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Structured Abstract
Objective—To investigate the effects of the antifibrotic drug halofuginone on extracellular
matrix production, cell proliferation and apoptosis of cultured myometrial and leiomyoma smooth
muscle cells.

Design—Comparative and controlled experimental research study.

Setting—University research laboratory.

Patients—Leiomyoma and myometrial tissues were obtained from 8 different patients at the time
of elective hysterectomy.

Main Outcome Measures—The effects of halofuginone on cell proliferation were assessed by
tritiated thymidine uptake assays and cell count assays. Effects on TGFβ1, collagen type I, and
collagen type III mRNA levels were assessed by quantitative real-time PCR. Effects on apoptosis
were assayed using a chemiluminescent assay to measure changes in caspase 3 and 7.

Results—Halofuginone inhibited cell proliferation of both leiomyoma and autologous
myometrial cells in a dose-dependent manner by inhibiting DNA synthesis within 24 hrs and later
inducing apoptosis (as measured by increased caspase 3/7) by 48-72 hrs. Halofuginone also
significantly reduced collagen type I (α1) and collagen type III (α1) mRNA levels, as well as the
profibrotic factor TGFβ1 mRNA levels in both cell types.

Conclusions—These results provide evidence to support the use of the antifibrotic drug
halofuginone as a novel drug treatment for uterine leiomyomas.
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INTRODUCTION
Uterine leiomyomas are benign tumors originating from a single neoplastic uterine smooth
muscle cell (SMC) and are characterized by an excess of extracellular matrix (ECM)
production and increased cell proliferation. Although benign, these tumors present a
significant health problem to women of reproductive age. Leiomyomas have a reported
symptomatic prevalence of up to 25%, but the overall incidence of these tumors in
premenopausal women has been reported to be as high as 77% (1-3). Nearly $1.5 billion
healthcare dollars are spent yearly towards treatment of these benign tumors that cause
abnormal uterine bleeding, severe abdominal pain and pressure, and infertility (4). Available
treatments for leiomyomas are limited. Hysterectomy is considered the standard surgical
treatment, but less-invasive treatments such as vaginal hysterectomy, laparoscopic excision,
uterine artery embolization, and thermoblative therapy have become more common.
Unfortunately, these are often followed by a high rate of recurrence and other complications
(1,5,6). The only FDA-approved drug therapy for treatment of leiomyomas is gonadotropin-
releasing hormone agonist treatment (GnRHα). Although GnRHα treatment is effective in
reducing leiomyoma size, this treatment cannot be used as a long term therapy since women
experience irreversible bone loss and other painful menopausal side effects (2). In spite of
the high morbidity and economic impact of this disease, little is known about the etiology of
these tumors. Genetic, endocrine, autocrine, and environmental factors all seem to contribute
to leiomyoma tumor initiation and growth, but the precise cause is still not well understood
(1).

Two essential features of all leiomyoma tumors are an increase in SMC proliferation and
excessive ECM deposition. It is not known exactly why leiomyoma SMCs have a higher rate
of proliferation, but one growth factor that appears to play an important role in regulating
proliferation of these cells is transforming growth factor-β (TGFβ). TGFβ is a member of
the TGFβ superfamily which is comprised of TGFβ I, II and III, bone morphogenic proteins,
and activins (7-9). TGFβs have diverse biological activities within the cell including
regulation of cell proliferation and extracellular matrix production. Human myometrial and
leiomyoma SMCs have been shown to express the mRNA and proteins for TGFβI, -βII, and
−βIII as well as their receptors (10-12). Studies have shown that leiomyoma SMCs express
higher levels of TGFβ3 mRNA and protein than corresponding myometrium (12,13). These
same studies also showed that treatment with exogenous TGFβI and TGFβIII inhibited
myometrial SMC proliferation, while TGFβIII increased leiomyoma SMC proliferation (12).
In addition to regulating cell proliferation TGFβs have also been shown to increase collagen
and fibronectin synthesis by leiomyoma SMCs (12,13).

Antifibrotic drugs are attractive candidates for treatment of uterine leiomyomas. One
antifibrotic agent is halofuginone, a small alkaloid molecule isolated from the plant Dichora
febrifuga, that has been used as a coccidiostat in chickens since the 1960s (14).
Coccidiostats are commonly added to the feed or water of poultry to prevent infection of the
gastrointestinal tract by coccidium protozoa. Halofuginone is considered an antifibrotic drug
since it has been shown to inhibit collagen type I production, TGFβI signaling, and cell
proliferation in a number of mesenchymal cell types (15,16). This drug has recently been
shown to be effective in treating fibrotic conditions including scleroderma, radiation-
induced fibrosis, pulmonary fibrosis, fibrotic adhesions surrounding surgical implants, SMC
proliferation in arteries following angioplasty in rabbits, as well as the growth of prostate
tumors in mice (17-21).

We hypothesized that halofuginone would inhibit both proliferation and collagen production
in cultured leiomyoma and myometrial SMCs. The effects of increasing concentrations of
halofuginone on cell proliferation and apoptosis were measured using DNA synthesis assays
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and measurement of caspase activity. Real-Time PCR was used to assess effects on TGFβ
and collagen mRNA levels. Our results demonstrated that halofuginone can reversibly
inhibit proliferation of both myometrial and leiomyoma SMCs, and this inhibition initially
involves an inhibition of DNA synthesis followed later by induction of apoptosis. Our
results also demonstrate that halofuginone reduced TGFβI, collagen type I(αI) and type
III(αI) mRNA production, in both myometrial and leiomyoma SMCs. These results provide
evidence to support the use of halofuginone as a novel drug treatment for uterine
leiomyomas.

MATERIALS AND METHODS
Tissue Collection

Leiomyoma and myometrial samples were obtained from premenopausal women with
symptomatic leiomyomas at the time of elective hysterectomy at either Carle Foundation
Hospital (Urbana, Illinois) or the Brigham & Women’s Hospital (Boston, MA). All tissues
were collected under a consent for use of discarded human tissue that was approved by the
Institutional Review Board at the University of Illinois Urbana-Champaign and Carle
Foundation Hospital or by the Brigham & Woman’s Hospital and Harvard Medical School.
Each tissue sample was assigned an arbitrary identification number on the day it was
received and patient information was known only to the physician. However, the physicians
did provide information about the day of the menstrual cycle for all patients. The patients
that were consented for use of discarded tissue were all premenopausal and had not been on
any hormonal active medications for three months prior to hysterectomy. Cells used in this
study were obtained from 8 different patients. Five of the patients were in the proliferative
phase of the cycle and three were in the mid to late secretory phase.

Tissue samples were minced manually and then digested gently overnight in DMEM
medium supplemented with 5% fetal calf serum (FBS) and 5% bovine calf serum (BCS)
(Atlanta Biologicals, Atlanta, GA) and containing 100 U/mL of collagenase (cat#17018-029,
Invitrogen, Carlsbad, CA) at 37°C in a 5% CO2 incubator. Once digested, cells were plated
into 75cm2 flasks and grown in this same medium as described in our earlier study (12).
Cells were used in experiments at passages 2-8. All cell culture maintenance and
experiments were conducted at 37°C and 5% CO2.

Effects of Halofuginone on DNA Synthesis
Leiomyoma and autologous myometrial SMCs from eight different patients were plated at
2,000 cells per well in 96-well plates (Nalge Nunc International, Rochester, NY) and
allowed to reach 80% confluency. Six wells each of the leiomyoma and myometrial SMCs
were then treated with DMEM containing 10% serum plus 0, 10, 25, 50, 75, 100, 150, or
200 ng/mL of halofuginone (Hoechst-Maion-Roussel, Strasbourg, France) dissolved in
dimethyl sulfoxide (DMSO) (Sigma, St. Louis, MO) vehicle for 24h. 0.4μCi [3H] thymidine
was added per well in the last 6 hours of treatment. At the end of the treatment period, cells
harvested and counted in a MicroBeta liquid scintillation counter. A total of eight
experiments were carried out using six wells per treatment group per experiment.

Effects of Halofuginone Treatment on Collagen and TGFβ
Leiomyoma and myometrial SMCs established from 3 different patients were plated in
60cm2 dishes and allowed to reach 80% confluency. Once cells reached 80% confluency
they were treated with DMEM containing 10% serum plus 0, 25, 100, or 200 ng/mL of
halofuginone for 24h. After treatment medium was removed and cells were harvested in
TRIzol™ Reagent (Invitrogen, Carlsbad, CA) for RNA isolation and Real-Time PCR (RT-
PCR). A total of three experiments were performed.
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cDNA Synthesis and Quantitative Reverse-Transcriptase PCR
Total RNA was extracted from cells using TRIzol™ and transcribed into cDNA using the
iScript™ cDNA Synthesis Kit following the manufacturer’s instructions (cat#170-8890,
Bio-Rad, Hercules, CA). Synthesized cDNA was then used for TaqMan® Gene Expression
Assays real-time PCR analysis (Applied Biosystems, Foster City, CA) using the 20X
Assays-on-Demand™ Gene Expression Assays (Applied Biosystems) for COLLAGEN I
(Hs00164004_m1), COLLAGEN III (Hs00164103_m1), TGFβ1 (Hs99999918_m1), TGFβ3
(Hs00234245_m1) and 18S (Hs99999901_s1). Reference sequences are listed in Table 1.
Real-time PCR amplification and detection were performed in ABI Prism 384-well Clear
Optical Reaction Plates (Applied Biosystems). Amplification conditions included: hold 10
min at 95°C, 40 thermal cycles of denaturing 15 sec at 95°C and anneal/extend for 1 min at
60°C. Relative fold induction levels were calculated using the Comparative CT Method as
outlined in the ABI Sequence Detector User Bulletin #2 (www.appliedbiosystems.com). 18S
ribosomal RNA gene expression served as an endogenous control.

Effect of Halofuginone on Caspase 3/7 Production
Leiomyoma and corresponding myometrial SMC lines from three different patients were
used between passages 3-5. Cells were plated at 2,000 per well and allowed to attach for
24h. Both cell types where then treated for 0, 12, 24, 48, and 72 hours with 100μL of
medium containing 0, 25, 100, or 200ng/mL of halofuginone in DMSO vehicle. Control
cells were treated with the same amount of DMSO vehicle alone. A 1μM Staurosporine
(Sigma) treatment for 20h was used as a positive control as recommended by the Caspase
Glo® 3/7 Assay Technical Bulletin (Promega, Madison, Wisconsin). After halofuginone
treatment, cells were treated with 100μL of the Caspase Glo® 3/7 Reagent according to the
manufacturer’s instructions. Caspase 3/7 activity was detected in quadruplicate wells for
each treatment in relative luminescence units (RLU) using the Bio-Tek Synergy HT Reader
(Bio-Tek, Winooski, Vermont). A total of three experiments were carried out.

Effect of Halofuginone on Cell Proliferation
Leiomyoma and myometrial SMC lines from three different patients were plated at 200,000
cells/dish and allowed to attach for 48h in DMEM supplemented with 10% serum. On day 1,
cells were treated with 75ng/mL of halofuginone in 10% serum-containing DMEM, and two
dishes were harvested to obtain an initial cell count. On day 3, one pair of dishes was
counted and the remaining dishes were given fresh medium containing 75ng/mL
halofuginone. On day 5, one pair of dishes was counted and all remaining dishes were given
fresh 10% serum DMEM without halofuginone to see if the cells could resume growth after
the removal of halofuginone. On day7 and day 9, one pair of dishes was counted while the
remaining dishes were again given fresh 10% serum DMEM without halofuginone.
Leiomyoma and myometrial SMCs that were not treated with halofuginone are not shown in
the results as these cells reached 100% confluency by day 3 (data not shown). A total of five
experiments were carried out for leiomyoma cells and three for myometrial cells.

Statistical Analysis for PCR, Cell Proliferation and Caspase Assays
All PCR experiments were carried out in quadruplicate with each of 3 different cell lines
from 3 different patients used as replicates. The difference between the threshold cycle of
the target gene and 18S was used to determine statistical significance (ΔCT) between
treatments. Threshold cycle (CT) is defined as the cycle number where transcripts are in the
linear phase of amplification. All data were first transformed (2-ΔCT) and normalized to the
control treatment expression so that they could be expressed as relative fold differences.
Standard error for each treatment was determined using individual transformed 2-ΔCT values
that had been normalized to the control treatment for each of the 3 replicates. Data were
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transformed using a log10 transformation, and then all points were compared using ANOVA
(α=0.05).

Analysis of the proliferation assays was performed using Kruskal-Wallis ANOVA with
Dunn’s test using the STATA software program (CRC, College Station, TX). An α=0.05
was considered statistically significant. All caspase experiments were carried out in
triplicate for each of the three cell lines, with results representing the average RLU from all
3 experiments. Caspase data were transformed using a log10 transformation, and then
multiple analyses were carried out using ANOVA (α=0.05). Cell count results represent the
average of 3-5 experiments using three different leiomyoma or myometrial SMC lines. Cell
count numbers were transformed using a log10 transformation and all time points were
compared using an ANOVA (α=0.05) test. All statistical analyses in this manuscript were
analyzed using SAS v.9.1 (SAS Institute, Inc, Cary, NC). The statistical significance
between treatments is indicated in the figures by different letters above treatments.

RESULTS
Effect of Halofuginone on Myometrial and Leiomyoma SMC Proliferation

To assess the effects of halofuginone on leiomyoma and myometrial SMC proliferation,
cells were treated with increasing concentrations of halofuginone for 24h and analyzed for
changes in DNA synthesis. There was a dose-dependent decrease in DNA synthesis at
concentrations of halofuginone above 25 ng/mL for both myometrial and leiomyoma SMCs
(Figure 1). We next tested whether the inhibitory effect of halofuginone on proliferation of
leiomyoma or myometrial SMCs was reversible and whether treated cells could recover and
resume proliferating once halofuginone was removed. Cell proliferation experiments were
carried out using leiomyoma and myometrial SMCs from several different patients treated
with 75ng/mL of halofuginone. This concentration of halofuginone was chosen because it
caused an approximately 50-60% inhibition of DNA synthesis in the thymidine uptake
assays. Cell numbers did not change between days 1-3 in cultures treated with halofuginone,
in contrast to untreated cells that had already reached confluence at this time (data not
shown). This confirmed the results of the tritiated thymidine uptake assays that showed
inhibition of DNA synthesis within the first 24 hrs of treatment. Cell numbers of both types
of treated cells were markedly decreased by day 5 of treatment, suggesting that by this time
there was probably a significant effect on apoptosis (Figure 2). Cells were then placed in
fresh, halofuginone-free medium on day 5, and cell populations were increased on days 7
and 9 showing that the inhibitory effect of halofuginone on cell proliferation was reversible.
Cell morphology appeared normal throughout the 5 days of halofuginone treatment and the
4 day recovery period (Figure 2).

Effect of Halofuginone on Apoptosis of Myometrial and Leiomyoma SMCs
To determine whether extended halofuginone treatment reduced cell number through
apoptosis, we performed caspase 3/7 activity assays on leiomyoma and autologous
myometrial SMCs treated with halofuginone for up to 72h. Results showed that there were
no differences in caspase 3/7 activity levels between leiomyoma and autologous myometrial
SMCs for any of the concentrations of halofuginone tested at any of the time points.
Treatment with a low dose (25ng/mL) of halofuginone did not increase caspase 3/7 levels at
any point during the 72-hour treatment period (Figure 3a). However, treatment with 100ng/
mL of halofuginone increased caspase 3/7 activity levels after 48h (Figure 3b). Treatment
with a high dose of 200 ng/mL of halofuginone increased caspase 3/7 levels at both the 48h
and 72h time points, and to a greater extent than the 100ng/mL dose. The levels of caspase
3/7 measured in response to 25, 100, or 200ng/mL halofuginone were significantly different
(p=0.05) from each other. Overall, caspase 3/7 activity levels were increased in response to
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halofuginone treatment in a dose-dependent manner but the increases were only apparent
after 48h of treatment.

Halofuginone Alters TGFβ and Collagen mRNA Levels in Leiomyoma and Myometrial
SMCs

Autologous leiomyoma and myometrial SMC cell lines from four different patients treated
with 0, 25, 100, or 200ng/mL of halofuginone for 24h were analyzed for differences in
collagen type I(αI), collagen type III(αI), TGFβI, and TGFβIII mRNA by Real Time-PCR.
Halofuginone decreased not only collagen type I(αI), but also collagen type III(αI) mRNA
levels in both leiomyoma and myometrial SMCs (Figure 4). However, the decrease in
collagen mRNA levels in response to halofuginone was dose-dependent only in leiomyoma
SMCs. TGFβI mRNA levels were also decreased in both leiomyoma and myometrial SMCs
in response to halofuginone (Figure 5) but halofuginone treatment did not significantly
decrease TGFβIII mRNA levels in either leiomyoma or myometrial SMCs.

DISCUSSION
In the present study we demonstrated that halofuginone inhibits both myometrial and
leiomyoma SMC proliferation. Halofuginone inhibited DNA synthesis within 24 hours of
treatment in both leiomyoma and myometrial SMCs in a dose-dependent manner at
concentrations above 25ng/mL. Halofuginone did not increase caspase 3/7 levels, a marker
of apoptosis, in either cell type until after 48h of treatment and only at higher doses of 100
or 200 ng/ml. The inhibition of DNA synthesis at low concentrations, such as 25ng/mL,
coupled with a modest increase in caspase activity (apoptosis) after 72h of treatment,
suggests that halofuginone reduces cell proliferation through both mechanisms in uterine
SMCs. These results are consistent with the findings of Gavish et al. (21) who observed high
levels of apoptosis in prostate cancer cell xenografts after exposure to high doses of
halofuginone for 2 months. The increase in apoptosis observed in this study and by Gavish
et al. (21) is different from another recent study that reported a decrease in apoptosis in T
cells treated with halofuginone. Leiba et al. (22) showed that halofuginone inhibited
apoptosis in normal, activated T cells. These results suggest that the induction of apoptosis
by halofuginone may be a cell type-specific response. Our results showed that increased
levels of caspase 3/7 activity, and therefore apoptosis, occurred only at higher
concentrations of halofuginone and after 48-72 h of exposure.

This delayed increase in apoptosis was also evident in our longer term cell proliferation
experiments. Leiomyoma and myometrial SMCs treated with halofuginone for 5 days did
not show a decrease in cell number until after 5 days of treatment. Reversal of the inhibitory
effect of halofuginone on cell growth was delayed as there was no increase in cell number
until 4 days after removal of halofuginone. Interestingly, cells treated with halofuginone did
not appear necrotic or unhealthy during the course of the treatment period (Figure 2), and
once halofuginone was removed the cells regained their ability to proliferate as indicated by
the significant increase in cell number by day 9 (Figure 2). Halofuginone inhibited DNA
synthesis in leiomyoma and myometrial SMCs within 24 h of treatment, but increases in
caspase 3/7 levels, and therefore apoptosis, appear to require a longer time of exposure to
halofuginone. Other studies have observed a similar inhibition of cell proliferation in
response to halofuginone. Haran et al. (23) reported that halofuginone inhibited rat renal
fibroblast proliferation in a reversible and dose-dependent manner after 48-192 h of
treatment. Another study by Nagler et al. (24) observed a decrease in cultured hepatocellular
carcinoma cell proliferation after one week of treatment with halofuginone, and also did not
observe any toxic effects to the cells or changes in cell viability.
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In addition to inhibiting fibroblast and SMC proliferation, halofuginone has also been shown
to be a specific inhibitor of collagen type I synthesis and TGFβ signaling (15,16). We
examined the effects of halofuginone on TGFβ I and III mRNA levels in leiomyoma and
myometrial SMCs because TGFβI and III have direct positive effects on collagen production
in both cell types, and TGFβIII has been shown to increase DNA synthesis in leiomyoma
SMCs (12,25). Our results showed that halofuginone specifically decreased TGFβI
expression in both leiomyoma and myometrial SMCs. This is in contrast to a recently
published study by Popov et al. (26) who found no change in TGFβI mRNA expression in
halofuginone-treated rat hepatic satellite cells. However, halofuginone has been shown to
inhibit TGFβI signaling in embryonic fibroblasts by interfering with Smad3 activation (16),
and as TGFβI production is often dependent upon autocrine stimulation (27), halofuginone
could reduce TFGβI production by interfering with the Smad activation pathway. However,
halofuginone did not alter TGFβIII mRNA levels in either leiomyoma or myometrial SMCs
suggesting that TGFβI and TGFβIII are not regulated in the same manner in these cells.

Real-time PCR analysis of leiomyoma and autologous myometrial SMCs showed an
anticipated decrease in collagen type I(αI) mRNA levels in response to treatment with
halofuginone. Since collagen type III is another ECM protein that is upregulated in uterine
leiomyomas (28,29), we also examined the effect of halofuginone on collagen type III
mRNA levels. The results showed that halofuginone also markedly reduced collagen type III
mRNA levels in both leiomyoma and myometrial SMCs, and this inhibitory effect on
collagen type III mRNA occurred in a dose-dependent manner in leiomyoma SMCs. The
suppression of collagen type III mRNA is in agreement with recent findings by Papov et al.
(26) who showed a similar decrease in collagen III mRNA in response to halofuginone in rat
hepatic satellite cells. While these rapid decreases in collagen mRNA levels would not
immediately be reflected by a decrease in collagen protein expression in the ECM, the levels
of newly synthesized, monomeric collagen would be decreased fairly rapidly.

The suppressive effect of halofuginone on collagen production could have multiple effects
in leiomyoma and myometrial SMCs. New collagen production is essential for cell
proliferation, not only as a scaffold to support cell growth but also as part of a functional
signaling pathway. Collagens can signal through the β1 family of integrins and members of
the discoidin-domain receptor (DDR) family to convey migration, proliferation, and cell
adhesion signals (33-39). Collagens can also bind various signaling molecules such as
members of the fibroblast growth factor (FGF) and TGFβ families, and can inhibit or
enhance the effects of these growth factors (33-39). The suppression of collagen production
by halofuginone could work in two ways. First, it would limit the protein matrix available to
leiomyoma SMCs to support growth and migration. Second, it would also reduce the
proliferation signals initiated by interactions of collagen with integrins, DDRs, and through
binding to members of the FGF and TGFβ growth factor families.

Our studies showed that halofuginone had similar effects on leiomyoma and myometrial
SMCs in culture. These results are not very surprising in light of other recent studies that
have shown that myometrial and leiomyoma SMCs behave very similarly in culture. A study
by Zaitseva et al. (30) examined the gene expression patterns of leiomyoma and myometrial
cells in vivo and in vitro using microarray gene analysis. Their results showed that while the
gene expression patterns of leiomyoma and myometrial SMCs were quite different in vivo,
there were relatively small differences in gene expression between the cell types cultured in
vitro. We have observed similar levels of expression of collagen type I and type III mRNAs
in cultured leiomyoma and myometrial cells but this is most likely due to the fact that these
cells upregulate collagen production significantly in culture in response to being plated on
plastic surfaces. In addition, the production of TGFβ-1 was also similar for the two cell
types (150-180 pg/ml/24 hrs, (12)). A study by Gross et al (31) showed that while
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leiomyomas express much higher levels of HMGA2 mRNA in vivo when compared to
autologous myometrium, the levels of HMGA2 are quite similar in cultured myometrial and
leiomyoma SMCs. Another recent study by Loy et al. (32) examined the effects of the
peroxisome proliferator-activated receptor ligand pioglitazone on cultured leiomyoma and
myometrial cell proliferation. These investigators also reported similar anti-proliferative
effects of pioglitazone on cultured myometrial and leiomyoma SMCs. It will not be possible
to determine definitively whether there are differences in the effects of halofuginone on
leiomyoma and myometrial cells in vivo until the drug can be tested in an in vivo animal
model or in a clinical pilot study.

In conclusion, we have shown that halofuginone inhibits both leiomyoma and myometrial
SMC proliferation by rapidly inhibiting DNA synthesis and later inducing apoptosis. In
addition, halofuginone significantly suppressed TGFβI mRNA production. The suppression
of TGFβ by halofuginone may be one of the mechanisms by which halofuginone decreases
collagen type I(αI) and collagen type III(αI) mRNA levels in uterine SMCs. These results
support our hypothesis that halofuginone could be a novel and effective medical therapy for
treatment of uterine leiomyomas. Future studies will focus on clarifying the signaling
pathways used by halofuginone in exerting its anti-fibrotic and anti-proliferative effects in
leiomyoma SMCs.
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Figure 1. Halofuginone inhibits DNA synthesis in leiomyoma and myometrial cells
Leiomyoma (black bars) and myometrial (grey bars) SMCs were treated with increasing
concentrations of halofuginone for 24 hrs and tritiated thymidine incorporation was
measured by liquid scintillation. Tritiated thymidine incorporation is reported as counts per
minute (CPM). Eight experiments were carried out with six samples per treatment for each
experiment. Statistically significant differences between treatments are indicated by
different lower case letters (p≤0.05).
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Figure 2. Halofuginone-mediated inhibition of leiomyoma and myometrial cell proliferation is
reversible
Following treatment of leiomyoma or myometrial cells with 75 ng/mL halofuginone for 5
days, cells were placed in fresh growth medium lacking halofuginone and allowed to
recover for 4 days. (A) The photographs shown are representative of the cell cultures used to
determine total cell numbers. (B) Total cell number was determined every two days using a
hemocytometer. Three to five experiments were carried out with two dishes per time point
and treatment group for each experiment. Cells not treated with halofuginone reached
confluence by day 3 (300,000-400,000 cells) and are not shown. Statistically significant
differences between treatments are indicated by different lower case letters (p≤0.05).
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Figure 3. Caspase 3/7 activity levels in leiomyoma and myometrial SMCs are elevated only after
treatment with high concentrations of halofuginone for greater than 24 hours
(A) Treatment with 25 ng/mL of halofuginone for 12, 24, 48, and 72 hours showed no
difference in caspase 3/7 activity between leiomyoma (black bars) and myometrial SMCs
(grey bars), and no difference between any treatment and control. (B) Treatment with 100
ng/mL of halofuginone, or (C) 200 ng/mL of halofuginone for 12, 24, 48 and 72 hours
showed a significant increase in caspase 3/7 activity at 48 and 72 hours compared to
untreated, 12, and 24 hour treatments for both leiomyoma and myometrial SMCs. STS= 1
μM Staurosporine treatment (positive control). NCC= Caspase 3/7 activity in 10% serum-
containing medium without any cells (negative control). Results are from three experiments
with four samples for each experiment. Statistically significant differences between
treatments are indicated by different lower case letters (p≤0.05).
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Figure 4. Halofuginone reduces collagen type I(αI) and collagen type III(α1) mRNA levels in
leiomyoma and myometrial SMCs
Collagen type I(αI) transcript levels in (A) leiomyoma and (B) myometrial cells and
collagen type III(αI) transcript levels in (C) leiomyoma and (D) myometrial cells treated
with increasing concentrations of halofuginone were determined by real-time PCR. Relative
fold levels for each transcript were normalized to the level of the 18S RNA present in each
sample. Results are from three experiments with three samples per experiment. Statistically
significant differences between treatments are indicated by different lower case letters
(p≤0.05).
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Figure 5. Halofuginone reduces TGFβI, but not TGFβIII transcript levels in leiomyoma and
myometrial SMCs after a 24 hour treatment with halofuginone
TGFβI transcript levels in (A) leiomyoma and (B) myometrial cells and TGFβIII transcript
levels in (C) leiomyoma and (D) myometrial cells treated with increasing concentrations of
halofuginone were determined by real-time PCR. Relative fold levels for each transcript
were normalized to the level of 18S RNA present in each sample. Results are from three
experiments with three samples for each experiment. Statistically significant differences
between treatments are indicated by different lower case letters (p≤0.05).
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Table 1

Applied Biosystems Assays-on-Demand™ Gene Expression Sequences

Gene Reference Sequence

COLLAGEN I AGACGAAGACATCCCACCAATCACC

COLLAGEN III ACAACAGGAAGCTGTTGAAGGAGGA

TGFβ I GACATCAACGGGTTCACTACCGGCC

TGFβ III GCTGGCGGAGCACAACGAACTGGCT

18S GGAGGGCAAGTCTGGTGCCAGCAGC
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