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Sarcomas are highly aggressive heterogeneous tumors that are mesenchymal in origin.

There have been vast advancements on identifying diagnostic markers for sarcomas

including chromosomal translocations, but very little progress has been made to identify

targeted therapies against them. The tumor heterogeneity, genetic complexity and the

lack of drug studies make it challenging to recognize the potential targets and also

accounts for the inadequate treatments in sarcomas. In recent years, microRNAs that are

a part of small non-coding RNAs have shown promising results as potential diagnostic

and prognostic biomarkers in multiple sarcoma types. This review focuses on the current

knowledge of the microRNAs that are deregulated in sarcomas, and an insight on the

strategies to target these microRNAs that are essential for developing improved therapies

for various human sarcomas.
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Introduction

Sarcomas are malignant tumors that are mesenchymal in origin (Taylor et al., 2011a). They are
rare, highly complex heterogeneous tumors accounting for about 1% of all other tumor types in
humans. They are of particular importance to pediatrics as 15% of all pediatric malignant tumors
are sarcomas. Sarcomas are known to occur in different body parts and based on the cell/tissue type
can be broadly identified as bone or soft tissue sarcomas and further classified into more than 50
subtypes (Weiss et al., 2007). Additionally, there is another set of classifications that are based on
the genetic alterations (Stephens et al., 2011). The first category is based on genetic alterations that
include translocations or specific mutations. Most of the sarcomas fall under this first category.
However there are some sarcomas such as leiomyosarcoma and osteosarcoma, that fall into a
second category that present complex karyotypes with multiple genomic instabilities.

The general standard of care for most sarcoma types consists of surgical resection and
chemotherapy. This method yields poor responses and the majority of cases succumb due to lung
metastasis. Despite the advancements in diagnosis and prognosis of the disease, treatment options
have remained stagnant for the past three decades. Potential reasons for this include rarity of tumor
incidence, genetic complexity, and late stage at diagnosis leading to poor prognosis. All the above
reasons lead to an urgent need to identify novel biomarkers that are targetable, which will eventually
lead to better diagnosis and prognosis of sarcomas.
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MicroRNAs (miRNAs) have a crucial role in predicting the
disease outcome and the prognosis in various cancer types
including sarcoma (Calin et al., 2008; Cuiffo et al., 2014).
miRNAs are a group of small non-coding RNAs that regulate
genes post transcriptionally. Over the past few years, various
miRNA deregulations have been accounted an aid in histological
classification and clinical relevance of sarcomas. To address the
role of miRNAs in various sarcomas, this review will highlight
how various miRNAs play crucial roles in human sarcomas
and an insight on current miRNA target based therapeutic
approaches.

Bone Sarcomas

Bones sarcoma consists of only 0.2% of all the neoplasms. Major
known bone sarcomas include osteosarcoma, chondrosarcoma,
and Ewing sarcoma (Burningham et al., 2012). The sub-
classification of these bone sarcomas is based on their histology,
cell of origin and the tissue site. We will discuss each of the bone
sarcomas below.

Osteosarcoma

Osteosarcoma is the most common primary malignant bone
tumor and primarily occurs in adolescents. The incidence rate of
osteosarcoma is approximately 4–5 cases per million (Mirabello
et al., 2009). It usually arises from the metaphysis of the
long bones such as the femur. Studies, including ours, have
shown that miRNAs deregulation occurs in osteosarcoma (Maire
et al., 2011; Thayanithy et al., 2012). We observed that there
is a significant downregulation of around 50 miRNAs at the
chromosome 14q32 locus (14q32 miRNAs) in osteosarcoma
compared to the normal bone without any alterations in the
copy number changes at the locus (Thayanithy et al., 2012). This
suggests that there might be additional epigenetic changes in
that region. The bioinformatics predictions identified a subset
of these 50 miRNAs (miR-382, miR-369-5p, miR-544, and miR-
134) that could potentially target the 3′UTR of the cMYC
transcript (Thayanithy et al., 2012). Upon functional validation,
we found that restoring the expression of the four 14q32
miRNAs decrease the cMYC levels and induced apoptosis in
osteosarcoma cell lines (Saos2). In the same set of cell lines the
14q32 miRNAs overexpression led to significant decrease in an
oncogenic miRNA cluster called miR-17-92, which also happens
to be a transcriptional target of cMYC (Olive et al., 2010). We
also performed rescue experiments where we both overexpressed
cMYC in absence of its 3′UTR, or the miR-17-92 cluster and
found that osteosarcoma cells could be rescued from the pro-
apoptotic effects of the 14q32 miRNAs. In total, we observed that
there is a deregulation that involves 14q32 miRNAs, cMYC and
miR-17-92, which could contribute to osteosarcoma progression
(Maire et al., 2011; Thayanithy et al., 2012). Maire et al. also
found that there is deregulation of miRNAs that could target
multiple signaling pathways such as MAPK, Wnt and RAS/p21
that played a crucial role in osteosarcoma. In order to find
the relationship between various miRNAs and pathways, they
generated a comprehensive genetic map that integrated miRNAs

and gene expression profiles obtained from various osteosarcoma
tumor samples. The mentioned authors, in concurrence with
our observation, found the deregulation in miR-382 and cMYC
levels in osteosarcoma, further suggesting the role of miRNAs in
osteosarcoma progression.

There are several other groups that have contributed in
understanding the role of miRNAs in osteosarcoma (Duan et al.,
2011; Lulla et al., 2011; Jones et al., 2012). Braun et al. found
that miRNAs such as miR-192 and miR-215 are p53 responsive
miRNAs that are capable of causing cell cycle arrest in the
osteosarcoma cell line U2OS that carries a wild-type p53 (Braun
et al., 2008). Other groups have also shown that miRNAs such as
miR-34a and miR-31 could arrest proliferation in osteosarcoma
cell lines in association with p53 (Creighton et al., 2010; Yan et al.,
2012). miR-31 was also shown to target multiple metastatic genes
such as integrin A5, radixin, and RhoA indicating its potential
role in the prevention of metastasis in osteosarcoma (Creighton
et al., 2010).

There are several studies that showed that miRNAsmight have
a potential therapeutic role in osteosarcoma as well. For instance
Duan et al. found that miR-199a-3p restoration decreased mTOR
and Signal Transducer and Activator of Transcription (STAT)
expression and proliferation and migration in osteosarcoma cells
making it a strong therapeutic candidate in osteosarcoma (Duan
et al., 2011). Similar results were obtained with knock down
of miR-21 that is usually overexpressed in osteosarcoma, which
targets RECK and affects the activation of MMPs (Kang et al.,
2007; Ziyan et al., 2011). Another miRNA, miR-183 targets
Ezrin that leads to suppression of migration and invasion in
osteosarcoma cells. Further, it has been shown that miR-183
correlates with pulmonary metastasis and local recurrence of
osteosarcoma, suggesting its crucial role in metastasis (Zhu et al.,
2012).

miRNAs have also been shown to be useful as biomarkers
of chemotherapeutic responses in osteosarcoma. Some of the
first known miRNAs that have been associated with drug
sensitivity are miR-140 and miR-215 (Song et al., 2009, 2010; Zhu
et al., 2012). The studies revealed that miR-140 overexpression
led to chemoresistance to various chemotherapeutics such as
methotrexate (MTX) and 5- fluorouracil (5-FU). Also, miR-140
negatively regulated histone deacetylase 4 (HDAC 4) resulting
in 5-FU resistance. Similarly, miR-215 induced chemoresistance
to MTX in U2OS cells. Another study examined the miRNA
expression of 27 paraffin embedded osteosarcoma samples to
determine chemoresistance to ifosfamide (IFO) (Gougelet et al.,
2011). They performed supervised hierarchical clustering and
found five miRNAs, miR-92a, miR-99b, miR-132, miR-193-
5p, and miR-422 that could significantly differentiate between
good and poor responders to IFO. A recent study by Lauvrak
et al. evaluated miRNAs in 22 osoteosarcoma cell lines that
are crucial for various cellular functions including proliferation,
invasion, and migration (Lauvrak et al., 2013). They found
that miR-199b-5p and miR-100-3p were downregulated and
miR-155-5p, miR-135-5p, and miR-146-5p upregulated in more
aggressive osteosarcoma cell lines. Further studies would be
required to correlate these miRNAs with genes that regulate
tumor growth andmetastasis in osteosarcoma. Thus, such studies
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unveil the multiple roles of miRNAs in prognosis, diagnosis,
therapeutics, and drug resistance in osteosarcoma and other
sarcomas.

Ewing Sarcoma

Ewing sarcoma is a pediatric sarcoma that usually originates in
bone. The most common genetic alteration is transcript fusion
of transcription regulators EWS and Ets leading to a novel
transcriptional factor that drives oncogenesis. Two independent
studies revealed global miRNA expression changes due to stable
repression of fusion proteins in Ewing sarcoma (Ban et al.,
2011; McKinsey et al., 2011; Dylla et al., 2013). The miRNAs
predicted in one of these studies showed that these miRNAs
could potentially target insulin-like growth factor (IGF), which
is a crucial driver of Ewing sarcomagenesis (McKinsey et al.,
2011). The other study identified miR-145 as a top candidate
miRNA that is repressed in Ewing sarcoma (Ban et al., 2011).
Interestingly, miR-145 could directly target the EWS/Fli1 fusion
transcript and this regulatory network should be explored further
as a potential miRNA-mediated therapy in this type of cancer.
Let-7a is another miRNA that was identified as a direct target
toward the fusion transcript (De Vito et al., 2011).

Other studies involved investigating the role of miRNAs
as biomarkers in Ewing’s sarcoma (Mosakhani et al., 2012;
Nakatani et al., 2012). One of the groups showed that patients
with high levels of miR-34a had better 5-year survival outcome
than patients with low levels of miR-34a (Nakatani et al.,
2012). In an integrated analysis study of miRNAs and copy
number changes revealed around 20 differentially expressed
miRNAs in chromosomal regions with altered copy numbers
(Mosakhani et al., 2012). A recent study identified 35 miRNAs
that were differentially expressed in Ewing sarcoma tissues and
cell lines compared to the mesenchymal stem cells (Karnuth
et al., 2014). They identified miR-31 as a potential tumor
suppressor that affected proliferation and invasion in Ewing cell
lines. Interestingly, the group found no significant differentially
expressed miRNAs that could possibly distinguish between
Ewing sarcoma samples that were from primary and metastatic
group.

Chondrosarcoma

Chondrosarcoma is a rare malignant tumor arising
from transformed cartilaginous cells. This happens when
osteochondromas transform into chondrosarcoma and usually
occurs in 1–5% of patients. Several studies have shown
involvement of miRNAs in chondrogenesis and cartilage based
diseases (Tuddenham et al., 2006; Lin et al., 2009; Zhang et al.,
2013). One study shows that there are eight miRNAs that are
deregulated in osteochondroma patients compared to normal
subjects (Zuntini et al., 2010). These miRNAs were further
shown to regulate genes that are involved in normal growth plate
formation that includes heparin sulfate and glycan structure
biosynthesis. Hameetman et al. identified a similar differential
miRNA profile in chondrosarcoma patients indicating
the miRNAs involvement in osteochondroma malignant

transformation to chondrosarcoma (Hameetman et al., 2006).
The first significant study of miRNAs in chondrosarcoma
tissue samples and cell lines revealed downregulation of let-7a,
miR-100, miR-136, miR-222, miR-335, and miR-376a compared
to normal chondrocytes (Yoshitaka et al., 2013; Nugent, 2014).
Another recent study shows that overexpressing proline-rich
polypeptide (PRP-1) inhibited mTORC1, which resulted in
upregulation of certain tumor suppressor miRNAs (miR-125b,
miR-192) and downregulation of oncomiRs (miR-550, miR-589,
miR-490-3p) (Galoian et al., 2014). Similarly, another study
demonstrated that overexpression of miR-518b decreased
the expression of Bcl-2, which is an anti-apoptotic that led
to increased expression of Bax, a pro-apoptotic in human
chondrosarcoma cell lines (Liang et al., 2014). The above studies
indicate that miRNAs are crucial players in chondrosarcoma and
further functional validation should be performed to confirm
their role.

Soft Tissue Sarcomas

Sarcomas that affect connective tissues such as muscle, fat, and
blood vessels fall under the soft tissue sarcomas. Such sarcomas
account for approximately 1% of all malignant tumors. We will
discuss the commonly known soft tissue sarcomas in the section
below.

Gastrointestinal Stromal Tumor

Gastrointestinal stromal tumor (GIST) is considered the most
common tumor of mesenchymal origin arising from interstitial
cells of Cajal in the gastrointestinal tract. Most of them have
C-KIT or PDGFRA mutations. We found lower levels of miR-
221 and miR-222 that target 3′UTR of KIT leading to KIT gene
overexpression, enhancing the oncogenicity of the GIST cells
(Subramanian et al., 2008). Another group consistently found
lower levels of miR-221 and miR-222 in KIT- positive GISTs
compared to normal tissues, suggesting that these miRNAs have
a therapeutic potential in KIT-positive GISTs (Felli et al., 2005).
Another miRNA, miR-494, which is a negative regulator of KIT
has been shown to be significantly low in GISTs which indicates a
promising therapeutic target in GISTs (Kim et al., 2011).

Two separate research studies found that there is a significant
downregulation of ∼44 miRNAs in human chromosome
14q32 region in 12 GIST samples (Haller et al., 2010; Kelly
et al., 2013). Moreover, they observed these miRNAs were
inversely correlated with GIST tumor progression indicating
their prognostic significance. Another group found a lower level
of miR-196, which is one of the miRNAs from the human
14q32 chromosomal region that was associated with metastasis
and poor survival outcomes (Choi et al., 2010). Thus, these
studies indicate the crucial role of miRNAs in diagnostics and
therapeutics in GIST patients.

Rhabdomyosarcoma

Rhabdomyosarcoma (RMS) is a skeletal muscle-derived
malignant sarcoma. RMS affects approximately 6–8% of
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pediatric cases. RMS can be classified into two main subtypes,
embyonal RMS (ERMS), and alveolar RMS (ARMS) (Weiss
et al., 2007). ARMS is considered more aggressive and has poorer
outcomes compared to ERMS (Qualman et al., 1998). ARMS
is also associated with various chromosomal translocations
that result in an oncogenic fusion protein. A common fusion
transcript in ARMS is PAX3-FKHR. The role of miRNAs in RMS
is more studied in relation to myomiRs as these sarcomas are
thought to originate from myogenic precursors (Subramanian
et al., 2008). miRNAs such as the miR-1/ -133/ -206 family are
known to specifically regulate myogenic differentiation and
muscle tissue homeostasis. Such myomiRs form an attractive
area to study for therapeutics in RMS.

Our group and others have shown that miRNA expression
profiling is a good tool to determine the differences between
ERMS and ARMS (Subramanian et al., 2008). For instance
myomiRs are significantly downregulated in RMS and gain-
of-function experiments demonstrated that overexpression of
the myomiRs would inhibit RMS proliferation suggesting their
tumor suppressive role in RMS. We showed that miR-1 and miR-
206 were significantly downregulated that led to stabilization
of PAX3 and cyclin D2 in RMS. In ARMS, PAX3 fuses with
FKHR that leads to the loss of 3′UTR of PAX3 leading to its
oncogenic mechanism in ARMS. Further experiments revealed
that overexpression myomiRs such as miR-206 accelerated
myogenic differentiation and prevented tumor growth in a
xenograft mouse model (Taulli et al., 2009; Yan et al., 2009). The
other myomiR, miR-335, is overexpressed in ARMS (Yan et al.,
2003). miR-335 is located within intron 2 of PEG1 that plays
a role in muscle differentiation. PEG1 is a known downstream
target of PAX3 and it is likely that the PAX3-FKHR fusion in
ARMS might influence the transcription of PEG1 and miR-335
in ARMS. Another study aimed to identify miRNAs that are
responsible for metastasis in ARMS (Armeanu-Ebinger et al.,
2012). They found thatmiR-9, which is associated withmetastasis
and invasion, is overexpressed in ARMS. On the contrary miR-
200c that inhibits migration was downregulated in ARMS. This
suggests that miRNAs could be responsible for metastasis and
should be explored further as therapeutic targets in ARMS.

There are several other miRNAs that are not myomiRs, which
are affected in RMS. miR-29 levels are significantly low in RMS
and re-expression leads to cell cycle arrest and differentiation in
RMS cell lines (Weiss et al., 2007). Wang et al. demonstrated
that there is activation of NF-κb in RMS, which leads to
overexpression of transcription factor YY1 (Wang et al., 2008).
The overexpression of YY1 leads to interaction with its cofactor
EZH2 leading to downregulation of miR-29b/c in RMS cell lines
and tumor tissues. Additionally, miR-29 targets E2F7, which is
a crucial cell cycle regulator. Ectopic expression of miR-29 leads
to G1 arrest and cell death. Not only does miR-29 regulate cell
cycle,it has also been implicated to target HDAC4 and affect
epigenetic regulation (Li et al., 2009). miR-183 is another non-
myomiR miRNA that plays an oncogenic role in RMS (Sarver
et al., 2010a). miR-183 overexpression leads to repression of
EGR1 which is a known tumor suppressor and a transcription
factor (Sarver et al., 2010a). Low levels of EGR1 affect the levels of
transcriptional target PTEN. Thus, miR-183 levels play a crucial

role in balancing the levels of two major tumor suppressor genes.
These studies demonstrate that myomiRs and non-myomiRs play
a major role in RMS and further research should be focused
on therapeutics that can correct such miRNA deregulation
in RMS.

Malignant Peripheral Nerve Sheath Tumor

Malignant peripheral nerve sheath tumors (MPNSTs) are
soft tissue sarcoma tumors that occur in patients with
neurofibromatosis type 1 disease. Our group identified p53
inactivation in most of the MPNST patients via a genome-
wide transcriptome analysis (Subramanian et al., 2010). In
the same study we performed miRNA profiling of benign
and malignant PNSTs samples that revealed miR-34a being
downregulated in most of the MPNSTs samples compared
to benign neurofibromas. Also, we found that miR-214 was
upregulated in MPNSTs, which is a direct transcriptional target
of metastatic gene TWIST1 (Yang et al., 2004; Lee et al.,
2009). miR-214 was also shown to target PTEN, indicating
a deregulation in the TWIST1-miR-214-PTEN pathway in
MPNSTs. Another group reported miR-10b upregulation in
MPNST tumors and cell lines (Chai et al., 2010). They further
performed functional validation by inhibiting miR-10b that led
to decrease in cell proliferation, migration, and invasion in
MPNST cell lines. They revealed that miR-10b inhibition affected
Ras signaling and NF1 expression leading to cellular arrest.
miR-21 was also shown to target a neoplastic transformation
inhibitor, PDCD4, that led to MPNST tumor formation and
progression (Itani et al., 2012). Interestingly, miR-21 was found
to be over expressed in schwannomas, which are benign
tumors consisting of NF2 mutations. However, upon gene
and miRNA profiling of various schwannomas, neurofibromas
and MPNST samples, it was found that both miRNAs and
various genes associated with neurofibromas and schwannomas
clustered separately compared to MPNSTs, indicating that
miRNAs could be useful tool to diagnose and stratify MPNSTs
from neurofibromas and schwannomas (Subramanian et al.,
2010). Recently, a study showed 16 differentially expressed
miRNAs in neurofibromas and MPNSTs from patients with
NF1 via microarray analysis (Presneau et al., 2013). Of the 16
differentially expressed miRNAs, 14 were downregulated and 2
miRNAs (miR-210 and miR-339-5p) were upregulated. These
miRNAs were further validated by qPCR and overexpression
experiments using miRNAmimics in the MPNST cell lines. Also,
one of the dowregulated miRNAs, miR-29c was predicted to
target various genes including MMP-2 that are responsible for
invasion and metastasis. This demonstrated that overexpression
of miR-29c reduced invasion in MPNST cell lines, indicating that
certain miRNA levels could be manipulated to reduce metastasis
in MPNSTs.

Synovial Sarcoma

Synovial sarcoma (SS) is an adolescent sarcoma originating near
the joints and represents around 8% of all soft tissue sarcomas.
We were the first group to examine miRNA expression profiles
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in synovial sarcoma (Subramanian et al., 2008). We found that
miR-143 levels were significantly low in SS compared to other
soft tissue sarcomas such as GIST and LMS and miR-143 targets
ERK5 or MAPK7. EKR5 plays a crucial role in cellular growth
and proliferation via tyrosine kinase signaling, and lower levels
of miR-143 leads to amplified ERK5 levels leading to SS (Esau
et al., 2004). miR-143 is also known to target a common fusion
transcript; SS18-SSX1 in SS. Our group revealed that miR-
183 is a potential oncomiR in SS (Sarver et al., 2010a). The
reason is miR-183 is overexpressed in SS and it targets two
important tumor suppressor genes, EGR1 and PTEN, leading to
their repression and increase cell proliferation. Hisaoka et al.
performed global miRNA expression profiles and found that
there are 35 miRNAs, which are differentially expressed in SS
compared to other sarcomas (Hisaoka et al., 2011). Let-7e,
miR-99b and miR-125a-3p were highly upregulated in SS and
arise from the same chromosomal loci. These miRNAs targeted
HMGA2 and SMARCA5 that led to cellular proliferation. Such
miRNA differential studies and further functional validation will
aid in better understanding of miRNAs as a diagnostic and
therapeutic potential in synovial sarcomas.

Leiomyosarcoma

Leiomyosarcoma (LMS) is a sarcoma of uterine smooth muscle.
We performed a microarray analysis of LMS and normal smooth
muscle samples and found that miRNAs such as miR-1 and miR-
133a/b, which are regulators of myogenesis, were significantly
overexpressed in LMS (Chen et al., 2006; Subramanian et al.,
2008). Another group showed that there are more than 70
miRNAs that are differentially expressed including miR-17-92 in
LMS compared to normal uterine smooth muscles (Danielson
et al., 2010). Shi et al. demonstrated the association between let-
7 and its target HMGA2 (Shi et al., 2009). They functionally
validated that lower levels of let-7 leads to overexpression of
HMGA2 in LMS.

miRNAs role was also investigated as potential diagnostic
biomarkers in LMS. A group found that miR-221 levels
could differentiate between LMS from their benign counterpart
(leiomyoma) (Nuovo and Schmittgen, 2008). Another miRNA,
miR-21 was differentially expressed in leiomyoma compared
to LMS (Nuovo and Schmittgen, 2008). They demonstrated
that miR-21 was and hormonally deregulated in leiomyomas.
In addition to this study, Guled et al. demonstrated miRNAs
including miR-199b-5p, miR-320a, miR-199a-3p, miR-126, and
miR-22 were differentially expressed in LMS and undifferentiated
pleomorphic sarcoma (UPS) as compared to mesenchymal stem
cells (control) (Guled et al., 2014). These miRNAs indicate their
importance in diagnosing and differentiating between LMS and
UPS. Thus, further studies must be undertaken to functionally
validate the miRNAs to confirm their clinical importance as
diagnostic markers.

Liposarcoma

Liposarcoma originates from fat cells and is the most common
mesenchymal cancer. One of the miRNA studies was comprised

of identifying miRNAs in liposarcomagenesis (Ugras et al.,
2011). They performed small RNA sequencing between well-
differentiated liposarcoma, dedifferentiated liposarcoma and
normal adipose tissue samples. Such analysis revealed over 40
miRNAs including miR-21 and miR-26a, to be upregulated and
miR-143 and miR-145 to be downregulated in dedifferentiated
liposarcomas as compared to normal adipose tissue. They
performed functional validation of miR-143 as a tumor
suppressor as it represses expression of BCL2, topoisomerase
2A and PLK1 leading to cellular arrest. Similar independent
studies revealed that miR-155 was overexpressed and miR-193b
was downregulated in dedifferentiated liposarcoma as compared
to their differentiated counterpart (Taylor et al., 2011b; Zhang
et al., 2012). miR-155 targeted casein kinase 1 alpha that
increased expression of beta-catenin signaling and cyclin D1,
inducing cell growth and tumorigenesis (Zhang et al., 2012).
The other study performed sequencing of genome, exome and
transcriptome and found that miR-193b helps in distinguishing
differentiated vs. dedifferentiated liposarcomas (Taylor et al.,
2011b). Recently, a study demonstrated miR-143/145 and
miR-144/451 cluster members were significantly downregulated
in liposarcoma compared to adipocytes indicating their
potential role as tumor suppressors (Gits et al., 2014). Over-
expression of the clusters was able to significantly reduce
proliferation and induce apoptosis in liposarcoma cell lines
and hence these miRNAs can aid in diagnosis of liposarcoma
patients.

Other Sarcoma Types

There are other soft tissue sarcomas that are quite rare and
understudied in relation to miRNAs.

Fibrosarcoma is derived from fibrous connective tissue.
There are few studies that have investigated role of miRNAs
in fibrosarcoma. miR-520c and miR-373 have been shown
to activate Ras/MAPK pathway via activation of MMP9 in
fibrosarcoma cell lines (Liu and Wilson, 2012). Another study
revealed a potential tumor suppressor miRNA, miR-409-3p that
downregulated angiogenin expression levels leading to cell death
and tumor regression (Weng et al., 2012).

Angiosarcoma is another type of soft tissue sarcoma and our
study identified miRNAs such as miR-552, −519, −515, −517a
are upregulated in angiosarcomas as compared to other sarcomas
(Sarver et al., 2010b). Further functional validation of these
miRNAs will be required.

The other understudied soft tissue sarcoma in relation
to miRNAs is hemangiosarcoma. There is only one study
that demonstrates upregulation of miR-17-92 cluster in MYC-
amplified hemangiosarcoma compared to hemangiosarcoma
with no MYC amplification (Italiano et al., 2012). This
implies that miR-17-92 overexpression is dependent on MYC
amplification in this type of sarcoma. Also, upregulation of miR-
17-92 decreased thrombospondin-1 (THBS1) expression that
enhanced angiogenesis, indicating a MYC-miR-17-92 dependent
pathogenesis in the MYC-amplified hemangiosarcoma tumor
tissues.
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miRNA Therapeutics - an Insight on the
Future for Sarcomas

We have known about miRNAs and their role in mRNA
regulation for over a decade; however, we still do not entirely
understand the molecular mechanisms of how miRNAs regulate
gene expression nor have we identified and established all the
miRNA targets in the human genome (Fabbri et al., 2011). Thus,
it becomes essential to understand the function and targets of
miRNA by inhibiting the miRNA in a biological process. Such
functional studies will also aid in targeting miRNAs that are
deregulated in various sarcomas. To help understand the role of
miRNAs in potential therapeutics, two strategies are commonly
used: (i) direct cellular delivery of chemically synthesized miRNA
inhibitors [such as antisense oligonucleotides (ASOs)] and (ii)
delivery of a vector from which intracellular transcription of
RNA inhibitors occurs (miRNA sponges or decoys) (Figure 1)
(Li, 2014).

ASOs are short, single stranded DNA or RNA sequences
that can specifically inhibit miRNAs (Dias and Stein, 2002).
The mechanism of inhibition by ASOs is via Watson-Crick
base pairing. The first ASOs were introduced via lipid-mediated
transfection in C. elegans (Faltus et al., 2004; Zheng et al., 2010).
Antagomirs or modified ASOs were the first miRNA inhibitors
used in mammals (Krutzfeldt et al., 2005). Antagomirs contain
a 2′-O-methyl modified ribose sugars terminal phosphorothiates
and a cholesterol group at the 3′ end. The cholesterol group
enhances the cellular uptake of the antagomirs due to their
binding affinity to the cell surface membrane receptors. The
challenge with antagomirs as a clinical application is that they
require a higher dose to reach a certain efficacy as compared to
other modified ASOs described below.

With the advancement in RNA chemistry, locked nucleic
acid (LNA) was synthesized that has enhanced binding affinity
toward miRNAs as compared to modified ASOs (Davis et al.,
2006; Esau et al., 2006; Zheng et al., 2010). LNAs have 2′-
4′-methylene bridge that locks the sugar ring in the 3′ endo
conformation (Kumar et al., 1998). Such conformation along
with addition of other modifications led to better affinity and
stability of these ASOs in vivo. Subsequently, LNAmodifications’
application showed that it increased melting temperature and
specificity in targeting miRNAs. The first known LNA-modified
oligo was used to inhibit miR-122 that lowered plasma cholesterol
levels in African green monkeys (Elmen et al., 2008). This non-
human primate study showed that such oligonucleotides were
specific, stable and non-toxic when administered intravenously
for a prolonged period. Following this study, another group
showed that there was inhibition of HCV replication via LNA
that inhibited miR-122 in chimpanzees (Lanford et al., 2010).
Interestingly, no viral escape was observed in the chimpanzees
that were injected with LNA after 16 weeks, which was not
obtained with antiviral therapy. After successful trials on non-
human primates, LNAs against miR-122 are being tested in
humans (Orom et al., 2006; Elmen et al., 2008). There has been
a successful phase 1 trial that has paved its way to phase 2 study
in human patients with chronic HCV infection (http://www.
santaris.com).

As of today, such success has primarily been observed in
liver infections. The reason is that the liver is amongst the most
successful organs in the uptake of therapeutic RNAs. Not only is
the bioavailability a challenge, but also there are other hurdles
in therapeutic delivery of such RNAs that include size of the
RNA and mode of delivery (Fabbri et al., 2011). Any RNAs
less than 50 kDa are filtered through the kidney and excreted
so local delivery of the modified RNAs is preferred. A possible
solution to this challenge is to use PEGylated liposomes that
are lipid vesicles within which nucleic acids can be encapsulated
to avoid being filtered by the kidneys (Podesta and Kostarelos,
2009; McCaskill et al., 2013). To improve the mode of RNA
delivery, one of the formulations used was lipid nanoparticle (Shi
et al., 2011; Asai and Oku, 2014). The lipid nanoparticle consists
of lipoplexes, which are cationic lipids that drive interaction
between cationic lipids and the negatively charged siRNAs. One
of the studies tested this delivery method in rodents and non-
human primates and found the siRNA delivery that targets a
hepatocyte mRNA (transthyretin) was effective at dose as low as
0.01 and 0.1mg/kg, respectively (Semple et al., 2010). The mRNA
levels were reduced to up to 30% after 48 h of administration.
Another similar strategy with a more potent delivery formula
called the lipidoid was devised, which contained lipids with
amino polar head groups and non-polar alkyl tails (Love et al.,
2010). This lipidoid, when administered in a similar fashion as
the earlier study, decreased the transthyretin mRNA levels by
70% making it more effective than the lipoplex. Such advanced
lipid-based delivery systems indicate that they will be useful
in delivering ASOs to specific tissues in humans in the near
future.

An alternative to ASOs is generating miRNA-binding RNA
transcripts to sequester and inhibit specific miRNAs that can
be expressed via viral vectors in cell lines, plants, or model
animals (Ebert et al., 2007; Loya et al., 2009; Ebert and Sharp,
2010; Todesco et al., 2010; Fabbri et al., 2011). The first known
miRNA decoy consisted of an adenoviral vector with miRNA-
133 sites inserted in 3′UTR of GFP reporter gene under a
RNA polymerase II promoter (Care et al., 2007). There are two
commonly known miRNA decoys: miRZips and tough decoy
RNAs (TuD RNAs), which are transcribed by RNA polymerase
III (H1 or U6) (Haraguchi et al., 2009). miRZips are transcribed
by RNA polymerase III H1 promoter and express a single miRNA
decoy hairpin of which one strand is perfectly complementary
to the mature miRNA. This blocks or “zips” the function of
mature miRNA and hence the name miRZip. The TuDs are
also transcribed by RNA polymerase III. It consists of a 60 bp
long hairpin-shaped RNA which carries an internal loop that
can be exposed to two miRNA binding sites with a central bulge
(Androsavich and Chau, 2014). Such structural conformation
helps in bypassing Ago2 mediated cleavage and RISC mediated
destabilization eventually preventing its inactivation. This type
of decoy provides longer-term inhibition of miRNAs than the
miRZips or antisense RNA oligonucleotides. On the contrary,
sponge miRNA inhibitors are RNA polymerase III transcribed
non-structural RNA that harbors 4–12 consecutive miRNA
binding sites with central bulges that can be stable integrated
into the genome. Such sponges can be designed to be drug
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FIGURE 1 | (A) Antisense oligonucleotides (ASOs) relieve the

post-translational repression of target gene transcripts through their high

affinity binding to the microRNA induced silencing complex (miRISC).

Many ASOs are fully complementary to their miRNAs and will lead to

their degradation. (B) MicroRNA sponges utilize a reporter construct

with a 3′UTR containing multiple miRNA binding sites. These binding

sequences act as decoys and can sequester a large number or

miRISCs.

(tetracycline) inducible or can be under a tissue specific promoter
(Faghihi et al., 2010; Stenvang et al., 2012; Cheng et al., 2013;
Gebert et al., 2014). Such TuDs and sponges have been designed
and shown to effectively inhibit expression of miR-21 and let-7
(Xie et al., 2012). Further advancement in the field would be to
design such miRNA decoys that could inhibit specific miRNAs at
a particular developmental stage or a specific tissue in an animal
model system.

In addition to the mentioned “decoy” transcripts that compete
with miRNAs and block their function, miRNA replacement
therapy can be another approach to reintroduce missing
miRNA/s. For instance, let-7 levels were found to be low in
primary ovarian tumors and breast cell derived cancer stem cells
indicating its role as tumor suppressor in certain cancers (Yu
et al., 2007; Liu et al., 2013). Another commonly decreased level
miRNA found in various cancers is miR-34 (Cheng et al., 2014;
Okada et al., 2014). p53 is deleted in many cancer types and
p53 promotes transcription of miR-34, hence its low expression.
miR-34 also becomes an important tumor suppressor in many
sarcoma types. For instance, miR-34 levels inversely correlate
with poor patient survival outcomes indicating its potential
role as a diagnostic marker in Ewing sarcoma (Marino et al.,
2014). Re-introduction or replacement of such tumor suppressor
miRNAs can be applied as targeted therapy or adjuvant therapy to
the existing chemotherapy. Direct delivery of miRNAs or a viral
vector encoding short hairpin RNAs that eventually are processed
in mature miRNAs can be used to achieve the replenishment
of the missing miRNAs (Kota et al., 2009; Bader et al., 2010).
Multiple doses of miRNA with an optimal delivery method

should be able to correct the miRNA imbalance in a cell type.
Use of viral vectors can aid in better delivery, stability, and
assessment of the miRNA/s being added to a cell or tissue type.
In fact, miR-34 replacement therapy has shown promise against
cancer cell survival, stemness, metastasis, and chemoresistance
in various cancer cell types and animal models and is under
Phase I clinical trial undertaken by MiRNA Therapeutics (Bader,
2012). Alternatively, viral vectors can be used to deliver specific
gene target sequences to inhibit miRNAs in a specific organ,
while restoring the function in the rest of the body (Santulli
et al., 2014). For instance, adenoviral vector delivery of miR-126-
3p target sequences at the 3′ end of exogenous p27 selectively
protects endothelial cells from p27 overexpression and also
allows for complete restoration of endothelial cells (Santulli
et al., 2014). However, such proof-of-concept need to be shown
in cancer studies, where only the miRNA levels in tumors
is affected without disrupting the miRNAs in the adjacent
organs.

Conclusion

We believe that understanding the miRNA-directed gene
regulation will help us improve traditional gene therapy
approaches. The reason is that a single miRNA has the ability to
affect regulation of multiple genes and signaling pathways, and
strategies to target such miRNAs can cease production of such
deregulated genes. The anti-miRNAs and miRNA replacement
therapeutic approaches unveil the importance and need for
correction of the deregulatedmiRNAs and understandmany new
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roles of individual miRNAs in various sarcoma types. Such a
strategy would help develop drugs that are highly sensitive to
multiple deregulated genes and will make better approval for the
clinical trials. Moreover, many of the sarcomas are important
pediatric cancers and such miRNA therapeutic approaches will
help in improving and enhancing the survival rates of the
pediatric patients. Nonetheless, efficient and targeted delivery,
stability, and safety of such drugs still remain challenging but with
the advancement of the miRNA field we believe that technologies

will be developed to allow discovery and rapid development of
effective miRNA therapeutics.

Acknowledgments

We thank Nicholas Slipek and Karna Bostrom for assistance the
manuscript preparation. We thank the grant funding from the
Wykoff Sarcoma Foundation, the Children’s Cancer Research
Fund, and the American Cancer Society (RSG-13-381-01) to SS.

References

Androsavich, J. R., and Chau, B. N. (2014). Non-inhibited miRNAs shape

the cellular response to anti-miR. Nucleic Acids Res. 42, 6945–6955. doi:

10.1093/nar/gku344

Armeanu-Ebinger, S., Herrmann, D., Bonin, M., Leuschner, I., Warmann,

S. W., Fuchs, J., et al. (2012). Differential expression of miRNAs in

rhabdomyosarcoma and malignant rhabdoid tumor. Exp. Cell Res. 318,

2567–2577. doi: 10.1016/j.yexcr.2012.07.015

Asai, T., and Oku, N. (2014). Systemic Delivery of Small RNA Using Lipid

Nanoparticles. Biol. Pharm. Bull. 37, 201–205. doi: 10.1248/bpb.13-00744

Bader, A. G. (2012). miR-34–a microRNA replacement therapy is headed to the

clinic. Front. Genet. 3:120. doi: 10.3389/fgene.2012.00120

Bader, A. G., Brown, D., and Winkler, M. (2010). The promise of microRNA

replacement therapy.Cancer Res. 70, 7027–7030. doi: 10.1158/0008-5472.CAN-

10-2010

Ban, J., Jug, G., Mestdagh, P., Schwentner, R., Kauer, M., Aryee, D. N., et al.

(2011). Hsa-mir-145 is the top EWS-FLI1-repressed microRNA involved in

a positive feedback loop in Ewing’s sarcoma. Oncogene 30, 2173–2180. doi:

10.1038/onc.2010.581

Braun, C. J., Zhang, X., Savelyeva, I., Wolff, S., Moll, U. M., Schepeler, T., et al.

(2008). p53-Responsive micrornas 192 and 215 are capable of inducing cell

cycle arrest. Cancer Res. 68, 10094–10104. doi: 10.1158/0008-5472.CAN-08-

1569

Burningham, Z., Hashibe, M., Spector, L., and Schiffman, J. D. (2012). The

epidemiology of sarcoma.Clin. Sarcoma Res. 2:14. doi: 10.1186/2045-3329-2-14

Calin, G. A., Cimmino, A., Fabbri, M., Ferracin, M., Wojcik, S. E., Shimizu, M.,

et al. (2008). MiR-15a andmiR-16-1 cluster functions in human leukemia. Proc.

Natl. Acad. Sci. U.S.A. 105, 5166–5171. doi: 10.1073/pnas.0800121105

Care, A., Catalucci, D., Felicetti, F., Bonci, D., Addario, A., Gallo, P., et al. (2007).

MicroRNA-133 controls cardiac hypertrophy. Nat. Med. 13, 613–618. doi:

10.1038/nm1582

Chai, G., Liu, N., Ma, J., Li, H., Oblinger, J. L., Prahalad, A. K., et al. (2010).

MicroRNA-10b regulates tumorigenesis in neurofibromatosis type 1. Cancer

Sci. 101, 1997–2004. doi: 10.1111/j.1349-7006.2010.01616.x

Chen, J. F., Mandel, E. M., Thomson, J. M., Wu, Q., Callis, T. E., Hammond,

S. M., et al. (2006). The role of microRNA-1 and microRNA-133 in skeletal

muscle proliferation and differentiation. Nat. Genet. 38, 228–233. doi: 10.1038/

ng1725

Cheng, C. J., Saltzman,W.M., and Slack, F. J. (2013). Canonical and non-canonical

barriers facing antimiR cancer therapeutics. Curr. Med. Chem. 20, 3582–3593.

doi: 10.2174/0929867311320290004

Cheng, C. Y., Hwang, C. I., Corney, D. C., Flesken-Nikitin, A., Jiang, L., Oner,

G. M., et al. (2014). miR-34 cooperates with p53 in suppression of prostate

cancer by joint regulation of stem cell compartment. Cell Rep. 6, 1000–1007.

doi: 10.1016/j.celrep.2014.02.023

Choi, H. J., Lee, H., Kim, H., Kwon, J. E., Kang, H. J., You, K. T., et al.

(2010). MicroRNA expression profile of gastrointestinal stromal tumors is

distinguished by 14q loss and anatomic site. Int. J. Cancer 126, 1640–1650. doi:

10.1002/ijc.24897

Creighton, C. J., Fountain, M. D., Yu, Z., Nagaraja, A. K., Zhu, H., Khan, M., et al.

(2010). Molecular profiling uncovers a p53-associated role for microRNA-31

in inhibiting the proliferation of serous ovarian carcinomas and other cancers.

Cancer Res. 70, 1906–1915. doi: 10.1158/0008-5472.CAN-09-3875

Cuiffo, B. G., Campagne, A., Bell, G. W., Lembo, A., Orso, F., Lien, E. C.,

et al. (2014). MSC-regulated microRNAs converge on the transcription factor

FOXP2 and promote breast cancer metastasis. Cell Stem Cell 15, 762–774. doi:

10.1016/j.stem.2014.10.001

Danielson, L. S., Menendez, S., Attolini, C. S., Guijarro, M. V., Bisogna, M.,

Wei, J., et al. (2010). A differentiation-based microRNA signature identifies

leiomyosarcoma as a mesenchymal stem cell-related malignancy. Am. J. Pathol.

177, 908–917. doi: 10.2353/ajpath.2010.091150

Davis, S., Lollo, B., Freier, S., and Esau, C. (2006). Improved targeting of

miRNA with antisense oligonucleotides. Nucleic Acids Res. 34, 2294–2304. doi:

10.1093/nar/gkl183

De Vito, C., Riggi, N., Suva, M. L., Janiszewska, M., Horlbeck, J., Baumer, K.,

et al. (2011). Let-7a is a direct EWS-FLI-1 target implicated in Ewing’s sarcoma

development. PLoS ONE 8:e23592. doi: 10.1371/journal.pone.0023592

Dias, N., and Stein, C. A. (2002). Antisense oligonucleotides: basic concepts and

mechanisms.Mol. Cancer Ther. 1, 347–355.

Duan, Z., Choy, E., Harmon, D., Liu, X., Susa, M., Mankin, H., et al. (2011).

MicroRNA-199a-3p is downregulated in human osteosarcoma and regulates

cell proliferation and migration. Mol. Cancer Ther. 10, 1337–1345. doi:

10.1158/1535-7163.MCT-11-0096

Dylla, L., Moore, C., and Jedlicka, P. (2013). MicroRNAs in Ewing Sarcoma. Front.

Oncol. 3:65. doi: 10.3389/fonc.2013.00065

Ebert, M. S., Neilson, J. R., and Sharp, P. A. (2007). MicroRNA sponges:

competitive inhibitors of small RNAs in mammalian cells. Nat. Methods 4,

721–726. doi: 10.1038/nmeth1079

Ebert, M. S., and Sharp, P. A. (2010). Emerging roles for natural microRNA

sponges. Curr. Biol. 20, R858–R861. doi: 10.1016/j.cub.2010.08.052

Elmen, J., Lindow, M., Schutz, S., Lawrence, M., Petri, A., Obad, S., et al.

(2008). LNA-mediated microRNA silencing in non-human primates. Nature

452, 896–899. doi: 10.1038/nature06783

Esau, C., Davis, S., Murray, S. F., Yu, X. X., Pandey, S. K., Pear, M., et al. (2006).

miR-122 regulation of lipid metabolism revealed by in vivo antisense targeting.

Cell Metab. 3, 87–98. doi: 10.1016/j.cmet.2006.01.005

Esau, C., Kang, X., Peralta, E., Hanson, E., Marcusson, E. G., Ravichandran, L. V.,

et al. (2004). MicroRNA-143 regulates adipocyte differentiation. J. Biol. Chem.

279, 52361–52365. doi: 10.1074/jbc.C400438200

Fabbri, E., Brognara, E., Borgatti, M., Lampronti, I., Finotti, A., Bianchi, N., et al.

(2011). miRNA therapeutics: delivery and biological activity of peptide nucleic

acids targeting miRNAs. Epigenomics 3, 733–745. doi: 10.2217/epi.11.90

Faghihi, M. A., Zhang, M., Huang, J., Modarresi, F., Van Der Brug, M. P., Nalls, M.

A., et al. (2010). Evidence for natural antisense transcript-mediated inhibition

of microRNA function. Genome Biol. 11:R56. doi: 10.1186/gb-2010-11-5-r56

Faltus, T., Yuan, J., Zimmer, B., Kramer, A., Loibl, S., Kaufmann, M., et al.

(2004). Silencing of the HER2/neu gene by siRNA inhibits proliferation and

induces apoptosis in HER2/neu-overexpressing breast cancer cells. Neoplasia

6, 786–795. doi: 10.1593/neo.04313

Felli, N., Fontana, L., Pelosi, E., Botta, R., Bonci, D., Facchiano, F., et al. (2005).

MicroRNAs 221 and 222 inhibit normal erythropoiesis and erythroleukemic

cell growth via kit receptor down-modulation. Proc. Natl. Acad. Sci. U.S.A. 102,

18081–18086. doi: 10.1073/pnas.0506216102

Galoian, K. A., Guettouche, T., Issac, B., Qureshi, A., and Temple, H. T.

(2014). Regulation of onco and tumor suppressor MiRNAs by mTORC1

inhibitor PRP-1 in human chondrosarcoma. Tumour Biol. 35, 2335–2341. doi:

10.1007/s13277-013-1309-7

Frontiers in Molecular Biosciences | www.frontiersin.org 8 June 2015 | Volume 2 | Article 31

http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive


Varshney and Subramanian MicroRNAs in sarcoma therapeutics

Gebert, L. F., Rebhan, M. A., Crivelli, S. E., Denzler, R., Stoffel, M., and Hall, J.

(2014). Miravirsen (SPC3649) can inhibit the biogenesis of miR-122. Nucleic

Acids Res. 42, 609–621. doi: 10.1093/nar/gkt852

Gits, C. M., Van Kuijk, P. F., Jonkers, M. B., Boersma, A. W., Smid, M., Van Ijcken,

W. F., et al. (2014). MicroRNA expression profiles distinguish liposarcoma

subtypes and implicate miR-145 and miR-451 as tumor suppressors. Int. J.

Cancer 135, 348–361. doi: 10.1002/ijc.28694

Gougelet, A., Pissaloux, D., Besse, A., Perez, J., Duc, A., Dutour, A., et al.

(2011). Micro-RNA profiles in osteosarcoma as a predictive tool for ifosfamide

response. Int. J. Cancer 129, 680–690. doi: 10.1002/ijc.25715

Guled, M., Pazzaglia, L., Borze, I., Mosakhani, N., Novello, C., Benassi, M. S.,

et al. (2014). Differentiating soft tissue leiomyosarcoma and undifferentiated

pleomorphic sarcoma: a miRNA analysis. Genes Chromosomes Cancer 53,

693–702. doi: 10.1002/gcc.22179

Haller, F., Von Heydebreck, A., Zhang, J. D., Gunawan, B., Langer, C., Ramadori,

G., et al. (2010). Localization- and mutation-dependent microRNA (miRNA)

expression signatures in gastrointestinal stromal tumours (GISTs), with a

cluster of co-expressed miRNAs located at 14q32.31. J. Pathol. 220, 71–86. doi:

10.1002/path.2610

Hameetman, L., Rozeman, L. B., Lombaerts, M., Oosting, J., Taminiau, A. H.,

Cleton-Jansen, A. M., et al. (2006). Peripheral chondrosarcoma progression is

accompanied by decreased Indian Hedgehog signalling. J. Pathol. 209, 501–511.

doi: 10.1002/path.2008

Haraguchi, T., Ozaki, Y., and Iba, H. (2009). Vectors expressing efficient RNA

decoys achieve the long-term suppression of specific microRNA activity in

mammalian cells. Nucleic Acids Res. 37, e43. doi: 10.1093/nar/gkp040

Hisaoka, M., Matsuyama, A., Nagao, Y., Luan, L., Kuroda, T., Akiyama, H., et al.

(2011). Identification of altered MicroRNA expression patterns in synovial

sarcoma. Genes Chromosomes Cancer 50, 137–145. doi: 10.1002/gcc.20837

Italiano, A., Thomas, R., Breen, M., Zhang, L., Crago, A. M., Singer, S., et al. (2012).

The miR-17-92 cluster and its target THBS1 are differentially expressed in

angiosarcomas dependent on MYC amplification. Genes Chromosomes Cancer

51, 569–578. doi: 10.1002/gcc.21943

Itani, S., Kunisada, T., Morimoto, Y., Yoshida, A., Sasaki, T., Ito, S., et al.

(2012). MicroRNA-21 correlates with tumorigenesis in malignant peripheral

nerve sheath tumor (MPNST) via programmed cell death protein 4 (PDCD4).

J. Cancer Res. Clin. Oncol. 138, 1501–1509. doi: 10.1007/s00432-012-1223-1

Jones, K. B., Salah, Z., Del Mare, S., Galasso, M., Gaudio, E., Nuovo, G. J.,

et al. (2012). miRNA signatures associate with pathogenesis and progression

of osteosarcoma. Cancer Res. 72, 1865–1877. doi: 10.1158/0008-5472.CAN-11-

2663

Kang, H. G., Kim, H. S., Kim, K. J., Oh, J. H., Lee, M. R., Seol, S. M.,

et al. (2007). RECK expression in osteosarcoma: correlation with matrix

metalloproteinases activation and tumor invasiveness. J. Orthop. Res. 25,

696–702. doi: 10.1002/jor.20323

Karnuth, B., Dedy, N., Spieker, T., Lawlor, E. R., Gattenlohner, S., Ranft, A.,

et al. (2014). Differentially expressed miRNAs in Ewing sarcoma compared to

mesenchymal stem cells: low miR-31 expression with effects on proliferation

and invasion. PLoS ONE 9:e93067. doi: 10.1371/journal.pone.0093067

Kelly, L., Bryan, K., Kim, S. Y., Janeway, K. A., Killian, J. K., Schildhaus, H. U.,

et al. (2013). Post-transcriptional dysregulation by miRNAs is implicated in

the pathogenesis of gastrointestinal stromal tumor [GIST]. PLoS ONE 8:e64102.

doi: 10.1371/journal.pone.0064102

Kim, W. K., Park, M., Kim, Y. K., Tae, Y. K., Yang, H. K., Lee, J. M.,

et al. (2011). MicroRNA-494 downregulates KIT and inhibits gastrointestinal

stromal tumor cell proliferation. Clin. Cancer Res. 17, 7584–7594. doi:

10.1158/1078-0432.CCR-11-0166

Kota, J., Chivukula, R. R., O’Donnell, K. A., Wentzel, E. A., Montgomery, C.

L., Hwang, H. W., et al. (2009). Therapeutic microRNA delivery suppresses

tumorigenesis in a murine liver cancer model. Cell 137, 1005–1017. doi:

10.1016/j.cell.2009.04.021

Krutzfeldt, J., Rajewsky, N., Braich, R., Rajeev, K. G., Tuschl, T., Manoharan, M.,

et al. (2005). Silencing of microRNAs in vivo with ‘antagomirs’. Nature 438,

685–689. doi: 10.1038/nature04303

Kumar, R., Singh, S. K., Koshkin, A. A., Rajwanshi, V. K., Meldgaard,

M., and Wengel, J. (1998). The first analogues of LNA (locked nucleic

acids): phosphorothioate-LNA and 2′-thio-LNA. Bioorg. Med. Chem. Lett. 8,

2219–2222. doi: 10.1016/S0960-894X(98)00366-7

Lanford, R. E., Hildebrandt-Eriksen, E. S., Petri, A., Persson, R., Lindow, M.,

Munk, M. E., et al. (2010). Therapeutic silencing of microRNA-122 in

primates with chronic hepatitis C virus infection. Science 327, 198–201. doi:

10.1126/science.1178178

Lauvrak, S. U., Munthe, E., Kresse, S. H., Stratford, E. W., Namlos, H. M., Meza-

Zepeda, L. A., et al. (2013). Functional characterisation of osteosarcoma cell

lines and identification of mRNAs and miRNAs associated with aggressive

cancer phenotypes. Br. J. Cancer 109, 2228–2236. doi: 10.1038/bjc.2013.549

Lee, Y. B., Bantounas, I., Lee, D. Y., Phylactou, L., Caldwell, M. A., and Uney,

J. B. (2009). Twist-1 regulates the miR-199a/214 cluster during development.

Nucleic Acids Res. 37, 123–128. doi: 10.1093/nar/gkn920

Li, Z., Hassan, M. Q., Jafferji, M., Aqeilan, R. I., Garzon, R., Croce, C.

M., et al. (2009). Biological functions of miR-29b contribute to positive

regulation of osteoblast differentiation. J. Biol. Chem. 284, 15676–15684. doi:

10.1074/jbc.M809787200

Li, Z. R. T. M. (2014). Therapeutic targeting of microRNAs: current status and

future challenges. Nat. Rev. Drug Discov. 13, 622–638. doi: 10.1038/nrd4359

Liang, W., Li, X., Li, Y., Li, C., Gao, B., Gan, H., et al. (2014). Gallic acid

induces apoptosis and inhibits cell migration by upregulating miR-518b

in SW1353 human chondrosarcoma cells. Int. J. Oncol. 44, 91–98. doi:

10.3892/ijo.2013.2155

Lin, E. A., Kong, L., Bai, X. H., Luan, Y., and Liu, C. J. (2009). miR-199a, a

bone morphogenic protein 2-responsive MicroRNA, regulates chondrogenesis

via direct targeting to Smad1. J. Biol. Chem. 284, 11326–11335. doi:

10.1074/jbc.M807709200

Liu, P., and Wilson, M. J. (2012). miR-520c and miR-373 upregulate MMP9

expression by targeting mTOR and SIRT1, and activate the Ras/Raf/MEK/Erk

signaling pathway and NF-kappaB factor in human fibrosarcoma cells. J. Cell.

Physiol. 227, 867–876. doi: 10.1002/jcp.22993

Liu, Y., Li, H., Feng, J., Cui, X., Huang, W., Li, Y., et al. (2013).

Lin28 induces epithelial-to-mesenchymal transition and stemness via

downregulation of let-7a in breast cancer cells. PLoS ONE 8:e83083. doi:

10.1371/journal.pone.0083083

Love, K. T., Mahon, K. P., Levins, C. G., Whitehead, K. A., Querbes, W., Dorkin, J.

R., et al. (2010). Lipid-like materials for low-dose, in vivo gene silencing. Proc.

Natl. Acad. Sci. U.S.A. 107, 1864–1869. doi: 10.1073/pnas.0910603106

Loya, C. M., Lu, C. S., Van Vactor, D., and Fulga, T. A. (2009). Transgenic

microRNA inhibition with spatiotemporal specificity in intact organisms. Nat.

Methods 6, 897–903. doi: 10.1038/nmeth.1402

Lulla, R. R., Costa, F. F., Bischof, J. M., Chou, P. M., De, F. B. M., Vanin, E. F., et al.

(2011). Identification of differentially expressed microRNAs in osteosarcoma.

Sarcoma 2011:732690. doi: 10.1155/2011/732690

Maire, G., Martin, J. W., Yoshimoto, M., Chilton-Macneill, S., Zielenska, M.,

and Squire, J. A. (2011). Analysis of miRNA-gene expression-genomic profiles

reveals complex mechanisms of microRNA deregulation in osteosarcoma.

Cancer Genet. 204, 138–146. doi: 10.1016/j.cancergen.2010.12.012

Marino, M. T., Grilli, A., Baricordi, C., Manara, M. C., Ventura, S., Pinca, R. S.,

et al. (2014). Prognostic significance of miR-34a in Ewing sarcoma is associated

with cyclin D1 and ki-67 expression. Ann. Oncol. 25, 2080–2086. doi: 10.1093/

annonc/mdu249

McCaskill, J., Singhania, R., Burgess, M., Allavena, R., Wu, S., Blumenthal, A., et al.

(2013). Efficient biodistribution and gene silencing in the lung epithelium via

intravenous liposomal delivery of siRNA. Mol. Ther. Nucleic Acids 2, e96. doi:

10.1038/mtna.2013.22

McKinsey, E. L., Parrish, J. K., Irwin, A. E., Niemeyer, B. F., Kern, H. B.,

Birks, D. K., et al. (2011). A novel oncogenic mechanism in Ewing sarcoma

involving IGF pathway targeting by EWS/Fli1-regulated microRNAs.Oncogene

30, 4910–4920. doi: 10.1038/onc.2011.197

Mirabello, L., Troisi, R. J., and Savage, S. A. (2009). Osteosarcoma incidence

and survival rates from 1973 to 2004: data from the surveillance,

epidemiology, and end results program. Cancer 115, 1531–1543. doi: 10.1002/

cncr.24121

Mosakhani, N., Guled, M., Leen, G., Calabuig-Farinas, S., Niini, T., Machado,

I., et al. (2012). An integrated analysis of miRNA and gene copy numbers

in xenografts of Ewing’s sarcoma. J. Exp. Clin. Cancer Res. 31:24. doi:

10.1186/1756-9966-31-24

Nakatani, F., Ferracin, M., Manara, M. C., Ventura, S., Del Monaco, V., Ferrari, S.,

et al. (2012). miR-34a predicts survival of Ewing’s sarcoma patients and directly

Frontiers in Molecular Biosciences | www.frontiersin.org 9 June 2015 | Volume 2 | Article 31

http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive


Varshney and Subramanian MicroRNAs in sarcoma therapeutics

influences cell chemo-sensitivity and malignancy. J. Pathol. 226, 796–805. doi:

10.1002/path.3007

Nugent, M. (2014). MicroRNA function and dysregulation in bone tumors:

the evidence to date. Cancer Manag. Res. 6, 15–25. doi: 10.2147/CMAR.

S53928

Nuovo, G. J., and Schmittgen, T. D. (2008). Benign metastasizing leiomyoma of

the lung: clinicopathologic, immunohistochemical, and micro-RNA analyses.

Diagn. Mol. Pathol. 17, 145–150. doi: 10.1097/PDM.0b013e31815aca19

Okada, N., Cp, L., Mc, R., A, B., G, L., X, H., et al. (2014). A positive feedback

between p53 and miR-34 miRNAs mediates tumor suppression. Genes Dev. 28,

438–450. doi: 10.1101/gad.233585.113

Olive, V., Jiang, I., and He, L. (2010). mir-17-92, a cluster of miRNAs in the

midst of the cancer network. Int. J. Biochem. Cell Biol. 42, 1348–1354. doi:

10.1016/j.biocel.2010.03.004

Orom, U. A., Kauppinen, S., and Lund, A. H. (2006). LNA-modified

oligonucleotides mediate specific inhibition of microRNA function. Gene 372,

137–141. doi: 10.1016/j.gene.2005.12.031

Podesta, J. E., and Kostarelos, K. (2009). Chapter 17 - Engineering cationic

liposome siRNA complexes for in vitro and in vivo delivery. Meth. Enzymol.

464, 343–354. doi: 10.1016/S0076-6879(09)64017-9

Presneau, N., Eskandarpour, M., Shemais, T., Henderson, S., Halai, D.,

Tirabosco, R., et al. (2013). MicroRNA profiling of peripheral nerve

sheath tumours identifies miR-29c as a tumour suppressor gene involved

in tumour progression. Br. J. Cancer 108, 964–972. doi: 10.1038/bjc.

2012.518

Qualman, S. J., Coffin, C. M., Newton, W. A., Hojo, H., Triche, T. J., Parham, D.

M., et al. (1998). Intergroup Rhabdomyosarcoma study: update for pathologists.

Pediatr. Dev. Pathol. 1, 550–561. doi: 10.1007/s100249900076

Santulli, G., Wronska, A., Uryu, K., Diacovo, T. G., Gao, M., Marx, S.

O., et al. (2014). A selective microRNA-based strategy inhibits restenosis

while preserving endothelial function. J. Clin. Invest. 124, 4102–4114. doi:

10.1172/JCI76069

Sarver, A. L., Li, L., and Subramanian, S. (2010a). MicroRNAmiR-183 functions as

an oncogene by targeting the transcription factor EGR1 and promoting tumor

cell migration. Cancer Res. 70, 9570–9580. doi: 10.1158/0008-5472.CAN-10-

2074

Sarver, A. L., Phalak, R., Thayanithy, V., and Subramanian, S. (2010b). S-

MED: sarcoma microRNA expression database. Lab. Invest. 90, 753–761. doi:

10.1038/labinvest.2010.53

Semple, S. C., Akinc, A., Chen, J., Sandhu, A. P., Mui, B. L., Cho, C. K., et al.

(2010). Rational design of cationic lipids for siRNA delivery. Nat. Biotechnol.

28, 172–176. doi: 10.1038/nbt.1602

Shi, B., Keough, E., Matter, A., Leander, K., Young, S., Carlini, E., et al. (2011).

Biodistribution of small interfering RNA at the organ and cellular levels after

lipid nanoparticle-mediated delivery. J. Histochem. Cytochem. 59, 727–740. doi:

10.1369/0022155411410885

Shi, G., Perle, M. A., Mittal, K., Chen, H., Zou, X., Narita, M., et al. (2009). Let-7

repression leads to HMGA2 overexpression in uterine leiomyosarcoma. J. Cell.

Mol. Med. 13, 3898–3905. doi: 10.1111/j.1582-4934.2008.00541.x

Song, B., Wang, Y., Titmus, M. A., Botchkina, G., Formentini, A., Kornmann,

M., et al. (2010). Molecular mechanism of chemoresistance by miR-215 in

osteosarcoma and colon cancer cells. Mol. Cancer 9:96. doi: 10.1186/1476-

4598-9-96

Song, B., Wang, Y., Xi, Y., Kudo, K., Bruheim, S., Botchkina, G. I., et al. (2009).

Mechanism of chemoresistance mediated by miR-140 in human osteosarcoma

and colon cancer cells. Oncogene 28, 4065–4074. doi: 10.1038/onc.2009.274

Stenvang, J., Petri, A., Lindow, M., Obad, S., and Kauppinen, S. (2012).

Inhibition of microRNA function by antimiR oligonucleotides. Silence 3:1. doi:

10.1186/1758-907X-3-1

Stephens, P. J., Greenman, C. D., Fu, B., Yang, F., Bignell, G. R., Mudie, L. J.,

et al. (2011). Massive genomic rearrangement acquired in a single catastrophic

event during cancer development. Cell 144, 27–40. doi: 10.1016/j.cell.2010.

11.055

Subramanian, S., Lui, W. O., Lee, C. H., Espinosa, I., Nielsen, T. O., Heinrich, M.

C., et al. (2008). MicroRNA expression signature of human sarcomas.Oncogene

27, 2015–2026. doi: 10.1038/sj.onc.1210836

Subramanian, S., Thayanithy, V., West, R. B., Lee, C. H., Beck, A. H., Zhu, S., et al.

(2010). Genome-wide transcriptome analyses reveal p53 inactivation mediated

loss of miR-34a expression in malignant peripheral nerve sheath tumours.

J. Pathol. 220, 58–70. doi: 10.1002/path.2633

Taulli, R., Bersani, F., Foglizzo, V., Linari, A., Vigna, E., Ladanyi, M., et al. (2009).

The muscle-specific microRNA miR-206 blocks human rhabdomyosarcoma

growth in xenotransplanted mice by promoting myogenic differentiation.

J. Clin. Invest. 119, 2366–2378. doi: 10.1172/jci38075

Taylor, B. S., Barretina, J., Maki, R. G., Antonescu, C. R., Singer, S., and Ladanyi, M.

(2011a). Advances in sarcoma genomics and new therapeutic targets. Nat. Rev.

Cancer 11, 541–557. doi: 10.1038/nrc3087

Taylor, B. S., Decarolis, P. L., Angeles, C. V., Brenet, F., Schultz, N., Antonescu, C.

R., et al. (2011b). Frequent alterations and epigenetic silencing of differentiation

pathway genes in structurally rearranged liposarcomas. Cancer Discov. 1,

587–597. doi: 10.1158/2159-8290.CD-11-0181

Thayanithy, V., Sarver, A. L., Kartha, R. V., Li, L., Angstadt, A. Y., Breen, M., et al.

(2012). Perturbation of 14q32 miRNAs-cMYC gene network in osteosarcoma.

Bone 50, 171–181. doi: 10.1016/j.bone.2011.10.012

Todesco, M., Rubio-Somoza, I., Paz-Ares, J., andWeigel, D. (2010). A collection of

target mimics for comprehensive analysis of microRNA function inArabidopsis

thaliana. PLoS Genet. 6:e1001031. doi: 10.1371/journal.pgen.1001031

Tuddenham, L., Wheeler, G., Ntounia-Fousara, S., Waters, J., Hajihosseini, M.

K., Clark, I., et al. (2006). The cartilage specific microRNA-140 targets

histone deacetylase 4 in mouse cells. FEBS Lett. 580, 4214–4217. doi:

10.1016/j.febslet.2006.06.080

Ugras, S., Brill, E., Jacobsen, A., Hafner, M., Socci, N. D., Decarolis, P. L.,

et al. (2011). Small RNA sequencing and functional characterization reveals

MicroRNA-143 tumor suppressor activity in liposarcoma. Cancer Res. 71,

5659–5669. doi: 10.1158/0008-5472.CAN-11-0890

Wang, H., Garzon, R., Sun, H., Ladner, K. J., Singh, R., Dahlman, J., et al. (2008).

NF-kappaB-YY1-miR-29 regulatory circuitry in skeletal myogenesis and

rhabdomyosarcoma. Cancer Cell 14, 369–381. doi: 10.1016/j.ccr.2008.10.006

Weiss, S. W., Goldblum, J. R., and Folpe, A. L. (2007). Enzinger and Weiss’s soft

tissue tumors. Philadelphia, PA: Elsevier Health Sciences.

Weng, C., Dong, H., Chen, G., Zhai, Y., Bai, R., Hu, H., et al. (2012). miR-409-3p

inhibits HT1080 cell proliferation, vascularization and metastasis by targeting

angiogenin. Cancer Lett. 323, 171–179. doi: 10.1016/j.canlet.2012.04.010

Xie, J., Ameres, S. L., Friedline, R., Hung, J. H., Zhang, Y., Xie, Q., et al. (2012).

Long-term, efficient inhibition of microRNA function in mice using rAAV

vectors. Nat. Methods 9, 403–409. doi: 10.1038/nmeth.1903

Yan, D., Dong Xda, E., Chen, X., Wang, L., Lu, C., Wang, J., et al. (2009).

MicroRNA-1/206 targets c-Met and inhibits rhabdomyosarcoma development.

J. Biol. Chem. 284, 29596–29604. doi: 10.1074/jbc.M109.020511

Yan, K., Gao, J., Yang, T., Ma, Q., Qiu, X., Fan, Q., et al. (2012). MicroRNA-34a

inhibits the proliferation and metastasis of osteosarcoma cells both in vitro and

in vivo. PLoS ONE 7:e33778. doi: 10.1371/journal.pone.0033778

Yan, Z., Choi, S., Liu, X., Zhang, M., Schageman, J. J., Lee, S. Y., et al. (2003). Highly

coordinated gene regulation in mouse skeletal muscle regeneration. J. Biol.

Chem. 278, 8826–8836. doi: 10.1074/jbc.M209879200

Yang, J., Mani, S. A., Donaher, J. L., Ramaswamy, S., Itzykson, R. A., Come, C.,

et al. (2004). Twist, a master regulator of morphogenesis, plays an essential role

in tumor metastasis. Cell 117, 927–939. doi: 10.1016/j.cell.2004.06.006

Yoshitaka, T., Kawai, A., Miyaki, S., Numoto, K., Kikuta, K., Ozaki, T., et al. (2013).

Analysis of microRNAs expressions in chondrosarcoma. J. Orthop. Res. 31,

1992–1998. doi: 10.1002/jor.22457

Yu, F., Yao, H., Zhu, P., Zhang, X., Pan, Q., Gong, C., et al. (2007). let-7 regulates

self renewal and tumorigenicity of breast cancer cells. Cell 131, 1109–1123. doi:

10.1016/j.cell.2007.10.054

Zhang, P., Bill, K., Liu, J., Young, E., Peng, T., Bolshakov, S., et al. (2012). MiR-155

is a liposarcoma oncogene that targets casein kinase-1alpha and enhances beta-

catenin signaling. Cancer Res. 72, 1751–1762. doi: 10.1158/0008-5472.CAN-11-

3027

Zhang, R., Ma, J., and Yao, J. (2013). Molecular mechanisms of the cartilage-

specific microRNA-140 in osteoarthritis. Inflamm. Res. 62, 871–877. doi:

10.1007/s00011-013-0654-8

Zheng, G., Ambros, V., and Li, W. H. (2010). Inhibiting miRNA in Caenorhabditis

elegans using a potent and selective antisense reagent. Silence 1:9. doi:

10.1186/1758-907X-1-9

Zhu, J., Feng, Y., Ke, Z., Yang, Z., Zhou, J., Huang, X., et al. (2012).

Down-regulation of miR-183 promotes migration and invasion of

Frontiers in Molecular Biosciences | www.frontiersin.org 10 June 2015 | Volume 2 | Article 31

http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive


Varshney and Subramanian MicroRNAs in sarcoma therapeutics

osteosarcoma by targeting Ezrin. Am. J. Pathol. 180, 2440–2451. doi:

10.1016/j.ajpath.2012.02.023

Ziyan, W., Shuhua, Y., Xiufang, W., and Xiaoyun, L. (2011).

MicroRNA-21 is involved in osteosarcoma cell invasion and

migration. Med. Oncol. 28, 1469–1474. doi: 10.1007/s12032-010-

9563-7

Zuntini, M., Salvatore, M., Pedrini, E., Parra, A., Sgariglia, F., Magrelli, A., et al.

(2010). MicroRNA profiling of multiple osteochondromas: identification of

disease-specific and normal cartilage signatures. Clin. Genet. 78, 507–516. doi:

10.1111/j.1399-0004.2010.01490.x

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2015 Varshney and Subramanian. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org 11 June 2015 | Volume 2 | Article 31

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive

	MicroRNAs as potential target in human bone and soft tissue sarcoma therapeutics
	Introduction
	Bone Sarcomas
	Osteosarcoma
	Ewing Sarcoma
	Chondrosarcoma
	Soft Tissue Sarcomas
	Gastrointestinal Stromal Tumor
	Rhabdomyosarcoma
	Malignant Peripheral Nerve Sheath Tumor
	Synovial Sarcoma
	Leiomyosarcoma
	Liposarcoma
	Other Sarcoma Types
	miRNA Therapeutics - an Insight on the Future for Sarcomas
	Conclusion
	Acknowledgments
	References


