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ABSTRACT

Uterine leiomyoma is the most prevalent of all tumors in women. It has a
clinical incidence in the general population over 25%, and the incidence in
women of African descent is >80%. Previous studies conducted in our laboratory
have determined that the secreted, matricellular protein CCN5 is deficient in
human leiomyoma tumors compared to the surrounding myometrium. Further,
overexpression of CCN5 in primary cultures of human leiomyoma and
myometrial cells inhibits their proliferation and motility. The work presented in
this dissertation, extends these studies into the in vivo setting through utilization
of two different in vivo models of uterine leiomyoma, one of which was developed
de novo.
Injection of the ELT-3 cell line into immunocompromised mice has long
been utilized as an in vivo model of uterine leiomyoma. CCN5 protein was
overexpressed in ELT-3 cells using an adenoviral vector prior to subcutaneous
injection into NOD/SCID mice. These studies determined that overexpression of
CCN5 protein strongly inhibits the growth of ELT-3 tumors, most likely through
both inhibition of ELT-3 cell proliferation and via inhibition of vascular smooth
muscle cell remodeling in the blood vessels feeding the tumor. CCN5 protein
was also overexpressed in cultured ELT-3 cells in proliferation and motility
assays. These studies demonstrated that CCN5 overexpression inhibits ELT-3
cell proliferation and motility, supporting the in vivo results.
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This dissertation also presents the development of a new small animal
model of uterine leiomyoma that utilizes freshly isolated human leiomyoma
organoids. Utilizing multiple immunohistochemical markers of smooth muscle
cells and cellular markers of proliferation, I found that implanted human
leiomyoma organoids continue to proliferate up to 70 days after injection. Similar
to the results for the ELT-3 cell model, infection of human leiomyoma tissue
organoids with an adenovirus expressing CCN5 prior to implantation was able to
strongly inhibit the in vivo proliferation of human leiomyoma cells and possibly
inhibit blood vessel invasion into the organoid injection site.
Taken together, these results demonstrate the ability of CCN5 to inhibit
the proliferation of uterine leiomyoma cells within an in vivo environment.
Further, the development of a small animal model of uterine leiomyoma that
utilizes unaltered human leiomyoma cells provides an experimental and
therapeutic platform on which the pathophysiology and potential treatments of
uterine leiomyoma can be studied in an environment that more closely resembles
that of the disease. Finally, my data with CCN5 in this model system provide
proof-of-concept that CCN5 may be a useful pharmacologic agent in the
treatment of fibroids.
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CHAPTER 1: INTRODUCTION

2

Uterine Leiomyoma
Uterine fibroids (leiomyoma) are benign tumors of smooth muscle cells
(SMC) arising in the myometrial layer of the uterus. Leiomyoma are the most
common of all tumors in women [1, 2], and by age 50 reach a cumulative
incidence of nearly 70% in Caucasian women and greater than 80% in women of
African descent [3]. Despite the low conversion rate of leiomyoma to malignant
leiomyosarcoma (leiomyosarcoma make up only 4-9% of all uterine malignancies
[4]), the symptoms caused by leiomyoma can often be debilitating and include
abnormal uterine bleeding, pelvic pressure and pain, as well as infertility [5].
Uterine leiomyoma result in >200,000 hysterectomies annually in the United
States [6], and contribute significantly to infertility through implantation failures
and increased spontaneous abortion [7]. The annual cost of inpatient treatment
for uterine fibroids has been estimated at exceeding 2 billion dollars a year [8].
Although uterine leiomyoma affect an exceedingly large population and are a
major women’s health concern, the precise pathophysiology of this ubiquitous
tumor remains unclear. Currently, the only definitive treatment option available
that has been proven to prevent recurrence is hysterectomy (surgical removal of
the whole uterus) [9].

Surgical Management of Uterine Leiomyoma
In today’s clinical environment, surgical treatment of uterine leiomyoma is
considered the standard of care for this disease with hysterectomy being the
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definitive option, representing a ‘cure’ for the disease. Recently, an excellent
review of the modern surgical management of uterine leiomyoma has been
published by Levy [5]. Hysterectomy for treatment of the leiomyoma uterus, as
well as surgical myomectomy for removal of individual leiomyoma have, been
used in practice for over 150 years. Hysterectomy as the standard of care
produces 100% reduction in leiomyoma volume, 0% chance of recurrence, and
over 90% of patients are satisfied with their outcome. However, this procedure
represents major surgery and the effects of uterine loss can often be acutely felt
with one study showing that up to 43% of hysterectomy patients regret their loss
of fertility [10]. Myomectomy also produces 100% reduction in leiomyoma
volume, but 5 year cumulative recurrence rates in patients undergoing
myomectomy have been shown to reach 62% [11].
During the 150 years since hysterectomy and myomectomy were first
employed, surgical procedures have become more refined and have integrated
new developments in technology. Many of these new procedures represent less
invasive surgical approaches that are focused on maintaining uterine integrity
and fertility. A number of modern techniques for surgical treatment of uterine
leiomyoma center around interrupting the blood supply to the leiomyoma tumors.
Myolysis is a technique in which focused energy is used to cause coagulative
necrosis in solid tumors. The energy is used to disrupt blood vessels within the
tumor causing coagulation and eventual blood vessel occlusion followed by
tumor necrosis. Neodymium:yttrium aluminum-garnet lasers, radiofrequency
emitters, and supercooled probes have all been used to induce the coagulation in
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this technique. In one study, cryomyolysis with a supercooled probe has been
shown to induce a 61% reduction in leiomyoma size within one year, and 75% of
patients were strongly satisfied with the results [12].
Uterine artery embolization (UAE) is a technique in which fluoroscopic
guidance is used to inject the uterine arteries with coagulative beads or
microspheres causing embolization and temporary occlusion of the downstream
arterioles. It is believed that unlike the rest of the myometrium, leiomyoma are
unable to lyse clots and thereby undergo ischemic necrosis. The Fibroid
Registry for Outcomes Data (FIBROID), showed that 82% of patients were
satisfied with their outcome 1 year after UAE [13]. However, UAE has been
associated with ovarian failure from unintentional embolization of the ovarian
blood supply, and in the Embolization versus Hysterectomy (EMMY) trial it was
shown that 2 years after treatment, up to 23.5% of UAE patients still underwent
hysterectomy [14]. In addition, UAE is not considered an effective treatment for
large leiomyoma over 8cm in size, or leiomyoma that are pedunculated or
submucous in character. Laparoscopic uterine artery occlusion (LUAO) is a
variation of UAE in which the uterine arteries are occluded through the same
method of bead-induced coagulation, but the procedure is performed through a
laparoscopic approach. In one study, LUAO was found to reduce leiomyoma
size by 57.8% at 1 year follow-up and 93.2% of patients experienced improved
symptoms [15].
Magnetic resonance imaging (MRI)-guided focused ultrasound (MRgFUS)
uses a similar principal to that of myolysis, where MRI is used to image the
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leiomyoma site and then high energy ultrasound waves are focused on the
leiomyoma, inducing blood vessel disruption and coagulative necrosis. This
procedure was not included with other techniques for myolysis because unlike
the others, it is completely non-invasive. In one study, 70.6% of patients
experienced an improvement in symptoms, which fell to 51.2% by 1 year [16].
However, reductions in uterine leiomyoma volume were small compared to other
surgical methods of treatment, at 9.4% in 1 year.

Medical Management of Uterine Leiomyoma
In recent years a renewed focus on the medical treatment of uterine
leiomyoma has developed. Medical treatment has the advantage of not requiring
expensive and risky surgical procedures and can be performed on an outpatient
basis for relatively short periods of time (under 6 months). Much of the research
in this area has focused on neutralizing the growth response of uterine
leiomyoma to hormones.
GnRH Analogues
Gonadotrophin-releasing hormone analogues (GnRHa) have been used for
the treatment of uterine leiomyoma symptoms for over 30 years. These
antagonists or partial agonists, bind to the GnRH receptors in the anterior
pituitary and block the binding of native GnRH, thereby inhibiting it’s stimulation
of follicle stimulating hormone (FSH) and luteinizing hormone (LH) secretion.
This results in inhibition of the entire pituitary-gonadal axis, resulting in
decreased secretion of estrogen and progesterone. GnRHa treatment has been
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found to significantly decrease uterine leiomyoma in size and improve patient’s
symptoms, especially heavy uterine bleeding [17]. However, long-term treatment
with GnRHa is similar to inducing early menopause and has a number of the
adverse side effects associated with this condition, including reduced bone
density, hot flashes, peripheral edema, insomnia, nausea, nervousness, and
arthralgia/myalgia. For this reason patients cannot be treated with GnRHa for
more than 6 months and unfortunately, once treatment stops, the leiomyoma
often return to their original size or even enlarge [18]. This lack of long-term
effectiveness at reducing uterine leiomyoma size has relegated GnRHa therapies
to the realm of neo-adjuvant therapy used to shrink large or multiple fibroids prior
to hysterectomy [19].
Selective Estrogen Receptor Modulators (SERMs)
Selective estrogen receptor modulators (SERMs) are partial agonists that
bind to and block signaling of estrogen receptors. They have been found to be
highly efficacious in the treatment of estrogen positive breast cancers. Given the
belief that estrogen might act as a mitogenic stimulator of uterine leiomyoma
growth, a number of randomized control trials (RCTs) for treatment of uterine
leiomyoma with SERMs have been performed. The well known SERM tamoxifen
has not been included in any RCTs, likely because of its effects on the
endometrial lining of the uterus where it is known to cause endometrial
hyperplasia, a precursor to endometrial carcinoma [17]. RCTs conducted with
the SERM raloxifene indicated that treatment with raloxifene could reduce
leiomyoma tumor volume by as much as 22.2% [20]. However, another study
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indicated that raloxifene was only effective in shrinking fibroids in postmenopausal women and had no effect in pre-menopausal women [21]. These
results suggest that raloxifene might have limited utility in the clinic where the
majority of patients seeking relief of uterine leiomyoma symptoms are premenopausal or peri-menopausal.
Mifepristone (RU486)
The progesterone receptor antagonist, mifepristone, has shown efficacy for
the treatment of uterine leiomyoma in a number of studies. In one study, patients
treated with mifepristone for a 6-month period of time, saw a 50% decrease in
uterine volume and 65% of the patients showed decreased uterine bleeding [22].
Patients also experienced great improvements in symptoms with decreases in
the severity of pelvic pain and pressure, bladder pressure, urinary frequency, and
lower back pain. However, significant side effects of mifepristone treatment were
noted including hot flashes, headache, nausea, vomiting, diarrhea, and increased
fatigue. Most significantly, simple endometrial hyperplasia was observed in 28%
of patients treated.
Selective Progesterone Receptor Modulators (SPRMs)
The selective progesterone receptor modulators (SPRMs), Asoprisnil and
CDB-2914, represent the most recent advance in the medical treatment of
uterine leiomyoma. The belief is that the mixed agonist-antagonist activity of
SPRMs will allow this class of therapeutics to provide the benefits of
progesterone antagonists at shrinking uterine leiomyoma without the side effects.
An RCT was conducted on Asoprisnil in which it was found to reduce leiomyoma
8

volume by as much as 36% over 90 days, with significant improvements in
patient symptoms including bloating, pelvic pressure and pain, and heavy uterine
bleeding [23]. Unlike mifepristone, Asoprisnil was also found to have an
inhibitory effect on endometrial proliferation as a result of either suppression of
endometrial angiogenesis or circulation through the uterine spiral arteries [24,
25]. CDB-2914 was shown to have similar effectiveness to Asoprisnil with an
identical 36% reduction in leiomyoma volume after 120 days of treatment.
Patients in this study also showed decreases in uterine bleeding and showed
improvements in the concern subscale of the Uterine Fibroid Symptom Quality of
Life assessment [26]. SPRMs could one day have great utility in the treatment
of a subset of patients consisting of peri-menopausal women with uterine
leiomyoma whose main symptom is heavy or abnormal uterine bleeding.

Small Animal Models of Uterine Leiomyoma
Currently there are several in vivo models of uterine leiomyoma that have
been published. The well-established models use rodent uterine leiomyoma as
their platform while more recent models utilize human cells injected into
immunocompromised mice. As in the study of many other diseases, availability
of a small animal model that successfully and accurately recapitulates a disease
state as it appears in humans is critical. In the following paragraphs the existing
in vivo model of uterine leiomyoma will be discussed.
The Eker rat develops spontaneous uterine leiomyoma and has been
utilized in the field of leiomyoma research for a number of years. The Eker rat
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line exhibits a loss of heterozygosity (LOH) at one locus of the TSC2 (Tuberous
Sclerosis Complex 2) gene. The TSC2 protein in collaboration with the TSC1
protein forms a heterodimeric complex that functions to repress the small
GTPase Rheb. Rheb is a potent activator of mTOR, which is involved in a
number of cell proliferation signaling pathways [27]. As a consequence of the
TSC2 LOH, Rheb protein and thus mTOR are constitutively activated, resulting in
uncontrolled cellular proliferation. In the Eker rat this results in the development
of a number of tumors including renal cell carcinoma, hemangiosarcoma, and
uterine leiomyoma [28]. The Eker rat has been used in a number of studies of
uterine leiomyoma. It is a particularly good model for surgical studies, as the
uterine leiomyoma it develops are very similar in size and location to those seen
in women. Injection of the Eker rat derived- ELT-3 cell line into nude mice is
another model that has been widely utilized in the field as well as in experiments
outlined in this thesis. This model consists of subcutaneous injection of ELT-3
cells grown in culture into nude mice. The mice form tumors within 4 weeks [29].
This is by far the easiest of the well-established models to manipulate and has
been used for the greatest range of experimental studies.
The estrogen-induced guinea pig model of uterine leiomyoma has been
used somewhat less then the Eker rat-derived models. It consists of long term (>
6 month) treatment of guinea pigs with high doses of estrogen, with subsequent
development of uterine leiomyoma. This model has been used for the study of
surgical techniques and some anti-hormone therapies [30, 31].
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The recently developed Memy I model of uterine leiomyoma utilizes
freshly isolated human uterine leiomyoma tissue infected with a cocktail of
adenovirus expressing VEGF-A and Cox-2 [32]. These adenovirally infected
tissue fragments are implanted subcutaneously into immunocompromised mice
and continue to grow up to 30 days post-implantation. The Memy I model has not
yet been published as part of any other studies.
Finally, there has been the extremely recent (Sept. 2009) publication of a
small animal model of human uterine leiomyoma that is very similar to the one
outlined in Chapter 3 of this thesis [33]. Suo et al. use freshly isolated human
uterine leiomyoma cells subjected to an enzyme degradation then injected into
the subcutaneous and peritoneal spaces of immunocompromised mice. Using a
lentiviral vector, the cells are marked with GFP prior to injection and spread of
the cells is tracked through use of whole body bioluminescence or fluorescent
signaling. Suo et al. get stable engraftment of their cells up to 81 days after
injection.

Regulation of Uterine Smooth Muscle (UtSMC) Mitogenesis and Motility
Uterine leiomyoma are tumors that become apparent in the reproductive
years, grow during pregnancy, and typically regress during menopause. For this
reason it is thought that leiomyoma proliferation is regulated by both estrogens
and progesterone. This has resulted in a focus on the role of these hormones in
uterine smooth muscle cell (SMC) mitogenesis and motility. A number of studies
have shown that estrogen and progesterone stimulate leiomyoma SMC
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proliferation in vitro [34-36], and progesterone has been found to increase
myometrial SMC number [34], a result that may be due to both increased
proliferation and decreased apoptosis [37]. Human leiomyoma and myometrial
SMC lose expression of estrogen and progesterone receptors within 8 hours in
culture [38], thus it has been difficult to examine the mechanism of action of
these hormones. Although the pathways involved in the UtSMC mitogenic
response to growth factors and hormones have not been elucidated, several
putative mitogens have been identified. EGF, bFGF, insulin, and PDGF are
potent mitogens for both myometrial and leiomyoma SMC in culture [39-41],
whereas IGF-1 appears to be mitogenic for leiomyoma but not myometrial SMC
[42, 43]. Very little information is available on negative regulators of UtSMC
proliferation. Five peptide inhibitors of UtSMC proliferation have been identified:
interferon-α [44], TGF-β1/3 (although there are conflicting results) [45-47],
prolactin [48], heparin [49, 50], and CCN5 [51-53].

CCN5
CCN5 is a member of the CCN family of proteins, named for the first 3
members of the family discovered Cyr61, CTGF, and Nov [54]. The basis of the
CCN5 family of proteins is in the modular domain of their protein structure. The
majority of the CCN family members have four modular protein domains and an
N-terminal secretion signal. From N to C-terminus the family members have
conserved domains with sequence homology to insulin-like growth factor binding
protein (IGFBP), von Willebrand factor type C repeat (vWC), thrombospondin

12

type I repeat (TSP), and a cysteine rich carboxyl-terminal repeat (CT) domain
[55]. Between the vWC and TSP domains there is a sequence of amino acids
that is highly variable among CCN family members and acts as a molecular
“hinge”. This flexible region is highly susceptible to proteolytic degradation by
MMPs [56].
A major difference between CCN5 and the other members of the CCN
family is that CCN5 lacks the CT domain. This difference has been brought into
focus as the CT domain of other CCN family members has been shown to bind to
and functionally interact with a number of matrix molecules, integrins, and
members of important signaling pathways such as Notch 1 and LRP6 [57]. This
has lead some to hypothesize that CCN5 might act as a dominant negative
regulator of other CCN family members [58], although evidence supporting this
concept has not been generated.
CCN5 was originally cloned and published by the Castellot laboratory [59].
Because it was a heparin-inducible gene and had a strong homology to the other
four CCN family members known at the time, it was named HICP (HeparinInduced CCN-like Protein). Later this protein would be re-designated CCN5,
signifying that it was the fifth of the six CCN5 family members.
Shortly after the initial publication by the Castellot laboratory, three other
groups published work characterizing CCN5. The first group used mRNA
differential display to identify a gene they named rCOP-1 as being downregulated following transformation of rat embryo fibroblasts by inactivation of p53
and concomitant expression of a constitutively active H-ras [60]. rCop-1 (CCN5)
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was found to be located primarily on the surface and within the cytoplasm of rat
embryonic fibroblasts. Further, retroviral overexpression of rCOP-1 was found to
induce apoptosis in transformed rat fibroblasts, but was unable to effect normal
fibroblasts. A second group used selective subtractive hybridization to identify a
gene they named WISP-2 as being upregulated in the mouse mammary
epithelial cell line C57MG after transformation by Wnt-1 [61]. The human WISP2 (CCN5) gene was mapped to chromosome 20q12-20q13 and was found to
have a copy number 2-4 fold higher in 23 of 25 primary human colon
adenocarcinomas tested when compared to normal tissue. Despite the
increased copy numbers of the gene in the genome of the adenocarcinomas, the
levels of mRNA transcript for WISP-2 were conversely found to be downregulated significantly in 15 of 19 human colon adenocarcinomas tested when
compared to normal tissue. The third group analyzed a human osteoblast cDNA
library and identified an EST that contained an IGF binding domain, and based
on sequence homology to the CCN family member CTGF (CCN2), named the
presumed gene product CTGF-like protein or CTGF-L [62]. CTGF-L (CCN5)
mRNA was found to be expressed in primary cultures of human osteoblasts,
fibroblasts, ovary, testes, and heart. In situ hybridization identified CTGF-L
mRNA as being highly expressed in bone-forming osteoblasts, alkaline
phosphatase positive bone marrow cells, and chondrocytes. Functional studies
showed the ability of endogenous CTGF-L protein to bind IGF-1 and IGF-2 and
recombinant CTGF-L protein to promote the adhesion of osteoblasts, inhibit the
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binding of fibrinogen to purified integrin receptors and inhibit the production of
osteocalcin by rat osteoblast-like Ros 17/2.8 cells.
These early studies laid the ground work for over 97 publications and 89
original articles on CCN5 and its role in cell signaling, adhesion, migration, and
proliferation, as well as its larger role in development and human disease. The
rest of this introduction will be devoted to summarizing the work done on CCN5
to this point.

CCN5 Regulation and Signaling
In the decade following the identification of CCN5 a rich literature has
grown up elucidating possible signaling cascades involved in CCN5 expression
and mechanisms of CCN5 gene regulation. As with many young areas of
scientific study, efforts have tended to localize around particular well-established
signaling cascades, particularly significant human disease states, and a
smattering of other signaling cascade molecules. In the case of CCN5 much
research effort has been focused on the role of wnt signaling, estrogen signaling,
p53 and a number of growth factors, matrix molecules, and environmental
stimuli.
Wnt Signaling
Following the efforts of Pennica et al. in the identification of CCN5 (WISP2) as a wnt-inducible protein a number of investigators have logically chosen to
pursue this signaling cascade and its association with CCN5. Wnt proteins bind
to the cell surface receptors Frizzled (Fzd) and LRP5/6, thereby inhibiting
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glycogen synthase kinase (GSK-3β) and casein kinase 1 (CK1). The inhibition of
these enzymes allows the stabilization of cytoplasmic β-catenin and its eventual
translocation to the nucleus where it interacts with TCF/LEF transcription factors
and induces the transcription of Wnt-induced proteins [63]. As alluded to
previously, overexpression of Wnt protein either through retroviral infection or
transgenic mouse pan-overexpression was found to upregulate the mRNA and
protein levels of CCN5 [61]. Similar results were obtained by expressing a
constitutively active downstream wnt signaling molecule, s/aβ-catenin, in synovial
fibroblasts, where a 2.9 fold increase in CCN5 mRNA was observed [64].
Addition of estrogen to the s/aβ-catenin expressing fibroblasts demonstrated a
synergistic effect, boosting CCN5 mRNA expression ~35-fold higher then s/aβcatenin or estrogen alone.
Other more physiological activators of Wnt signaling have also been
shown to induce CCN5 expression. Expression of the hepatitis C virus core
protein in the human derived hepatocellular carcinoma cell line Huh-7
upregulated the expression of Wnt -1 protein and subsequently CCN5 expression
[65]. MC3T3-E1 osteoblast cells treated with a small molecule inhibitor of GSK3β called GSK3βi (which causes nuclear accumulation of β-catenin and activation
of canonical Wnt signaling) caused a 2 fold increase in CCN5 mRNA. When this
inhibitor is combined with mechanical loading of the cells a synergistic effect is
produced, increasing CCN5 mRNA expression to 7 fold that of untreated control
[66]. Similar results were seen when MC3T3-E1 osteoblast cells were placed
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under mechanical strain and treated with Wnt3A, with a 7-fold increase in CCN5
mRNA compared to controls.
Alternatively, the signaling machinery of the Wnt signaling cascade can be
co-opted by other signaling molecules to increase CCN5 expression. Treatment
of the human osteoblast cell line Saos-2 with either parathyroid hormone (PTH)
or the adenylate cyclase activator forskolin causes activation of protein kinase A
(PKA) which can phosphorylate GSK-3β Ser9 causing inactivation of the protein
and activation of the downstream Wnt signaling pathway with eventual
upregulation of CCN5 transcription [67, 68]. Similar increases in CCN5 mRNA
have also been noted in MCF-7 cells treated with the PKA activator CT/IBMX
[69]. The effect of PKA signaling to increase CCN5 expression has also been
demonstrated in a somewhat more surprising and less canonical manner of
signaling. The neoplasia called primary pigmented nodular adrenocortical
disease (PPNAD) is caused by inactivating mutations in the PKA regulatory
subunit type 1A, which results in increased PKA activity upon stimulation by
cAMP. These tumors are also associated with decreased expression of the
microRNA, miR449. Using serial analysis of gene expression data along with
bioinformatics algorithms to predict microRNA-gene target pairs, the target of
miR-449 was found to be CCN5 [70]. Thus in PPNAD-derived cell lines, PKA is
over activated, resulting in deceased miR449, and increased expression of
CCN5. By inhibiting the activity of PKA, levels of miR449 are increased, thereby
decreasing levels of CCN5. This effect was not limited to PPNAD derived cell
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lines, as the osteoblast cell line Saos-2 experiences a significant down-regulation
of miR-449 after treatment with the PKA activator, forskolin.
Estrogen Signaling
Similar to the identification of CCN5 in Wnt treated cells and
adencoarcinoma of the colon, estrogen became a focus of CCN5 regulation
through initial studies that identified it as an mRNA and protein that were
significantly upregulated in estrogen receptor positive breast cancer cell lines
following treatment with estrogen [71-73]. The possibility of estrogen inducing
CCN5 expression was extended into the in vivo setting with the observation that
expression of CCN5 protein shows a significant association with estrogen
receptor alpha (ER-α) positivity in human breast cancer samples [73]. Also,
differences in CCN5 mRNA expression between uterine leiomyoma tumors and
the surrounding normal myometrium were found to be greatest in samples
harvested during the proliferative or high estrogen phase of the menstrual cycle
[51]. Similarly, a correlation between the expression levels of CCN5 protein in
the rat uterus and the rat estrus cycle have also been shown, with the highest
levels of CCN5 protein being observed during the estrogen-rich proestrus phase
of the cycle [74]. Further, treatment of ovariectomized rats with estrogen
increased CCN5 protein expression in the rat uterus 5.5 fold compared to control
animals. This effect was specific to estrogen, as treatment with progesterone
showed no induction by itself or synergy with simultaneous treatment with
estrogen.
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The estrogen positive MCF-7 cell line has in particular been very effective
at establishing CCN5 as a target of estrogen signaling. Addition of 17β-estradiol
to MCF-7 cells in culture increases expression of CCN5 mRNA and protein in a
dose-dependent manner [73, 75]. CCN5 protein levels in MCF-7 cells increase
over 24hrs and can reach maximum levels by 72hrs [73, 75]. Activation of the
signaling cascade was found to be specific to molecules that interact with the
estrogen receptor, as a number of xenoestrogens increase CCN5 expression
while other hormones and steroids including dexamethasone, tri-iodothyronine
and 2,3,7,8-tetrachlorodibenzo-p-dioxin do not effect CCN5 expression [75].
Further, the ability of estrogen to upregulate CCN5 expression was completely
blocked by the pure antiestrogen, ICI 182,780 [71, 73].
The estrogen receptor alpha (ER-α) appears to be primarily responsible
for estrogen’s induction of CCN5 expression as human mammary epithelial cells,
which lack ER-α when grown in culture, do not respond to estrogen stimulation
with an upregulation of CCN5 expression. However, stable transfection of ER-α
into these cells restores estrogen’s induction of CCN5 expression [73]. There is
some evidence to suggest that estrogen might also function to stabilize CCN5
mRNA [73]. At the level of CCN5’s promoter, ER-α has been shown to interact
with the human CCN5 promoter along with the CLIM and RLIM transcription
cofactors, coregulatory proteins that usually interact and regulate with the LIMhomeodomain (LIM-HD) transcription factors for which they are named. Using a
siRNA approach it was shown that knockdown of CLIM decreases ER-αmediated CCN5 mRNA transcription, similar to the CLIM’s effects on LIM-HD
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transcription factors [76]. However, in contrast to the negative regulatory effects
observed for RLIM on LIM-HD transcriptional activity, knockdown of RLIM
actually decreased CCN5 mRNA transcription.
Signal cascade cross-talk with the estrogen/CCN5 signaling cascade has
also been the subject of several scientific investigations. Treatment of MCF-7
cells with 12-O-tetradecanoylphorbol-13-acetate (TPA), a protein kinase C (PKC)
activator, completely blocked estrogen induced CCN5 mRNA transcription
although it had no effect on another estrogen responsive gene pS2 [69].
Epidermal growth factor (EGF) has been shown to induce expression of CCN5
mRNA in MCF-7 cells in a dose and time dependent manner and can act
synergistically with estrogen to raise CCN5 expression levels, possibly through
the PI3K and MAPK signaling pathways [77]. The EGF signaling in MCF-7 cells
appears to require an, estrogen receptor since the pure ER antagonist ICI
182,780 completely blocks the EGF-induced up-regulation of WISP-2 and EGF
was unable to effect CCN5 expression in estrogen receptor negative MDA-MB231 cells. However, this unusual effect appears to be confined to MCF-7 cells
since MDA-MB-231 cells transfected with ER-α do not show similar synergistic
effects. A similar set of studies was performed by the same group for IGF-1 and
noted similar results to those observed for EGF. IGF-1 can induce CCN5 mRNA
expression in a dose and time-dependent manner and knockdown of CCN5
abrogates the ability of IGF-1 to stimulate MCF-7 cell proliferation [78]. This IGF1 induction of CCN5 expression can be blocked by a pure antiestrogen, but
unlike EGF, the signaling cross talk appears to function through PI3K/AKT
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signaling pathways rather then MAPK. Finally, there is some evidence to suggest
that the hormone progesterone might also be involved in molecular cross-talk
with estrogen to stimulate CCN5 expression. Treatment of MCF-7 cells with
progesterone alone induces expression of CCN5 mRNA, and this stimulation can
be blocked by the progesterone receptor antagonist, RU486 [73]. However,
when estrogen and progesterone are given simultaneously, then both the
estrogen and progesterone induced expression of CCN5 mRNA are blocked,
with CCN5 mRNA remaining at basal levels.
Tumor suppressors, growth factors, matrix molecules, chemicals, and
transcription factors
The first published discovery and characterization of CNN5 was found in
rat embryonic fibroblasts where concomitant inactivation of the master tumor
suppressor p53 and the activation of the oncogene H-ras induced the loss of
CCN5 mRNA protein expression [60]. Tissue array slides for pancreatic
adenocarcinoma showed an association between the loss of CCN5 protein
expression and the overexpression of p53 (which can often occur with p53
mutational changes) [79]. Similar results were seen in a number of breast
carcinoma cell lines, where overexpression of mutant p53 was associated with
loss of CCN5 expression [80]. Expression of p53 mutants in the MCF-7 and ZR75-1 non-invasive breast carcinoma cell lines knocked down CCN5 mRNA
expression, despite the fact these cell lines usually constitutively express CCN5.
Tip30 is a tumor suppressor that can inhibit estrogen-induced transcription
in mammary epithelial cells. Knockout of Tip30 in mammary epithelial cells leads
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to increased cell proliferation and a 40-fold increase in CCN5 mRNA expression
[81]. siRNA mediated knockdown of CCN5 expression in Tip30-/- mammary
epithelial cells inhibits cell proliferation by over 50%.
TGFβ treatment of murine osteoblasts increases expression of CCN5
mRNA and protein in a time specific manner, with expression peaking at 24hrs
[82]. Nuclear run-on assays confirmed that TGFβ actually induces CCN5
transcription in murine osteoblasts. However, in rat vascular smooth muscle,
TGFβ was unable to induce CCN5 expression [53].
As note earlier, heparin treatment of rat vascular smooth muscle cells
(VSMCs) induces CCN5 mRNA and protein expression [52, 53, 59]. RNAi
knockdown of CCN5 causes a 5-fold increase in the effective dose of heparin
required to inhibit VSMC proliferation, indicating a reduction in the sensitivity of
VSMCs to the antiproliferative effects of heparin [83].
PMA, a phorbol ester produced by plants has been shown to induce
proliferation in ER-α and CCN5 positive breast carcinoma cell lines, but not in
those cell lines that lack CCN5 expression [84]. PMA is believed to upregulate
CCN5 expression through an interaction of the PKCα-MAPK/ERK and
SAPK/JNK signaling pathways. Knockdown of CCN5 abrogates the ability of
PMA to induce cellular proliferation in MCF-7 cells.
When MCF-7 cells are placed under hypoxic conditions, the hypoxiainduced transcription factor, hypoxia-inducible factor-2α (HIF-2α) and the ETS
transcription factor, ELK-1, have both been found to bind to the promoter of
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CCN5 and induce CCN5 mRNA expression [85]. siRNA-mediated knockdown of
ELK-1 inhibits the hypoxia-induced upregulation of CCN5 mRNA.

CCN5 and Proliferation, Motility, Invasiveness, and Adhesion
CCN5 has been shown to be involved in a number of human pathologies
that are marked by aberrent cell proliferation and metastases. This association
suggests that the effects this protein has on the proliferation, motility,
invasiveness, and adhesion of a number of cell types should be examined.
Proliferation
Of all of the cellular activities listed above, the ability of CCN5 to affect the
proliferation of cells has been studied in the greatest depth. Overexpression of
CCN5 has been shown to inhibit the serum-induced proliferation of the highly
invasive, estrogen receptor negative, breast cancer cell line MDA-MB-231 [86].
In the case of the poorly invasive, estrogen receptor positive MCF-7 cell line the
effect of CCN5 is not nearly as clear. Some studies have suggested an inhibitory
role of CCN5 by demonstrating that overexpression of CCN5 protein inhibits the
serum-induced proliferation of MCF-7 cells, while knockdown of CCN5
expression has the opposite effect, increasing cell proliferation through the
shortening of the cell doubling time [86]. Other reports have suggested a
stimulatory role by showing that knockdown of CCN5 expression either inhibited
serum-induced MCF-7 cell proliferation [73] or had no effect [87]. More studies
to resolve this apparent contradiction are required.
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Other evidence suggests that the ability of CCN5 knockdown to inhibit
MCF-7 cell proliferation might be due to interaction with distinct growth factors or
cellular signaling pathways. The ability of EGF, PMA, or IGF-1 alone to induce
MCF-7 cell proliferation was abrogated by CCN5 knockdown [77, 78, 84].
Similarly, Tip30-/- mammary epithelial cells were shown to have reduced
proliferation in response to serum after CCN5 knockdown [81]. Interestingly,
knockdown of CCN5 in MCF-7 cells was found to eliminate the estrogen
dependent growth requirement of these cells, suggesting an inhibitory role for
CCN5 in this signaling [86]. It is possible that the conflicting results found for the
role of CCN5 in breast carcinoma cell line proliferation might be due to
differences in the method of proliferation stimulation or in the cell types utilized by
different investigators.
Unlike the findings in the breast carcinoma cell lines mentioned above, the
role of CCN5 in the proliferation of other cell types is more clearly defined.
Overexpression of CCN5 protein within VSMCs and application of CCN5
containing conditioned media have both been shown to inhibit the serum-induced
proliferation of rat vascular smooth muscle cells (VSMCs) by as much as 60%
[52, 53]. This effect was also observed in human uterine myometrial cells and
their counterpart uterine leiomyoma tumor cells, where overexpression of CCN5
protein inhibits serum-induced proliferation of these cells by greater than 60%
[51]. In murine 3T3-L1 preadipoctyes, overexpression of CCN5 protein was able
to inhibit the proliferation of these cells by ~30% [88]. In human umbilical vein
endothelial cells a peptide fragment, -TAWGPCSTTCGLGMATRV- (Accession #

24

o760769199-216) of CCN5’s thrombospondin, type I domain, dubbed
‘wispostatin’, has been shown to significantly inhibit their serum-induced
proliferation by as much as 75% [89].
Motility and Invasiveness
The ability of cells to move across a substrate is a critical step in the
development of a number of pathologies. Similarly, the ability of cells to move
through a substrate and cross tissue barriers (invasiveness) is critically important
in pathologies such as arterial stenosis and tumor metastasis. Unlike
proliferation, the inhibitory role of CCN5 in cell motility and invasiveness has
been clearly demonstrated in a number of different cell types.
In the breast carcinoma cell line, MDA-MB-231, overexpression of CCN5
inhibited both motility and invasiveness of this aggressive breast carcinoma cell
line [86]. These results were confirmed as the ability of MCF-7 conditioned
media to inhibit the motility and invasiveness of MDA-MB-231 cells was
abrogated by prior knockdown of CCN5 expression in the MCF-7 cells that
created the conditioned media [87]. The inhibitory effect of CCN5 on motility was
also observed in MCF-7 cells where knockdown of CCN5 expression increased
the IGF-1-induced motility of MCF-7 cells by 5-fold. CCN5 knockdown in MCF-7
cells was also shown to induce expression of pro-motility enzymes such as
MMP-2 and MMP-9 [86, 87]. Further, MCF-7 cells exhibited increased
invasiveness as a result of mutant p53 overexpression, but were inhibited in their
invasive potential by treatment with recombinant CCN5 protein [80].
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In primary cultures of smooth muscle cells, the anti-motility and antiinvasiveness effects of CCN5 have also been well established. Overexpression
of CCN5 in rat VSMCs has been shown to inhibit both motility and invasiveness
[52], while knockdown of CCN5 within the same cell type stimulates motility and
increases expression of MMP-2, a matrix metalloproteinase known to be involved
in facilitating cell motility [83]. In human myometrial and uterine leiomyoma cells,
overexpression of CCN5 inhibited the motility of both cell types by as much 51%
[51].
Finally, the CCN5 thrombospondin, type I domain peptide fragment,
wispostatin was found to inhibit endothelial cell invasiveness by 60% [89].
Adhesion
Unlike other members of the CCN family of genes, very little is known
about the role CCN5 plays in cellular adhesion. After the review of over 60
different scholarly articles, only one reference to cellular adhesion and CCN5
could be found. Surprisingly this reference was found in one of the original
articles to identify and clone CCN5. Kumar et al. observed that three different
osteoblastic cell lines, primary human osteoblasts, osteosarcoma MG63, and rat
osteoblast-like osteosarcoma Ros 17/2.8 attached to immobilized CCN5 in a
dose dependent manner [62]. Further, possible mediators of this adhesion were
identified, as purified CCN5 was able to block the binding of αVβ3 integrin and
αIIbβ3 integrin to fibrinogen in a dose-dependent manner.
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CCN5 and Development
The relatively recent discovery of the CCN5 gene and protein only a
decade before, coupled with the embryonic lethality of CCN5 transgenic mice
(author’s unpublished finding) have somewhat hampered the study of CCN5’s
role in development. Thus, there are few original articles available on this
subject. Available studies have focused on CCN5 in adipocyte differentiation as
well as CCN5 protein expression patterns both in the embryo and adult.
During the stimulated adipogenic differentiation of human bone marrowderived mesenchymal stem cells (BMCs), CCN5 mRNA expression levels
decreased [90]. CCN5 mRNA was present in BMCs and in the initial stage of
adipocyte differentiation, but then decreased slowly as differentiation progressed,
and was completely absent in differentiated adipocytes. This effect was not
observed during osteogenic and chondrogenic differentiation of BMCs, where
CCN5 mRNA levels were the same throughout. Similar results for CCN5 mRNA
in adipogenic differentiation of murine 3T3-L1 preadipocytes have also been
reported [88]. However, in these studies, reduction in CCN5 mRNA was found to
occur within 2 hrs of adipogenic differentiation and lasted for 8 hrs, at which point
CCN5 mRNA levels had risen back to levels seen in untreated preadipocytes and
continued at this level out to 48 hrs. Further, induction of the Wnt signaling
cascade inhibited preadipocyte differentiation while concurrently raising the
levels of CCN5. However, overexpression of CCN5 alone failed to inhibit
adipogenic differentiation, but did inhibit preadipocyte proliferation. These results
suggest that while CCN5 might play a role in regulating the number of
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adipogenically differentiating cells, it does not have a role in adipogenic
differentiation itself.
CCN5 protein has been found to be ubiquitously expressed throughout the
tissues of both embryonic and adult mice. For a detailed study of this protein’s
expression patterns the following papers by Jones et al. and Gray et al. are
suggested [91, 92]. In mouse early embryonic development (E9-E11), CCN5 is
expressed in tissues of ectodermal, mesodermal, and endodermal origins [91].
In both early embryonic and adult tissues CCN5 was found to be highly
expressed in the endothelium and smooth muscle of veins and arteries, as well
as in the myocardium of the heart [91, 92]. Interestingly, in the adult mouse heart,
CCN5 displayed nuclear localization, a phenomenon not found in the embryonic
heart [92]. In the intestines, CCN5 protein was found to be highly expressed in
the tips of intestinal villi, while expression was absent in the intestinal crypts,
further suggesting a role for CCN5 in regulating cell proliferation [91]. In both
embryonic and adult mice, the liver expressed some of the highest levels of
CCN5 protein seen for any tissue. This expression was found in both the
hepatocytes and endothelial cells. In the urogenital system, glomerular kidney
endothelial cells do not express CCN5 protein while in the adult they express
levels similar to those seen in other arteries and veins. In the brain of embryonic
mice CCN5 protein levels were widely expressed, but this expression becomes
more restricted from E12 to GD16. CCN5 protein expression was found to be
highly localized to the nucleus of neurons both in embryonic and adult animals.
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However, in the adult animal, the proportion of neurons with nuclear localization
of CCN5 varied widely according to the region of the brain.
In the human fetus, CCN5 protein is expressed throughout the
myocardium, and in the endothelium and smooth muscle of coronary arteries at 4
months gestation [91]. CCN5 expression in the larger blood vessels of the body
was found to be somewhat less. In the lung, CCN5 is expressed at low, but
uniform levels in the epithelium and mesenchymal cells at 5 months. In the
developing bones of the human fetus at 5 months, CCN5 protein is detected in
the nuclei of osteoclasts, but is completely absent from osteocytes. CCN5
protein expression levels in hepatocytes of the fetal liver increases from 4 to 5
months gestation, while CCN5 expression remains absent in hematopoietic stem
cells. In the fetal adrenal gland, CCN5 protein was expressed in the zona
fasciculata, the region responsible for the production of cortisol, while it was
expressed at very low levels in the zona glomerulosa, the region responsible for
aldosterone production. CCN5 expression was found to be absent from the
human fetal brain at 4 months gestation, although the authors conclude that this
finding might be questionable since the tissue cores that provided the sections
allow a limited sampling of brain structures.

CCN5 and Human Disease
Similar to the other CCN family members, the initial discovery of CCN5
was followed by investigator focus on a defining a role of CCN5 in a number of
human diseases. The majority of work on CCN5 in human disease has been
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performed in the field of cancer, with breast cancer taking the lead followed by a
smattering of other pathologies including pancreatic carcinoma, hepatocellular
carcinoma, and skin carcinoma. However there are also a number of original
articles addressing the role of CCN5 in pathologies where hyperplasia is the
source of pathology, rather than carcinoma and sarcoma. These include
atherosclerosis and arterial restenosis, uterine leiomyoma, macronodular adrenal
hyperplasia, and rheumatoid arthritis.
Breast Carcinoma
Through previous sections of this review it has no doubt become clear that
CCN5 plays a critical role in breast carcinoma. Several studies have indicated
that increased levels of CCN5 expression in breast tumors correlate with the
severity of disease, and found little to no CCN5 expression in normal breast
tissue [73, 87, 93]. Of particular interest is the study by Davies et al. in which
increased expression of CCN5 was found to be associated with a number of poor
prognostic indicators including node positive tumors, higher grade, and
metastases [93]. However, this data is somewhat controversial in that another
group of studies by Banerjee et al., while finding increased levels of CCN5 in
breast cancer and preneoplastic tissue when compared to normal tissue, actually
found the highest expression to be associated with preneoplastic/neoplastic
tissue (AHD and DCIS) and found that CCN5 expression decreased with tumor
progression from non-invasive to invasive lesions [87]. Further, Banerjee et al.
did not find an association between increased CCN5 expression and node
positive tumors, or tumor grade [73, 87]. Finally, the poor prognostic indicators
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found by Davies et al. are somewhat balanced by the finding of Banerjee et al.
showing a significant association between CCN5 expression and ER-α positivity
in invasive breast cancer samples [73]. Estrogen receptor positive breast
carcinoma is typically considered a good prognostic indicator since these tumors
respond to selective estrogen receptor modulator (SERM) treatment.
Many of the studies in breast cancer have been extended to cell culture
where increased expression of CCN5 was found in a number of human breast
carcinoma cell lines when compared to normal mammary epithelial cells [94].
Further study showed that CCN5 expression in breast carcinoma cell lines could
be induced by treatment with estrogen, progesterone, EGF and IGF-1 [73, 77,
78]. In the case of EGF and IGF-1 this upregulation of CCN5 expression was
dependent on the presence of a functional estrogen receptor since the pure
antiestrogen ICI- 182,780 was able to block these mitogens’ effects [77, 78].
Studies in breast carcinoma cell lines have shown that CCN5 has a role in
maintaining the non-invasive, differentiated phenotype of these cells. Poorlyinvasive, low-metastasizing cell lines such as MCF-7, T47-D, ZR-75.1, and
SKBr3 exhibit greatly increased expression of CCN5 compared to highly invasive
and metastatic cell lines such as MDA-MB-231, MDA-MB-468, BT-20, and
DU4475 [86]. As mentioned previously, the effects of CCN5 on the proliferation
of breast carcinoma cells have produced some conflicting results. In a study by
Banerjee et al. it was shown that knockdown of CCN5 in MCF-7 cells inhibits
their serum-induced and IGF-1-induced proliferation [86, 87], and in the Tip 30-/mouse model of ductal hyperplasia, knockdown of CCN5 in primary cultures of
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Tip 30-/- mammary epithelial cells inhibits their serum-induced proliferation [81].
Conversely, Fritah et al. show that overexpression of CCN5 in MCF-7 cells
causes decreased DNA synthesis, and that knockdown of CCN5 eliminates the
estrogen requirement for MCF-7 cell proliferation in culture [86]. When
addressing the role CCN5 plays in the motility and invasive phenotype of breast
carcinoma cell lines, the data is somewhat more succinct. Knockdown of CCN5
expression increases the motility and invasiveness of MCF-7 cells directly, while
the overexpression of CCN5 within MDA-MB-231 cells inhibits the proliferation,
motility, and invasiveness of these cells [86, 87]. Finally, knockdown of CCN5 in
MCF-7 cells causes a decrease in epithelial cell markers such as E-cadherin and
cytokeratin 18, while simultaneously upregulating the mesenchymal marker
vimentin, [86, 87]. Further, suppression of CCN5 expression upregulates the
matrix metalloproteinases, MMP2 and MMP9, which are often found to be highly
expressed in the invasive phenotype [87]. Finally, CCN5 expression was found
to be inversely correlated with the mutational activation of p53 in human breast
carcinoma cell lines, and expression of mutated p53 in MCF-7 cells inhibits
expression of CCN5 [80]. With the exception of the finding that CCN5 is required
for serum-induced and IGF-1 induced proliferation of MCF-7 cells, these results
suggest that CCN5 might have a role in maintaining a non-invasive epithelial
phenotype in breast carcinoma cells.
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Human Pancreatic Adenocarcinoma, Hepatocellular Carcinoma, and Skin
Cancer
Similar to what is found in breast carcinoma, pancreatic adenocarcinoma
(PAC) exhibits greatly decreased levels of CCN5 expression compared to
adjacent normal pancreatic tissue and areas of chronic pancreatitis (a precursor
of PAC) [79]. Likewise, CCN5 mRNA loss was associated with overexpression
of p53 in PAC. Treatment of the highly aggressive PAC cell line, MIA-PaCa-2
with recombinant CCN5 protein reduced the expression of the mesenchymal cell
marker vimetin and altered the gross appearance of the cells to a cobblestoned,
epithelial-like phenotype. These results suggest that CCN5 might have a role in
maintaining an epithelial-like phenotype in pancreatic adenocarcinoma cells and
thereby decrease their invasive potential.
Overexpression of the Hepatitis C viral core protein in the human
hepatocellular carcinoma derived cell line, Huh-7, caused upregulation of Wnt-1
and CCN5, a downstream target of wnt signaling, in addition to causing
increased proliferation of the cells [65]. Further study is required to establish a
link for CCN5 in hepatocellular carcinoma.
CCN5 is the most highly expressed mRNA of the CCN family in normal
human skin [95]. Solar-simulated UV irradiation of human skin reduced the
levels of CCN5 mRNA by 50% in a time-dependent manner and did not return to
basal levels until 48hrs post irradiation. These results suggest further study is
warranted to address CCN5 levels in carcinoma of the skin.
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Pathologies of Smooth Muscle
Human uterine leiomyoma is characterized by benign neoplastic growth of
uterine smooth muscle cells that form large tumors within the uterine wall. Their
malignant transformation is exceedingly rare. CCN5 mRNA expression has been
shown to be significantly decreased in uterine leiomyoma when compared to the
surrounding myometrial tissue [51]. Further, overexpression of CCN5 inhibited
the proliferation and motility of human leiomyoma and myometrial cells in vitro.
Arterial restenosis and atherosclerosis are both diseases that are defined
in the latter stages by the pathological hyperplasia of vascular smooth muscles
(VSMCs) in the artery wall that eventually leads to vessel occlusion and
ischemia. In a rat model of arterial restenosis, CCN5 protein expression by
VMSCs of the artery wall is downregulated following artery injury, at which time
VSMCs of the artery wall have been shown to be actively proliferating. Following
stenosis of the artery by VSMC hyperplasia and cessation of VSMC proliferation,
CCN5 protein expression returns to levels previously seen in the uninjured artery
[52]. Overexpression of CCN5 protein in VSMCs inhibits the proliferation,
motility, and invasiveness of these cells, all important components of the
pathological hyperplastic response to injury. Further, knockdown of CCN5 in
VSMCs causes increased motility [83].
Taken together these results all suggest that CCN5 is an important
inhibitor of smooth muscle proliferation and motility. The therapeutic use of
CCN5 must be examined when biologically active recombinant CCN5 becomes
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available. The uses of CCN5 coated stents for prevention of arterial restenosis
or CCN5 coated surgical mesh implantation at the sites of uterine leiomyoma
myomectomy represent exciting possibilities.
GIP-dependent macronodular adrenal hyperplasia
GIP-dependent macronodular adrenal hyperplasia (GIP-dependent
AIMAH) is a disease characterized by the hyperplastic growth of the adrenal
glands and cortisol secretion in response to gastrointestinal peptide (GIP).
CCN5 mRNA expression is increased over 5-fold in GIP-dependent AIMAH
compared to normal adrenal glands [96]. This increased CCN5 expression was
not found for other types of adrenal pathologies including ACTH-dependent
hyperplasia, adenomas, or adrenal cancer.
Rheumatoid Arthritis
Rheumatoid arthritis (RA) is characterized by infiltration of inflammatory
cells into the synovium of joints followed by hyperplasia of the synovial lining.
CCN5 mRNA was found to be upregulated in RA joint tissue compared to
osteoarthritic (OA) and normal joint tissue [64]. Also, CCN5 protein was found to
be more highly expressed in RA fibroblasts located in fibrotic synovial areas of a
RA joint compared to surrounding normal synovium or OA synovial tissue.
Finally, exposure of human OA chondrocytes to shear stress caused a modest
downregulation of CCN5 mRNA [97].
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CHAPTER 2: OVEREXPRESSION OF CCN5
INHIBITS THE IN VIVO GROWTH OF ELT-3
UTERINE LEIOMYOMA TUMORS
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Introduction
Uterine fibroids (leiomyoma) are benign tumors of smooth muscle cells
(SMC) arising in the myometrial layer of the uterus. Leiomyoma are the most
common pelvic tumor in women [1, 2], and are a major cause of abnormal uterine
bleeding, pelvic pressure, and pain [98]. Uterine leiomyoma result in >200,000
hysterectomies annually in the United States [6], and contribute significantly to
infertility through implantation failures and increased spontaneous abortion [7].
The annual cost of inpatient treatment for uterine fibroids has been estimated at
exceeding 2 billion dollars a year [8]. The incidence of symptomatic leiomyoma
is 20-25% in the overall population [1, 2], and women of African descent have an
incidence rate as high as 80% [99]. Currently, hysterectomy is considered the
definitive treatment option as other treatment options reduce symptoms
temporarily but do not significantly alter the recurrence rate [5]. Unlike many
other targeted women’s health issues such as breast cancer and cervical
carcinoma, little change has occurred in the therapeutic management of uterine
leiomyoma in the past 150 years. While surgical treatments have become more
refined and less invasive, the underlying pathophysiology of uterine leiomyoma
still remains elusive, as do effective long-term medical therapies. In the past ten
years, renewed efforts have been focused on the development of medical
treatments for uterine leiomyoma, particularly on the use of estrogen and
progesterone antagonists/partial agonists [5]. The study of the inhibition of
vascular SMC proliferation has a rich history and could offer insights into the
inhibition of the uterine smooth muscle derived-leiomyoma cell.
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Previous studies conducted in our laboratory have shown that the secreted,
matricellular protein, CCN5, is greatly reduced in fibroids compared to normal
myometrium from the same patient. Mitogenesis and proliferation of cultured
uterine SMCs from both leiomyoma and normal myometrium are directly inhibited
by CCN5 [51]. In addition, CCN5 has been shown to block MMP2 activity and
reduce actin transcription and filament assembly by 50% in vascular SMC [83].
CCN5 is a member of the CCN family of proteins whose members have
been shown to have diverse functions in many cells types [100, 101]. CCN
proteins have prominent roles in cell proliferation, survival, wound repair,
vascular disease, fibrosis, angiogenesis, and progression of certain cancers. All
of the CCN family members, except CCN5, contain an N-terminal signal peptide,
38 conserved cysteine residues, and a modular structure consisting of four
distinct protein homology-based domains; CCN5 lacks the carboxy-terminal (CT)
domain [54].
The Eker rat-derived ELT-3 cell line has long been used as both an in vitro
and in vivo model in the field of human uterine leiomyoma research [29, 102,
103]. The Eker rat has a loss of heterozygosity at one locus of the TSC2
(Tuberous Sclerosis Complex 2) gene. The TSC2 protein in collaboration with
the TSC1 protein forms a heterodimeric complex that functions to repress the
small GTPase Rheb. Rheb is a potent activator of the mTOR signaling pathway,
which is involved in a number of cell proliferation signaling cascades [27]. As a
consequence of the TSC2 LOH, Rheb protein and thus mTOR are constitutively
activated, resulting in uncontrolled cellular proliferation. The Eker rats develop a
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number of tumors including renal cell carcinoma, hemangiosarcoma, and uterine
leiomyoma. The ELT-3 uterine leiomyoma cell line derived from these rats has
many desirable characteristics for a model of human uterine leiomyoma including
a normal smooth muscle phenotype, estrogen and progesterone receptors, and
of great importance, the ability to form tumors in vivo when implanted
subcutaneously [104]. The majority of investigators have chosen to use the
athymic nude mouse as a platform for in vivo ELT-3 tumor formation with good
results. However, we have chosen to use the NOD/SCID mouse line in place of
the nude mouse due to the greater degree of immune deficiency found in the
NOD/SCIDs. These mice not only lack functional T and B lymphocytes through
the scid mutation, but also exhibit deficits in NK cells, circulating complement,
and antigen presenting cells (APCs) through the NOD/Lt background [105].
Utilizing the NOD/SCID mouse line and the Eker rat-derived ELT-3 cell
line, the investigator was able to show that overexpression of CCN5 protein in
the ELT-3 cell line can inhibit the in vivo growth of ELT-3 tumors. Further, this
decrease in tumor formation is the result of CCN5 inhibition of ELT-3 cell
proliferation as evidenced in both in vivo and in vitro settings. Finally, similar to
results found for human leiomyoma cells, overexpression of CCN5 protein also
inhibits the motility of ELT-3 cells.
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Materials and Methods:

Materials
All tissue culture plastics were obtained from BD Bisosciences (Lincoln Park,
NJ). DMEM and F12 media were Gibco products obtained from Invitrogen
(Carlsbad, CA). Ferrous sulfate, sodium selenite, vasopressin, cholesterol,
hydrocortisone, transferrin, T3, Insulin, and 7.5% bovine serum albumin in
Dulbecco’s Phosphate buffer saline stock were obtained from Sigma Chemical
(St. Louis, MO). Bovine growth serum (BGS) is a HyClone product purchased
from Thermo Scientific (Logan, UT). 2,2,2-tribromoethanol was obtained from
Sigma Chemical (St. Louis, MO). Immunohistochemistry was performed using
the Vector ABC Elite Staining kit (Vector Laboratories, Burlingame, CA). Primary
antibodies (anti-α-smooth muscle actin, anti-Desmin, anti-Ki67, anti-PCNA) were
obtained from Abcam Inc. (Cambridge, MA). Rhodamine coupled anti-rabbit
secondary antibody was obtained from Jackson Immunoresearch (West Grove,
PA). The anti-HA rabbit antibody used for immunocytochemistry and the
peroxidase conjugated anti-HA antibody used for the western blot were both
obtained from Roche Applied Science (Indianapolis, IN). Western Lighting ECL
kit was obtained from Perkin Elmer (Waltham, MA).

Cell Culture
Primary Cell Culture
ELT-3 cells were a generous gift from Romana Nowak at the University of Illinois
at Urbana-Champaign. These cells were maintained in DF8 maintenance media
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(Ham’s F12/DMEM mix (1:1), supplemented with ferrous sulfate (1.6µM), sodium
selenite (.05µM), vasopressin (.012µM), cholesterol (.01µM), hydrocortisone
(.2µM), T3 (.001µM), transferrin (10µg/ml), insulin (.025mg/ml), and 5% bovine
growth serum) at 37oC in a humidified 5% CO2/95% air atmosphere. Adenovirus
infections were performed in DF8 basal media (Phenol-red free Ham’s
F12/DMEM mix (1:1), supplemented with ferrous sulfate (1.6µM), sodium selenite
(.05µM), vasopressin (.012µM), cholesterol (.01µM), hydrocortisone (.2µM), T3
(.001µM), transferrin (10µg/ml), MEM sodium pyruvate (1mM), and bovine
serum albumin 7.5% stock (13.34%). Dulbecco’s PBS was purchased from
Gibco. Tissue culture plastic and tissue culture chamber slides were obtained
from BD Falcon (San Jose, CA).

Adenoviral Infection
CCN5 and GFP expressing adenoviruses were constructed in our lab as
described previously [52]. Briefly the CCN5 adenovirus (AdCCN5) contained the
cDNA sequence for rat CCN5 under control of the CMV promoter and GFP gene
under control of a separate CMV promoter. The control GF adenovirus (AdGFP)
contained the GFP gene under control of a CMV promoter. ELT-3 cells were
plated at 50% confluency in 100mm dishes in DF8 maintenance media. The
cells were allowed to attach overnight. One plate was trypsinized and the cells
counted to determine cell number per plate prior to infection. Adenovirus was
suspended in DF8 basal media at a concentration of 50-400 MOI/2ml of media.
The cells were washed twice with plain Ham’s F12 media then 2ml of the
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adenovirus suspension was applied to each plate. The plates were placed on a
rotator table at room temperature for 2 hours, after which 10 ml of DF8
maintenance media was added to the dishes. After 24 hours, the media was
replaced with fresh DF8 maintenance media and the cells were allowed to grow
for another 48 hours. After 48 hours the plates were viewed under fluorescence
microscopy to determine relative adenovirus infection efficiency as measured by
GFP expression. ELT3 cells infected with a multiplicity of infection (MOI) of 150
of adenovirus showed approximately 80% cell infection at 72 hrs post-infection,
while cells infected with 300MOI showed 100% cell infection. For a given MOI,
both the CCN5 expressing adenovirus and the GFP expressing adenovirus
showed similar expression percentages. After 72 hours post infection the cells
were trypsinized and then used for animal injections or were reseeded for in vitro
proliferation assays and scratch wounds.

Proliferation Assay
The in vitro proliferation assay was performed as previously described [51].
Briefly, ELT-3 cells were seeded at 50% confluency and the following day were
infected with adenovirus at various MOI. After 3 days the cells were trypsinized
and reseeded into 24-well tissue culture plates in DF8 maintenance media. After
being allowed to settle overnight, the cells were washed twice with warm D-PBS,
then DF8 basal media was applied to the cells. The media was replaced every
two days for the duration of the experiment. Cell counts were taken on Day 0, 2,
and 4 using a Coulter Counter.
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Scratch Wound Assay
Adeno-infected ELT-3 cells were plated onto 4-well tissue culture chamber slides
at a density of 7.5x104 cells/cm2. The cells were then allowed to grow to
confluence over approximately 2 days. The confluent cell layer was scraped with
a P200 pipette tip, creating a ~300 µm wide denuded area or ‘wound’. The
chambers were rinsed 3 times with warm PBS to wash away scraped off cells,
then filled with DF8 maintenance medium. After 18 hrs the cells were fixed in
10% formalin for 30 min then dehydrated through graded alcohol series and
mounted in Vector immunofluorescence mounting media with DAPI (Vector Labs,
Burlingame, CA). Scratch wounds were visualized with fluorescent microscopy
for DAPI to visualize cell nuclei, then photographed. The number of cells
migrating into the wound gap was quantified by marking off initial wound borders
and manually counting the number of cells that had migrated into the wound gap.

Western blotting
The protein fractionation of AdCCN5 infected ELT-3 cells was carried out using
the Qproteome Cell Compartment Kit (Qiagen, Valencia, CA). Briefly, ELT-3 cells
were infected with AdCCN5 and allowed to grow for 3 days. After 3 days, ELT-3
cells were trypsinized, spun down, and then washed twice with ice-cold PBS.
Protein fractionation was carried out as described in the kit manual. Thirty
percent of each fractionation’s lysate was taken and four volumes of ice cold
methanol was added, followed by a 15 min incubation on ice. The fractions were
then centrifuged for 10 min at 12,000 x g in a microcentrifuge at 4oC. The
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supernantant was discarded and the pellet was resuspended in 1X NuPAGE
SDS loading buffer (Invitrogen, Carlsbad, CA) and placed in a heating block at
100oC for 5 minutes. Proteins were resolved by polyacrylamide gel
electrophoresis (PAGE) on a NuPAGE 4%-20% gradient Bis-Tris SDSpolyacrylamide gel (Invitrogen, Carlsbad, CA) at 200V for 1 hour. Proteins were
immunoblotted onto Invitrolon PVDF membranes in transfer buffer (24mM Tris,
.19M Glycine, 20% Methanol in distilled water) at 100V for 90 mins. Membranes
were blocked for 1 hour at 37oC in PBS containing 5% non-fat dry milk
(Carnation, Nestle, Glendale, CA). The rat monoclonal peroxidase-conjugated
anti-HA antibody suspended in PBS containing 5% non-fat dry milk was applied
to the membranes for 2 hrs at 37oC. Following incubation with the antibody the
blots were washed 3 times in PBS containing .1% Tween 20 for 15 minutes.
Bands were visualized using the Western Lighting enhanced chemiluminescence
(ECL) detection reagents and autoradiography. The SeeBlue Plus2 protein
standard marker (Invitrogen, Carlsbad, CA) was used as a molecular weight
marker.

Animal Model
Cell Injections
GFP and CCN5 expressing ELT-3 cells were trypsinized and resuspended in
ELT3 maintenance medium at a concentration of 15,000,000 cells/ml.
NOD/SCID mice were anesthetized with Avertin (2,2,2-tribromoethanol,
12.5mg/ml) at a dose of 250mg/kg and 200µl of cell suspension was injected
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subcutaneously on the back of the animals. Each mouse received two injections
at separate sites. One injection containing cells infected with AdCCN5 and the
other injection containing cells infected with control AdGFP. Post-operative pain
relief was provided using subcutaneous injection of buprenorphine hydrochloride
(Buprenex, Reckitt Benckiser, Parsippany, NJ) at a dose of 0.2mg/kg. After 6
weeks, mice were sacrificed and tumors were photographed, excised, and
massed prior to being fixed for sectioning and histology.

Tumor Histology
Tumors were excised and placed into 10% formalin at 4oC for 24 hours. After 24
hours the tumors were placed into 30% sucrose in PBS at 4oC for 24 hours.
Tumors were removed from 30% sucrose and immersed in Tissue Tek OCT
Compound (Sakura Finetek, Torrance, CA) and flash frozen in liquid nitrogen.
Five to ten micron sections were cut on a Leica CM3050 S cryostat and mounted
on Adhesion Superfrost Plus microscope slides (Brain Research Laboratories,
Newton, MA) and stored at -20oC. Sections were soaked in PBS for 5 minutes to
remove OCT, then passed through a pyramid graded alcohol series, before
another 5 minute PBS wash. Sections were then treated with Vector Antigen
Unmasking Solution (Vector Labs, Burlingame, CA) in a steamer for 20 minutes.
The slides were washed for 5 min in PBS, followed by a 30 min incubation in
0.3% hydrogen peroxide in 90% methanol, and another 5 min wash in PBS. The
sections were then blocked for 1 hour at 37oC in blocking solution (PBS
containing 4% bovine serum albumin, 5% non-fat dry milk (Carnation), and 10%
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goat serum (supplied by Vectastain Kit) in PBS. The primary antibody was
suspended in blocking solution and applied to the sections for 2 hours at 37oC.
The slides were subsequently washed 3 times for 5 min in wash solution (0.5%
BSA in PBS). Horse-radish peroxidase conjugated secondary antibody was from
the Vector ABC staining kit and was diluted 1:200 in blocking solution and
applied to sections for 1 hour at 37oC. The sections were then washed 3 times
for 5 min in wash solution. The slides were then developed using the Vectastain
Elite ABC kit and the diaminobenzidine (DAB) substrate kit, then mounted and
images were taken with brightfield microscopy. The primary antibodies were
used in the following concentrations: anti-α-smooth muscle actin rabbit antibody
(1:100), anti-Desmin (1:100), anti-Ki67 (1:100), anti-PCNA (1:200).

Results

ELT-3 Cells form well demarcated tumors when injected into NOD/SCID
mice
Previous studies by other laboratories have utilized the
immunocompromised nude mouse for their in vivo ELT-3 tumor experiments [29,
102, 103]. The NOD/SCID mouse line offers advantages over the nude mouse in
that it is immunocompromised to a greater extent, lacking both functional T and B
lymphocytes through the scid mutation and exhibiting deficits in NK cells,
circulating complement, and antigen presenting cells (APCs) through the NOD/Lt
background [105]. It is also a more robust breeder than the nude mouse. To
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determine if the NOD/SCID mouse line would support the in vivo growth of ELT-3
tumors, we first sought to inject untreated ELT-3 cells into NOD/SCID mice.
Aliquots of 3 x 106 ELT-3 cells suspended in serum-free medium were
injected subcutaneously onto the back of NOD/SCID mice. After 6 weeks the
mice were sacrificed and tumors photographed and harvested for analysis. ELT3 cells form well-demarcated tumors within 6 weeks of injection (Figure 1A).
Hematoxylin and eosin staining of the tumor sections shows a well-compacted
tumor with no regions devoid of cells (Figure 1B). Many of the tumors have
reached or are approaching the 1cm3 size that requires termination of the
experiment and euthanasia of the mice according to our animal protocol.
To establish the smooth muscle identity of the ELT-3 cells, we stained for
the intermediate filament desmin, a marker of smooth muscle cells. The cells
that make up the ELT-3 tumor are positive for desmin denoting their smooth
muscle origin (Figure 1C). Given these results, the NOD/SCID mouse appears
to be an excellent host for the growth of ELT-3 cell-derived tumors.

ELT-3 cells infected with CCN5 expressing adenovirus show high infection
efficiency and strong expression of recombinant CCN5 protein
The overexpression of recombinant CCN5 protein within cells has
previously been accomplished in our laboratory through the use of an adenoviral
vector construct [51, 52]. The CCN5 expressing adenovirus (AdCCN5) used in
these experiments contains a HA-epitope tagged rat CCN5 cDNA sequence
under control of a CMV promoter. The construct also contains the GFP gene
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under control of a separate CMV promoter to mark cells successfully infected
with the adenovirus. The GFP expressing, control adenovirus (AdGFP), contains
the GFP gene alone, also under control of the CMV promoter.
ELT-3 cells were infected with 150MOI of CCN5 expressing adenovirus for
three days and viewed under fluorescent microscopy. Infected ELT-3 cells show
a high rate of infection as exhibited by GFP expression (Figure 2A). Typically
greater than 80% of cells exhibit GFP fluorescence, with approximately 60% of
cells expressing a strong fluorescent signal. To ensure that cells expressing
GFP also express recombinant CCN5 protein, ELT-3 cells previously infected
with 150MOI of AdCCN5 were sparsely plated onto tissue culture chamber slides
and allowed to attach overnight. The following day the infected cells were
stained for the HA-epitope tag found on recombinant CCN5. All cells that express
GFP are positive for HA staining, indicating that the infected cells are expressing
CCN5 recombinant protein (Figure 2B). Cell compartment fractionation of ELT-3
cells infected with 150MOI of AdCCN5 adenovirus and subsequent Western blot
analysis of the lysates reveals a single highly expressed band at the 29.1kd
predicted molecular weight of recombinant CCN5 (Figure 2C) in three cell
fractions. Of interest is the observation that recombinant CCN5 not only sorts
with the cytosolic and membrane fractions of the cell, but also appears in the
nuclear fraction. While this observation in and of itself is not definitive and
requires more rigorous study, it strongly supports recent data from our laboratory
demonstrating nuclear localization of CCN5 and is intriguing given the recent
publication of the nuclear localization of other CCN family members [106, 107].
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Overexpression of CCN5 inhibits in vivo ELT-3 tumor growth
Previous studies in our laboratory have implicated CCN5 as an inhibitor of
the proliferation of human uterine smooth muscle cells, both of myometrial and
leiomyoma origin [51]. These studies were all conducted in primary cultures of
early passage cells, thus we have sought to extend these studies to the in vivo
setting of a whole organism. Unfortunately, there are as yet no well-defined in
vivo models for uterine leiomyoma that utilize human cells unaltered by infection
with viral constructs or other manipulations. For this reason we chose the wellcharacterized ELT-3cell/immunocompromised mouse injection model for our
studies. ELT-3 cells were plated at subconfluent levels and infected with 150MOI
of AdGFP or AdCCN5 as described in Materials and Methods. After 3 days, 3 x
106 ELT-3 cells suspended in serum-free medium were injected subcutaneously
on the back (2 per mouse). On the left side of the back, the mouse was injected
with ELT-3 cells infected with AdGFP. On the right side of the back, the mouse
was injected with ELT-3 cells infected with AdCCN5. Six weeks after the cell
injections, the mice were sacrificed and the tumors were photographed, excised,
and weighed. Those tumors formed from ELT-3 cells infected with AdCCN5
grossly show decreased size and decreased angiogenesis when compared to
tumors formed from ELT-3 cells infected with AdGFP (Figure 3A). This result
was consistent in 3 separate experiments and 6 different animals, with the CCN5
tumor always being smaller than the control tumor from the same animal (Figure
3B). The average CCN5 tumor mass and the average GFP tumor mass were
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.1525g and .6243g respectively; the distributions in the two groups differed
significantly (Mann-Whitney U = 30.0, n1 = n2 = 6, P = .037, P < 0.05 two tailed).
To ascertain if increased overexpression of recombinant CCN5 protein
would further inhibit the ability of ELT-3 cells to form tumors in NOD/SCID mice,
4 mice were injected with ELT-3 cells infected with 200MOI of AdCCN5 and
another 4 mice were injected with ELT-3 cells infected with 400MOI of AdCCN5.
Six weeks after injection the animals were sacrificed and the tumors were
excised and massed. The ability of CCN5 to inhibit ELT-3 tumor growth shows a
dose response with increased MOI of adenovirus (Figure 4). Tumors formed
from ELT-3 cells infected with 200MOI showed an average decrease in mass of
84% when compared to tumors infected with an equivalent MOI of AdGFP. At
400 MOI of adenovirus both the CCN5 tumors and the control tumors exhibit
significant inhibition of growth. This is most likely due to the effects of adenovirus
infection. After infection with 400MOI of either AdCCN5 or AdGFP, ELT-3 cells
exhibit poor appearance, with many floaters and vacuole formation, suggesting
unhealthy cells possibly undergoing apoptosis.

CCN5 expressing tumors alter blood vessel formation and express
decreased proliferation markers
To better understand how CCN5 overexpression inhibits ELT-3 tumor
growth, tumors were excised from mice, fixed, and frozen sectioned. Histological
stains as well as immunohistochemistry were utilized to examine CCN5 and
control tumors, and to assay for differences in tumor cell proliferation.
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Histological examination of the ELT-3 tumors showed altered blood vessel
formation in CCN5 tumors when compared to control tumors. The blood vessels
in the AdCCN5 tumors appear to be thin walled and lack a defined media, when
compared to the larger arterioles found in the control AdGFP tumors (Figure 5A).
These results suggest that the CCN5 produced by the ELT-3 cells might inhibit
the formation of larger muscular arterioles, by blocking the invasion and
proliferation of vascular smooth muscle cells in the tumor. While this possibility
requires more rigorous examination, it would represent an important finding for a
possible role of CCN5 as a uterine leiomyoma therapeutic. The ability to inhibit
leiomyoma cell proliferation while simultaneously limiting blood supply to the
growing tumor would impart a “double impact” factor to a CCN5 treatment.
The AdCCN5 tumors express increased levels of CCN5 protein when
compared to the control tumors (Figure 5B). Interestingly, the control AdGFP
tumor also expresses CCN5 protein, albeit at lower levels. Through previous
experiments on human leiomyoma cells in culture, it is clear that the presence of
CCN5 protein is not enough by itself to inhibit proliferation of these cells, and that
the quantity of CCN5 protein being expressed is critical for inhibition of
proliferation [51]. This suggests that CCN5 protein might still be present in
AdGFP tumors, but might not be present in sufficient quantities to inhibit ELT-3
cell proliferation. Therefore the presence of CCN5 protein in the AdGFP tumors
is not necessarily indicative of the growth state of cells within the tumors. Also, it
must be taken under consideration that ELT-3 cells are a highly aggressive and
proliferative cell type compared to human leiomyoma cells, and the initial
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adenoviral infections of 150MOI might have been lost during the 6 weeks the
tumors were allowed to grow. Indeed, CCN5 expression might have been much
higher in the CCN5 tumors earlier in the course of tumor growth.
Decreased tumor size in AdCCN5 tumors suggests that the cells that
compose these tumors are proliferating at a slower rate. To demonstrate the
decreased proliferation of the tumor component cells, frozen sections of AdCCN5
and contralateral AdGFP tumors were prepared and immunohistochemically
stained for the proliferation markers, Ki67 and PCNA. The AdCCN5 tumors
express greatly deceased numbers of cells with positive nuclear staining for both
Ki67 and PCNA when compared to contralateral AdGFP control tumors (Figure
5C-D). These data suggest that, ovexpression of CCN5 protein inhibits the
growth of ELT-3 tumors by directly inhibiting the proliferation of ELT-3 cells.

Overexpression of CCN5 inhibits cultured ELT-3 cell proliferation and
motility
While our hypothesis is that CCN5 overexpression inhibits tumor formation
via two distinct mechanisms, 1) direct inhibition of ELT-3 cell proliferation and 2)
interference with muscular blood vessel formation, it is nonetheless possible that
CCN5 is affecting blood vessel formation alone. Through the inhibition of larger
bore arteriole formation, CCN5 overexpression might starve the tumor of
nutrients resulting in an inhibition of tumor growth. To address this question, we
attempted to demonstrate the ability of CCN5 to inhibit the proliferation and
motility of ELT-3 cells in an in vitro setting where the effect of CCN5 on blood
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vessels is irrelevant. ELT-3 cells were infected with a MOI of 50, 150, or 250 of
either AdCCN5 or AdGFP, and then evaluated by the proliferation and motility
assays as described in Materials and Methods.
Overexpression of CCN5 inhibited the proliferation of ELT-3 cells by 47%
compared to uninfected cells and cells infected with control AdGFP (Figure 6A).
In addition, fewer AdCCN5 infected ELT-3 cells migrate into the wound gap
compared to the AdGFP infected ELT-3 cells (Figure 6B). The ability of AdCCN5
to inhibit the motility of ELT-3 cells was also dose-dependent. At MOI 250 in 5%
serum, the motility of ELT-3 cells infected with AdCCN5 is inhibited by 35%
compared to AdGFP-infected ELT-3 cells. At MOI 150 in 5% serum, the motility
of ELT-3 cells infected with AdCCN5 is inhibited by 14% compared to AdGFP
infected ELT-3 cells (Table 1). Also of interest is the finding that the ability of
CCN5 to inhibit ELT-3 cell motility is enhanced by increasing serum
concentrations in media. This difference in inhibition most likely represents an
effect whereby the ELT-3 cells are moving into the wound gap faster in 10%
serum than 5% serum. Taken together, these results suggest that CCN5
directly inhibits the proliferation and motility of ELT-3 cells.

Discussion
In this study we examined the ability of the secreted, matricellular protein
CCN5 to inhibit the in vivo proliferation of uterine leiomyoma cells. We show for
the first time that CCN5 protein is effective at inhibiting the in vivo formation of
tumors derived from ELT-3 rat uterine leiomyoma cells. Further, we also show
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that CCN5 directly inhibits the proliferation and motility of ELT-3 cells in culture.
We also observed a somewhat unexpected inhibitory effect of CCN5 on the
formation of muscular arteries within ELT-3 tumors.
We have observed that overexpression of CCN5 protein in ELT-3 cells
prior to injection into immunocompromised NOD/SCID mice can inhibit the ability
of tumors formed by these cells to grow. A MOI 150 adenoviral overexpression
of CCN5 was able to inhibit ELT-3 tumor mass growth by 74% compared to ELT3 tumors infected with control GFP expressing virus. This effect was found to be
dose-dependent as MOI 200 adenoviral overexpression of CCN5 inhibited tumor
mass growth by 84%. Histological examination of the tumors revealed that
tumors derived from cells infected with CCN5 expressing adenovirus displayed
increased levels of CCN5 protein as well deceased markers of cellular
proliferation when compared to tumors derived from ELT-3 cells infected with
control adenovirus. These results clearly show that overexpression of CCN5
protein inhibits the growth of ELT-3 tumors in vivo and this effect appears to be in
part due to inhibitory effects on the proliferation of the ELT-3 cells themselves.
These results support our cell culture data that CCN5 is an inhibitor of
proliferation and motility of human myometrial and leiomyoma cells [51]. The in
vivo nature of the present study lends strong support to the potential therapeutic
efficacy of CCN5 as an inhibitor of fibroid formation, especially given the genetic
character and aggressive nature of the ELT-3 cell. Unlike the majority of human
leiomyoma in which the vast majority have undefined genetic alterations and
demonstrate slow growth, ELT-3 cells have a tumor suppressor gene mutation in
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the TSC2 gene causing constitutive activation of the mTOR pathway that is
involved in a number of aggressive human cancers [108], and provides ELT-3
cells with a rapid proliferative ability in vivo [29].
In addition to the inhibitory effects of CCN5 on ELT-3 tumor growth, we
also observed alterations in the appearance of blood vessels in tumors derived
from ELT-3 cells overexpressing CCN5. CCN5 tumors had a large number of
small, thin-walled blood vessels resembling veins, while control tumors displayed
a number of larger bore blood vessels with well-developed media. While more
rigorous testing is required, our data strongly supports the hypothesis that
overexpression of CCN5 has dual effects on ELT-3 cell tumor growth by
inhibiting the proliferation of ELT-3 tumor cells as well as blocking the formation
of larger blood vessels needed to supply the tumor. This observation
corroborates several published observations from our laboratory showing the
ability of CCN5 to inhibit the proliferation and motility of vascular smooth muscle
cells [52, 83].
In support of our results already published for human uterine myometrial
and leiomyoma cells in culture, we have demonstrated that overexpression of
CCN5 can inhibit the proliferation and motility of rat derived ELT-3 uterine
leiomyoma cells in culture. A MOI 50 adenoviral overexpression of CCN5
adenovirus was able to inhibit the proliferation of ELT-3 smooth muscle cells by
47%, compared to ELT-3 cells infected with a comparable amount of control
adenovirus. A 250 MOI adenoviral overexpression of CCN5 inhibited the motility
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of ELT-3 cells by 35%. These results are consistent with those already observed
in human cells and are consistent with our in vivo findings.
Previous studies conducted in our laboratory have implicated CCN5 in the
pathology of human uterine leiomyoma, as levels of CCN5 expression are greatly
decreased in leiomyoma tumors compared to their surrounding myometrium [51].
Further, it was determined that overexpression of CCN5 protein could inhibit the
proliferation and motility of human leiomyoma and myometrial cells in culture.
Together with a number of similar studies conducted in our laboratory on
vascular smooth muscle cells [52, 83], the possibility of CCN5 being utilized as a
therapeutic in disorders of smooth muscle proliferation has become manifest.
However, the first step towards this lofty goal is the demonstration of CCN5’s
potent inhibitory effects within the in vivo system of a whole organism.
The current study has demonstrated the efficacy of CCN5 overexpression
in inhibiting the in vivo proliferation and tumor formation of a uterine leiomyoma
cell line. In recent years there has been growing interest in the study of
alternative methods of uterine leiomyoma treatment that preclude the use of
surgical techniques. Many of these medical treatments have focused on the use
of hormone agonists [5]. While the ability of CCN5 overexpression to shrink a
uterine leiomyoma that is already in place has not yet been demonstrated, the
possibility of using recombinant CCN5 as an inhibitor of uterine fibroid recurrence
warrants further investigation.

56

A.

B.

H+E

1.0 cm

C.

Desmin

57

Figure 1 – Subcutaneous injection of ELT-3 cells forms well demarcated
tumors within 6 weeks. IHC was performed using an anti-desmin antibody.
Desmin was visualized using DAB. A) Gross picture of an ELT-3 tumor 6 weeks
after subcutaneous injection of 3 million ELT-3 cells suspended in plain media. B)
Hematoxylin and eosin staining of paraffin embedded ELT-3 tumor serial section.
Magnification: X100 C) Anti-desmin staining of paraffin embedded ELT-3 tumor
serial section. Magnification: X100.
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Figure 2 – ELT-3 cells infected with CCN5 expressing adenovirus express
high levels of recombinant CCN5 protein. Subconfluent cells were infected
with AdCCN5 at a multiplicity of infection (MOI) of 150. The cells were infected
for 3 days and live fluorescence pictures were taken, followed by cell
fractionation and protein extraction. Western blot was performed with anti-HA
antibody because the AdCCN5 construct is a fusion protein of CCN5 with a Cterminal HA tag. A) Adenovirally infected ELT-3 cells show high infection
efficiency at 150MOI of adenovirus as shown by GFP expression. The AdCCN5
viral construct contains both CCN5 and GFP under control of separate CMV
promoters. B) ELT-3 cells expressing GFP are also positive for recombinant
CCN5 as visualized through the HA epitope tag. Non-permeabilized, AdCCN5
infected ELT-3 cells were stained for the HA tag on recombinant CCN5 (anti-HA;
Texas-red secondary). C) Western blot (probed with anti-HA epitope-tag
antibody) showing the presence of recombinant CCN5 protein in various cell
compartments. Lane 1 : Cytosolic fraction, Lane 2: Membrane bound fraction,
Lane 3: nuclear fraction, Lane 4: Cytoskeletal fraction.
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Figure 3 – Overexpression of CCN5 protein in ELT-3 cells inhibits tumor
growth in NOD/SCID mice. ELT-3 cells were infected with either AdGFP or
AdCCN5 adenovirus at a multiplicity of infection (MOI) of 150MOI as described in
materials and methods. After 3 days cells were trypsinized and resuspended in
plain DMEM at a concentration of 3 million cells per 200ul of media. A 200ul
aliquot of AdGFP infected ELT-3 cells was injected subcutaneously on the back
of a NOD/SCID mouse. A 200ul aliquot of AdCCN5 infected ELT-3 cells was
injected subcutaneously on the contralateral side. Mice were sacrificed 6 weeks
after injection and gross images were taken of tumors as they appeared on the
NOD/SCID pelt. Tumors were dissected free of the surrounding tissue, massed,
fixed, and then paraffin or OCT embedded for sectioning. A) Gross image of
subcutaneous ELT-3 tumors. Notice that the CCN5 tumor is far smaller and
appears to have less well-developed angiogenesis. B) ELT-3 tumors
overexpressing CCN5 have 74% less mass then their contralateral GFP
expressing control tumor (*Mann-Whitney U = 30.0, n1 = n2 = 6, P = .037, P <
0.05 two tailed).
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Figure 4 - Increased expression of CCN5 decreases tumor formation in a
dose-dependent manner. ELT-3 cells were infected with either AdGFP or
AdCCN5 adenovirus at a multiplicity of infection (MOI) of either 150, 200, or 400
MOI as described in materials and methods. After 3 days cells were trypsinized
and resuspended in plain DMEM at a concentration of 3 million cells per 200ul of
media. A 200ul aliquot of AdGFP infected ELT-3 cells was injected
subcutaneously on the back on the back of NOD/SCID mouse. A 200ul aliquot of
AdCCN5 infected ELT-3 cells was injected subcutaneously on the contralateral
side. Mice were sacrificed 6 weeks after injection and gross images were taken
of tumors as they appeared on the NOD/SCID pelt. Tumors were dissected free
of the surrounding tissue, massed, fixed, and then paraffin or OCT embedded for
sectioning. Infection of ELT-3 cells with a multiplicity of infection (MOI) of 400
results in increased cell death from adenovirus infection (data not shown).
Despite this effect of the adenovirus, concomitant expression of CCN5 still
decreases tumor size.
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Figure 5 - ELT-3 tumors overexpressing CCN5 show altered blood vessel
formation, increased levels of CCN5, and decreased cellular markers of
proliferation. ELT-3 cells were infected with either AdGFP or AdCCN5
adenovirus at a multiplicity of infection (MOI) of 150MOI as described in materials
and methods. After 3 days cells were trypsinized and resuspended in plain
DMEM at a concentration of 3 million cells per 200ul of media. A 200ul aliquot of
AdGFP infected ELT-3 cells was injected subcutaneously on the back of a
NOD/SCID mouse. A 200ul aliquot of AdCCN5 infected ELT-3 cells was injected
subcutaneously on the contralateral side. Mice were sacrificed 6 weeks after
injection and gross images were taken of tumors as they appeared on the
NOD/SCID pelt. Tumors were dissected free of the surrounding tissue, massed,
and fixed. Following fixation, tumors were placed in 30% sucrose/PBS overnight
followed by OCT embedment and frozen sectioning. 5-10 micron sections were
taken. IHC was performed using an anti-CCN5 antibody, an anti-Ki67 antibody,
and an anti-PCNA antibody. All antibodies were visualized with DAB.
A) Hematoxylin and eosin staining. Notice the lack of a well-defined media in the
blood vessels of the CCN5 expressing tumors. B) Tumors derived from AdCCN5
infected ELT-3 cells express more CCN5 protein than tumors derived from
AdGFP infected ELT-3 cells. C) Tumors derived from AdCCN5 infected ELT-3
cells have fewer cells positive for the proliferation marker protein Ki67.
D) Tumors derived from AdCCN5 infected ELT-3 cells have fewer cells positive
for the proliferation marker protein PCNA.
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Figure 6– Overexpression of CCN5 inhibits ELT-3 cell in vitro proliferation
and motility. A) Subconfluent ELT-3 cells were infected with AdGFP or AdCCN5
at multiplicity of infection (MOI) of 50MOI. The cells were infected for 3 days,
trypsinized and then plated in 24-well plates. Cells were allowed to attach
overnight, and Day 0 counts were taken the following day. The remaining cells
were washed twice with PBS then DF8 basal media was added. On Day 4, cell
counts were taken using a coulter counter. B) Cells were infected with either
AdGFP or AdCCN5 at 250MOI. After 3 days, the cells were plated onto tissue
culture chamber slides in DF8 media. After 2 days, a pipette tip was used to
create a ‘scratch wound’. After 18hrs the cells were fixed and DAPI containing
mounting medium was added and fluorescent images were taken. Magnification:
X40.
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Table 1 - Inhibition of ELT-3 cell motility by CCN5
MOI
Serum Conc. AdGFP
AdCCN5
150
10%
401
310 (77% of control)
150
5%
513
443 (86% of control)
250
10%
546
358 (65% of control)
250
5%
330
223 (68% of control)
Values given above are number of cells, which migrated into the wound gap.
Scratch wound assay was performed as described in Materials and Methods
using ELT-3 cells infected with either AdGFP or AdCCN5. Images were taken at
18 h. The number of cells migrating into the wound gap was determined by
taking the average of the cells counted in two separate sections of the scratch
wound. MOI = Multiplicity of Infection
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CHAPTER 3: AN IN VIVO MODEL OF HUMAN
UTERINE LEIOMYOMA
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Introduction
Uterine fibroids (leiomyoma) are benign tumors of smooth muscle cells
(SMC) arising in the myometrial layer of the uterus. Leiomyoma are the most
common of all tumors in women [1, 2], and by age 50 reach a cumulative
incidence of nearly 70% in Caucasian women and greater than 80% in women of
African descent [3]. Despite the low conversion rate of leiomyoma to malignant
leiomyosarcoma (leiomyosarcoma make up only 4-9% of all uterine malignancies
[4]), the symptoms caused by leiomyoma can often be debilitating and include
abnormal uterine bleeding, pelvic pressure and pain, as well as infertility [5].
Uterine fibroids result in >200,000 hysterectomies annually in the United States
[6], and contribute significantly to infertility through implantation failures and
increased spontaneous abortion [7]. The annual cost of inpatient treatment for
uterine fibroids has been estimated at exceeding 2 billion dollars a year [8].
Although uterine leiomyoma affect an exceedingly large population and are a
major women’s health concern, the precise pathophysiology of this ubiquitous
tumor remains unclear. Currently, the only definitive treatment option available
that has been proven to prevent recurrence is hysterectomy [9].
In recent years, much effort has been focused on hormonal control of
leiomyoma proliferation due to the fact that fibroids are tumors that become
apparent in the reproductive years, grow during pregnancy, and often regress
during menopause, suggesting a link between leiomyoma SMC proliferation and
estrogens and progesterone. A number of studies have shown that estrogen and
progesterone stimulate cultured leiomyoma SMC proliferation [34-36], and
progesterone has been found to increase cultured myometrial SMC number [34],
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a result that may be due to both increased proliferation and decreased apoptosis
[37]. Since 2005, a number of different randomized control trials have been
conducted to test the efficacy of progesterone antagonists, selective
progesterone receptor modulators (SPRMs), and selective estrogen receptor
modulators (SERMs) in the treatment of uterine leiomyoma, demonstrating
varying degrees of success [109-114].
If the future of uterine leiomyoma treatment is to be non-surgical, the field of
leiomyoma research requires the development of a small animal model of uterine
leiomyoma that utilizes human leiomyoma cells to test possible therapeutics and
elucidate the mechanism of leiomyoma tumor growth. Currently there are
several models of uterine leiomyoma. The well-established in vivo models of
uterine leiomyoma include the Eker rat, the Eker rat derived- ELT-3 cell line
injected into nude mice, and the estrogen induced guinea pig model [30, 104,
115]. While useful, all of these models lack the physiology of human uterine
leiomyoma cells. The recently reported Memy I model is a significant step
forward because it utilizes freshly isolated human leiomyoma tissue. However, it
uses adenoviral infection of the leiomyoma cells to overexpress VEGF, and Cox2 to foster stable engraftment of the cells into mice, thereby altering the native
physiology of the leiomyoma cells [32].
In this communication we outline the development of a new small animal
model of uterine leiomyoma that utilizes unaltered human uterine leiomyoma
cells. Leiomyoma tissue organoids were isolated from the discarded uteri of
hysterectomy patients and injected into the subcutaneous space of
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immunocompromised NOD/SCID mice. Subsequent immunohistochemical
examination of the organoid nodules that formed showed them to be rich in cells
that express a number of smooth muscle markers, as well as a cellular marker of
proliferation, PCNA. Further, we were able to inhibit the proliferation of injected
human leiomyoma cells by pre-infection with an adenovirus expressing the
secreted matricellular protein CCN5. CCN5 is a member of the CCN family of
secreted, matricellular proteins, prominent members of which include CTGF and
Cyr61. We have shown that CCN5 is a potent inhibitor of cultured uterine
leiomyoma and myometrial cell proliferation and motility, as well as an inhibitor of
vascular smooth muscle cells [51, 52, 83].
While this manuscript was in preparation, Suo et al. published a model
similar to the one outlined in this study [33]. While there are a number of
similarities between the models there are also a number of key differences
including methods of organoid formation and storage, hormone supplementation,
and validation of proliferation.

Materials and Methods:

Materials
All tissue culture plastics were obtained from BD Bisosciences (Lincoln Park,
NJ). DMEM and F12 media were Gibco products obtained from Invitrogen
(Carlsbad, CA). Bovine growth serum (BGS) is a HyClone product purchased
from Thermo Scientific (Logan, UT). Glutamine 100X, Pennicilin/streptomycin
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100X , Trypsin, 0.05% and Dulbecco’s phosphate buffered saline were Gibco
products obtained from Invitrogen (Carlsbad, CA). Rat tail collagen, type I and
Matrigel basement membrane matrix were obtained from BD Biosciences
(Bedford, MA). 2,2,2-tribromoethanol was obtained from Sigma Chemical (St.
Louis, MO). Twenty X collagenase solution was prepared as follows, 15mg/ml
collagenase (Roche,), 1250 U/ml hyaluronidase (Sigma Aldrich, St. Louis, MO),
1X Pennicllin/Streptomycin/Fungizone (Hyclone,) dissolved in DMEM with 5%
BGS. 10% Formalin, buffered was obtained form Fisher Scientific (Pittsburg, PA).
Bovine serum albumin was obtained from Sigma Aldrich (St. Louis, MO). Anti-αsmooth muscle actin rabbit antibody and anti-desmin rabbit antibody used for
immunocytochemistry were obtained from Abcam (Cambridge, MA). The Cy2
conjugated anti-rabbit antibody used as a secondary in the immunocytochemistry
was obtained from Jackson ImmunoResearch (West Grove, PA). Estrogen
(1.7mg, 60 day-release) and progesterone (25mg, 60 day-release) were obtained
from Innovative Research of America (Sarasota, FL). Anti-CD31 rabbit antibody
was obtained from Abcam (Cambridge, MA). Anti-human CCN5 rabbit antibody
was obtained from FibroGen (San Francisco, CA) as previously described [52].
Anti-rat CCN5 rabbit antibody was also obtained from FibroGen.

Isolation of Human Uterine Leiomyoma Organoids
Samples of human uterine leiomyoma tissue were obtained from Tufts
Medical Center Department of Pathology under IRB guidelines for discarded
tissue. No identifiers were attached to the samples. Care was taken to excise
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samples of tissue that were clearly from the leiomyoma, avoiding the edges to
ensure that no myometrial tissue was taken. Organoids were processed from the
uterine leiomyoma tissue chunks using a slightly altered version of the mammary
organoid isolation protocol utilized in the reconstruction of human mammary
tissues in a mouse model by Proia and Kuperwasser [116]. Briefly, 1-2g of tissue
was minced into small pieces using a sterile razor blade. The bits were then
placed into a 15ml conical tube containing 10ml of 2X collagenase solution. The
tube cap was screwed loosely in place and the conical tube was placed on a
rotary shaker in a 37oC incubator with 5% CO2 overnight. The following day the
tube was centrifuged at 800 x g for 5 minutes at 4oC to pellet the uterine fibroid
organoids. The supernatant was discarded and the organoids were resuspended
in PBS + 5% BGS and then centrifuged at 800 x g for 5 minutes at 4oC. This
washing was repeated two more times. Following the last centrifugation the
organoids were resuspended in BGS serum with 10% DMSO and frozen down
overnight in a Mr. Frosty Cryo Freezing Container (Nalgene, Rochester, NY).
The organoids were then transferred to a liquid nitrogen tank for long-term
storage.

Cell Culture
Primary Cell Culture
Human uterine leiomyoma tissue organoids were cultured in DMEM with 10%
BGS, glutamine, and 1X penicillin/streptomycin/fungizone at 37oC in a humidified
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5% CO2/95% air atmosphere. Adenovirus infections were performed in plain
DMEM.

Immunocytochemistry
Human uterine leiomyoma organoids were plated onto two-chamber tissue
culture slides (BD Falcon, Bedford, MA) in DMEM 10% BGS and allowed to
attach for 1 week. The slides were washed twice with ice cold PBS then fixed in
10% formalin for 30 minutes, followed by two 1 min washes in PBS. The
organoids were permeabilized by treatment with 2% Triton X-100 in PBS for 10
minutes at room temperature, followed by two washes with PBS for 1 min each.
The slides were then blocked with 3% BSA in PBS for 1 hr at 37oC. The blocking
solution was removed and the primary antibody suspended in 3% BSA in PBS
was applied to the slides (anti-α-SMA antibody 1:100 and anti-desmin antibody
1:100) for 2hrs at 37oC. Slides were then washed twice with PBS for 5 mins.
Secondary antibody in 3% BSA in PBS was applied to slides (Cy3 conjugated
anti-rabbit antibody 1:100) for 2 hrs at 37oC. Slides were then washed twice with
PBS for 5 mins, followed by mounting in fluorescence mounting medium (Vector
Labs, Burlingame, CA). Images of the slides were taken using fluorescent
microscopy.
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Animal model
Organoid injection suspension
An aliquot of frozen organoids was thawed in a 37oC water bath. The number of
cells per volume of organoid suspension was determined previously by taking a
200ul aliquot of organoid suspension and suspending it in 5ml of trypsin for 5
minutes to break up the organoids into the component cells. The number of cells
in the trypsin suspension was then determined using a Coulter Counter. A
volume of organoid suspension containing 500,000 cells was spun down then
resuspended in a 1:1 mixture of rat tail collagen, type I (3.63mg/ml), and Matrigel
to a concentration of 500,000 cells per 200 µl of matrix.

Animal surgery and cell injection
NOD/SCID mice were anesthetized with Avertin (2,2,2-tribromoethanol,
12.5mg/ml) at a dose of 250mg/kg. A small region (~1.0mmX1.0mm) on the
dorsum of the mouse between the shoulder blades was shaved and sterilized
with Betadine followed by ethanol wipe. A small 0.5mm incision was made in the
skin of the mouse and one estrogen pellet and one progesterone pellet were
placed subcutaneously near the site of incision. The incision was then closed
using Vetbond (3M, St. Paul, MN). Following hormone pellet placement, a 200ul
aliquot of the organoid suspension was injected subcutaneously on the dorsum
of the mouse, proximal to the hind legs. The figures depicted in this study are
from experiments conducted using leiomyoma tissue from 3 different patient
samples. Post-operative pain relief was provided using subcutaneous injection
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of buprenorphine hydrochloride (Buprenex, Reckitt Benckiser, Parsippany, NJ) at
a dose of 0.2mg/kg. The mice were maintained on a normal chow diet for 8-12
weeks, then were sacrificed and the organoid nodules were excised and
analyzed.

Adenoviral Infection
CCN5 and GFP expressing adenoviruses were constructed in our lab as
described previously [52]. An aliquot of organoids equal to 1 million cells was
added to a 100mm dish containing 3 ml of plain DMEM with a quantity of either
the control adenovirus expressing GFP or experimental adenovirus expressing
GFP and CCN5 adenovirus equal to a multiplicity of infection (MOI) of 150. The
organoids were allowed to incubate with the adenovirus for 2 hrs in a 37oC
incubator with 5% CO2. Following the incubation, the organoids and media were
spun down at 800g for 10 minutes in a centrifuge. The media was removed and
the organoids were resuspended in 200µl of rat tail collagen, type I. Each mouse
received two injections, one injection of organoids infected with CCN5 expressing
adenovirus and another site injected with organoids expressing control GFP
expressing adenovirus. Mice were maintained on a normal chow diet for 10
weeks, then sacrificed. Organoid nodules were photographed, excised, fixed
and sectioned.
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Tumor Histology
Organoids were excised and placed into 10% formalin at 4oC for 24 hours.
After 24 hours the nodules were paraffin embedded and sectioned at the
Histology Laboratory in the Department of Pathology, Tufts Medical Center. Five
to ten micron sections were cut on a Leica CM3050 S cryostat and mounted on
Adhesion Superfrost Plus microscope slides (Brain Research Laboratories,
Newton, MA). Immunohistochemical staining of slides for α-smooth muscle
actin, desmin, smooth muscle myosin, caldesmon, and PCNA were conducted
using the Benchmark XT automated immunohistochemical slide stainer (Ventana
Medical Systems, Tucson, AZ). The primary antibodies for these stains were all
obtained from Ventana Medical Systems.
The immunohistochemical staining for human CCN5, rat CCN5, and CD31 were conducted in our laboratory. Briefly, paraffin sections were
deparaffinized in xylenes and hydrated through a graded ethanol series to water.
Paraffin sections were then treated with Vector Antigen Unmasking Solutions
(Vector Labs, Burlingame, CA) in a steamer for 20 minutes. The slides were
washed for 5 min in PBS, followed by a 30 min incubation in 0.3% hydrogen
peroxide in 90% methanol, and another 5 min wash in PBS. The sections were
then blocked for 1 hour at 37oC in blocking solution (PBS containing 4% bovine
serum albumin, 5% non-fat dry milk (Carnation), and 10% serum (goat, rabbit, or
donkey based on secondary antibody) in PBS. The primary antibody was
suspended in blocking antibody and applied to the sections for 2 hours at 37oC.
The slides were subsequently washed 3 times for 5 min in wash solution (0.5%
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BSA in PBS). Horse-radish peroxidase conjugated secondary antibody was from
the Vector ABC staining kit and was diluted 1:200 in blocking solution and
applied to sections for 1 hour at 37oC. The sections were then washed 3 times
for 5 min in wash solution. The slides were then developed using the Vectastain
Elite ABC kit and the diaminobenzidine (DAB) substrate kit, mounted, and
microscopic images were taken. The primary antibodies were used in the
following concentrations: anti-human CCN5 rabbit antibody (1:200), anti-rat
CCN5 rabbit antibody (1:200), and anti-CD31 rabbit antibody (1:50).

Results
Human leiomyoma organoids display smooth muscle markers
Uterine leiomyoma are composed primarily of uterine smooth muscle cells,
but there are a number of other cell types that can be found within one of these
tumors including endothelial cells and fibroblasts [117]. To ascertain the
predominant cell type that composes the isolated uterine leiomyoma tissue
organoids, we allowed organoids to attach to tissue culture chamber slides over
7 days then stained for markers of smooth muscle, including α-smooth muscle
actin (α-SMA) and desmin. The addition of desmin as a marker of smooth
muscle was included because of evidence suggesting that fibroblasts from other
tissues can become myofibroblast-like in culture and express α-SMA [118, 119].
The organoid visible in Figure 1A (left panel) is typical of the most common
organoid size and the mesenchymal nature of the cells extravasating out of the
organoid onto the tissue culture plastics can clearly be seen. Tissue leiomyoma
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organoids were found to be positive for both α-SMA and desmin (Figure 1A-B).
Greater than 95% of cells plated out from the leiomyoma organoid suspension
were found to be positive for both of these smooth muscle markers, indicating
that uterine leiomyoma cells make up the vast majority of cells within an organoid
suspension.

Organoid nodules display regions of irregularity and hyperemia exhibiting
cells positive for alpha-smooth muscle actin
Eight weeks after injection of human leiomyoma tissue organoids the
animals were sacrificed and the organoid nodules were photographed, excised
and sectioned. Gross examination of the organoid nodules showed that the
human leiomyoma cells did not display the robust in vivo growth associated with
other non-human models of uterine leiomyoma, such as the ELT-3 cell line [29,
104]. However, on closer examination the majority of nodules observed show
areas of an irregular border and hyperemia (Figure 2A, asterisk). Histological
sections of the nodule show a compacted area of extracellular matrix
interspersed with projections of α-SMA positive cells (Figure 2B). Of particular
significance is the localization of a large dense group of α-SMA positive cells in
the spot that corresponds to the dynamic area of hyperemia observed on the
gross picture of the nodule (Fig. 2B, asterisk). This large and more densely
packed area of α-SMA positive cells is unlike anything else observed in the
nodule and could possibly represent a region of the nodule in which human
uterine leiomyoma cells are actively proliferating.
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Regions of organoid that have α-SMA positive cells are also proliferating
The purpose of developing a small animal model of human uterine
leiomyoma is to produce a model that recapitulates the disease to the greatest
extent possible. While the survival of human uterine leiomyoma cells injected
into a NOD/SCID mouse is an interesting finding, the goal of the model is to have
these cells proliferate within the in vivo environment in a manner similar to that
seen in the human disease. To address the question of whether or not the
human uterine leiomyoma cells are proliferating, serial sections of organoid
nodules were stained for the proliferation marker PCNA. Cells with PCNA
positive nuclei were found to colocalize in the same region of the nodule as cells
positive for the smooth muscle marker α-SMA (Figure 3A-C). These results
suggest that not only do human uterine leiomyoma cells survive after injection
into NOD/SCID mice, but that they continue to proliferate up to 8 weeks after
injection. These results were repeated with two other patient samples,
suggesting that this humanized model could be utilized with material obtained
from multiple patients.

Organoid nodules display markers for smooth muscle cells
To further validate the smooth muscle identity of the cells injected into the
mice. Sections of the organoid nodules were subjected to immunohistochemical
analysis for a number of smooth muscle markers commonly used by pathologists
for the identification and characterization of leiomyoma [120-122]. As previously
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observed, organoid nodules exhibit spicule-like projections of α-SMA positive
cells dispersed within an amorphous matrix (Figure 4A). This pattern of staining
is repeated for additional markers of smooth muscle cells, including desmin,
smooth muscle myosin (smMyosin), and caldesmon (Figure 4B-D). These
results clearly validate the smooth muscle identity of the injected human
leiomyoma cells.

Overexpression of CCN5 alters organoid nodule morphology and
angiogenesis
An important use of a humanized small animal model of uterine leiomyoma is
to provide an in vivo platform for testing potential therapeutics. A known inhibitor
of human leiomyoma cell proliferation, CCN5, was overexpressed in uterine
leiomyoma organoids and differences in cell number and proliferation marker
expression were assessed. We used an adenoviral vector to overexpress CCN5
in our smooth muscle organoids prior to injection and compared it to organoids
infected with a control adenovirus expressing GFP injected into the same mouse.
Ten weeks after injection, the mice were sacrificed and the organoid nodules
were photographed and excised, followed by fixation, sectioning and
immunohistochemical staining.
Gross inspection of the organoid nodules clearly shows a qualitative
difference in appearance between the nodule pre-infected with CCN5 expressing
adenovirus and the nodule pre-infected with the control adenovirus. The CCN5
infected nodule displays a far lesser degree of blood vessel invasion and
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surrounding hyperemia compared to the control GFP nodule (Figure 5B-C).
Also, the CCN5 nodule displays a remarkably regular and well-circumscribed
border, compared to the highly irregular borders of the GFP control nodule.
These qualitative observations suggest that the human leiomyoma cells infected
with GFP expressing control adenovirus are undergoing a dynamic process and
interaction with the host animal’s local environment, while the human leiomyoma
cells infected with the CCN5 adenovirus are remaining relatively inert.
Histological and immunohistochemical examination of the GFP and CCN5
organoid nodules provides a more quantitative method of determining differences
in the component human leiomyoma cells. Hematoxylin and eosin staining of the
organoid nodules immediately makes it apparent that the GFP control nodule
contains both a greater total number of blood vessels, as well as a greater
number of larger blood vessels (Figure 6A). This observation is further
supported by immunohistochemical staining for the endothelial cell marker, CD31 (Figure 6E). The decreased level of angiogenesis in the CCN5 expressing
tumor is not totally unexpected as previous work conducted in our laboratory has
shown that CCN5 is a potent inhibitor of vascular smooth muscle cell proliferation
and motility [52, 83]. It is possible that the overexpression and secretion of
CCN5 protein by the human leiomyoma cells into the surrounding matrix
interferes with angiogenesis by inhibiting smooth muscle recruitment and
proliferation to growing blood vessels thereby destabilizing these vessels.
Recent studies have suggested that smooth muscle cell-like pericytes have a
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prominent role in this capacity [123]. Further study to examine this phenomenon
is required.
We wished to establish that CCN5 expression was increased in the CCN5
nodules. Sections of the organoid nodules were immunohistochemically stained
with antibodies targeted against both human and rat CCN5, since the human
leiomyoma cells can make their own CCN5, while the CCN5 derived from the
adenoviral vector is of rat origin. Both organoid nodules were found to be
positive for CCN5 expression (Figure 6B-C and insets). While difficult to
quantify, we have the impression from these data that expression of ectopic rat
CCN5 may be somewhat less robust than expression of the endogenous human
CCN5. This might be due to the loss of the adenoviral episomal construct since
infection of the leiomyoma tissue organoids occurred 10 weeks prior to fixation of
the tissue. Earlier time points might be expected to show greatly increased
expression of CCN5; this point remains to be established. Finally, staining with
the proliferation marker PCNA was conducted to address differences in
proliferation of the CCN5 and control GFP nodule. The CCN5 nodule displayed
not only far fewer total cells, but also far fewer cells positive for PCNA (Figure
6D, and insets).
The above results indicate that not only do human leiomyoma cells derived
from uterine leiomyoma tissue organoids proliferate in vivo, but this proliferation
is halted by a known inhibitor of uterine leiomyoma cell proliferation, CCN5.
While these results represent a small number of experiments they are intriguing

85

and suggest further study on the in vivo efficacy of CCN5 as a possible
therapeutic treatment for uterine leiomyoma.

Discussion
In this study we provide evidence that unaltered human uterine leiomyoma
cells can successfully proliferate within the in vivo system of the NOD/SCID
mouse if they are provided with physiologically relevant concentrations of
hormone supplements. During the writing of this manuscript a similar model was
published by Suo et al. with results that show stable engraftment of uterine
leiomyoma cells 81 days after injection [33]. Our results concur with those of
Suo et al., and further demonstrate direct proliferation of uterine leiomyoma cells
within the injection site. Also, we have demonstrated the ability of the smooth
muscle proliferation and motility inhibitor CCN5 to inhibit the proliferation of
injected human leiomyoma organoids.
Initial in vivo engraftment studies conducted in our laboratory with primary
cultures of human leiomyoma cells previously grown up in culture proved to be
unsuccessful and exhibited no proliferation of the cells in vivo, even in response
to hormone supplementation (unpublished finding). We hypothesized that this
might be due to the loss of progesterone and estrogen hormone receptors that
occurs in uterine smooth muscle cells over multiple passages in culture [38]. We
therefore reasoned that human uterine leiomyoma tissue organoids freshly
isolated from patient surgical specimens would contain normal complements of
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estrogen and progesterone receptors, and therefore would be more likely to
proliferate in vivo in response to estrogen and progesterone stimulation.
To implement this idea we collected specimens of human uterine leiomyoma
tissue from surgical specimens under IRB discarded tissue policy and subjected
the specimens to enzyme degradation making leiomyoma tissue “organoids”,
balls of approximately 50-100 cells still in the same cell-cell contacts and matrix
scaffolding as they existed within the uterus. These organoids were then
suspended in a mixture of Matrigel and collagen type I and injected into the
subcutaneous space on the back of immunocompromised NOD/SCID mice. The
resulting leiomyoma organoid nodules were examined through
immunohistochemistry and found to express a number of smooth muscle
markers including α-SMA, desmin, smooth muscle myosin, and caldesmon.
These results validated the smooth muscle identity of injected human cells.
Further immunohistochemical staining for cellular markers of proliferation showed
that cells positive for α-SMA co-localized in the same region of the nodule as
cells positive for PCNA. These results indicate that not only do human uterine
smooth muscle cells survive when injected subcutaneously in NOD/SCID mice,
but they also continue to proliferate up to 10 weeks after injection. To our
knowledge this is the first direct evidence for the in vivo proliferation of human
leiomyoma cells within a small animal model.
An animal model of disease is especially beneficial if it can be used as a
platform for testing potential therapies. To make use of our model in this fashion
and to further validate that the human uterine leiomyoma cells are actively
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proliferating, we chose to infect our tissue organoids with adenovirus expressing
the matricellular protein CCN5 prior to injection into mice. From previous work in
our laboratory it has been shown that CCN5 is a potent inhibitor of the
proliferation and motility of human uterine leiomyoma and myometrial cells as
well as rat vascular smooth muscle cells [51, 52, 83]. Ten weeks after injection
of the adenovirally infected leiomyoma organoids we observed that the organoid
nodules derived from organoids pre-infected with CCN5 expressing adenovirus
showed decreased numbers of cells, decreased numbers of PCNA positive cells,
and decreased levels of angiogenesis. These results provide support for our
previous evidence indicating that our model can be used as a platform for the
long-term support and proliferation of human uterine leiomyoma cells in an in
vivo setting, since overexpression of a known inhibitor of uterine leiomyoma cell
proliferation caused a reduction in the total number of cells and number of
actively proliferating cells found in an organoid nodule 10 weeks after organoid
injection. These results also support the possibility that CCN5 has in vivo
efficacy for the inhibition of uterine leiomyoma cell proliferation and that
overexpression of CCN5 might not only inhibit the proliferation of leiomyoma cells
that form the tumor, but could also block the formation of larger blood vessels
that the tumors need to grow in size.
In recent years there has been increased interest in the development of less
invasive treatment options for uterine fibroids. The best example of this is the
application of hormone receptor antagonists and partial agonists. Selective
progesterone receptor modulators (SPRMs) such as Asoprisnil and CDB-2914
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have been found to be quite efficacious at shrinking the size of uterine
leiomyoma and improving the quality of life for the patients who received those
treatments [17]. However, these drugs are not without side effects, including
endometrial hyperplasia. As development of 2nd and 3rd generation SPRMs gets
underway the need for a humanized small animal in vivo model of uterine
leiomyoma becomes manifest as candidate drugs will need to be screened in a
cost-effective, technically simple manner. The model we have developed will
hopefully be useful in addressing these needs, while also providing a platform on
which to study the pathophysiology of the disease in an in vivo environment
before resorting to the expense and complications of randomized control trials in
patients.
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Figure 1 - Human uterine leiomyoma organoids display smooth muscle
markers. Human uterine organoids were plated onto tissue culture chamber
slides and allowed to attach for 7 days. The organoids were fixed and subjected
to immunocytochemistry as described in Materials and Methods. A) A large
uterine leiomyoma organoid visible by differential interference contrast (DIC)
microscopy (LEFT) stained for α-smooth muscle actin (RIGHT) (anti-α-SMA
antibody; Cy3 secondary). B) Uterine leiomyoma organoids visible by DIC
microscopy (LEFT) stained for desmin (RIGHT) (anti-desmin; Cy3 secondary).
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Figure 2 - Human leiomyoma organoids injected subcutaneously in NODSCID mice form nodules with cells positive for α-smooth muscle action (αSMA). Human leiomyoma organoids were suspended in a mixture of equal parts
Matrigel and Collagen I to a concentration of 500,000 cells/per 200ul. A 200ul
aliquot of organoid suspension was injected subcutaneously on the right back of
a NOD/SCID mouse. Mice were sacrificed 8 weeks after injection and gross
images were taken of tumors as they appeared on the NOD/SCID pelt. Tumors
were dissected free of the surrounding tissue, massed, fixed, and then paraffin
embedded for sectioning. IHC was performed using anti-α-SMA antibody. α-SMA
was visualized using DAB. A) Gross image of subcutaneous leiomyoma tissue
organoid nodule. Notice the region of the nodule marked by an asterisk has an
irregular border and visible hyperemia. B) Cells positive for the smooth muscle
marker α-SMA are found within the nodule. Notice that the area of the nodule
that stains heavily for α-SMA corresponds to the area of irregularity and
hyperemia visible in the growth picture (asterisk).
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Figure 3 - Cells expressing α-smooth muscle actin within the leiomyoma
organoid nodule co-localize with cells expressing PCNA. IHC was performed
using anti-α-SMA antibody and anti-PCNA antibody. Both α-SMA and PCNA
were visualized using DAB. A) Cells positive for the smooth muscle marker αSMA are found within the nodule. B) Cells positive for the proliferation marker,
PCNA are visible in a serial section of the same region of the organoid nodule. C)
Enlarged image of B.
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Figure 4 - Human leiomyoma tissue organoid nodules are positive for a
number of smooth muscle markers. Immunohistochemical staining was
carried out as described in Materials and Methods. Organoid nodules contain
cells that stain positively for the smooth muscle markers A) α-smooth muscle
actin, B) Desmin, C) smooth muscle myosin, and D) caldesmon.
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Figure 5 – Infection of leiomyoma organoids with adenovirus expressing
CCN5 alters organoid nodule phenotype. Human leiomyoma organoids were
infected with AdCCN5 or AdGFP at a multiplicity of infection (MOI) of 150 for two
hours. The organoids were then spun down and resuspended in equal parts
Matrigel and Collagen I to a concentration of 500,000 cells/per 200ul. A 200ul
aliquot of organoid suspension infected with AdGFP was injected subcutaneously
on the LEFT back of a NOD/SCID mouse. A 200ul aliquot of organoid
suspension infected with AdCCN5 was injected subcutaneously on the RIGHT
back of the same mouse. Mice were sacrificed 10 weeks after injection and gross
images were taken of tumors as they appeared on the NOD/SCID pelt (A). Notice
the irregular borders and hyperemia of the GFP nodule (B) compared to the
relative regularity in shape and avascularity of the CCN5 nodule (C).
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Anti-CD31

Anti-CD31

2 mm
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Figure 6 – Organoid nodules formed from cells infected with CCN5
expressing adenovirus show reduced blood vessel formation, increased
levels of CCN5, and decreased markers of proliferation. Human leiomyoma
organoids were infected with AdCCN5 or AdGFP at a multiplicity of infection
(MOI) of 150 for two hours. The organoids were then spun down and
resuspended in equal parts Matrigel and Collagen I to a concentration of 500,000
cells/per 200ul. A 200ul aliquot of organoid suspension infected with AdGFP was
injected subcutaneously on the LEFT back of a NOD/SCID mouse. A 200ul
aliquot of organoid suspension infected with AdCCN5 was injected
subcutaneously on the RIGHT back of the same mouse. Mice were sacrificed 10
weeks after injection and gross images were taken of tumors as they appeared
on the NOD/SCID pelt. Tumors were dissected free of the surrounding tissue,
fixed, and then paraffin embedded for sectioning. IHC was performed using antihuman CCN5 antibody, anti-rat CCN5 antibody, anti-PCNA antibody and antiCD31 antibody. All antibodies were visualized using DAB. A) Hematoxylin and
eosin stain. Notice that the GFP control nodule has many more blood vessels of
larger diameter. B) Anti-human CCN5 staining. The CCN5 organoid displays
higher expression levels of human CCN5 protein. C) Anti-rat CCN5. The CCN5
organoid displays slightly higher levels of recombinant CCN5. D) PCNA staining.
The CCN5 organoid shows far fewer proliferating cells. Also it is apparent that
the CCN5 organoid nodule is composed of fewer cells that the control AdGFP
organoid. E) CD31 staining shows a greater degree of vascularization in the
AdGFP nodule.
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CHAPTER 4: SUMMARY AND FUTURE
DIRECTIONS
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Summary

Previous work conducted in our laboratory has implicated the secreted,
matricellular protein, CCN5, in the pathophysiology of human uterine leiomyoma
[51]. Further, these studies also demonstrated that overexpression of CCN5
within primary cultures of human uterine leiomyoma cells can act as a potent
inhibitor of proliferation and motility. Together with other studies conducted in
our laboratory on vascular smooth muscle cells [52, 83] it has become clear that
CCN5 is an important player in the regulation of smooth muscle cell proliferation
and motility and therefore might play a critical role in human pathologies
characterized by hyperproliferation of smooth muscle cells.
The studies described in Chapter 2 of this thesis have extended the
observations of CCN5’s inhibitory effects to the much more complicated milieu of
the in vivo system. The ability of CCN5 to inhibit the proliferation and motility of
an aggressive rat uterine leiomyoma derived cell line, ELT-3 was demonstrated
in both cell culture and animal model settings. This is the first study to show the
in vivo efficacy of CCN5 overexpression as a method to inhibit uterine leiomyoma
proliferation and corroborates evidence from our laboratory showing the ability of
CCN5 to inhibit vascular smooth muscle proliferation in vivo (unpublished data).
While the in vivo observations made using the ELT-3 cell line are of great
interest, we believe that an in vivo model that utilizes human uterine leiomyoma
cells would be superior. Of the currently published small animal models of
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uterine leiomyoma, only two utilize human uterine leiomyoma cells, and one of
these requires the leiomyoma cell overexpression of two key cancer regulatory
molecules, VEGF and COX-2 [29, 32, 33, 124]. To address the need for an
easily manipulated, small animal model of uterine leiomyoma that utilizes
unaltered human uterine leiomyoma cells we undertook the studies outlined in
Chapter 3 of this thesis. Using human leiomyoma organoids freshly isolated from
discarded hysterectomy tissue, we demonstrated that human uterine leiomyoma
cells display proliferation markers and a small amount of growth 10 weeks after
subcutaneous injection into immunocompromised NOD/SCID mice. Also of great
interest is the initial finding that infection of human leiomyoma tissue organoids
with an adenovirus expressing CCN5 inhibits the proliferation of the leiomyoma
cells within the organoid nodule, and prevents angiogenesis into the nodule.
Taken together these results have extended the observations made in
culture on human leiomyoma cells and CCN5 into the more complicated and
therapeutically-relevant in vivo setting. These studies also offer a strong basis for
the development of a new small animal model of uterine leiomyoma that utilizes
unaltered, human uterine leiomyoma cells.

Future Directions
1. CCN5 Effects on ELT-3 Tumors
In Chapter 2 of this thesis I have demonstrated the ability of CCN5
overexpression to inhibit the in vivo proliferation of ELT-3 cell derived tumors. I
also offer evidence that CCN5 overexpression inhibits the motility and to a
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certain extent the proliferation of ELT-3 cells in an in vitro setting. However,
during these studies several questions arose that deserve further investigation.

1.1 Does CCN5 inhibit the in vitro proliferation of ELT-3 cells?
Studies outlined in Chapter 2 show that CCN5 inhibits the proliferation of
ELT-3 cells in vitro. However, due to the rapid proliferation of these cells (a
doubling time of 16-18 hr in 5% serum and a doubling time of 22-24 hrs for DF8
Basal media supplemented with just 0.5% serum) it was determined that the
inhibitory effect of CCN5 overexpression could only be demonstrated in DF8
Basal media, which does not contain serum. In the basal media, CCN5 was
found to inhibit the proliferation of ELT-3 cells by 47%. However, the AdGFP
infected control ELT-3 cells required 4 days to double, indicating that the cells
were not exponentially proliferating. From the in vivo studies it is clear that
CCN5 overexpression effects the proliferation of ELT-3 cells and in vitro studies
have shown that CCN5 overexpression inhibits ELT-3 cell motility. It is likely that
the initial injection site of ELT-3 cells is a far more inhospitable environment than
a cell culture plate filled with growth factor containing nutrient fluid. In order to
demonstrate the inhibitory effects of CCN5 overexpression on ELT-3 cell
proliferation in vitro the results of the proliferation assays should be extended to
include lower doses of serum. I believe that further reduction of serum
concentration will find a happy medium where ELT-3 cells are not undergoing
excessively rapid proliferation, but still exhibit exponential growth. I would expect
at this level of proliferation that ELT-3 cells will exhibit inhibition of proliferation in
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response to CCN5 overexpression, similar to that seen in human uterine
leiomyoma cells.

1.2 Does exogenous recombinant CCN5 inhibit the growth of ELT-3 tumors
in vivo?
The use of adenovirus in human therapeutics has come under
considerable scrutiny in the past 5 years and in the current healthcare
environment does not represent a viable option for the delivery of CCN5.
Commercially produced, recombinant CCN5 is available from the protein
synthesis company Peproptech, but in our hands has been found to be
functionally inactive. Joan Lemire, a former member of our laboratory, has had
recent success in creating recombinant CCN5 in HEK293 cells that has
demonstrated biological activity in the inhibition of human myometrial cell motility.
However, synthesis of large quantities of this protein remains a problem. Once
large quantities of biologically active CCN5 are available, the recombinant
material either naked or encapsulated in a biomaterial delivery system such as
silk microspheres, could be added to injections of ELT-3 cells. It is expected that
this recombinant material would inhibit ELT-3 tumor growth to levels similar to
those seen in Chapter 2. Demonstration of the effectiveness of non-adenovirally
expressed recombinant CCN5 protein would be an important step in the eventual
goal of CCN5 therapeutic use in the treatment of uterine leiomyoma and other
smooth muscle pathologies.
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1.3 How does overexpression of CCN5 affect recruitment of blood vessels
to tumors?
In Chapter 2 of this thesis it was observed that there was a qualitative
difference in the blood vessels formed in CCN5 expressing tumors compared to
control tumors. Blood vessels in the CCN5 tumors appeared thin-walled and
vein-like, with no large muscular arterioles, while larger arterioles with welldeveloped media were regularly found in control tumors. In addition, in Chapter 3
of this thesis it was observed that organoid nodules derived from human uterine
smooth muscles cells infected with CCN5 expressing adenovirus exhibited
decreased angiogenesis compared to control organoids. These results are not
totally unexpected given that the inhibitory effects of CCN5 on the proliferation
and motility of vascular smooth muscles in vitro have been demonstrated [52,
83]. It is possible that overexpression of CCN5 in ELT-3 and uterine leiomyoma
cells has a dual effect on the inhibition of leiomyoma tumor growth, both inhibiting
the proliferation of leiomyoma cells themselves and by blocking the recruitment
and proliferation of smooth muscle cells to invading blood vessels.
Careful studies should be performed to greater assess the differences in
blood vessel architecture between CCN5 expressing and control tumors.
Application of current xenograft models to track the kinetics of blood vessel
invasion and blood vessel maturation are also available [125].
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2. Humanized Model of Uterine Leiomyoma
In Chapter 3 of this thesis I outline the development of a new in vivo model
of uterine leiomyoma that utilizes unaltered human leiomyoma cells. This
experimental platform will allow the further study of a number of interesting
unanswered questions about uterine leiomyoma.

2.1 What is the patient-to-patient variability of fibroidogenesis in our animal
model?
As discussed in Chapter 3, the in vivo proliferation of human uterine
leiomyoma cells was demonstrated in injected human tissue organoid nodules
derived from three different patient samples. While the results form these three
examples are encouraging, it is clear that more patient samples should be used
to validate and establish the model. Using the chi squared statistical test for
comparison of binary data (in this case proliferation and no proliferation), if all
samples were to exhibit proliferation in vivo, then a minimum of four samples
must all show proliferation to get a p value of <= 0.05. Acquiring more patient
samples and demonstrating their proliferation in the model will provide the
validation needed.
Due to the blinded nature of receiving discarded tissues under IRB
approval, the demographic of the patients is unknown. Although the reason why
is unclear, it is well established that women of African descent have a much
greater incidence of uterine leiomyoma as well as a greater incidence of uterine
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leiomyoma requiring hysterectomy [3]. It would be highly beneficial to the model
if future samples were obtained under an IRB approved protocol that provides
age, ethnicity, years of menstruation, and other valuable medical information.
This information should be analyzed in conjunction with the ability of patient
samples to proliferate in vivo. Furthermore, it is not know if Latino women, who
make up close to one-fifth of the female population in the U.S., have an
increased incidence of fibroids, nor is it known if uterine leiomyoma from this
ethnic group will respond in the same way to CCN5. Including Latino women in
future studies would provide valuable new information on a heretofore unstudied
and under-represented group in uterine leiomyoma studies.

2.2 Will the administration of growth factors via silk microspheres enhance
growth of human uterine leiomyoma cells?
During the development of the humanized model of leiomyoma, the
observation was made that in many histological sections it appeared as if the
largest clusters of leiomyoma cells grew near the edges of organoid nodules. It
is possible that the Matrigel component of the injection suspension might be
acting to inhibit the proliferation of the human leiomyoma cells. Matrigel was
chosen for use in the model because it is commonly used as a tumor cell
injection medium to induce angiogenesis [126]. Matrigel is composed of
basement membrane components (primarily laminin and collagen type IV) that
are quite unlike the environment in which uterine leiomyoma cells exist, in which
collagen, types I and III are the most prevalent extracellular matrix molecules
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[127] . Furthermore, laminin has been shown to maintain the contractile,
quiescent phenotype of vascular smooth muscle cells [128]. These findings
suggest that a different injection media might prove more efficacious to uterine
leiomyoma cell proliferation and deserves further attention.
To address this issue, I conducted a series of mouse injections using an
alternative injection media composed entirely of Collagen type I, supplemented
with silk microspheres containing various concentrations of recombinant mouse
vascular endothelial growth factor (mVEGF164). Use of collagen, type I alone
eliminates any inhibitory effects of Matrigel on uterine cell proliferation, while
addition of VEGF-containing silk microspheres continues to stimulate
angiogenesis into the organoid injection site. The application of the microsphere
technology was utilized to allow slow release of VEGF over a 12 week growth
period. At the time of this dissertation’s creation, the injected animals had less
than a week left in their 12-week cycle. I am happy to report that the mice who
received injections containing the lowest concentration of VEGF have small, but
visible tumors. This is the first time, using the leiomyoma tissue organoids that
such an observation has been made, and warrants further exploration.

2.3 Does overexpression of CCN5 in human uterine leiomyoma organoids
inhibit the in vivo proliferation of the component cells?
In Chapter 3 we outlined initial experiments showing the ability of CCN5
overexpression to inhibit the ability of uterine leiomyoma cells to proliferate in
vivo, while simultaneously interfering with angiogenesis into the injection site.
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These results require more rigorous experimentation. Fortunately, there are still
plenty of samples of uterine leiomyoma tissue organoids and adenovirus to
repeat these experiments to such a degree that the results obtained become
statistically significant. This is a critical step in demonstrating the in vivo efficacy
of CCN5 overexpression in the inhibition of uterine leiomyoma, and is stronger
evidence for the possibility of CCN5 as therapeutic agent.

2.4 Can the humanized model of uterine leiomyoma be used to demonstrate
the efficacy of medical therapies for uterine fibroids?
The humanized model of uterine leiomyoma has been developed by our
laboratory in order to address the in vivo effects of CCN5 in uterine leiomyoma
cells of human origin. However, the model can benefit the field of leiomyoma
research as a whole by providing a platform for the in vivo study of human
leiomyoma cells that does not require a patient. One question that is
immediately manifest is whether or not the hormone receptor antagonists/partial
agonists currently being tested for uterine leiomyoma treatment will inhibit the
proliferation or induce apoptosis of human leiomyoma cells within our humanized
model. Since 2005, a number of randomized control trials have been conducted
to test the efficacy of progesterone antagonists, selective progesterone receptor
modulators (SPRMs), and selective estrogen receptor modulators (SERMs) [109113]. After injection of leiomyoma tissue organoids, the host animals could be
treated with physiologically relevant doses of the progesterone receptor
antagonist mifepristone, or the selective progesterone receptor modulators,
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Asoprisnil and CDB-2914. The effects on leiomyoma cell proliferation could then
be assessed using the same techniques outlined Chapter 3.

2.5 Development of a 3D suspension model of human uterine leiomyoma
Tumor spheroid culture has been used to model solid tumors for over 30
years, and in the past decade has seen extensive use in the testing of various
cancer therapies [129, 130]. The tissue leiomyoma organoids used in Chapter 3
resemble tumor spheroids in their size and shape, but have the added benefits of
being freshly isolated primary cells; they still contain the same matrix milieu, cellcell contacts, and mixture of cell types seen in the native leiomyoma tumors. It
might be possible to establish suspension cultures of human uterine leiomyoma
‘fibroidlets’, from these organoids. While this model would be inferior to the in
vivo model outlined in Chapter 3 in recapitulating the human disease in vivo, it
would be much easier to manipulate and not involve the costs in time and money
that animal studies require. This model could also be used as other tumor
spheroid models in the quick screening of pharmacological therapies for uterine
leiomyoma. A number of studies would need to be performed to assess how
closely uterine leiomyoma fibroidlets resemble native uterine leiomyoma in cell
composition, achitecture, and proliferative potential.
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3. CCN5 Subcellular Localization and CCN5 Isoforms
In recent years it has become apparent that despite their N-terminal
secretion signal, some members of the CCN family can be found localized to the
nucleus of cells [107]. The nuclear localization of secreted factors is not
unknown and has been demonstrated in a number of peptides including IGFBP-3
and 5, FGFs 1 and 2, as well as pararthyroid hormone related protein (PTHrP)
[131]. Recently our lab has shown that CCN5 occurs in the nucleus of a number
of cell types as demonstrated by immunohistochemistry, confocal microscopy,
and nuclear protein fractionation. Studies conducted by the author have shown
that recombinant CCN5 expressed through an adenoviral vector appears in
nuclear fractions of human myometrial and ELT-3 leiomyoma cells. Further, in
human myometrial cells alone, the recombinant CCN5 also appears in putative
isoforms within the cytosolic and membrane cellular fractions. These isoforms
have higher molecular weights than the 29 kd molecular mass predicted for the
unaltered CCN5 peptide sequence, suggesting CCN5 might undergo posttranslational modifications, at least in human cells. These results suggest further
studies are required.

3.1 Does CCN5 occur in the nucleus of human uterine smooth muscle cells
and is it biologically relevant?
As mentioned above, initial studies have shown that adenovirally
expressed CCN5 protein appears in nuclear fractions of ELT-3 and human
myometrial cells. Proteins of up to 40kd have been shown to diffuse into the
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nucleus through the nuclear pores, so there exists the possibility that the 29kd
form of CCN5 might not be actively transported into the nucleus and therefore
might not be biologically relevant. If the above studies show that CCN5 does
occur in the nucleus of uterine leiomyoma cells, then demonstration of an
association between the nuclear localization of CCN5 and the growth state of
uterine leiomyoma and myometrial cells would strengthen the hypothesis that
CCN5 localization to the nucleus is functional. Immunocytochemical methods,
confocal microscopy, and nuclear fractionation studies would be able to indicate
whether or not CCN5 nuclear localization is associated with growth arrest in
uterine smooth muscle cells. If such an association is found, then experiments to
block the nuclear localization of CCN5 could be conducted including mutation of
putative NLS, or knockdown of the nuclear trafficking protein Importin-β and the
effects on uterine smooth muscle proliferation determined.

3.2 Does CCN5 occur in different isoforms?
The existence of putative isoforms of CCN5 might have important
implications for the elucidation of the mechanism of CCN5’s inhibitory effects on
smooth muscle cell proliferation and motility. Specific isoforms of CCN5 might be
responsible for the observed inhibitory effects. The first step in addressing these
questions is the identification of CCN5 isoforms. Given the increased molecular
weight noted for the putative isoforms of the adenovirally expressed CCN5
protein, the possibility of post-translational modification of CCN5 seems most
likely. The insulin-like growth factor binding proteins 3 and 5 (IGFBP-3 and 5)
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with which CCN5’s 1st domain shares homology, have been shown to undergo
post-translational modification through glycosylation [132, 133]. Using the
NetOGlyc 31.0 Server software (www.cbs.dtu.dk/services/NetOGlyc/) to predict
glycosylation sites on proteins, it was found that the rat CCN5 protein sequence
contains 2 O-glycosylation sites, while the human CCN5 protein contains 9
possible sites of O-gylcosylation. To demonstrate the glycosylation of putative
CCN5 isoforms, lysates from myometrial cells infected with CCN5 expressing
adenovirus could be treated with O-glycosidase enzyme to remove all Oglycosylations from the proteins contained in the lysates. This lysate could then
be compared to lysate not treated with enzyme by western blot. If the higher
molecular weight CCN5 isoforms are no longer visible this would be a strong
indication that the visible higher molecular weight isoforms are glycosylated
isoforms of CCN5. To further validate the identity of the higher molecular weight
forms, excised sections of a gel that correspond to bands on an immunoblot
positive for CCN5 can be submitted for mass-spectrophotometric analysis and
identification.
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