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Targeted cellular process profiling approach for
uterine leiomyoma using cDNA microarray, proteomics
and gene ontology analysis
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Summary. This study utilized both cDNA microarray and two-dimensional
protein gel electrophoresis technology to investigate the multiple interactions of
genes and proteins involved in uterine leiomyoma pathophysiology. Also, the
gene ontology analysis was used to systematically characterize the global
expression profiles at cellular process levels. We profiled differentially expressed
transcriptome and proteome in six-paired leiomyoma and normal myometrium.
Screening up to 17000 genes identified 21 upregulated and 50 downregulated
genes. The gene-expression profiles were classified into mutually dependent
420 functional sets, resulting in 611 cellular processes according to the gene
ontology. Also, protein analysis using two-dimensional gel electrophoresis iden-
tified 33 proteins (17 upregulated and 16 downregulated) of more than 500 total
spots, which was classified into 302 cellular processes. Of these functional
profilings, downregulations of transcriptomes and proteoms were shown in cell
adhesion, cell motility, organogenesis, enzyme regulator, structural molecule
activity and response to external stimulus functional activities that are supposed
to play important roles in pathophysiology. In contrast, the upregulation was only
shown in nucleic acid-binding activity. Taken together, potentially significant
pathogenetic cellular processes were identified and showed that the downregu-
lated functional profiling has a significant impact on the discovery of pathogenic
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pathway in leiomyoma. Also, the gene ontology analysis can overcome the
complexity of expression profiles of cDNA microarray and two-dimensional
protein analysis via its cellular process-level approach. Therefore, a valuable
prognostic candidate gene with relevance to disease-specific pathogenesis can
be found at cellular process levels.
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leiomyoma

Uterine leiomyomas are benign neoplasms arising from
the myometrial compartment of the uterus and are the
most common gynaecological neoplasm in reproductive-
age women (Buttram & Reiter 1981). This benign tumour
represents significant reproductive health problems such
as abnormal uterine bleeding, pelvic pain, constipation
and reproductive dysfunction. It is intriguing that 60% of
leiomyomata do not exhibit a cytogenetic abnormality
(Ligon & Morton 2001). Detailed studies of syndromes
of leiomyoma development have not elucidated the
aetiology of leiomyoma formation in common cases
(McKeeby et al. 2001). Recently, cytogenetic, molecular
and epidemiologic studies have suggested a strong
genetic component to fibroid pathogenesis and patho-
biology (Vu et al. 1998; Ligon & Morton 2001). Although
a number of leiomyoma-related genes and cellular pro-
cesses have been studied, many of the molecular events
involved in the leiomyoma pathophysiology are still
unclear, because a gene can be involved in multiple,
independently regulated leiomyoma-specific pathways.
Moreover, many studies on leiomyoma pathogenesis
lack physiological relevance because they were per-
formed using fewer genes and established in specific
cell lines.

Although it is becoming increasingly clear that there
are wide variations in the efficiency of tumour therapy
among different cell types, little is known about the
mechanism by which genes or gene complexes are
directly pathogenetic. Here, to quantitatively understand
the possible multiple relationships between differentially
expressed profiles of a gene and proteins, the annotation
project, directed by the Gene Ontology Consortium
(http://www.geneontology.org), was used (Ashburner
et al. 2000). Despite the significance of functional analy-
sis in tumour research, the gene ontology analysis has
not been widely used in tumorigenesis, mainly due to its
complexity and rapidly evolving property. With the gene
ontology analysis, the regulated expression profiles are
organized into three separated ontologies comprised of
biological process, cellular component and molecular
function and define a set of well-defined terms and

relationships by which the role of a particular gene,
gene product or gene-product group can be interpreted
(Doniger et al. 2003). Thus, an advanced strategy for the
identification of preferential tumour-specific pathway
would be possible by using the gene ontology analysis.

In this study, both cDNA microarray and two-
dimensional protein gel electrophoresis technology
were used to obtain valuable information about global
regulation of leiomyoma and specific pathogenetic cel-
lular processes. The analysed functional profiles were
clearly differentiated and disease dependent, which
resulted in finding a large subset of cellular functional
changes that could be described as tending to increase
or decrease. The combination of the genome and prot-
eome technology with the gene ontology analysis was
identified as being descriptive of the biology of leiomyo-
mas, which suggests that it is a valuable tool for diagnos-
tic and therapeutic interventions in pathogenetic research.

Materials and methods
Samples

Uterine tissues were obtained from involved and unin-
volved tissue of six patients according to procedures
approved by the Institutional Review Board of the Cath-
olic University. Presence or absence of leiomyoma
lesion was determined in all cases from the patients’
medical history and clinical evaluation. None of the
patients received any hormonal medication 3 months
before hysterectomy. Preparation of tissue samples
and subsequent steps were according to the procedures
as described previously (Tsibris et al. 2002). Briefly, all
patients were Korean. Tissue samples were taken within
20-30 min of extirpation of the uterus and stored in liquid
nitrogen. All leiomyomas were selected from intramural
and larger than 3cm in the shortest dimension. Tumor-
free myometrium was removed at a distance (2 cm) from
the endometrium, unless it was close to another
leiomyoma.
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Preparation of cDNA microarray

Each gene on the array GeneTrack Human cDNA Chip
HSVC 307 provided by Genomictree, Inc., Seoul, Korea
(http://www.genomictree.com) is about 0.5-5kb cDNA
and includes control house-keeping gene such as
GAPDH, B-actin and a-tubulin. Preparation of cDNA and
subsequent steps leading to hybridization, scanning and
data analysis were according to BioRobotics guidelines
(BioRobotics, Cambridge, UK). As a common type |
experiment, where two samples are directly compared
on a single array, a total of 100pug of total RNA was
labelled and hybridized to 17k human microarrays. In
brief, fluorescently labelled cDNA was obtained from a
single round of labelling using a kit in the presence of
fluorescent dNTP (Cy3-dUTP or Cy5-dUTP, Amersham
Pharmacia Biotech, Buckinghamshire, UK). Probes and
targets were hybridized together for 16 h in 3x standard
saline citrate buffer (SSC) at 65°C. Hybridized slides
were washed at room temperature once in 0.5x SSC,
0.01% SDS for 5min and again in 0.06x SSC for 5min.
Cy3 and Cy5 fluorescence were scanned using a laser
confocal microscope, and images were analysed using
IMAGENE software (version 5.0; BioDiscovery, Inc., Los
Angeles, CA, USA) to calibrate relative ratios and con-
fidence intervals used for significance determinations. In a
type Il experiment (DeRisi et al. 1997; Eisen & Brown
1999), a common reference RNA (Genomictree, Inc.)
was employed. Thus, the relative difference of gene
expression could be measured to a fixed reference. The
two assays have the same hybridization procedure.

Reverse-transcriptase polymerase chain reaction

Total RNA was isolated from tissues using Tri-reagent
and used as templates. Reverse transcription was per-
formed at 22°C for 10min and then at 42°C for 20 min
using 1.0 ng of RNA per reaction. Polymerase chain reac-
tion (PCR) was performed under 35 cycles at 94°C for
1min, at 57°C for 1min and at 72°C for 1 min using
specific primers to obtain the PCR products. Specific
primers (forward: 5-TGACGGGGTCACCCACACTGT-
GCCCATCTA-3; reverse: 5-CTAGAAGCATTTGCGG-
TGGACGGATGGAGGG-3') were used for control gene
B-actin. The amplification reaction involved denaturation
at 94°C for 30s and annealing at 72°C for 30s and 72°C
for 45 s for 20 cycles.

Analysis

Fluorescence intensity was processed and then the data
were imported into an Access database (Microsoft,

Discovery of pathogenic pathway in uterine leiomyoma

Redmond, WA, USA), with the corresponding gene
names for analysis. For each gene, its relative fold
change in expression was the ratio of median expres-
sion levels of sample vs. myometrium. Genes were
excluded from the analyses if their expression was
negative or too smeared. Genes that showed differ-
ences in their expression levels of at least 2.0 were
selected for functional analysis. Hierarchical clustering
(GeNE cLusTER v2.11) and display programs (TREE VIEW
v1.50) were also used for analysis (http://rana.stanford.
edu/software) (Eisen et al. 1998). To classify the gene-
expression profiles, functional analyses were carried
out as previously described (Pletcher et al. 2002).
Each gene was annotated by integrating the information
(as of July 2003) on the Gene Ontology website (http:/
www.geneontology.org). Next, the gene was queried for
available Gene Ontology Code for biological process,
cellular component and molecular function.

Two-dimensional protein gel electrophoresis

To lyse the tissues, isoelectric focusing (IEF) sample buffer
[7wm urea, 2w thiourea, 4% CHAPS, 100 mm dithiothreitol
(DTT) and 40 mm Tris] was added to tissues, followed by
thorough mixing. After centrifugation, the supernatants
were stored at —70°C until used for two-dimensional
protein gel electrophoresis. Protein concentration was
determined with protein assay kit (Bio-Rad Laboratories,
Hercules, CA, USA). The first dimension on two-
dimensional gel electrophoresis consisted of isoelectrical
focusing on an ReadyStrip IPG Strip (17 cm, pH5-7)
(Amersham Pharmacia Biotech). Towards this aim, a
solution of 30 pl of total protein was applied to this strip
that had been treated with the rehydration buffer [7m
urea, 2m thiourea, 4% CHAPS, 40mwm Tris, 100 mm
DTT, 0.5% (v/v) carrier ampholyte (pH3-10) and
0.005% bromophenol blue]. The gels were focused for
20h at 50V, followed by 5h at 10000V and 20°C. The
strips were placed in equilibration buffer | [6m urea,
0.375m Tris (pH8.8), 2% SDS, 20% (v/v) glycerol and
2% DTT] for 20 min and next in buffer Il [6 m urea, 0.375m
Tris (pH 8.8), 2% SDS, 20% (v/v) glycerol and 2.5% (w/v)
iodoacetamide] for 20 min at room temperature. Subse-
quently, the isoelectric focusing gels were placed
onto SDS-PAGE sheets (ExcelGel XL SDS 12-14;
Amersham Pharmacia Biotech), and the proteins were
then resolved in the second dimension with a constant
current of 10mA at 15°C until the bromophenol blue
marker entered the gel sheets, followed by a second
period of 15 mA for 16 h. The gels were fixed in a fixative
enhancer solution (50% methanol, 10% acetic acid and
10% fixative enhancer concentration) solution and then
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silver stained as described in manual (Bio-Rad Laborat-
ories). Silver-stained gels were scanned using a scanner
(GS-800, Bio-Rad Laboratories). Gel images were analy-
sed using pbquesT 2p software, version 7.1 (Bio-Rad
Laboratories).

Mass spectrometric analysis of tryptic peptides

The protein spots of interest were excised, destained
in 25mm NH4HCO5 buffer (pH8.0, 50% acetonitrile)
and cleaned in a 100% acetonitrile solution for 5min.
After complete drying, the samples were digested with
15 ul of digestion solution (10 pg/ml of trypsin in 25 mm
NH4HCO3, pH 8.0) at 37°C for 20 h in 20 ml. The tryptic
peptides were extracted with extraction solution [50%
acetonitrile and 5% trifluoroacetic acid (TFA)] and con-
centrated by drying under vacuum conditions. High per-
formance liquid chromatography (HPLC) tandem mass
spectrometric analysis was performed in a Voyager
DE-STR mass spectrometer (Applied Biosystems, Foster
City, CA, USA). The accurately measured masses of the
tryptic peptide and its fragments were used to search for
protein candidates in the protein sequence database using
the program wmascot (http://www.matrixscience.com). To
classify the protein-expression profiles, functional analyses
were carried out as described above. All of the files includ-
ing results of the experiment and results of the gene
ontology analysis are obtainable from our anonymous
FTP site (ftp://160.1.9.32/work/myoma2d).

Results

Microarray analysis of leiomyoma-associated gene
expression

To understand the cellular process changes in the biol-
ogy of leiomyomas, we profiled differentially expressed
genes in three-paired leiomyoma and normal myomet-
rium by type | and type Il cDNA microarray assays. After
hybridization and scanning steps, poor spots were
excluded by image analysis. By the hierarchical cluster-
ing, 71 overlapped transcripts were identified at least
twofold in three specimens. In contrast, the rest of tran-
scripts within twofold change were not used. As shown in
Figure 1, after the cDNA microarray analysis, the consist-
ently expressed 44 transcripts were identified by hier-
archical clustering. It shows a good consistency of
experimental repeatability. In Table 1, the consistently
expressed genes between type | and type Il are shown.
And, as shown in Figure 2, reverse-transcriptase (RT)-
PCR was performed to confirm gene-expression pat-
terns. Several upregulated and downregulated genes

confirmed the patterns obtained from the microarray,
showing the consistency of experimental repeatability.
It is clear that the consistency of experimental repeat-
ability leads to reliable gene-expression patterns in this
study. As shown in Table 2, the significantly upregulated
and downregulated functional activities were analysed
according to the biological processes, cellular com-
ponents and molecular function ontologies. Of the
leiomyoma-associated functional activities, over 50% of
the functions were included in the biological processes,
with half of these being in the cell growth and maintenance.

Cell communication

As shown in Table 2, the transcripts involved in the cell
communication (6/16, i.e. upregulation of six transcripts
or the downregulation of 16 transcripts) were relatively
downregulated in the uterine leiomyoma as compared
with the myometrium. Cell adhesion function (1/6:
COL4A6/DPT, OMD, CCL11, CTGF, HEF1 and
XLKD1) was repressed by leiomyoma pathophysiology.
For instance, dermatopontin (DPT) and eotaxin
(CCL11), cell-to-cell attachment-related components,
were highly downregulated, indicating a decrease in the
adhesive properties of leiomyoma pathogenesis. Tran-
scripts in signal transduction (5/12: DCX, GABRAT1,
PDES8B, IGF2, EBAF/CCL11, ANXA1, CCL21, CALCRL,
CCLS, FY, HEF1, IQGAP2, GNG11, MAPK10, LY96 and
SPRY1) showed relatively repressed expression pro-
files. Cell—cell signalling function (2/3: GABRA1, EBAF/
CCL11, CCL21 and CCL8) was repressed by leiomyoma-
associated cellular pathway.

Cell growth and maintenance

Transcripts involved in cell growth and maintenance
(4/14) were repressed. Especially, all transcripts in the
regulation of cell growth (0/3: CYR61, CTGF and HEF1)
were completely downregulated. Transcripts involved in
cell proliferation (2/5: IGF2, CDKN1A/CYR61, EMP1,
EVI2A, DUSP1 and HEF1) were also repressed in
leiomyomas. Transcripts involved in transport (1/3:
GABRA1/APQOD, KCNF1 and CCLS8) and
cell organization and biogenesis (2/3: IGF2, KIF5C/
CCL11, ABLIM1 and IQGAP2) were relatively down-
regulated.

Cell motility

All transcripts in cell motility including chemotaxis (0/6:
ANXA1, CTGF, XLKD1, CCL11, CCL21 and CCLS8)
were completely downregulated.

270 © 2003 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 84, 267-279



Figure 1. Hierarchical cluster analy-
sis of uterine leiomyoma. (a) Type |
assay: All the data were median
centred and clustered using a hier-
archical clustering. Levels of intensity
of red squares correlate with the
degree of gene expression; con-
versely, green squares compare the
down-expression at a scale relative
to the colour intensity. A cluster
image representing 44 of the cDNAs
is shown. (b) Type Il assay (differ-
ential expression between uterine
leiomyoma and normal myometrium):
Type Il analysis was used to identify
the genes differentially expressed in
the uterine leiomyoma by universal
control cell lines, selecting 44 genes.
Those genes showing statistically
significant differences between the
two groups are shown as a cluster
image. The dendrogram indicates
uterine leiomyoma in red and normal
myometrium in green. The normal
myometrims cluster together, as do
the leiomyoma. The column on the
left of the two-dimensional view
indicates downregulated genes in
myometrium in green and upregu-
lated in red; conversely, the column
on the right indicates downregulated
genes in leiomyoma in green and
upregulated in red.
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Development

Several transcripts involved in morphogenesis (4/6:
IGF2, CRMP1, DCX, MAFB/CCL11, IQGAP2, CTGF,
EMP1, SPRY1 and FRZB) were relatively balanced, in
which neurogenesis in organogenesis (3/0: CRMP1,
DCX and MAFB) was completely upregulated in leio-
myoma pathophysiology. In contrast, epidermal differen-
tiation (0/2: CTGF and EMP1) was completely
downregulated.

Metabolism

Transcripts in  metabolism (7/17) were relatively
repressed, such that protein metabolism (0/6: CCL11,
LATS2, MAPK10, DUSP1, ANPEP and CCL8) and lipid
metabolism (0/2: APOD and ANXA1) were completely
repressed. In contrast, transcripts involved in nucleic
acid metabolism (6/3: CRMP1, PDE8B, DDB2, D4,
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MAFB, IGF2/CTGF, MGC2306 and SP110) were rela-
tively upregulated.

Response to external stimulus

All transcripts in response to external stimulus (0/14) were
completely downregulated. Especially, immune response
(0/10: CCL11, C7, ANXA1, FCER1A, CCL21, HF1,
CCL8, LY96, TRB@and GBP2) including inflammatory
response (0/5) was significantly downregulated. In add-
ition, response to oxidative stress (0/1: DUSP1), response
to virus (0/2: CCL11 and CCL8) and response to wounding
(0/1: CTGF) were completely downregulated.

Binding activity

Transcripts involved in binding activity (13/25) were
downregulated. Transcripts in lipid-binding activity (0/3:
APOD, ANXA1 and ANXA3), metal ion-binding activity
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Table1. Summary of gene-expression changes in uterine leiomyoma

Accession number Description Gene symbol Fold change
R77948 JM27 protein GAGEC1 10.44
N66104 Kinesin family member 5C KIF5C 6.24
AA055932 PCAF-associated factor 65 beta TAF5L 4.56
AA620421 Double cortex; lissencephaly, X-linked (double cortin) DCX 4.26
Al341604 37 kDa leucine-rich repeat protein P37NB 3.42
Al952615 Cyclin-dependent kinase inhibitor 1A (p21, Cip1) CDKN1A 3.24
Al680557 Collagen, type IV, alpha 6 COL4A6 3.18
AA171613 Carbonic anhydrase XlI CA12 3.06
AA776176 Gamma-aminobutyric acid A receptor, alpha 1 GABRA1 2.99
AA034213 Integral membrane protein 2C ITM2C 2.98
AAB70279 Collapsin response mediator protein 1 CRMP1 2.95
AA430540 Collagen, type 1V, alpha 2 COL4A2 2.83
AA455365 Phosphodiesterase 8B PDE8B 2.77
AA410404 Damage-specific DNA-binding protein 2 (48 kDa) DDB2 2.53
AA464856 Inhibitor of DNA binding 4, dominant negative helix-loop-helix protein ID4 2.38
T50121 Kreisler (mouse) maf-related leucine zip MAFB 2.26
AA480876 TATA-binding protein-binding protein ABT1 2.26
AA446017 Suppression of tumorigenicity 5 ST5 2.17
N54596 Insulin-like growth factor 2 (somatomedin A) IGF2 2.15
AA913306 Endometrial bleeding-associated factor (left-right determination, factor A) EBAF 1.73
AA504137 Homeodomain only protein LAGY 1.7
W72748 Guanylate-binding protein 2, interferon-inducible GBP2 —1.41
T64192 T-cell receptor beta locus TRB@ —1.58
AA447978 Retinaldehyde dehydrogenase 2 ALDH1A2 —-1.72
AA931725 Secreted modular calcium-binding protein SMOC2 —1.91
AA411380 Ecotropic viral integration site 2A EVI2A —2.24
R40946 Crystallin, zeta (quinone reductase) CRYZ —2.32
AA975768 Epithelial membrane protein 1 EMP1 —-2.35
AA055440 Sprouty (Drosophila) homologue 1 (antagonist of FGF signalling) SPRY1 —2.36
AWO055084 MD-2 protein LY96 —2.36
Al361583 Potassium voltage-gated channel, subfamily, member 1 KCNF1 —-2.37
T73440 Alanyl (membrane) aminopeptidase (aminopeptidase N, CD13, p150) ANPEP —2.43
Al949576 Annexin A3 ANXA3 —2.62
AA866054 B-cell CLL/lymphoma 9 BCL9 —-2.73
R39221 Mitogen-activated protein kinase 10 MAPK10 —-2.76
AA999901 Guanine nucleotide-binding protein 11 GNG11 —2.77
W32272 IQ motif containing GTPase-activating protein 2 IQGAP2 —2.83
AA704407 Lymphatic vessel endothelial hyaluronan XLKD1 —2.94
AA149095 Dual specificity phosphatase 1 DUSP1 —2.95
T61428 Enhancer of filamentation 1 HEF1 -3.04
T62627 Interferon-induced protein 41, 30 kDa SP110 -3.07
AA134871 Fibulin 1 FBLN1 -3.13
AA431967 Thioredoxin LATS2 -3.24
AA454868 Platelet-derived growth factor receptor-like PDGFRL -3.25
AA478298 Adipose specific 2 APM2 —3.26
AA406601 Actin-binding LIM protein ABLIM1 —3.42
Al869845 Phosphorylase, glycogen; liver (Hers’ disease, glycogen storage disease type VI) PYGL —-3.43
T82477 Duffy blood group FY —3.45
AA459293 Mob protein MOB —3.46
Al268937 Chemokine (C-C motif) ligand 8 CCL8 —3.54
AA427924 Spondin 1 (f-spondin) extracellular matrix protein SPON1 -3.63
AA953249 H factor 1 (complement) HF1 -3.82
AA486275 Serine (or cysteine) proteinase inhibitor, clade B (ovalbumin) SERPINB1 —3.84
HO00625 GATA-binding protein 2 MGC2306 -3.87
AA757351 Calcitonin receptor-like CALCRL -3.88
Al922341 Chemokine (C—C motif) ligand 21 CCL21 -3.94
W58032 Frizzled-related protein FRZB —-4.16
AA598794 Connective tissue growth factor CTGF —4.24
AA425947 Dickkopf gene 3 RIG —4.27
Al676097 Fc fragment of IgE, high affinity |, receptor for alpha polypeptide FCER1A —4.51
H63077 Annexin A1 ANXA1 —4.82
AA598478 Complement component 7 c7 —4.82
AA777187 Cysteine-rich, angiogenic inducer, 61 CYR61 —4.91
W69211 Chemokine (C-C motif) ligand 11 CCL11 —5.61
272 © 2003 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 84, 267-279



Table1. Continued

Discovery of pathogenic pathway in uterine leiomyoma

Accession number Description Gene symbol Fold change
AA481780 Carbonic anhydrase Ill, muscle specific CA3 —5.87
AA457084 Apolipoprotein D APOD —7.84
N32201 Osteomodulin OMD —8.41
Al420743 Alcohol dehydrogenase 3 (class I), gamma ADH1C —10.03
R48303 Dermatopontin DPT -10.97
AAB64101 Aldehyde dehydrogenase 1, member A1 ALDH1A1 —-12.37
N93428 Alcohol dehydrogenase 2 (class I), beta ADH1B —18.57

(3/8: PDE8B, CRMP1, CA12/ADH1B, ADH1C, CAS3,
ANXA1, FBLN1, ANXA3, CRYZ and SMOC2), nucleotide-
binding activity (1/4: KIF5SC/MAPK10, LATS2, GBP2 and
GNG11) and protein-binding activity (4/7: DCX, KIF5C,
ABT1, ID4/DPT, KCNF1, IQGAP2, CYR61, CTGF,
FCER1A and APOD) were significantly downregulated.
In contrast, nucleic acid-binding activity (4/2: DDB2,
MAFB, TAF5L, ABT1/MGC2306 and SP110) was only
upregulated.

Enzyme activity

Transcripts involved in enzyme activity (4/15), hydrolase
activity (2/5: PDE8B, CRMP1/DUSP1, GNG11, ANXAS,
ANPEP and GBP2), kinase activity (1/3: CDKN1A/LATS2,
PDGFRL and MAPK10), oxidoreductase activity (0/5:
ADH1B, ALDH1A1, ADH1C, CRYZ and ALDH1A2),
enzyme regulator activity (1/4: CDKN1A/SERPINB1,
IQGAP2, ANXA1 and ANXA2) and transferase activity

1 2 1 2

Figure 2. Reverse-transcriptase polymerase chain reaction
(RT-PCR) analysis of selected genes confirmed differential
expression of cDNA microarray. Total RNA obtained from normal
myometrium (lane 1) and leiomyoma (lane 2) was subjected to
RT-PCR assays as described in Materials and methods.

= Age ¥

- e

Figure 3. Uterine leiomyoma protein products on two-
dimensional gels. Identification of the proteins in 30 spots,
which are indicated by red arrowheads (a, myometrium) and
blue arrowheads (b, leiomyoma), is summarized in Table 2. The
two-dimensional gel patterns indicated that out of the 30 spots.
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Table2. Summarized gene ontology of cDNA microarray

Biological process

Molecular function

Cellular component

Cell communication (6/16)*

Cell adhesion (1/6)

Cell—cell signalling (2/3)
crotubule-associated complex (2/0)
Signal transduction (5/12)

Cell death (1/2)

Cytolysis (0/1)

Cell growth and maintenance (4/14)
Regulation of cell growth (0/3)

Cell homeostasis (0/1)

Cell organization and biogenesis (2/3)
Cell proliferation (2/5)

Cell cycle (1/1)

Transport (1/3)

Protein transport (0/1)

Cell motility (0/6)

Chemotaxis (0/3)

Morphogenesis (5/6)

Organogenesis (5/6)

Epidermal differentiation (0/2)
Neurogenesis (3/0)

Skeletal development (1/1)
Homeostasis (1/2)

Metabolism (7/17)

Lipid metabolism (0/2)

Nucleobase and nucleic acid metabolism (6/3)
DNA repair (1/0)

Transcription (2/2)

Protein metabolism (0/6)

Proteolysis and peptidolysis (0/1)
Response to external stimulus (0/14)
Immune response (0/10)

Response to oxidative stress (0/1)
Cellular defence response (0/2)
Inflammatory response (0/5)

Binding activity (13/25)
Hormone-binding activity (0/1)
Lipid-binding activity (0/3)

Metal ion-binding activity (3/8)

Calcium ion-binding activity (0/4)

Nucleic acid-binding activity (4/2)

Induction of apoptosis by intracellular signals (1/0) DNA-binding activity (2/2)

Nucleotide-binding activity (1/4)

Protein-binding activity (4/7)

Cytoskeletal protein-binding activity (1/0)
Insulin-like growth factor-binding activity (0/2)
Immunoglobulin-binding activity (0/1)
Receptor-binding activity (4/4)

Defence/immunity protein activity (0/3)

Enzyme activity (4/15)

MAP kinase activity (0/1)

JUN kinase activity (0/1)

MAP kinase kinase activity (0/1)

Platelet-derived growth factor receptor activity (0/1)
Oxidoreductase activity (0/5)

Transferase activity (1/4)

Protein serine/threonine kinase activity (0/2)
Enzyme regulator activity (1/4)

Cyclin-dependent protein kinase inhibitor activity (1/0)
Serine protease inhibitor activity (0/1)

Extracellular matrix structural constituent activity (2/1)

Cytoskeleton (2/3)
Actin cytoskeleton (0/2)

Spindle (0/1)

Plasma membrane (0/6)
Extracellular matrix (2/4)
Basement membrane (2/0)
Collagen (2/0)

Membrane attack complex (0/1)

*The number of upregulated genes vs. downregulated genes.

(1/4: CDKN1A/PYGL, MAPK10, LATS2 and PDGFRL)
were significantly downregulated in leiomyomas.

Signal transducer activity

Transcripts involved in signal transducer activity (4/18),
receptor activity (1/9: GABRA1/FCER1A, FY, ANPEP,
PDGFRL, XLKD1, TRB@, LY96, FRZB, EVI2A and
CALCRL), receptor-binding activity (2/5: EBAF, IGF2/
ANXA1, CCL11, CCL21, CCL8 and CTGF) and receptor
signalling protein activity (0/4: FCER1A, MAPK10,
IQGAP2 and CTGF) were downregulated.

Structural proteins

Transcripts in cytoskeleton (2/3: KIF5C, DCX/ABLIM1,
HEF1 and IQGAP2) and extracellular matrix structural

constituent (2/1: COL4A2 and COL4A6/OMD) were dif-
ferentially expressed. Bone-specific osteomodulin (OMD)
involved in biomineralization processes was highly down-
regulated.

Two-dimensional analysis of leiomyoma-associated
protein expression

As shown in Figure 3, lysates prepared from the uterus
tissues with and without leiomyoma were subjected to
two-dimensional gel electrophoresis to examine the
pathogenetic protein expression of uterine leiomyoma.
Comparison of the spot patterns of the samples with and
without leiomyoma indicated that of more than 500 total
spots, the consistently corresponding spots of 33 proteins,
were identified: 17 proteins that were upregulated and
16 proteins that were downregulated. These proteins
have exhibited detectable quantitative changes. Table 3
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Table 3. Summary of the regulated proteins in uterine leiomyoma
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Accession number Description Gene symbol Sequence coverage (%)

Downregulated proteins
NP_068733 Cofilin 2 isoform 1 CFL2 27
NP_001606 Actin, gamma 2 propeptide; actin, alpha-3 ACTG2 18
NP_005150 Actin, alpha, cardiac muscle precursor ACTC 26
NP_001604 Alpha 2 actin; alpha-cardiac actin ACTA2 23
NP_001091 Alpha 1 actin precursor; alpha skeletal muscle actin ACTA1 25
AAH12423 SOD2 protein SOD2 19
NP_001876 Crystallin, alpha B; heat-shock 20 kDa like-protein CRYAB 30
NP_057177 Ribosomal protein L26-like 1; ribosomal protein L26 homologue RPL26L1 17
NP_004406 Desmoplakin — DPI and DPII DSP 20
AAF64276 BM-020 C210rf66 18
Q01995 Transgelin (smooth muscle protein 22-alpha) (SM22-alpha) TAGLN 29
NP_005708 Actin-related protein 2/3 complex subunit 5 ARPC5 27
1SACA Chain A, serum amyloid P component (Sap) APCS 30
NP_006254 Proteasome activator subunit 1 isoform 1 PSME1 31
NP_653321 Hypothetical protein FLJ31564 FLJ31564 15
XP_068995 Novel protein based on FGENESH similar to ribosomal protein FAM12A 16

Upregulated proteins
NP_002161 Interferon, alpha 8 IFNA8 11
151875 MHC HLA-DRB1 — human (fragment) HLA-DRB1 14
AAH16482 SWI/SNF-related, matrix-associated, actin-dependent SMARCALA1 11

regulator of chromatin

AAF04856 Thioredoxin peroxidase PMP20 PRDX5 21
AAGO01157 CGlI-204 MRPL47 13
NP_004823 Gilutathione- S-transferase like GSTTLp28 19
BAB64300 EREG1 EREG1 14
CABO1111 C—C chemokine CCL13 19
AAD38446 H1 chloride channel; p64H1; CLIC4 CLIC4 15
NP_001869 Cellular retinoic acid-binding protein 2 CRABP2 31
Q9BZE7 Hypothetical protein EVG1 C220rf23 17
NP_004896 Peroxiredoxin 6; antioxidant protein 2 AOP2 33
NP_002786 Proteasome beta 3 subunit; proteasome theta chain PSMB3 17
AAF36151 HSPC231 PFDN2 18
NP_003312 Tu translation elongation factor, mitochondrial TUFM 32
CAB61417 Hypothetical protein OGN 28
AAH17917 Triosephosphate isomerase 1 TP 31

summarizes the consistently expressed proteins with their
expression profiles. No proteins could be extracted from
the corresponding spots on the cDNA microarray due to a
small number of the consistently expressed proteins. In
order to more systematically study whether the observed
protein-expression profilings were leiomyoma specific, the
gene ontology analysis was also applied. Table4 sum-
marizes the functional activities deduced from the gene
ontology and the dependency of their expression profiles.
The majority of the upregulated functional activities turned
out to be nucleic acid-binding activity (3/0: SMARCALT,
PSMB3 and TUFM), signal transducer (3/0: CCL13,
IFNA8 and OGN) and transporter activity (3/0: CRABP2,
CLIC4 and PRDXS5). In contrast, significant downregula-
tion is shown in muscle development (0/5: ACTAT,
ACTA2, ACTC, ACTG2 and TAGLN). These proteins
were also involved in the downregulation of actin cytoske-
leton activity, cytoskeletal protein-binding activity and

motor activity. Cell motility activity (0/4: ARPCS5,
ACTA1, ACTC and CRYAB) was also completely down-
regulated. Several functional activities such as response
to external stimulus (3/4) and extracellular matrix (2/2)
remained unchanged, which indicated that these func-
tions were under leiomyoma independent. Further iden-
tification of leiomyoma-dependent protein products was
found to be difficult, because other candidate spots,
containing sufficient amounts of protein for the determi-
nation of their masses, could not be separated pure
enough from surrounding spots on the two-dimensional
gels.

Discussion

To systematically understand the cellular process
changes in leiomyomas, we combined the techniques
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Table4. Summarized gene ontology of two-
dimensional protein gel electrophoresis

Biological process
Cell communication (2/1)*
Cell adhesion (0/1)
Cell—cell signalling (1/0)
Signal transduction (2/0)
Cell growth and maintenance (3/0)
Cell homeostasis (1/0)
Transport (2/0)
Cell motility (0/4)
Development (1/7)
Organogenesis (1/6)
Epidermal differentiation (1/1)
Muscle development (0/5)
Homeostasis (1/0)
Metabolism (8/3)
Biosynthesis (1/1)
Lipid metabolism (2/0)
Nucleobase and nucleic acid metabolism (1/1)
Oxygen and reactive oxygen species metabolism (3/1)
Protein metabolism (3/3)
Protein folding (1/2)
Pathogenesis (1/1)
Response to external stimulus (3/4)
Immune response (2/2)
Response to oxidative stress (1/1)
Molecular function
Antioxidant activity (2/0)
Binding activity (7/3)
Lipid binding activity (1/0)
Nucleic acid-binding activity (3/0)
DNA-binding activity (1/0)
Nucleotide-binding activity (2/0)
Protein-binding activity (1/2)
Cytoskeletal protein binding activity (0/2)
Receptor-binding activity (1/0)
Chaperone activity (1/2)
Enzyme activity (5/1)
Hydrolase activity (3/0)
Oxidoreductase activity (2/1)
Transferase activity (1/0)
Enzyme regulator activity (0/1)
Proteasome activator activity (0/1)
Motor activity (0/4)
Signal transducer activity (3/0)
Structural molecule activity (0/8)
Structural constituent of cytoskeleton activity (0/6)
Structural constituent of muscle activity (0/3)
Transporter activity (3/0)

Cellular component
Cytoskeleton (0/7)
Actin cytoskeleton (0/5)
Microtubule-associated complex (0/1)
Membrane (2/1)
Extracellular matrix (2/2)

*The number of upregulated genes vs. downregulated
genes.

of cDNA microarray, two-dimensional protein gel electro-
phoresis and the gene ontology analysis. The compari-
son of cDNA microarray and proteomic analytical results
showed large discrepancies between mRNA and protein

levels, as discussed previously (Juan et al. 2002).
Potential leiomyoma-related genes found through micro-
array analysis were proven to be relevant at present,
because other candidate protein spots, containing higher
than 10 or lower than 5pH values and lower detection
limit for the determination of their masses, could be
easily excluded in the two-dimensional gel analysis.
There is good agreement between our observations
and other studies for some of the genes, and this greatly
increases the reliability of the results on these genes
such as DCX, IGF2, ADH, KIF5C and CDKN1 (Tsibris
et al. 2002; Skubitz & Skubitz 2003b). Also, the poten-
tially significant genes of unknown function in bold are
summarized in Table1. Among those genes, upregu-
lated GAGEC1 is a member of the GAGE family. This
gene is strongly expressed in prostate and prostate can-
cer but is also expressed in testicular cancer and uterine
cancer (Brinkmann et al. 1998). Also, the protein
encoded by LAGY is known to be a lung cancer-
associated protein. Future studies should be required
to clarify the regulatory mechanism of the genes and
their role in uterine leiomyoma development. Closer
examination of the transcriptomes and proteoms using
the gene ontology resulted in a number of reciprocally
dependent cellular processes, which reveals that several
corresponding functional activities were found to be
pathogenesis related. Especially, several functions that
were downregulated in leiomyoma, such as structural
molecule and extracellular matrix adhesion molecules,
are in agreement with the observations (Chegini et al.
2003). Of the corresponding functions, downregulated
functions were more abundant than those in upregul-
ation, indicating that repression of cellular process may
have a significant impact on uterine leiomyoma patho-
genesis.

The downregulated cell adhesion activity indicates a
decrease in the adhesive properties in leiomyoma. For
instance, downregulated eotaxin (CCL11), a potent indu-
cer of eosinophil chemotaxis leading to eosinophil migra-
tion in vitro and accumulation in vivo, is not able to take
part in the fine-tuning of cellular responses occurring at
sites of allergic inflammation, where both monocyte che-
motactic protein-1 (MCP1) and eotaxin are to be pro-
duced (Ogilvie et al. 2001). In transgenic mice that
overexpressed CTGF, embryonic and neonatal growth
were reported to be occurred normally, which indicates
that downregulated CTGF in this study may hinder the
embryonic development (Nakanishi et al. 2001). In con-
trast, overexpressed type IV collagen alpha 6 (COL4A6),
the major component of basement membranes, was
only used in generating unique basement membrane
structures in different tissues (Sugimoto et al. 1994).
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Of the completely downregulated cell motility func-
tion, ANXA1 was reported to act through the formyl
peptide receptor on human neutrophils (Walther et al.
2000). Peptides derived from the unique N-terminal
domain of ANXA1 serve as FPR ligands and trigger
different signalling pathways. By downregulation of
ANXA1, lower peptide concentrations may cause a
specific inhibition of the transendothelial migration of
neutrophils and desensitization of neutrophils towards
a chemoattractant challenge, leading to loss of anti-
inflammatory effects. XLKD1 appears to be involved in
the sequestration or transport of hyaluronan, an abundant
extracellular matrix glycosaminoglycan in skin and
mesenchymal tissues, where it facilitates cell migration
during wound healing, inflammation and embryonic mor-
phogenesis. In this study, XLKD1 was downregulated,
which leads to loss of anti-inflammatory effects (Banerii
et al. 1999).

It was reported that gynaecological disease could be
induced by abnormal immunogenetic changes of genes
involved in tissue regeneration, such as matrix metallo-
proteinase, cytokines and growth factors (Hill 1992). Of
the response to external stimulus function, significantly
downregulated transcripts serve as an important hin-
derer in immune response in the following manner. The
eosinophil-specific chemokine (CCL11) and IgE receptor
(FCER1A) are known to be involved in eosinophilic
inflammatory diseases such as atopic dermatitis, asthma
and parasitic infections (Salcedo et al. 2001; Zhu et al.
2002). C7 is a component of the complement system.
People with downregulation of C7 are prone to recurrent
bacterial infections (Egan et al. 1994). Similar to other
chemokines, the protein encoded by CCL21 inhibits haemo-
poiesis and stimulates chemotaxis. This protein is
chemotactic in vitro for thymocytes and activated T
cells but not for B cells, macrophages or neutrophils.
The cytokines encoded by CCL21 may also play a
role in mediating homing of lymphocytes to secondary
lymphoid organs (Ploix et al. 2001). CCL8 displays
chemotactic activity for monocytes, lymphocytes,
basophils and eosinophils. By recruiting leucocytes
to sites of inflammation, this cytokine may contribute
to tumour-associated leucocyte infiltration (Van et al.
1997).

Transcription is a complex category that can lead to
global alterations in the whole network of gene expres-
sions. These transcriptional regulators are expected to
be highly relevant to the leiomyoma pathophysiology,
and their regulation may affect different cellular functions.
For instance, upregulated TAF5L, expressed in most tis-
sues, functions in promoter recognition or modifies gen-
eral transcription factors to facilitate complex assembly

Discovery of pathogenic pathway in uterine leiomyoma

and transcription initiation. And, it inactivates platelet-
activating factor by removing the acetyl group at the S\2
position. Its aberrant overexpression may serve to
repress other downstream pathways that further contri-
bute to the development of the disease. On the other
hand, transcriptional activators MGC2306 and SP110
that regulate endothelin-1 gene expression in endothelial
cells were repressed. In this study, no transcripts in pro-
tein translation or biosynthesis function were expressed.
Thus, it can be suggested that leiomyoma may not
increase the turnover of many proteins, which could be
due either to the less activity of replacement of damaged
molecules or to the nature of benign tumour itself, as
compared with leiomyosarcoma (Skubitz & Skubitz
2003a).

Several transcripts coding for cellular structure pro-
teins were changed in their expression in the uterine leio-
myoma. Transcripts in this category can be subdivided
into two groups: cytoskeletal and nuclear-related genes.
It has been known that cytoskeleton integrity plays an
important role in cell-cycle progression, cell death and
cell differentiation (Liu et al. 2002). Abnormal cytoskele-
ton function is often observed in cancer cells. Notably,
HEF1, highly expressed in normal endometrium in
uterus, was downregulated in this study. It is an import-
ant component of a cytoskeleton-linked signalling path-
way initiated by integrins (Manie et al. 1997).
Transformation of cells with the oncogene Abl results in
tyrosine phosphorylation of HEF1 that is mediated by a
direct association between HEF1 and Abl, speculating
that HEF1 may be an important linking element between
extracellular signalling and regulation of the cytoskeleton
(Law et al. 1996). Also, ABLIM1, highly expressed in
ovary bulk tumour, was also downregulated. It plays
key roles in the regulation of developmental pathways
(Roof et al. 1997).

A literature survey revealed that several transcripts
have been reported to be leiomyoma related with regard
to the transcripts themselves or the products containing
them as constituents. Among them, IGF2 was reported
to be overexpressed in leiomyoma development, as con-
sistent with this study (Li & McLachlan 2001; Tsibris et al.
2002). Recurrent hypoglycaemia in a woman with leio-
myosarcoma was known to be through the result of
overexpression of IGF2 by the tumour (Daughaday
et al. 1988). Also, it was reported that CYR61 and
CTGF have significant sequence homology to the insu-
lin-like growth factor-binding proteins and contain a von
Willebrand factor type C repeat, which is thought to be
involved in the deactivation of a genetic programme for
wound repair in skin fibroblasts via reduction of CYP61
(Chen et al. 2001).

© 2003 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 84, 267279 277



W. S. Ahn et al.

In conclusion, we identified gene-expression changes
and differentially expressed proteins in uterine leio-
myoma. Also, potentially significant pathogenetic cellular
processes were identified using the gene ontology analy-
sis. Our most interesting finding was that the gene
ontology analysis can describe the cellular processes
that occur in the biology of uterine leiomyoma and over-
come the complexity of expression profiles. Therefore, a
valuable prognostic candidate gene with real relevance
to disease-specific pathogenesis can be found at cellular
process levels. Further systematic approaches, includ-
ing genome-wide analyses using the gene ontology, can
certainly elucidate new connections between transcrip-
tome and proteome expression profiles.
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