
Role of Stem Cells in Human Uterine Leiomyoma Growth
Masanori Ono, Wenan Qiang, Vanida Ann Serna, Ping Yin, John S. Coon V, Antonia Navarro,

Diana Monsivais, Toshiyuki Kakinuma, Matthew Dyson, Stacy Druschitz, Kenji Unno, Takeshi Kurita,

Serdar E. Bulun*

Division of Reproductive Biology Research, Department of Obstetrics and Gynecology, Feinberg School of Medicine at Northwestern University, Chicago, Illinois, United

States of America

Abstract

Background: Uterine leiomyoma is the most common benign tumor in reproductive-age women. Each leiomyoma is
thought to be a benign monoclonal tumor arising from a single transformed myometrial smooth muscle cell; however, it is
not known what leiomyoma cell type is responsible for tumor growth. Thus, we tested the hypothesis that a distinct stem/
reservoir cell-enriched population, designated as the leiomyoma-derived side population (LMSP), is responsible for cell
proliferation and tumor growth.

Principal Findings: LMSP comprised approximately 1% of all leiomyoma and 2% of all myometrium-derived cells. All LMSP
and leiomyoma-derived main population (LMMP) but none of the side or main population cells isolated from adjacent
myometrium carried a mediator complex subunit 12 mutation, a genetic marker of neoplastic transformation. Messenger
RNA levels for estrogen receptor-a, progesterone receptor and smooth muscle cell markers were barely detectable and
significantly lower in the LMSP compared with the LMMP. LMSP alone did not attach or survive in monolayer culture in the
presence or absence of estradiol and progestin, whereas LMMP readily grew under these conditions. LMSP did attach and
survive when directly mixed with unsorted myometrial cells in monolayer culture. After resorting and reculturing, LMSP
gained full potential of proliferation. Intriguingly, xenografts comprised of LMSP and unsorted myometrial smooth muscle
cells grew into relatively large tumors (3.6761.07 mm3), whereas xenografts comprised of LMMP and unsorted myometrial
smooth muscle cells produced smaller tumors (0.5460.20 mm3, p,0.05, n = 10 paired patient samples). LMSP xenografts
displayed significantly higher proliferative activity compared with LMMP xenografts (p,0.05).

Conclusions: Our data suggest that LMSP, which have stem/reservoir cell characteristics, are necessary for in vivo growth of
leiomyoma xenograft tumors. Lower estrogen and progesterone receptor levels in LMSP suggests an indirect paracrine
effect of steroid hormones on stem cells via the mature neighboring cells.
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Introduction

Uterine leiomyomas, the most common pelvic tumor in women,

are benign smooth muscle tumors originating from the myome-

trium [1]. Uterine leiomyomas occur in 60% of women by the age

of 45 years and cause symptoms in approximately 30% of the cases

[2,3]. These symptoms include pelvic pain, discomfort, and

abnormal bleeding. Uterine leiomyomas are also an important

cause of infertility and they are the most common medical reason

for hysterectomy [3,4]. Despite the high prevalence, the exact

pathophysiology of uterine leiomyomas is still unknown.

Somatic stem cells are a subset of cells residing in normal adult

tissues that, through asymmetric division, retain their ability to

self-renew while producing daughter cells that go on to differen-

tiate and play a role in tissue regeneration and repair [5,6].

Likewise, tumor initiating cells are a subset of cells within a tumor

cell population, which, also through asymmetric division, retain

the ability to reconstitute tumors [7,8]. The side population (SP)

phenotype was first described in bone marrow, where a somatic

stem cell population was identified based on its ability to extrude

the DNA binding dye Hoechst 33342, a phenomenon that is

associated with the expression of ATP-binding cassette transporter

G2 [8]. In general, the SP phenotype is thought to be a universal

marker of somatic stem cells and has been used to isolate them

from many adult tissues, such as the myometrium, endometrium

and mammary gland [9,10,11,12].

Leiomyomas are thought to be monoclonal tumors arising from

the myometrium; however, it is not known what cell population in

the myometrium gives rise to these tumors [13,14]. Several

recurrent genetic aberrations, such as trisomy of chromosome 12,

deletions in 7q, and mutation affecting the mediator complex

subunit 12 (MED12) or the high mobility group AT-hook 2

(HMGA2) gene were reported in uterine leiomyomas

[15,16,17,18]. As in other diseases, these genetic abnormalities

and tumor stem cells are considered to play pivotal roles in the

PLoS ONE | www.plosone.org 1 May 2012 | Volume 7 | Issue 5 | e36935



tumorigenesis of leiomyoma. To investigate the possible role of

stem cells in human uterine leiomyoma growth, we examined

leiomyoma derived SP cells (LMSP).

Methods

Preparation of human myometrial and leiomyoma cells
Myometrium and leiomyoma were obtained at surgery from

women (range 27–52 years) undergoing hysterectomy or myo-

mectomy, in addition to some basic endocrine information (e.g.,

day of menstrual cycle, parity, whether oral contraception is being

taken). Written informed consent was obtained from each patient

and the use of human tissue specimens was approved by the

Institutional Review Board for Human Research at Northwestern

University, Chicago, IL. None of these cases had any previous

history of uterine cancer, and all samples were confirmed by

histopathological examination to be free of malignancy. The

tissues were prepared as previously described [9].

Hoechst 33342 and Pyronin Y (PY) staining
The dissociated cells were re-suspended at a concentration of

26106 cells/ml in calcium- and magnesium-free Hanks-balanced

salt solution containing 2% fetal bovine serum (FBS). Hoechst

33342 (Sigma-Aldrich, St. Louis, MO) was then added at a final

concentration of 5 mg/ml and the sample was incubated at 37uC
for 90 min. A parallel aliquot was stained with Hoechst 33342 dye

in the presence of 50 mM reserpine (Sigma-Aldrich). After

incubation, the cells were centrifuged at 1500 rpm for 7 minutes,

re-suspended in 2 ml of cold FACS solution, and further incubated

with 1 mg/ml propidium iodide (PI, Sigma-Aldrich) to label non-

viable cells. The cells were kept on ice at all times after staining

with the Hoechst 33342 dye. The Hoechst dye- and PI-treated

cells were subjected to flow cytometric analysis to separate the side

population of myometrial cells (MMSP), main population of

myometrial cells (MMMP), LMSP, and main population of

leiomyoma cells (LMMP). For co-staining with Hoechst 33342

and PY, sorted LMSP and LMMP were washed twice in FACS

solution, incubated with 1 mg/mL Hoechst 33342 together with

50 mM reserpine at 37uC for 45 minutes, and then, without any

additional washing, incubated with 3.3 mM PY (Polysciences,

Warrington, PA) for another 45 minutes. The cells were washed

once in an excess volume of FACS solution and subjected to FACS

analysis by MoFlo (Cytomation, Fort Collins, CO) and LSR

Fortessa (BD Biosciences, San Jose, CA). Cells co-treated with

Hoechst and reserpine or treated with PY alone were used as

negative controls.

FACS analysis
Myometrial and leiomyoma cells were sorted by MoFlo and

analyzed using the Flowjo software (Tree Star Ashland, OR).

Myometrial and leiomyoma cells were re-suspended in FACS

solution at 1–56107 cells/ml. The antibodies used for FACS were

conjugated with fluorescein isothiocyanate (FITC) or phycoery-

thrin (PE) (Table 1). Hoechst 33342 was excited at 350 nm, and

the fluorescence emission was detected using 405/BP (band pass)

30 and 570/BP20 optical filters for Hoechst blue and Hoechst red,

respectively. A 550-nm long-pass dichroic mirror (Omega Optical

Inc., Brattleboro, VT) was used to separate the emission

wavelengths. Both Hoechst blue and red fluorescence intensities

are shown on a linear scale. PI fluorescence was measured through

a 630/BP30 optical filter after excitation at 488 nm with an argon

laser, and a live cell gate was defined to exclude PI-positive cells.

After collecting 16105 events, the SP population was defined as

previously reported [11,19,20]. Forward scatter, side scatter, and

PI gating excluded residual erythrocytes, debris, doublets, and

dead cells. The purity of the cell populations was verified directly

after sorting as .98%. The viability of sorted cells exceeded 90%

as assessed by trypan blue exclusion.

RNA extraction and quantitative analysis using real-time
RT-PCR

RNA extraction and real-time RT-PCR were performed as

described previously [21,22]. Glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH) transcripts were measured as an internal

control. Primer pairs used for each PCR reaction are as listed in

the Table 2.

Genomic DNA sequencing
Sequencing for MED12 in myometrial and leiomyoma cells was

performed by the Sanger DNA sequencing method. DNA from

each sample was extracted using DNeasy blood and tissue kit

(Qiagen, Germantown, MD). The desired DNA fragment was first

amplified using AmpliTaqGold enzyme (Applied Biosystems,

Foster City, CA). The PCR products were purified using

QIAquick PCR Purification Kit (Qiagen) and the sequencing

reactions were performed utilizing the Big Dye Terminator v.3.1

Kit (Applied Biosystems) according to the manufacturer’s instruc-

tions. Sequencing was performed on an ABI3730 Automatic DNA

Sequencer (Applied Biosystems) at the Northwestern University

Genomics Core Facility. The sequence graphs were analyzed both

manually and on a computer with the Sequence Scanner (Applied

Biosystems) program.

Table 1. List of antibodies used in this study.

Antgigen Clone Isotype Supplier

CD31 (FACS) WM59 FITC-conjugated mouse IgG1 BD Pharmingen (San Jose, CA)

CD45 (FACS) HI30 FITC-conjugated mouse IgG1 BD Pharmingen

CD73 (FACS) AD2 PE-conjugated mouse IgG1 BD Pharmingen

CD90 (FACS) 5.00E+10 PE-conjugated mouse IgG1 BD Pharmingen

CD105 (FACS) 266 FITC-conjugated mouse IgG1 BD Pharmingen

STRO-1 (FACS) STRO-1 mouse IgM R & D Systems (Minneapolis, MN)

a-smooth muscle actin 1A4 mouse IgG2a DAKO Cytomation (Glostrup, Denmark)

Estrogen recetor 1 SP1 rabbit IgG Lab Vision (Kalamazoo, MI)

Progesterone receptor SP2 rabbit IgG Lab Vision

doi:10.1371/journal.pone.0036935.t001
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Cell Culture
Both LMSP and LMMP were cultured in DMEM/F12 1:1

(GIBCO/BRL, Grand Island, NY) containing 10% FBS and

grown in a humidified atmosphere with 5% CO2 at 37uC. For

hormone treatment, cells were treated in the presence or absence

of 17b-Estradiol (E2; 1027 M; Sigma-Aldrich) and/or R5020 (P;

1027 M; Perkin-Elmer, Boston, MA) in phenol red-free DMEM/

F12 with 10% charcoal-stripped FBS for 7 days. An MTS assay

using the Cell Titer 96 Aqueous One Solution Cell Proliferation

Assay (Promega Corp., Madison, WI) was performed according to

the manufacturer’s instructions. The effects of the E2 and/or P on

the viability of LMSP and LMMP were evaluated. Co-culturing in

two separate compartments or with indirect contact with

myometrial cells (MM) was performed using Transwell Permeable

Supports (0.4-mm pore; Corning Incorporated, Pittston, PA). Side

or main cell populations in mixed co-cultures with MM at a 1:1

ratio were identified after initially dye-labeling each cell type. We

labeled the cytosolic membranes of LMSP or LMMP cells using

PKH-26 (red; Sigma-Aldrich), whereas myometrial cells were

labeled by PKH-67 (green; Sigma-Aldrich). Cells originating from

LMSP or LMMP in mixed co-cultures were identified using long-

lasting status PKH-26.

Immunofluorescence and histological analysis
Indirect immunofluorescence staining was performed described

previously [11,23]. Background fluorescence was determined by

applying the secondary conjugated antibody alone and by

replacement of the primary antibody with nonimmune serum.

Slides were successively stained with various antibodies as listed in

the Table 1, followed by incubation with secondary antibodies.

Images were collected using an inverted Axiovert 200 fluorescent

microscope (Carl Zeiss, Gottingen, Germany).

Transplantation analysis
Northwestern University’s Animal Care and Use Committee

approved all procedures involving animals in this study. The

protocol for the acquisition of surgical specimens was approved by

Northwestern University’s Institutional Review Board. LMSP or

LMMP were co-cultured with primary myometrial cells for 4–6

days. The ratio of LMSP to myometrial cells before xenografting

was 1:9; and the ratio of LMMP to myometrial cells was 1:7. Cells

were collected from the culture plates by trypsin digestion and

suspended into rat-tail collagen (type I) solution (BD Bioscience,

San Jose, CA) at 105 cells per 10 ml. We have successfully used this

method to study the hormonal response of human endometrial

tissue [24,25]. With this technique, the low-density collagen gel

consists mostly of water, and thus the pellet volume (10 ml) does

not reflect the starting volume of the tumor. When cell pellets are

incubated at 37uC overnight as floating cultures, they become

smaller than 1 mm in diameter due to contraction of the collagen

by the leiomyoma cells. Therefore, the estimated starting volume

of the cell graft is smaller than 0.6 mm3. The grafting procedure

was performed as described previously [25]. Cell pellets were

grafted onto opposing kidneys of adult female non-obese diabetic-

scid (IL2Rcnull) mouse hosts (Jackson Laboratory, Bar Harbor,

ME). The cell pellets are high in water content, and thus, they

become smaller under the pressure of the subrenal capsule. The

estimated starting volume of tissue grafts under the renal capsule

was approximately 1 mm3. According to our previous report,

estrogen and progesterone are known to promote the growth of

cells derived from uterine fibroids when transplanted under the

kidney capsule [25]. For this reason, all hosts were ovariectomized

and supplemented with sc implantation of 80 mg progesterone (P4;

Sigma-Aldrich) plus 80 mg E2 (Sigma-Aldrich). These doses were

chosen because previous studies demonstrated that they were able

to sustain systemic E2 and P4 levels within cycling women [26].

The effects of ovariectomy and hormone treatments were

confirmed by the gross appearance and histology of the host

female reproductive tracts. The presence of hormone pellets was

also confirmed at the time of termination of the host.

Data analysis
Tumor volume was measured using the program ImageJ

(National Institutes of Health, http://rsbweb.nih.gov.ezproxy.

galter.northwestern.edu/ij/index.html). P value was calculated

using the unpaired Student’s t-test. P value less than 0.05 were

considered statistically significant.

Table 2. List of primer sets used in this study.

Gene Primer sets Accession number

Estrogen receptor 1 (ESR1) 59-CACCAACCAGTGCACCATCATTG-39 NM_001122740

59-AAGGTTGGCAGCTCTCATGTC-39

Estrogen receptor 2 (ESR2) 59-CCATGATCCTGCTCAATTCC-39 NM_001437

59-CTCTTGGCAATCACCCAAAC-39

Progesterone receptor (PGR) 59-CATTTGCACAAACCTGATGG-39 NM_001202474

59-CATGGTGTACAAGGCCACTG-39

a smooth muscle actin 59-CAAGTGATCACCATCGGAAATG-39 NM_001141945

59-GACTCCATCCCGATGAAGGA-39

Calponin 59-TGAAGCCCCACGACATTTTT-39 NM_001299

59-GGGTGGACTGCACCTGTGTA-39

SM22a 59-CAAGCTGGTGAACAGCCTGTAC-39 NM_003186

59-GACCATGGAGGGTGGGTTCT-39

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 59-GAAGGTGAAGGTCGGAGTC-39 NM_002046

59-GAAGATGGTGATGGGATTTC-39

doi:10.1371/journal.pone.0036935.t002
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Results

Leiomyoma have a lower percentage of SP cells than
normal myometrium

Since the SP phenomena has recently been shown to identify

putative myometrial somatic stem cells in mice [5] and humans

[9,27], we evaluated differences in the SP between the myome-

trium and leiomyoma. Single cell suspensions of normal myome-

trium and leiomyoma tissue prepared from patients were each

stained with Hoechst 33342 dye and analyzed by flow cytometry

to identify the SP. PI staining was used to evaluate cell viability. In

the representative experiment shown in Fig. 1A, there were nearly

two-fold more SP cells in the normal myometrium of this patient

compared to that found in the leiomyoma tissue. When reserpine,

an inhibitor of ATP binding cassette transporter activity, was

included as a control, no SP cells were detected, suggesting that

the Hoechst dye efflux from the SP was due to ATP binding

cassette transporter activity. Comparison of the two tissues from 10

patients showed that the normal myometrium had a consistently

and significantly larger SP than leiomyomas (2.07%60.46 vs.

1.19%60.23, p,0.05, n = 10; Fig. 1B). Based on our recent

finding that MMSP have a myometrial stem cell phenotype [9], we

further characterized the SP of leiomyoma to identify leiomyoma

stem cells.

LMSP represent an immature or undifferentiated cell
population

Real-time RT-PCR analysis of mRNA derived from isolated

MMSP, MMMP, LMSP, and LMMP demonstrated that the

expression levels of estrogen receptor-a (ESR1), progesterone

receptor (PGR), and the smooth muscle cell markers, including

aSMA, were present at very low levels in LMSP compared with

both LMMP and whole leiomyoma tissues (Fig. 1C and D). These

results suggest that LMSP represents an immature or undifferen-

tiated cell population just after isolation, consistent with our

observation that LMSP differentiate into uterine leiomyoma cells

after co-culture with myometrial cells.

Figure 1. Isolation and characterization of human MMSP and LMSP. (A) (Left upper) Distribution of the SP and MP cells within all Hoechst
33342-stained living cells isolated from human myometrium. (Right upper) Addition of 50 mM reserpine resulted in the disappearance of the MMSP
fraction. (Left lower) Distribution of SP and MP cells isolated from human leiomyoma. (Right lower) Addition of 50 mM reserpine resulted in the
disappearance of the LMSP fraction. (B) Average % SP of normal myometrium and leiomyomas from 10 different patients are shown (2.07%60.46 vs.
1.19%60.23, P,0.05). Error bars represent SEM. (C) mRNA expression of ovarian steroid receptors and (D) smooth muscle cell markers was examined
by real-time RT-PCR and normalized for GAPDH expression. Each bar indicates the mean 6 SEM of the relative expression obtained from three
independent experiments using three individual samples. *, P,0.05.
doi:10.1371/journal.pone.0036935.g001
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LMSP express cell surface antigens different than those
of blood cells, endothelial cells, or bone marrow-derived
mesenchymal stem cells (MSC)

Phenotypic analyses using flow cytometry demonstrated that

LMSP contain 5.6% CD31-positive cells and 2.3% CD45-positive

cells. These results suggest that cell surface marker expression on

LMSP differ from those on endothelial progenitor cells or

hematopoietic stem cells. The percentage of CD31-positive cells

in LMSP is lower compared with MMSP, whereas CD45

expression is rare in both LMSP and MMSP. We also analyzed

the expression of the bone marrow MSC markers CD73, CD90,

CD105 and Stro-1. In LMSP, expression levels of the markers

were 23.3% for CD73, 27.1% for CD90, 2.3% for CD105, and

3.9% for stro-1 (Fig. 2A and B). Considering that these markers

are commonly found on MSC, our data suggest that LMSP are

not identical to MSC.

Cell cycle analysis reveals that LMSP are quiescent
An important characteristic of hematopoietic and other tissue-

specific stem cells is that they remain dormant or quiescent,

arrested in the G0 phase of the cell cycle and protected from

depletion or exhaustion [28,29,30]. Exit from G0 and entry into

G1 are associated with an increase in transcription, which can be

measured by staining with pyronine Y (PY), an RNA-specific dye.

Co-staining with PY and Hoechst 33342, followed by flow

cytometry analysis, revealed that 83.67%65.73 of LMSP but

only 58.50%66.06 of LMMP were in the G0 phase (Fig. 2C),

which is consistent with the existence of quiescent stem cells within

LMSP.

Figure 2. Cell surface marker antigens in LMSP. (A) Expression patterns of endothelial cell surface markers (CD31, Platelet Endothelial Cell
Adhesion Molecule-1) and hematopoietic (CD45, Leukocyte common antigen) in MMSP, LMSP (red); and MMMP, LMMP (blue). In LMSP, most of the
cells were negative for endothelial and hematopoietic cell markers. (B) Expression patterns of bone marrow mesenchymal stem cell surface markers
(CD73, CD90, CD105, STRO-1) in MMSP, LMSP (red); and MMMP, LMMP (blue). These bone mesenchymal cell surface antigens were not able to
identify LMSP. Mouse FITC-labeled IgG1 (BD Biosciences) was used as an isotypic control for staining of total myometrial or leiomyoma cells (black).
(C) Cell cycle status of LMSP and LMMP was determined by Hoechst 33342 and Pyronin Y staining. The left lower quadrant corresponds to the G0

phase. Flow cytometry analysis revealed that 83.67%65.73 of LMSP but only 58.50%66.06 of LMMP were in the G0 phase.
doi:10.1371/journal.pone.0036935.g002
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MED12 mutations demonstrate that LMSP are committed
to a leiomyoma cell lineage

Recently, mutations in the MED12 gene have been reported in

the majority of leiomyoma tissues and cells [16]. We directly

sequenced the MED12 gene in 3 pairs of normal myometrium and

adjacent leiomyoma tissues, as well as in main population and SP

cells isolated from these samples. We found mutations involving a

substitution of guanine (G) at the 131 bp position to either alanine

(A) or cytosine (C) in leiomyoma tissue and LMSP and LMMP

isolated from leiomyoma tissues, but not in adjacent myometrial

tissues or their main population or SP cells (Fig. 3). Two patients

had the same c.131G.A mutation shown in the upper panel of

Fig. 3, and the third patient had the c.131G.C mutation shown in

the lower panel. These two missense mutations affected the amino

acid residue at codon 44, giving rise to conversions G44A and

G44D (Fig. 3). These data suggest that LMSP carry a genetic

mutation that may lead to tumorigenic transformation in cells

already been committed to a leiomyoma cell lineage.

Mixed co-culture with myometrial smooth muscle cells
enhances initial attachment and spread and eventual
differentiation and growth of LMSP

To further characterize LMSP in vitro, we attempted to culture

and expand these cells using conventional media supplemented

with E2 and/or P. LMSP cells cultured alone never attached to

plastic or spread up to 4 weeks in culture (Fig. 4A). LMSP also

Figure 3. Sequence chromatograms showing somatic mutations in MED12 codon 44 in LMSP. Examples of genomic DNA sequencing
traces in codon 44-mutated samples are shown. Mutated bases are indicated by arrows.
doi:10.1371/journal.pone.0036935.g003
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failed to grow in a co-culture system in which Transwell

Permeable Supports were used to create separate compartments

of confluent myometrial cells and seeded LMSP (Fig. 4B). Finally,

we tried a mixed co-culture system, in which equal numbers

(50,000) of LSMP and myometrial smooth muscle cells were

mixed 1:1 and maintained in the same culture dish. In mixed co-

culture, the LMSP attached and spread together with unsorted

myometrial cells in vitro in DMEM/F12 1:1 10% FBS without any

hormonal treatment (Fig. 4C), reaching confluence in a 6-cm

culture dish within 2 weeks. In this co-culturing system, we labeled

LMSP or LMMP using PKH-26 fluorescent dye. No fusion

between the two cell types was observed. After mixed co-culture,

the final ratio of LMSP to LMMP was approximately 1:9. This

result indicates that LMSP did attach and spread but did not

increase significantly in number during the first mixed co-culture.

These findings suggest that cell-cell interactions and/or myome-

trial cell-derived secretory factors may be required for attachment

and survival of LMSP.

LMSP differentiate to LMMP and proliferate after co-
culture

After grown to confluence in the first mixed co-culture plate

with myometrial cells, LMSP cells were sorted by flow cytometry

using a PKH-26 dye, and their gene expression profile was

determined using real-time PCR. The steroid hormone receptors,

ESR1 and PGR, and smooth muscle cell markers were expressed

at the same level in LMSP, LMMP, and cultured cells from whole

leiomyoma tissue (Fig. 4D and E). Immunostaining showed that

protein expression of aSMA was not different between LMSP and

LMMP after these cells were maintained in mixed co-culture

(Fig. 4F). Because LMSP did not express these markers before

mixed co-culture with myometrial smooth muscle cells, these

results indicate that LMSP differentiate to a cell type similar to

LMMP during co-culture. Moreover, after sorting and re-

culturing, the pure LMSP population grew to full confluence

indicating that the differentiated LMSP population now gained the

potential for proliferation similar to that observed in LMMP

Figure 4. Cell culture of LMSP. (A) Effects of E2 and/or P on the viability of LMSP as determined by the MTS assay. Each bar indicates the mean 6
SEM of the absorbance at 490 nm obtained from three independent experiments using three individual samples. *, P,0.05. (B) Effects of indirect co-
culturing with MM on the viability of LMSP. *, P,0.05. (C) Side or main populations in mixed co-cultures with MM at a 1:1 ratio were identified after
initially dye-labeling each cell type. Cells originating from LMSP, LMMP, and MM in mixed co-cultures were identified using long-lasting status PKH-26
(red) or PKH-67 (green). Scale bars, 100 mm. (D) mRNA expression of the ovarian steroid receptors and (E) smooth muscle cell markers was examined
by real-time RT-PCR and normalized for GAPDH expression. Each bar indicates the mean 6 SEM of the relative expression obtained from three
independent experiments using three individual samples. *, P,0.05. (F) Expression of aSMA protein in LMSP and LMMP after culturing. Scale bars,
50 mm (upper), 100 mm (lower).
doi:10.1371/journal.pone.0036935.g004
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(Fig. 4F). aSMA-positive cell frequency during this second culture

was 100% (Fig. 4F). FACS analysis was performed to demonstrate

the purity of LMSP and LMMP (control) cell types.

Generation of human leiomyoma-like tumors from LMSP
in immunodeficient mice

Single-cell suspensions of 100,000 cells obtained from mixed co-

culture systems were transplanted under the kidney capsule of

ovariectomized immunosuppressed mice treated with E2 and P4

for 12 weeks (see Materials and Methods). Each cell pellet from a

co-culture system included myometrial smooth muscle cells (MM)

plus LMMP or MM plus LMSP. Mice inoculated with a single cell

suspension (100,000 cells) cultured from whole myometrium (MM

only) were used as negative controls, as these cells never grow into

tumors [25]. To assess the capacity for tumorigenesis, each

xenografted cell pellet was analyzed for (i) tumor formation, (ii) the

3 dimensions and volume of the tumor, (iii) protein expression

using immunohistochemistry (Fig. 5). We demonstrated that both

LMSP+MM and LMMP+MM were capable of generating human

leiomyoma tumors; however the tumor size derived from

LMSP+MM was significantly larger (3.67 mm361.07) compared

with LMMP+MM-derived tumors (0.54 mm360.20, p,0.05,

n = 10 paired patient samples; Fig. 5A and B). The tumors were

characterized by the presence of aSMA-positive cells in the renal

capsule (Fig. 5C). We confirmed the expression of estrogen

receptor (ER) and progesterone receptor (PR) in all the xenografts

obtained from animals grafted with LMSP+MM. Consistent with

the formation of larger tumors, LMSP+MM-derived tumor cells

displayed significantly higher proliferation as determined by a

higher Ki67 labeling index (2.38%60.12) compared with

LMMP+MM-derived tumors (0.35%60.08) (Fig. 5C and D).

Discussion

Uterine leiomyomas are monoclonal tumors, with growth of the

neoplasm occurring via clonal expansion from a single cell; this

raises the possibility for development of new, targeted therapeutic

interventions [31]. Our results reinforce the hypothesis that LMSP

are likely involved in leiomyoma tumorigenesis. Most leiomyomas

contain specific genetic mutations suggesting that transformation

of normal myocytes into abnormal myocytes is required at some

point during the genesis of a leiomyoma [16]. This process appears

to be quite common, in view of the high prevalence of microscopic

leiomyomas. We believe that LMSP arise from this myometrial

transformation, though the timing of this transformation has not

been elucidated and may occur in adults or during an embryonic

stage.

Figure 5. Generation of leiomyoma tumors from LMSP. (A) Macroscopic visualization of the transplanted site 12 weeks after
xenotransplantation. (B) Xenografts were analyzed in terms of tumor volume. Each bar indicates the mean 6 SEM. *, P,0.05, n = 10 paired
patient samples. (C) Original tissue and generated tumor were analyzed by immunohistochemistry. Nuclei were stained with DAPI (blue). Scale bars,
100 mm. D, Ki 67 labeling index was calculated in transplanted tumors.
doi:10.1371/journal.pone.0036935.g005
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The myometrium itself has a prominent regenerative capacity.

Marked pregnancy-induced expansion of the human uterus,

mainly composed of myometrial cells, is repeated multiple times

throughout the reproductive life of an individual. As uterine

leiomyomas are thought to be derivatives of myometrial cells

[13,14], we hypothesize that a population of putative stem/

reservoir cells that support growth exists within the leiomyoma. In

support of this hypothesis, the Hoechst-stained cells contained a

small fraction of SP cells that were resting in G0 phase, a

characteristic of stem cells that allows them to persist in various

tissues. Real-time RT-PCR data revealed that the LMSP rarely

expressed steroid hormone receptors and smooth muscle cell

markers. However, after culture, these markers were expressed

naturally at the same levels as seen in LMMP and the total

leiomyoma fraction. These results indicate that LMSP represent a

population of cells that exist in an undifferentiated state within the

leiomyoma that have the potential to differentiate into uterine

leiomyoma cells within the environment of the uterine myome-

trium.

Steroid hormones play a role in the growth of uterine

leiomyomas and endometrium [4,32,33,34,35]. Upregulation of

ESR1, PGR and aromatase in leiomyoma tissue were reported

[36]. The enzyme aromatase, which is encoded by the CYP19A1

gene produces estrogens, appears to be an important regulator of

estrogen response in leiomyomas. Progesterone, through its

receptor, PGR also increase leiomyoma growth via inhibiting

apoptosis and promoting cell proliferation [37,38,39].

To follow our previous work, we continued to employ Hoechst

33342 based isolation of SP cells to study stem/reservoir cell

biology in uterine leiomyoma [9]. It would desirable to use an

independent methodology such as cell sorting via a surface antigen

for the isolation of a leiomyoma cell population enriched in stem

cells. Unfortunately, such a marker to be used for this purpose has

not been published to date.

Intriguingly, we found that LMSP have tumorigenic capacity

under E2+P4 stimulation, despite our finding that LMSP are

negative for ESR1 and PGR. In mammary structures of humans

and mice, mammary stem cells, despite being void of ESR1 and

PGR themselves, are subject to regulation in both number and

repopulating ability by steroid hormones, particularly progester-

one [40,41,42,43]. We hypothesize that paracrine factors mediate

signals from steroid receptor-positive adjacent to LMSP. The most

important characteristic of stem cells is their ability to generate

tumors in immunocompromised mice. Tumors originating from

LMSP grew larger than those originating from LMMP, confirm-

ing the capacity of leiomyomas to initiate and sustain tumor

growth.

Thorough characterization of LMSP is necessary to understand

the complex mechanisms underlying the pathogenesis of leiomy-

oma, and our procedure for isolating and cultivating LMSP have

made such studies possible. The elucidation of the functions and

cellular properties of LMSP will broaden our understanding of

leiomyoma pathophysiology and will be the focus of future studies.

Acknowledgments

Traditional sequencing services were performed at the Northwestern

University Genomics Core Facility.

Author Contributions

Conceived and designed the experiments: MO T. Kurita SEB. Performed

the experiments: MO WQ VAS PY JSC AN DM T. Kakinuma MD SD

KU. Analyzed the data: MO SEB. Contributed reagents/materials/

analysis tools: MO WQ VAS PY JSC AN DM T. Kakinuma MD SD KU

T. Kurita SEB. Wrote the paper: MO JSC SEB.

References

1. Walker CL, Stewart EA (2005) Uterine fibroids: the elephant in the room.

Science 308: 1589–1592.

2. Okolo S (2008) Incidence, aetiology and epidemiology of uterine fibroids. Best

Pract Res Clin Obstet Gynaecol 22: 571–588.

3. Wallach EE, Vlahos NF (2004) Uterine myomas: an overview of development,

clinical features, and management. Obstet Gynecol 104: 393–406.

4. Stewart EA (2001) Uterine fibroids. Lancet 357: 293–298.

5. Szotek PP, Chang HL, Zhang L, Preffer F, Dombkowski D, et al. (2007) Adult

mouse myometrial label-retaining cells divide in response to gonadotropin

stimulation. Stem Cells 25: 1317–1325.

6. Schwab KE, Hutchinson P, Gargett CE (2008) Identification of surface markers

for prospective isolation of human endometrial stromal colony-forming cells.

Hum Reprod 23: 934–943.

7. Schofield R (1978) The relationship between the spleen colony-forming cell and

the haemopoietic stem cell. Blood Cells 4: 7–25.

8. Jordan CT, Guzman ML, Noble M (2006) Cancer stem cells. N Engl J Med 355:

1253–1261.

9. Ono M, Maruyama T, Masuda H, Kajitani T, Nagashima T, et al. (2007) Side

population in human uterine myometrium displays phenotypic and functional

characteristics of myometrial stem cells. Proc Natl Acad Sci U S A 104:

18700–18705.

10. Cervello I, Mas A, Gil-Sanchis C, Peris L, Faus A, et al. (2011) Reconstruction of

endometrium from human endometrial side population cell lines. PLoS One 6:

e21221.

11. Masuda H, Matsuzaki Y, Hiratsu E, Ono M, Nagashima T, et al. (2010) Stem

cell-like properties of the endometrial side population: implication in

endometrial regeneration. PLoS One 5: e10387.

12. Smalley MJ, Clarke RB (2005) The mammary gland ‘‘side population’’: a

putative stem/progenitor cell marker? J Mammary Gland Biol Neoplasia 10:

37–47.

13. Canevari RA, Pontes A, Rosa FE, Rainho CA, Rogatto SR (2005) Independent

clonal origin of multiple uterine leiomyomas that was determined by X

chromosome inactivation and microsatellite analysis. Am J Obstet Gynecol 193:

1395–1403.

14. Zhang P, Zhang C, Hao J, Sung CJ, Quddus MR, et al. (2006) Use of X-

chromosome inactivation pattern to determine the clonal origins of uterine

leiomyoma and leiomyosarcoma. Hum Pathol 37: 1350–1356.

15. Hodge JC, Park PJ, Dreyfuss JM, Assil-Kishawi I, Somasundaram P, et al. (2009)

Identifying the molecular signature of the interstitial deletion 7q subgroup of

uterine leiomyomata using a paired analysis. Genes Chromosomes Cancer 48:

865–885.

16. Makinen N, Mehine M, Tolvanen J, Kaasinen E, Li Y, et al. (2011) MED12, the

mediator complex subunit 12 gene, is mutated at high frequency in uterine

leiomyomas. Science 334: 252–255.

17. Parker WH (2007) Etiology, symptomatology, and diagnosis of uterine myomas.

Fertil Steril 87: 725–736.

18. Velagaleti GV, Tonk VS, Hakim NM, Wang X, Zhang H, et al. (2010) Fusion of

HMGA2 to COG5 in uterine leiomyoma. Cancer Genet Cytogenet 202: 11–16.

19. Gargett CE, Chan RW, Schwab KE (2008) Hormone and growth factor

signaling in endometrial renewal: role of stem/progenitor cells. Mol Cell

Endocrinol 288: 22–29.

20. Chang HL, Senaratne TN, Zhang L, Szotek PP, Stewart E, et al. (2010) Uterine

leiomyomas exhibit fewer stem/progenitor cell characteristics when compared

with corresponding normal myometrium. Reprod Sci 17: 158–167.

21. Xue Q, Lin Z, Yin P, Milad MP, Cheng YH, et al. (2007) Transcriptional

activation of steroidogenic factor-1 by hypomethylation of the 59 CpG island in

endometriosis. J Clin Endocrinol Metab 92: 3261–3267.

22. Ishikawa H, Fenkci V, Marsh EE, Yin P, Chen D, et al. (2008) CCAAT/

enhancer binding protein beta regulates aromatase expression via multiple and

novel cis-regulatory sequences in uterine leiomyoma. J Clin Endocrinol Metab

93: 981–991.

23. Kurita T (2010) Developmental origin of vaginal epithelium. Differentiation 80:

99–105.

24. Kurita T, Medina R, Schabel AB, Young P, Gama P, et al. (2005) The

activation function-1 domain of estrogen receptor alpha in uterine stromal cells

is required for mouse but not human uterine epithelial response to estrogen.

Differentiation 73: 313–322.

25. Ishikawa H, Ishi K, Serna VA, Kakazu R, Bulun SE, et al. (2010) Progesterone

is essential for maintenance and growth of uterine leiomyoma. Endocrinology

151: 2433–2442.

26. McDonnel AC, Van Kirk EA, Isaak DD, Murdoch WJ (2005) Effects of

progesterone on ovarian tumorigenesis in xenografted mice. Cancer Lett 221:

49–53.

Human Leiomyoma Stem Cells

PLoS ONE | www.plosone.org 9 May 2012 | Volume 7 | Issue 5 | e36935



27. Ono M, Kajitani T, Uchida H, Arase T, Oda H, et al. (2010) OCT4 expression

in human uterine myometrial stem/progenitor cells. Hum Reprod 25:
2059–2067.

28. Quesenberry PJ, Colvin GA, Lambert JF (2002) The chiaroscuro stem cell: a

unified stem cell theory. Blood 100: 4266–4271.
29. Young HE (2004) Existence of reserve quiescent stem cells in adults, from

amphibians to humans. Curr Top Microbiol Immunol 280: 71–109.
30. Arai F, Hirao A, Ohmura M, Sato H, Matsuoka S, et al. (2004) Tie2/

angiopoietin-1 signaling regulates hematopoietic stem cell quiescence in the

bone marrow niche. Cell 118: 149–161.
31. Hashimoto K, Azuma C, Kamiura S, Kimura T, Nobunaga T, et al. (1995)

Clonal determination of uterine leiomyomas by analyzing differential inactiva-
tion of the X-chromosome-linked phosphoglycerokinase gene. Gynecol Obstet

Invest 40: 204–208.
32. Khazaei M, Montaseri A, Casper RF (2009) Letrozole stimulates the growth of

human endometrial explants cultured in three-dimensional fibrin matrix. Fertil

Steril 91: 2172–2176.
33. Usadi RS, Groll JM, Lessey BA, Lininger RA, Zaino RJ, et al. (2008)

Endometrial development and function in experimentally induced luteal phase
deficiency. J Clin Endocrinol Metab 93: 4058–4064.

34. Greathouse KL, Cook JD, Lin K, Davis BJ, Berry TD, et al. (2008)

Identification of uterine leiomyoma genes developmentally reprogrammed by
neonatal exposure to diethylstilbestrol. Reprod Sci 15: 765–778.

35. Matsumoto H, Zhao X, Das SK, Hogan BL, Dey SK (2002) Indian hedgehog as

a progesterone-responsive factor mediating epithelial-mesenchymal interactions
in the mouse uterus. Dev Biol 245: 280–290.

36. Ishikawa H, Reierstad S, Demura M, Rademaker AW, Kasai T, et al. (2009)

High aromatase expression in uterine leiomyoma tissues of African-American
women. J Clin Endocrinol Metab 94: 1752–1756.

37. Yin P, Lin Z, Cheng YH, Marsh EE, Utsunomiya H, et al. (2007) Progesterone
receptor regulates Bcl-2 gene expression through direct binding to its promoter

region in uterine leiomyoma cells. J Clin Endocrinol Metab 92: 4459–4466.

38. Yin P, Roqueiro D, Huang L, Owen JK, Xie A, et al. (2012) Genome-Wide
Progesterone Receptor Binding: Cell Type-Specific and Shared Mechanisms in

T47D Breast Cancer Cells and Primary Leiomyoma Cells. PLoS One 7: e29021.
39. Othman EE, Al-Hendy A (2008) Molecular genetics and racial disparities of

uterine leiomyomas. Best Pract Res Clin Obstet Gynaecol 22: 589–601.
40. Lydon JP (2010) Stem cells: Cues from steroid hormones. Nature 465: 695–696.

41. Fernandez-Valdivia R, Lydon JP (2011) From the ranks of mammary

progesterone mediators, RANKL takes the spotlight. Mol Cell Endocrinol.
42. Asselin-Labat ML, Vaillant F, Sheridan JM, Pal B, Wu D, et al. (2010) Control

of mammary stem cell function by steroid hormone signalling. Nature 465:
798–802.

43. Joshi PA, Jackson HW, Beristain AG, Di Grappa MA, Mote PA, et al. (2010)

Progesterone induces adult mammary stem cell expansion. Nature 465:
803–807.

Human Leiomyoma Stem Cells

PLoS ONE | www.plosone.org 10 May 2012 | Volume 7 | Issue 5 | e36935


