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Abstract

Objective—To characterize hyperosmolarity-responsive genes in leiomyoma cells and determine

whether gonadotropin-releasing hormone (GnRH) agonist treatment altered their expression.

Design—Laboratory study.

Setting—University hospital.

Patient(s)—None.

Intervention(s)—Cell culture under hypertonic conditions and with GnRH agonist treatment,

RNA isolation, and real-time reverse-transcriptase polymerase chain reaction (RT-PCR).

Main Outcome Measure(s)—Expression of nuclear factor of activated T cells 5 (NFAT5),

aldose reductase (AR), and sodium myo-inositol transporter 1 (SMIT) messenger RNA (mRNA)

in immortalized leiomyoma and patient-matched myometrial cells.

Result(s)—Leiomyoma cells had increased basal expression of NFAT5 mRNA (1.7 ± 0.08-fold)

compared with myometrial cells. The NFAT5 increased further in leiomyoma cells cultured under

hyperosmolar conditions (3.0 ± 0.46-fold at 50 mM NaCl and 3.3 ± 0.48-fold at 100 mM NaCl).

The NFAT5-regulated mRNA transcripts for AR and SMIT were increased in untreated

leiomyoma cells compared with myometrial cells and further increased in leiomyoma cells

exposed to osmotic stress. The NFAT5 transcripts were decreased with low-dose GnRH agonist

treatment but increased with supraphysiologic doses.

Conclusion(s)—Expression of hyperosmolarity genes was increased in leiomyoma cells relative

to myometrial cells. Pharmacologic concentrations of GnRH agonist decreased NFAT5

expression, suggesting that water flows out of leiomyoma cells at pharmacologic doses.
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Uterine leiomyomas are the most common gynecologic tumors in reproductive-aged women

and are the leading indication for hysterectomy in the United States (1–3). These benign

tumors cause dramatic morbidity including pelvic pain, bleeding, infertility, miscarriage,

and preterm labor (4–9). The economic impact of leiomyomas is great, with the total direct

cost to the U.S. health care system estimated at $2.1 billion per year (10). The only medical

therapy approved by the U.S. Food and Drug Administration (FDA) for uterine leiomyomas

is the gonadotropin-releasing hormone (GnRH) agonist leuprolide acetate (11). After 3 to 6

months of treatment with a GnRH agonist, uterine volume is reduced 25% to 50% (12, 13).

Though significant leiomyoma reduction occurs after treatment with a GnRH agonist, rapid

regrowth usually occurs within 6 months of stopping treatment (14, 15). The clinical effects

of GnRH agonist treatment are well-known, but the molecular mechanisms of GnRH action

on leiomyomas are incompletely understood.

Leiomyomas are characterized by excessive and disorganized extracellular matrix (ECM)

production (16). Excess ECM deposition and fibrosis are the key features of leiomyomas,

which contribute to the stiffness observed in these tumors (17, 18). Hydrophilic

proteoglycans are a major component of the ECM and may also contribute to the increased

stiffness of leiomyomas (19). Altered expression of ECM genes, proteases, protease

inhibitors, and growth factors in GnRH-treated leiomyomas suggests that ECM degradation

or remodeling is one mechanism of GnRH-analogue action (20–22). Relatively rapid

reduction of leiomyoma volume and rapid regrowth with discontinuation of treatment

suggest that mechanisms other than ECM remodeling may be involved in these GnRH-

mediated effects. Furthermore, leiomyomas are characterized by low mitotic activity (23),

thus reduction in cell proliferation is an unlikely explanation for the GnRH-mediated

reduction in leiomyomas. Leiomyoma cells express GnRH receptors (24, 25), suggesting

that GnRH analogues may regulate leiomyomas through a direct interaction. One possible

explanation is that GnRH treatment causes water efflux from leiomyoma cells, resulting in a

reduction in leiomyoma volume.

Maintenance of water homeostasis is critical to the survival and function of mammalian

cells. Under conditions of extracellular hyperosmolarity (osmotic stress), cells lose water

and consequently shrink, leading to a crowding of cellular contents and impairment of

intracellular functions. The transcription factor, nuclear factor of activated T cells-5

(NFAT5), is a key regulator of the osmotic stress response in mammalian cells (26–28). In

response to hyperosmotic stress, NFAT5 maintains water homeostasis by increasing the

expression of hyperosmolarity-responsive genes such as aldose reductase (AR) and sodium

myo-inositol transporter 1 (SMIT), which increases intracellular osmolarity and leads to up-

take of water into cells. Aldose reductase catalyzes the reduction of glucose to sorbitol, and

SMIT transports inositol into cells (29, 30).

We hypothesized that GnRH-agonist treatment causes rapid changes in leiomyoma size due

to a reduction in hyperosmolarity-responsive gene expression, leading to a loss of
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intracellular water. To test this hypothesis, we characterized osmoregulation in leiomyoma

and myometrial cells and evaluated the cellular response to GnRH-agonist treatment.

MATERIALS AND METHODS

Cell Line

Approval was obtained from the institutional review board to collect tissue samples from

patients undergoing medically indicated hysterectomy. Leiomyoma and myometrial tissues

were collected at the time of surgery. Methods for tissue collection and generation of

primary cultures were similar to those previously described elsewhere (31). Briefly, tissues

were minced and digested with collagenase-2. The cells were centrifuged and resuspended

in complete media containing Dulbecco's modified Eagle's medium/nutrient mixture F-12

(DMEM/F-12) (Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS), 1X

antibiotic, and 0.25 μg/mL Fungizone (GIBCO/Invitrogen, Grand Island, NY). Viable cells

were plated in T-25 flasks, and fresh media was added to the flask every fourth day. Once

the cells reached 50% confluence, the cells were trypsinized and plated for a second

passage. When the cells reached 70% to 80% confluence, they were trypsinized and

cryopreserved. Aliquots of the primary cultures of leiomyoma and myometrial cells were

immortalized by transfection with recombinant retrovirus containing the E6/E7 genes of

human papillomavirus (HPV) type 16 (32).

Osmotic Stress Experiments

Immortalized leiomyoma and myometrial cells were cultured in complete media composed

of Dulbecco's modified Eagle's medium/nutrient mixture F-12 (DMEM/F-12) (Invitrogen)

with 10% fetal bovine serum (FBS), penicillin-streptomycin-neomycin (PSN), and

amphotericin B at 37°C in the presence of 5% CO2. Based on published reports, we selected

NaCl to induce osmotic stress (26, 27, 33, 34). Hypertonic media was prepared by adding

NaCl from a 5 M stock solution to complete media to make concentrations of 25, 50, 75, and

100 mM NaCl. First, the cells were subcultured in isotonic media in 48-well plates at 2.5 ×

103 cells/well. Once the cells reached 30% confluence, the isotonic media was removed, and

media containing additional osmolytes of NaCl was added to the plated cells. Two plates for

each cell line were collected after 24, 48, 72, and 96 hours of exposure to the hyperosmotic

conditions. Cell proliferation was determined using the sulforhodamine-B method (Sigma-

Aldrich, St. Louis, MO) according to the manufacturer's instructions. Proliferation studies

were performed in triplicate with six replicates of each concentration per plate.

Additional leiomyoma and myometrial cells were added to six-well plates at 2 × 104 cells/

well. Once the cells reached 80% confluence, the isotonic media was replaced with

hypertonic media containing an additional 50 mM or 100 mM NaCl. Cells were collected

after 8 and 24 hours of culture in the hypertonic media and stored for RNA isolation.

GnRH Treatment Experiments

Leiomyoma and myometrial cells were cultured in complete media at 37°C in the presence

of 5% CO2. Cells were added to six-well plates at 2 × 104 cells/well. Cells were grown for

48 hours in phenol red-free, complete media with 10% FBS, then quiescence was induced
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by incubating the cells in phenol red-free, serum-free media for 48 hours. The GnRH

agonist, leuprolide acetate (Sigma-Aldrich), was added to phenol red-free media containing

10% charcoal-treated FBS to make 1 and 10 μM solutions. These experiments were based on

prior investigations demonstrating resumption of proliferation and gene expression in

serum-starved leiomyoma cells when serum containing media was restored (35, 36). Cells

were treated with leuprolide and then collected after 24 hours of treatment and stored for

RNA isolation.

RNA Isolation

The RNA from the osmotically stressed and GnRH-agonist–treated cells was isolated by

lysis of adherent cells with TriZol (Invitrogen), followed by chloroform extraction (0.2

mL/mL of TriZol). The samples were centrifuged at 12,000 × g for 15 minutes at 4°C. To

precipitate the RNA, ice-cold isopropanol was added at 0.5 mL per mL TriZol. The RNA

pellet was washed once with 70% ethanol, dried, and suspended in water treated with

diethylpyrocarbonate (DEPC). To remove any contaminating DNA, all RNA samples were

treated with DNAse-I enzyme using the DNA-free kit (Ambion, Austin, TX), in accordance

with the manufacturer's instructions. The RNA integrity and concentration were confirmed

by electrophoresis and spectrophotometry readings measured at A260 and A280. The RNA

samples were stored at −80°C.

Real-Time RT-PCR

Total RNA isolated from treated and untreated leiomyoma and myometrial cells was diluted

into 100 ng/μL and 10 ng/μL stock concentrations. Primers and probes for NFAT5, AR, and

SMIT were designed using Beacon Designer (Premier Biosoft, Palo Alto, CA) to amplify a

90 to 150 base pair (bp) section near to the 3' end of the translated region (within 500 bp).

The iScript One-Step RT-PCR kit (BioRad, Hercules, CA) was used, and thermal cycling

was performed with the BioRad iCycler iQ Real-Time PCR Detection System (BioRad).

The 18s ribosomal RNA was used as an internal standard to scale the measurements of the

different samples. All experiments were performed in triplicate. Data were analyzed with

iCycler iQ software (BioRad).

Statistical Analysis

A Wilcoxon signed rank sum test was used for analysis of significance of the gene and

protein expression. Data were calculated as a fold difference in expression compared with

controls and are presented as mean ± standard error of the mean. P<.05 was considered

statistically significant.

RESULTS

Osmoregulation mediated by NFAT5 has been described in multiple cell types (37–40) but

not in leiomyoma cells. Before evaluating the osmotic response, we first characterized the

basal expression of the hyperosmolarity-responsive genes in leiomyoma and myometrial

cells. To quantify NFAT5 and NFAT5-activated gene expression, real-time reverse-

transcriptase polymerase chain reaction (RT-PCR) was performed for NFAT5, AR, and

SMIT transcripts, comparing leiomyoma with myometrial cells. The NFAT5 mRNA
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expression was 1.7-fold higher in untreated leiomyoma cells compared with untreated

myometrial cells. The NFAT5-activated genes AR and SMIT were increased 2.2-fold and

2.3-fold, respectively, in untreated leiomyoma cells compared with untreated myometrial

cells.

Leiomyoma cells cultured under hyperosmolar conditions had further increases in

hyperosmolarity-responsive gene transcripts. Under osmotic stress at 50 mM of NaCl,

NFAT5 transcripts were increased 3.5-fold in leiomyoma cells, compared with myometrial

cells cultured without additional NaCl (P<0.05), and they remained increased under higher

osmotic stress (100 mM NaCl) (Fig. 1). In myometrial cells, the NFAT5 transcripts

increased 2.9-fold in 50 mM of NaCl, but with higher osmotic stress, the transcripts fell to

the level of untreated leiomyoma cells (P<0.05). This suggests that leiomyoma cells

produced a more robust response to osmotic stress through induction of the

hyperosmolarity-responsive genes compared with myometrial cells.

To determine whether the increased NFAT5 led to an increase in gene targets in leiomyoma

cells, we tested the hyperosmotic response gene targets of NFAT5. Under osmotic stress,

transcripts for AR mRNA were further increased: 5.7-fold at 50 mM and 5.4-fold at 100 mM

of NaCl compared with untreated myometrial cells. At 50 mM NaCl, transcripts for SMIT

were similar to baseline levels, but were increased 5.3-fold under higher osmotic stress (Fig.

2). These results indicate that, at 50 mM NaCl, leiomyoma cells induced a greater

abundance of the NFAT5-targeted genes under hyperosmolar conditions.

Next, we conducted proliferation studies of leiomyoma and myometrial cells cultured under

hyperosmolar conditions to determine whether cell proliferation would be affected by

osmotic stress (Fig. 3). As expected, the addition of osmolytes led to a dose-dependent

reduction in proliferation of both leiomyoma and myometrial cells. However, with 50 mM

of added NaCl, cell growth was inhibited 48% in myometrial cells versus 17% in leiomyoma

cells, suggesting that leiomyoma cells were more resistant to hyperosmotic stress (P<.05).

The proliferation studies were repeated, with the leiomyoma and myometrial cells returned

to isotonic culture media after osmotic stress. Growth was inhibited in both cell types under

hypertonic conditions, but proliferation resumed when the hypertonic media was replaced

with normosmotic media (data not shown). These findings suggest that osmotic stress

produced a cytostatic effect in the leiomyoma and myometrial cells, rather than a cytotoxic

effect. Based on these studies, which demonstrated a differential effect of NaCl on

leiomyoma and myometrial cell growth beginning at 50 mM and a marked effect on both

cell types at 100 mM, we selected the same concentrations to induce hypertonicity for

subsequent experiments.

Having characterized the response to hyperosmolarity, we next evaluated the direct effect of

GnRH-analogue treatment on the expression of the hyperosmolarity responsive genes in

leiomyoma cells. In leiomyoma cells treated with pharmacologic concentrations of

leuprolide (0.001 and 0.01 μM), we observed a reduction in NFAT5 transcripts as compared

with untreated leiomyoma cells (Fig. 4). At supraphysiologic concentrations, NFAT5

expression was increased, which demonstrated a biphasic response of leiomyoma cells to
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leuprolide treatment. We confirmed the increased expression of the hyperosmolarity-

responsive gene mRNAs in leiomyoma cells treated with 1 μM and 10 μM concentrations of

leuprolide.

DISCUSSION

We examined the osmotic response of leiomyoma and myometrial cells and found that, at

isotonic conditions, leiomyoma cells expressed increased amounts of NFAT5 transcripts

compared with my ometrial cells. Exposure of both cell types to osmotic stress further

induced the expression of NFAT5, although NFAT5 mRNA was more abundant in

leiomyoma cells at basal conditions and at states of increased extracellular hyperosmolarity.

The greater abundance of NFAT5 in leiomyoma cells suggests that at baseline the

leiomyoma cells are exposed to a hyperosmolar extracellular milieu. The elevation of the

NFAT5 targets, AR and SMIT, supports that interpretation. Preliminary protein analysis

suggested a greater abundance of NFAT5, AR, and SMIT proteins under hyperosmolar

conditions.

It is possible that leiomyoma cells are under osmotic stress in vivo. Rogers et al. (17)

observed that increased mechanical loading on leiomyoma cells was associated with

increased levels of AKAP13. Kino et al. (41) evaluated the osmotic stress response in

immune cells and demonstrated that AKAP13 was critical for the expression of NFAT5 in

response to extracellular hyperosmolarity. Taken together, these two studies suggest that

AKAP13 might alter osmotic stress response in leiomyoma cells. We speculate that

activation of osmotic stress signaling and induction of hyperosmolarity-responsive genes in

leiomyoma cells results in water exchange between leiomyoma cells and the surrounding

ECM.

The ECM is rich in hydrophilic proteoglycans, so the exchange of water between

leiomyoma cells and the ECM is complex. Water lost by leiomyoma cells is either replaced

through activation of ion and osmolyte transporters in leiomyoma cells or extracted from the

ECM. This water exchange may contribute to the observed stiffness of leiomyomas as well

as their decreased size in response to pharmacologic treatments. Our experiments did not

include measurement of leiomyoma cell volume in response to osmotic stress; however, cell

shrinkage in response to extracellular hyperosmolarity has been demonstrated in

investigations of other cell types (42, 43).

Our observation of decreased expression of osmosensing genes in response to

pharmacologic concentrations of leuprolide acetate demonstrates a direct effect of GnRH-

agonist treatment and suggests that water outflow may explain the reduction in leiomyomas

with pharmacologic GnRH treatment. Here we evaluated the direct effects of GnRH-agonist

treatment, based on evidence that leiomyoma cells express GnRH receptors (24, 25). It is

possible that indirect effects of GnRH may augment the osmotic response in leiomyoma

cells. Future studies will investigate the possible indirect effect of GnRH-agonist treatment,

specifically the effect of gonadal hormone treatments on the osmotic response in leiomyoma

cells.
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Our findings suggest that leiomyoma reduction and regrowth occur through water movement

and that GnRH-agonist treatment alters this response as its mechanism of action. We

describe basal differences in hyperosmotic response genes in leiomyoma and myometrial

cells, suggesting that leiomyomas exist in a milieu of perceived hyperosmolarity. This

highlights the potential importance of osmotic stress in the regulation of leiomyomas and

their response to clinical treatment.
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FIGURE 1.
Nuclear factor of activated T cells 5 (NFAT5) expression in leiomyoma and myometrial

cells. Leiomyoma cells had a higher expression of NFAT5 messenger RNA (mRNA)

compared with myometrial cells. Data represent the mean relative expression of NFAT5

mRNA shown as the fold difference compared with myometrial cells at baseline. Error bars

indicate the standard error of the mean. Data shown represent the average of three

experiments.
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FIGURE 2.
Hyperosmolarity-responsive gene expression in leiomyoma cells. Aldose reductase (AR)

and sodium myo-inositol transporter 1 (SMIT) transcripts were increased at baseline

compared with myometrial cells. Transcripts for AR increased at 50 and 100 mM NaCl, and

SMIT transcripts increased only under higher osmotic stress conditions. Data shown are the

mean ± standard error of the mean of the fold difference in mRNA expression in leiomyoma

cells relative to myometrial cells at baseline and under hyperosmolar conditions. Values

represent the average of three experiments. *P<.05 relative to myometrial cells at baseline.
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FIGURE 3.
Leiomyoma and myometrial cell proliferation under osmotic stress. Cell growth was

inhibited in a dose-dependent manner in both cell types. At 50 mM NaCl, leiomyoma cells

demonstrated greater resistance to osmotic stress. Leiomyoma and myometrial cells were

cultured in media with added NaCl (x axis). Leiomyoma and myometrial cell proliferation

are depicted as the percentage growth (y axis) relative to cell proliferation under isotonic

conditions (0 mM supplemental NaCl) in leiomyoma and myometrial cells, respectively.

This figure depicts cell proliferation at 24 hours and is representative of proliferation curves

at 48, 72, and 96 hours. Proliferation studies were performed in triplicate, and the

representative data are shown. Data shown represent the average rate of growth ± standard

error of the mean. Proliferation was determined by the sulforhodamine B assay method.
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FIGURE 4.
Nuclear factor of activated T cells 5 (NFAT5) messenger RNA (mRNA) expression in

leiomyoma cells treated with leuprolide acetate. The NFAT5 transcripts were decreased at

pharmacologic concentrations (0.001 and 0.01 μM). Leiomyoma cells were cultured in

phenol-free, charcoal-stripped media, followed by incubation phenol red-free, serum-free

media for 48 hours. Cells were then treated with varied concentrations of leuprolide (x axis)

added to phenol red-free, charcoal-stripped media for 24 hours and then harvested. Data

shown represent the average NFAT5 mRNA abundance in treated leiomyoma cells,

presented as the fold difference in mRNA expression relative to leiomyoma cells at baseline

(y axis). Error bars indicate standard error of the mean. *P<.05 relative to leiomyoma cells

at baseline.
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