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Abnormal expression of leiomyoma cytoskeletal proteins
involved in cell migration
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Abstract. Uterine leiomyomas are monoclonal tumors.
Several factors are involved in the neoplastic transformation
of the myometrium. In our study we focused on dysregulated
cytoskeletal proteins in the leiomyoma as compared to the
myometrium. Paired tissue samples of ten leiomyomas and
adjacent myometria were obtained and analyzed by two-dimen-
sional gel electrophoresis (2-DE). Mass spectrometry was used
for protein identification, and western blotting for 2-DE data
validation. The values of ten cytoskeletal proteins were found
to be significantly different: eight proteins were upregulated
in the leiomyoma and two proteins were downregulated.
Three of the upregulated proteins (myosin regulatory light
polypeptide 9, four and a half LIM domains protein 1 and
LIM and SH3 domain protein 1) are involved in cell migra-
tion, while downregulated protein transgelin is involved in
replicative senescence. Myosin regulatory light polypeptide 9
(MYL9) was further validated by western blotting because it
is considered to be a cell migration marker in several cancers
and could play a key role in leiomyoma development. Our
data demonstrate significant alterations in the expression of
cytoskeletal proteins involved in leiomyoma growth. A better
understanding of the involvement of cytoskeletal proteins in
leiomyoma pathogenesis may contribute to the identification
of new therapeutic targets and the development of new phar-
macological approaches.

Introduction

Uterine leiomyomas are monoclonal tumors in which interac-
tions of sex steroids, somatic mutations and growth factors
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are involved in the neoplastic transformation of the myome-
trium (1). Several studies suggest that ovarian hormones and
genetic factors may have a role in leiomyoma growth (2).
The extracellular matrix (ECM) of the leiomyoma is consti-
tuted predominantly of collagens, proteoglycans and matrix
glycoproteins, and their overproduction is directly involved
in leiomyoma volume expansion (3). The development of the
fibroid is due to the hyper-production of collagen and to the
lack of degradation (4).

The leiomyoma is characterized by cytoskeletal alterations
influencing contractility, cell migration and cell prolifera-
tion (5). TNF-a upregulates MMP-2 expression and stimulates
cell migration through the extracellular signal-regulated
kinase (ERK) pathway in the leiomyoma (6). Integrin plays
a key role in cytoskeletal remodeling towards activation of
RHOA (transforming protein RhoA), which takes part in cell
signaling leading to cell contractility, ECM stiffening and
tumor growth (7).

RHOA is essential in the regulation of the signal trans-
duction pathway, and is involved in a microtubule-dependent
signal required for the myosin contractile ring formation
during cell cycle cytokinesis (8). Cell migration requires cyto-
skeletal rearrangement and RHOA is crucial in the regulation
of this mechanism: by activating MYL9 (myosin regulatory
light polypeptide 9), it increases the metastatic potential in
cancer cells (9).

Several factors can induce alterations in the mechanotrans-
duction signal from ECM via the transmembrane receptor to
the interior of the cell (10). This signal causes the reorganiza-
tion of the actin cytoskeleton, mediated by RHOA, inducing
cell proliferation (11).

In this study, we present the data of the altered expression
of several cytoskeletal proteins involved in cell migration in
the tissue of the leiomyoma compared to the normal myome-
trium.

Materials and methods

Tissue samples were obtained from ten premenopausal
patients who underwent hysterectomy for symptomatic uterine
leiomyomas. The procedures complied with the Declaration
of Helsinki and were approved by the Review Board of the
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Institute for Maternal and Child Health - IRCCS ‘Burlo
Garofolo’ (Trieste, Italy). All subjects signed a written
informed consent.

The median age of patients was 46.5 with a minimum of
42 years and a maximum of 52 years.

Tissue samples. Two samples were collected from each patient:
one from the central area of the leiomyoma and one from the
unaffected myometrium. All the leiomyomas were confirmed
histologically as benign ordinary leiomyomas. Samples were
stored at -80°C until proteomic analysis was performed.

Two-dimensional gel electrophoresis. Clean leiomyoma and
myometrium (300 mg each) were homogenized in 1.2 ml of
dissolution TUC buffer [7 M urea, 2 M thiourea, 4% CHAPS,
40 mM Tris, 65 mM DTT and 0.24% Bio-Lyte (3-10)] with
a protease inhibitor mix (2 mM PMSF, 1 mM benzamidine,
1 mM EDTA, 1 mM NaF) and a trace of bromophenol blue.
The solutions were vortexed at maximum speed several
times and kept at room temperature for 1 h and centrifuged
at 10,000 x g at 4°C for 30 min. The protein content of the
supernatant was determined using the Bradford assay. Eight
hundred micrograms of proteins from each sample were used
for the 2-DE analysis.

NL IPG Readystrips, 18-cm, pH 3-10 (Bio-Rad, Hercules,
CA, USA) were rehydrated at 50 V for 12 h at 20°C. Isoelectric
focusing (IEF) was performed in a Protein IEF cell (Bio-Rad)
setto 170.000 Vh. After IEF, the IPG strips were equilibrated by
serial incubation (20 min) in an equilibration buffer (6 M urea,
2% SDS, 50 mM Tris-HCI pH 8.8,30% glycerol, and 1% DTT)
and in an equilibration buffer containing 4% iodoacetamide
instead of DTT. Equilibrated IPG strips were transferred onto
a 12% polyacrylamide gel for the second dimension. After the
second dimension, gels were fixed and stained for 48 h with
colloidal Coomassie Blue, and excess dye was removed with
distilled water. On average, three experimental replicates were
performed per sample. Molecular masses were determined by
precision protein standard markers (Bio-Rad). 2-DE gels were
scanned with a Molecular Imager PharosFX system (Bio-Rad)
and the quantitative analysis of the spots was carried out using
the ProteomeWeaver 4 program (Bio-Rad).

Quantification of spot levels. Spot normalization was auto-
matically performed by the software and was based on a
normalization algorithm intended for numerical analysis,
which did not require any internal standard. For each gel
an intensity factor was computed to ensure all normaliza-
tion factors were as close to one as possible. The matching
produced a list of super spots, which represent certain protein
species present in the gel. For the correct matching, each super
spot was manually controlled prior to normalization. For each
matched pair of gels, the quotient between the pair-matched
spot was calculated. The normalization factor was the median
of these quotients (ProteomeWeaver 4 program; Bio-Rad).

Trypsin digestion and MS analysis. Spots from 2-DE were
washed 4 times with 50 mM NH,HCO; and acetonitrile (ACN;
Sigma-Aldrich) alternatively and dried under vacuum in a
SpeedVac system. Three microliters of 12.5 ng/ul sequencing
grade modified trypsin (Promega, Madison, WI, USA) in
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50 mM NH,HCO; was added to each gel spot and samples
were digested overnight at 37°C. Peptides were extracted with
three changes of 50% ACN/0.1% formic acid (FA; Fluka),
dried under vacuum and stored at -20°C until mass spectro-
metry (MS) analysis was performed.

Samples were dissolved in 10 pl of 0.1% trifluoro-
acetic acid (TFA; Riedel-de Haén). One microliter of each
sample was mixed with 1 ul of matrix solution (a-cyano-
4-hydroxycinnamic acid; Fluka). Five mg/ml in 70%
ACN/0.1% TFA) and 0.8 ul of the resulting solution were
spotted onto a stainless steel MALDI target plate for the MS
analysis on the MALDI-TOF/TOF 4800 analyzer (AB Sciex,
Framingham, MA, USA). The analysis was performed in a
data dependent mode: a full MS scan was acquired from each
sample, followed by MS/MS spectra of the ten most intense
signals.

Few samples that could not be identified by
MALDI-TOF/TOF analysis were further analyzed by
LC-MS/MS on an LTQ-Orbitrap XL mass spectrometer
(Thermo Fisher Scientific, Rockford, IL, USA), coupled
with a nano-HPLC Ultimate 3000 (Dionex - Thermo Fisher
Scientific). Samples were loaded onto an in-house pico-frit
column packed with C18 material (ReproSil, 3OOA, 3 ym; Dr.
Maisch HPLC GmbH) and separated using a 20-min linear
gradient of ACN/0.1% formic acid (from 3 to 40% ACN), at a
flow rate of 250 nl/min. Capillary voltage was set at 1.3-1.5 kV
and source temperature at 200°C. The analysis was performed
in a data dependent mode, and a full scan at 60,000 resolution
on the Orbitrap was followed by MS/MS fragmentation scans
on the ten most intense ions acquired with CID fragmentation
in the linear trap.

MS and MS/MS spectra obtained from MALDI-TOF/TOF
analysis were converted into MGF (Mascot generic format)
files to be elaborated with Proteome Discoverer 1.4 (Thermo
Fisher Scientific), while raw data files from the LTQ-Orbitrap
XL mass spectrometer were directly analyzed with the soft-
ware. Proteome Discoverer was interfaced to a Mascot search
engine, version 2.2.4 (Matrix Science, London, UK).

The database used for protein identification was UniProt
Human (version 20140709, 88993 sequences), while enzyme
specificity was set to trypsin with 1 missed cleavage. The mass
tolerance window was set to 10 ppm for parent mass and to
0.6 Da for fragment ions for the files from LTQ-Orbitrap XL,
while the tolerances were 50 ppm (parent) and 0.3 Da (fragment
ions) for the MALDI-TOF/TOF data. Carbamidomethylation
of cysteine residues was set to ‘fixed modification’ and methio-
nine oxidation to ‘variable modification’.

Proteome Discoverer calculates a false discovery rate
(FDR) based on the parallel search against a randomized
database. Proteins were considered as positive hits if at least
two independent peptides were identified with medium (95%)
or high (99%) confidence.

STRING 9.0 network analysis and biological functions.
Possible connections among identified cytoskeletal proteins
with significant variations as compared to normal myome-
trium versus leiomyoma were analyzed by a protein and gene
network software. For each protein, related gene names were
acquired in UniProtKB and used for network generation by
the use of STRING 9.0 (http://www.string-db.org/).
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Figure 1. Two-dimensional electrophoresis map of normal myometrium and uterine leiomyoma proteome. Immobilized pH gradient 3-10 NL strip in the first

dimension and a 12% polyacrylamide gel in the second dimension.

Differential proteins distributed in the biological function
data were obtained from Gene Ontology (http://amigo.geneon-
tology.org/rte).

Western blotting. Western blot analysis was performed as
previously described (12). Protein extracts (30 ug) used for
2-DE were separated by 10% SDS-PAGE, and then trans-
ferred to a nitrocellulose membrane in a blotting chamber.
The residual binding sites on the membrane were blocked
by treatment with defatted dry milk proteins, and incubated
overnight at 4°C with 1:1,000 diluted primary rabbit poly-
clonal antibody against myosin regulatory light polypeptide 9
(Sigma-Aldrich). After washing, membranes were incubated
with an HRP-conjugated anti-rabbit IgG (Sigma-Aldrich) in
a dilution of 1:3,000. At the end the protein expression was
visualized by chemiluminescence (SuperSignal West Pico
Chemiluminescent; Thermo Fisher Scientific) according to
manufacturer's instructions. The intensity of the signals was
quantified by VersaDoc Imaging system (Bio-Rad). The inten-
sities of the immunostained bands were normalized with the
total protein intensities measured by Coomassie brilliant blue
G-250 from the same blot.

Statistical analyses. Statistical analyses were carried out
with the non-parametric Wilcoxon sign-rank test for paired
samples for both 2-DE and western blot data. A p-value <0.05
was considered as statistically significant. Analyses were
conducted with Stata/IC 12.2 for Windows (StataCorp LP,
College Station, TX, USA).

Results

Proteomic studies. Using the 2-DE coupled with MS, a
comparative proteomics analysis was performed between
uterine leiomyoma and myometrium tissues. Correlation
analysis of gel-pairs performed well, with average matching
efficiency of about 75%. An average of 2,200 spots was detected

on gels for both types of proteomes. In this study 10 protein
spots, belonging to cytoskeletal proteins with several biolog-
ical functions, were found to be significantly dysregulated in
leiomyoma samples compared to the myometrium. Eight spots
were significantly upregulated (>1.5-fold) and two were signif-
icantly downregulated (<0.6 fold) (Fig. 1), and corresponded to
10 proteins identified by MALDI-TOF/TOF and LTQ-Orbitrap
XL by searching the MS/MS data against the human section of
the UniProt database (Table I). We found a significant increase
in the leiomyoma of tubulin § (TUBB), myosin regulatory
light polypeptide 9 (MYL9), desmin (DES), four and a half
LIM domains protein 1 (FHL1), keratin, type II cytoskeletal 1
(KRT1), keratin, type I cytoskeletal 9 (KRT9), LIM and SH3
domain protein 1 fragment (LASPI), actin a cardiac muscle 1
(ACTC1). Transgelin (TAGLN), prelamin A/C (LMNA) were
found to be significantly downregulated in the leiomyoma
compared to the myometrium.

Three of these proteins are involved in the promotion of
cell migration (FHL1, LASP1 and MYL9), while TAGLN is
involved in replicative senescence.

Validation of myosin regulatory light polypeptide 9. In this
study we decided to validate myosin regulatory light polypep-
tide 9 (MYLY9) because it is considered to be a cell migration
marker, in several cancers and could play a key role in leio-
myoma development. MYL9 expression in seven leiomyomas
was compared to the expression in matched normal myome-
trial tissue samples by western blot analysis. MYL9 expression
was significantly higher in the leiomyoma with respect to the
myometrium, confirming results obtained from the 2-DE
analysis. In Fig. 2 we report the quantitative analysis of MYL9
expression (P=0.031). We opted for a Coomassie staining
protocol because, as described by Lv et al (13), and according
to our results, the two housekeeping proteins, -actin and
tubulin, are upregulated in leiomyoma, and thus not adequate
as controls. We do not have information on the expression of
the other housekeeping proteins.
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Table I. Cytoskeletal protein expression levels measured by mass spectrometry in the leiomyoma and in the myometrium

proteome.
Accession  Spot Protein Gene Total Fold Biological
no. no. description symbol  score  change® function
P68032 10 Actin, a cardiac muscle 1 ACTC1 248 3.6 Cell motility
Q13642 4 Four and a half LIM domains protein 1 ~ FHL1 224 34 Cell migration
P04264 5 Keratin, type II cytoskeletal 1 KRT1 107 34 Regulators of inflammation
Q14847 9 LIM and SH3 domain protein 1 LASP1 66 2 Cell migration
fragment
P24844 2 Myosin regulatory light MYL9 100 1.8 Cell migration
polypeptide 9
P17661 3 Desmin DES 190 1.6 Main component of
intermediate filaments
P35527 8 Keratin, type I cytoskeletal 9 KRT9 214 1.6 Keratin filament assembly
P07437 1 Tubulin f chain TUBB 317 1.6 Compnent of microtubules
P02545 7 Prelamin-A/C LMNA 120 0.5 Nuclear assembly/chromatin
organization
Q01995 6 Transgelin TAGLN 1,200 0.5 Replicative senescence

“Fold change is the ratio between the mean intensity levels of the uterine leiomyoma and the normal myometrium.
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Figure 2. Western blot analysis of myosin regulatory light polypeptide 9 (MYL9) in paired myometrium (M) and leiomyoma (L). The intensity of immunos-
tained bands was normalized against the total protein intensities measured from the same blot stained with Coomassie blue. The bar graph shows the relative
expression (band density) of myosin regulatory light polypeptide 9 in the myometrium and the leiomyoma. Results are shown as a histogram (P<0.05) and each

bar represents mean + SD.

Protein-protein interaction analysis. The dysregulated cyto-
skeletal related proteins identified in this study were loaded
on STRING 9.0 to generate a prediction of protein-protein
interaction networks. The strongest interactions were between:
LASP1 and ACTC1 (combined score, 0.774), and KRT1 and
KRT9 (combined score, 0.76) (Fig. 3A). We further analyzed
the interaction between transforming protein RhoA (a key
protein in the regulation of the signal transduction pathway
involved in leiomyoma growth) and the proteins identified in
our study (Fig. 3B).

The strongest evidence was the interaction between RHOA
and MYL9 (combined score, 0.99). Another interesting result
based on action prediction was the activation of MYLO9 by
RHOA (Fig. 3C).

Discussion
Several studies have highlighted the role of extracellular

forces in the reorganization of the cytoskeleton in leiomyoma
cells. Increases in mechanical stress induce an excessive ECM
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Figure 3. Prediction by STRING database. (A) Cytoskeletal protein interaction on confidence prediction. (B) Cytoskeletal and RHOA protein on confidence
prediction. (C) Green arrow indicates activation of MYL9 from RHOA on activate prediction. Abbreviations are given in the text.

deposition and tumorigenesis promotion (11,14). Cytoskeleton
integrity plays an important role in cell cycle progression,
death and differentiation, and abnormal cytoskeleton func-
tions are often observed in leiomyoma cells (15).

To the best of our knowledge, this is the first proteomics
study presenting data on the expression of several cytoskeletal
proteins involved in cell migration.

Actins and tubulin are two major components of the cyto-
skeleton, with key roles in cell morphology (16). Disassembly
of actin and microtubule dynamic instability may be associ-
ated to leiomyoma growth (17). A wide variety of anticancer
drugs are able to bind to TUBB, interfering with the microtu-
bule dynamics such as paclitaxel (18). The uterine leiomyoma
consists mainly of smooth muscle cells with abundant expres-
sion of DES (19). The overexpression of desmin inside and
outside of the cell certainly indicates its involvement in the
mechanotransduction and in tumor development (10).

FHLI regulates cytoskeleton-associated proteins (20) and
its overexpression in myoblasts inhibits cell adhesion and
promotes cell migration (21). Studies on FHL1 gene expres-
sion have shown that FHL1 knockdown induces inhibition of
cell proliferation (21). These studies can help understanding of
the possible involvement of FHLI in leiomyoma cell prolifera-
tion and growth.

In the leiomyoma, integrin activation takes place by cell
contractility and by ECM stiffening. Integrin leads to the acti-
vation of RHOA, which activates myosin light chain kinase.

Phosphorylation of MYL9 by myosin light chain kinase plays
an important role in the regulation of smooth muscle cell
contractile activity and is implicated in cytokinesis and cell
locomotion (4,22).

MYLO is considered to be a cell migration marker in
breast cancer and its expression is necessary for cytoskeletal
dynamics and experimental metastasis (23,24). For the first
time, in this study we report the validation of MYL9 expres-
sion by western blot, confirming the 2-DE result. The STRING
interaction network shows the activation of MYL9 by RHOA,
and this result is corroborated by the literature.

Keratins constitute the intermediate filament of the
cytoskeleton in the epithelia and KRT1 is one of the major
constituents of the cytoskeleton of keratinocytes (25). KRT1
plays an essential role in preserving the integrity of the cell
from mechanical stress, and in the protection of the cell from
inflammation (25). KRT9 is another constituent of the inter-
mediate filament cytoskeleton identified in our study revealing
overexpression of this protein in the leiomyoma with respect to
the normal myometrium.

LASPI1, an actin-binding protein, plays a role in the orga-
nization of the cytoskeleton, is involved in a signaling pathway
and in the regulation of cell migration and proliferation (26).
Our STRING network data confirm the interaction between
LASP1 and actin. Specific phosphorylation of LASP1 at
serine/threonine and tyrosine regulates the function and the
localization of the protein. LASPI is overexpressed in breast
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and ovarian cancer, promoting cell migration and prolif-
eration (27). This evidence supports our results regarding the
overexpression of LAPSI in the leiomyoma compared to the
normal myometrium.

ACT]1 belongs to the actin isoforms a, which are found in
muscle tissues and are a major constituent of the contractile
apparatus (28). This protein is recruited at early stages of cell
adhesion (29). Previously published studies have found an
interaction between a-actinin and actin, and have suggested
a possible role of a-actinin in adhesion maturation (29). In
the leiomyoma, the overexpression of ACTCI can lead to the
dysregulation of the cytoskeleton, inducing proliferation and
growth (4,22).

Finally, we found that LAMN A/C and TAGLN are down-
regulated in the leiomyoma proteome. Our results are in line
with our previous study on interstitial fluid (10).

Lamins constitute a class of intermediate filament with
structural and functional roles, involved in dynamic chro-
matin organization and gene transcription (30). Increasing
of mechanical forces in ECM may induce a downregulation
on lamin, inducing chromatin remodeling and dysregulation
of gene expression involved in cell proliferation and adhe-
sion (31).

Transgelin is an abundant protein of smooth muscle cells
involved in the stabilization of actin filaments and is directly
and indirectly involved in many cancer-related processes such
as proliferation, migration, differentiation and apoptosis (32).
Evidence shows how transgelin acts as a tumor suppressor (33)
and its downregulation in the leiomyoma promotes cell prolif-
eration, and is consequently associated with the growth of the
fibroid tumor (34).

In conclusion, the 2-DE approach remains the technique of
choice for comparative proteomic.

Our data demonstrate significant alterations in the expres-
sion of cytoskeletal proteins in the leiomyoma tissue compared
to the normal myometrium. These proteins are involved in
cell migration, tumor growth and cell proliferation. All the
dysregulated cytoskeletal proteins may be directly involved
in signaling pathway, contributing to the development of the
leiomyoma. A better understanding of the involvement of
cytoskeletal proteins in leiomyoma growth may help identify
new therapeutic targets for the development of new pharmaco-
logical approaches.
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