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Abstract
Purpose We attempted to identify the genes involved in the pathogenesis of uterine leiomyomas, under a hypothesis that the
aberrant expression of upstream regulatory genes caused by aberrant DNAmethylation is involved in the onset and development
of uterine leiomyomas.
Methods To find such genes, we compared genome-wide mRNA expression and DNA methylation in uterine leiomyomas and
adjacent normal myometrium. Analysis of the data by Ingenuity Pathway Analysis software identified SATB2which is known to
be an epigenetic regulator, and NRG1 as candidate upstream regulatory genes. To infer the functions of these genes, human
uterine smooth muscle cell lines overexpressing SATB2 or NRG1 genes were established (SATB2 or NRG1 lines), and their
transcriptomes and pathways were analyzed.
Results SATB2 and NRG1were confirmed to be hypermethylated and upregulated in most uterine leiomyoma specimens (nine to
11 of the 11 cases). Among the established cell lines, morphological changes from spindle-like forms to fibroblast-like forms with
elongated protrusions were observed in only the SATB2 line. Pathway analysis revealed that WNT/β-catenin and TGF-β
signaling pathways which are related to the pathogenesis of uterine leiomyomas were activated in both SATB2 and NRG1 lines.
In addition, signaling of growth factors including VEGF, PDGF, and IGF1, and retinoic acid signaling were activated in the
SATB2 and NRG1 lines, respectively.
Conclusions These results indicate that SATB2 and NRG1 overexpression induced many of the signaling pathways that are
considered to be involved in the pathogenesis of uterine leiomyomas, suggesting that these genes have roles as upstream
regulatory factors.
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Introduction

Uterine leiomyomas are tumors that originate from uterine
smooth muscle cells and are the most common gynecologic
neoplasms, occurring in more than 25% of reproductive-age
women [1]. Although uterine leiomyomas are benign diseases,

they cause severe pelvic pain, menorrhagia, dysmenorrhea, ane-
mia, infertility, andmiscarriage, and thus significantly impair the
quality of life [1, 2]. Surgery has long been the main mode of
therapy for uterine leiomyomas, and hysterectomy is an attrac-
tive option to eliminate such problems for women who have
completed childbearing. However, in recent years, women with
uterine leiomyomas who wish retaining uteri for future pregnan-
cies are increasing in number, since childbearing age is increas-
ing due to changes in women’s lifestyle. Thus, there is a need for
a therapy with molecular targeted agents. To identify such
agents, it is necessary to elucidate the molecular mechanisms
involved in the onset and development of uterine leiomyomas.

A number of factors have been reported to be involved in
the pathogenesis of uterine leiomyomas, e.g., estrogen/
estrogen receptor 1 (ESR1) [3], progesterone/progesterone re-
ceptor (PGR) [3, 4], several growth factors such as
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transforming growth factor beta (TGFB) [5], insulin-like
growth factor (IGF) [6], epidermal growth factor (EGF) [7],
platelet-derived growth factor (PDGF) [8], vascular growth
factor (VEGF) [9], and fibroblast growth factor (FGF) [10].
In addition, several signaling pathways such as wingless-type
(WNT)/beta catenin signaling [5], retinoic acid signaling [11],
vitamin D signaling, and peroxisome proliferator-activated
receptor gamma (PPARG) signaling [3] are also known to
play important roles in the growth of uterine leiomyomas.
However, these factors and signaling pathways have not yet
fully explained the pathogenesis of uterine leiomyomas.

The risk of uterine leiomyomas has been associated with
genetic factors such as African descent [12] and also with ac-
quired factors such as the hormonal environment, nutrition, and
lifestyle. Thus, early menarche, high body mass index, a meat
diet, and high blood pressure increase the risk, whereas giving
birth, a vegetarian diet, and smoking reduce the risk [12–14].
The acquired factors can be involved in the pathogenesis of
uterine leiomyomas by causing epigenetic mutations. In fact,
to date, DNA methylation and transcriptional analyses by our-
selves [15–18] and other research groups [19, 20] have demon-
strated that uterine leiomyomas have aberrant DNA methyla-
tion and mRNA expression profiles, suggesting that the aber-
rant gene expression caused by aberrant DNA methylation
plays a key role in the pathogenesis of uterine leiomyomas
[21]. On the other hand, studies of induced pluripotent stem
cells and direct reprogramming have revealed that only a few
master genes can determine or alter the cell fate [22, 23]. Only
three mutations of driver genes are reported to be responsible
for tumor development in lung and colorectal cancers [24].
These findings raise the possibility that several upstream regu-
latory genes, so-called master genes or driver genes, are prefer-
entially involved in the pathogenesis of uterine leiomyomas.
Thus, we hypothesize that the aberrant expression of the up-
stream regulatory genes caused by aberrant DNA methylation
plays a key role in the pathogenesis of uterine leiomyomas.

In this study, to identify potential upstream regulatory
genes, we searched for genes with aberrant DNA methylation
and mRNA expression based on differences in DNA
methylome and transcriptome data from multiple paired sam-
ples of uterine leiomyomas and adjacent normal myometrium.
Furthermore, we examined by transcriptome and pathway
analyses whether overexpression of the upstream regulatory
genes actually activates signaling pathways similar to those
involved in uterine leiomyomas.

Materials and methods

Tissue samples and cell culture

Paired specimens of uterine leiomyoma and adjacent normal
myometrium were obtained from 11 Japanese women. The

women underwent hysterectomy, and their ages were from
37 to 49 years old (mean ± SD; 44.5 ± 4.5). None of women
had received previous treatment with sex steroid hormones or
gonadotropin-releasing hormone analogs. Dissected speci-
mens were immediately immersed in liquid nitrogen and
stored at − 80 °C until DNA and RNA isolation.

Human immortalized uterine smooth muscle cell line
(hTERT UtSMCs) which was obtained from Drs Konishi and
Matsumura [25], were cultured in Dulbecco’s Modified Eagle
medium (DMEM), high glucose (Wako, Osaka, Japan) supple-
mented with 10% FBS and antibiotic-antimycotic (Gibco BRL,
Rockville, MD, USA) at 37 °C in CO2 incubator.

The three-dimensional culture was performed with collagen
gel-embedded culture method [26, 27]. Cells of each hTERT
UtSMC line were made into a single cell by treatment of tryp-
sin, and then mixed with collagen solution [40% rat tail colla-
gen type I (final concentration 1.6 mg/ml; Sigma-Aldrich,
Tokyo, Japan), 20% 5 × DMEM, 10% FBS, 10% 0.44 M
NaHCO3 and 5% 0.18 N NaOH] at 1 × 107 cells/ml. Two
10 μl-droplets of collagen solution containing cells were made
on bottom of 12 well-plate (BD Biosciences, San Jose, Calif.,
USA) and incubated at 37 °C for 30 min to gel. The resulting
cell-collagen clumps were added with the culture medium at
0.5 ml/well, and maintained at 37 °C in CO2 incubator.

Construction of the expression vectors containing
SATB2 or NRG1 together with AcGFP

The coding sequence (CDS) of SATB2 (NM_001172509) and
NRG1 (NM_013964) was amplified by PCR using cDNA of
uterine leiomyoma as a template and primers shown in
Supplementary Table 2. PCR was performed using 1.25 units
of PrimeSTARGXLDNApolymerase (Takara, Kyoto, Japan)
under the cycling conditions (35 cycles of 98 °C for 10 s,
60 °C for 15 s, and 68 °C for 2.5 min). The IRES-AcGFP
fragment was cleaved with restriction enzymes Sal I and Not
I from pEF1a-IRES-AcGFP 1 vector (Takara). For the SATB2
expression vector (pLVSIN_SATB2-IRES-AcGFP), the
SATB2 CDS treated with Xho I and Sal I and the IRES-
AcGFP fragment were co-ligated at the multiple cloning site
of pLVSIN-CMV-Hyg vector (Takara). For the NRG1 expres-
sion vector (pLVSIN_NRG1-IRES- AcGFP), SATB2 CDS
was excised from pLVSIN_SATB2-IRES-AcGFP with Xho I
and Sma I, and then NRG1 CDS treated with Xho I and Sma I
were ligated into the remaining vector. A mock control
(pLVSIN_IRES-AcGFP) in which only IRES-AcGFP frag-
ment was inserted was also constructed.

Establishment of hTERT UtSMC lines overexpressing
SATB2 or NRG1

The genes were transferred to hTERTUtSMCs by a lentivirus.
The SATB2 expression vector (pLVSIN_SATB2-IRES-
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AcGFP), NRG1 expression vector (LVSIN-NRG1-IRES-
AcGFP), or control vector (pLVSIN_IRES-AcGFP) together
with the vectors expressing the lentiviral constitutive proteins
(Lenti-X HTX packaging mix; Takara) were co-transfected
into HEK293T cells (Takara) using the lipofectamine LTX
(Invitrogen, Carlsbad, CA, USA). Two days after the transfec-
tion, the culture medium was concentrated to 50 times using a
Lenti-X concentrator (Takara) and used as a packaged lentivi-
rus. The packaged lentivirus was added to hTERT UtSMC
adjusted to 3 × 104 cells/well (24 well-plate; BD
Biosciences). The stable hTERT UtSMC lines overexpressing
SATB2 and AcGFP (SATB2 line), NRG1 and AcGFP (NRG1
line), or AcGFP (control) were established by sorting with
10 μg/ml hygromycin for a month.

Genomic DNA and RNA isolation

Genomic DNA and total RNA from tissues were isolated as
reported previously [28]. In brief, the genomic DNAwas iso-
lated by treatment with proteinase K (Qiagen, Hilden,
Germany), followed by phenol/chloroform extraction and eth-
anol precipitation. Total RNAwas isolated by treatment with
ISOGEN reagent (Nippon Gene, Tokyo, Japan), followed by
chloroform extraction and 2-propanol precipitation.

Total RNA from cell lines was isolated using an RNeasy
mini kit (Qiagen,) according to the manufacturers’
instructions.

RT-PCR and real-time RT-PCR

First strand cDNA was synthesized by random hexamers
using a QuantiTect Reverse Transcription Kit (Qiagen) as pre-
viously reported [28]. For RT-PCR, the synthesized cDNA
was amplified by PCR using one unit of Biotaq HS DNA
polymerase (Bioline, London, UK) and the primers listed in
Supplementary Table 2 under the cycling conditions (28 to
32 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for
30 s, with an initial step of 95 °C for 10 min and a final step of
72 °C for 7 min). GAPDH was used as an internal control for
the quantity of the RNA used. For real-time RT-PCR, ampli-
fication was performed using TB green premix Ex taq II
(Takara) and primers listed in Supplementary Table 2 under
the cycling conditions (45 cycles of 95 °C for 10 s, 60 °C for
10 s and 72 °C for 10 s, with an initial step of 95 °C for 30 s).
The relative expression levels were determined by the delta-
delta Ct method. The average Ct values were calculated from
those of triplicate reactions. Delta Ct values were calculated
using average Ct values ofGAPDH as a reference gene. Delta-
delta Ct values were calculated using the delta Ct value of the
adjacent normal myometrium for each uterine leiomyoma
specimen, and that of the control line for established cell lines,
as a reference, respectively.

Combined bisulfite restriction analysis (COBRA)

DNA methylation levels were evaluated by COBRA as pre-
viously reported [28, 29]. Sodium bisulfite treatment was per-
formed using an EpiTect Bisulfite kit (Qiagen) according to
the conditions as follows: 95 °C for 5 min, 65 °C for 85 min,
95 °C for 5 min, and 65 °C for 175 min. PCR was performed
using one unit of Biotaq HS DNA polymerase and the primes
shown in Supplementary Table 2 under the cycling conditions
(35 to 38 cycles of 95 °C for 30 s, 60 °C for 30 s, and 72 °C for
30 s, with an initial step of 95 °C for 10 min and a final step of
72 °C for 7 min). A part of the PCR product was digested with
the restriction enzyme Taq I (Takara) or HpyCH4IV (New
England Biolabs, Ipswich, MA, USA). PCR products from
methylated DNA and unmethylated DNA are digested and
undigested by the restriction enzyme treatment, respectively.
The treated PCR product was electrophoresed. The intensity
of the signals was measured by densitometry. Methylation
levels (%) were calculated as the ratio of the digested PCR
product in the total PCR product. The experiments were done
in triplicates. In this study, the aberrant methylation of the loci
in uterine leiomyomas was defined as more than 20% higher
or lower ratio as compared with that of corresponding
myometrium.

Immunofluorescent staining

Cultured cells were fixed with 4% paraformaldehyde in PBS
for 20 min. Fixed cells were permeabilize with 0.2% triton-
X100 in PBS, and blocked with blocking solution (10% bo-
vine fetal serum and 1% bovine serum albumin in PBST) for
60 min. Then the cells were incubated with rabbit anti-
vimentin monoclonal antibody (Abcam, Tokyo, Japan; Cat#
ab92547, RRID:AB_10562134) as primary antibody (diluted
at 1:500 in the blocking solution) at 4 °C overnight, and incu-
bated with the Alexa Fluor 594 conjugated goat anti-rabbit
IgG (Abcam Cat# ab150084, RRID:AB_2734147) as second-
ary antibody (diluted at 1:1000 in PBS) for 45 min at room
temperature. Vimentin is an intermediate filament specific to
mesenchymal cells and is one of the markers for smooth mus-
cle cells. Nuclei were stained with DAPI (500 ng/ml) in PBS.

Western blot analyses

Cultured cells were lysed in RIPA buffer (Wako). Samples
were boiled for 5 min after SDS sample buffer (New
England BioLabs) added. Proteins (10 μg) were electropho-
resed on a 10% of SDS-polyacrylamide gel (SDS-PAGE).
After SDS-PAGE, the proteins were transferred to a
polyvinylidene difluoride membrane (New England
BioLabs) by semi-dry blotting. The blotted membrane was
incubated with mouse anti-human SATB2 monoclonal anti-
body (Abcam; Cat# ab51502, RRID:AB_882455), rabbit
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anti-human NRG1 monoclonal antibody (Abcam; Cat#
ab180808, RRID:AB_2732881), or mouse anti-human
TUBB monoclonal antibody (Sigma-Aldrich; Cat# T5201,
RRID:AB_609915), as primary antibodies (diluted at 1:1000
in the blocking solution), incubated with the peroxidase-
conjugated secondary antibody, incubated in ECL-Western
blotting detection regents (GE Healthcare, Little Chalfont,
Buckinghamshire, UK) for 5 min, and used to expose
Hyperfilm-ECL (GE Healthcare).

Microarray and pathway analysis

The transcriptomes of three paired specimens of uterine
leiomyoma and adjacent myometrium were reported previ-
ously (the data are available at the Gene Expression
Omnibus (GEO) Web site; http://www.ncbi.nlm.nih.gov/
geo; under accession No. GSE45189) [18]. The genes in
which the mean of the expression levels in three
leiomyoma specimens was greater than 1.5 or less than 2/
3-fold of that in three myometrium specimens, were judged
as aberrantly expressed genes. The microarray analysis of
the SATB2, NRG1, and control lines was carried out as
reported previously [18]. cDNAwas prepared from 250 ng
of total RNA. Gene expression was analyzed using a
GeneChip Human Genome 2.0 ST Array (Affymetrix,
Santa Clara, CA, USA) supporting 40,716 genes.
Hybridization to the microarrays, washing, staining, and
scanning were performed using the GeneChip system
(Affymetrix). The scanned data were processed using the
Patrek Genomics Suite software program (Partek,
Munster, Germany). We selected genes in which the expres-
sion in the SATB2 or NRG1 lines was greater than 1.5 or
less than 2/3-fold of that in the control line. Then, we ana-
lyzed the canonical pathways with Ingenuity Pathway
Analysis (IPA) software (Ingenuity Systems, Redwood
City, CA, USA).

Results

Identification of potential upstream regulatory genes

Using our previous transcriptome data (GEO accession No.
GSE45189) [18], 1187 aberrantly expressed genes in uterine
leiomyomas (392 upregulated and 795 downregulated genes)
were identified. The 1187 genes were then subjected to up-
stream regulatory factor analysis using IPA software. The soft-
ware identified 122 candidate genes (27 upregulated and 95
downregulated). According to our hypothesis that aberrant
expression of the upstream regulatory genes is caused by ab-
errant DNA methylation, we screened the 122 genes for ones
that were previously identified as aberrantly methylated in our
DNA methylome data [18]. Nineteen of the genes (seven

upregulated and 12 downregulated) were found (Table 1).
Of these 19 genes, nine genes (SATB2, NRG1, EPAS1,
NR3C1, GATA2, MEOX2, EBF1, KAT2B, and NR4A2) were
known to regulate transcription (transcription regulators or
ligand-dependent nuclear receptors) (Table 1). In this study,
we focused on two upregulated genes SATB homeobox 2
(SATB2) and neuregulin 1 (NRG1) (Table 1). Their mRNA
expressions and DNA methylation status were examined in
multiple paired specimens of uterine leiomyoma and adjacent
normal myometrium. SATB2was highly expressed in all of 11
uterine leiomyoma cases andNRG1was also highly expressed
in nine of the 11 cases (except cases #4 and #6) (Fig. 1a). The
relative expression levels of SATB2 and NRG1 in uterine
leiomyoma specimens were higher than those in adjacent nor-
mal myometrium specimens in each case (Fig. 1b). In addi-
tion, SATB2 was hypermethylated in all cases but #5 and
NRG1 was hypermethylated in all cases (Fig. 1c). Therefore,
SATB2 and NRG1 were considered as candidates for the up-
stream regulatory genes in uterine leiomyomas.

Establishment of human immortalized uterine
smooth muscle cell lines overexpressing SATB2
or NRG1

In order to infer the functions of SATB2 and NRG1 genes in
uterine leiomyomas, uterine smooth muscle cell lines overex-
pressing each gene were established. We constructed expres-
sion vectors harboring GFP (AcGFP) together with SATB2 or
NRG1. The vectors were transduced into human telomerase
reverse transcriptase immortalized uterine smooth muscle
cells (hTERT UtSMC) [25], yielding the SATB2 and NRG1
overexpression lines. Real-time RT-PCR (Fig. 2d) and
Western blotting (Fig. 2e) analyses confirmed that the
transgenes were strongly expressed in their respective cell
lines. No differences in proliferation were observed between
the SATB2 and NRG1 lines and their parent lines (data not
shown). The cells of SATB2 line had a fibroblast-like mor-
phology with elongated protrusions, whereas the control cells
had a spindle-like morphology (Fig. 2a, b). The morphology
of NRG1 line did not differ from the control cell line (Fig.
2a, b).

Three-dimensional (3D) culture of the cell lines

When the cells were grown in a single layer, only the SATB2
line cells had the morphological changes (Fig. 2a, b). To see if
this was an artifact of 2D culture, we also grew the cells in 3D
culture (using collagen gel) [26, 27], which is generally con-
sidered to better reflect in vivo environments. After 2 days in
culture, the SATB2 line cells extendedwithin the cell-collagen
clumps without contact inhibition and formed nodule-like ag-
gregates of cells (outlined by the dotted line) (Fig. 2c), while
the cells of the other cell lines formed small aggregates
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(arrows) (Fig. 2c), suggesting that SATB2 overexpression al-
tered cell adhesion and aggregation.

PGR and ESR1 mRNA expression in the cell lines

The genes for progesterone receptor (PGR) and estrogen re-
ceptor 1 (ESR1) were investigated by real-time PCR. ESR1
was not detected in any of the cell lines (data not shown),
while PGR was upregulated in the NRG1 line, but not in the
SATB2 line (Fig. 3), indicating that NRG1 overexpression
induced PGR upregulation.

Genes with expressions altered by overexpression
of SATB2 or NRG1

The transcriptomes were analyzed to identify the genes altered
by overexpression of SATB2 or NRG1. Overexpression of
SATB2 upregulated and downregulated a total of 566 genes,
while overexpression of NRG1 upregulated and downregulat-
ed a total of 626 genes (Table 2). In our previous study, 392
genes were upregulated and 795 were downregulated in uter-
ine leiomyomas in comparison with normal myometrium [18]
(Table 2). We compared the genes altered by SATB2 or NRG1
overexpression with the aberrantly expressed genes in uterine
leiomyomas. In the SATB2 line, 12 upregulated and 51
downregulated genes were consistent with the aberrantly

expressed genes in uterine leiomyomas (Table 3). In the
NRG1 line, 14 upregulated and 19 downregulated genes were
consistent with the aberrantly expressed genes in uterine
leiomyomas (Table 3).

Pathway analysis for the genes altered by SATB2
or NRG1 overexpression

The canonical pathway analysis using IPA software identified
92 pathways associated with the 566 genes altered in the
SATB2 line, 58 pathways associated with the 626 genes al-
tered in the NRG1 line and 151 pathways associated with
1187 aberrantly expressed genes in uterine leiomyomas
(Fig. 4a and Supplementary Table 1). Of the 92 pathways
activated by SATB2 overexpression, 63 were common to the
pathways activated by aberrantly expressed genes in uterine
leiomyomas (Fig. 4b and Table 4). Thus, 42% (63/151) of the
activated pathways in uterine leiomyomas may be caused by
SATB2 overexpression (Fig. 4b). Among the 63 pathways,
WNT/β-catenin signaling, TGF-β signaling, and signaling
of growth factors including VEGF, PDGF, and IGF1
(Table 4) are known to be involved in the pathogenesis of
uterine leiomyomas [3, 5, 6, 8, 9]. In addition, the 63 pathways
included 12 cancer-related pathways: “molecular mechanisms
of cancer,” “regulation of the epithelial-mesenchymal transi-
tion pathway,” “UVA-induced MAPK signaling,” “pancreatic

Table 1 Candidates for the upstream regulatory genes which were identified using

Gene Description Location Molecule type

Upregulated genes

SATB2 SATB homeobox 2 Nucleus Transcription regulator

NRG1 Neuregulin 1 Plasma membrane Growth factor and transcription regulator

CACNA1C Calcium voltage-gated channel subunit alpha1 C Plasma membrane Ion channel

COL4A2 Collagen type IV alpha 2 Extracellular space Extracellular matrix

EPHB1 EPH receptor B1 Plasma membrane Kinase

PRL Prolactin Extracellular space Cytokine

VCAN Versican Extracellular space Extracellular matrix

Downregulated genes

EPAS1 Endothelial PAS domain protein 1 Nucleus Transcription regulator

NR3C1 Nuclear receptor subfamily 3 group C member 1 Nucleus Ligand-dependent nuclear receptor

MET MET proto-oncogene, receptor tyrosine kinase Plasma membrane Kinase

GATA2 GATA binding protein 2 Nucleus Transcription regulator

SASH1 SAM and SH3 domain containing 1 Extracellular Space Other

MEOX2 Mesenchyme homeobox 2 Nucleus Transcription regulator

CFB Complement factor B Extracellular Space Peptidase

EBF1 Early B cell factor 1 Nucleus Transcription regulator

KAT2B Lysine acetyltransferase 2B Nucleus Transcription regulator

KDR Kinase insert domain receptor Plasma membrane Kinase

NR4A2 Nuclear receptor subfamily 4 group A member 2 Nucleus Ligand-dependent nuclear receptor

PLCE1 Phospholipase C epsilon 1 Cytoplasm Enzyme
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adenocarcinoma signaling,” “ovarian cancer signaling,” “role
of tissue factor in cancer,” “colorectal cancer metastasis,” “gli-
oma signaling,” “glioma invasiveness,” “glioblastoma
multiforme signaling,” “bladder cancer signaling,” and “HER-
2 signaling in breast cancer” (Table 4). Of the 58 pathways
activated by NRG1 overexpression, 33 were common to the
pathways activated by aberrantly expressed genes in uterine
leiomyomas (Fig. 4c and Table 4). Thus, 22% (33/151) of ac-
tivated pathways in uterine leiomyomas may be caused by
NRG1 overexpression (Fig. 4c). These 33 pathways included
three signaling (four pathways) associated with the pathogene-
sis of uterine leiomyomas (WNT/β-catenin signaling, TGF-β

signaling and retinoic acid signaling: “retinoic acid mediated
apoptosis signaling” and “RAR activation”) [3, 5, 11], and five
cancer-related pathways: “molecular mechanisms of cancer,”
“regulation of the epithelial-mesenchymal transition,” “UVA-
induced MAPK signaling,” “pancreatic adenocarcinoma sig-
naling,” and “ovarian cancer signaling” (Table 4).

Discussion

In this study, we identified SATB2 andNRG1 as candidates for
the upstream regulatory genes in uterine leiomyomas. SATB2

Fig. 1 mRNA expression and DNA methylation status of SATB2 and
NRG1 genes in multiple paired samples of uterine leiomyoma and
adjacent normal myometrium. a SATB2 and NRG1 mRNA expression
which was analyzed by RT-PCR in triplicates in the 11 paired samples
of uterine leiomyoma (L) and adjacent normal myometrium (M).
GAPDH was used as an internal control. b Relative expression levels of

SATB2 and NRG1 mRNA to GAPDH. Values are mean ± SD. c DNA
methylation levels of SATB2 andNRG1 genes in the 11 paired samples of
uterine leiomyoma and adjacent normal myometrium were evaluated in
triplicates by combined bisulfite restriction analysis (COBRA). Values
are mean ± SD
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andNRG1were expressed strongly in approximately 90% and
80% of uterine leiomyoma specimens, respectively. In the
pathway analysis, 68% (63/92) of the pathways activated by
SATB2 overexpression and 57% (33/57) of the pathways ac-
tivated by NRG1 overexpression were common to the aber-
rantly altered pathways in uterine leiomyomas. We previously
reported that 120 genes were aberrantly expressed and meth-
ylated in uterine leiomyomas and that the pathway most

clearly associated with these genes was a cancer-related path-
way [18]. Cancer-related pathways were also identified as the
ones most closely associated with the genes with altered ex-
pressions in the SATB2 and NRG1 lines, suggesting that the
signaling pathways activated by overexpression of these genes
reflect the aberrantly altered pathways in uterine leiomyomas.
The pathways activated by SATB2 and NRG1 overexpression
also include WNT/β-catenin and TGF-β signaling pathways,

Fig. 2 Establishment of immortalized uterine smooth muscle cell lines
overexpressing SATB2 or NRG1 genes. The expression vectors for the
SATB2 and NRG1 lines contained the coding sequences of SATB2 and
NRG1, respectively, plus AcGFP. The vectors were transduced into
human telomerase reverse transcriptase immortalized uterine smooth
muscle cells (hTERT UtSMCs). Cells transduced with only AcGFP
were used as a mock control line (control). a Cell morphology of the
SATB2 line, NRG1 line, control line, and parental line (parent). Scale
bars: 100 μm. b Immunofluorescent staining for vimentin (red) in the
SATB2 line, NRG1 line, control line, and parental line. Nuclei were

stained with DAPI (violet). Scale bars: 100 μm. c Cell morphology in
three-dimensional (3D) culture of the established cell lines. The 3D cul-
ture was carried out with a collagen gel-embedded culture [26, 27]. The
photographs show the cell morphology of each cell line after 2 days of
culture. Dotted lines outline the nodule-like aggregates of cells. Arrows
indicate the aggregates of cells. Scale bars: 200 μm. dRelative expression
levels of SATB2 andNRG1mRNA toGAPDH in the established cell lines
were analyzed in triplicates by real-time RT-PCR. Values are mean ± SD.
e SATB2 and NRG1 protein expression in the established cell line was
analyzed by Western blotting. TUBB was used as an internal control

J Assist Reprod Genet (2019) 36:2385–2397 2391



both of which play significant roles in the pathogenesis of
uterine leiomyomas [5], while the pathways activated by
SATB2 overexpression include VEGF, PDGF, and IGF1 sig-
naling pathways that are involved in the growth of uterine
leiomyomas [3, 6, 8, 9], and the pathways activated by
NRG1 overexpression included retinoic acid signaling that is
involved in the growth of these tumors [3, 11]. Thus, the
signaling pathways activated by overexpression of these genes
are associated with many of the factors currently known to be
involved in the pathogenesis of uterine leiomyomas. The find-
ings that SATB2 and NRG1 are highly expressed specifically
in uterine leiomyomas and that their overexpression activates
signaling pathways related to the pathogenesis of uterine
leiomyomas suggest that these genes are involved in the path-
ogenesis of these tumors as upstream regulatory factors.

SATB2 is reported to be an epigenetic regulator associated
with higher-order chromatin structures, and is a transcription
factor involved in the regulation of expression of a broad
variety of genes [30, 31]. SATB2 expression is also associated
with various types of cancers, colorectal, head and neck, bone,
breast, and pancreatic [32–35]. High expression of SATB2 is
observed in 85% of colorectal cancers [33] and correlates with
poor prognosis in breast cancer [34]. Recently, SATB2 was

Fig. 3 PGR expression in the cell lines. Relative expression levels of
PGR mRNA to GAPDH in the established cell lines were analyzed in
triplicates by real-time RT-PCR. Values are mean ± SD

Table 2 Numbers of upregulated and downregulated genes in SATB2
and NRG1 overexpressing cell lines (SATB2 and NRG1 line) compared
with the control cell line, and numbers of aberrantly upregulated and
downregulated genes in uterine leiomyomas compared with adjacent
normal myometrium

Samples No. of
upregulated
genes

No. of
downregulated
genes

Total
no.

SATB2 line 203 363 566

NRG1 line 360 266 626

Uterine leiomyomasa 392 795 1187

a For extraction of the aberrantly expressed genes in uterine leiomyomas,
our previous transcriptome data of uterine leiomyomas and adjacent nor-
mal myometrium were used (The data are available at the Gene
Expression Omnibus Web site under accession No. GSE45189) [18]

Table 3 Upregulated and downregulated genes in the SATB2 or NRG1
line common to aberrantly expressed genes in uterine leiomyomas

# Common genes altered in
the SATB2 line and uterine
leiomyomas

Common genes altered in
the NRG1 line and uterine
leiomyomas

Up (12) Down (51) Up (14) Down (19)

1 TGFB3 NEK7 TGFB3 NEK7
2 TNFRSF19 TM4SF1 TNFRSF19 TM4SF1
3 PSD3 FRMD3 PSD3 FRMD3
4 KIAA1199 PTGS1 KIAA1199 PTGS1
5 SNORD114–3 FLT1 TET1 FLT1
6 SATB2 PTPRB THSD4 PTPRB
7 TYMS AIM1 QPRT AIM1
8 MMP16 PLCB4 TCEAL7 PLCB4
9 GPSM2 LGR4 NBLA00301 LGR4
10 SNORD116–8 GPC4 NAV2 GPC4
11 ZMAT3 GLS HSPA4L GCLC
12 EDA2R CTGF SCD LDB2
13 PKD2 SNORA75 AHR
14 EFHD1 BEX1 SERPINE1
15 LYST PLEKHA6
16 NDRG4 PODXL
17 HEG1 SOCS3
18 SP110 S1PR1
19 RPS6KA3 LTBP1
20 ASS1
21 SEC11C
22 PARD3B
23 GCNT4
24 APOD
25 BMP4
26 ITGB3
27 C1R
28 MYO1D
29 GABARAPL1
30 LRCH2
31 SAV1
32 AKAP12
33 SNX25
34 ACSL5
35 ARHGAP20
36 C11orf63
37 MCTP1
38 ITGBL1
39 SKAP2
40 UST
41 ERRFI1
42 PALMD
43 TNIK
44 CREG1
45 CCL2
46 SERPING1
47 TLR4
48 LIMCH1
49 WWC2
50 ATP9A
51 FABP4

Up: common genes upregulated in each cell line and uterine leiomyomas

Down: common genes downregulated in each cell line and uterine
leiomyomas

The numbers of genes are shown in parentheses
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suggested to drive growth and metastasis of pancreatic cancer
[35]. NRG1 encodes at least six types of proteins which func-
tion as ligands for signal transduction via receptors of the
ERBB family [36, 37]. Although immature NRG1 is a
transmembrane-type protein, a soluble intracellular domain
(ICD) is produced by its proteolysis [37, 38]. The soluble
ICD is transferred to the nucleus from the cytoplasm and in-
teracts with other transcription factors to participate in the
regulation of expression of various genes [38]. NRG1 is also
suggested to be involved in the development of various cancer
types [39].

SATB2 is likely to play roles in the morphological changes
that occur in uterine leiomyomas. The phenotypic changes
including cell morphology, cell adhesion, and aggregation
were caused by SATB2 overexpression but not byNRG1 over-
expression. The fibroblast-like morphology caused by SATB2
overexpression resembles that of cultured uterine leiomyomas
[26]. The morphological differences between the SATB2 line
cells and the cells of other lines in 3D culture may reflect the
morphological differences between uterine leiomyoma cells
and normal myometrium cells. In the long-term culture of
tissue explants, the myometrium-derived cells formed topo-
graphically uniform “hills and valleys” reflecting the cell den-
sity, as did the cell aggregations in dense places (hills) [40]. In
contrast, the leiomyoma-derived cells grew without contact
inhibition and as a result formed large nodule-like aggregates
of cells [40]. The phenotypic changes can be at least partly
explained by differences in the signaling pathways activated

by SATB2 and NRG1 overexpression. The common pathways
activated in both SATB2 line and uterine leiomyomas includ-
ed pathways related to morphology (“PAK signaling”), cellu-
lar fibrosis (“PDGF signaling,” “IGF1 signaling,” “IL8 sig-
naling,” and “eNOS signaling”) and cell adhesion (“granulo-
cyte adhesion and diapedesis,” “agranulocyte adhesion and
diapedesis,” and “Paxillin signaling”) (Table 4). They are all
related to cell morphology and adhesion. Since the common
pathways activated in both NRG1 line and uterine
leiomyomas did not include any of the pathways described
above (Table 4), SATB2 must play a central role in regulating
the morphology of leiomyoma cells.

It is well known that uterine leiomyomas display signifi-
cant heterogeneity in terms of histopathology, genetic chang-
es, and gene expressions, suggesting the existence of subtypes
of uterine leiomyomas [41, 42]. The variability and inconsis-
tencies frequently seen among samples and studies may be
largely explained by different gene expressions [41, 42].
Transcriptional differences in important genes and pathways
also can explain the frequently seen differences in clinicopath-
ological features of uterine leiomyomas [42]. The differences
in morphology and aggregation between SATB2 and NRG1
cell lines seen in this study may indicate the existence of
different types of uterine leiomyomas.

Progesterone signaling has important roles in the growth of
uterine leiomyomas [3, 4]. Recently, much attention has been
paid to the role of progenitor cells in the onset of uterine
leiomyomas. However, expression of the gene for

Fig. 4 Pathway analysis of genes with altered expressions in the hTERT
UtSMC lines overexpressing SATB2 orNRG1 and uterine leiomyomas. a
Numbers of signaling pathways of the altered genes in SATB2 line,
NRG1 line, and uterine leiomyomas. Canonical pathways were
analyzed with Ingenuity Pathway Analysis (IPA) software. Pathways
with p values below 0.05 were selected. b Percentage of pathways altered
by SATB2 overexpression in the pathways activated in uterine
leiomyomas. Gray region indicates the percentage of the pathway

common to the SATB2 line and uterine leiomyomas. White region indi-
cates the percentage of the pathway exclusively in uterine leiomyomas. c
Percentage of pathways altered byNRG1 overexpression in the pathways
activated in uterine leiomyomas. Gray region indicates the percentage of
the pathway common to the NRG1 line and uterine leiomyomas. White
region indicates the percentage of the pathway exclusively in uterine
leiomyomas
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Table 4 Common signaling pathways between uterine leiomyomas and the SATB2 or NRG1 lines

# Common pathways in the SATB2 line and
uterine leiomyomas (63)

p value for the
SATB2 line

Common pathways in the NRG1 line and
uterine leiomyomas (33)

p value for the
NRG1 line

1 Axonal guidance signaling 2.09 × 10−7 Human embryonic stem cell pluripotency 1.15 × 10−5

2 Hepatic fibrosis/hepatic stellate cell activation 1.23 × 10−6 Role of osteoblasts, osteoclasts and chondrocytes in
rheumatoid arthritis

1.66 × 10−5

3 Role of Osteoblasts, Osteoclasts and Chondrocytes in
Rheumatoid Arthritis

8.91 × 10−6 Hepatic fibrosis/hepatic stellate cell activation 4.07 × 10−5

4 Osteoarthritis pathway 9.33 × 10−6 G protein coupled receptor signaling 1.38 × 10−4

5 Leukocyte extravasation signaling 3.55 × 10−5 Regulation of the Epithelial-mesenchymal transi-
tion pathway

1.70 × 10−4

6 Role of Macrophages, Fibroblasts and Endothelial
Cells in Rheumatoid Arthritis

3.80 × 10−5 Adipogenesis pathway 1.41 × 10−3

7 Pancreatic adenocarcinoma signaling 8.71 × 10−5 Role of macrophages, fibroblasts and endothelial
cells in rheumatoid arthritis

1.55 × 10−3

8 Human embryonic stem cell pluripotency 1.38 × 10−4 Wnt/β-catenin signaling 2.82 × 10−3

9 Granulocyte adhesion and diapedesis 2.45 × 10−4 Retinoic acid mediated apoptosis signaling 4.27 × 10−3

10 Molecular Mechanisms of Cancer 4.90 × 10−4 TGF-β signaling 4.57 × 10−3

11 Atherosclerosis signaling 6.46 × 10−4 Osteoarthritis pathway 5.62 × 10−3

12 Virus Entry via Endocytic Pathways 7.59 × 10−4 Axonal guidance signaling 6.61 × 10−3

13 Reelin Signaling in Neurons 1.12 × 10−3 HGF Signaling 6.92 × 10−3

14 Complement system 1.55 × 10−3 Pancreatic adenocarcinoma signaling 7.76 × 10−3

15 Glioma signaling 1.58 × 10−3 Ovarian cancer signaling 7.94 × 10−3

16 Aryl hydrocarbon receptor signaling 1.78 × 10−3 NF-κB signaling 1.12 × 10−2

17 Colorectal cancer metastasis signaling 1.91 × 10−3 UVA-induced MAPK signaling 1.35 × 10−2

18 Wnt/β-catenin signaling 1.95 × 10−3 HMGB1 signaling 1.38 × 10−2

19 PAK signaling 2.29 × 10−3 Leukocyte extravasation signaling 1.45 × 10−2

20 Macropinocytosis signaling 2.34 × 10−3 p53 signaling 1.62 × 10−2

21 Endothelin-1 signaling 2.45 × 10−3 NRF2-mediated oxidative stress response 1.66 × 10−2

22 Regulation of the Epithelial-mesenchymal transition
pathway

3.80 × 10−3 RAR activation 1.91 × 10−2

23 Glioblastoma multiforme signaling 4.27 × 10−3 cAMP-mediated signaling 1.95 × 10−2

24 Agranulocyte adhesion and diapedesis 4.37 × 10−3 Xenobiotic metabolism signaling 2.09 × 10−2

25 Neuropathic pain signaling in dorsal horn neurons 5.62 × 10−3 Molecular mechanisms of cancer 2.09 × 10−2

26 Ovarian cancer signaling 5.89 × 10−3 MSP-RON signaling pathway 2.95 × 10−2

27 HIF1α signaling 5.89 × 10−3 Cardiac hypertrophy signaling 3.16 × 10−2

28 Caveolar-mediated Endocytosis Signaling 6.03 × 10−3 STAT3 pathway 3.24 × 10−2

29 Phagosome formation 6.76 × 10−3 Sphingosine-1-phosphate signaling 3.39 × 10−2

30 Role of tissue factor in cancer 7.41 × 10−3 LPS/IL-1 Mediated Inhibition of RXR function 4.27 × 10−2

31 Hmgb1 signaling 1.07 × 10−2 Role of pattern recognition Receptors in
recognition of bacteria and viruses

4.47 × 10−2

32 Adipogenesis pathway 1.15 × 10−2 Prostanoid biosynthesis 4.79 × 10−2

33 Protein kinase a signaling 1.17 × 10−2 Coagulation system 4.90 × 10−2

34 NRF2-mediated oxidative stress response 1.23 × 10−2

35 Role of pattern recognition Receptors in
recognition of bacteria and viruses

1.26 × 10−2

36 LPS/IL-1 mediated inhibition of RXR function 1.38 × 10−2

37 Growth hormone signaling 1.38 × 10−2

38 Paxillin signaling 1.41 × 10−2

39 Bladder cancer signaling 1.45 × 10−2

40 Xenobiotic metabolism signaling 1.48 × 10−2

41 Role of NFAT in cardiac hypertrophy 1.55 × 10−2

42 IL-8 signaling 1.62 × 10−2

43 Clathrin-mediated endocytosis signaling 1.66 × 10−2
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progesterone receptor (PGR) is not detected in the side popu-
lation cells of uterine leiomyomas, which are considered as the
progenitor cells of uterine leiomyomas [43]. Because PGR is
highly expressed in uterine leiomyomas, the progenitor cells
have to acquire the ability to express PGR during the devel-
opment of uterine leiomyomas. However, the mechanism of
its acquisition is unknown. In this study, the expression level
of PGR mRNAwas remarkably increased by NRG1 overex-
pression. This may provide some clues about the acquisition
mechanisms of PGR expression in the progenitor cells.

We revealed that SATB2 and NRG1 were highly expressed
and hypermethylated in most uterine leiomyoma specimens.
The aberrantly methylated regions of the two genes are locat-
ed in the vicinity of one of their multiple transcription start
sites (TSSs). One of the SATB2 variants (NM_001172517)
and one of the NRG1 variants (NM_013959) is transcribed
from each TSS. In general, DNA hypermethylation in the
vicinity of a TSS is thought to suppress expression, although
the theory is unlikely to apply to both variants. One possible
explanation for the discrepancy is that in uterine leiomyomas,
the other variant transcripts except for NM_001172517 and
NM_013959 may be transcribed from other TSSs. Indeed, our
unpublished data suggest this possibility in SATB2. SATB2 has

at least three different TSSs, located approximately 5 kb up-
stream and 1 kb and 8 kb downstream of the hypermethylated
region analyzed in this study. Expression analysis of variants
transcribed from each TSS revealed that only one of the
SATB2 variants (NM_001172509) is expressed from the
TSS located 8 kb downstream of the hypermethylated region
in both normal myometrium and uterine leiomyomas.

In this study, we identified SATB2 and NRG1 as candidates
of the upstream regulatory genes in uterine leiomyomas. The
transcriptome analyses and pathway analyses of the cell lines
overexpressing SATB2 and NRG1 indicate that the pathways
activated by SATB2 and NRG1 overexpression include the
signaling pathways thought to be associated with the onset
and development of uterine leiomyomas. These results sug-
gest that SATB2 and NRG1 act as upstream regulatory factors
in the onset and development of leiomyomas.
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Table 4 (continued)

# Common pathways in the SATB2 line and
uterine leiomyomas (63)

p value for the
SATB2 line

Common pathways in the NRG1 line and
uterine leiomyomas (33)

p value for the
NRG1 line

44 Tec kinase signaling 1.70 × 10−2

45 HGF signaling 1.74 × 10−2

46 Agrin interactions at neuromuscular junction 2.09 × 10−2

47 PDGF signaling 2.14 × 10−2

48 Glioma invasiveness signaling 2.19 × 10−2

49 NF-κB signaling 2.19 × 10−2

50 eNOS signaling 2.19 × 10−2

51 Nitric oxide signaling in the cardiovascular system 2.40 × 10−2

52 MSP-RON signaling pathway 2.45 × 10−2

53 Sphingosine-1-phosphate signaling 2.69 × 10−2

54 UVA-induced MAPK signaling 3.39 × 10−2

55 IGF-1 signaling 3.55 × 10−2

56 Glucocorticoid receptor signaling 3.55 × 10−2

57 VEGF signaling 3.72 × 10−2

58 Prostanoid biosynthesis 4.37 × 10−2

59 Coagulation system 4.37 × 10−2

60 Ethanol degradation IV 4.68 × 10−2

61 TGF-β signaling 4.68 × 10−2

62 Germ cell-sertoli cell junction signaling 4.68 × 10−2

63 HER-2 signaling in breast cancer 4.90 × 10−2

Canonical pathways were analyzed with Ingenuity Pathway Analysis (IPA) software

Pathways with p-values below 0.05 were selected

The numbers of pathways are shown in parentheses
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