
critical roles in the majority of both oncogenic and tumor suppressor signaling networks. Expression profiles and a greater
understanding of the biologic roles of microRNAs and other noncoding RNAs have considerably expanded our current
knowledge and provided key pathobiological insights into many sarcomas, and helped identify novel therapeutic targets.
The limited number of sarcoma patients in each sarcoma type and their heterogeneity pose distinct challenges in
translating this knowledge into the clinic. It will be critical to prioritize these novel targets and choose those that have a
broad applicability. A small group of microRNAs have conserved roles across many types of sarcomas and other cancers.
Therapies that target these key microRNA-gene signaling and regulatory networks, in combination with standard of care
treatment, may be the pivotal component in significantly improving treatment outcomes in patients with sarcoma or

other cancers.
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Sarcomas are a heterogenous group of tumors that account
for ~ 200 000 cancers worldwide each year (~1% of all human
malignant tumors); however, they represent a disproportio-
nately high 15% of all pediatric malignant tumors.!?
Sarcomas comprise over 50 subtypes that can broadly be
classified into bone and soft-tissue sarcomas that are generally
based on the cell and/or tissue type.> The vast majority of
sarcomas fall into the soft-tissue group, primarily affecting
connective tissues such as muscle (smooth and skeletal),
fat, and blood vessels. Bone sarcomas are relatively rare,
representing only ~ 20% of all diagnosed sarcomas (~0.2% of
all cancers). Even within a specific subtype, sarcomas are
highly heterogenous making them diagnostically and ther-
apeutically challenging. Several sarcoma types are genetically
characterized by chromosomal translocations or DNA copy
number alterations, both of which are used as diagnostic
markers.>*>

The four main types of bone sarcomas are defined by their
histology, cell of origin (when known), clinical features, and
site distribution—osteosarcoma, Ewing’s sarcoma, chondro-
sarcoma, and chordoma. The most common primary bone
malignancy, osteosarcoma, predominantly affects children
and young adults and is characterized by undifferentiated
bone-forming proliferating cells.® Ewing’s sarcoma, another

aggressive pediatric malignancy, usually arises in growing
bone and is genetically characterized by a fusion of EWS—FLI1
oncoproteins that act as gain-of-function transcriptional
regulators.” Chondrosarcoma is itself a heterogenous group
of malignant bone tumors arising from the malignant
transformation of cartilage-producing cells, frequently
with mutations in IDH1/2 and COL2A1.%° Chordoma is an
aggressive, locally invasive cancer that typically arises from
bones in the base of the skull and along the spine. It is
characterized, in part, by its abnormal expression of
transcription factor T, which is normally only expressed
during embryonic development or in the testes.'?

Soft-tissue sarcomas are also primarily defined by their
histology, cell of origin, and, in some cases, by characteristic
genetic translocation events. Rhabdomyosarcoma is a malig-
nant skeletal-muscle derived tumor comprised of two main
histological subtypes, embryonal and alveolar, is one of the
most common childhood soft-tissue sarcomas, accounting for
6-8% of all pediatric tumors.!! Liposarcoma is the most
common soft-tissue cancer overall, accounting for 20% of
adult sarcoma cases. It originates in deep-tissue fat cells
and is characterized primarily by amplification of the 12q
chromosomal region.!> Other common soft-tissue sarcomas
include angiosarcomas, fibrosarcomas, gastrointestinal
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stromal tumors, and synovial sarcomas, each with their own
unique genetic signature.

Ever since the discovery of oncogenes, the primary
emphasis in cancer research has been on understanding the
role of proteins and protein-coding genes. However, the
percent of the genome dedicated to coding genes is small
compared with noncoding regions. The last decade has seen a
surge of interest in these noncoding regions with small
noncoding RNAs such as microRNAs (miRNAs) gaining
particular prominence. These small RNAs have critical roles
in tumor formation and progression. Understanding their
roles in sarcoma will lead to new therapeutic targets and
diagnostic biomarkers, opening the door to a greater under-
standing of the molecular mechanisms of all cancers.

miRNAs are evolutionarily conserved, small, noncoding
RNA molecules of 18-24 nucleotides in length at maturity
that can control gene function through mRNA degradation,
translational inhibition, or chromatin-based silencing
mechanisms.!> Each miRNA can potentially regulate hun-
dreds of targets via a ‘seed’ sequence of ~ 5-8 nucleotides at
the 5’ end of the mature miRNA. miRNAs bind to comple-
mentary sequences in the 3’-untranslated regions (3'-UTRs)
of target mRNA molecules, leading to either translational
repression or transcriptional degradation.!* The short seed
sequence length and relatively low stringency requirement for
these miRNA-3’-UTR interactions allow a single miRNA to
potentially regulate hundreds of genes.!> Small changes in the
expression level of a few miRNAs can therefore have a
dramatic biological impact, particularly when dysregulated.
miRNA expression profiles can be used to distinguish
between closely related soft-tissue sarcoma subtypes and
may provide a more consistent diagnosis than histological
inspection.!6-18

miRNAs have critical roles in the majority of canonical
cellular signaling networks and their dysregulation is
implicated in many cancers including breast cancer, colon
cancer, gastric cancer, lung cancer, and sarcomas.!®?
Dysregulation of miRNA expression may result from a variety
of factors, including abnormal cellular stimuli, genetic
mutations, epigenetic alterations, copy number variations,
and chromosomal fusions. Because miRNAs act as critical
regulator molecules in a variety of signaling pathways and
regulatory networks, their dysregulation can be amplified
across the entire signaling network.?'=2# Selected miRNAs and
targets that have critical regulatory roles in sarcoma and other
cancers are summarized in Table 1.

The p53 signaling pathway is one of the most highly
studied cellular signaling networks. It actively induces apop-
tosis in response to DNA damage and oncogene activation
and is therefore a key tumor suppressor pathway.?> Germline
mutations in TP53 are strongly associated with the develop-
ment of soft-tissue sarcomas, osteosarcoma, and are the
underlying cause of Li-Fraumeni Syndrome, a familial
clustering of early-onset tumors including sarcomas.?®?” It
is estimated that over 50% of human tumors harbor a TP53
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Table 1 Selected miRNAs and targets with critical regulatory
roles in sarcoma

miRNA Selected targets

let-7a CASP3,%> CDK6% HMGA2?" RAS®

miR-1 CCND2;%° HDAC4% MET;O" PAX3,%9 SLUG'??

miR-16 CCNDT;1%3 IGFIR;'% PPM1D!%

MiR-21 RECK*® E2F1,% PDCD4* PTEN* TGFBR2*

miR-29 CCND2;° E2F72° PAX3;° yY1100

miR-34a/b/c BCL2;1%7 CCNDT;1%8 JAGT;'%° MET'10 NOTCH1/2;1%°
WNTTTT yy7112

miR-125a/b BCL2;"3 FRBB2/3;,11* STAT3:87 TNFAIP3;11> TP533°

miR-143/-145 BRAF116 CD44;116 EWS—FLT;'V KLF5;116 KRAS;118

ROCKT;119 SOx9120

EGRT;12V Ezrin;'22 FOXF2;'23 FOXO1;'%* LRP6;12
PDCD4;1%6 RECK'?7

BAF53a;'28 CCND2%° G6PD;'2% MET;'01 PAX3°
SMARCB1130

miR-183/-96/-182

miR-206

mutation but over 80% of tumors have dysfunctional p53
signaling.?®?° Tt is only within the last 10 years that
researchers have started uncovering the roles of miRNAs in
mediating p53’s activity and resulting pro-apoptotic signals
(Figure 1). miRNA dysregulation could be a key factor in the
~30% of tumors with dysfunctional p53 signaling that lack an
apparent TP53 mutation.

Like other transcription factors, p53 exerts its function
primarily through transcriptional regulation of target genes
that contain p53 response elements in their promoters. p53
also regulates the post-transcriptional maturation of miRNAs
by interacting with the Drosha processing complex, promot-
ing the processing of primary miRNAs to precursor
miRNAs.> In addition to protein-coding genes, many
miRNA genes also contain p53 regulatory sites in their
promoter regions. Large-scale screens have revealed many
different miRNAs directly regulated by p53 including miR-
-22-3p, miR-34a, miR-125a/b, miR-182, and miR-199a-3p.31
Some of these miRNAs, such as miR-34a and miR-199a-3p,
function themselves as tumor suppressors via the regulation
of genes involved in cell cycle, cell proliferation, and even of
itself.>3* Although some p53-targeted miRNAs form a
feedback loop, translationally and transcriptionally inhibiting
the TP53 gene (e.g., miR-22-3p, miR-34a, and miR-125b),
others target, or are predicted to target, p53 repressors such as
MDM2 and/or MDM4 (miR-199a-3p, miR-661).31:33%:36 [t is
impossible to fully understand the regulation of the p53
signaling network without considering the role of these
miRNAs.

miR-34a has emerged as a critical and conserved member
of the p53 signaling pathway. miR-34a is downregulated in
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Figure 1 p53-miRNA interaction network. p53 interacts with the Drosha complex and promotes the processing of pri-miRNA to pre-miRNA. Although
p53 directly or indirectly regulates hundreds of miRNAs, for clarity, only selected cancer-relevant miRNAs are shown. miRNAs and proteins in red are
upregulated by p53. miRNAs and proteins in green are downregulated by p53. miRNAs in gray are not known to be directly regulated by p53, they are
included because they target p53 regulators MDM2 and/or MDM4. miRNA, microRNA.

osteosarcoma tumor samples and, in conjunction with other
miRNAs, regulates p53-mediated apoptosis in human osteo-
sarcoma cell lines.’>*337 The gene encoding miR-34a
contains a conserved p53-binding site and is upregulated in
response to cellular damage in a p53-dependent manner.?”-*
Protein-coding members of the p53 signaling pathway are
well-liked targets for anticancer therapeutic development
efforts and miRNAs may prove equally effective. In a
preclinical model of lung cancer, therapeutic delivery of a
miR-34a mimic specifically downregulated miR-34a-target
genes and resulted in slower tumor growth. When combined
with a siRNA targeting Kras, this small RNA combination
therapy resulted in tumor regression.”® miRNAs such as
miR-34a, miR-125b, and miR-199a-3p also mediate p53’s
regulation of other key signaling pathways such as the IGF-1/
PI3K/AKT/mTOR signaling network. Activation of the AKT
network due to downregulation of PTEN (a negative regulator
of AKT) by miR-21 or miR-221 or by alternate activation of
AKT is a common mechanism underlying many different
types of cancer.**3 The induction of cell growth, migration,
invasion, and metastasis resulting from the upregulation of
either miR-21 or miR-221 is seen across different tumor
types.*1#440 Dysregulation of these miRNAs is a common
factor in sarcomas and other tumors. Understanding their
mechanisms of action in sarcoma could lead to broadly useful
cancer therapeutics.

In prospective analyses that could be models for other
sarcoma studies with sufficient numbers of patient samples,
Thayanithy et al'® and Maire et al’® each analyzed collec-
tions of osteosarcoma tissues and compared them with
either normal bone or osteoblasts. They each found a set of
consistently downregulated miRNAs localized to the 14932
region.!®?* Targeting predictions performed by Thayanithy
et al' identified a subset of four miRNAs as potential
regulators of cMYC. One of the many roles of cMYC is to

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 95 September 2015

promote the expression of the miR-17-92 family, a known
oncogenic cluster that has been observed to be highly
expressed in many cancer types including osteosarcoma,
leiomyosarcoma, and alveolar rhabdomyosarcoma.’=>’
Restoring the expression of the four 14q32 miRNAs increased
apoptosis of SAOS-2 cells, an effect that was attenuated either
by overexpression of a cMYC construct lacking the 3'UTR or
by ectopic expression of the miR-17-92 cluster.!® Although
the 14932 region is dysregulated across many different cancer
types, this pattern of dysregulation appears to be a hallmark of
osteosarcoma, which is particularly interesting due to the
heterogenous nature of osteosarcomas and provides an
extremely attractive common therapeutic target.

One particular challenge with these types of expression
profiling studies is that the cell-of-origin for a particular
sarcoma subtype may not be definitely established. Another
challenge is the scarcity of patient samples, particularly for the
rare sarcoma subtypes. As a result, there have only been a
limited number of studies designed to comprehensively
profile miRNA expression in various sarcoma subtypes and
to compare those expression profiles with the corresponding
normal tissues or cell lines. These studies were reviewed
recently in Drury et al’® and Subramanian and Kartha.>®

Owing to the scarcity of frozen sarcoma tissue samples, it is
tempting to study sarcoma cells in vitro, using either primary
or immortalized cell cultures. Studies performed in culture
are less expensive and more accessible; however, the cell lines
used must be chosen with care and may not truly represent
the tumors. Any results derived from cultured cells must be
interpreted with caution and validated in vivo when possible.
A tumor cell’s microenvironment has a profound effect on
gene expression and cell metabolism and culturing for even
short periods of time can result in large changes in gene/
miRNA expression.>® Three-dimensional cultures can provide
more physiological relevant in vitro models of individual
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tumors (eg, spheroid cultures) or multi-layered epithelial
tissues (eg, organotypic cultures using extracellular matrix
proteins, fibroblasts, and/or artificial matrix components) vs
the previous standard two dimensional culture model.®*!

Complicating the analysis of these miRNA expression
changes is the fact that many miRNAs showing differential
expression in multiple different studies do not have a
consistent direction of change and/or a consistent role (tumor
suppressor vs tumor promoter). This likely reflects both
random chance observational differences and different tissue
biology reflected in different regulatory networks. Elucidation
of the regulatory roles played by miRNAs in these networks in
their appropriate biological contexts may provide suitable
upstream targets for more effective treatment of sarcomas.
Recent advances in sequencing and downstream bioinfor-
matics techniques provide the tools to efficiently examine
these questions.

For two decades, microarray gene chips containing
synthetic oligonucleotides whose sequences are designed to
be representative of thousands of genes have allowed resear-
chers to perform simultaneous expression analysis of
thousands of RNA transcripts in a single reaction.®”%> Gene
expression profiling has been used to characterize and classify
a wide range of sarcomas, in some cases providing a
diagnostic resolution more accurate than histological exami-
nation.®®72 With the advent of high-throughput RNA-Seq,
sarcoma researchers are now able to prospectively analyze the
differential expression of small RNAs, such as miRNAs,
without prior knowledge of their sequence.”>’* RNA-Seq also
allows for the prospective identification of novel genomic
rearrangements resulting from gene fusions or premature
truncations that may be of particular interest to cancer
researchers.”>’® These data are highly quantitative and digital
in nature, allowing for a dynamic range that is theoretically
only limited by the sequencing depth and approaches
the estimated range within the cell itself.”” Marguerat and
Bihler’® provide a basic overview of the different RNA-Seq
technologies and their differences from array-based
technologies.”®

Several groups have taken advantage of these technologies
to create miRNA expression profiles for a number of different
sarcomas in an effort to find both common sarcoma
oncomirs and to discover unique miRNA signatures that
could be used in diagnosis, prognosis, and novel therapeutic
development. Renner et al'® used a microarray-based miRNA
screen, followed by qRT-PCR verification, to analyze the
expression of 1146 known miRNAs across a collection of 76
primary soft-tissue sarcoma samples representing eight
different subtypes and across a panel of 15 sarcoma cell lines.
In addition to identifying overrepresented miRNAs synovial
sarcomas (miR-200 family) and liposarcomas (miR-9)
compared with other sarcomas and adipose tissue, respec-
tively, their results revealed a high degree of co-expression of
63 miRNAs clustering in the chromosomal region 14q32.'8
The most comprehensive sarcoma miRNA data set has been
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published by Sarver et al’”® who profiled miRNA expression in

over 300 sarcoma primary tumor tissue samples representing
22 different sarcoma types. These data form the basis for the
web-accessible comprehensive Sarcoma microRNA Expres-
sion Database (SMED) database, which has tools that
allows users to query specific sarcoma types and/or specific
miRNAs.”?

Integrative miRNA-mRNA analysis using a tool such as
Ingenuity Pathway Analysis (Qiagen) or GeneSpring (Agilent)
allows for more biologically relevant results by highlighting
miRNA-mRNA pairs that are linked not only by predicted
targeting interactions but whose expression levels are
inversely correlated (i.e., as miRNA expression increases one
would expect the target mRNA levels to decrease). For
example, out of 177 differentially expressed miRNAs in osteo-
sarcoma cell lines vs normal bone, an integrated miRNA—
mRNA analysis highlighted two particularly interesting
miRNA/mRNA  pairs (miR-9/TGFBR2 and miR-29/p85a
regulatory subunit of PI3K) that were dysregulated.**

It is important to note that the general consensus is that
there is often no single ‘correct’ method to analyze miRNA
expression data. Different experimental and bioinformatics
techniques may reveal different aspects in the data that can be
further investigated and experimentally validated. All of these
experiments, whether performed at the bench or systems
biology, contribute to our greater understanding of sarcoma
biology and the central role of dysregulated miRNA—gene
networks as drivers of tumor formation and progression.

miRNAs are part of a larger family of noncoding RNAs
including long noncoding RNAs (IncRNAs) and competing
endogenous RNAs (ceRNAs) that deserve to be evaluated for
therapeutic potential in sarcomas with broader applicability to
other cancer types. Just like miRNAs, IncRNAs are widely
expressed in tissue-specific patterns that are highly disrupted
in cancer.?? As their name implies, ceRNAs compete for their
common miRNA targets and influence their expression,
which has an indirect effect on the protein-coding genes, such
as PTEN, regulated by those miRNAs.31:#2 We have just begun
to unravel the role of IncRNAs and ceRNAs in cancer
development and progression but recent results hint at yet
another layer of complexity and genetic control in tumor
biology.

The lessons learned from carcinomas, leukemias, and
lymphomas will be helpful in understanding the pathobiology
of sarcomas and the insights gained from sarcoma biology
may form the foundation for therapeutics to treat a wide
range of other cancers. Recent studies have shown miRNAs
are very stable in blood serum and plasma, and extensive
efforts are underway to develop circulating miRNA-based
diagnostic and prognostic markers. Major technical chal-
lenges in developing circulating miRNA-based markers still
need to be addressed, including standardization of pre-
analytical, analytical, and post-analytical methods for effective
reproducibility. For example, miR-16, which is used in the
normalization of miRNA expression in serum/plasma is also
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found in red blood cells; thus, any hemolysis during sample
collection could significantly affect the downstream expres-
sion data analysis.

Cancers do not exist in isolation inside the body and
extensive research has been performed on how tumor-derived
proteins adapt their microenvironment to provide more
favorable conditions for tumor growth and development.
Recent studies have shown that miRNAs also have a major
role in modulating tumor microenvironment. Although most
miRNAs are found inside the cell, a significant number
of miRNAs are encapsulated in exosomes that can be used
as a delivery system to send miRNAs from one cell to
another, allowing tumor cells to modulate gene expression in
surrounding tissues.®»%* Exosome and miRNA-mediated
cross talk between sarcoma tumor cells and the surrounding
stromal cells is a new and exciting avenue of research and the
potential for novel therapeutics is high.

Sarcomas are a diverse collection of rare cancers with
proportionally limited resources for research and develop-
ment of novel treatments. It is therefore crucial that potential
therapeutic targets are prioritized and novel therapeutic
agents carefully selected for clinical trials to succeed. Extensive
studies in preclinical models will be required; however, there
are also challenges in the development of appropriate in vitro
and in vivo model systems that accurately reflect the different
sarcoma types. Sarcomas, such as osteosarcoma, leiomyosar-
coma, and angiosarcoma are very heterogeneous in nature,
making it unlikely that therapies targeting specific genomic
mutations will be successful. Even if specific targets were to be
identified it would still be a challenge to develop clinical trials
based on the small number of patients harboring those
specific mutations. Coordinated efforts such as the Cancer
Genome Atlas (TCGA, http://cancergenome.nih.gov/) and its
associated preclinical and clinical trial consortiums will help
unravel novel miRNA-mRNA interactions and their signifi-
cance as potential therapeutic targets.

Targeting common miRNA-gene oncogenic or tumor
suppressor networks goes after the common denominator
underlying many of these cancers. Key regulatory molecules
in sarcoma are highly likely to have similar roles in leukemias
and lymphomas, for instance, and vice versa. For example,
oncogenic activation of STAT3 strongly promotes the
expression of miR-135b in lymphoma, resulting in increased
angiogenesis and tumor growth.> miR-135b is widely
overexpressed in sarcomas and STAT3 may be having a
similar transcriptional regulatory role, indicating that STAT3
inhibitors could be an effective supplemental therapy
in sarcomas.® Interestingly, p53 promotes the transcription
of miR-125b, which can directly target both STAT3 and
p53 transcription. This finely balanced regulatory network
is frequently dysregulated in osteosarcoma and Ewing’s
sarcoma.’”88 In retinoblastoma, STAT3 activation is asso-
ciated with upregulation of the miR-17-92 cluster via a
positive feedback loop and inhibition of STAT3-suppressed
retinoblastoma proliferation, providing further evidence that
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Figure 2 Conserved miRNA-tumor suppressor signaling networks in
cancer. These miRNAs and tumor suppressors are involved in other
network and signaling pathway interactions, such as the p53 signaling
network; this figure highlights selected critical conserved pathways.

STAT3 may be an attractive therapeutic target in many
cancers.%’ The dysregulation of key signaling molecules such
as the p53 and STAT3 along with their associated signaling
networks are a common feature across most cancer types
implying that advances in understanding of sarcoma biology
may be highly impactful in more frequently occurring solid
tumors and lymphomas.

Certain miRNAs appear to be common players across
many types of sarcomas and other cancers and their
dysregulation contributes to the development of the hall-
marks of cancer (Figure 2). miR-210, a key modulator of
many downstream pathways involved in the hypoxic
response, is upregulated under hypoxic conditions in most
solid tumors, including soft-tissue sarcomas, osteosarcoma,
renal cancer, and breast cancer.”® A recent meta-analysis
demonstrated that the elevated expression of miR-210 is a
prognostic indicator for disease-free, progression-free, and
relapse-free survival in a variety of cancer patients.”! Perhaps
the most consistently upregulated miRNA across all tumor
types is the anti-apoptotic miR-21, which directly targets the
tumor suppressor PDCD4.%% Levels of miR-21 correlate with
cancer progression and patient prognosis.”

Therapeutics targeting miRNAs represent a largely
untapped pool of potential therapies for many different
diseases, including cancer. The first miRNA targeted drug to
show efficacy in human clinical trials, miravirsen, is an
inhibitor of miR-122, a liver-specific miRNA required by the
Hepatitis C virus for replication.®* The first therapeutic
targeting cancer based on a miRNA mimic entered Phase 1
clinical trials in April 2013. MRX34, a liposome-formulated
double-stranded mimic of tumor suppressor miR-34, is
initially being tested in patients with unresectable primary
liver cancer or with liver metastasis from other cancers
(NCT01829971). A double-stranded mimic of miR-16,
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another miRNA tumor suppressor, is also in Phase 1 clinical
trials to treat patients with malignant pleural mesothelioma or
non-small cell lung cancer. The miR-16 mimic is formulated
in a nonliving, bacterial minicell delivery vehicle targeted to
EGFR-expressing cancer cells via an anti-EGFR bispecific
antibody (NCT02369198). Results from both of these studies
are anticipated to be reported in 2016 and could pave the way
for additional miRNA-based therapeutics.

In conclusion, incorporating miRNA—gene network-based
therapies, along with the standard of care treatment, that
target multiple genes/pathways may result in improved
treatment outcomes in patients with sarcoma and/or other
cancers. There is a critical need to develop new diagnostics
and therapeutics for sarcomas, which as a group account
for 15% of pediatric malignancies. It appears that a small
group of miRNAs have critical conserved roles in many differ-
ent sarcomas, and other cancer tumors, potentially providing
broadly applicable therapeutic targets. These miRNA-gene
signaling and regulatory networks hold the promise
of improved sarcoma diagnosis and novel therapeutic
development.
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