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Smooth muscle (SM) is a spontaneously contractile
tissue that provides physical support and function to
organs such as the uterus. Uterine smooth muscle–
related neoplasia comprise common well-differenti-
ated benign lesions called leiomyomas (ULM), and
rare, highly aggressive and pleomorphic tumors
named leiomyosarcomas (ULMS). MicroRNAs (miRNAs)
are small non-coding RNAs that play essential roles in
normal cellular development and tissue homeostasis
that can be used to accurately subclassify different
tumor types. Here, we demonstrate that miRNAs are
required for full smooth muscle cell (SMC) differenti-
ation of bone marrow–derived human mesenchymal
stem cells (hMSCs). We also report a miRNA signature
associated with this process. Moreover, we show that
this signature, along with miRNA profiles for ULMS
and ULM, are able to subclassify tumors of smooth
muscle origin along SM differentiation. Using multi-
ple computational analyses, we determined that
ULMS are more similar to hMSCs as opposed to ULM,
which are linked with more mature SMCs and myo-
metrium. Furthermore, a comparison of the SM dif-
ferentiation and ULMS miRNA signatures identified
miRNAs strictly associated with SM maturation or
transformation, as well as those modulated in both
processes indicating a possible dual role. These re-
sults support separate origins and/or divergent
transformation pathways for ULM and ULMS, result-
ing in drastically different states of differentiation.
In summary, this work expands on our knowledge of

the regulation of SM differentiation and sarcoma
pathogenesis. (Am J Pathol 2010, 177:908–917; DOI:
10.2353/ajpath.2010.091150)

Leiomyosarcoma, a rare, highly aggressive malignancy
of smooth muscle (SM) tissues, makes up approximately
10% of soft tissue sarcomas, tumors of mesenchymal
origin. As a consequence of diverse cytogenetic and
molecular profiles, the etiology and molecular basis of
leiomyosarcoma remain poorly understood. Fibroids or
leiomyomas (ULM), more common SM neoplasia, are
benign malignancies of the uterine smooth muscle or
myometrium (MM).1 Although generally accepted as tu-
mors of SM origin, it has been hypothesized that ULM
and uterine leiomyosarcomas (ULMS) are separate enti-
ties of independent cellular and/or molecular origin.2

Smooth muscle is an involuntary nonstriated muscle
that can be found throughout the body, within the vascu-
lature and organs such as the uterus. The broad function
of smooth muscle cells (SMCs) in these organs is to
maintain organ structure and elicit necessary contrac-
tions, but specific actions, such as unique responses to
environmental cues or rate of contractility, depend on the
particular anatomical location.3 The multitude of SMC
types and the inherent differences in their molecular reg-
ulation have hampered the study of the mechanisms
responsible for SMC development. In addition, the lack of
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standardized differentiation systems, both in vitro and in
vivo, has also hindered the progress of such studies.

Mesenchymal stem cells (MSCs) are an adult stem cell
population originally identified as a minor population of
bone marrow cells that have the ability to adhere to tissue
culture plastic.4 MSC-like cells have since been isolated
from various tissues and are loosely defined by adherence
to tissue culture plastic, the combinatorial expression of
numerous surface markers (most commonly CD29, CD73,
CD105, CD54, Stro-1, and CD44),5 and their capacity to
differentiate into multiple lineages, such as osteoblasts,
chondrocytes, adipocytes, and myoblasts.6 Recent publi-
cations have validated the use of human MSCs (hMSCs)
isolated from adipose tissues as a source for generating
mature SMCs in vitro,7,8 but the molecular regulation of this
process is only partly understood.

MicroRNAs (miRNAs), small, noncoding RNAs, con-
tinue to display an increasingly prominent role in tissue
development and homeostasis, as evidenced by the le-
thality of mice lacking Dicer, an enzyme essential for
production of mature miRNAs.9 Additionally, miRNA ex-
pression profiles, or ‘signatures,’ have been used to suc-
cessfully classify many tumor types, including sarco-
mas,10,11 because they faithfully recapitulate the cell or
lineage of origin. Moreover, aberrant miRNA expression
has also been implicated in the development of cancer
by altering the levels of oncogenes and tumor suppres-
sors.12,13 More significantly, recent studies have re-
vealed a functional link between a miRNA’s dual role in
regulation of differentiation and oncogenesis.14–16

In this study, we establish two efficient models of SM
differentiation from bone marrow–derived hMSCs, dem-
onstrate that Dicer or Drosha down-regulation impair SM
maturation, supporting a critical role for miRNAs in the
control of SM differentiation, and identify a miRNA signa-
ture associated with this process. In addition, we define
miRNA signatures of ULMS and ULM compared with
normal MM. These signatures are then used to assess the
miRNA’s ability to subclassify SM lesions according to
their differentiation status. Using a number of indepen-
dent computational tools we find that ULMS more closely
resemble hMSCs than ULM, normal MM, or in vitro SMCs.
Importantly, juxtaposing the two miRNA signatures (SM dif-
ferentiation and ULMS) also allow us to identify miRNAs
modulated in either, or both, processes of differentiation
and transformation, rendering a list of possible molecular
regulators of those events, as well as revealing a novel
link between the two. Our data demonstrate that miRNAs
are required for smooth muscle differentiation of hMSCs
and that they can serve as markers of SM differentiation
that robustly subclassify ULMS and ULM in relation to
their differentiation status.

Materials and Methods

Cell Culture

hMSCs were obtained from Dr. Darwin Prockop (Texas
A&M University, College Station, TX) and maintained in
subconfluent conditions as described.17 An adaptation of

a previously published protocol8 was used to achieve
SMC differentiation. Briefly, hMSCs were seeded at 75–
100 cells/mm2 and, on near confluency, smooth muscle
differentiation medium (SMDM) [MCDB131 (Sigma, St.
Louis, MO) supplemented with 1% FBS and 100U/ml
Heparin] was added. The thromboxane A2 (TxA2)-in-
duced method of differentiation was adapted from Kim et
al.7 In brief, hMSCs were plated at 0.2 ! 106 cells per well
in a 6-well plate, re-fed with fresh ! minimal essential
media (!MEM) with 0.25% FBS 24 hours before addition
of 1.0 "mol/L of the TxA2 chemical analog U46619 (Enzo
Life Sciences, Farmingdale, NY). Primary uterine smooth
muscle cells (UtSMC) (Lonza, Basel, Switzerland) were
maintained as per the manufacturer’s protocol. Isolation
of human myometrial smooth muscle cells was achieved
by incubating manually dissected fresh myometrium with
collagenase V at 37°C while shaking for 4 to 6 hours.
Large debris was discarded after centrifugation, and the
remaining cells (SMCs) were plated in smooth muscle
media (Lonza).

RNA Extraction, RT-PCR, and Real-Time PCR
Analyses

Total RNA was extracted using the mirVana microRNA
extraction kit (Ambion, Austin, TX) or the miRNeasy Mini
Kit (Qiagen, Valencia, CA). Semiquantitative reverse tran-
scription PCR (RT-PCR) was performed by reverse tran-
scribing 250 ng of total RNA with Superscript III Kit (Invitro-
gen, Carlsbad, CA), followed by standard PCR using RNA
specific primers. Quantitative real-time PCR (qRT-PCR) was
performed with same RT reaction using FastStart SYBR
Green MasterMix (Roche, Basel, Switzerland) and BioRad
iCycler equipment. RT-PCR primers: CD73 F 5"-GCAC-
TATCTGGTTCACCGTGT-3", CD73 R 5"-CCATTTCAAAAC-
CCGAATGT-3"; Calponin F 5"-ATGTCCTCTGCTCACTTCA-
3", Calponin R 5"-TTTCCGCTCCTGCTTCTCT-3"; SM-MHC
F 5"-GGACGACCTGGTTGTTGATT-3", SM-MHC R 5"-
GTAGCTGCTTGATGGCTTCC-3"; GAPDH F 5"-ACCA-
CAGTCCATGCCATCAC-3", GAPDH R 5"-TCCACCAC-
CCTGTTGCTGTA-3". qRT-PCR primers: SM-MHC F 5"-
GACAAGTTTGTGGCCGACCT-3", SM-MHC R 5"-CTC-
CGTCATCTTGGCCATCT-3"; GAPDH F 5"-CGCTCTCT-
GCTGGTGGTGTT-3", GAPDH R 5"-CCATGGTGTCTGA-
GCGATGT-3". qRT-PCR for miRNA expression levels was
performed with the TaqMan miRNA Assay kit (Applied Bio-
systems, Austin, TX) according to manufacturer’s protocol
using 12.5 ng of total RNA for reverse transcription. The
small RNA RNU44 was used for normalization.

Western Blot Analyses

Cell pellets were lysed using RIPA buffer (Sigma) with
protease inhibitors (Roche). Proteins were resolved on 3
to 8% NuPAGE gels (Invitrogen) or 4 to 20% Tris-glycine
SDS PAGE gels (Invitrogen) for large and average mo-
lecular weight proteins, respectively. Proteins were trans-
ferred to PVDF or nitrocellulose membranes, blocked with
5% milk in PBS for 1 hour, and incubated overnight at 4°C
with primary antibody (CD105 #611314, BD Biosciences,
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San Jose, CA; Calponin #M3556, Dako, Denmark; SM22!
#ab10135, Abcam, Cambridge, MA; ASMA #ab5694, Ab-
cam; Dicer #3363, Cell Signaling, Danvers, MA; Drosha
#ab12286, Abcam; !-Actin #A2066, Sigma; #-Tubulin
#T9026, Sigma). Membranes were incubated with HRP-
conjugated secondary antibodies for 1 hour before being
developed using enhanced chemiluminiscence (ECL)
plus Western blotting detection kit (GE Health care,
Piscataway, NJ).

Immunofluorescence and Fluorescence-Activated
Cell Sorting Analyses

Cells grown onto coverslips were fixed with 4% formal-
dehyde for 20 minutes at room temperature. Fixed cells
were incubated with primary antibody (CD105-APC #17-
1057, eBioscience, San Diego, CA; ASMA #ab5694, Ab-
cam) for 2 hours at room temperature, washed with PBS,
incubated with secondary antibody when applicable (Al-
exa Fluor 610, Invitrogen, Carlsbad, CA) for 30 minutes at
room temperature, washed with PBS, and counterstained
with 0.5 "g/ml Hoechst 3358 (Invitrogen). Zeiss Imager
M1 microscope with attached AxioCam MRm camera
was used to acquire images. Fluorescence-activated cell
sorting (FACS) for membrane staining of CD105 (CD105-
APC #17-1057, eBiosciences) was conducted by trypsiniz-
ing cells and incubating with antibody for 30 minutes. Intra-
cellular staining for ASMA (ASMA-FITC #F377, Sigma) was
performed as previously described.18 In each instance, a
BD LSRII flow cytometer and FlowJo software were used.

Contraction Assay

Assays were performed as previously described.7 Briefly,
cells were trypsinized and resuspended in !MEM with 1%
FBS at a concentration of 0.4 ! 106 cells/ml. Cell suspen-
sion was mixed in a 1:1 ratio with 3 mg/ml collagen type I
(BD Biosciences, San Jose, CA) as per manufacturer’s
protocol. Cell/collagen mix (500 "l) was pipetted into a
24-well plate in triplicate. Gel was allowed to solidify at 37°C
for 1 hour before carefully being dislodged from the well
and placed in a 6-well plate with 3 ml of !MEM with 1% FBS.
A picture was taken every hour for 12 hours. Image J was
used to measure the area of the gel and that of the well,
which was used for normalization. Extent of contraction was
calculated by dividing the area of the gel by the area of the
well at each time point and then indicating the percentage
of area lost referred to the initial gel size.

Oligonucleotide Transfection

hMSCs were transfected with 50 nmol/L of mimic or in-
hibitor molecules (Dharmacon, Lafayette, CO) to overex-
press or knockdown miRNA expression respectively, or
Stealth siRNA (Invitrogen, Carlsbad, CA) designed for
efficient knockdown of Dicer1 or Drosha, using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) according to
manufacturer’s recommendation.

miRNA Arrays

RNA labeling and array hybridization were conducted
using protocols optimized at the MSKCC Genomics Core
facility using 100 ng of total RNA and Agilent (Santa
Clara, CA) ‘early access’ miRNA microarrays comprising
mature miRNA sequences according to miRBase version
9.2. Raw intensity values were obtained from the arrays
with Agilent’s Feature Extractor software and translated to
‘total gene signal’ values by subtracting the background.
Total gene signals found to be below background were
flagged as undetectable or absent. Equivalent time
points for four independent time courses were used as
biological replicates. The data were quantile normalized
and log transformed using the generalized logarithm (to
deal with negative values from the background subtrac-
tion). miRNAs found to be below background in 50% or
more of the samples across the time course were elimi-
nated from further analysis. For ULMS, ULM, and MM
array analysis, miRNAs determined by Feature Extractor
to be below background signal in more than 25% of the
samples were eliminated from further analysis.19

Bioinformatic and Statistical Analyses

Analysis of ULMS, ULM, and MM Samples

The Bioconductor LIMMA package was used to iden-
tify miRNAs differentially expressed between normal and
tumor samples (ULMS and ULM signatures). An unsuper-
vised hierarchical clustering with Pearson correlation,
distance function, and complete linkage was used. To
assess the robustness, a parametric bootstrap resam-
pling technique was used in which 1000 bootstrap repli-
cas for the original dataset were generated and clus-
tered. A consensus tree was built from these 1000
bootstrap trees; the number at each node in the consen-
sus tree indicates how many of the bootstrap trees con-
tain that subcluster.

Identifying miRNAs Monotonically Trending in SM
Differentiation

To identify miRNAs that were significantly and mono-
tonically changing over time, we used the nonparametric
Jonckheere-Terpstra (J.T.) test. We grouped adjacent
time points to create a number of equally sized time
groups. The set of miRNAs which scored significant by
the J.T.-test was then used to compute a time course
progression value that assigned to any sample its effec-
tive position along the differentiation time course.

Clusters of miRNAs Differentially Expressed during
SM Differentiation

miRNAs (from two time courses) who had a fold
change of 2.5 or greater between maximum and mini-
mum expression values were identified (129 miRNAs).
Time points were split into 10 groups, and the expression
was averaged and standardized to have mean 0 and SD 1.
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Expression profile clusters were calculated using the mfuzz
algorithm,20 a fuzzy c-means R package commonly used
for clustering profiles of timeseries. The number of clusters
was set to 10 with a fuzzification parameter of 1.1.

Phylogenetic Tree Reconstruction Methods
and Heatmap Generation

To identify differentially expressed miRNAs among
samples of ULMS, ULM, and MM (defined as the ‘classi-
fier list’) we used the analysis of variance algorithm as
implemented in the R package20 with Benjamini-Hoch-
berg correction for false positives and a P value cutoff of
0.01 or 0.05. Phylogenetic trees were then generated by
applying the Weighted Least Squares (WLS)21 algorithm
as implemented in the Phylip package version 3.6722 to
the Pearson correlation distance of subsets of differen-
tially expressed miRNAs (the ‘classifier list’). To assess
the statistical significance of the phylogeny, the recon-
struction was repeated 1000 times with random subsets
of miRNAs. We drew the bootstrap sample size n from the
discrete uniform distribution on the interval [50, N], where
N is the total number of differentially expressed miRNAs.
Further, we bootstrapped the ULMS, ULM, and MM sam-
ples to incorporate the uncertainty of tumor classification.
Therefore, we sampled for each tumor subtype ni exper-
iments with replacement from the set of the ni experi-
ments of this subtype. Once a consensus tree was de-
termined, it was rooted and visualized with Dendroscope
version 2.2.2.23 Heatmap of gene expression was gener-
ated with the heatmap plus function of the R statistical
package using the ‘classifier list.’

Clinical Specimens

Human tissue (ULMS, ULM, and MM) specimens were
collected at the time of surgery and snap frozen in liquid
nitrogen then transferred to #80°C for storage. Approval
to collect specimens was granted by MSKCC IRB proto-
col number # 97-134. Normal human myometrium was
obtained under NYU IRB protocol H10457-01A.

Results

Development and Characterization of an in Vitro
SMC Differentiation Model

We developed an in vitro SMC differentiation system by
inducing differentiation of bone marrow–derived hMSCs
to SMCs, adapting a previously published protocol.8 To
confirm the generation of functional SMCs from hMSCs,
various samples were collected for expression or func-
tional assays throughout the six-week time course of
differentiation. By phase contrast microscopy we ob-
served the appearance of “hills” (Figure 1A, orange ar-
row) and “valleys” at approximately 21 days postaddition
of SMDM. Reverse transcriptase-polymerase chain reac-
tion (RT-PCR) analysis showed induction of SM markers
calponin and SM-myosin heavy chain (SM-MHC), paral-
leling a down-regulation of hMSC marker CD73 (Figure

1B). Immunofluorescence, FACS, and Western blot anal-
yses demonstrated that expression of CD105, another
marker of hMSCs, is lost shortly after the addition of
SMDM, followed by induction of alpha-smooth muscle
actin (ASMA), an early marker of SM (Figure 1, A, C, and
D). To assess whether hMSC-derived SMCs were func-
tional, we performed a contraction assay using published
protocols7 (Figure 1E). Overall, our data prove that this
method of differentiation renders mature contractile
SMCs from bone marrow–derived hMSCs.

miRNA Processing Is Necessary for Efficient
Smooth Muscle Differentiation

Recent findings have revealed that Dicer and Drosha,
critical components of the cellular miRNA processing
machinery, are essential for hMSC differentiation into the
adipo- and osteocyte lineages.24 As a proof-of-principle
of the functional requirement of miRNAs in SMC differen-
tiation, we investigated the effect of knocking down Dicer
in our in vitro model, using siRNA oligonucleotides. Dicer
down-regulation impaired full SMC differentiation, as at-
tested by morphological changes, reduced SM markers
such as calponin, smooth muscle-22-alpha (SM22!), and
ASMA protein levels, and more importantly, lack of SM-
MHC mRNA up-regulation, considered the hallmark of
mature SMCs (Figure 2, A–D). This result strongly supports
a requisite of miRNAs for efficient SMC differentiation.

A miRNA Signature Associated with Smooth
Muscle Differentiation

To define the miRNA ‘signature’ of SMC differentiation,
miRNA microarray analysis was performed at multiple time
points of differentiation, and a J.T. trend test was used to
determine which miRNAs were modulated during this pro-
cess. This analysis identified 30 miRNAs either significantly
up-regulated or down-regulated during SMC differentiation
(Table 1). Validation of a subset of these miRNAs was
performed in two independent time courses one of which is
represented on Figure 3. Because of the nature of this
analysis, only miRNAs whose expression increased (or de-
creased) between consecutive time points were consid-
ered, limiting the outcome to miRNAs that display a
monotonic trend. To identify those miRNAs that display a
more dynamic expression pattern (ie, up-regulated miRNAs
that reach a plateau, miRNAs initially induced and then
repressed, etc), we defined expression profile clusters (see
Materials and Methods and Supplemental Figure 1 at http://
ajp.amjpathol.org). miRNAs in cluster 3 (with an overall as-
cending pattern) and clusters 6, 7, and 9 (demonstrating a
descending pattern) showed a strong correlation with SM
maturation over time and were considered the core of the
SM differentiation signature (see Supplemental Table 1 at
http://ajp.amjpathol.org). Importantly, 11 (of 12) miRNAs
found by J.T. trend analysis to increase during differentia-
tion are found in cluster 3 (P value $ 9.296e-13, Fisher’s
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exact test); similarly, of 18 descending miRNAs determined
by J.T. trend analysis, 16 overlap with clusters 6, 7, and 9 (P
value %2.2e-16). These results validate the two methods
used to determine the SM miRNA signature.

The miRNA SM ‘Signature’ Is Confirmed in an
Independent Differentiation Model

To demonstrate that the miRNA signature found was not
restricted to the heparin-based differentiation method out-
lined above, an additional method of SMC differentiation
was characterized. It was recently reported that thrombox-
ane A2 (TxA2) is able to efficiently induce SMC differentia-
tion of hMSCs isolated from adipose tissue.7 We success-
fully adapted that protocol to induce SMC differentiation of
bone marrow–derived hMSCs (see Supplemental Figure 2
at http://ajp.amjpathol.org). Again, miRNA processing proved
to be essential for efficient SM differentiation in this indepen-
dent model, as demonstrated by the effect of down-regulation
of Dicer (see Supplemental Figure 3 at http://ajp.amjpathol.
org) or Drosha (see Supplemental Figure 4 at http://ajp.
amjpathol.org). Importantly, miRNAs identified and validated
as associated with SM differentiation of hMSC using the

heparin-based method (Figure 3) were also found to trend
similarly in the TxA2-induced differentiation system (see
Supplemental Figure 5 at http://ajp.amjpathol.org). The re-
producibility of the results between two independent sys-
tems strongly reinforces the value of our miRNA signature of
SM differentiation. Moreover, we showed that ectopic expres-
sion of a signature component, miR-155, normally down-reg-
ulated during SM differentiation, inhibits SM maturation, as
assessed by lack of SM-MHC induction (Supplemental Fig-
ure 4D at http://ajp.amjpathol.org). These results further con-
firm the ability of our methodology to identify miRNAs func-
tionally involved in SM differentiation.

An miRNA Signature of ULMS and ULM,
Compared with Normal Myometrium

In addition to using miRNA profiles to identify potential reg-
ulators of SM differentiation, we sought to determine
whether miRNAs are dysregulated in ULMS and ULM, be-
cause some of those may play a role in the biology of these
tumors. To this end, miRNA expression profiles were eluci-
dated by hybridizing 10 frozen samples of each tissue type
(ULMS, ULM, and MM) to Agilent arrays. miRNAs signif-

Figure 1. Cells derived from SM differentiation of hMSCs reproduce the phenotypic and molecular characteristics of mature SMCs. A: Brightfield images (!100
magnification) and immunofluorescence for CD105 and !-smooth muscle actin (ASMA) in human mesenchymal stem cells (hMSC) and after SM differentiation
(t $ 3 weeks) (!200 magnification). Characteristic ‘hills (orange arrow) and valleys’ are observed by day 21. B: RT-PCR analysis of CD73, calponin, and smooth
muscle myosin heavy chain (SM-MHC) during SM differentiation. GAPDH is used as RNA loading control. SMC: RNA from smooth muscle tissue used as a control.
FACS (C) and Western blot (D) analyses of CD105 and ASMA during SM differentiation. For FACS, an isotypic control for each respective antibody is used to detect
nonspecific staining (Control). SMC: protein lysate of smooth muscle cells isolated from human myometrial tissue. Amido black (protein staining) serves as loading
control. E: Gel-contraction assay on hMSCs maintained in MSC medium (hMSC) or smooth muscle differentiation medium (t $ 3 weeks), visualized at 0 hours
and 12 hours post release (pictures, left); differences in contraction quantified at 12 hours (right). Image J software was used to measure the area of the gel and
of the well, which was used for normalization.
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icantly altered between ULMS and MM (miRNAs defining
the ‘ULMS signature’) were limited to an FDR of less than
1%. The resulting signature was composed of 32 up-
regulated and 40 down-regulated miRNAs (see Sup-

plemental Table 2 at http://ajp.amjpathol.org). Similarly,
miRNAs differentially expressed in ULM versus normal
MM were determined (see Supplemental Table 3 at
http://ajp.amjpathol.org).

Figure 2. miRNAs are required for full SM dif-
ferentiation. A: Brightfield images of hMSCs
transfected with scramble (SCR) (left) or siDicer
(right) oligonucleotides (oligo) at t $ 3 weeks
(!100 magnification) B: Western blot analysis of
Dicer, CD105, calponin, SM22!, and ASMA at
different time points of SM differentiation, upon
Dicer silencing. Actin or tubulin is used as load-
ing control. Numbers on the right indicate the
level of reduction of protein levels at t $ 3
weeks compared with the corresponding scram-
ble control, after normalization to actin or tubu-
lin. C: FACS analysis of CD105 and ASMA ex-
pression in SCR- and siDicer-transfected cells at
t $ 3 weeks, and hMSC (t $ 0) used as control.
Control: isotype control. D: qRT-PCR of SM-MHC
in hMSCs transfected with scramble oligo or siDi-
cer. Data were normalized to GAPDH expression.
Error bars represent standard deviation (SD) be-
tween two experimental replicates. FC indicates
fold change.

Table 1. miRNAs that Trend Monotonically during SM Differentiation

miRNA FDR FC Chr. location Overlapping transcripts

hsa-miR-181c 0.0000000 8.50 19p13 Intergenic
hsa-miR-204 0.0000007 8.30 9q21 TRPM3
hsa-miR-181a 0.0000000 8.07 1q31 (a-1), 9q33 (a-2) RP11-31E23.1 (a-1), RP11-348K2.1 (a-2, sense), NR6A1

(a-2, antisense)
hsa-miR-34a 0.0000001 6.73 1p36 Intergenic
hsa-miR-373* 0.0000001 6.61 19q13 Intergenic
hsa-miR-34b 0.0000004 5.57 11q23 Intergenic
hsa-miR-498 0.0000152 3.61 19q13 Intergenic
hsa-miR-663 0.0000275 3.59 20p11 RP3-410C9.1
hsa-miR-542-5p 0.0000068 3.04 Xq26 Intergenic
hsa-let-7b 0.0001959 2.72 22q13 RP4-695O20__B.10
hsa-miR-152 0.0007280 2.37 17q21 COPZ2
hsa-miR-324-5p 0.0001593 2.03 17p13 ACADVL
hsa-miR-93 0.0000616 #2.30 7q22 MCM7
hsa-miR-155 0.0007701 #2.51 21q21 MIRHG2
hsa-miR-202 0.0000001 #2.57 10q26 RP13-49I15.3
hsa-miR-431 0.0000275 #2.59 14q32 RTL1
hsa-miR-376b 0.0000603 #2.82 14q32 Intergenic
hsa-miR-323 0.0007280 #2.89 14q32 Intergenic
hsa-miR-758 0.0000000 #2.94 14q32 Intergenic
hsa-miR-130b 0.0000023 #3.09 22q11 PPIL2 (sense), TOP3B (antisense)
hsa-miR-625 0.0000025 #3.31 14q23 FUT8
hsa-miR-106a 0.0000001 #3.37 Xq26 Intergenic
hsa-miR-92b 0.0001959 #3.43 1q22 Intergenic
hsa-miR-20a 0.0006004 #3.50 13q31 MIRHG1
hsa-miR-409-3p 0.0000053 #3.75 14q32 Intergenic
hsa-miR-17-5p 0.0000018 #4.24 13q31 MIRHG1
hsa-miR-138 0.0000002 #5.78 3p21 (#1), 16q12 (#2) Intergenic (#1, #2)
hsa-miR-18a 0.0000616 #5.90 13q31 MIRHG1
hsa-miR-224 0.0000715 #6.90 Xq28 GABRE
hsa-miR-7 0.0005677 #10.38 9q21 (#1), 15q25 (#2),

19p13 (#3)
HNRNPK (#1), Intergenic (#2), C19orf30 (#3)

A trend test identified 30 miRNAs that monotonically trend up or down during SM differentiation. False discovery rate (FDR) cutoff was set at 0.001.
FC indicates fold change between t $ 0 and the end time point. Chromosomal and intra/intergenic locations are also indicated.

*denotes a miRNA derived from the antisense strand.
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Unsupervised hierarchical clustering was also per-
formed to investigate the ability of miRNA signatures of
normal and tumor samples to faithfully classify the tissue
type. The miRNA profile was able to accurately cluster
ULMS, ULM, and MM (Figure 4A). We found one misclas-

sified ULMS case that had been erroneously diagnosed
by histopathological criteria. This analysis strongly sup-
ports that miRNAs are able to subclassify smooth muscle
tumors and segregate leiomyomas and leiomyosarcomas
into two distinct identifiable categories.

miRNAs Classify ULMS and ULM Based on the
Distance Along SM Differentiation

We hypothesized that the above-defined miRNA profile
associated with SM differentiation could be used to iden-
tify the differentiation state of the various SM tumors. To
this end, we used monotonically trending miRNAs from
the time course analysis (Table 1) to define a timeline
from 0 to the final time point (N). Two distances were
computed for every sample as well as for the mean of the
time course samples: the distance along the timeline and
the distance perpendicular to it. We then depicted the
tumor samples along the same timeline and found that
MM and ULM were localized in one grouping near the
later time points of differentiation while ULMS appeared
more scattered and several of them associated with ear-
lier time points (Figure 4B).

Figure 3. Validation of miRNA array data in SM time course. Fold change
(FC) of miRNAs monotonically increasing (red color palette) or decreasing
(green palette) during SM differentiation of hMSCs, relative to t $ 0, as
measured by qRT-PCR. RNU44 was used for normalization. Error bars rep-
resent SD between two experimental replicates.

Figure 4. Phylogenetic and clustering analyses of SM tumor subtypes using miRNA profiles. A: Cluster analysis of ULMS, ULM, and MM samples (n $ 10 each)
based on their miRNA expression profiles. Note that miRNAs are able to accurately segregate benign and malignant uterine mesenchymal lesions. B: Distance
analysis of ULMS, ULM, and MM along a timeline based on SM miRNA signature. C: Consensus tree derived from phylogenetic analysis of ULMS, ULM, and MM
tissues, rooted by hMSC samples. D: Unsupervised clustering analysis of five hMSC samples along with ULMS, ULM, and MM tissue samples based on the expression
of the ‘classifier list’ of miRNAs differentially expressed between the three tissue subtypes. Green and blue hash marks (4A and D) represent a ULMS case that was
misclassified and later found to be ULM-like. Arrows indicate SM differentiation signature miRNAs (red: up-regulated miRNAs, green: down-regulated miRNAs).
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Phylogenetic Analyses Based on miRNA Profiles
Cluster ULMS with hMSCs

We recently developed a computational algorithm to cat-
egorize tumor subtypes according to the dissimilarity of
their gene expression from that of stem cells and fully
differentiated tissue, and thereby construct a phyloge-
netic tree of cancer subtypes.25 We used this tool to
analyze the differentiation status of ULMS and ULM using
miRNA expression profiles. miRNAs differentially ex-
pressed among ULMS, ULM, and MM samples ‘classifier
list’ were found using analysis of variance with a P value
cutoff of 0.01. The weighted least squares tree recon-
struction algorithm was then used to reconstruct 1000
trees with bootstrapping of the subgroup average ex-
pression of the differentially expressed miRNAs. Fcon-
sensus from the Phylip package was used to find the
consensus tree, which was rooted with hMSC expression.
In the consensus tree, ULMS were placed closer to hM-
SCs than ULM and MM. The consensus tree was very
robust, being consistent in more than 98% of the recon-
structed trees in the process of bootstrapping (Figure
4C). A separate unsupervised hierarchical clustering
(based on the ‘classifier list’ used for phylogenetic tree
construction) showed that hMSCs cluster with ULMS,
whereas ULM group together with MM (Figure 4D), inde-
pendently confirming the results shown above using the
time progression and phylogenetic analyses (Figure 4, B
and C). Interestingly, we noted that miRNAs differentially
expressed between hMSCs, MM, ULM, and ULMS were
enriched in components of the SM differentiation sig-
nature, and that their expression often correlates with
the level of maturation of the tissue (red arrows, miR-
NAs up-regulated during differentiation; green arrows,
those that are down-regulated). Overall, these analy-
ses support the conclusion that miRNA expression
links ULMS to a poorly differentiated status and sug-
gests that ULMS and ULM are separate entities, dis-
tinguishable by a miRNA profile associated with their
stage of differentiation.

Identification of miRNAs Involved in SM
Differentiation and/or Neoplastic Transformation

The generation of miRNA profiles for SM differentiation and
ULMS allowed us to discriminate miRNAs that are exclu-
sively associated with either SM maturation or neoplastic
transformation, from miRNAs that appear to be modulated
in both processes, suggesting they may play a dual role.
We found that 20 out of 72 miRNAs altered in ULMS (Sup-
plemental Table 2 at http://ajp.amjpathol.org) are also mod-
ulated during SM differentiation (clusters 3, 6, 7, and 9,
Supplemental Figure 1 at http://ajp.amjpathol.org), suggest-
ing that these miRNAs may play a role in both differentiation
and transformation (Table 2). The remaining 52 miRNAs
altered in ULMS but not modulated during differentiation
may be strictly associated to transformation. This informa-
tion cannot be achieved by traditional profiling of tumor and
normal tissue and provides insights into both processes
and their intersection at LMS pathogenesis.

Discussion

Our data reveal a pivotal role for miRNAs in the process of
SM differentiation and demonstrate a remarkable ability of
miRNA patterns to subclassify different tumors of the
smooth muscle lineage. It has previously been shown that
miRNA expression and processing are required for other
differentiation processes of the mesenchymal lineage, in-
cluding osteocyte, adipocyte,24 skeletal muscle (miR-
181a),26 and cardiac muscle (miR-1 and miR-133).27 This is
the first report, however, of miRNA requirement for smooth
muscle differentiation of mesenchymal stem cells.

Not surprisingly, miRNAs modulated during SM differ-
entiation include some that have already been associ-
ated with other developmental processes, including mes-
enchymal and hematopoietic differentiation. For instance,
miR-181a has a known role in skeletal muscle26 and
hematopoietic maturation,28 which points to a general
role for this miRNA in the exit from a multipotent state
and/or in the commitment to a differentiated stage. MiR-
181a controls HOXA11, a repressor of myogenin during
skeletal muscle differentiation26; whether this miRNA acts
on the same or specific targets to mediate each of these
differentiation processes remains to be determined. Sim-
ilarly, several let-7 members, including 7b, are also mod-
ulated during osteocytic and adipocytic differentiation.24

Other miRNAs in the SM differentiation signature include
miR-155, with a known role in B-cell differentiation,29 and
miR-18a, a member of the miR-17–92 family, which reg-
ulates stem cell renewal and displays pro-proliferative
and oncogenic potential.13 Our experiments show that at
least some of these miRNAs (ie, miR-155) play an active
role in SM differentiation and are not mere byproducts of
the actual ‘driver’ alterations. Ongoing experiments
should clarify whether key miRNAs have common func-

Table 2. Comparison of miRNA Signatures Identifies
miRNAs Altered in SM Differentiation and ULMS

miRNA FC Cluster

hsa-miR-490 17.98 6
hsa-miR-630 5.97 7
hsa-miR-130b 5.47 6
hsa-miR-15b 5.03 9
hsa-miR-663 3.92 3
hsa-miR-19a 3.55 9
hsa-miR-18a* 2.34 7
hsa-miR-18b 2.27 6
hsa-miR-18a 2.15 6
hsa-let-7b #1.82 3
hsa-miR-23b #1.91 3
hsa-miR-26a #1.98 3
hsa-miR-193a #2.23 3
hsa-miR-509 #3.68 6
hsa-miR-29c #4.29 3
hsa-miR-299-3p #4.31 6
hsa-miR-202 #4.44 6
hsa-miR-495 #12.69 9
hsa-miR-508 #16.88 6
hsa-miR-126* #52.67 3

List of the 20 miRNAs found in both SM differentiation and ULMS
signatures. FC indicates fold change between ULMS and MM tissues.
The number in “Cluster” column refers to the cluster (Supplemental
Figure 1 at http://ajp.amjpathol.org) that best represents an miRNA’s
pattern during SM differentiation.
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tions in the control of multidifferentiation capacity, cell
cycle regulation, or proliferation, and whether they sup-
press the same or exclusive targets in different matura-
tion processes.

The lack of a suitable standardized in vitro model of
differentiation, similar to the C2C12 cell system com-
monly used to investigate the molecular mechanisms
governing skeletal myogenesis, has limited the study of
SM differentiation to date. In the absence of a generally
accepted model of in vitro SM differentiation, the useful-
ness and applicability of a miRNA signature inferred from
bone marrow–derived hMSC remains disputable. None-
theless, hMSCs isolated from adipose tissue or bone
marrow, as well as stem cells residing in the hair folli-
cle,30,31 have been generally recognized as reliable
sources of vascular smooth muscle. Another caveat of
our in vitro differentiation systems is that while they reca-
pitulate a general conversion of hMSCs into cells with SM
properties, specific requirements for vascular, genitouri-
nary, or intestinal SM function may not be fully mimicked
by any of them. This may explain the absence of miR-145,
a phenotypic modulator of VSMCs32,33 or miR-133a, a
repressor of the SM phenotype in the heart,34 from our
SM miRNA signature.

miRNAs have shown a surprising capacity to recapit-
ulate the cell, lineage, or tissue of origin,11,35 and even to
discriminate the source of metastases of unknown pri-
mary origin.36 Our data reveal the capacity of miRNAs to
subclassify tumors of smooth muscle lineage with distinct
histological, clinical, and biological features (ULM and
ULMS), confirming the hypothesis that the latter are two
separate entities. It has been discussed whether ULMS
evolve from ULM into malignant tumors or whether these
have independent cellular or molecular etiology.1 A
leiomyoma origin for ULMS lesions has been postulated
to occur in only 5 to 10% of cases in which a tumor
presents areas histologically remnant of both types of
lesions.37 However, the coexistence of both tumor types
does not suffice as proof of tumor evolution. The recent
identification of cells with stem cell properties in the myo-
metrium38 has raised the possibility that ULMS and ULM
derive from stem cells and mature smooth muscle cells of
the uterus, respectively. However, the characteristic plas-
ticity of smooth muscle cells would also support a model
based on dedifferentiation. In our hands, two separate
analyses based on miRNA expression confirmed that
ULM and ULMS are indeed distinct entities that can be
segregated based on their differentiation status. First, a
miRNA-based time course progression value showed
that ULM cluster next to normal MM around later stages
of the time course, whereas ULMS are distributed along
the timeline of progression. Second, hierarchical cluster-
ing based on the subset of miRNAs that most significantly
segregate ULMS from ULM and MM, placed ULMS next
to hMSC, whereas ULM and normal myometria grouped
separately and apart from ULMS.

Note that this methodology cannot directly inform of
the cell of origin of a tumor type. Both the position of a
subtype in a differentiation-based phylogeny and the
similarity of a subtype to an in vitro differentiation time
course provide information about the bulk of tumor cells

only. It can therefore be concluded from this study that
the bulk of ULMS cells resides in a more immature stage
than the bulk of ULM cells or normal SMCs. Whether those
cells derive from a differentiation blockade of a SM progen-
itor or from the ‘de-differentiation’ of mature SM cells war-
rants in vivo lineage tracing experimentation. The impor-
tance of this cross talk between developmental and
transformation mechanisms is exemplified by the differential
effect produced by the incorporation of the SYT-SSX fusion
gene, pathognomonic of synovial sarcomas, at specific
stages of skeletal myogenesis using conditional alleles.39

Similar lineage tracing-tumor models in which oncogenic
hits are introduced at specific stages of SM differentiation—
possibly having a different outcome in maturation and neo-
plastic transformation—would shed light onto the cell-of-
origin of ULMS and ULM, respectively.

Moreover, our analyses are able to identify miRNA
alterations related to the transformation process while
segregating them from those strictly linked to the differ-
entiation stage. However, these alterations may not be
necessarily mutually exclusive; thus, not coincidentally,
almost a third of the miRNAs abnormally expressed in
ULMS compared with MM (20 of 72) are miRNAs associ-
ated with SM differentiation (Table 2). Of these, 6 miRNAs
that increase during SM differentiation (from cluster 3 in
Supplemental Figure 1 and Supplemental Table 1 at
http://ajp.amjpathol.org) were found to be down-regulated
in ULMS, which this study has identified as being mostly
undifferentiated, further confirming that low expression
level of these miRNAs is strongly associated with an
immature phenotype. Conversely, 8 miRNAs down-regu-
lated during SM differentiation (from clusters 6, 7, and 9
in Supplemental Figure 1 and Supplemental Table 1 at
http://ajp.amjpathol.org), including several components of
the miR-17-92 cluster (18a, 18a*, 19a), are overex-
pressed in ULMS compared with MM. These correlations
may only be consequential, or they may identify candi-
date miRNAs that play a causative role in transformation
by impacting the differentiation stage of a progenitor or
mature SMC. Such a phenomenon was recently de-
scribed for miR-29 and miR-206, two miRNAs that con-
tribute to the oncogenic properties of rhabdomyosar-
coma by altering the differentiation and proliferative state
of tumor cells.14–16 Interestingly, miR-29c was identified
as one of the 6 miRNAs from cluster 3 up-regulated in SM
differentiation and concomitantly altered in ULMS com-
pared with MM (Table 2), suggesting a potential common
involvement in these two sarcoma subtypes.

Our study has several biomedical implications. A bet-
ter understanding of miRNAs modulated during smooth
muscle generation may facilitate current attempts to arti-
ficially engineer or regenerate damaged smooth muscle
tissues. Further, it expands our comprehension of the
molecular alterations underlying leiomyosarcoma patho-
genesis, identifying new differences with leiomyomas,
and revealing an intimate connection between develop-
mental, differentiation, and transformation processes. Fi-
nally, the ability of miRNAs to modulate differentiation
renders them attractive therapeutic agents against poorly
differentiated sarcomas.
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