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Abstract Leiomyosarcoma (LMS) is a rare malignant mesenchymal tumor of smooth muscle cells. Chromo-
somal aberrations in LMS have been studied, but the cytogenetic data that have been published so
far are complex, limited, and incomplete. Here, we performed for the first time a high-resolution
genome-wide array comparative genomic hybridization (CGH) analysis (aCGH) on a pool of 14
low- and high-grade LMS cases to obtain gene-level information about the amplified and deleted
regions that may play a role in the development and progression of LMS. Our aCGH results indi-
cated that 2,218 genes were involved in 25 altered chromosomal regions; 9 regions in low-grade
LMS, 12 regions in high-grade LMS, and 4 minimal common regions shared by low- and high-
grade LMS. The frequency of DNA copy number gains in high-grade LMS was threefold compared
to low-grade LMS, whereas losses in low-grade LMS were almost twice as frequent as in high-
grade LMS. Both low- and high-grade tumors shared two minimal common regions of gain
(15q26~qter and 17p13.1~ql11) and loss (6p12~p21.3 and 13ql14.3~qter). Moreover, our findings
indicated that low- and high-grade LMS and osteosarcoma share 12 genes located in the 17p am-
plicon. In conclusion, by using aCGH, we were able to define the precise location of the altered
chromosomal areas and to identify putative tumor suppressor genes and oncogenes therein. The list
of altered genes in the minimal common regions is available as Appendix 1 at our web site (http:/
www.helsinki.fi/cmg/microarray_data). © 2006 Elsevier Inc. All rights reserved.

1. Introduction LMS is the third most common type of sarcoma after
malignant fibrous histiocytoma and liposarcoma.
Conventional cytogenetic analyses using standard karyo-
typing and fluorescence in situ hybridization have been re-
ported of about 100 LMS cases. They demonstrate that
genetic changes in LMS show a diverse pattern with no sin-
gle change common to all or most. Nonrandom structural
aberrations have been reported (e.g., rearrangements
involving 1p36, 1p32, 1pl3, 1q32, 7pll.1~p21, 7q32,
10922, 13ql4, and 14p11). Numerical changes, predomi-
nantly loss of chromosomes 4, 9, 14, 15, 16, 18, 21, and
22, have been found. Cytogenetic signs of gene amplifica-
tion (i.e., homogeneously staining regions and double-
minute chromosomes) have also been seen in LMS. Most
reported karyotypes, however, are complex and incomplete
[2-7]. So far, comparative genomic hybridization (CGH)
has been used to identify gains and losses of DNA copy

Leiomyosarcoma (LMS) is a malignant mesenchymal
tumor composed of cells that show distinct smooth muscle
differentiation [1]. The tumors are histologically composed
of spindle cells with blunt-ended nuclei and eosinophilic
cytoplasm, most of which are positive for o-smooth mus-
cle-actin (SMA), desmin, and h-caldesmon.

LMS occurs primarily in the middle-aged or elderly but
it may also develop in young adults and even in children in
a wide variety of anatomic body sites. Although all soft-tis-
sue LMS are histologically similar regardless of anatomic
site, they are generally divided into site-related groups on
the basis of clinical and biologic differences [1]. Soft-tissue
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small chromosomal regions by applying both conventional
and array CGH (cCGH and aCGH, respectively) using
a cDNA microarray with clones for 12,922 genes throughout
the genome to obtain a genome-wide pattern of chromo-
somal imbalances in 14 cases of primary soft tissue LMS.

2. Material and methods
2.1. Tumor specimens

The material consisted of 14 primary soft-tissue LMS
samples obtained from 14 patients treated at the Helsinki
University Central Hospital, Helsinki. The diagnosis was
confirmed by histopathologic review and appropriate immu-
nohistochemical analysis. Furthermore, the histologic grad-
ing of the tumors was re-evaluated. A four-grade system used
by the Scandinavian Sarcoma Group was applied, in which
grades I-II are low-grade and grades III-IV are high-grade
tumors. The main criteria for grading were mitotic activity,
tumor necrosis, and cellular atypia. None of the patients
had received chemo- and/or radiotherapy before surgery.
All patients were surgically treated with local excision of
the tumor. Clinical characteristics are shown in Table 1.

2.2. ¢CGH and digital image analysis

DNA from paraffin-embedded tissue sections from all tu-
mor samples were extracted according to the method of Isola
et al. [16]. The proportion of tumor cells was evaluated by
standard light microscopy from sections adjacent to the sec-
tion, from which the samples for molecular analyses were
taken. Reference DNA were extracted from peripheral blood
cells of healthy individuals. CGH was performed on all sam-
ples according to the protocol described elsewhere [17,18].
Briefly, tumor DNA and reference DNA were labeled by nick
translation. The hybridization mixture consisted of 400 ng
tumor DNA, 400 ng reference DNA, and 10 pg unlabeled
human Cot-1 DNA (Gibco/BRL, Life Technologies,
Gaithersburg, MD) dissolved in 10 pL hybridization buffer.
The denatured hybridization mixture was hybridized to a slide
with normal metaphase spreads. After hybridization, the
slides were washed and counterstained with 4’,6-diamidino-
2-phenyl-indole-dihydrochloride (Sigma Chemical Co., St.
Louis, MO). CGH was performed on individual and pooled
DNA from the LMS samples, divided according to both grade
and the presence of DNA copy number changes in 17p, fol-
lowing the procedure reported elsewhere [19]. Finally, the
hybridized slides were analyzed using an Olympus fluores-
cence microscope and the ISIS digital image analysis system
(MetaSystems GmbH, Altlussheim, Germany). Thresholds
for gains (1.17), high-level amplifications (1.5), and losses
(0.85) were calculated as described elsewhere [18,20].

2.3. aCGH

aCGH was performed on the Agilent cDNA microarray
containing about 13,000 cDNA clones (Agilent Technologies

Inc., Palo Alto, CA), using the DNA pooled for cCGH.
Briefly, Alu 1 and Rsa 1 restriction enzymes were used to di-
gest 20 ng of tumor and reference DNA. Labeling was done
as described previously [21]. Briefly, 6 ng of genomic
digested tumor and reference DNA were labeled with
Cy3-dUTP and Cy5-dUTP (Amersham Biosciences Corp,
Piscataway, NJ), respectively, by random priming using the
RadPrime DNA labeling system kit (Gibco/BRL). After
hybridization and post hybridization washes, the slides were
scanned using the Agilent laser confocal scanner and the re-
sults were analyzed using the Agilent G2565AA Feature Ex-
traction Software. Genomic basepair localizations of the
clones were retrieved from the University of California Santa
Cruz Genome Browser database (http://www.genome.ucsc.
edu/) as described previously [22]. Genomic imbalances
and their associated breakpoints were identified using ge-
netic local search algorithms from the aCGHsmooth software
package developed by Jong et al. [23]. Breakpoints were de-
tected using lambda 8 for all the samples, and the amplifica-
tion threshold for each sample was estimated according to the
distribution of data points. Briefly, the aCGHsmooth soft-
ware determines breakpoints within chromosomes by per-
forming maximum likelihood estimation for each clone by
calculating the probability that the studied clone lies within
the set of previous clones. The putative breakpoints are then
shifted randomly in both directions and an overall fitness is
determined. This procedure is repeated either until no im-
provement in fitness can be achieved or once the maximum
numbers of iterations have been completed. The mean values
of breakpoint segments are then calculated, and closely
smoothed levels are joined together. Changes were consid-
ered reliable only when five or more sequential clones were
deleted or amplified. Mean ratios were calculated for dupli-
cate clones or clones with identical genomic alignments.

3. Results
3.1. cCGH

Regardless of the tumor grade, all 14 LMS samples
showed changes with a mean value of 9.71 * 1.61 aberra-
tions per sample (range, 2-20). Gains of DNA copy number
changes were less frequent than losses (gains/losses =
1.0:1.3), with mean values of 3.86 = 0.57 (range, 0-7)
and 5.00 £ 1.17 (range, 0—13) aberrations per sample, re-
spectively. High-level amplifications of small chromosomal
regions were found in 8 of the 14 tumors analyzed (57%),
with a mean value of 0.86 £ (.25 aberrations per sample
(range, 0-3; Table 2). Other less frequent gains, high-level
amplifications, and losses are depicted in Figs. 1 and 2, for
low- and high-grade LMS samples, respectively.

Gains of DNA sequence copy number were most com-
monly observed in chromosomes 1 (43%), 5 (29%), 8
(29%), 17 (43%), and 20 (29%). Losses most frequently af-
fected chromosomes 2 (43%), 6 (50%), 10 (57%), 13
(71%), 16 (43%), and X (50%).
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Table 1
Clinical data from 14 primary soft-tissue leiomyosarcoma samples analyzed by cCGH and aCGH
Sex/age at Tumor Local Last
Sample diagnosis size Tumor recurrence Metastasis Follow-up follow-up Cause of
no. (yr) Tumor site (cm) grade (mo) (mo) (mo) status death
Low-grade LMS with changes in chromosome 17p
1 F/44 Lower leg, subcutaneous! 6.0 11 138.40 NED
2 M/36 Head and neck, cutaneous 1.2 I 9.93 182.50 NED
3 F/64 Foot, subcutaneous™™! 3.0 I 71.07 NED
Low-grade LMS with changes in chromosome 17p
4 M/57 Upper trunk, cutaneous 2.0 I 97.10 NED
5 M/78 Upper trunk, cutaneous® 0.7 1I 29.93 DEA WHT
6 F/25 Upper arm, cutaneous” 1.0 I 182.77 NED
7 M/65 Upper trunk, cutaneous 0.9 1II 30.77 NED
High-Grade LMS with changes in chromosome 17p
8 F/80 Hand, subcutaneous®*¢ 2.0 I 72.50 DEA WHT
9 M/61 Thigh, deep” 8.0 1 40.43 211.87 NED
10 M/46 Thigh, cutaneous’ 2.3 111 49.30 NED
High-grade LMS without changes in chromosome 17p
11 F/91 Thigh, subcutaneous 13.0 v 4.10 8.00 DEA FT
12 F/55 Thigh, subcutaneous™? 2.0 v 78.93 135.23 DEA FT
13 F/77 Upper trunk, deep™™! 6.0 v 6.87 6.87 7.57 DEA FT
14 M/35 Lower leg, deep® 10.0 1AY 0.00 11.33 DEA FT

Abbreviations: NED, no evidence of disease; DEA, death; FT, from tumor; WHT, without tumor.

# Vascular connection.

® Postoperative radiotherapy.
¢ Postoperative chemotherapy.
4" Adequate local treatment.

Regardless of the tumor grade, the minimal common re-
gions of gain in DNA pooled from all 14 LMS samples
were narrowed down to lcen~q2l (cases 8-10 in the
high-grade LMS pool with changes in chromosome 17p,
and cases 1-3 in the low-grade LMS pool with changes
in chromosome 17p) as well as 19p (cases 1-3 in the
low-grade LMS pool with changes in chromosome 17p).
lcen~q21 was gained in 4 of the 14 single cases (28.6%),
whereas 19p was amplified in three of the 14 single cases
analyzed (21.4%). The minimal common regions of loss
were 4p15.1~p15.2 (cases 1-3 in the low-grade LMS pool
with changes in 17p); 10q23~q26.2 (cases 8—10 in the high-
grade LMS pool with changes in 17p); 13ql12.2~ql12.3
(cases 1-3 in the low-grade LMS pool with changes in
17p); 13q14~q32 (cases 8-10 in the high-grade LMS pool
with changes in 17p); and 13q (cases 4-7 in the low-grade
LMS pool without changes in 17p). In single tumors, these
changes were present at frequencies of 7.1, 57.1, 57.1, 42.8,
and 35.7%, respectively. High-level amplification in 17p
was present in 28.6% of the tumors analyzed case-by-case
by ¢cCGH (Figs. 1 and 2).

3.2. aCGH

Regardless of the tumor grade, the minimal common
regions of gene amplifications in the DNA pools were
narrowed down to 15g26~qter (50.0%; cases 1-3 in the
low-grade LMS pool with changes in 17p, and cases 8-
10 in the high-grade LMS pool with changes in 17p) as well

as 17p13.1~ql1 (50.0%; cases 1-3 in the low-grade LMS
pool with changes in 17p, and cases 8-10 in the high-grade
LMS pool with changes in 17p). 15q26~qter was amplified
in 2 of the 14 single cases (cases 3 and 10; 14.3%) and
17p13.1~q11 in 3 of the 14 single cases analyzed (cases
2,9, and 10; 21.4%). The minimal common regions of gene
deletions were 6p12~p21.3 (50.0%; cases 1-3 in the low-
grade LMS pool with changes in 17p); 13ql4.3~qter
(75.0%; cases 8-10 in the high-grade LMS pool with
changes in 17p; cases 1, 2, and 3 in the low-grade LMS
pool with changes in 17p; and cases 4—7 in the low-grade
LMS pool without changes in 17p). In single tumors, these
changes were present at frequencies of 28.6 and 42.9%,
respectively (Table 3; Figs. 1 and 2). Figs. 1 and 2 show
the other recurrent areas of gene amplification and deletion
that are summarized in Table 3. The minimal common
regions of DNA copy number gains and losses are
presented in Appendix 1 (http://www.helsinki.fi/cmg/
microarray_data). The original microarray data are posted
at http://www.cangem.org/.

4. Discussion

We analyzed 14 primary soft-tissue LMS using aCGH.
The study represents the first application of cDNA-based
CGH microarray methodology to genome-wide analysis
of copy number changes in LMS.
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Table 2
c¢CGH and aCGH results from 14 primary soft-tissue leiomyosarcoma samples

Sample no. DNA sequence copy number changes

Low-grade LMS with changes in chromosome 17p

cCGH
1 rev ish enh(1p13~q21, 3pl4~pter, 16p, 19, 22) dim(1q31~qter, 8q13~qter, 9p21~pter, 10q21~qter, 13q12~q31, 16q, Xq21~qter)
amp(17p)
2 rev ish enh(6q,17cen~q21, 19pter~q13.2) dim(6p, 13cen~q21) amp(17p)
3 rev ish enh(1, 12q, 15q15~qter, 16cen~p11.2) dim(2q35~qter, 6p21.3~pter, 7q33~qter, 8pter~q22, 10q, 12p, 13, 16q, 18, 21, 22,

Xq) amp(17p)

rev ish enh(1p13.2~q21.2, 19p) dim(4p15.1~p15.2, 13q12.2~q12.3) amp(17p)

cDNA-based aCGH

—2p25 (5 genes),—6p12~pter (328 genes),+6pl2~qter (221 genes),—10q26.3~qter (14 genes),—12p13.3 (36
genes),—13q14~q34 (154 genes), +15926 (5 genes),+17p13.1~q11 (65 genes),—19q13.33~q13.43 (130 genes),—22q11.21

Pooled DNAs (1-3)

Pooled DNAs (1-3)

(13 genes)
Low-grade LMS without changes in chromosome 17p
cCGH
4 rev ish enh(5p) dim(6, 10, 16, 17)
5 rev ish enh(2p12~p14, 14) dim(2p21~pter, 10, 13, 16)
6 rev ish dim(1p21~p31, 6, 9p, 13, 14q11.2~q24, Xq22~qter)
7 rev ish dim(13, 16)

Pooled DNAs (4-7) rev ish dim(13q)
cDNA-based aCGH

Pooled DNAs (4-7) —13cen~qter (189 genes)

High-grade LMS with changes in chromosome 17p

cCGH
8 rev ish enh(1q21~q22, 8q, 9q, 17p, 20q, Xp) dim(1q24~q32, 2q33~qter, 6q, 8p, 9p, 10q, 11p, 11ql4~qter, 13ql4~qter, 18, Xq)
amp(17p12, Xp21~pter)
9 rev ish enh(1pter~q31, 6p, 9, 10p12~pter, 17, 20, Xp) dim(2q22~qter, 3p, 4p, 12p, Xq21~qter) amp(1q21~q24, 5p, 17p12~pter)
10 rev ish enh(9q11~q21, 14, 15, 17cen~q21) dim(6p, 7, 10q21~qter, 13, 16q, X) amp(17p)

Pooled DNAs (8-10) rev ish enh(lcen~q21) dim(10q23~q26.2, 13q14~q32, 16q22) amp(17p)

cDNA-based aCGH

+10pter~q11.22 (96 genes), —10q11.22~q24.3 (282 genes), —13q14.3~q34 (65 genes), +15q11~q26.3 (285 genes),
+17p13.1~ql1 (49 genes), —17q25.3 (36 genes), +19p13.2~p13.3 (59 genes), +20p11 (9 genes),

—Xql13.2~q28 (189 genes)

Pooled DNAs (8-10)

High-grade LMS without changes in chromosome 17p

cCGH

11 rev ish enh(1q21~q23, 3q26.3~qter, 5p, 16p, 19, 20q) dim(1q32~qter, 2p12~pter, 2q32.3~qter, 5q32~qter, 6q, 8p, 10, 11, 12,
13q12~qg31, 17q, 22, Xpter~q25) amp(20p)

12 rev ish enh(1q12~q23, 8) dim(2, 4q, 10, 13q14~q22)

13 rev ish enh(2, 3q, 7p, 8q)

14 rev ish enh(5, 8q21.3~qter, 20, 22, X) amp(5p13~pter, 8q24.2~qter)

Pooled DNAs (11-14) rev ish normal

cDNA-based aCGH

Pooled DNAs (11-14) —6p21~q26 (211 genes), —10p12.32~pter (43 genes), +20pter~q11.2 (118 genes), +20q13~qter (6 genes)

The reasons why aCGH was performed on pooled DNA identification of relevant genomic regions. Sample pooling

were economical, practical, and biologic. The present
cDNA-based CGH microarrays require a rather large
amount of DNA (20 pg) that sometimes cannot be obtained
from clinical material. Furthermore, the costs associated
with array technology are still relatively high. The general
concept is that biologically significant “driver” genes
co-exist in losses and amplifications, whereas many other
genes in the amplicon or loss area are secondary and bio-
logically nonessential. Thus, secondary changes that vary
from case to case are concealed in pooled DNA while driver
genes become visible in a cumulative manner. Craig et al.
[24] have shown that pooled DNA samples on single-
nucleotide polymorphism microarrays allow accurate

reduced the effects of biological variation on gene expres-
sion arrays and yielded comparable expression measure-
ments from pools and individuals [25]. Zhang and Gant
[26] have recently quantitatively characterized the effect
of sample pooling on identification of differentially
expressed genes using microarrays.

To test the correspondence between the DNA copy num-
ber changes detected by pooled and nonpooled approaches,
we performed cCGH on pooled cases and individual cases.
The comparison was restricted to cCGH results because the
amount of DNA was too limited for individual aCGH. Im-
portantly, pooled aCGH showed all the changes that were
frequent in the nonpooled approach. Thus, the array results
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Fig. 1. Summary of DNA copy number gains, losses, and high-level am-
plifications of small chromosomal areas detected by cCGH in seven low-
grade soft-tissue leiomyosarcomas. Each hollow bar represents aberrations
found in one sample. Losses are shown on the left, gains on the right of
each chromosome, and wide bars depict high-level amplifications. Striped
bars show the cCGH results obtained using pooled DNA, and solid bars
represent aCGH results. A dot over a bar indicates that the aberration
was present in a sample with at least one DNA copy number change in
chromosome 17p.

from the pooled approach can be interpreted as characteris-
tic biologically significant changes in LMS, even when
some less frequent changes may have remained undetect-
able in our pool.

Since the 17p amplicon has been reported to be a charac-
teristic change in LMS, we selected the samples for pooling
according to this chromosomal feature, in addition to tumor
grading. As expected, the pooled approach showed ampli-
fied genes only in the 17p amplicon pool but not in the pool
without changes in 17p.

Our aCGH results revealed 25 altered chromosomal
regions (at least five consecutive genes gained or lost)
involving a total of 2218 genes. Previous cCGH reports
demonstrate that among the most prominent DNA copy
number changes in LMS are losses in 10q and 13q, as well
as gains in 16p and gains and/or amplifications in 17p
[27,28]. Our cCGH results agree with previous observa-
tions. Our study did not reveal any novel amplicons or los-
ses, but all previously mentioned changes were found in all
samples, regardless of the tumor grade. Therefore we sug-
gest that these changes may harbor genes involved in the
tumorigenesis of LMS.

Most chromosomal regions with consecutively amplified
or deleted genes (http://www.cangem.org/) were complex
and contained amplified, nonamplified, and even deleted
genes,  supporting  previous  observations  from
microsatellite marker analyses [29]. Furthermore, the aCGH
results (Table 3) revealed that the number of areas affected
by gene copy number losses in the low-grade LMS pool

Ny
. - B

Fig. 2. Summary of DNA copy number gains, losses, and high-level am-
plifications of small chromosomal areas detected by cCGH in seven high-
grade soft-tissue leiomyosarcomas. Each hollow bar represents aberrations
found in one sample. Losses are shown on the left, gains on the right of
each chromosome, and wide bars depict high-level amplifications. Striped
bars show the cCGH results obtained using pooled DNA, and solid bars
represent aCGH results. A dot over a bar indicates that the aberration
was present in a sample with at least one DNA copy number change in
chromosome 17p.

(10 areas) was higher in comparison to the high-grade
LMS pool (7 areas). The number of chromosomal areas with
gene copy number gains in high-grade tumors (9 areas) was
threefold in comparison to low-grade tumors (3 areas). This
suggests an increasing trend in the number of gene DNA se-
quences during the progression of LMS.

The altered areas varied in size from 118 Mbp
(+6pl2~qter) to 1 Mbp (+15g26~qter), both present in the
low-grade LMS pools detected by aCGH. The low-grade
and high-grade LMS pools shared two minimal common
regions of gains (15926~qter and 17p13.1~ql1l) and two
regions of losses (6p12~p21.3 and 13q14.3~qter). Besides,
we observed nine different altered areas only in the low-
grade LMS pool (—2p25, —6p22~pter, +6pl2~qter,
—10g26.3, —12p13.3, —13cen~ql3, —13ql4.1~ql4.2,
—19q13.33~q13.43, and —22q11.21) and 12 areas only in
the high-grade LMS pool (-6p11.2~q26, +10pter~ql1.22,
—10p12.32~pter, = —10q11.22~q24.2,  +15cen~q25.3,
—17g25.3, +19pl13.2~p13.3, +20pll, +20pter~pl2,
+20q11.1~q11.2, +20ql3~qter, and —Xql3.2~qter). In
the minimal common regions, the number of genes involved
in each region varied between the low- and high-grade pools.
Accordingly, the affected chromosomal areas may contain
not only genes necessary for the tumorigenesis of LMS
in general, but also genes specific to its initiation and pro-
gression (present most probably in low-grade but not in
high-grade LMS), and to its aggressiveness (present most
probably in high-grade but not in low-grade LMS) (detailed
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Table 3
Amplified and deleted chromosomal areas detected by aCGH in
14 primary soft-tissue leiomyosarcomas”

Low-grade High-grade
Chromosome leiomyosarcomasb'C leiomyosarcomash’C
2 —2p25 (5/1.2)
6 —6p12~p21.3 (218/17) —6p11.2~q26 (183/104)
+6pl2~qter (221/118) —6p12~p21.3 (22/6)
—6p22~pter (54/25)
10 —10qg26.3~qter (14/3.4) +10pter~q11.22 (98/43)
—10q11.22~q24.2 (158/55)
—10p12.32~pter (41/5)
12 —12p13.3 (36/6)
13 —13cen~q13 (72/22.3) —13q14.3~qter (65/27)
—13q14.1~q14.2
(42/10.1)
—13q14.3~qter (72/30)
15 +15q26~qter (5/1) +15cen~q25.3 (252/64)
+15q26~qter (14/11)
17 +17p13.1~ql1 (62/7) +17p13.1~ql1 (49/13)
—17q25.3 (36/3)
19 —19q13.33~q13.43 +19p13.2~p13.3 (59/5)
(130/9)
20 +20p11 (32/8)
+20p12~pter (51/9)
+20ql1.1~q11.2 (19/3)
+20q13~qter (6/2)
22 —22q11.21 (13/1.9)
X —Xql3.2~qter (189/78)

# Only regions containing at least five consecutive deleted or gained
genes are included.

® Chromosomal areas seen both in samples with and without changes
in chromosome 17p are in boldface.

¢ The number of genes involved/region size in Mbp are in parentheses.

lists of the genes at http://www.cangem.org/). Some of the af-
fected regions detected by aCGH were so small that cCGH
would not have been likely to show them [e.g., —2p25 (1.2
Mbp), —12p13.3 (6 Mbp), +15g26~qter (1 Mbp), and
—22q11.21 (1.9 Mbp) in the low-grade pools (pool of cases
1-3 and pool of cases 4-7) and —6pl12~p21.3 (6 Mbp),
—17925.3 (3 Mbp), +19p13.2~p13.3 (5 Mbp), and
+20q13~qter (2 Mbp) in high-grade pools (pools of cases
8—10 and pool of cases 11-14)]. Only 32 of the 507 com-
monly altered genes, which are found both in the low- and
high-grade LMS, have been reported to be associated with
other human neoplasms. Nineteen of them (59%) are located
in 6p, one of the most commonly deleted chromosomal arms
in LMS, and seven (22%) are located in 17p, one of the most
commonly amplified chromosomal arms in LMS, while the
remaining six genes are present in 13q14.3~qter (five genes,
16%) and 15q26~qter (one gene). All these genes have been
observed altered in a wide variety of human neoplasias
affecting both solid and hematologic tissues (detailed
information of each gene with bibliographic references in
Appendix 1).

Increased DNA sequence copy number at 1q21~g23 has
been detected in several malignancies, but especially in sar-
comas including LMS, liposarcoma, osteosarcoma, chon-
drosarcomas, and malignant fibrous histiocytoma (see

Knuutila et al. [19] and references therein). It has been
demonstrated that the expression of cellular retinoic acid—
binding protein 2 (CRABP2) located at 1q21.3 is 5- to-
10-fold in LMS as compared with normal myometrium
[30]. This region has been reported to harbor several other
genes of potential significance [i.e., the octamer-binding
transcription factor (OTFI; 1q22~q25) and several mem-
bers of the S-/00 gene family cluster, including CACY
and CAPL (1q21~q25), as well as MUCI (1q21)] [31-
33]. The 1q amplicon in human sarcomas has been charac-
terized recently using molecular analysis. Although FLG
(1921), NTRK1 (1g21~q22), and SPRR3 (1q21~q22) were
the most frequently amplified genes, none of them were
amplified in all of the samples with increased copy number
at 1q21~q22 [10,31]. In our material, while cCGH revealed
this amplicon at 1q in 6 of the 14 samples (43%), aCGH
was unable to detect it although a high-level amplification
in one of the high-grade LMS samples was observed. So
far, we do not have any plausible explanation for this pecu-
liar finding, but further molecular cytogenetic analysis by in
situ hybridization with locus-specific probes for 1q21~q23
could give some clues.

Gains as well as high-level amplifications at 17p11~p12
have been reported as one of the most commonly observed
alterations in sarcomas, including LMS, osteosarcoma,
chrondrosarcoma, and malignant fibrous histiocytoma [27].
Using aCGH, we were able to define 17p13.1~q11 as a com-
mon recurrently amplified area both in the low- and high-
grade pools. The size of the amplified area appeared to vary,
as did the number of genes therein. The 17p13.1~q11 region
spanned from 13 to 7 Mbp in the high- and low-grade tu-
mors, respectively. Notwithstanding, several common genes
were equally overrepresented irrespective of the tumor grade
and the size of the 17p amplicon. The original microarray
data are posted at http://www.cangem.org/. Our present
LMS findings show that several genes within the amplicon
are common both in LMS and osteosarcoma [21]. Among
them are COX10 (cytochrome ¢ oxidase assembly protein,
heme A), PMP22 (peripheral myelin protein), ADORA2B
(adenosine A2b receptor), ZNF287 (zinc finger protein
287), M-RIP (myosin phosphatase-Rho interacting protein),
COPS3 (constitutive photomorphogenic homolog subunit
3), PEMT (phosphotidylethanolamine N-methyltransfer-
ase), SREBF'] (sterol regulatory element binding transcrip-
tion factor 1), TOMIL2 (target of mybl-like 2 (chicken),
TOP3A [topoisomerase (DNA) III a], and MAPK7 (mito-
gen-activated protein kinase 7). Further analyses by quanti-
tative real-time polymerase chain reaction are required to
confirm our results.

Losses in 13q, 16q, and 10q have been recently reported
to be recurrent changes in LMS [9,12]. By aCGH, we ob-
served DNA copy number losses in 10q, specifically at
10g26.3~qter and 10q11.22~q24.2 in the low- and high-
grade LMS pools, respectively. These findings are consis-
tent with previous studies on LMS. The tumor suppressor
gene PTEN (10g23) has been mapped to this overlapping
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region [34], which has been reported to be lost in uterine
LMS but not in leiomyomas [35]. Loss of heterozygosity
and mutation of the remaining allele of the PTEN gene have
been identified frequently in other neoplasms (e.g., glio-
blastoma and prostate, breast, and endometrial carcinoma)
[36-39]. Moreover, MXII, a negative regulator of the
MYC oncoprotein with tumor suppressing function, has
been mapped to the nearby region at 10g25. Altered
MXII function as such may directly contribute to tumori-
genesis, as has been observed in astrocytomas, prostate can-
cer, and melanoma [40-42].

A complete list of the genes in the minimal common re-
gion is shown in Appendix 1 (http://www.helsinki.fi/cmg/
microarray_data). Among the most intriguing genes, whose
copy number sequence was revealed to be altered by aCGH
(Appendix 1), are VEGF (6p21), RUNX2 (6p21), CDKNIA
(6p21), BAKI (6p21), and COPS3 (17pl11.2). COPS3
(COP9 constitutive photomorphogenic homolog subunit 3)
is also known to be involved in other sarcoma types (e.g., 0s-
teosarcoma) [43]. COPS3 was found amplified both in the
LMS samples included in this study and in the osteosarcoma
samples reported in our previous study [21]. The tumor sup-
pressor gene RUNX2 (runt-related transcription factor 2) was
deleted in low-grade LMS but not in high-grade LMS, sug-
gesting loss or reduction in activity of the gene in the early
stages of the tumorigenesis. CDKNIA (cyclin-dependent
kinase inhibitor 1A) and BAK! (BCL2-antagonist/killer 1)
genes, which are involved in cell cycle arrest and regulation
of apoptosis, were deleted only in low-grade LMS, suggest-
ing that they may act as tumor suppressors in LMS. VEGF
(vascular endothelial growth factor) was deleted in our
LMS, although the gene is expressed in several primary
brain tumors as an angiogenic growth factor that induces
the formation of cysts in brain tumors.

In summary, chromosomal CGH performed on single
cases and pooled DNA from soft-tissue LMS samples com-
bined with cDNA-based array-CGH analysis of global gene
copy number changes accurately revealed the chromosomal
areas that harbor putative tumor suppressor genes and onco-
genes that could play a role in LMS tumorigenesis. Details
of the amplified and deleted genes in each amplified and
deleted chromosomal area (http://www.helsinki.fi/cmg/
microarray_data; http://www.cangem.org/) provide valu-
able raw data for further gene expression studies. Addi-
tional functional studies are required to determine not
only the biologic but also the clinical significance of the
genetic imbalances we observed.
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