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Abstract

Uterine leiomyomas are characterized by an excessive extracellular matrix, increased mechanical

stress, and increased active RhoA. Previously, we observed that mechanical signaling was

attenuated in leiomyoma, but the mechanisms responsible remain unclear. Integrins, especially

integrin β1, are transmembrane adhesion receptors that couple extracellular matrix stresses to the

intracellular cytoskeleton to influence cell proliferation and differentiation. Here we characterized

integrin and laminin to signaling in leiomyoma cells. We observed a 2.25 ± 0.32 fold increased

expression of integrin β1 in leiomyoma cells, compared to myometrial cells. Antibody-mediated

inhibition of integrin β1 led to significant growth inhibition in leiomyoma cells and a loss of

cytoskeletal integrity. Specifically, polymerization of actin filaments and formation of focal

adhesions were reduced by inhibition of integrin p1. Inhibition of integrin β1 in leiomyoma cells

led to 0.81 ± 0.02 fold decrease in active RhoA, and resembled levels found in serum-starved

cells. Likewise, inhibition of integrin β1 was accompanied by a decrease in phospho-ERK.

Compared to myometrial cells, leiomyoma cells demonstrated increased expression of integrin α6

subunit to laminin receptor (1.91 ± 0.11 fold), and increased expression of laminin 5α

(1.52±0.02), laminin 5β (3.06±0.92), and laminin 5γ (1.66 ± 0.06). Of note, leiomyoma cells

grown on laminin matrix appear to realign themselves. Taken together, the findings reveal that the

attenuated mechanical signaling in leiomyoma cells is accompanied by an increased expression

and a dependence on integrin β1 signaling in leiomyoma cells, compared to myometrial cells.
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1. Introduction

Uterine leiomyomata is a clinically important fibrotic disease that may result in a cost

exceeding 34 billion dollars to the US health care system (Cardozo et al., 2012). The most
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common symptom is abnormal bleeding which may require surgical removal of the uterus

due to symptom severity (Walker and Stewart, 2005; Sabry and Al-Hendy, 2012). The

tumors are composed of excessive extracellular fibrous proteins including the collagens,

proteoglycans and glycosamines (Wolańska et al., 1998; Nowak, 2001; Malik et al., 2010).

It is the excessive amount of extracellular matrix (ECM) secreted by the leiomyoma cells

that makes up the tumor bulk resulting in symptoms (Fujita, 1985; Wolańska et al., 1998;

Mitropoulou et al., 2001). Proteins of the matrix bind to transmembrane cell surface

adhesion receptors, called integrins, that connect the ECM to the intracellular actin

cytoskeleton and via signaling molecules initiate intracellular cascades which control cell

shape, migration, proliferation, differentiation and survival (Giancotti and Ruoslahti, 1999;

Belkin and Stepp, 2000; Miranti and Brugge, 2002; Schwartz and Ginsberg, 2002).

Integrins are transmembrane α and β heterodimer receptors that bind specifically to ECM

proteins and are important for the bidirectional signaling across the cell membrane. There

are 18-α and 8-β subunits known, which combine in a wide array of heterodimers (Giancotti

and Ruoslahti, 1999; Juliano, 2002; Margadant et al., 2011). A single ECM protein can

associate with more than one integrin receptor (Giancotti and Ruoslahti, 1999). The most

prevalent β subunit is the β1 integrin which has a broad pattern of expression (Hynes, 1992;

Meredith et al., 1993; Tian et al., 2002; Wang et al., 2005) and forms a heterodimer with

most α subunits (Shimaoka et al., 2002). Integrin β1 plays a critical role in a number of

cellular functions such as cell adhesion and invasiveness (Arao et al., 2000; Whittard and

Akiyama, 2001; Sawai et al., 2005; Lau et al., 2012), cell differentiation and proliferation

(Streuli and Bissell, 1991; Streuli et al., 1991; Carroll et al., 1995; Faraldo et al., 2000;

Mukhopadhyay et al., 2004; Lahlou and Muller, 2011), cell survival (Howlett et al., 1995;

Wang et al., 2005) and morphogenesis (Fassler et al., 1995; Bagutti et al., 1996; Bouvard et

al., 2001). Bissell and coworkers demonstrated reversion of malignant breast cancer cells to

normal phenotype on inhibition of integrin β1 in 3-dimensional cultures (Weaver et al.,

1997).

Integrins cluster into focal adhesions (FA) to coordinate extracellular matrix with

intracellular cytoskeleton filaments (Schoenwaelder and Burridge, 1999; DeMali et al.,

2003). Integrin activation directs polymerization and organization of intracellular actin

filaments. Actin nucleation involves the Rho family GTPases that trigger stress fiber

formation and assembly of FA (Ridley and Hall, 1992; Machesky and Hall, 1997; Schwartz

and Shattil, 2000). Accordingly, Rho GTPases influence cytoskeletal re-arrangement,

contractility and cell proliferation (Hall, 1994; Schwartz and Shattil, 2000; Etienne-

Manneville and Hall, 2002; Wettschureck and Offermanns, 2002). The focal adhesions also

provide the cell with attachment points through which the actin/stress filaments can generate

mechanical stress through associated proteins such as filamins, focal adhesion kinases

(FAKs) and integrin linked kinase complexes (Wickström et al., 2010). Importantly, altered

states of mechanical stress can cause fibrosis by stimulating fibroblasts to deposit excessive

extracellular matrix (Paszek and Weaver, 2004). In addition, fibrosis is also associated with

increased laminin expression in liver (Plebani and Burlina, 1991; Neubauer et al., 2001;

Rosa and Parise, 2008), bone marrow (Reilly, 1997; Wang, 2005), skin (Herrmann et al.,

1990; Segarra et al., 2000) and lungs (Chilosi et al., 2006; Dekkers et al., 2010; Katayama et

al., 2010).
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Our previous studies examined the altered composition of ECM (Catherino et al., 2004) and

altered structure of the ECM (Leppert et al., 2004) in leiomyoma. Furthermore, we observed

that leiomyomas feature increased mechanical stress (Rogers et al., 2008), but paradoxically

leiomyoma cells exhibited an attenuated response to mechanical cues, compared to

myometrial cells (Norian et al., 2012). Collectively, these observations suggested that

altered coupling of the ECM to internal mechanical signaling may contribute to leiomyoma

growth.However, little is known about the integrins and the fidelity of their function in

leiomyomas. Taylor and coworkers (Taylor et al., 1996) using immunohistochemistry

demonstrated no differential expression in integrin distribution pattern in both leiomyomas

and normal myometrium. However,Wolańska et al. (2001) showed that an increase in the

uterine leiomyoma weight is accompanied by increased β1 integrin receptor expression and

prolidase activity. Here we profiled the integrin α and β subunits in leiomyoma and patient

matched myometrium cell lines, analyzed the differences in their expression, and suggest the

role played by integrins in the actin cytoskeleton that could contribute to the mechanical

stress.

2. Results

2.1. Integrin receptor subunits were upregulated in leiomyoma cells

The myometrial (M) and leiomyoma (L) immortalized cell lines expressed both α and β

subunits of the integrin receptors that bind to structural ECM proteins, including collagen,

laminin and fibronectin. As shown in Table 1, integrin receptor subunits were >10 fold

greater in amount relative to the isotype controls for both the cell lines. The integrin subunit

β3 was present in both the myometrial (2.1±0.06 fold) and leiomyoma (1.8±0.12 fold) cell

lines but expression was significantly lower, compared to other integrins. We further

analyzed the fold difference of each integrin in the leiomyoma versus myometrial cells. We

observed a 2.25±0.32 fold (p=0.011) increased concentration of β1 subunits in the

leiomyoma cells (Fig. 1a). A similar increase in β1 subunit was observed by

cytoimmunofluorescence (Fig. 1b). As shown in Table 1, integrin subunit α6 was also

elevated in leiomyoma cells compared to myometrial cells (1.91±0.11, p= 0.002). Integrin

subunits α1 (0.71±0.06) and β2 (0.76±0.059) were significantly lower in leiomyoma cells

(p<0.05) whereas other subunits were not significantly different between myometrial and

leiomyoma cell lines. Fibronectin specific integrin receptor CD51/61(αvβ3) was

significantly upregulated (1.42±0.06, p= 0.02) in leiomyoma cells.

2.2. Functional inhibition of integrin β1 inhibited cell proliferation

Myometrial and leiomyoma cell lines demonstrated a time and concentration dependent

decrease in cell proliferation in the presence of a β1 integrin function inhibiting antibody

(Fig. 2). The difference in proliferation of myometrial and leiomyoma cell lines was

observed at concentrations of ≥0.25 μg/ml. Leiomyoma cells demonstrated significant

growth inhibition 61±9.0% at 1 μg/ml, compared to controls. Myometrial cells at higher

concentrations demonstrated 20% growth inhibition or 79±4.0% growth compared to the

untreated cells. At the end of 120 h of exposure both the cell lines demonstrated a further

10% growth inhibition, compared to 72 h, at all concentrations. Control antibody did not

affect proliferation of either myometrial or leiomyoma cells.
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2.3. Cytoskeletal reorganization of leiomyoma cells is dependent on integrin β1

Cytoskeletal filaments are reduced in cells cultured in the absence of serum (Hall, 1994;

Machesky and Hall, 1997); therefore we used serum starvation of leiomyoma cells to study

the effect of inhibition of integrin β1 on actin filament nucleation. Leiomyoma cells grown

in complete media (DMEM/F12 containing 10% FBS) demonstrated the F-actin fibrils as

shown by red fluorescence. Focal adhesion (FA) points were detected by staining of focal

adhesion kinases (FAKs) in green fluorescence (Fig. 3A1 and A2). Serum starvation of the

cells for 6 h (3B) and 24 h (3C) resulted in a continuous loss of FAKs, as well as F-actin, as

indicated by decreased green and red fluorescence, respectively. Addition of complete media

to the serum starved leiomyoma cells for 24 h demonstrated increased red (F-actin) and

green (FAK) fluorescence indicating a recovery of the cytoskeleton organization in these

cells. Serum starved leiomyoma cells that were pretreated for 6 h with the integrin β1

antibody before exposure to complete media (10% FBS) for 24 h demonstrated limited

recovery of the cytoskeletal organization (3E).

2.4. RhoA activity and ERK pathway regulate cytoskeletal integrity in leiomyoma cells

Serum containing lysophosphatidic acid activates Rho GTPases resulting in assembly of a

robust actin cytoskeleton (Machesky and Hall, 1997). Leiomyoma cells demonstrated

1.47±0.09 fold increased active Rho as compared to myometrial cells in culture in the

presence of 10% FBS (Fig. 4a). After treatment with 1 μg/ml of anti-β1 antibody for 24 h,

the total active Rho in treated leiomyoma cells was significantly decreased (0.81±0.02 fold)

compared to the untreated leiomyoma cells cultured in complete media (1.54±0.01 fold).

Serum starvation of leiomyoma cells resulted in a similar fold decrease (0.74±0.02 fold) of

active Rho in leiomyoma cells compared to unexposed leiomyoma cells. After addition of

complete media (10% FBS) to serum starved cells, an increase in active Rho was observed,

to values similar to untreated control cells. Of note, an increase in active Rho upon addition

of serum was inhibited by addition of 1 μg/ml of antibody directed against integrin β1.

As demonstrated in Fig. 4b, both myometrial and leiomyoma cells grown in complete media

expressed similar total ERK concentration (42 and 44KDa bands). Concentration of

phosphorylated-ERK (pERK) was 1.23±0.03 fold increased as compared to total ERK in

leiomyoma cells. In the presence of 1 μg/ml of anti-β1 antibody for 24 h, the leiomyoma

cells demonstrated a 1.78±0.06 fold lower amount of pERK and no significant change in

total ERK as compared to the corresponding control cells.

2.5. Increased laminin expression may contribute to fibrotic nature of leiomyomata disease

Based on the flow cytometry results on laminin receptor specific integrin subunit α6

expression in leiomyoma cells, we analyzed the total laminins in leiomyoma cells. Increased

laminins are also a hallmark of fibrotic diseases (Reilly, 1997; Neubauer et al., 2001; Chilosi

et al., 2006). Compared to myometrial cells, we observed an elevated amount of total

laminins in leiomyoma cells (2.04±0.03 fold, p<0.01). We further analyzed the gene

expression of α, β and γ strands of laminin-5 to which the integrin α6 acts as a receptor.

Using real time qRT-PCR we observed a significant increase in total RNA transcripts of

laminin 5α (1.52±0.02), laminin 5β (3.06±0.92) and laminin 5γ (1.66±0.06) in leiomyoma

cells. We also observed that the leiomyoma cells plated in laminin coated culture plates
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align themselves in parallel as compared to the same cells growing in either plastic or

collagen-1 coated plates (Fig. 5).

3. Discussion

Integrins are transmembrane receptors that integrate the intracellular cytoskeleton with the

ECM. These adhesion receptors are directly or indirectly involved in organization of the

cytoskeleton, cell proliferation, and detachment from the ECM resulting in programmed cell

death (Schwartz and Ginsberg, 2002; Giancotti and Tarone, 2003). Integrin function is

critical in the regulation of gene expression, tissue development, angiogenesis, tumor cell

growth and metastasis (Kumar, 1998; Schwartz and Ginsberg, 2002). The presence of

integrins in uterine leiomyomas has been observed by several investigators (Mechtersheimer

et al., 1994; Taylor et al., 1996; Wolańska et al., 2001). Taylor and coworkers (Taylor et al.,

1996) demonstrated no difference in integrin expression pattern between fixed leiomyoma

and myometrium tissue sections by visual grading. Furthermore, in leiomyoma tissue,

Wolańska et al. (2001) attributed increased weight of the leiomyomas to increased collagen

secretion and consequently β1, which is a subunit to the most integrin receptors that bind to

collagen. We went further, using leiomyoma and patient matched myometrial cell lines to

demonstrate a significant upregulation of β1 (CD29) and α6 (CD49f) integrin subunits in

leiomyoma cell line and the presence of integrin α2 in both cell lines with no significant

difference (Table 1). We have previously demonstrated elevated COL1A, COL3A and

COL4A expression in primary cultures and the immortalized leiomyoma cells similar to the

tissue from which they are derived (Malik and Catherino, 2007; Malik et al., 2008), and now

we demonstrate increased expression of integrin β1 in the immortalized cell lines.

Integrin β1 is a versatile subunit that binds to various α subunits to form receptors for most

ECM proteins including collagen 1, fibronectin and laminins. In this study, the higher

concentration of β1 subunit in leiomyoma cells correlated with the higher inhibition of

proliferation compared to myometrial cells, when the action of integrin β1 subunit was

inhibited. Our method of measuring cell proliferation demonstrated alterations in protein

concentration as a surrogate for cell number. Due to this method, it is difficult to separate

the impact of proliferation and apoptosis. We therefore cannot rule out that alterations in

proliferation may be due to apoptosis as we have observed in 3D cultures (Malik and

Catherino, 2012). In conclusion, inactivation of β1 subunit leads to loss of adherence

between the cells and the matrix (Howlett et al., 1995; Wang et al., 2005; Lahlou and

Muller, 2011; Malik and Catherino, 2012) which results in changes in cellular biochemical

pathways and cell death (Stupack et al., 2001; Stupack, 2007).

In this study, actively growing leiomyoma cells demonstrated focal adhesions and activation

of tyrosine kinase such as FAKs which are controlled by increased activation of Rho

GTPases. Serum is known to contain lysophosphatidic acid which activates Rho and

assembles stress actin filaments (Hall, 1994). We have demonstrated increased levels of

active RhoA in leiomyoma tissues compared to patient matched myometrium (Rogers et al.,

2008; Norian et al., 2012) consistent with the results in Fig. 4. Serum starvation can lead to

dissolution of the actin cytoskeleton and disassembly of FA (Ridley and Hall, 1992; Hall,

1994, 1998) as we observed in leiomyoma cells. We further observed that re-exposure to
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serum results in increased Rho activity, assembly of FA complexes and repolymerization of

actin stress fibers, as has been reported in other cell types (Chrzanowska-Wodnicka and

Burridge, 1994; Hall, 1994, 1998). Importantly, in leiomyoma cells, integrin β1 activity was

required for increase in RhoA in the serum-exposed cells following serum starvation, as well

as formation of focal adhesions and actin repolymerization. Involvement of the β1 integrins

in Rho-dependent activation of cytoskeletal actin fibrils has been well documented in many

cell types (Wei et al., 2001; DeMali et al., 2003) and is involved in the overall cellular

regulation (DeMali et al., 2003). The increased basal expression of integrin and laminin,

coupled with the attenuated response of leiomyoma cells to mechanical cues, suggests that

the impairment in mechanotransduction (Norian et al., 2012) may lie downstream of integrin

signaling; a possibility that requires additional study.

One candidate biochemical pathway downstream of integrin aggregation and FAK

activation is the MAPK/ERK pathway, a key pathway in gene expression and cell cycle/

proliferation. ERK in turn can activate transcription factors such as serum response factor

(SRF), a key player in cell growth and differentiation, wound healing and smooth muscle

development (Chai and Tarnawski, 2002; Miano, 2003; Wang and Olson, 2004). Though no

significant difference was observed in total ERK activity in myometrial and leiomyoma cells

growing in culture, the phosphorylated ERK was increased in leiomyoma cells indicating

activation of the ERK pathway. We observed that inhibition of the integrin β1 subunit

activity led to overall inhibition of the integrin aggregation induced by the serum, and

ultimately the inhibition of the ERK pathway. Inhibition of the ERK phosphorylation in the

leiomyoma cells may trigger the apoptosis of cells as was observed in 3-dimensional

cultures (Malik and Catherino, 2012). We interpret these findings to suggest that the

impairment in mechanotransduction in leiomyoma cells is not related to reduction in ERK

coupling to integrins.

An interesting observation was the upregulation of the CD49f (α6) subunit in the leiomyoma

cells. For cellular adhesion, integrin α6 subunit along with the β1 subunit forms one of the

major receptors for the laminins on surface of the cells (Enomoto-Iwamoto et al., 1993;

Belkin and Stepp, 2000) and plays an important role in fibrotic diseases in both early and

late stages (Magro et al., 1997; Wagrowska-Danilewicz and Danilewicz, 2004; Heng et al.,

2006; Gressner et al., 2009; Nakanuma et al., 2010). We previously (Catherino et al., 2004)

demonstrated the myofibroblastic phenotype of the leiomyomas and our results on increased

laminins and its integrin receptors support the overall fibrotic nature of this disease.

Increased laminin receptor integrins may also explain our findings of realignment of

leiomyoma cells on laminin coated plates. Cultured cardiac myocytes when grown on

laminin spread out more extensively and appear thinner due to altered surface/volume ratio

(Delcarpio et al., 1989). Our cells grown on laminin appear narrower compared to cells

grown either on rigid plastic or collagen coated plates.

Our previous studies emphasized the importance of the surrounding ECM microenvironment

on the leiomyoma cells in-vivo and in-vitro (Rogers et al., 2008; Norian et al., 2012). Norian

et al. (2012) noted the attenuated response of the leiomyoma cells, grown on a pronectin

coated silicon substrate, to external stress. Our findings suggest that increased integrin β1

signaling may result in increased adhesion to the ECM, which may in turn impair the
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cellular response to ECM signals; thus resulting in an inability of the cell to modify

cytoskeletal structure. This intriguing hypothesis is supported by the inability of leiomyoma

cells to create a normal ECM structure (Leppert et al., 2004). However, inhibition of the

Rho-kinase ROCK did not facilitate reorganization of the actin cytoskeleton (Norian et al.,

2012). In addition, increased Rho activity is followed by phosphorylation of ERKs and

subsequent increased production of ECM including laminins as shown by trabecular

meshwork cells expressing a constitutively active form of RhoA (Pattabiraman and Rao,

2010). Exposure of cells to laminin can lead to loss of active Rho (Liu and Senger, 2004)

and could explain why cells align due to an extracellular cue, since levels of active RhoA are

elevated in leiomyoma cells grown on plastic or silicon substrate; however this explanation

requires additional support. In conclusion, we demonstrated a state of altered mechanical

signaling in leiomyoma cells, compared to normal myometrial cells. Additional studies are

needed to unravel the paradox of the attenuated response to mechanical cues observed in

leiomyoma cells.

4. Experimental procedures

4.1. Flow cytometry

Conjugated primary antibodies to integrins CD49a (α1), CD49b (α2), CD49c (α3), CD49d

(α4), CD49e (α5), CD49f (α6), CD51 (αv), CD29 (β1), CD18 (β2), CD61 (β3), FIB504

(β7), and CD51/61 (αvβ3), as well as the isotype controls were purchased from BioLegend

(San Diego, CA). Immortalized myometrial and leiomyoma cells (Malik et al., 2008) were

analyzed for integrins. Briefly, cells were washed with 1X phosphate buffered saline (PBS)

before trypsinization using TrypLE express (Invitrogen, Carlsbad, CA). The cells were

counted and washed 2–3 times with cell staining buffer (CSB, 2% Fetal Bovine Serum and

0.1% sodium azide in 1X PBS; BioLegend). Aliquots of 1×106 cells were resuspended in

0.1 ml CSB and incubated with saturating amount of conjugated primary antibody and 1 μl

of the reconstituted fluorescent reactive dye (Live/dead stain; Invitrogen) on ice for 30 min

in dark. Following 2–3 washes with CSB the cells were fixed for 15 min on ice and in dark,

using Cytofix (BD Biosciences, Oxnard, CA). After a final wash the cells were resuspended

in 0.4 ml CSB and BD FACSDIva 6.1.3 software was used for acquisition (BD

Biosciences). The data was analyzed by FlowJo 9.4.10 software. Positive and negative

controls are indicated.

4.2. Cell proliferation

Immortalized myometrial and leiomyoma cells were plated in 48-well plates at the

concentration of 1×103 cells/well in complete media containing DMEM-F12 (Dulbecco

Modified Eagle's Medium: Nutrient Mixture F-12), 1X penicillin-streptomycin–neomycin

(PSN), and amphotericin B (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine

serum (FBS, HyClone, ThermoFisher Scientific Inc., Rockford, IL). Once the cells reached

50% confluence they were exposed to integrin β1 function inhibiting antibody (MAB1959,

Millipore) in a serial dilution of concentrations starting at 2 μg/ml, 1 μg/ml, 0.5 μg/ml and

0.25 μg/ml, 0.125 μg/ml and 0.025 μg/ml in DMEM-F12 media containing 10% FBS. Plates

were collected at 24 h, 72 h and 120 h time points. The proliferation of the cells was
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measured using sulforhodamine-B method (Sigma-Aldrich) according to manufacturer's

protocol. The experiment was repeated three times.

4.3. Cytoimmunofluorescence

To study the effect of serum starvation (complete media without the 10% FBS) as well as

the presence of β1 antibody on the stress fibers (F-actin) and focal adhesion (FA) points, the

leiomyoma cells were grown on 8-chambered glass slides (Nalgene Nunc Int., Rochester,

NY). Previously published method was used with minor modifications (Malik and

Catherino, 2007). Briefly, once the cells reached 50– 70% confluence they were either fixed

for cytoimmunofluorescence (controls, 70% confluent) or underwent serum starvation (50%

confluent) before exposure to complete media (10% FBS). The cells were first washed with

1X PBS (no Mg++ or Ca++) before fixation using 4% freshly made paraformaldehyde at

room temperature (RT) for 10 min. After permeabilization with 0.2% Triton X-100 (10 min

at RT), the cells were washed (3 times, 5 min with 1X PBS) and the non-specific sites were

blocked using 1% BSA and 10% normal goat serum. The primary antibodies, Alexa 594

phalloidin (F-actin, 0.1 μM, Invitrogen) and focal adhesion kinase (FAK) (1:500, Invitrogen)

were diluted in half-blocking buffer (blocking buffer 1:1 v/v with 1XPBS). The cells were

exposed overnight at 4 °C in a moist chamber. After three gentle washes with 1X PBS, the

Alexa 488 (Invitrogen) was used as conjugated secondary goat antibody (1 h, RT, moist

chamber) to visualize the FAK expression. After the last wash the slide was dried and

Prolong Gold with DAPI (Invitrogen) was used to fix the coverslip. The cells were

examined under a confocal microscope (Axiovert 405 M epifluorescence inverted light

microscope; Carl Zeiss, Oberkochen, Germany). Images were acquired with a CCD camera

(Hamamatsu Orca, Shizuoka, Japan).

4.4. RNA and protein protocol

Immortalized myometrial and leiomyoma cells were plated in 6-well plates at concentration

of 2×104 cells/well and maintained in complete media at 37 °C and 5% CO2. The monolayer

cultures reaching approximately 70% confluence were exposed to serum-free media for 24 h

and allowed to synchronize. This was followed by treatment with function inhibiting

antibody to integrin β1 at concentrations of 0 μg/ml, 0.01 μg/ml, 0.1 μg/ml and 1 μg/ml in

complete media for 24 h and 72 h. After the specified time points, the cells were either

collected for RNA or protein for further analysis. The experiment was repeated three times

with two replicates for each experiment.

4.5. Quantitative reverse transcriptase-polymerase chain reaction analysis

Real time reverse transcriptase-polymerase chain reaction (RT-PCR) method was used to

evaluate expression of extracellular matrix gene laminin-5 as described previously (Malik et

al., 2008). 18S ribosomal RNA gene was used as an internal control and each sample was

analyzed in triplicate. Bio-Rad iCycler software, version 3.1 was used for data analysis.

4.6. ELISA and G-LISA

Quantification of total laminin proteins in the cells was done by enzyme linked

immunosorbent assay (ELISA) kit (Millipore) according to manufacturers' protocol. Protein
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was collected from myometrial and leiomyoma cells grown in 6-well plates in complete

media using RIPA buffer (Pierce Biotech., Rockford, IL) containing 1X Halt protease

inhibitor (Pierce Biotech.) and quantitated using Precision Red Advanced Protein Assay

Reagent (Cytoskeleton, Inc. Denver, CO).

For active Rho measurements, G-Lisa Rho activation assay kit (Cytoskeleton, Inc.) was

used. Briefly, protein was collected following the manufacturers' protocol, from myometrial

and leiomyoma cells grown in 6-well plates in complete media, as control. Protein was also

collected from cells that underwent the following treatments: 1 μg/ml β1 antibody in

complete media for 24 h, serum starvation for 24 h, re-exposure to complete media (10%

FBS) for 30 min after serum starvation, and addition of integrin β1 antibody to serum

starved cells before re-exposure to complete media. Absorbance was measured using

spectrophotometric plate reader (BioRad) at 490 nm.

4.7. Western blot

Protein was isolated using RIPA lysis and extraction buffer as described previously (Malik

et al., 2008). Briefly, aliquots of the proteins extracted from cultured cells treated with

different concentrations of function inhibiting antibody to integrin β1 for different time

points underwent electrophoreses on a SDS-PAGE under reducing conditions. For the

detection of proteins, blots were incubated overnight at 4 °C, with primary antibody against

ERK and pERK. Horseradish peroxidase (HRP)-conjugated secondary antibody

(ImmunoPure, Pierce Biotech.) in combination with the SuperSignal West Pico (Pierce

Biotech.) was used for the detection of the proteins. As an internal standard between the

samples, HRP labeled anti-human beta-actin (sc-1616; 1:10,000) was used.

4.8. Statistical analysis

For real time RT-PCR data the results are reported as mean±SEM. For each result the

average expression of three replicates was calculated before relative quantification using

normalization against housekeeping gene (18S) was done. Relative expression was

calculated based on Pfaffl Method (Pfaffl, 2001). Wilcoxon-Signed Rank test was used for

nonparametric statistical evaluation. For proliferation data, statistical significance was

calculated by ANOVA followed by student's t-test. Values below p<0.05 were considered

significant. For western blot analysis, calculations were done using QualityOne software

from Bio-Rad. Data is presented as fold difference between relative density units of treated

and untreated samples, and was corrected for internal control, actin.
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Fig. 1.
A. Representative (n=30 K) overlaid single-parameter histogram of flow cytometric analysis

of the integrin β1subunit demonstrated a higher expression in leiomyoma cells (red) as

compared to myometrial cells (blue). The first two peaks are the IgG isotype controls

conjugated to PE-Cy5. B. Increased green fluorescence (Alexa 488) in leiomyoma cells (L)

is representative of increased integrin β1subunit as compared to myometrial cells (M).

Magnification=40×; experiment was repeated 4 times.
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Fig. 2.
Inhibition of integrin β1 using function inhibiting antibody led to time and concentration

dependent decrease in proliferation of myometrial (M) and leiomyoma (L) cells. Both cell

lines demonstrated growth inhibition at concentration as low as 0.25 μg/ml. Compared to

myometrial cells, leiomyoma cells demonstrated significantly higher inhibition at all

concentrations. Control antibody did not inhibit growth of either M or L cells. Mean±SEM

represented. Statistical analysis is to untreated controls (black bars)*=p<0.05.
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Fig. 3.
Cytoskeletal reorganization of leiomyoma cells is affected by serum and β1 antibody. A1

and A2: Leiomyoma cells grown in media containing 10% fetal bovine serum demonstrate

F-actin fibrils (phalloidin; red fluorescence) and focal adhesion (FA) points as represented

by presence of focal adhesion kinase (FAK; green fluorescence). B: Cells after 6 h of serum

starvation. C: 24 h of serum starvation leads to loss of FAK as well actin filaments. D:

Addition of complete media (10% FBS) for 24 h demonstrates reappearance of focal

adhesions (FAK) and F-actin fibrils. E. Serum starved cells pre-exposed to 1 μg/ml of

integrin β1 antibody for 24 h before exposure to complete media (10% FBS) show decreased

recovery of actin stress fibers and FAKs.
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Fig. 4.
a. Levels of active Rho in leiomyoma cells were reduced by serum starvation and integrin β1

antibody. Leiomyoma (L) demonstrated a higher level of active Rho in serum rich complete

media compared to myometrial cells (M). Addition of integrin β1 antibody (L+β1) or serum

starvation for 24 h (Lsf) of leiomyoma cells result in decrease of active Rho. Cells exposed

to complete media (10% FBS) for 24 h after serum starvation (Lsf+) show increase in active

Rho, an effect that is inhibited on addition of 1 μg/ml of integrin β1 antibody (Lsf+β1). Sf =

serum starvation; β1=1 μg/ml of integrin β1 antibody.*=p<0.01. Experiment repeated 4

times. Error bars = SEM. b. Leiomyoma cells treated with integrin β1 antibody(L_pERK*)

at 1 μg/ml complete media demonstrated reduced pERK activity compared to control cells

(L_pERK). No significant difference was observed in total ERK activity in myometrial

(M_tERK) or leiomyoma (L_tERK) cells. No significant reduction in tERK was observed in

leiomyoma cells treated with anti-β1 antibody (L_tERK). Experiment was repeated 2 times.

Error bars = SEM.
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Fig. 5.
Leiomyoma cells aligned themselves and appear narrower when grown on laminin coated

plates (C). Comparatively cells cultured on plastic (A) or collagen-1 (B) coated plates

retained their spindle shape but appeared flattened. Experiment was repeated 3 times.
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Table 1

Flow cytometric analysis and fold difference of the integrin α and β subunits in myometrial (M) and

leiomyoma (L) cells lines. The median fold shift was calculated to unstained controls and is representative of a

single experiment. The median fold difference (L:M) is based on 4 different experiments. Negative controls

(IgG) demonstrated no background staining. Data on ECM ligands extracted and compiled from references

(Hynes, 1992; Johansson et al., 1997; Mizejewski, 1999; Belkin and Stepp, 2000; Stupack, 2005).

ECM ligands Integrin subunit Median fold difference (L:M) Median fold shift

M L

Collagens, laminins CD49a integrin α 1 0.71±0.06 (p=0.04) 20.18 16.99

Collagens, laminins CD49b integrin α 2 0.94±0.1 (p=0.6) 15.53 15.49

Collagens, laminins, fibronectin CD49c integrin α 3 1.09±0.01 (p=0.07) 13.68 15.12

Fibronectin CD49d integrin α 4 0.96±0.01 (p=0.032) 14.82 14.26

Fibronectin, laminins CD49e integrin α 5 0.90±0.03 (p=0.029) 69.69 69.20

Laminins CD49f integrin α 6 1.91±0.11 (p=0.002) 38.40 72.50

Collagens, laminins, fibronectin CD29 integrin β 1 2.25±0.32 (p=0.011) 15.83 62.57

Fibronectin CD18 integrin β 2 0.76±0.05 (p=0.02) 18.83 15.34

Laminins, fibronectin CD61 integrin β 3 0.91±0.01 (p=0.01) 2.00 1.80

Fibronectin FIB504 integrin β 7 0.99±0.03 (p=0.8) 15.53 15.49

Fibronectin, collagens, thrombospondin CD51/61 αvβ3 1.42±0.06 (p=0.02) 6.18 9.01

Matrix Biol. Author manuscript; available in PMC 2014 August 25.


