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Abstract

Leiomyosarcoma (LMS) belongs to the class of genetically complex sarcomas and shows
numerous, often non-recurrent chromosomal imbalances and aberrations. We investigated a group
of LMS using NGS platform to identify recurrent genetic abnormalities and possible therapeutic
targets. Targeted exome sequencing of 230 cancer-associated genes was performed on 35 primary
soft tissue and visceral (extra-uterine) LMS. Sequence data were analyzed to identify single
nucleotide variants, small insertions/deletions (indels), and copy number alterations. Key
alterations were further investigated using FISH assay. The study group included patients with
median age of 64 years and median tumor size of 7 cm. The primary sites included retroperitoneal/
intra-abdominal, extremity, truncal and visceral. Thirty one tumors were high grade LMS, while 4
were low grade. Losses of chromosomal regions involving key tumor suppressor genes PTEN
(10q), RB1 (13q), CDH1 (16q) and TP53 (17p) were the most frequent genetic events. Gains
mainly involved chromosome regions 17p11.2 (MYOCD) and 15925-26 (IGF1R). The most
frequent mutations were identified in the TP53 gene in 13 of 35 (37%) cases. FISH analysis
showed amplification of the myocardin (MYOCD) gene in 5 of 25 (20%) cases analyzed. None of
the four low grade LMS showed losses or mutations of PTEN or TP53 genes. Genetic complexity
is the hallmark of LMS with losses of important tumor suppressor genes being a common feature.
MYOCD, a key gene associated with smooth muscle differentiation, is amplified in a subset of
both retroperitoneal and extremity LMS. Further studies are necessary to investigate the
significance of gains/amplifications in the development of these tumors.
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INTRODUCTION

Leiomyosarcomas (LMS) are one of the most common sarcomas, comprising about 15 -
25% of all histologic subtypes. These malignant neoplasms may involve any body part,
including skin, soft tissue, bone, and visceral organs such as uterus, urinary bladder, etc. In
the soft tissue, extra-uterine LMS comprise about 10-12% of the soft tissue sarcomas seen
(Toro et al., 2006). LMS are more common in the middle aged and elderly population and
are infrequent in children. Soft tissue LMS present as large lesions usually seen in the
extremities or the retroperitoneal location (Weiss, 2002; Miettinen and Fetsch, 2006).
Retroperitoneal LMS usually present with a larger size than the LMS of the extremities. The
morphologic criteria that have been used to diagnose and grade LMS include cellular atypia,
increased mitotic activity and presence of necrosis (Weiss, 2002). Clinically, they are
aggressive tumors with a metastatic rate of 40-45% and, with current modes of therapy, a 5-
year survival rate of 65 to 80 % dependent on tumor location, size and grade (Svarvar et al.,
2007; Gladdy et al., 2013). In a recent study by Gladdy et al., tumor size and grade were the
only independent predictors of disease specific survival. This study also showed that a large
fraction of the patients with tumors in the abdominal / retroperitoneal location show late
local and distant recurrences after 5 years (Gladdy et al., 2013).

LMS belong to the class of sarcomas with complex genomic alterations characterized by
non- recurrent structural and copy number alterations (Guillou and Aurias, 2010).
Cytogenetic studies have shown that the loss of 1p12, 2p, 13q, 10q and 16q are most
frequent and gains are seen in chromosomes 17p, 8q, and 5p. The 5p region is frequently
amplified in LMS. The 10qg and 13q region losses most likely affect the tumor suppressor
genes PTEN and Rb (Yang et al., 2009; Guillou and Aurias, 2010).

Chromosome arm 17p amplification is one of the most frequent amplifications seen in LMS
(Larramendy et al., 2006). The target of this amplification is a gene encoding myocardin
(MYOCD), a transcriptional cofactor of serum response factor (SRF) regulating smooth
muscle development and differentiation. Perot et al. reported that the MYOCD gene is highly
amplified and overexpressed in retroperitoneal LMS (Perot et al., 2009). This study showed
that MYOCD induces smooth muscle differentiation and promotes cell migration. In another
study, MYOCD overexpression induced cell phenotypic switch in a human uterine LMS cell
line from a dedifferentiated to a differentiated phenotype (Kimura et al., 2010).

In this study, we investigate a cohort of primary soft tissue LMS, using next generation
sequencing methodology, to determine recurrent genetic events and potential site-specific
alterations.
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MATERIAL AND METHODS

The soft tissue sarcoma database at MSKCC was searched for primary soft tissue and
visceral (extra-uterine) leiomyosarcoma. The H&E and immunostained slides were retrieved
from the pathology files and were reviewed to confirm the diagnosis. Diagnostic criteria
included tumors that showed immunohistochemical staining for smooth muscle actin and
desmin. Tumors that had adequate frozen tissue and matched normal tissue were selected for
the study. The study was approved by the Institutional Review Board 02-060.

Targeted Exome Sequencing

We profiled genomic alterations in key cancer-associated genes using the IMPACT assay
(Integrated Mutation Profiling of Actionable Cancer Targets), which utilizes solution phase
hybridization-based exon capture and deep-coverage massively parallel DNA sequencing.
(Won et al., 2013; Cheng et al., 2015) Custom oligonucleotides were designed to capture all
protein-coding exons and select introns of commonly implicated oncogenes, tumor
suppressor genes, and members of pathways deemed actionable by targeted therapies.
Tumors and patient-matched normal tissue were run in parallel for every case. Samples in
this project were analyzed on two different versions of IMPACT. 30 cases (60 tumor/normal
matched samples) were captured using probes corresponding to 230 cancer genes (Agilent
Technologies, SureSelect custom panel). 5 cases (10 tumor/normal matched samples) were
captured using probes corresponding to an expanded set of 275 cancer genes (Nimblegen
SeqCap custom panel), including the 230 genes used in the first version. For both capture
platforms, we first prepared barcoded sequence libraries according to the manufacturers’
protocols (New England Biolabs, Kapa Biosystems) using 500 ng of genomic DNA as input.
Libraries were pooled at equimolar concentrations (100 ng per library) and input to a single
exon capture reaction as previously described (Wagle et al., 2012; Won et al., 2013). To
prevent off-target hybridization, we spiked in a pool of blocker oligonucleotides
complementary to the full sequences of all barcoded adaptors to a final total concentration of
10 micromolar. DNA was subsequently sequenced on an Illumina HiSeq 2000 to generate
paired-end 75-bp reads. Sequence data were demultiplexed using CASAVA, and reads were
aligned to the reference human genome (hg19) using the Burrows-Wheeler Alignment tool
(Li and Durbin, 2009). Local realignment and quality score recalibration were performed
using the Genome Analysis Toolkit (GATK) according to GATK best practices (DePristo et
al., 2011). We achieved mean unique sequence coverage of 377X per sample. Sequence data
were analyzed to identify three classes of somatic alterations: single-nucleotide variants,
small insertions/deletions (indels), and copy number alterations. Single-nucleotide variants
and indels were called using muTect and SomaticindelDetector, respectively (DePristo et
al., 2011; Cibulskis et al., 2013). The mean sequence coverage was calculated using the
DepthOfCoverage tool in GATK and was used to compute copy number as described
previously (Wagle et al., 2012; Cheng et al., 2015). Increases and decreases in the coverage
ratios (tumor: normal) were used to infer amplifications and deletions, respectively.

Fluorescence In Situ Hybridization (FISH)

FISH on interphase nuclei from paraffin-embedded 4-micron sections was performed
applying custom probes using bacterial artificial chromosomes (BAC), covering and
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flanking genes that were identified. BAC clones were chosen according to USCS genome
browser (http://genome.ucsc.edu), see Supplementary Table 1. The BAC clones were
obtained from BACPAC sources of Children’s Hospital of Oakland Research Institute
(CHORI) (Oakland, CA) (http://bacpac.chori.org). DNA from individual BACs was isolated
according to the manufacturer’s instructions, labeled with different fluorochromes in a nick
translation reaction, denatured, and hybridized to pretreated slides. Slides were then
incubated, washed, and mounted with DAPI in an antifade solution, as previously described
(Antonescu et al., 2010). The genomic location of each BAC set was verified by hybridizing
them to normal metaphase chromosomes. Two hundred successive nuclei were examined
using a Zeiss fluorescence microscope (Zeiss Axioplan, Oberkochen, Germany), controlled
by Isis 5 software (Metasystems, Newton, MA).

Statistical Analysis

Disease-specific survival (DSS) and distant-recurrence-free survival (DRFS) were the
clinical endpoints. Deaths confirmed to be caused by the disease (7 among the 35 patients)
were treated as events for DSS; other deaths (2/35) were considered censored observations.
The time to disease-specific death was defined as the time from operation until death.
Distant recurrences (17/35) were treated as events for DRFS; deaths without DR (2/35) were
considered censored observations. The time to distant recurrence were defined as the time
from operation until date of distant recurrence. The clinicopathologic variables examined
include tumor grade, size, location, and genomic abnormalities. The DSS and DRFS
probabilities were estimated using the Kaplan-Meier method. Their associations with
clinicopathologic variables were examined using the log-rank test for categorical variables
and the Cox-regression score test for continuous variables.

RESULTS

Pathologic Features

Thirty-five patients with primary soft tissue and visceral (extra-uterine) LMS were selected
for the study. (Supplementary Table 2) Tumors occurred in 15 females and 20 males with
ages ranging from 37 to 84 years (mean, 61 years; median, 64 years). The primary sites of
the tumors selected included: 17 from retroperitoneal/intra-abdominal location, eight from
the lower extremity, four from the thorax/trunk, three from gastrointestinal viscera and two
from the genitourinary viscera. Tumors ranged in size from 2.2-37 cm (mean, 9.9 cm;
median, 7 cm). Histologically, 31 tumors were characterized as high grade, displaying
moderate to severe cytologic atypia, increased mitotic activity and presence of necrosis.
Four of the tumors were low grade LMS with mild atypia, low mitotic activity and absence
of necrosis.

Mutations in the TP53 Gene are a Frequent Abnormality in High Grade LMS

Thirteen of the 35 cases (37%) showed presence of TP53 mutations. (Fig. 1) In two of the
cases, an additional TP53 alteration was identified. Overall, five frameshift mutations, nine
missense mutations and one in-frame deletion were noted. (Fig. 2) Six of the cases with
TP53 mutations also showed concurrent deletions of the TP53 gene. Apart from TP53, the
gene with the most common abnormalities was RB1, with mutations being identified in three
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cases (8.5 %) (two frameshift insertions and one frameshift deletion mutation). Two of the
three cases also showed deletions of the RB1 gene. All other gene mutations identified were
non-recurrent and limited to one or two cases (Supplementary Table 3). No gene mutations
were identified in any of the four low grade LMS.

Copy Number Alterations are Frequently Identified in LMS

Copy number alterations were identified in all of the cases. (Fig. 1) Chromosomal losses
were more frequently identified than gains and were most frequently seen in regions of
known tumor suppressor genes, such as PTEN (21 of 35, 60%), RB1 (19 of 35, 54%), and
TP53 (15 of 35, 43%). An additional region with frequent losses identified was in the gene
CDHZ1 (16 of 35, 46%). Losses of multiple tumor suppressor genes was a frequent event
with 27 of the 35 (77%) cases showing losses in more than one of the above four genes.
Among the low grade LMS, three of the four cases showed hemizygous losses in the RB1
gene, of which two had concurrent losses of the CDH1 gene. None of the four cases showed
losses of the PTEN and / or TP53 genes.

Gains were most frequently seen in chromosome bands 17p11, 15926, 8924, 1921 and 3qg21.
The 17p11.2 region showed the most frequent gains, identified in 12 of the 35 cases (34%).
The genes in this region that were part of the gene panel included FLCN (folliculin) and
MAP2K4 (mitogen-activated protein kinase 4). (Fig. 3) In four of these cases gains were also
seen in ALOX12B (arachidonate 12-lipoxygenase, 12R type), a gene located in 17p13.1
indicating that in some cases the gains are seen in the amplicon extending from 17p11.2 to
17p13.1.

Gains in the 15q24-26 region involving the IGF1R and the NTRK3 genes were identified in
10 of the 35 cases. FISH for IGF1R, performed on these 10 cases showed amplification in
only two cases.

MYOCD Amplification is Seen in a Small Subset of LMS

MYOCD, a gene which has been previously shown to be amplified in LMS (Perot et al.,
2009), is located approximately 600kb from the 17p11.2 region of gain, that spans MAP2K4.
MYOCD was not included among the genes that were sequenced on the NGS platform.

Thus, we have investigated the presence of MYOCD gene amplifications using gene-specific
BAC probes by FISH in 25 of the 35 LMS cases of the study, including all 12 LMS with
17p11.2 gains by IMPACT. MYOCD amplification was identified in five cases including
two retroperitoneal/ intraabdominal cases and three cases from the lower extremity. (Fig. 3)
In addition, we have tested 15 other high grade LMS from various anatomic sites that are not
part of the study and none of the cases showed MYOCD amplification. Thus, in our
experience, the incidence of MYOCD gene amplification is 13%.

Follow-up and Correlation of Genetic Alterations with Clinical Parameters

Clinical follow-up was available on all 35 cases ranging from 2-144 months (median, 62
months). At last follow-up, 15 had no evidence of disease (NED), five were alive with
disease (AWD), 10 had died of disease (DOD), two died of other causes (DOO) and two
patients died of unknown causes (DUK).
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The most frequent genetic alterations identified (mutations of TP53, gains of 17p, losses of
10q, 13q, 16q and 17p) did not show any correlation with clinical parameters, distant
recurrences or survival by statistical analysis. No site-specific genetic alterations were noted.

DISCUSSION

DNA copy number alterations are frequently identified in LMS, which belong to the group
of sarcomas with complex genomics. Prior studies, using comparative genomic
hybridization, have catalogued the chromosomal abnormalities commonly observed in LMS.
The most frequent regions of chromosomal losses reported are 1p12, 2p, 13q, 10q and 16q
and the most frequent gains are in chromosome arms 17p, 154, 8q, and 5p (Hu et al., 2001;
Larramendy et al., 2006; Yang et al., 2009; Barretina et al., 2010). Our study, using paired-
end deep sequencing methodology confirms this finding, with the most common
chromosomal losses being seen in 10923 (PTEN), 13q14 (RB1), 16g22 (CDH1) and 17p13
(TP53).

PTEN, located in 10g23, is one of the most frequently involved genes in LMS. Hu et al., in
their study of extra-uterine LMS, suggest that loss of 10q is associated with aggressive
behavior (Hu et al., 2005). Cases of intra-abdominal LMS with PTEN mutations have been
reported (Saito et al., 2003). PTEN was the most commonly affected gene in our study, with
22 of the 35 cases (63%) showing losses. Hernando et al, recently showed that mice with
homozygous deletion of PTEN alleles developed widespread smooth muscle cell hyperplasia
and abdominal LMS, with a rapid onset and increased incidence (Hernando et al., 2007).
Their study also highlighted the critical role of the AKT-mTOR pathway in smooth muscle
transformation and LMS development.

Loss of 13914 harboring the RB1 gene, along with loss of 10923, is one of the most frequent
losses reported in LMS. In our study, 19 of the 35 cases (54%) showed losses of genes in the
13914 region. Loss of 16¢22 was identified in 16 of the 35 cases (46%) in our study.
Although this region harbors the CDH1 gene, the critical tumor suppressor gene at this locus
remains uncertain.

TP53 mutations are the most common mutations identified in cancer. The spectrum of TP53
missense mutations is very broad with more than 4,000 different alterations reported (Leroy
et al., 2014). Based on our study, recurrent gene mutations are infrequent in LMS. TP53
gene mutations were the most common abnormalities identified in 37% of the cases. This is
in keeping with the 39% rate of TP53 mutations reported in a study by Ito et al. (2011) The
TP53 genetic alterations in our study included both frameshift alterations and missense
mutations. A majority of the mutations were in the DNA-binding domain of the gene. TP53
mutations were seen concurrent with the copy number alterations of the tumor suppressor
genes, such as PTEN, RB1 and TP53. The effect of these different missense mutations in
LMS is unclear, given that they are often seen in tumors with co-existent genetic
abnormalities. It is also uncertain if TP53 mutation, in a tumor with preexisting losses of the
TP53 or other tumor suppressor genes, such as PTEN and/or RB1 leads to an aggressive
behavior.
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Gain of 17p11.2 involving the MAP2K4 and FLCN genes were identified in 12 of the 35
cases. This region also covers MYOCD, a gene that has been implicated in the pathogenesis
of LMS. MYOCD, a serum response factor (SRF) transcriptional cofactor, is essential for
cardiac and smooth muscle development and differentiation (Du et al., 2003; Wang et al.,
2003; Pipes et al., 2006). MYOCD gene amplification has been reported previously in LMS,
with a predilection for retroperitoneal location (Perot et al., 2009). In their study, 17p11.2
gains were observed, by array-CGH, in 10 of the 19 (52%) LMS, including eight of the 11
retroperitoneal LMS. They also noted that MYOCD is the most overexpressed gene in the
amplified region. In our study, 17p11.2 gains were seen in 12 of 35 (34%) LMS cases.
MYOCD amplification, as detected by FISH studies, was identified in five cases that were
equally distributed among the retroperitoneal and extremity tumors. Our findings suggest
that MYOCD gene amplification is seen only in a small subset of LMS and is not restricted
to the retroperitoneal cases. Because MYOCD was amplified in only a subset of cases with
17p11.2 region gains in our study, it is possible that other genes in this region may be
involved in smooth muscle development and / or differentiation.

Hu et al., in their study of 17 LMS, showed that copy number loss affecting chromosome
arm 10q is associated with aggressive tumor behavior (Hu et al., 2005). In our study,
statistical analysis was limited by the small sample size, but none of the genetic alterations
correlated with clinical parameters (size, site and grade) or with aggressive behavior (distant
recurrence, survival). Additional studies with a larger number of cases are required to study
this correlation.

Low grade LMS of the soft tissue are relatively rare and usually show well-differentiated
smooth muscle differentiation with minimal atypia and mitotic activity. Among the four
cases included in our study, three showed losses of 13g14, including two cases with 16922
losses. One case showed no aberrations. All four cases lacked losses in 10g23 or 17p13,
gains in 17p11.2 or TP53 mutations. Our findings suggest that 13g14 loss might be an early
genetic alteration in the progression of the disease. This finding is in keeping with results
from other studies identifying loss of 13q as one of the most common abnormalities in LMS
(Hu et al., 2001).

In summary, LMS show a complex genetic profile. Deep-sequencing methodology reveals
recurrent mutations of TP53, seen in more than one third of the cases. The low mutation
frequency in these tumors suggests that leiomyosarcoma genesis is driven primarily by copy
number alterations. Chromosomal losses involving tumor suppressor genes PTEN, RB1 and
TP53 are common events and emerge as the hallmark genetic abnormalities in these tumors.
Our study showed no correlation between the genetic events and the clinical behavior of the
disease. MYOCD gene amplification is present in a small subset of LMS and does not
correlate with the anatomic site of the tumor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A comprehensive profile of the genomic alterations in LMS and associated clinical
information with samples sorted by location of tumor. Low grade LMS cases are identified
in red font. Copy number alterations were identified in all of the cases. Chromosomal losses
were more frequently identified than gains and were most frequently seen in regions of
known tumor suppressor genes, such as PTEN (10g23), RB1 (13q14), and TP53 (17p13). An
additional region with frequent losses identified was in the gene CDH1 (16g22.1). Gains
were most frequently seen in chromosome regions 17p, 15q, 8q, 1q and 3g. The most
frequent gains were seen in the 17p11.2 region.
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Schematic representation of the TP53 gene showing the sites of mutations identified.
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Thirteen of the 35 cases (37%) showed presence of TP53 mutations. Overall, five frameshift
mutations, 9 missense mutations and 1 in-frame deletion were noted.
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Figure 3.
Schematic representation of copy number alterations in Case 3 (A) showing gains of

17p11-13 and losses of 10q, 13q, 16q and 17p. (B) H&E image showing typical morphology
of the tumor composed of spindle cells in fascicles with cytologic atypia and mitotic
activity. (C) FISH for myocardin (MYOCD) gene showing amplification (red signal).
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