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Abstract

Objective—To investigate the expression of TG-interacting factor (TGIF), a Smad
transcriptional corepressor, in leiomyoma and matched myometrial tissue samples and the effect
of TGIF overexpression in myometrial cells.

Design—Experimental study.

Setting—Tertiary university hospital.

Patient(s)—Uterine leiomyoma and myometrial tissues from sixteen patients.
Intervention(s)—None.

Main Outcome Measure(s)—The distribution of TGIF in leiomyoma and myometrial tissues
by immunohistochemistry stain. mRAN and protein expression levels by real-time quantitative
polymerase chain-reaction (QPCR) and Western blot. Transcriptional regulation of TGIF in
myometrial cells with over-expressed TGIF.

Result(s)—TGIF is present in the smooth muscle cells of the leiomyoma and the myometrium
but not in the extracellular matrix. TGIF mRNA and protein expressions were significantly higher
in the leiomyoma compared to the matched, unaffected myometrial tissues in both phases of the
menstrual cycle. There were no differences in mMRNA or protein expression throughout the
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Capsule
TGIF expression is significantly increased in leiomyoma compared to unaffected myometrium. Over-expression of TGIF in cultured
myometrial cells inhibits TGF-B1 induced PAI expression.
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menstrual cycle. Overexpression of TGIF protein in myometrial cells significantly suppressed up-
regulation of plasminogen activator inhibitor (PAI-1) induced by TGF-B1 treatment.

Conclusion(s)—TGIF expression is increased in leiomyoma compared to myometrium. This
increase in TGIF expression is not affected by endogenous ovarian hormones. TGIF is a potential
repressor of TGF- pathways in myometrial cells.

INTRODUCTION

Leiomyoma consists of transformed smooth muscle cells and abundant extracellular matrix
(ECM), which accounts for their fibrotic quality. Numerous growth factors and receptors are
involved in leiomyoma growth (1). Of the many factors identified, transforming growth
factor B (TGF-B) is the most potent cytokine, inducing the pathological growth of fibrotic
tissue (2).

TGF-B stimulation has proven to increase ECM protein production and decrease proteolytic
degradation of ECM in leiomyomata (3). Higher expression of TGF- has been reported in
leiomyoma compared to unaffected myometrium, consistent with its profibrotic effect (4).
The role of TGF-p in the etiology of leiomyomata is further supported by increased
expression of latent binding protein-1 (LTBP-1) and fibrillin-1 (FBN-1) in leiomyomata
compared to myometrium (5). Both proteins are associated with TGF-p activation.

TG-interacting factor (TGIF) is a homeodomain protein of the three-amino-acid loop
extension superfamily (6,7). TGIF is essential for craniofacial development in humans;
deletions or mis-sense mutations of TGIF gene are associated with holoprosencephaly, a
congenital structural forebrain anomaly (8,9). The major function of TGIF is to bind to a
TGF-B-activated Smad?2 protein and to act as a corepressor of transcription in the TGF-3
signaling pathway (10). Recent studies demonstrate that TGIF is associated with TGF-f
signaling control in ECM remodeling and is the pathogenesis of renal glomerulosclerosis
(11,12). Although leiomyoma is the most common uterine fibrotic disorder in
premenopausal women, there is scant information on the role of TGIF in the pathogenesis of
uterine leiomyoma.

In this study we sought to document and evaluate TGIF expression in leiomyoma compared
to matched myometrium in premenopausal women. We also assessed the effect of
endogenous ovarian hormones on TGIF expression, given that leiomyoma growth is
associated with ovarian hormones. Because TGIF affects ECM synthesis and degradation,
we determined whether over-expressed TGIF protein results in differential gene expression
of plasminogen activator inhibitor (PAI-1), which is the major physiological inhibitor of
tissue plasminogen activator (t-PA) and urokinase plasminogen activator (u-PA) and it plays
an important role in determining net fibrinolytic activity in vivo.

MATERIALS AND METHODS

Subjects and Tissue Selection

With approval from the Institutional Review Board of Stanford University School of
Medicine, we collected biopsies of intramural leiomyomata and matched unaffected
myometrium from premenopausal women undergoing hysterectomies after informed
consents were obtained. Exclusion criteria are: endometriosis; malignant diseases; pelvic
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inflammatory disease, inflammatory bowel disease or connective tissue disorders; or women
who had received hormonal therapy within three months before surgery. The phase of the
menstrual cycle was determined by the endometrial histology. Myometrial samples were
obtained from the uterine fundus 1 cm away from the endometrium. Leiomyomata between
5 cm and 8 cm in diameter were chosen for sample collection. Specimens from two patients
were fixed in 10% formaldehyde for immunohistochemistry stain. Tissues were plunged into
liquid nitrogen immediately after excision and stored at —80°C for further processing.

Immunohistochemistry for TGIF

To localize the presence of TGIF in myometrium and leiomyoma, immunohistochemical
staining was performed as described previously (13). Specimens fixed in 10% formaldehyde
and embedded in paraffin were sliced, de-paraffinized and re-hydrated. After washing with
Tris-buffered saline Triton-X100 (TBS-T, pH 7.5, 0.02% Triton-X100), endogenous
peroxidases were blocked with 3% H,0,. The slides were incubated with goat anti-TGIF
(1/40, Santa Cruz, CA) primary antibody overnight at 4°C and incubated with a secondary
antibody, biotin conjugated rabbit anti-goat 19gG (1/50, Sigma, MO) for 30 min at room
temperature. The avidin-biotin alkaline phosphatase staining method (Vector Laboratory,
Burlingame, CA) was applied. Levamisol was added to block endogenous alkaline
phosphatase activity. Slides were counterstained and photographed with AxioCam (Zeiss,
Oberkochen, Germany).

Total RNA Extraction and Real-Time Quantitative PCR

We extracted the total RNA and generated complementary DNA (cDNA) from total RNA as
described previously (14). Expressions of TGIF mRNA were analyzed by real-time
quantitative PCR (QPCR) performed on the Mx3005P Multiplex Quantification PCR
System with MxPro QPCR software (Stratagene, La Jolla, CA). Primers used in QPCR to
amplify TGIF were designed by the Primer3 website designer (15). The sequences were,
forward: GCTGAGAAAGGATGGCAAAG and reverse: GGAATGAAATGGGGTCTCCT.
For normalization of real-time quantification, hypoxanthine phosphoribosyl transferase 1
(HPRT1) was used as endogenous reference (16). We carried out QPCR by using Brilliant
SYBR Green QPCR Master Mix (Stratagene) as previously described (17). Briefly, each
well of Optical 96-Well Reaction Plate (Stratagene) was filled with 25 pl reaction solution
containing 7.625ul of water, 12.5ul of 2X Master Mix, 1ul of forward primer, 1ul of reverse
primer, 0.375ul of diluted reference dye (1/500, Stratagene), and 2.5ul of cDNA. After
denaturation heating at 95°C, the amplification cycles were repeated 40 times with the
following thermal conditions: 95°C for 30 s, 60°C for 1 min, and 72°C for 30 s. Finally, the
melting curve program was carried out at 55—95°C to ensure that there was only PCR
product amplified and no primer dimers. Electrophoresis of PCR products on 2% agarose
gel confirmed their size at 139 bp. Subsequent PCR product sequencing ensured that the
correct gene sequence was amplified. After normalization, relative quantification of the
target gene was further divided by calibrator sample value. All of the real-time QPCR
reactions were performed in duplicate.

Total Protein Extraction and Western Blot

The total protein was extracted as described previously (5). Samples were reduced with 5%
2-mercaptolethanol and separated by 10% sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and blotted onto nitrocellulose membranes (Pierce, Rockford,
IL). After blocking the membranes were incubated with rabbit anti-TGIF monoclonal
antibody (1:1000, Abcam, Inc., Cambridge, MA) for 2 h and then in donkey anti-rabbit IgG
antibody conjugated to horseradish peroxidase (HRP) (1:2000, GE Healthcare, Sunnyvale,
CA) for one hour. The blots were re-probed with mouse anti-p-actin monoclonal antibody
(1:5000, Sigma, MO), then 1/5000 dilution of sheep anti-mouse IgG antibody conjugated to
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HRP (Amersham, Buckinghamshire, UK). Densitometry of immunoreactive bands on
Western blot was performed with Bio-Rad Quality One Software (Bio-Rad). All of the
Western blot experiments were performed at least twice to confirm the reproducibility.

Cell Culture and Expression of TGIF Protein in SK-UT-1 Cells

SK-UT-1 human uterine leiomyosarcoma cells (ATCC, Manassas, VA) were maintained in
high glucose Dulbecco's modified Eagle's medium (DMEM), supplemented with 10%
fetalbovine serum, and 1% penicillin/streptomycin at 37°C with 5% CO». Calcium
phosphate precipitation was performed to transfect the cells. The cells were transfected
either with pPCMV5 Flag TGIF plasmid (Addgene, Cambridge, MA) or pcDNA 3.1/V5-His-
TOPO plasmid (Invitrogen), with the latter serving as the negative control. Briefly, 10ug of
plasmid DNA was mixed with 500ul CaCl, which was then transferred to 500ul of 2X BBS
[280 mM NaCl, 50mM BES (n,n-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid), 1.5 mM
NayHPO,4 , pH 6.95]. The mixture was allowed to incubate for 15 min at room temperature.
2.7 ml of transfection medium (low glucose DMEM) was added to the cells. After this, 300
ul of the plasmid DNA mixture was dropped slowly into the well. The cells were incubated
at 37°C with 3% CO, for 16 hours. The transfection medium was replaced with culture
medium before further treatment with TGF-B1 (R&D system).

Statistical Analysis

RESULTS

Data are expressed as the mean + SEM. One-way ANOVA test, Student's t test and paired t
test were used as appropriate. The difference was considered to be statistically significant at
P < 0.05. Statistical analysis was performed with the JMPIN software (SAS Institute, Inc.,
v5.1, Cary, NC).

Identification and Localization of TGIF Expression in Myometrium and Leiomyoma

Our immunohistochemistry stains showed that TGIF was similarly distributed in the smooth
muscle cells of both leiomyoma and myometrial tissues, but not in the ECM (data not
shown).

TGIF mRNA Expression Levels in Myometrium and Leiomyoma

Samples were collected from patients in the proliferative phase (N = 8) and the secretory
phase (N = 8) of the menstrual cycle in order to examine the effect of endogenous ovarian
hormones. As shown in Figure 1A and B, the level of TGIF mRNA in the leiomyoma tissue
is approximately 2-fold higher than that in the matched unaffected myometrial tissue during
the secretory phase (P = 0.01). The expression level of TGIF mRNA in the leiomyoma
tissue is approximately 3-fold higher than that in the matched unaffected myometrial tissue
during the proliferative phase (P = 0.012). We also compared the expression levels of TGIF
mMRNA of leiomyoma tissues from patients in different phases using real-time QPCR in
independent, duplicated experiments. No significant difference was found in leiomyoma
tissues between the proliferative and secretory phases, suggesting that expression of TGIF is
not modulated by endogenous ovarian hormones. Similarly, the TGIF mRNA expression
levels did not vary during the menstrual cycle in unaffected myometrial tissues.

TGIF Protein Levels Evaluated by Western Blot

In accordance with previous observations (18), the wild-type TGIF migrated as a double
band of 30—35 kDa. Consistent with our mRNA data, Western blot showed that TGIF
protein levels in the leiomyoma tissues were 1.73-fold higher than those in the unaffected
myometrial tissues during the secretory phase (Figure 1D, P = 0.01). Similarly, the
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expression levels of TGIF protein were 1.25-fold higher in the leiomyoma tissue during the
proliferative phase (Figure 1E, P = 0.045). The protein levels of TGIF in leiomyomata were
similar between phases of menstrual cycles (N = 14, data not shown). Protein levels of TGIF
in myometrium were not compared between phases of menstrual cycles due to the
insufficient tissue samples for additional Western blot assays.

TGIF Protein Suppresses PAI-1 mRNA Up-regulation Induced by TGF-B1

To explore a possible mechanism by which TGIF regulates ECM turnover, we investigated
the effect of TGIF on the TGF-p signaling downstream product, PAI-1. Being primarily
interested in ECM turnover in the human myometrial cell, we used leiomyosarcoma cell line
SK-UT-1, which has been applied as a research model for myometrial cell (19) and ECM
products (20). As shown in Figures 2A-C, TGIF protein and mMRNA were markedly
expressed in SK-UT-1 cells transfected with TGIF-containing plasmid compared to cells
with the control plasmid. Subsequent treatment with TGF-p1 (1ng/ml) significantly up-
regulated PAI-1 mRNA expression in the control group at 6 hours. On the contrary, this
PAI-1 mRNA upregulation was inhibited in the TGIF-transfected cells at 6 hours (Figure
2D). All the experiments were duplicated in three independent experiments.

DISCUSSION

In the present study, we documented the differential expression of TGIF in the leiomyoma
and myometrial tissues of premenopausal women during the proliferative and secretory
phases of the menstrual cycle. Our data consistently demonstrated that TGIF, a TGF-$
signaling transcriptional corepressor, is highly expressed in leiomyoma tissues compared to
matched myometrium. Secondly, TGIF appears to suppress the downstream gene product of
TGF-p stimulation, PAI-1, which is a major regulator in ECM turnover. The expression of
TGIF in smooth muscle cells suggests that there is an intracellular mechanism that may
counteract the potent profibrotic cytokine TGF-B in uterine smooth muscle cells.

Expression of TGIF mRNA was documented only in a restricted number of human adult
tissues (6). Although the original functional analysis revealed that TGIF has a specific
binding ability to a retinoid response element from the rat cellular retinoic acid binding
protein 11 (CRABP 1) gene (21), TGIF is best known for its function as a co-repressor to
Smad?, the mediator of TGF-p signaling. Recently, Seo et al. documented that TGIF can
also associate with E3 ubiquitin ligase Tiull to target Smad2 degradation (22) and to interact
with cytoplasmic pro-myelocytic leukemia protein, resulting in the inhibition of Smad?2
phosphorylation (23). This suggests that TGIF represses TGF-f signaling through multiple
mechanisms.

Numerous studies have placed emphasis on the profibrotic nature of TGF-f on leiomyomata.
However, the negative regulation aspects — including intracellular negative feedback or
ECM degradation mechanism in leiomyomata — are lacking. To date, two studies have
examined TGIF gene expression in leiomyoma (24,25). One study was designed to
investigate differential gene expression patterns in untreated leiomyoma/myometrium
compared to gonadotrophin-releasing hormone (GnRH)-treated leiomyoma/myometrium
pairs. However, in a subanalysis of 3 pairs of matched-tissue groups, TGIF gene expression
was found to be unchanged in the untreated leiomyoma compared to myometrium pairs
(roughly 0.9-fold). These numbers were insufficient to confirm a true difference between the
untreated tissues, especially when the fold change was small. Protein expression data were
not available. Contrary to this report, our data consistently demonstrated that both TGIF
mMRNA and protein expression are up-regulated in leiomyoma compared to matched
myometrium.
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In the second study, Luo et al. reported that TGF-p stimulation of cultured leiomyoma
smooth muscle cells may induce a transient TGIF mRNA expression (25). Thus, the increase
in TGIF mRNA and protein expression in the leiomyoma tissue in our study may be a
response to TGF-B and may serve as an intracellular negative feedback mechanism. It is also
possible that the up-regulation in TGIF protein level in the leiomyoma is enhanced by a
decrease in degradation of TGIF. For example, Dai and Liu documented that hepatocyte
growth factor, a potent antifibrotic cytokine, is able to increase TGIF protein level through
protein stabilization rather than new synthesis (11). Therefore, the cytokines that stimulate
the accumulation of TGIF in smooth muscle cells will require further investigation.

The growth of leiomyoma is associated with sex steroid hormones, namely estrogen,
progesterone and androgen. Because the menstrual cycle induces ovarian steroid hormone
fluctuations, we specifically divided the patients according to their menstrual phase to assess
the effect of endogenous hormones on TGIF expression. Our data show that the expression
of TGIF mRNA and protein are not modulated by the menstrual phase, implying that TGIF
expression may not be regulated by steroid hormones.

Although TGIF protein theoretically antagonizes the function of TGF-B, its increased
expression in leiomyomata does not appear to block the fibrogenetic effect of TGF-f in
leiomyomata, since leiomyomata demonstrate increased deposition and decreased
degradation of ECM. To study the negative-regulation effects of TGIF, we over-expressed
TGIF protein in smooth muscle cells, followed by TGF-B1 treatment in vitro. We observed
that PAI-1 mRNA upregulation was suppressed in TGIF-over-expressed cells when treated
with TGF-B1. This implies that TGIF expression in leiomyomata may be insufficient to
suppress ECM deposition caused by TGF-f1 stimulation. Alternatively, suppression of
PAI-1 expression may translate into increased fibrinolytic activity or ECM turnover and
thus, leiomyoma growth.

In summary, we demonstrated that the expressions of TGIF mRNA and protein are higher in
leiomyoma compared to matched unaffected myometrium, and TGIF expression levels are
not affected by endogenous steroid hormones. The TGIF protein is potentially able to
suppress the profibrotic effect of TGF-f by attenuating the downstream gene, PAI-1, in
myometrial cells. Although TGIF's negative regulation on TGF- in leiomyomata appears to
be inadequate to suppress ECM deposition, the associated mechanisms may be important in
developing treatment modalities and in understanding the pathogenesis of this complex
fibrotic disorder.
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Figure 1.

The expressions of TGIF mRNA are compared between myometrium and leiomyoma. After
normalizing with the internal control gene HPRT-1, relative quantification of the gene TGIF
was divided by one calibrator sample value to generate the relative quantification to
calibrator average (Rel. Quant. to Cal. Avg.). (A) The secretory phase (N =8, P =0.01). (B)
The proliferative phase (N = 8, P = 0.012). Western blot of TGIF protein levels in
myometrium and leiomyoma. (C) TGIF showed a double band of 30—35 kDa. ‘M’
represents myometrium, ‘A’ represents leiomyoma. (D) The secretory phase (N=7,P =
0.01) (E) The proliferative phase (N = 7, P = 0.045).
* Comparisons between myometrium and leiomyoma, paired t-test.
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3hr 6 hr

TGIF protein and mRNA are significantly increased by transfection with pCMV5 Flag TGIF
plasmid (A, B, and C) compared to cells infected with control plasmid. (D) Overexpression
of TGIF protein suppresses the PAI-1 up-regulation induced by TGF-B1. The transfected
cells were cultured in serum-free medium for 16 hr before treatment with TGF-p1 (1ng/ml).
TGF-B1 induces PAI-1 up-regulation in cells transfected with control plasmid at 6 hr (P =
0.024, #). PAI-1 up-regulation is significantly suppressed in cells transfected with TGIF
plasmid (P = 0.002, @) compared to cells transfected with control plasmid. PAI-1 primer:
forward: GTTACCCCCATGACTCCAGA, reverse: CGCAGACTTCTCACCAAACA.
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