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Abstract

Objective—To determine whether microRNAs are differentially expressed in human leiomyoma
versus matched myometrial tissue.

Design—Microarray with real-time PCR validation.
Setting—Academic medical center

Patients—Premenopausal subjects (n=13), who were undergoing hysterectomies for leiomyoma-
related symptoms.

Interventions—none

Main Outcome Measure—Statistically differential expression of microRNAs in leiomyoma
versus myometrium.

Results—Forty-six miRNA species were differentially expressed in leiomyoma versus normal
myometrium with p-values <0.01. Of these, 19 were overexpressed whereas 27 were downregulated
in leiomyomas. The fold changes ranged from 1.2 to 11.8. These findings were confirmed using real
time RT-PCR for selected miRNAs (miRNAs 21, 34a, 125b, 139 and 323).

Conclusions—Our findings indicate that miRNAs are differentially expressed between human
leiomyoma and matched myometrium. Given this differential expression, miRNAs may play a role
in the pathogenesis of uterine leiomyoma and may serve as future therapeutic targets for the treatment
of these tumors.
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Capsule:

Microarray and PCR studies of matched human leiomyoma and myometrium reveal that microRNAs are differentially expressed between
the two tissues and may thus play a role in leiomyoma development.
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Introduction

Uterine leiomyomas, or fibroids, are benign smooth muscle tumors of the uterus that have been
shown to be exquisitely sensitive to estrogen and progesterone. They are present in
approximately 30-50% of reproductive-age women and have an overall cumulative incidence
inwomen of 70-75% by the age of fifty (1). Furthermore, leiomyomas disproportionately affect
African-American women with epidemiological studies showing a cumulative incidence of
about 80% by the age of fifty (1). Signs and symptoms associated with fibroids include irregular
uterine bleeding which can lead to clinically significant anemia; pelvic pain and pressure;
infertility; and recurrent pregnancy loss. The morbidity associated with the spectrum of
symptoms caused by leiomyomas explains why they remain the leading cause of hysterectomy
in the United States (2). Conservative analyses estimate the cost of leiomyomas to the U.S.
healthcare system to be more than $2.15 billion dollars annually (3). Despite their prevalence,
their etiology and pathogenesis remain unclear and we have little understanding of why these
tumors develop in some women versus others, and what determines their location within the
uterus or their size.

MicroRNAs (miRNAs) are a recently described, novel class of small (22-25nt) RNASs that
have been shown to downregulate gene expression by blocking mRNA translation and/or
degrading the messenger RNA (mRNA) transcript depending on the level of complementarity
between the miRNA and its target (4). MiRNAs are versatile and ubiquitous and have been
shown to have distinct expression profiles across various tissue types (5). MicroRNAs originate
as genes that are transcribed by RNA polymerase Il into a single strand of RNA (see Figure
1). This single strand folds into a hair-pin like structure secondary to complementarity within
the strand itself. This folded single strand of RNA then becomes the double stranded primary
miRNA or “Pri-miRNA”. The hairpin like structure is subsequently cleaved in the nucleus by
an RNase I1l-like protein called “Drosha”, forming the pre-miRNA (6). The pre-miRNA
hairpin structure then enters the cytoplasm via the protein Exportin-5, where it is cleaved into
a small piece of double stranded RNA by the enzyme “Dicer”(7). The double stranded small
RNA then separates into single strands with one strand being degraded and the other strand
forming a complex with Argonaute proteins (8). This newly formed protein/nucleic acid
complex is called a RNA induced silencing complex or RISC. These RISC complexes then
either bind mMRNA with exact complementarity leading to cleavage of the mRNA by the RISC
or they bind with partial complementarity leading to repression of translation.

While the specific functions of most of the miRNAs remain unknown, as a class they induce
gene silencing. This suppression of gene expression has been shown to play roles in major
cellular functions including differentiation, gene regulation, apoptosis, and malignant
transformation (9). Much of our understanding of miRNAs in humans comes from studies
determining their expression levels in tissues in diseased versus normal states. These studies
have shown that miRNAs were indeed differentially expressed in malignancies of the colon,
breast, prostate, thyroid, and lung (10). To date, the differential expression of miRNAs have
not been studied in benign tumors such as uterine leiomyomas.

Leiomyomas are extremely common and clearly estrogen/progesterone-dependent benign
tumors with a polygenic inheritance pattern (11,12). Gene microarray studies have shown that
there are hundreds of genes that are differentially expressed in leiomyoma versus normal
myometrium (13,14). Given the complex endocrine, paracrine and autocrine regulation of these
genes by estrogen, progesterone and cytokines, we envision that posttranscriptional
mechanisms such as miRNA-targeted degradation of messenger RNAs may also contribute to
steady-state levels of specific messenger RNAs arising from these genes. In this study, we seek
to identify miRNAs with differential expression in human leiomyoma versus myometrium.
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Materials and Methods

Study Subjects

Uterine leiomyoma and matched myometrial tissue was collected from subjects (n=15) who
were undergoing hysterectomy for symptomatic leiomyomata. The subjects were all
premenopausal women, 39-53 years old (45.8 + 1.12 years; mean + SEM), who were on no
hormonal medications and who were nonsmokers. Five of the subjects were African-American,
one was Asian-American and nine were Caucasian (see Table I). All of the subjects gave written
informed consent for the study. The study protocol was approved by the IRB of Northwestern
University and all surgeries were performed at Northwestern Memorial Hospital.

Tissue Specimens

The tissue samples were collected from pathologists within an hour of being removed from the
subjects. The size of the tumors ranged from 3.5 to 12 cm in diameter. The samples were
routinely obtained at 1 cm from the outercapsule of the leiomyoma. 67% of the tumors were
removed during the follicular phase of the menstrual cycle, whereas 33% of the subjects were
in the luteal phase. Portions of subserosal and intramural leiomyomas were collected from the
specimens and adjacent (within 2 cm) myometrium was collected. The tissues were rinsed in
cold PBS three times and then cut into 4mm3 pieces and placed in vials containing
RNALater (Ambion; Austin, TX) for nucleic acid preservation. The vials of tissue were kept
at 4° for 24 hours to allow penetration of the RNALater. The vials were then stored at —80°C
until RNA isolation.

Nucleic Acid Isolation

The vials containing the tissue samples were removed from the freezer and allowed to thaw.
Each tissue specimen was then homogenized with a Polytron PT 2100 homogenizer
(Brinkmann Instruments, Westbury, NY) in TRI-Reagent (Ambion, Austin, TX). The tissue
homogenate was left at room temperature for Sminutes and then mixed with one fifth volume
of chloroform. This mixture was then kept on ice for 15 minutes and then centrifuged at 14,000
rpm for 20 minutes. The resultant clear aqueous layer was transferred and mixed with an equal
volume of isopropanol. The mixture was left on ice for 10 minutes and then centrifuged at
14,000 rpm for 20 minutes. The liquid was removed, and the formed pellet was resuspended
in 1 mL 75% ethanol and centrifuged at 8,000 rpm for 10 minutes. The liquid was again
removed and the pellet was allowed to air dry at room temperature for 5 minutes and then
resuspended in diethylpyrocarbonate (DEPC)-treated sterile water. RNA purity and
concentration were confirmed by spectrophotometry using the NanoDrop ND-1000
(NanoDrop Technologies, Wilmington, DE). RNA integrity was confirmed by formaldehyde
gel electrophoresis.

MiRNA Microarray Analysis

MiRNA microarray analysis was performed by LC Sciences (Houston, TX) on 10 of the
matched tissue pairs. Briefly, 2 to 5 pg of total RNA was size fractionated using a YM-100
Microcon centrifugal filter (Millipore, Billerica, MA) and the small RNAs (< 300 nt) isolated
were 3’-extended with a poly(A) tail using poly(A) polymerase. An oligonucleotide tag was
then ligated to the poly(A) tail for later fluorescent dye staining. Two different tags were used
for the two RNA samples on each dual-sample chip (leiomyoma and matched myometrium).
Hybridization was performed overnight on a piParaflo microfluidic chip using a micro-
circulation pump (Atactic Technologies, Houston, TX). On the microfluidic chip, each
detection probe consisted of a chemically modified nucleotide coding segment complementary
to target microRNA (from miRBase, http://microrna.sanger.ac.uk/sequences/v8.2) or other
RNA control sequences and a spacer segment of polyethylene glycol to extend the coding
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segment away from the substrate. The detection probes were made by in situ synthesis using
photogenerated reagent chemistry. Hybridization was performed using 100pL 6xXSSPE buffer
(0.90 M NaCl, 60 mM NayHPO4, 6 mM EDTA, pH 6.8) containing 25% formamide at 34 °
C. After hybridization, detection was done using fluorescence labeling using tag-specific Cy3
and Cy5 dyes. Hybridization images were collected using a GenePix 4000B laser scanner
(Molecular Devices, Sunnyvale,CA) and digitized using Array-Pro image analysis software
(Media Cybernetics, Silver, Spring, MD).

Statistical Analysis

Data were analyzed by first subtracting the background and then normalizing the signals using
a LOWESS filter (Locally-weighted Regression) for two color experiments. The ratio of the
two sets of detected signals (log2 transformed, balanced) and p-values of the t-test were
calculated. Differentially detected signals were those with less than 0.05 p-values. To further
validate the findings, the false discovery rate was determined for each of the miRNA species.

MicroRNA Expression Validation

Results

The microarray findings were validated using real time RT-PCR. cDNA was made from 10 ng
of total RNA from each sample with the TagMan MicroRNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA) and miRNA specific primers (Applied Biosystems,
Foster City CA) for four upregulated (miR-34a, miR-125b, miR-21 and miR-323) and one
downregulated miRNA species ( miR-139). These primers and U43 as a loading control were
then amplified using the TagMan MiRNA Assay system and the ABI Prism 7900 Sequence
Detection System (Applied Biosystems, Foster City CA). Values for each gene were
normalized to the expression levels of RNU43. The real time RT-PCR was performed on
matched tisuue pairs from 10 subjects: five from the microarray studies and five subjects whose
tissue was not used in the microarray studies.

Differential expression of miRNA in leiomyoma versus myometrium

The miRNA microarray examined expression of 454 miRNA species based on version 8.2 of
the Sanger miRBase, (http://microrna.sanger.ac.uk/sequences). Eighty-one miRNAs were
differentially expressed with p-value < 0.05. Forty-six miRNAs were differentially expressed
with p-value < 0.01. Of those, 19 were overexpressed, and 27 were underexpressed in
leiomyoma. The fold changes with p-values <0.01 ranged from 1.2 to 11.8. The miRNAs with
highest fold change are listed in Table 2. False discovery rate analysis on the forty-six
differentially expressed with p-values of < 0.01 revealed a mean g-value of 1.42%.

MicroRNA Expression Validation

Using real-time RT-PCR employing commercially available primers (Applied Biosystems,
Foster City, California), we validated the differential expression of miR-21 (10.2 +3.3 fold
increase), miR 125b (2.39+0.51 fold increase) miR-34a, (15.07+5.56 fold increase) miR-323
(6.95+1.62 fold increase), and miR-139 (2.44+0.06 fold decrease) in a set of experiments in
ten matched leiomyoma and myometrium pairs (five pairs that were used in the microarray
analysis and five pairs, on which the microarray had not been performed). These data are
represented in Figure 2 and validate the microarray results shown in Table 2. The possible roles
of some of these miRNAs are discussed below.
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Discussion

In this study, we have used miRNA microarray technology to demonstrate that miRNAs are
differentially expressed in leiomyoma versus adjacent myometrium. Real time RT-PCR
analysis verified the results of the microarray and showed that the microarray actually
underestimated the true fold change.

It is not surprising that miRNAs are differentially expressed in leiomyomas versus
myometrium. Several reviews have described differential expression of miRNAs in neoplastic
versus normal tissue (9,15). Furthermore, there is a growing body of literature that is elucidating
the function of these cancer associated- miRNAs. For example, miRNAs miR125b and miR-34,
which were increased in leiomyoma, have also been shown to be increased in thyroid papillary
cancer versus normal thyroid tissue (16). MicroRNA-21, which was found to be increased 1.97
fold in leiomyoma (P<0.0004), has been shown to be differentially expressed in glioblastoma
cells and act as an antiapoptotic factor (17,18). This oncogenic role of miR-21 has been
demonstrated to at least partially be mediated through regulation of bcl-2 (19). Bcl-2 was
previously shown to be a progesterone-regulated gene that plays a key role in controlling
apoptosis in leiomyoma cells (20). MicroRNA-139, which has been shown to be decreased in
pancreatic adenocarcinoma, is also decreased in leiomyoma 4.29-fold (P<0.0001) (Table 2)
(21). In addition, certain miRNAs show increased expression with estrogen and progesterone
receptor positivity in breast and prostate cancers (22). Leiomyomas are known to grow in
response to estrogen and progesterone. We demonstrated that many of these sex-steroid
receptor associated miRNA were increased in leiomyoma, including miRNA-21, miR-34a,
miR-125b, miR-150 (22).

Uterine leiomyomata represent a significant public health problem and are the leading cause
of hysterectomy in the United States. They represent a common, chronic and steroid (estrogen/
progesterone) and growth factor (TGFp)-dependent disease with a complex multifactorial
etiology that involves abnormal expression of hundreds to thousands of genes (11-13). Since
miRNA —mediated changes in transcript levels arising from some 25,000 genes in the human
are predicted to account for almost 33% of all human gene regulation it is highly likely that
miRNAs play an important role in the etiology of leiomyomata. The clinical implication of
this lies in the use of mMiRNA not only as biomarkers for various neoplasms but also as
therapeutic in vivo targets. In fact, targeting of specific miRNAs has been shown to yield lasting
physiological changes as has been shown in rodent studies (23).

To this end, we have studied the expression of this novel level of gene regulation. Specifically,
using microarray technology, we have determined that specific miRNA species are
differentially expressed in leiomyomata versus myometrium. Some of these miRNAs have
been shown to be dysregulated in other neoplastic tissues as discussed above. We have also
identified miRNA species, the biological roles of which have not been previously implicated
in disease states (see Table 2). We are conducting follow up studies that will elucidate the
function of the differentially expressed miRNA in leiomyoma gene dysregulation. We
anticipate that by developing a better understanding of the molecular underpinnings of
leiomyoma pathogenesis through identification of differentially expressed miRNAs and
defining their functions, therapeutic targets for fibroids may be identified that will result in
noninvasive less morbid treatment alternatives for women who suffer from this complex and
prevalent condition.
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Figure 1.

MicroRNA Cellular Pathway. The gene for the miRNA is transcribed by RNA polymerase Il
into a single strand of RNA. This single strand folds into a hair-pin like structure and becomes
the double stranded primary miRNA or “Pri-miRNA”. The hairpin like structure is
subsequently cleaved in the nucleus by Drosha forming the pre-miRNA The pre-miRNA then
enters the cytoplasm via the protein channel Exportin, where it is cleaved into a small piece of
double stranded RNA by the enzyme Dicer. The double stranded small RNA then separates
into single strands with one strand being degraded and the other strand forming a complex with
Argonaute proteins. This newly formed protein/nucleic acid complex is called a RNA induced
silencing complex or RISC. These complexes then either bind mMRNA with exact
complementarity leading to cleavage of the mRNA by the RISC or they bind with partial
complementarity leading to repression of translation.
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Figure 2.

Real time RT PCR Validation of Microarray. Real time semiquantitative RT PCR of 5 different
miRNA species (miR-21, miR-34a, miR-125h, miR-139 and miR-323) across ten subjects.
miR-21, miR-34a, miR-125b and miR-323 were over-expressed in leiomyoma in the ten pairs
tested and miR-139 was under-expressed, consistent with the microarray results.
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Twenty Most Differentially Expressed MicroRNA Species in Leiomyoma versus Myometrium Microarray

MiRNA Fold Difference” P value
hsa-miR-542-3p 11.78 0.01080
hsa-miR-377 10.39 0.00225
hsa-miR-582 6.72 0.00034
hsa-miR-376b 6.29 0.00361
hsa-miR-493-5p 5.75 0.00566
hsa-miR-323 4.01 0.00815
hsa-miR-34a 3.80 0.00018
hsa-miR-196b 2.86 0.00509
hsa-miR-335 2.48 0.00498
hsa-miR-542-5p -7.70 0.00422
hsa-miR-642 —5.58 0.00935
hsa-miR-150 —4.41 0.00002
hsa-miR-203 —4.31 0.00061
hsa-miR-139 —4.29 0.00014
hsa-miR-29b -3.40 0.00596
hsa-miR-486 -3.31 0.00068
hsa-miR-451 —2.68 0.00456
hsa-miR-10a -2.62 0.00163
hsa-miR-29¢ -2.57 0.00056
hsa-miR-498 -2.38 0.01260

*
Leiomyoma versus myometrium
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