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Abstract
Cutaneous melanoma is an increasingly common skin cancer characterized by aggressive
metastatic growth and poor prognosis. The mechanisms behind melanoma progression are not
fully understood, but emerging evidence suggests that a group of newly discovered small
regulatory RNAs, named microRNAs (miRNAs), plays an important role. miRNAs are ~ 22
nucleotide single strand non-coding RNAs that post-transcriptionally regulate gene expression by
binding to target messenger RNAs (mRNAs), leading to mRNA degradation and translation
inhibition. Abnormal expression of miRNAs has been observed in human malignancies and is
associated with tumorigenesis.

The main goals of this thesis are to investigate miRNA

dysregulation in melanoma and to identify potential miRNAs involved in melanoma
pathogenesis. Initially, the expression of 470 miRNAs was profiled in 8 metastatic melanoma and
8 benign nevus tissue samples. We discovered unique miRNA expression profiles and identified
differentially expressed miRNAs in melanomas as compared to nevi. miR-193b was one of the
most significantly downregulated miRNAs in melanoma, and its function and regulatory targets
were unknown. Subsequently, in vitro functional studies revealed that ectopic expression of miR193b in melanoma cells drastically repressed cell proliferation and migration. Although it does
not directly induce apoptosis in melanoma cells, miR-193b does sensitize these cells to ABT-737mediated cell death. In concert with functional studies, gene expression analysis and in silico
target prediction were performed to globally screen for mRNA targets of miR-193b. We
identified eighteen genes as candidates in that they were downregulated by miR-193b and
contained predicted miR-193b binding sites. Based on their known biological functions, three
genes were particularly interesting: cyclin D1 (CCND1), myeloid cell leukemia sequence 1 (Mcl1), and stathmin 1 (STMN1). CCND1 and Mcl-1 are two well-known melanoma oncogenes, and
we validated their role in cell proliferation and apoptosis respectively. Furthermore, using similar
approach, we were the first to identify STMN1 as a novel melanoma oncogene. We demonstrated
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that CCND1, Mcl-1, and STMN1 were directly regulated by miR-193b. During melanoma
progression, reduced expression of miR-193b may promote cell proliferation, migration and
survival. Taken together, this thesis describes the dysregulation of miRNAs in melanoma and
demonstrates that miR-193b functions as a tumor suppressor.
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Chapter 1
General Introduction
1.1 Malignant Melanoma
1.1.1 Overview
Melanoma is a malignancy arising from melanocytes. Originating from the neural crest,
melanocytes produce melanin, the pigment responsible for skin, hair and eye color (1).
Melanocytes can be found at the basal layer of skin epidermis, the uvea of the eye, the meninges,
the oral and anogenital mucosal epithelium, and the esophagus. Cutaneous melanoma arises from
skin and accounts for more than 90% of all melanomas, whereas uveal melanoma arises from the
eye and accounts for only 5% of melanoma cases (2). Although cutaneous and uveal melanomas
both derive from melanocytes, they present with distinct differences in genetic alterations, routes
of metastasis, and treatment options. Unless specified, the term melanoma used in this thesis
refers to cutaneous melanoma.
Melanoma, basal cell carcinoma, and squamous cell carcinoma are the three major types of skin
cancer. Although melanoma only accounts for 4% of total skin cancer incidence, it is the most
aggressive type and is responsible for 80% of skin cancer related deaths (3). The incidence rates
of melanoma have continued to increase globally over the past decades (http://www.who.int
/uv/faq/skincancer/en/index1.html). In Canada, an estimated 5500 new cases and 950 deaths from
melanoma are expected in 2011 (Canadian Cancer Statistics 2011). The current lifetime risk of
developing melanoma for men is 1 in 67 and for women is 1 in 85 (Canadian Cancer Statistics
2011).
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1.1.2 Clinical risk and prognosis factors
Both genetic and environmental factors have been associated with the development of melanoma.
A previous melanoma or family history as well as multiple benign or atypical nevi are the
strongest risk factors for melanoma (4). Additional risk factors include immunosuppression
(transplant recipients or patients with AIDS), sensitivity to sun (freckling, red hair, blue eyes),
and ultraviolet (UV) radiation (especially sunburns during childhood). Cyclin-dependent kinase
inhibitor 2A (CDKN2A) and cyclin-dependent kinase 4 (CDK4) are two genes identified to date
affecting the inherited susceptibility to melanoma (3). Both genes are tumor suppressors that play
important roles regulating cell cycle. Germ-line mutations in CDKN2A are presented in 25 to 40
% of patients with a strong melanoma family history (≥ three first-degree relatives affected), and
mutations in CDK4 are found in a few rare melanoma-prone families. Interestingly, the
penetrance of CDKN2A mutations varies widely among carriers and is linked to UV exposure,
e.g. the risk of acquiring melanoma for a CDKN2A mutant carrier at age 50 is 13% in Europe but
32% in Australia (5).

This observation highlights the close interactions between genetic

susceptibility and environmental UV exposure in the development of melanoma.
The prognosis of melanoma patients depends on several factors, such as the thickness of the
primary tumor (Breslow thickness), the presence of metastasis to regional lymph nodes, lesion
site, tumor ulceration, mitotic count, patient age and sex (4). Currently, the Breslow thickness,
defined as “the total vertical height of the primary melanoma from the granular layer to the area
of deepest penetration”, is the most significant prognostic factor (6). For patients with lesions
≤1 mm, 1mm - 2mm, 2mm - 4mm, > 4mm, the estimated 5-year survival rates are 91%–95%,
77%–89%, 63%–79%, 45%–67%, respectively (http://www.clevelandclinicmeded.com/).
2

1.1.3 Treatment
Early stages of melanoma can be cured by surgical resection. However, metastatic melanoma is
by and large refractory to current therapies (7). The prognosis of patients with metastatic
melanoma is abysmal, with a median survival time of 6-8 months and 5-year survival rate of 5%
(8). Conventional chemotherapy, radiotherapy, and immunotherapy only demonstrate 10%-30%
of response rates in metastatic melanoma patients with no improvement in overall survival (9).
Until recently, treatments for late stage melanoma patients were primarily palliative. Dacarbazine,
an alkylating agent, remains the only chemotherapeutic agent approved by the Food and Drug
Administration (FDA) for metastatic melanoma.
Melanoma treatment made a significant advance in 2011 with the approval of two novel drugs,
Ipilimumab and Vemurafenib, by the FDA. Ipilimumab (marketed as Yervoy®), a fully human
monoclonal antibody, augments T cell activation and proliferation by blocking a negative
regulator of T cells named cytotoxic T lymphocyte-associated antigen 4 (CTLA-4). In a phase III
clinical trial, overall survival of metastatic melanoma patients was significantly longer in the
group receiving Ipilimumab plus dacarbazine than in the group receiving dacarbazine plus
placebo (11.2 months vs. 9.1 months) (10). Vemurafenib (marketed as Zelboraf®), a potent
inhibitor of mutated BRAF, is approved to treat metastatic melanoma with the BRAF V600E
mutation based on its remarkable activity in a phase III trial. More than 50% of melanoma
contains mutated BRAF, with a majority being BRAF V600E mutations. This particular aspect of
melanoma signaling pathways will be discussed in section 1.1.5.1. As compared to dacarbazine,
Vemurafenib improved overall and progression-free survival in patients with the BRAF V600E
mutation (11).
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Despite initial clinical success, Vemurafenib resistance quickly developed in patients, usually
within 8 - 12 months of treatment. Unexpectedly, Vemurafenib activates the MAPK pathway in
cells with wild-type BRAF, resulting in increased cell proliferation. Therefore, Vemurafenib is
not recommend to treat melanoma without BRAF mutation (12). Inhibition of MEK, the kinase
downstream of BRAF, seems to prevent the acquired resistance in vitro (13). More recently,
patients who have previously received Vemurafenib alone are scheduled to receive a combination
of Vemurafenib and a MEK inhibitor to overcome the acquired resistance. The advances in recent
treatment underline the importance of understanding the biology of melanoma, which is crucial
not only to the development of novel therapies but also to the circumvention of the drug-induced
resistance.

1.1.4 Progression model
Based on the Clark model of melanoma progression, melanocytes go through a series of
histological changes leading to melanoma formation. A stepwise transformation occurs from
benign nevus to dysplastic nevus to primary melanoma (radial-growth phase and vertical-growth
phase) to metastatic melanoma (Figure 1-1) (3). Benign nevus, commonly known as “mole”, is
the benign tumor composed of melanocytes forming cellular nests in the skin. Dysplastic nevus,
or atypical nevus, exhibit architectural disorder and cytologic atypia in melanocytes (14). During
radial-growth phase, cells are first considered malignant, and gain the ability to proliferate
laterally but are largely confined to the epidermis (in situ melanoma). When melanoma progress
to the vertical-growth phase, cells acquire the ability to invade the dermis and have metastatic
potential. Eventually, some transformed malignant melanoma cells will dissociate from the
primary tumor, infiltrate into blood or lymphatic system, and form distant metastases.
4
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Figure 1-1. The progression of melanoma
The histopathology and characteristics of various stages of melanocytic lesions: benign nevus is the benign
lesion composed of melanocytes (arrows); dysplastic nevus exhibit architectural disorder and cytologic
atypia in melanocytes; during radial-growth phase, malignant cells gain the ability to proliferate laterally
but are still confined to the epidermis; when melanoma progress to vertical-growth phase, cells acquire the
ability to invade the dermis and have metastatic potential; eventually, some transformed cells will
dissociate from the primary tumor, infiltrate into blood or lymphatic system, and form distant metastases
(Adapted from (3) and (7)).
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The molecular mechanisms of melanoma development have been under investigation for decades.
Activation of oncogenes and suppression of tumor suppressor genes are thought to induce the
transformation of melanocytes to malignant melanoma.

1.1.5 Disrupted signaling pathways in melanoma
The histological alterations noted under the microscope are the result of underlying genetic
changes. A growing body of evidence suggests that unique genetic mutations and abnormal
signaling pathways are associated with melanoma (Figure 1-2).
1.1.5.1 The MAPK pathway
Abnormal activation of the mitogen-activated protein kinase (MAPK) pathway is frequently
observed in melanoma. The MAPK pathway regulates cell growth, proliferation, and
differentiation (15). This classic kinase signaling cascade consists of RAS, RAF, MEK, and ERK.
In melanocytes, the MAPK pathway is activated upon the binding of extracellular growth signals
such as hepatocyte growth factor (HGF) and fibroblast growth factor (FGF) to receptor tyrosine
kinases (RTKs) such as c-KIT and c-MET (16). This process activates RAS, a membrane-bound
small GTPase. Consequently, activated RAS binds and phosphorylates the RAF kinase (MAP
kinase kinase kinase or MAPKKK), the latter then proceeds to phosphorylate and activate MEK
kinase (MAP kinase kinase or MAPKK). Activated MEK subsequently phosphorylates and
activates ERK1/2 (MAP kinase or MAPK), which, in turn, phosphorylates and regulates various
transcription factors involved in cell cycle progression and cell survival (17). A constitutively
activated MAPK pathway plays a crucial role during melanoma progression (7). The most
frequently mutated component of this pathway is BRAF, one of the three human RAF kinases
6
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Figure 1-2. Important genes and signaling pathways in melanoma.
A brief summary of major pathways involved in melanoma initiation and progression (section 1.1.5),
including the MAPK/ERK pathway, the PI3K/PTEN pathway, p16INK4A/Rb and p14ARF/p53 pathways, and
Bcl-2 apoptotic regulators.
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(the other two are ARAF and CRAF). BRAF mutations have been identified in 50–70% of
malignant melanoma. The Glutamate-for-Valine substitution at codon 600 (V600E) at the BRAF
kinase domain accounts for more than 80% of BRAF mutations in melanoma (18). Mutations in
NRAS, one of the RAS family (the other two are KRAS and HRAS), are associated with ~15% of
melanoma (18). BRAF or NRAS mutations lead to the constitutive activation of ERK signaling,
providing strong downstream mitogenic effects.
Interestingly, BRAF mutations are also present in ~ 80% of benign nevi (19). However, benign
nevi uncommonly progress to malignant melanoma and typically remain in a growth arrest state
for decades (4). This phenomenon leads to the hypothesis that activated BRAF induces a
protective mechanism called oncogene-induced cell senescence. Subsequent in vitro and in vivo
experiments support this hypothesis. In a melanocyte culture model, overexpression of BRAF
mutant leads to cell cycle arrest by increasing the expression of the tumor suppressor p16INK4a
(20). In a zebra fish model, expression of the BRAF (V600E) mutant only induces formation of
patches of ectopic melanocytes, the biological equivalent to human nevi (21). On the other hand,
activated BRAF rapidly transforms melanocytes to invasive melanoma in tumor suppressor p53deficient fish. The above experimental data suggest that the mutational activation of MAPK
pathway in melanocytes is critical in initiation of benign nevi but alone is insufficient for
melanoma development. Inactivation of certain tumor suppressors is required to free melanocytes
from the oncogene induced cell senescence, and progress to malignant melanoma.
1.1.5.2 The PI3K/PTEN pathway
Another frequently disrupted pathway in melanoma is the phosphoinositide-3-OH kinase (PI3K)
pathway (7). This signaling cascade plays important regulatory roles in cell survival and growth.
Both RTKs and RAS can phosphorylate PI3K, and once activated, PI3K can convert
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phosphatidylinositol-4,5-biphosphate (PIP2) to phosphatidylinositol-3,4,5-triphosphate (PIP3).
PIP3 relays the signal and activates AKT (protein kinase B), which subsequently phosphorylates
its targets and affects cell cycle, survival and growth. Phosphatase and tensin homologue (PTEN)
inhibits the PI3K signaling pathway through dephosphorylation and inactivation of PIP3,
ultimately suppressing the activation of AKT. Abnormal activation of AKT is reported in up to
60% of melanoma (22). PTEN loss-of-function mutations are reported in 5-20% of melanoma
(23). In addition, PTEN protein expression is absent or lost in 60% of melanoma, which may be
due to genomic deletion or epigenetic silencing (23).
Interestingly, NRAS mutations are mutually exclusive with either BRAF or PTEN mutations in
melanoma (24). Furthermore, concurrent mutations of BRAF and PTEN have been observed in ~
13% of melanoma cases. These mutational results fit nicely with the current understanding of
signaling pathways. NRAS is upstream of ERK and AKT, therefore mutations in NRAS are
sufficient to activate MAPK and PI3K/PTEN pathways. Dysregulation of BRAF often acts in
conjunction with loss of PTEN during melanoma progression. In a mouse model, expression of
BRAF (V600E) induced melanocytic hyperplasia but failed to progress to melanoma (25). By
contrast, metastatic melanoma rapidly developed in mice when BRAF (V600E) expression was
coupled with PTEN loss.
1.1.5.3 Other signaling pathways
Inactivating mutations in the cyclin-dependent kinase inhibitor 2A gene (CDKN2A) are
associated with 30% of familial melanoma (4). Mice born with CDKN2A deletion are viable but
develop spontaneous tumors at an early age and are highly sensitive to carcinogenic treatments
(26). Through alternative splicing of exons, the CDKN2A gene produces two tumor suppressor
proteins, p16INK4A and p14ARF. p16INK4A regulates G1/S transition of the cell cycle. When
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mutated, p16INK4A cannot bind and suppress cyclin dependent kinases CDK4/6, which
phosphorylates retinoblastoma (Rb) protein, resulting in unconstrained cell cycle progression.
p14ARF is involved in controlling the level of tumor suppressor p53 (27). p53, known as the
guardian of the genome, can inhibit the cell cycle progression or induce apoptosis in response to
cellular stress or DNA damage (28). Loss of p14ARF function leads to mouse double minute 2
(MDM2)-mediated p53 ubiquitination, resulting in the degradation of p53 and un-checked cell
cycle progression.
Cyclin D1 (CCND1) protein is often upregulated in malignant melanoma (29). CCND1 plays a
key role in governing G1/S transition during the cell cycle. It forms a complex with CDK4/6,
which phosphorylates Rb and allows cells to S phase. The CCND1 gene is amplified in a small
subgroup of melanoma (29). However, the mechanism behind CCND1 overexpression in
melanoma with normal gene copy number remains elusive (30). In Chapter 2, we will
demonstrate that the ubiquitous upregulation of CCND1 expression in melanoma may in part due
to the downregulation of miR-193b.
Melanoma cells are notorious for their intrinsic resistance to chemotherapeutic drugs (31).
Dysregulation of apoptosis regulators, such as the Bcl-2 family, plays a crucial role in melanoma
chemoresistance. The Bcl-2 family consists of both pro-apoptotic proteins (i.e. BAX, BAK,
BAD, BID, Bim, NOXA, PUMA) and anti-apoptotic proteins (i.e. Bcl-2, Bcl-xL, Mcl-1, BCL-w,
and A1) that function to regulate the core mitochondrial pathway of apoptosis (32). The delicate
balance between pro- and anti-apoptotic factors is disturbed and tilted towards anti-apoptosis in
melanoma.

Anti-apoptotic proteins such as Mcl-1 and Bcl-xL are upregulated during the

progression of melanoma (33, 34). A number of studies have suggested that overexpression of
Mcl-1 may be the culprit conferring melanoma resistance to a variety of chemotherapeutic agents
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(35-41). In Chapter 3, we will explore the regulatory role of miR-193b on Mcl-1 expression in
melanoma.

In summary, a number of proteins and signaling pathways have been implicated in melanoma
pathogenesis. In addition to gene mutations, upregulation of oncogenes and downregulation of
tumor suppressors have been examined in various studies. However, abnormal gene expression is
not always correlated with genomic aberrations such as DNA copy number loss or gain.
Epigenetic modifications, and more recently, microRNA dysregulation, may play a critical role in
gene regulation. MicroRNAs (miRNAs) are a class of newly discovered small RNAs that posttranscriptionally regulate gene expression. Emerging evidence suggests that dysregulation of
miRNAs is involved in human tumorigenesis. When we initially undertook our studies, little was
known about miRNAs in melanoma. Therefore, we undertook a series of studies to investigate
the association between miRNAs and melanoma pathogenesis.

1.2 MicroRNA
1.2.1 Introduction
MicroRNA (miRNA) was first discovered by Victor Ambros and his colleagues at Harvard in
1993 (42). At that time, they were interested in lin-4, a gene controlling early larval development
of Caenorhabditis elegans (C. elegans). Studies had suggested that lin-4 negatively regulated lin14 by inhibiting mRNA translation via the 3’ untranslated region (3’ UTR) of lin-14 (43). The
Ambros lab was able to demonstrate that lin-4 doesn’t encode a protein, but rather produces two
small RNA transcripts of approximately 22 and 61 nucleotides (nts) (42). Both RNA products
contained sequences complementary to a repeated sequence element in the lin-14 3’UTR, and the
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longer one was suggested to be the precursor of the shorter one. They speculated that “lin-4 may
represent a class of developmental regulatory genes that encode small antisense RNA products”
(42). However, no homologues of lin-4 were identified beyond nematodes, which seemed to
suggest that this small RNA mediated post-transcriptional regulation mechanism only exists in
worms. A breakthrough came seven years later. In 2000, Lethal-7 (let-7), another gene regulating
developmental timing in C. elegans, was discovered to encode a ~ 22 nt RNA (44). Unlike lin-4,
let-7 was found to be conserved across animal phylogeny (45). A year later, three research groups
simultaneously reported the discovery of a novel class of small regulatory RNAs in Science
(Journal) (46-48). Using novel cloning techniques, they found more than one hundred ~ 22 nt
RNAs expressed in human, flies and worms. This class of tiny RNAs was then named
microRNAs, or miRNAs. Subsequently, additional miRNAs were identified in animals (49-52),
plants (53) and viruses (54).
Since then, the miRNA research field has exploded and emerged as a new frontier in gene
regulation. miRNAs are key regulators in myriad cellular processes, such as developmental
timing in worms, fat metabolism in flies, hematopoietic lineage differentiation in mammals, and
leaf and flower development in plants (55). To date, more than 1500 miRNAs have been
identified in humans (http://www.mirbase.org/cgi-bin/browse.pl?org=hsa). Dysregulation of
human miRNA expression has been implicated in a variety of human diseases, such as cancer,
neurological disorders, inflammatory disorders, and cardiovascular diseases (56).

1.2.2 miRNA nomenclature
A uniform system for miRNA annotation has been established since their discovery (57-59). A
typical miRNA gene name contains a species code, the miR prefix, and a unique number (e.g.
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hsa-miR-21 in human and mmu-miR-21 in mouse). miRNAs expressed from more than one gene
locus have additional numeric suffixes (e.g. hsa-miR-7-1, hsa-miR-7-2, and hsa-miR-7-3). Two
miRNAs with very similar sequences, i.e., one or two nucleotides difference, are noted with letter
suffixes (e.g. hsa-miR-193a and hsa-miR-193b). Two different miRNA sequences excised from
opposite arms of the same hairpin precursor are named either as hsa-miR-17-5p (5′ arm) and hsamiR-17-3p (3′ arm) or as hsa-miR-17 and hsa-miR-17*.
This thesis will address the role of human miRNAs in melanoma. Therefore, for clarity and ease
of reading, “miR-”will be used throughout the text and refers to “hsa-miR-”.

1.2.3 miRNA biogenesis
The biogenesis of mature miRNAs starts with the transcription of long primary miRNA
transcripts (pri-miRNAs) from either independent miRNA genes or introns of protein-coding
genes (55) (Figure 1-3). Most pri-miRNAs are transcribed by the RNA polymerase II, but a few
of them can be produced by the RNA polymerase III (60). Pri-miRNAs can be up to several
thousand nucleotides long and consist of stem-loop structures harboring sequences for miRNAs.
In the nucleus, the stem-loop hairpins of pri-miRNA will be recognized and processed by the
microprocessor complexes consisting of Drosha (a RNase III type endonuclease) and DiGeorge
syndrome critical region gene 8 (DGCR8). The cleavage of pri-miRNA by Drosha generates a 70
nt hairpin bearing a 2-nt 3’-overhang, known as precursor miRNA (pre-miRNA). Pre-miRNA is
subsequently transported to the cytoplasm by Exportin 5, and is further processed by Dicer,
another RNase III endonuclease. Dicer, in collaboration with transactivation-responsive RNA-
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Figure 1-3. MicroRNA biogenesis.
The biogenesis of mature miRNAs starts with the transcription of long primary miRNA transcripts (primiRNAs) from miRNA genes (55). In the nucleus, the stem-loop hairpins of pri-miRNA will be recognized
and processed by microprocessor complexes formed by Drosha and DGCR8. The cleavage of pri-miRNA
by Drosha generates a 70 nt hairpin bearing 2 nt 3’ overhang, known as precursor miRNA (pre-miRNA).
Pre-miRNA is subsequently transported to the cytoplasm by Exportin 5, and is further processed by Dicer.
Dicer in collaboration with TRBP recognizes the pre-miRNA and removes the terminal loop, generating a ~
22 nt miRNA/miRNA* duplex. The mature miRNA, or the “guide strand”, will be incorporated into the
miRNA-induced silencing complex (miRISC) and subsequently acts on target messenger RNAs (mRNAs),
whereas the miRNA*, or the “passenger strand” will be degraded. The mature miRNA recognizes its target
mRNAs through base pairing, and directs miRISC to repress mRNA expression (62). Target mRNAs will
be cleaved if they contain sequences that are perfectly complementary to the miRNA. Most animal
miRNAs only partially base-pair with target mRNAs, and inhibit mRNA expression through either mRNA
destabilization or translation repression. Abbreviations: DGCR8, DiGeorge syndrome critical region gene
8; TRBP, transactivation-responsive RNA-binding protein; GW182, glycine-tryptophan protein of 182
kDa; PABP, poly (A) binding protein; CCR4, CC chemokine receptor type 4; CAF1, CCR4-associated
factor 1; NOT1, negative regulator of transcription subunit 1 (Adapted from (63)).
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binding protein (TRBP), recognizes the 2-nt 3’-overhang of pre-miRNA and removes the
terminal loop, generating a ~ 22 nt miRNA/miRNA* duplex. The mature miRNA, or the “guide
strand”, will be incorporated into the miRNA-induced silencing complex (miRISC) and
subsequently acts on target mRNAs, whereas the miRNA*, or the “passenger strand,” will be
degraded. Studies have shown that the strand selection is based on the thermodynamic stability
of the duplex’s base pairing (61). The strand with a less tightly paired 5’ end is preferentially
loaded to miRISC. Nevertheless, miRNA*, if not degraded, can also be assembled into the
miRISC and regulate mRNAs.
The mature miRNA recognizes its target mRNAs through base pairing, and directs the miRISC to
repress messenger RNA (mRNA) expression (62). Target mRNAs will be cleaved if they contain
sequences that are highly complementary to the miRNA, which predominantly happens in plants.
Most animal miRNAs only partially base-pair with target mRNAs, and inhibit mRNA expression
through either mRNA destabilization or translation repression. The key components of the
miRISC are the Argonaute (AGO) proteins, which directly interact with miRNAs. Four AGO
proteins (AGO1 - AGO4) have been identified in humans. AGO2 is involved in miRNAmediated mRNA cleavage since it is the only AGO that possesses RNaseH-like endonuclease
activity. Another core component of the miRISC are the glycine-tryptophan protein of 182 kDa
(GW182) proteins, which interact with AGOs and are essential for miRNA mediated gene
silencing (63). The N-terminal regions of GW182 proteins bind to AGOs, while middle and Cterminal regions promote translation repression and mRNA destabilization (64). The exact
mechanism of miRNA-mediated translation repression remains controversial. So far four
mechanisms have been proposed based on different study models, including inhibition of
translation initiation, inhibition of translation elongation, premature ribosome dissociation, and
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cotranslational protein degradation (65). The mechanism of mRNA destabilization is better
understood. The recruitment of the poly (A) binding protein (PABP) and the deadenylase
complex made up of the CC chemokine receptor type 4 (CCR4), CCR4-associated factor 1
(CAF1) and negative regulator of transcription subunit 1 (NOT1) by GW182 leads to mRNA
deadenylation, and subsequently triggers de-capping and mRNA decay (66).

1.2.4 miRNA degradation
In contrast to the growing understanding of the miRNA biogenesis, less attention has been paid to
the decay of miRNAs until recently. In general, miRNAs are quite stable and their half-life can be
up to many hours or even days (62). For example, the half-life of miR-223 was 46 hours in nondividing human 293T cells (67). What’s more, a miRNA can regulate multiple transcripts, a
process called “multiple-turnover” (67). Nonetheless, rapid decay of miRNAs may occur
depending on cellular signals. For example, the miR-183/96/182 cluster, miR-204, and miR-211
were rapidly decreased (~ 1 hour half-life) in mouse retina neuronal cells during dark adaptation
(68). Interestingly, blocking neuronal action potentials prevented rapid turnover of miRNAs in
the study. However, the exact mechanism regulating the rapid decay of miRNAs in neurons
remains unknown.
Recently, several nucleases involved in miRNA degradation have been identified. In plants, the
degradation of miRNAs could be mediated by small RNA degrading nucleases, a family of 3’-to5’ exonucleases (69), and in animals, the 5′-to-3′ exonuclease XRN-2 was found to catalyze the
degradation of miRNAs (70). Importantly, those nucleases only target single-stranded mature
miRNAs and cannot degrade miRNAs when they are incorporated in the miRISC. Therefore,
miRNAs can be stabilized by the presence of their target mRNAs (70). So when their target
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mRNAs are depleted, miRNAs will be released from the miRSC and subsequently degraded,
allowing the miRISC to reprogram and load new miRNAs. Moreover, mature miRNAs can be
stabilized by 3′ adenylation. For example, in liver cells, the cytoplasmic poly(A) polymerase
GLD-2 could add a single adenosine to the 3′ end of mature miR-122 after unwinding of the miR122/miR-122* duplex, protecting miR-122 from exonucleolytic degradation (71).

1.2.5 miRNA target prediction
miRNAs have emerged as key regulators of various biological processes. To characterize the
functions of miRNAs, it is crucial to find their regulatory targets. Since large-scale experimental
detection of targets is still technically challenging, a number of in silico prediction tools have
been developed to identify potential targets of miRNAs based on mRNA sequences.
In plants, protein targets can be confidently predicted by genome-wide searching for mRNAs
harboring sites highly complementary to the miRNA of interest, thanks to the near-perfect
complementarities between miRNAs and their targets (72). In animals, however, miRNAs rarely
pair with target mRNAs with extensive complementarities (73). Therefore, one big challenge is to
predict most of the targets without a large number of false predictions. Algorithms such as
TargetScan (74), PicTar (75), EMBL (76), miRanda (77), miRBase Targets (59), have been
developed for target prediction. Initial prediction criteria were based on a very limited set of
experimentally identified target sites for very few miRNAs, resulting in very poor overlap
between different computational approaches (78). Subsequent systematic target-site mutation
experiments and extensive bioinformatic analysis generated three conclusions as current
guidelines for prediction (73).
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First, targets often contain perfect Watson-Crick seed-matched sites (Figure 1-4). Although
animal miRNAs are usually only partially complementary to their targets, the perfect WatsonCrick pairing between a miRNA seed (the 5’ region of a miRNA ranging from nucleotides 2-7)
and target sites is required for target recognition. It is still unclear why complementary to the
miRNA seed is crucial. One model mechanism suggests that the miRISC presents the miRNA
seed region, probably in a geometry resembling an A-form helix, to nucleate pairing to the
mRNAs (55). Interestingly, in some cases, sites pairing of the target to the 3’ region of miRNA
can supplement seed pairing or compensate for a mismatch to the seed (73).
Second, seed match sites are often evolutionarily conserved at the 3’ UTR (Figure 1-4). A target
site is considered “conserved” when it appears on the same position when orthologous 3’ UTR
are aligned. Target sites that are biologically functional, and therefore under selective pressure are
more likely to be conserved than altered by chance between species (73). Adding site
conservation to the prediction greatly reduces false positive targets.
Third, broadly conserved miRNAs (i.e. conserved across vertebrates) have far more targets than
less conserved miRNAs (i.e. mammalian specific). miRNAs with larger numbers of targets would
be under greater selective constraint, and more likely to be conserved during the course of
evolution (79). It is estimated that a typical conserved miRNA has at least 300 conserved
mammalian target sites. More than 60% of the human protein-coding genes have been under
selective pressure to maintain the 3’ UTR pairing to miRNAs (79).
Current prediction algorithms such as TargetScan, PicTar and EMBL, all requiring stringent seed
matching, generate very similar results and have extensive overlap. Many miRNA targets can be
confidently predicted based on the concept of conserved seed pairing (80). However, it is
important to note that not all targets contain conserved seed pairing sites. Identification of those
18

Seed&match&
………NNNNNNNNNNNNNNNNNNNN……….3’& Chicken&mRNA&&
………NNNNNNNNNNNNNNNNNNNN……….3’& Dog&mRNA&&
………NNNNNNNNNNNNNNNNNNNN……….3’& Rat&mRNA&&
………NNNNNNNNNNNNNNNNNNNN……….3’& Human&mRNA&&
NNNNNNNNNNNNNNNNNNNNNN&'&5’&
8&7&6&5&4&3&2&1&

miRNA&&

Seed&

Figure 1-4. The miRNA seed and its conserved matching sites.
The miRNA seed is the nucleotides 2–7 from the 5’ end of the miRNA. miRNA targets often contain
perfect Watson-Crick seed matches that are conserved in the alignments of orthologous 3’ UTR region.
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targets without conserved seed match sites remains a critical challenge. Rather than rely on the
seed sequence complementarity, some recent algorithms take a different approach by placing
more emphasis on the structures of miRNA targets. Since many miRNA-target interactions might
be context dependent, factors such as the secondary structure of the target mRNA, position of the
binding site in the 3’ UTR, and presence of other binding sites could affect the targeting
specificity (81).

RNA22 is one of the pattern-based algorithms. It generates statistically

significant patterns of putative miRNA binding sites by using conserved sequence features of
known miRNAs (82). Therefore, RNA22 identifies putative target sites in the sequence of interest
first, and then looks for the matching miRNAs. This approach eliminates the use of cross-species
conservation filtering of targets.
Studies that examine the impact of perturbation of endogenous miRNAs on protein output
provide good opportunities to evaluate different target prediction algorithms (80, 83). As
expected, the motifs predominantly found in the mRNA of affected proteins were miRNA seed
pairing sequences located in the 3' UTR. In general, algorithms such as TargetScan or PicTar that
require evolutionary conservation of stringent Watson-Crick seed pairing sites had a relatively
high concordance between predicted targets and observed protein changes, and performed better
than those that did not require stringent seed pairing.

Prediction tools that do not require

conserved targeting, such as RNA22, performed no better than merely searching for mRNA with
seed-matched sites. Despite the success of algorithms using stringent seed pairing, up to 60% of
the predicted targets from TargetScan or PicTar were false positives. Furthermore, a number of
affected genes didn’t have the presence of seed match sites (conserved or not) in their mRNAs.
Some mRNA changes may be due to secondary effects. Nonetheless, some genes were likely to
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be the direct targets. Therefore, one big challenge facing current prediction is to identify targets
without seed pairing.

1.2.6 Other approaches to identify miRNA targets
As mentioned in section 1.2.3, miRNA-mediated gene silencing involves mRNA destabilization
and translation repression. Recent studies suggest that, to reduce protein output, miRNAs
predominantly act on decreasing target mRNA levels, as opposed to repressing translation (80,
83, 84). Decreased mRNA expression is responsible for more than 80% of protein reduction (85).
Hence mRNA changes largely reflect the impact of miRNAs on gene expression. Early studies
have successfully applied gene expression arrays to identify mRNAs that are downregulated
when a miRNA is overexpressed (86, 87). However, this gene expression profiling approach has
two inherent drawbacks. First, a large number of mRNAs identified is probably due to secondary
effects (such as genes downstream of a transcription factor regulated by miRNA) rather than
being direct targets of the miRNA. Second, although they only account for a very small portion of
possible targets, genes regulated by miRNA-mediated translation repression are missed.

1.3 miRNA and Cancer
1.3.1 Introduction
The involvement of miRNAs in cancer was first described by Carlo Croce and his colleagues in
2002. They demonstrated that miR-15a and miR-16, located at chromosome 13q14, were
frequently deleted or downregulated in chronic lymphocytic leukemias (CLLs) (88). A
subsequent study revealed that miR-15a and miR-16 negatively regulated the anti-apoptotic
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protein B cell lymphoma 2 (Bcl-2), and that the Bcl-2 repression triggered apoptosis in a
leukemia cell line model (89). Furthermore, the expressions of miR-15a and miR-16 were
negatively correlated with Bcl-2 expression in CLLs.
Subsequently, using various molecular techniques such as northern blot analysis, real-time PCR
and miRNA microarray, abnormal expression of miRNAs have been found in various cancer cells
when compared to normal cells (90). Genome-wide miRNA profiling studies have been
performed on the majority of human malignancies. Cancer-specific miRNA signatures have been
identified as potential diagnostic and prognostic tools. Recent studies demonstrate that miRNA
dysregulation is associated with cancer progression, and reveal that miRNAs can function as
tumor suppressors and oncogenes.

1.3.2 Potential mechanisms of miRNA dysregulation
Four factors may contribute to the widespread abnormalities of miRNA expression in cancer.
1.3.2.1 Location of miRNA genes
Human miRNA genes frequently reside in cancer-associated genomic regions. Through
systematic analysis of genomic locations of miRNAs, more than 50% of miRNA genes were
found to reside in genomic fragile sites, areas prone to chromosome breakage, amplification,
deletion, sister chromatid exchange, or integration of plasmid DNA and tumor-associated viruses
(91). Zhang et al. applied high-resolution array-based comparative genomic hybridization
(aCGH) to analyze DNA copy number of 283 known human microRNAs in 227 ovarian cancer,
breast cancer, and melanoma specimens (92). They found a high proportion of genomic loci
containing miRNA genes exhibited DNA copy number alterations. Furthermore, more than 70%
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of analyzed miRNA genes showed concordance between mature miRNA levels and DNA copy
number. Another example, as previously mentioned, is the frequent deletion of the chromosome
13q14 containing the miR-15a/miR-16 in CLLs (88). What’s more, the miR-17-92 cluster located
on the chromosome 13q31 is often amplified in lymphomas and colorectal cancers (93). These
findings support the notion that copy number alterations of miRNAs are highly prevalent and may
partially account for the miRNA gene dysregulation in cancer.
1.3.2.2 Transcription factors
Like protein-coding genes, the expression of miRNA genes is regulated by transcriptional factors.
Transcription factors are proteins that bind to specific DNA sequences, and regulate the
transcription of target genes. Therefore, it is not surprising that dysregulation of certain
transcription factors will lead to abnormal expression of miRNAs. For example, Myc, a
transcription factor encoded by the c-myc proto-oncogene, is frequently upregulated in human
malignancies (94). Myc is associated with promoting cell proliferation, and inhibiting cell
differentiation. Myc can directly activate the transcription of the miR-17-92 cluster, which
produces a single primary transcript yielding the six mature miRNAs (miR-17, miR-18a, miR19a, miR-20a, miR-19b, and miR-92a) (95). Interestingly, the predominant effect of Myc
induction is the repression of miRNA expression. Myc binds to promoters or conserved regions
upstream of miRNAs, resulting the decreased expression of miR-15a, miR-22, miR-26a, miR29c, miR-34a, miR-146a, miR-195 and let-7 family (96). E2F1, another transcription factor, is a
master regulator of cell cycle and controls G1/S transition. Upregulation of E2F1 leads to the
overexpression of miR-106b, miR-93, and miR-25 (97).
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1.3.2.3 miRNA processing pathway
Aberration in the miRNA processing pathway, as described in section 1.2.3, is another cause of
miRNA dysregulation in cancer. Single mutations in any component of the miRNA processing
machinery could potentially lead to the alteration of the whole miRNA expression profile.
Mounting evidence suggests that expressions of components of the miRNA biogenesis and
regulatory pathways are frequently disrupted (98). High frequency of copy number abnormalities
of miRNA associated genes i.e., Dicer, AGO2, Drosha, DGCR8, EPO5 are observed in
melanoma, breast and ovarian cancer (92). Dicer expression levels are decreased in a fraction of
non-small cell lung cancer (NSCLC), and reduced expression of Dicer is associated with poor
prognosis (99). More direct evidence came from the recent study of the RNA binding protein
LIN28 and LIN28B. LIN28 and LIN28B negatively regulate let-7 precursors from being
processed to mature miRNAs. Viswanathan and his colleagues revealed that LIN28 and LIN28B
are overexpressed in primary human tumors and cancer cell lines, which is associated with the
repression of let-7 family miRNAs and derepression of the oncogenic targets of let-7 (100).
1.3.2.4 Epigenetic regulation of miRNA expression
Epigenetic alterations such as DNA methylation and histone modification at the miRNA promoter
region can also affect miRNA expression. Epigenetic silencing of miRNAs with tumor suppressor
features has been reported in various studies. For example, miRNA-124a is frequently
transcriptionally repressed by CpG island hypermethylation in colon, breast, lung cancers as well
as in leukemias and lymphomas (101). Epigenetic silencing of miR-124a mediates the activation
of cyclin-dependent kinase 6 (CDK6), an oncogenic protein that promotes cell proliferation. In
another study, miR-148a, miR-34b/c, and miR-9 are found to be specifically silenced by CpG
island hypermethylation in cancer cells derived from lymph node metastases as compared with
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normal cells (102). The reintroduction of miR-148a and miR-34b/c inhibited cancer cell motility
and invasion in vitro, while reducing tumor growth and inhibiting metastasis formation in vivo.
Furthermore, overexpression of miR-148a and miR-34b/c induces downregulation of the
oncogenic targets, such as MYC, E2F3, CDK6, and TGFB-induced factor homeobox 2.

1.3.3 The roles of miRNAs
The initial observation of differentially expressed miRNAs in cancerous tissues has led to the
functional characterization of these dysregulated miRNAs. Numerous studies have demonstrated
that miRNAs regulate cell differentiation, proliferation, apoptosis, migration, invasion and
angiogenesis. They can function as tumor suppressors and oncogenes.
1.3.3.1 Tumor suppressors
The let-7 family miRNAs are probably the first miRNAs characterized as tumor suppressors. As
discussed in section 1.2.1, the initial discovery of let-7 in C. elgans revolutionized the
understanding of miRNAs because let-7 is conserved among animal species (45). The temporally
controlled let-7 is expressed late in animal development. For example, the expression of let-7 is
often undetectable in embryonic cells, and is at its highest level in mature cells (45, 103). An
early study found that stem cells fail to exit the cell cycle and enter a fully differentiated state, but
continue to divide in C. elegans let-7 mutants (44), foreshadowing the potential implication of let7 in cancer. The let-7 miRNA family includes 10 homologues in human that are produced from
13 precursor sequences. let-7a (let-7a-1, let-7a-2 and let-7a-3) is encoded in three different
genomic regions, whereas let-7f (let-7f-1 and let-7f-2) is produced from two different genomic
locations. Human let-7 homologues are often located at genomic fragile sites, and are frequently
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deleted in lung, breast, and urothelial cancer (91). Reduced expression of let-7 miRNAs is
observed in lung cancers and is associated with poor prognosis (104). In contrast, overexpression
of let-7 inhibits cell proliferation in a lung adenoma cell line (104). Subsequently, Frank Slack
and his colleagues provided more direct evidence showing that the let-7 family functions as a
tumor suppressor by repressing the oncogene RAS (105). Moreover, let-7 and RAS genes are
reciprocally expressed in tumor tissues. The inversely correlated expression between let-7 and
RAS in lung tumors suggests a plausible causal relationship. Another example is miR-15a and
miR-16, as mentioned in Section 1.2.3. They function as tumor suppressors in that deletion or
downregulation of miR-15a and miR-16 leads to elevated Bcl-2, promoting leukemogenesis in
hematopoietic cells (89).
1.3.3.2 Oncogenes
miR-21 is the poster child for oncogenic miRNAs. Initially, miR-21 was reported to be
upregulated in glioblastoma tumors (106). Knockdown of miR-21 triggers apoptosis in cultured
glioblastoma cells, suggesting that upregulation of miR-21 may contribute to tumorigenesis by
blocking expression of critical apoptosis-related genes. At the same time, miR-21 was also found
upregulated in breast cancer (107). A year later, the expression of 228 miRNAs was profiled in
363 cancer and 177 normal samples from six solid tumors including lung, breast, stomach,
prostate, colon, and pancreatic (108). miR-21 was the only miRNA overexpressed in all six solid
tumors. Further studies demonstrated that miR-21 is upregulated in most human malignancies,
and has been associated with cell proliferation, migration, invasion, apoptosis, tumor growth and
metastasis (109). Functional studies indicate that miR-21 targets a variety of tumor suppressors,
such as PTEN (110), tropomyosin 1 (111), programmed cell death 4 (112), reversion-inducing-
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cysteine-rich protein with kazal motifs (RECK) and tissue inhibitor of metalloproteinase 3
(TIMP3) (113).
miR-10b is another example of miRNAs with oncogenic functions. It is highly expressed in
metastatic breast cancer cells compared to primary human mammary epithelial cells (114).
Overexpression of miR-10b leads to increased cell migration and invasion, while silencing of
miR-10b by antisense RNA reduces the invasive potential of metastatic breast cancer cells. The
study of miR-10b uncovers a novel regulatory pathway of tumor cell invasion and metastasis, in
which miR-10b directly inhibits the synthesis of HOXD10 (a transcription factor with tumorsuppressive function), indirectly promoting the expression of the pro-metastatic protein RHOC
(114).
1.3.3.3 Tumor suppressors & Oncogenes
The same miRNA can function as a tumor suppressor or an oncogene, depending on the cellular /
tissue context. A single miRNA can regulate hundreds of targets, some of which may promote
cell proliferation and survival whereas others may have the opposite effects. Therefore, the
regulatory role of miRNAs often depends on which miRNA targets are expressed in a particular
context. The functional characterization of the miR-17-92 cluster in various cancers exemplifies
the complexity of miRNA-mediated regulation. The human miR-17-92 cluster is a polycistronic
gene encoding six miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92-1),
which is located in the third intron of the non-protein coding RNA transcript C13orf25 on the
chromosome 13.q31 locus. The fact that only the sequence of the miR-17-92 cluster in the
C13orf25 transcript is highly conserved between species suggests that the functional purpose of
C13orf25 is to produce these miRNAs (115). The miR-17-92 cluster is frequently amplified in B
cell lymphomas (91, 116). Overexpression of the miR-17–92 cluster accelerates tumor onset and
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development in the c-myc transgenic mouse model of B cell lymphoma (117). What’s more,
tumors derived from the miR-17–92 expressing c-myc mouse model greatly reduce the amount of
apoptosis that was often present in c-myc induced lymphomas. The above data suggest that the
miR-17-92 cluster has oncogenic potential. At the same time, another group reports that c-Myc
activates the expression of miR-17-92 cluster as well as the expression of E2F1. Interestingly,
miR-17 and miR-20a from this cluster negatively regulate the expression of E2F1. In this context,
the miR-17-92 cluster may function as tumor suppressors by regulating c-Myc-mediated cell
proliferation. However, upregulation of E2F1 promotes cell proliferation but can also induce
apoptosis. Subsequent studies demonstrate E2F transcription factors (E2F1, E2F2, E2F3) can also
activate the expression of miR-17-92 cluster (118). Therefore, there is a negative feedback loop
between miR-17-92 expressions and E2F levels. Thus, the miR-17-92 cluster may help maintain a
delicate balance between proliferation and apoptosis mediated by the induction of E2Fs.
Dependent on local milieu, dysregulation of the miR-17-92 cluster can promote cell survival or
inhibit cell proliferation. The current data suggest a dominant role for the miR-17-92 cluster in
promoting tumorigenesis, targeting cyclin dependent kinase inhibitor p21Cip1/Waf1, proapoptotic
protein Bim, anti-angiogenic protein thrombospondin-1 and connective tissue growth factor (97,
119, 120). Nonetheless, studies have demonstrated that the induction of miR-17 and miR-20 from
the cluster can repress cell proliferation by inhibiting amplified in breast cancer 1 (AIB1) and
CCND1 in breast cancer (121, 122).

1.3.3.4 miRNA expression profiles as diagnostic or prognostic tools
Tissue- and lineage-specific miRNA expression profiles have been observed in various miRNA
microarray studies (103, 123-125). Despite the small number of miRNAs compared to mRNAs,
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miRNA expression profiles are surprisingly informative and outperform mRNA expression
profiles when applied to the classification of poorly differentiated tumors (126). miRNA
expression can distinguish tumors from normal tissues as well as tumors of different
developmental origin. Furthermore, distinct miRNA expression patterns are observed in tumors
evolved within a singe developmental lineage. For example, bone marrow samples from patients
with acute lymphoblastic leukemia (ALL) are clustered into three different branches using
miRNA expression profiles: one branch is prevalent with t(9;22) BCR-ABL or t(12;21) TELAML1 fusion genes; the second branch contains T-cell ALL samples; most samples in the third
branch contain a MLL gene rearrangement (126). Therefore, miRNA expression profiles may
reflect mechanisms of tumor transformation, underscoring the implication of miRNAs during
tumorigenesis.
Cancer-specific miRNA expression profiles are identified in many types of human malignancies,
including leukemia, breast cancer, lung cancer, glioblastoma, colon adenocarcinoma, pancreatic
adenocarcinoma, papillary thyroid carcinoma, hepatocellular carcinoma, ovarian cancer,
sarcomas, and melanoma cell lines (107, 127-136). When correlated with clinical outcomes,
specific miRNA expression signatures demonstrate tremendous potential as novel prognostic
markers. For example, in lung cancer, high levels of miR-155 and low levels of let-7a-2 correlate
with a poor prognosis (128). A unique miRNA expression signature consisting of 13 genes is
associated with known prognostic factors as well as progression free survival in patients with
chronic lymphocytic leukemia (137). High miR-21 expression is associated with poor survival
and poor therapeutic outcome in colon cancer (130). Five miRNAs, miR-210, miR-21, miR106b*, miR-197, and let-7i are associated with overall survival in patients with invasive ductal
carcinoma (138).
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1.3.4 miRNA expression in melanoma
One early indication of miRNA dysregulation in melanoma came from a high-resolution aCGH
study that examined the genome-wide gene copy number alterations in cancer in 2006 (92). A
high proportion of genomic loci containing miRNA genes as well as miRNA processing genes
were found to exhibit DNA copy number abnormalities in melanoma. In another study, the
expression profiles of 241 miRNAs in the NCI-60 panel of human tumor-derived cell lines were
examined using real-time PCR (139). Agglomerative hierarchical clustering analysis of miRNA
expression revealed that eight melanoma tumor-derived cell lines clustered together, reflecting
their tissue specific expression patterns. When compared with levels in the other NCI-60 lines, 15
miRNAs were significantly differently expressed in melanoma cell lines, including 4 upregulated
and 11 downregulated. The above data, though limited, strongly suggest that miRNA expression
may be dysregulated in melanoma.

1.4 Hypothesis and Objectives
Little was known about miRNA expression in melanoma nor the role miRNA played in
melanoma progression when I started my thesis project in September 2007. Although miRNA
expression in melanoma cell lines had been profiled, the miRNA expression in tumor tissue
samples had not been examined. It is well recognized that cell lines can show significant
differences from actual tumor samples (140), an issue we will address in Chapter 5. What’s more,
benign controls were not used in the previous miRNA expression profile study, making it hard to
gauge the association between miRNA dysregulation and melanoma development (139).
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Therefore, we proposed to profile miRNA expression in malignant melanoma as well as benign
nevi tissue samples using high-throughput miRNA microarrays. Furthermore, we would
characterize the biological functions of miRNAs that are dysregulated during melanoma
progression.

1.4.1 Hypothesis
In melanoma, aberrant expression of specific miRNAs affects downstream signaling pathways,
facilitating melanoma initiation and progression.

1.4.2 Objectives and Result Summary
1.4.2.1 Evaluation of miRNA expression in melanocytic tissues
Initially, we profiled the expression of 470 miRNAs in 8 benign nevi and 8 metastatic melanoma
tissue samples using the Agilent miRNA microarray platform (Figure 1-5) (Chapter 2). An
additional 15 primary melanoma tissue samples were profiled subsequently (Figure 3-1A)
(Chapter 3). All the samples used for miRNA expression profiles were archival Formalin-Fixed,
Paraffin-Embedded (FFPE) tissues. Prior to this study, our group found high correlations between
the miRNA expression profiles of matched frozen and FFPE tissue samples, supporting the use of
FFPE-derived miRNAs for the array-based expression profiling (141). As we will discuss in
Chapter 3, the ability to use archival FFPE samples is particularly important in that frozen
melanoma samples are not readily available in the current clinical setting. Using unsupervised
hierarchical clustering analysis, miRNA expression profiles could clearly separate benign nevi
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Figure 1-5. The flow chart of Agilent miRNA microarray
After being extracted from FFPE samples, total RNAs will be dephosphorylated and labeled with cyanine3pCp at their 3’ ends. Then labeled RNAs will be hybridized with oligo probes that detect 470 miRNAs on
the arrays. After washing and scanning, the data will be extracted using Agilent Feature Extraction
Software (adapted from http://www.chem.agilent.com/Library/ brochures/5989-6226EN_Final_low.pdf).
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from metastatic melanomas, suggesting distinct miRNA expression patterns in the two
pathologically different tissues (Figure 2-1A). Furthermore, we identified 31 miRNAs that were
differentially expressed in metastatic melanomas relative to benign nevi, including 13 upregulated
and 18 downregulated miRNAs (Figure 2-1B). We speculated those dysregulated miRNAs might
be implicated in melanoma progression. Some of the upregulated miRNAs, such as miR-21 and
the miR-17-92 family miRNAs are known to have oncogenic roles, whereas some of the
downregulated miRNAs, such as the let-7 family and the miR-200 family miRNAs can function
as tumor suppressors.
1.4.2.2 Characterization of the biological function and downstream targets of miR-193b in
melanoma
miR-193b was one of the most significantly downregulated miRNAs in our microarray study.
However, its cellular function was unknown in melanoma as well as in other cancers. Using an in
vitro melanoma cell line model, we revealed that ectopic expression of miR-193b in melanoma
cells drastically repressed cell proliferation and migration (Chapter 2 and Chapter 4). What’s
more, miR-193b could also sensitize melanoma cells to ABT-737-induced apoptosis (Chapter 3).
Meanwhile, in silico target prediction and gene expression analysis were used to screen for the
potential direct targets of miR-193b. Consequently, three genes were found to be particular
interesting: CCND1, Mcl-1, and STMN1. CCND1 and Mcl-1 are two well-known oncogenes in
melanoma, and we confirmed their involvement in cell proliferation and apoptosis respectively.
We were the first to demonstrate that STMN1 is a novel melanoma oncogene, and that it promotes
cell proliferation and migration in melanoma cells (Chapter 4). We were able to demonstrate that
CCND1, Mcl-1, and STMN1 are directly regulated by miR-193b (chapter 2, 3, 4, respectively).
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In summary, through high-throughput miRNA microarray profiling and in vitro functional
studies, the work of this thesis shows the dysregulation of miRNAs in malignant melanoma and
demonstrates that miR-193b functions as a tumor suppressor.
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Chapter 2
MicroRNA-193b Represses Cell Proliferation and Regulates Cyclin D1
in Melanoma
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2.1 Abstract
Cutaneous melanoma is an aggressive form of human skin cancer characterized by high
metastatic potential and poor prognosis. To better understand the role of microRNAs (miRNAs)
in melanoma, the expression of 470 miRNAs was profiled in tissue samples from benign nevi and
metastatic melanomas. We identified 31 miRNAs that were differentially expressed (13
upregulated and 18 downregulated) in metastatic melanomas relative to benign nevi. Notably,
miR-193b was significantly downregulated in the melanoma tissues examined. In order to
understand the role of miR-193b in melanoma, functional studies were undertaken.
Overexpression of miR-193b in melanoma cell lines repressed cell proliferation. Gene expression
profiling identified 314 genes downregulated by overexpression of miR-193b in Malme-3M cells.
Eighteen of these downregulated genes, including cyclin D1 (CCND1), were also identified as
putative miR-193b targets by TargetScan. Overexpression of miR-193b in Malme-3M cells
downregulated CCND1 mRNA and protein by ≥50%. A luciferase reporter assay confirmed that
miR-193b directly regulates CCND1 by binding to the 3' untranslated region (3’ UTR) of CCND1
mRNA. These studies indicate that miR-193b represses cell proliferation and regulates CCND1
expression, and suggest that dysregulation of miR-193b may play an important role in melanoma
development.
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2.2 Introduction
Cutaneous melanoma is a form of skin cancer characterized by aggressive metastatic growth and
poor prognosis (8). The incidence of melanoma continues to increase in many parts of the world
(142). The median survival time of patients with metastatic melanoma is 6 months, and the 5-year
survival rate is less than 5% (7). Genetic factors and exposure to UVR (ultraviolet radiation) are
risk factors for melanoma pathogenesis (3).
MicroRNAs (miRNAs) are a class of small (~ 22 nucleotides) non-coding regulatory RNAs
found in animals, plants, and viruses (55). miRNAs regulate gene expression through imperfect or
perfect base pairing with the 3’ untranslated region (3’UTR) of targeted messenger RNA
(mRNA), resulting in translation repression or mRNA destabilization and degradation (55). The
exact mechanisms by which miRNAs recognize and regulate target genes are not well
understood (73). Experimental data demonstrated that a 6-nucleotide seed sequence, from
nucleotides 2 to 7 at the 5’ end of the miRNA, called miRNA “seed”, is involved in target
recognition (143). Genes targeted by a miRNA often contain seed-matched sites at their 3’ UTR.
Nevertheless, a single miRNA can regulate expression of hundreds of genes (80, 83) and at least
one third of human protein-coding genes are thought to be regulated by miRNAs (144).
Importantly, miRNA target sites are often evolutionarily conserved in the genomes of many
species, suggesting that miRNA:mRNA interactions are functionally significant and biologically
important. Consistent with this, functional studies have implicated miRNAs in many biological
processes, including development, differentiation, apoptosis and cell proliferation (55).
Recent studies have characterized diverse miRNA regulatory networks and suggested that
miRNA dysregulation plays an important role in human cancer. Cancer-specific miRNA
expression profiles have been identified in a variety of human malignancies (90). Depending on
37

the specific miRNA and the cellular context, miRNAs are reported to act as either tumor
suppressors or oncogenes (145). Differential expression of miRNAs in cancer cells may in part
reflect the fact that many miRNA genes are located in cancer-associated genomic regions (91).
Abnormal epigenetic regulation and transcriptional factor deregulation may also contribute to
distinct patterns of miRNA expression in cancer cells (96, 102).
Several previous studies have examined possible roles of miRNA dysregulation in melanoma.
One study examined the relative expression of 157 miRNAs in primary melanomas and benign
nevi using quantitative real-time PCR (146). Schultz et al. showed that let-7 family miRNAs were
significantly downregulated in primary melanomas and let-7b inhibited melanoma cell cycle
progression (146). Another study examined miRNA expression profiles in melanocytes and cell
lines derived from primary or metastatic melanomas and identified large numbers of miRNAs
associated with melanoma progression and metastatic colonization (136). However, it has been
suggested that that global miRNA abundance is generally higher in tissues compared to cell lines
(140), and we believe a study using tissues can add important information to this field. In this
study, we profiled 470 miRNAs in metastatic melanomas and benign nevi using a microarray
platform, and identified 31 miRNAs that were differentially expressed in melanomas compared to
nevi. One candidate miRNA identified in this study is miR-193b. We demonstrated miR-193b
represses melanoma cell proliferation, and that CCND1 is a direct target of miR-193b.

2.3 Materials and Methods
2.3.1 Cell culture and tissue samples
Metastatic melanoma cell lines Malme-3M, SKMEL-28, SKMEL-5 were grown in RPMI
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medium 1640 (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Hyclone)
at 37°C and 5% CO2.
Formalin-fixed paraffin-embedded (FFPE) tissues from 8 benign nevi and 8 metastatic
melanomas were obtained from the Department of Pathology and Molecular Medicine, Kingston
General Hospital. All cases were diagnosed and classified by a Dermatopathologist (V.A.T.).
Tissue samples used in this study were all within 3 years of formalin fixation/embedding. Ethics
approval was obtained from the Faculty of Health Sciences Ethics Board at Queen’s University.

2.3.2 MicroRNA microarrays
Total RNA was isolated from FFPE samples using the RecoverAll Total RNA Isolation kit
(Ambion, Austin, TX, USA) according to the manufacturer’s instructions. For each sample, three
20-µm sections were used for RNA isolation. Agilent MicroRNA V1 arrays, which detect 470
human miRNAs, were used for profiling as described previously (141). Briefly, 100 ng of total
RNA from each sample was dephosphorylated and ligated with pCp-Cy3 (Agilent, Santa Clara,
CA, USA). Labeled RNA was purified and hybridized in a rotating oven at 55°C for 20 hours.
The chips were scanned with the Agilent DNA Microarray scanner, and signals were quantified
using the Agilent Feature Extraction 9.5.3.1 software. Raw data can be accessed via the National
Center for Biotechnology Information Gene Expression Omnibus website (http://www.
ncbi.nlm.nih.gov/geo/, accession number GSE18512, release date Dec 20, 2009).

2.3.3 MicroRNA real-time PCR
To measure specific miRNA expression patterns in FFPE tissues, the same total RNA described
above was used for real-time PCR assays. As well, total RNA from transfected cell lines was
isolated using the miRNeasy Mini kit (Qiaqen, Valencia, CA, USA) according to the
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manufacturer’s protocol. miRNA levels were determined using the TaqMan MicroRNA Assays
(Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol. Briefly,
miRNAs were reverse transcribed using miRNA specific stem-loop RT primers purchased from
Applied Biosystems. Subsequent real-time PCR reactions were performed using the Eppendorf
Realplex system (Eppendorf, Hamburg, Germany). PCR reactions were incubated in a 96-well
plate at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. All
miRNAs were assayed in triplicate and data were normalized to endogenous RNU6B. The
relative levels were calculated using the ΔΔCt method.

2.3.4 Reagents
The Pre-miR™ hsa-miR-193b miRNA Precursor and Pre-miR™ Negative Control used for miR193b overexpression studies were purchased from Ambion. The miRNA precursors are modified
double-stranded RNA molecules designed to mimic endogenous mature miRNAs. The CCND1
siRNA and the negative control siRNA were purchased from Applied Biosystems. Transfection
reagent was Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Dicer-substrate Mcl-1 siRNA
was obtained from Integrated DNA Technologies (Coralville, IA, USA). The transfection
efficiency was >95% (data not shown). miR-193b overexpression after transfection was
confirmed by real-time PCR (Supplementary Figure A1).

2.3.5 Proliferation, apoptosis and cell cycle assays
Cells were seeded in 6-well plates at 100,000 cell/well the day before transfection. Malme-3M
cells were transfected with 5nM miRNA precursors (either miR-193b or negative control);
SKMEL-28 and SKMEL-5 were transfected with 50nM miRNA precursors (either miR-193b or
negative control).
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Proliferation was measured using the Cell Proliferation ELISA, BrdU (chemiluminescence) by
Roche Applied Biosciences (Laval, Quebec, Canada) following the manufacturer’s instructions.
Briefly, cells were harvested 72 h post-transfection, counted and re-seeded in 96-well black plates
(Corning®, Corning, NY, USA) at 3,500 cells/well. Cells were incubated for 24 h in the presence
of BrdU before fixing and labelling with anti-BrdU antibody. Chemiluminescence signal was
measured using a EG&G Berthold microplate luminometer. Results are presented as relative level
of proliferation, and are the mean of three independent experiments ± SEM.
For apoptosis analysis, the proportion of cells undergoing apoptosis and necrosis was measured
using the Annexin V FITC Apoptosis Detection kit (Calbiochem, San Diego, CA, USA). In brief,
cells were collected 72 h post-transfection, washed twice with cold phosphate-buffered solution
(PBS), then resuspended in annexin V binding buffer. FITC-conjugated annexin V (1.25
µl/sample) was added and cells incubated for 30 min at room temperature in the dark. Cells were
centrifuged, resuspended in binding buffer and propidium iodide was added (10 µl/sample).
Samples were kept on ice and analyzed immediately by flow cytometry, using a Beckman Coulter
EPICS Altra HSS flow cytometer. For positive control, Malme-3M cells were treated with 10nM
Mcl-1 DsiRNA and 10uM ABT-737 as described previously (41). Representative data from one
of three independent experiments are shown.
For cell cycle analysis, samples were harvested 72 h post-transfection, fixed overnight in ice-cold
ethanol (70% vol/vol) and stained for 3 h at 4°C with 50 µg ml–1 propidium iodide (PI,
Calbiochem) in PBS containing 3.8mM sodium citrate and 0.5 µg ml-1 RNase A (Sigma-Aldrich,
Oakville, ON, Canada) in 10mM Tris pH 7.5, 15 mM NaCl. DNA content was determined using
a Beckman Coulter EPICS Altra HSS flow cytometer. Results are presented as % of cell
population in each cell cycle phase. Data are the mean of three independent experiments ± SEM.
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P value was calculated using G1 population by independent samples t test.

2.3.6 Gene expression microarray
Malme-3M cells were seeded 100,000 cells/well in 6-well plate and transfected the following day
with 5 nM miRNA precursors (either miR-193b or negative control). Total RNA was harvested
24 h after transfection using miRNeasy Mini kit (Qiagen). The Agilent Microarray Platform for
One-Color Analysis of Gene Expression was used for profiling (Agilent). Briefly, 500 ng total
RNA of each sample was mixed with 5 µL of a 5,000-fold dilution of Agilent's One-Color Spikein RNA control. The mixture was amplified and labeled using the One color, Quick Amp
Labelling kit (Agilent). mRNA was primed with an oligo (dT) primer containing a T7 RNA
polymerase promoter to synthesize double stranded cDNA as a template for in vitro transcription
to generate Cy3 labeled cRNA. Following amplification and labelling, cRNA yield and specific
activity were assessed using Nanodrop ND-1000 (Nanodrop, Wilmington, DE). Only samples
with cRNA yields >1.65 µg and specific activities >9.0 pmol Cy3/µg cRNA were processed
further. Successfully amplified and labeled samples were fragmented at 60°C for 30 min and
hybridized to Agilent Human 4X44K Whole genome microarrays in a rotating oven at 65°C for
17 h. Microarray chips were scanned with the Agilent DNA Microarray scanner and quantified as
described above for miRNA chips. Raw data can be accessed via National Center for
Biotechnology Information Gene Expression Omnibus website (http://www.ncbi.nlm.nih.gov/
geo/, accession number GSE18512, release date Dec 20, 2009).

2.3.7 mRNA real-time PCR
Total RNA from transfected cell cultures was isolated using miRNeasy Mini kit (Qiaqen), and
then reverse transcribed to cDNA using TaqMan Reverse Transcription Reagents (Applied
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Biosystems). 300 ng total RNA was random primed and reverse transcribed on a thermal cycler.
CCND1 mRNA quantification was then performed using CCND1 TaqMan Gene Expression
Assay (Applied Biosystems) on an Eppendorf Realplex platform (Eppendorf). The PCR mixture
was incubated at 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, 60°C
for 60 s. Beta-actin was used as housekeeping gene for normalization. The relative levels were
calculated using the ΔΔCt method.

2.3.8 Western blotting
30 µg cell lysates were separated on 15% SDS-polyacrylamide gels, and then were transferred to
PVDF membrane (Millipore, Bedford, MA, USA). The CCND1 antibody used for blotting was
purchased from BD Biosciences (San Jose, CA, USA), and gamma tubulin was purchased from
Sigma-Aldrich. Densitometry was performed using Quantity One software (Bio-Rad,
Mississauga, ON, Canada).

2.3.9 Vector construction and luciferase assay
We generated pGL3-CCND1 by amplifying a 512 bp 3’ UTR fragment of CCND1 gene
harbouring the miR-193b binding site predicted by the TargetScan (http://www.targetscan.org/,
accession date Oct 27, 09) and subsequently cloning it into the pGL3 control vector (Promega,
Madison, WI, USA) at the XbaI site immediately downstream of firefly luciferase. The primer
sequences used for amplification were (XbaI sites are in bold): sense 5’-GC TCT AGA GGA
GGC TGC GTG CCA GTC AAG AAG-3’ and antisense 5’-GC TCT AGA CCT TGC ACC
CAT GCC TGT CCA ATC-3’. pGL3-CCND1 was subsequently used as a template to generate
the control vector pGL3-CCND1 MM, which has two mismatch mutations in the miR-193b seed
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complementary site. Overlapping PCR was used to introduce mutations into the control vector.
The following primers were used for PCR amplification: sense 5’-GC AGA GGA TGT TCA
TAA GGG CAG AAT GAT TTA TAA ATG CAA TCT CC-3’ and antisense 5’-G GAG ATT
GCA TTT ATA AAT CAT TCT GCC CTT ATG AAC ATC CTC TGC-3’ (mismatch
nucleotides are in bold).
Malme-3M cells were seeded at 75,000 cells/well in a 12-well plate the day before transfection.
The cells were co-transfected with 5 nM miRNA precursor (either miR-193b or negative control),
400 ng of firefly luciferase vector (either pGL3-CCND1 or pGL3-CCND1 MM), and 50 ng of
Renilla luciferase vector (pRL-TK). Luciferase activity was measured 24 h after transfection
using the Dual-Luciferase Reporter Assay System (Promega). The Renilla luciferase activity
served as internal control.

2.3.10 Immunohistochemistry and image analysis
Immunohistochemistry (IHC) was performed in the Department of Pathology and Molecular
Medicine at the Kingston General Hospital using a standard protocol on tissue microarray (TMA)
slides. Anti-Cyclin D1 antibody (NeoMarkers, clone SP4) was used at a 1 ⁄100 dilution and
incubated for 32 minutes at 37C. Stained slides were scanned on an Aperio scanner (Vista, CA,
USA) and the percentage of CCND1 positive nuclei in cell population was quantified using IHC
Image Analysis software.

2.3.11 Statistical analysis
In the miRNA microarray study, unsupervised hierarchical clustering was performed on log2
transformed data (signal values less 1 were reassigned to 1) with Cluster 3.0 using uncentered
correlation metric and average linkage methods (147). The results were visualized by Java
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Treeview 1.1.1 (http://jtreeview.sourceforge.net/, accession date Oct 27, 09). To identify
differentially expressed miRNAs, significance analysis of microarray (SAM) was performed on
the array data without log transformation (148, 149). miRNAs were excluded after SAM analysis
when the absolute mean difference of their expression between melanomas and nevi (numerator
|r|) was < 15. The heatmap, presenting the log2 transformed fold changes of miRNAs, was
generated using Cluster 3.0 and Java Treeview as described above. In the gene expression
microarray study, raw data were normalized and analyzed using GeneSpring GX 10.0.2 (Agilent).
For quality control, probe sets were filtered to include only genes that were described as
“Present” or “Marginal” by GeneSpring in all 4 samples, and genes with raw signals < 25.0 were
removed from subsequent analyses. P-values were calculated for two pair-wise comparisons
between Malme-3M cells with or without miR-193b overexpression using the paired t test.
In the bar graphs, data were analysed by t test using SPSS Statistics 17.0 (SPSS Inc., Chicago,
Illinois, USA). A P-value < 0.05 was considered statistically significant.

2.4 Results
2.4.1 Distinct miRNA signatures in metastatic melanoma and benign nevus
Our initial studies examined the expression of 470 miRNAs in FFPE samples from 8 benign nevi
and 8 metastatic melanomas using the Agilent miRNA microarray platform (version 1.5) in order
to identify possible miRNA candidates for functional studies. We used these two groupings
because they represent two biologically and clinically distinct melanocytic tissues. In our opinion,
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Figure 2-1. Unsupervised hierarchical clustering of miRNA expression data and heatmap of
differentially expressed miRNAs.
(A) The dendrogram was generated by comparing miRNA expression profiles of metastatic melanomas
(MEL) and benign nevi (NEVUS) using Cluster 3.0. Average linkage clustering was performed using
uncentered correlation metric, and visualized by Java Treeview. (B) miRNAs were identified by SAM after
comparing microarray results between metastatic melanomas and benign nevi (false discovery rate
q<0.001). The heatmap displays the log2 transformed fold changes. Red indicates overexpression, and
green indicates downregulation.
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nevus is the best surrogate for benign melanocytes, whereas metastatic melanoma, by virtue of
the fact that it has spread, is clearly malignant. The validity of using this method with FFPE tissue
samples was confirmed previously by us and others (141, 148). Data were analyzed by
unsupervised hierarchical clustering and the results were summarized in a dendrogram (Figure 21A), which clearly shows that benign nevi cluster separately from metastatic melanomas.
We compared the expression of miRNAs between metastatic melanomas and benign nevi, and
identified differentially expressed miRNAs by Significance Analysis of Microarray (SAM). By
using 1000 permutations and selecting a false discovery rate q < 0.001, we identified 31
differentially expressed miRNAs including 13 upregulated and 18 downregulated in metastatic
melanomas compared to benign nevi (Figure 2-1B). To provide a technical validation, 5
significantly upregulated miRNAs and 10 significantly downregulated miRNAs were quantified
in 4 metastatic melanoma samples and 4 benign nevus samples by real-time PCR using the same
RNA samples isolated for the microarray studies. The levels of miRNAs detected by real-time
PCR agreed with the microarray results (Figure 2-2). On average, the 5 upregulated miRNAs
were expressed at a 4-fold higher level in metastatic melanomas than in nevi, and the 10
downregulated miRNAs, with the exception of miR-214, were expressed on average at 2-fold
lower level in metastatic melanoma samples.

2.4.2 miR-193b suppresses melanoma cell proliferation
In the SAM analysis (150), miR-193b had the largest relative difference (score d = -6.9) among
the downregulated miRNAs and its expression was 3.4-fold lower in metastatic melanomas
compared to benign nevi. The downregulation of miR-193b was also confirmed by real-time PCR
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Figure 2-2. Real-time PCR analysis of miRNAs in melanoma.
Candidates were selected from dysregulated miRNAs identified in the microarray study: upregulated
miRNAs in metastatic melanomas (upper panel) and downregulated miRNAs in metastatic melanomas
(lower panel). Their expression levels were quantified by the TaqMan microRNA assays. RNU6B was used
as an internal control. Each sample was measured in triplicate. Data are the mean ± SEM of four tissue
samples.
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(Figure 2-2). Its function in melanoma is unknown. To investigate the functional roles of miR193b, three metastatic melanoma cell line, Malme-3M, SKMEL-28, and SKMEL-5 were
transfected with miRNA precursors (either miR-193b or negative control). Cell proliferation was
measured using the BrdU incorporation assay (Roche). Overexpression of miR-193b repressed
cell proliferation in all three melanoma cell lines (Figure 2-3A and Supplementary Figure A1).
Among them, Malme-3M cells were the most responsive, showing a nearly 60% reduction in
proliferation after miR-193b overexpression. Thus, additional functional studies on miR-193b
were conducted in Malme-3M cells.
In order to determine whether reduced cell proliferation was apoptosis-independent, we
performed Annexin V - FITC staining to detect apoptosis. Annexin V-FITC data showed that
overexpression of miR-193b did not significantly alter the fraction of necrotic or apoptotic
Malme-3M cells (Figure 2-3B). Cell cycle analysis by propidium iodide (PI) staining was
performed. Overexpression of miR-193b increased the fraction of cells in the G1 phase from
62% to 85% while decreasing the fraction of cells in the S phase and G2 phase from 27% and
12% to 10% and 6%, respectively (Figure 2-3C). This result suggests that miR-193b represses
cell proliferation by arresting cells in the G1 phase, without inducing cell death.

2.4.3 Gene expression profiling reveals CCND1 as one of miR-193b potential targets
It is crucial to identify functionally important miRNA targets in order to understand how a
specific miRNA functions. Recent studies showed that mRNA destabilization is the major
component of the miRNA repression mechanism in targets with robust protein reduction (80).
Thus, we performed gene expression analysis to globally screen for miR-193b targets that may
affect cell proliferation. By comparing mRNA expression levels in Malme-3M cells transfected
with miRNA precursors (either miR-193b or negative control) using the whole human genome
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Figure 2-3. Effect of miR-193b overexpression on proliferation and apoptosis in melanoma cells.
Malme-3M, SKMEL-28, and SKMEL-5 cells were transfected with miRNA precursors (either miR-193b
or negative control) for 72 h. (A) Transfected cells, incubated with BrdU, were seeded at 3,500 cells per
well into 96-well black plate. After 24 h, cell proliferation rate was assessed using the Cell Proliferation
ELISA. The data are mean ± SEM from three independent experiments, each performed in octuplicate. (B)
Cells were fixed, stained with Annexin V FITC and propidium iodide (PI) and analyzed by flow cytometry.
Necrotic cells in D1, necrotic and late apoptotic cells in D2, viable cells in D3, and early apoptotic cells in
D4. As a positive control, Malme-3M cells were treated with Mcl-1 DsiRNA and ABT-737 as described
previously [20]. Graphs show representative results from one of three independent experiments. (C)
Malme-3M cells were fixed and treated with RNase. After PI staining, cells were analyzed by flow
cytometry. Data are the mean of four independent experiments, presented as mean ± SEM. ***, P <0.001
was calculated using G1 population by independent samples t test.
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microarray (Agilent), we identified 314 genes that were downregulated more than 1.5 fold (P
<0.05) by miR-193b overexpression (See Supplementary Table S1 at http://ajp.amjpathol.org).
Ingenuity Pathways Analysis (IPA) functional analysis was performed to examine the molecular
and cellular functions of those genes. IPA analysis revealed that the most significantly enriched
gene ontology category among downregulated genes was cell cycle, indicating miR-193b,
directly or indirectly, regulates genes involved in cell cycle progression (Figure 2-4).
Interestingly, 18 of the genes downregulated following miR-193b overexpression were also the
targets of miR-193b predicted by TargetScan (Human 5.1, http://www.targetscan.org/, accession
date Oct 27, 09) (Table 2-1). We reasoned that genes predicted by TargetScan are more likely to
be the direct targets of miR-193b since they contain the predicted evolutionary conserved miR193b seed binding sites. Of those 18 genes, CCND1 was of particular interest. CCND1 plays an
important role in regulating the G1/S transition during cell cycle progression. This is consistent
with the observation that overexpression of miR-193b inhibited cell growth and increased G1 cell
cycle arrest, effects that could be mediated by repression of CCND1.

2.4.4 miR-193b suppresses cell proliferation by directly downregulating CCND1
To validate CCND1 as a target of miR-193b, CCND1 mRNA and protein were quantified in
Malme-3M cells with or without overexpression of miR-193b. The results showed that CCND1
mRNA and protein levels were approximately 50% lower in cells overexpressing miR-193b than
in control cells (Figures 2-5). It is predicted that lower expression of CCND1 will inhibit cell
proliferation. We examined this prediction by knocking down CCND1 expression in Malme-3M
cells using siRNA, and measuring cell proliferation and cell cycle progression (Figure 2-6). The
results confirmed that CCND1 knockdown inhibits cell proliferation and causes G1 phase arrest
in Malme-3M cells (Figures 2-6, B and C). Therefore, CCND1 may be an important miR-193b
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Figure 2-4. Ingenuity Pathways Analysis (IPA).
Core analysis was performed on 314 genes downregulated in Malme-3M cells after overexpressing miR193b. Molecular and cellular functions associated with downregulated genes were determined and analyzed
by Fisher’s Exact Test P-value. The threshold P-value was 0.05.
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Table 2-1. Genes downregulated by miR-193b that are predicted by TargetScan.
Downregulated Genes
Homo sapiens abl interactor 2 (ABI2)
Homo sapiens adenylate cyclase 9 (ADCY9)
Homo sapiens Rho GTPase activating protein 19 (ARHGAP19)
Homo sapiens atonal homolog 8 (Drosophila) (ATOH8)
Homo sapiens cyclin D1 (CCND1)
Homo sapiens calsyntenin 1 (CLSTN1)
Homo sapiens CCR4-NOT transcription complex, subunit 6 (CNOT6)
Homo sapiens E2F transcription factor 6 (E2F6)
Homo sapiens v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog
(KRAS)
Homo sapiens leucine rich repeat containing 8 family, member A
(LRRC8A)
Homo sapiens myeloid cell leukemia sequence 1 (BCL2-related) (MCL1)
Homo sapiens RNA binding motif protein 8A (RBM8A)
Homo sapiens remodeling and spacing factor 1 (RSF1)
Homo sapiens selenoprotein N, 1 (SEPN1)
Homo sapiens stathmin 1/oncoprotein 18 (STMN1)
Homo sapiens tumor necrosis factor receptor superfamily, member 21
(TNFRSF21)
Homo sapiens WD repeat domain 68 (WDR68)
Homo sapiens zinc finger protein 365 (ZNF365)

Fold
Change
3
1.94
2.38
1.54
2.02
1.81
2.17
1.54
2.63
1.77
1.64
1.72
1.67
2.05
4.47
2.16
2.89
1.74

Gene expression microarray analysis was performed on Malme-3M cells 24h post-transfection with miR193b.
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Figure 2-5. miR-193b represses CCND1 expression.
Malme-3M cells were transfected with miRNA precursors (either miR-193b or negative control) for 72 h.
(A) Real-time PCR was used to quantify CCND1 mRNA; beta-actin was used as the internal control. Data
are mean ± SEM of three independent experiments, each performed in triplicate. (B) CCND1 protein was
quantified by western blotting. Gamma tubulin was used as the loading control. Representative data from
one of three independent experiments are shown.
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Figure 2-6. CCND1 knockdown suppresses cell proliferation.
Malme-3M cells were transfected with either CCND1 siRNA or negative control (Neg Ctrl) siRNA for 72
h. (A) CCND1 protein was quantified by western blotting. Gamma tubulin was used as the loading control.
Representative data from one of three independent experiments are shown. (B) Cell proliferation was
measured as described in the legend to Figure 2-3A. The data are mean ± SEM from three independent
experiments, each performed in octuplicate. (C) Cell cycle progression was analyzed as described in the
legend to Figure 2-3C. **, P <0.004 was calculated using G1 population by independent samples t test.
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target gene, and may play a direct role in mediating the effects of miR-193b overexpression on
proliferation of melanoma cells.
As mentioned above, TargetScan identified an evolutionarily conserved binding site for miR193b in the 3’ UTR of CCND1. To investigate whether miR-193b directly binds to the predicted
binding site, we cloned a 512 base pair fragment of the CCND1 3’ UTR harbouring the potential
binding site into a pGL3 control plasmid and downstream of a luciferase reporter gene (Figure 27A). Similar sequence containing two mismatch mutations at the conserved miRNA seed binding
site was cloned into the luciferase reporter plasmid (Figure 2-7A). These luciferase reporter
constructs were co-transfected with miRNA precursors (either miR-193b or negative control).
The results showed that activity of the luciferase reporter gene carrying the wild type CCND1 3'
UTR on average was 30% lower in cells overexpressing miR-193b, while no repression of
luciferase activity was observed in the reporter construct carrying the mutant CCND1 3' UTR
(Figure 2-7B). These results indicate miR-193b can repress CCND1 expression by directly
binding to a specific 3' UTR site of CCND1.

2.4.5 CCND1 level is elevated in melanoma
CCND1 has been reported as a potential oncogene in melanoma (29). In order to confirm that our
melanoma samples demonstrated increased CCND1 levels as previously described (29), we
created a TMA that included our 8 benign nevi and 8 melanoma tumors. IHC was performed
using a rabbit monoclonal antibody directed against CCND1. Image analysis confirmed that the
average cell population with CCND1 positively stained nuclei increased from 9.5% in nevi to
37.9% in melanomas (Supplementary Figure A2)
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Figure 2-7. CCND1 is a direct target of miR-193b.
(A) Luciferase reporter vectors. A fragment of the CCND1 3’ UTR harbouring the predicted binding site of
miR-193b was cloned into a pGL3 control plasmid, downstream of a firefly luciferase reporter gene
(pGL3-CCND1). The control vector (pGL3-CCND1 MM) included two mismatch mutations at the
conserved binding site. The underlined 6-nucleotide indicates miR-193b seed sequence. Mismatch
mutations are in bold and italic. (B) Cells were co-transfected with 5nM miRNA precursors (either miR193b or negative control), 400 ng firefly luciferase report plasmids (either pGL3-CCND1 or pGL3-CCND1
MM) and 50 ng renilla plasmids (pRL-TK). Cells were harvested 24 h after transfection. Protein extracts
were prepared and assayed for firefly and renilla luciferase activity. Firefly luciferase activity was
normalized to renilla luciferase activity. Data are shown as the mean ± SEM of three replicates, and are
representative of three independent experiments. *P<0.013 was calculated using independent samples t test.
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2.5 Discussion
This study analyzed expression of 470 miRNAs in 8 benign nevi and 8 metastatic melanomas,
and identified 31 differentially expressed miRNAs, which may contribute to melanoma
development. Furthermore, a potentially important role in melanoma progression was identified
for miR-193b. miR-193b overexpression correlated with decreased expression of >300 genes in
Malme-3M cells, a number of which are involved in cell cycle progression, including CCND1,
E2F1, cyclin A2 and cell division cycle 2 (CDC2) (See Supplemental Table S1 at
http://ajp.amjpathol.org). In this study, we focused on a well-known cell cycle regulatory gene,
CCND1, and validated it as a direct target of miR-193b. While we did not explore the potential
role of all other putative targets on cell cycle progression, we acknowledge that many of them
may be important targets to validate. A previous study reported that expression of miR-193b was
lower in endometrioid adenocarcinoma cells than in adjacent normal endometrium (151). More
recently, miR-193b was found to repress the expression of estrogen receptor-α and urokinasetype plasminogen activator in breast cancer cell lines (152, 153). This study reports for the first
time that miR-193b overexpression reduces cell proliferation in melanoma cell lines, and suggests
that miR-193b may regulate cell cycle progression by downregulating expression of CCND1
protein. Although we believe G1 arrest is the most likely explanation for the increased proportion
of cells in G1/G0 after miR-193b overexpression, we cannot rule out other possibilities, such as a
lengthening of G1 phase, or the movement of cells into G0, or along differentiation pathways.
CCND1 plays a key role in controlling the cell cycle progression (154). CCND1 binds and
activates CDK4/6, which subsequently phosphorylates tumor suppressor protein Rb and allows
the cell cycle to progress through G1 into S. In normal cells, the expression of CCND1 is induced
by extracellular growth factors. Overexpression of CCND1 has been found in a variety of human
58

malignancies, including parathyroid adenoma, breast cancer, colon cancer, lymphoma, lung
cancer, melanoma, and prostate cancer (154). While gene amplification is observed in a subset of
melanomas, tumors with normal CCND1 gene copy number can also express an elevated level of
CCND1 (29, 30). CCND1 protein levels were also higher in the metastatic melanoma samples
compared to benign nevi in our study (Supplementary Figure A2). Therefore, transcriptional or
translational mechanisms, possibly involving oncogene induction, may increase expression of
CCND1 in melanoma cells that lack CCND1 amplification. For example, the mitogen-activated
protein kinase (MAPK) pathway induces CCND1 expression and is often hyperactivated in
melanoma (155). MAPK pathway activation may result from BRAF mutations, which are
associated with 50% - 70% of melanoma cases (3). Interestingly, more than 80% of benign nevi,
which rarely progress to melanoma, also harbour BRAF mutations (19). It is hypothesized that
these melanocytes fail to proliferate and progress due to oncogene-induced cell senescence and
that additional mutations are needed for complete cellular transformation (3). The results
presented in this study suggest that miR193b is downregulated several-fold in melanoma cells
and that miR-193b represses expression of CCND1. Thus, downregulation of miR-193b in
metastatic melanomas but not in benign nevi may contribute to melanoma progression.
In addition, many of the dysregulated miRNAs identified in our study are dysregulated in other
cancers, and several of the miRNAs that were upregulated in our melanoma samples have
oncogenic properties. For example, the most significantly upregulated miRNA in metastatic
melanomas is miR-21. Since first reported as an anti-apoptotic factor in human glioblastoma cells
(106), miR-21 has been shown to repress a number of tumor suppressors, including phosphatase
and tensin homolog (PTEN) in human hepatocellular cancer cells (110), tropomyosin 1(TPM1)
and programmed cell death 4 (PDCD4) in breast cancer cells (111, 156, 157), as well as
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reversion-inducing cysteine rich protein with Kazal motifs (RECK) and tissue inhibitor of matrix
metalloproteinase 3 (TIMP3) in glioma cells (113). Members of miR-17-92 cluster (miR17-5p
and miR-18a) and its paralog miR-106-25 cluster (miR-106b and miR-93) were also found
upregulated in melanoma samples examined in this study. A large body of evidence suggests that
the miR-17-92 cluster and its paralogs act as oncogenes by regulating apoptosis and cell
proliferation (115). Targets of these miRNAs include transcription factor E2Fs, cyclin-dependent
kinase inhibitor CDKN1A, and pro-apoptotic protein BIM (115). However, not all the
upregulated miRNAs are inclusively oncogenic. For example, miR-16 is a well-known tumor
suppressor that targets oncogenes like Bcl-2 (89), and is upregulated in our melanoma samples.
This is consistent with the fact that Bcl-2 was reported to be downregulated in metastatic
melanoma (34).
Several of the miRNAs reported in this study to be downregulated in melanomas act as tumor
suppressors. For instance, members of the miR-200 family (miR-200b, miR-200c and miR-141)
and miR-205, downregulated in melanomas in this study, were reported to be downregulated in
cells that had undergone epithelial to mesenchymal transition (EMT) (158). These miRNAs
regulate expression of E-cadherin transcriptional repressors, and E-cadherin is downregulated
during melanoma progression (159). Let-7a and let-7b are among miRNAs downregulated in
melanomas in this study. Previous studies revealed that Let-7 family miRNAs function as tumor
suppressors by targeting RAS (105). More recently, let-7b was found to target cyclins and cyclindependent kinase 4 (CDK4) in melanoma cells (146).
In summary, this study characterizes distinct miRNA expression patterns in benign nevi and
melanoma metastases. More importantly, the functional studies suggest that miR-193b may
repress melanoma cell proliferation and regulate CCND1. These results may help explain the
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abnormal expression of CCND1 protein in melanoma. We have begun to examine miR-193b
levels in an independent set of metastatic melanomas in order to provide a biological validation of
our observation in this study. Further study of miR-193b in primary melanomas is necessary to
understand whether downregulation of miR-193b is an early event in melanoma progression.
Because miR-193b appears to have anti-proliferative effects in melanoma cells, it may have
potential as a novel therapeutic agent for melanoma treatment.
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Chapter 3
miR-193b Regulates Mcl-1 in Melanoma
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3.1 Abstract

MicroRNAs (miRNAs) play important roles in gene regulation and their expression is frequently
dysregulated in cancer cells. In a previous study, we reported that miR-193b represses cell
proliferation and regulates cyclin D1 (CCND1) in melanoma cells, suggesting that miR-193b
could act as a tumor suppressor. Herein, we demonstrate that miR-193b also downregulates
myeloid cell leukemia sequence 1 (Mcl-1) in melanoma cells. miRNA microarray profiling
revealed that miR-193b is expressed at a significantly lower level in malignant melanomas than in
benign nevi. Consistent with this, Mcl-1 is detected at a higher level in malignant melanomas
than in benign nevi. In a survey of melanoma samples, the level of Mcl-1 is inversely correlated
to the level of miR-193b. Overexpression of miR-193b in melanoma cells represses Mcl-1
expression. Previous studies showed that Mcl-1 knockdown cells are hypersensitive to ABT-737,
a small molecule inhibitor of Bcl-2, Bcl-XL and Bcl-w. Similarly, overexpression of miR-193b
restores ABT-737 sensitivity to ABT-737-resistant cells. Furthermore, the effect of miR-193b on
expression of Mcl-1 appears to be mediated by direct interaction between miR-193b and seed and
seedless pairing sequences in the 3’ untranslated region (3’ UTR) of Mcl-1 mRNA. Thus, this
study provides evidence that miR-193b directly regulates Mcl-1, and that downregulation of miR193b in vivo could be an early event in melanoma progression.
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3.2 Introduction
MicroRNAs (miRNAs) are ~ 22 nucleotide (nt) non-coding RNAs that play important regulatory
roles in animals and plants (55). miRNAs repress protein-coding genes post-transcriptionally by
pairing to and destabilizing target mRNAs or decreasing the efficiency of target mRNA
translation (85). Most miRNAs bind to conserved sequences in the 3’ UTR of target genes that
form Watson-Crick base pairs with the miRNA “seed” (2 -7 nt at the 5’ end of the miRNA) (74)
or other highly complementary sequences outside the miRNA seed region (82). Typically,
miRNAs regulate the expression of hundreds of genes (80, 83), and to date, 1048 miRNA coding
genes

have

been

mapped

in

the

human

genome

(http://www.mirbase.org/cgi-

bin/mirna_summary.pl?org=hsa). It is estimated that up to 60% of human genes are regulated by
miRNAs (79).
Dysregulation of miRNAs is involved in human diseases including cancer and distinct miRNA
expression profiles (signatures) have been identified in human tumors and tumor cell lines [8].
Depending on tissue, cellular context and specific target gene, miRNAs can act as oncogenes or
tumor suppressors (90, 145). Recent studies suggest that miRNA dysregulation may play a role in
progression of melanoma (160). For example, miR-137 targets microphthalmia-associated
transcription factor (MITF), which is the master regulator of melanocyte development, survival,
and function (161). The miR-221/222 oncogenes promote proliferation and de-differentiation of
melanoma cells by repressing c-KIT and p27Kip (162). miR-182 enhances melanoma metastasis
by targeting FOXO3 and MITF (163). On the other hand, tumor suppressors such as let-7b and
miR-193b, which are often downregulated in melanomas, target CCND1 and other important cell
cycle regulators (146, 164). Three miRNAs, miR-34b, miR-34c, and miR-199a*, repress MET
expression and weaken MET-mediated cell motility and invasion (165).
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Recent studies support the idea that miR-193b is a tumor suppressor. For example,
overexpression of miR-193b represses estrogen receptor-α and urokinase-type plasminogen
activator in breast cancer cell lines, subsequently inhibiting cell proliferation and invasion (152,
153). Our group first demonstrated that overexpression of miR-193b represses cell proliferation
and arrests cells in G1 by targeting CCND1 in melanoma cells (164). More recently, Xu et al.
demonstrated that miR-193b targets CCND1 in hepatocellular carcinoma cells and regulates
proliferation, migration, and invasion (166).
We previously identified distinct miRNA expression profiles in metastatic melanomas and
demonstrated that miR-193b was downregulated in metastatic melanomas relative to benign nevi
(164). Having identified miR-193b as a potentially important miRNA in melanoma, our primary
goal with this study was to explore its potential role in the regulation of a critical target gene,
Mcl-1, in melanoma. The results demonstrate that overexpression of miR-193b represses Mcl-1
expression and sensitizes melanoma cells to ABT-737-induced apoptosis. Luciferase reporter
assay suggests that miR-193b directly regulates Mcl-1 by binding to seed and seedless pairing
sequences in the Mcl-1 3’ UTR.

3.3 Materials and Methods
3.3.1 Clinical specimens
In addition to the eight benign nevi and eight metastatic melanoma samples described in our
previous study (164), fifteen primary melanoma samples were retrieved from the Department of
Pathology and Molecular Medicine, Kingston General Hospital. All samples were formalin-fixed
paraffin-embedded (FFPE) and reviewed by a dermatopathologist (V.A.T). The validity of using
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FFPE samples for Agilent microarray analysis was confirmed by previous studies (141, 149). The
Faculty of Health Sciences Ethics Board at Queen’s University approved the study.

3.3.2 miRNA microarray
Total RNA was isolated from FFPE samples using the RecoverAll Total RNA Isolation kit
(Ambion, Austin, TX) according to the manufacturer’s instructions. The procedure for miRNA
microarray was described in detail previously (164). Raw microarray data from the current study
were submitted to the National Center for Biotechnology Information Gene Expression Omnibus
website (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE24996).

3.3.3 Immunohistochemistry
Immunohistochemistry (IHC) was performed on tissue microarray (TMA) slides with anti-Mcl-1
antibody (1:800, Cell Signaling, Beverly, MA) according to a standard protocol. Mcl-1 staining
was scored independently by one dermatopathologists (V.A.T) and one other observer (M.A.D.)
using the following intensity scale: 0 = negative, 1 = weak , 2 = moderate , 3 = strong. In cases of
discordant scoring, both observers reviewed the slide and a consensus score was determined.

3.3.4 Cell Culture, reagents, and expression vectors
Melanoma cell lines Malme-3M, MeWo, SKMEL-2, and SKMEL-28 were grown in RPMI
medium 1640 (Hyclone, Logan, UT) supplemented with 10% fetal bovine serum (Hyclone) at
37°C and 5% CO2. miRNA precursors (miR-193b or negative control) were obtained from
Ambion (Austin, TX). For miRNA overexpression, cells were seeded in 100 mm dishes at 6 × 105
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cells per plate the day before transfection. Melanoma cells were transfected with 5 nM miRNA
precursors using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).
ABT-737 was supplied by Abbott Laboratories (Abbott Park, IL). Cells were transfected with
5nM miRNA precursors (either miR-193b or negative control) as described herein and grown for
56 h. ABT-737 was added to cell cultures at a final concentration of 10 µM; cells were harvested
after incubation for 16 h. The level of apoptosis in ABT-737-treated cells was estimated by
quantifying cleaved PARP on a western blot.
A sequence validated Mcl-1 expression plasmid (SC315538) was purchased from OriGene
Technologies (Rockville, MD). Malme-3M cells were seeded in six-well plates at 3 × 105 cells
per well the day before transfection. 1 ug Mcl-1 expression vectors were cotransfected with 5nM
miRNA precursors using lipofectamine 2000. ABT-737 was added to cell cultures as described
herein.

3.3.5 Northern blotting
Total RNA from transfected cell lines was isolated using the miRNeasy Mini kit (Qiagen,
Valencia, CA). miR-193b expression level was examined using a MiRNA Northern Blot Assay
Kit (Signosis, Sunnyvale, CA) according to the manufacturer’s protocol. U6 snRNA was used as
an internal control.

3.3.6 Western blotting
Aliquots of cell lysates were separated on 10% SDS-polyacrylamide gels, transferred to PVDF
membrane (Millipore, Bedford, MA) and analyzed by standard western blot protocol. Blots were
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probed with Mcl-1 and cleaved PARP antibodies (Cell Signaling); gamma tubulin was from
Sigma-Aldrich (Oakville, ON, Canada). Densitometry was performed using Quantity One
software (Bio-Rad, Mississauga, ON, Canada).

3.3.7 Vector construction and luciferase assay
PCR was performed using KOD hot start DNA polymerase (Novagen, Madison, WI). DNA
fragments were PCR amplified from human genomic DNA and cloned into the multiple cloning
site (XhoI and NotI) distal to the Renilla luciferase coding region of the psiCHECK2 vector
(Promega, Madison, WI). The primer sequences used to construct the four vectors containing the
wild type Mcl-1 3’ UTR fragments were as follows: 1. psiCHECK2-Mcl-1_3’UTR, XhoI-Mcl-1FW

5’-ACGCCTCGAGGCAGTTGGACTCCAAGCTGTAAC-3’,

ATAAGAATGCGGCCGCGGTCCTAACCCTTCCTGGCACAGC-3’;

NotI-Mcl-1-RV
2.

5’-

psiCHECK2-Mcl-

1_UTR1, XhoI-UTR1-FW 5’-ACGCCTCGAGGCAGTTGGACTCCAAGCTGTAAC-3’, NotIMcl-1-UTR1-RV 5’-ATAAGAATGCGGCCGCAGTAAGAATCATGGAAACCAAGCC-3’; 3.
psiCHECK2-Mcl-1_Mcl-1 UTR2, XhoI-UTR2-FW 5’-ACGCCTCGAGGGCTTGGTTTCCATG
ATTCTTACT-3’, NotI-Mcl-1-UTR2-RV 5’-ATAAGAATGCGGCCGCGGAAACTTTAGAGA
AAGCCTC-3’; 4. psiCHECK2-Mcl-1_Mcl-1 UTR3, XhoI-UTR3-FW 5’-ACGCCTCGAGGA
GGCTTTCTCTAAAGTTTCC-3’, NotI-Mcl-1-UTR2-RV 5’-ATAAGAATGCGGCCGCGGTC
CTAACCCTTCCTGGCACAGC-3’.
Overlapping PCR was used to introduce mutations at the seed matching site of psiCHECK2-Mcl1_3’UTR and psiCHECK2-Mcl-1_UTR1 [22], generating psiCHECK2-Mcl-1_3’UTR M,
psiCHECK2-Mcl-1_UTR1 M1, and psiCHECK2-Mcl-1_UTR1 M2. To generate deletions, two
additional primers were used: Mcl-1-ΔmiR-193b-FW 5’-CCTTGTTGAGAACAGGAAAGT
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GCCAGGCAAGTCATAGAATTG-3’,

Mcl-1-ΔmiR-193b-RV

5’-ACTTTCCTGTTCTCAA

CAAGG-3’. To generate double point mutations, two additional primers were used: Mcl-1-M2FW 5’-GAGAACAGGAAAGTGGACAGAAGCCCAGGC AAGTCATAG-3’, Mcl-1-M2- RV
5’-CTATGACTTGCCTGGCTTCTGTCCACTTTCCT GTTCTC-3’ (mismatch nucleotides are
in bold).
Malme-3M cells were seeded at 75,000 cells per well in a 12-well plate the day before
transfection. The cells were cotransfected with 5 nmol/l miRNA precursor (either miR-193b or
negative control) and 100 ng psiCHECK-2 using Lipofectamine 2000 (Invitrogen). Renilla
luciferase activity was measured 24 h after transfection using the Dual-Luciferase Reporter Assay
System (Promega). Data were normalized to firefly luciferase activity.

3.3.8 MicroRNA real-time PCR
Total RNA from transfected cell lines was isolated using the miRNeasy Mini kit (Qiagen)
according to the manufacturer’s protocol. miR-193b level was determined using a Taqman
MicroRNA Assay (Applied Biosystems, Foster City, CA) according to the manufacturer’s
protocol. miRNA expression was assayed in triplicate and data were normalized to endogenous
RNU6B. The relative level was calculated using the ΔΔCt method.

3.3.9 Statistical Analysis
Data were analyzed using student’s t test and Pearson correlation in SPSS Statistics 17.0 (SPSS
Inc., Chicago, IL). P values ≤0.05 were considered statistically significant.
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3.4 Results
3.4.1 miR-193b expression is downregulated in primary melanomas and is inversely
correlated to expression of Mcl-1 in melanoma tissues
miR-193b expression is significantly reduced in primary (159.85 ± 50.36, mean ± SEM) and
metastatic melanomas (160.58 ± 36.09) relative to its expression in benign nevi (583.09 ± 50.71)
(Figure 3-1A). miR-193b is expressed at a similar level between primary and metastatic
melanomas, suggesting that downregulation of miR-193b is an early event during melanoma
progression.
Mcl-1, which is highly expressed in malignant melanoma (34, 41), is a predicted target of miR193b (TargetScan, Human 5.1, http://www.targetscan.org/, last accessed September 1, 2011).
Overexpression of miR-193b also correlated with a lower level of Mcl-1 mRNA in previous gene
array studies (164). Thus, we speculated that dysregulation of miR-193b might play a role in
malignant melanoma by altering the level of Mcl-1. Herein, we examined Mcl-1 expression in a
subgroup of melanocytic tissues used for previous and current microarray studies, including 8
benign nevi, 6 primary melanomas, and 6 metastatic melanomas. The results show that the Mcl-1
staining score was significantly higher in metastatic (3.08 ± 0.27, mean ± SEM) and primary
melanomas (2.67 ± 0.21) than in benign nevi (0.94 ± 0.15; Figure 3-1B). Furthermore, expression
of miR-193b correlated inversely with expression of Mcl-1 in these 20 melanocytic samples with
a Pearson correlation coefficient r = -0.7 and P value < 0.001 (Figure 3-1C), despite a relatively
small sample size.

3.4.2 miR-193b represses Mcl-1 and sensitizes melanoma cells to ABT-737
As mentioned earlier, a previous study showed that overexpression of miR-193b in Malme-3M
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Figure 3-1. Expression of miR-193b and Mcl-1 in melanoma tissue samples.
(A) miR-193b expression was measured by Agilent miRNA microarray. The black line indicates the mean
value for each group. (B) Mcl-1 staining was scored in metastatic melanomas, primary melanomas, and
benign nevi. Data shown are mean ± SEM. (C) Pearson correlation analysis was performed to determine
the relationship between miR-193b expression and Mcl-1 expression. Results showed an inverse correlation
with r = - 0.7 and P <0.001. ***, P<0.0001 was calculated using independent samples t test.
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cells correlated with a reduced Mcl-1 mRNA level (164). To confirm this result, we extended our
study to 4 melanoma cell lines. Malme3M, MeWo, SK-MEL-2, and SK-MEL-28 were
transfected with miR-193b or negative control miRNA. Ectopic expression of miR-193b in
melanoma cells was confirmed by northern blotting (Supplementary Figure B1). Figure 3-2A
shows that overexpression of miR-193b reduced the level of Mcl-1 30 to 60% in all four
melanoma cell lines tested. Consistent with the low level of Mcl-1, cleaved PARP increased 4.55fold in SK-MEL-2 cells and 1.26-fold in SK-MEL-28 cells. However, cleaved PARP did not
increase in Malme3M or MeWo cells expressing a high level of miR-193b (Figure 3-2A) and a
low level of Mcl-1.
Previous studies established that cells that express a high level of Mcl-1 are resistant to ABT-737induced apoptosis (167) and that siRNA-mediated knockdown of Mcl-1 restores sensitivity of
ABT-737 resistant melanoma cells to ABT-737 (41). Therefore, we speculated that miR-193b,
which downregulates Mcl-1, would also sensitize ABT-737-resistant melanoma cells, such as
Malme3M, to ABT-737. Consistent with this idea, exposure of Malme3M cells to ABT-737
caused a small increase in cleaved PARP (Figure 3-2B), but in miR-193b–transfected Malme3M
cells, Mcl-1 expression was reduced and PARP cleavage was increased, indicating sensitivity to
ABT-737-induced apoptosis was restored (Figure 3-2B). Although ABT-737 induced a
significant amount of PARP cleavage and apoptosis in MeWo and SK-MEL-28 cells (Figure 32C), overexpression of miR-193b enhanced the effect of ABT-737 in these cell lines (Figure 32C). Interestingly, exposure to ABT-737 increased the level of Mcl-1 in all three cell lines
(Figures 3-2, B and C). Furthermore, the addition of ABT-737 alone had no effects on miR-193b
expression (Supplementary Figure B2).
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Figure 3-2. miR-193b downregulates Mcl-1 and sensitizes melanoma cells to ABT-737.
(A) Western blot analysis of Mcl-1 and cleaved PARP expression in Malme-3M, MeWo, SK-MEL-2, and
SK-MEL-28 cells transfected with miR-193b or negative control. Cells were transfected with 5 nM miRNA
precursor (miR-193b or negative control), and were harvested 72 h post-transfection. (B) Western blot
analysis of cleaved PARP and Mcl-1 in Malme-3M cells transfected with miR-193b or negative control, as
indicated, incubated for 56 h, and treated with 10 mM ABT-737, as indicated. Cells were harvested 72 h
post-transfection. (C) Western blot analysis of MeWo and SK-MEL-28 cells, as indicated. The procedure
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used as the loading control. Representative data from one of three independent experiments are shown.
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In order to address the question of whether miR-193b functions through Mcl-1, a rescue
experiment was undertaken using a Mcl-1 expressing plasmid. Ectopic expression of Mcl-1
reduced the extent of apoptosis in Malme-3M cells treated with both miR-193b and ABT-737, as
PARP cleavage was notably decreased compared to control (Figure 3-2D).

As a control,

overexpression of Mcl-1 did not reduce apoptosis in cells treated with ABT-737 alone (Figure 32D). This is predicted since ABT-737 functions through inhibition of Bcl-2 and Bcl-xl.

3.4.3 miR-193b interacts with seeded and seedless sequences in the Mcl-1 3' UTR
TargetScan analysis identified an evolutionarily conserved seed binding site for miR-193b in the
3’ UTR of Mcl-1 mRNA (Figure 3-3A). To test whether this predicted seed binding site is
functional and determine whether miR-193b directly regulates Mcl-1, wild type and a seed
binding site mutant form of the full-length Mcl-1 3’ UTR were cloned downstream of the Renilla
luciferase gene in psiCHECK-2. As expected, miR-193b repressed ~ 60% of the activity of the
reporter construct containing the full-length wild type Mcl-1 3’ UTR. However the mutant Mcl-1
3'UTR, carrying a deletion in the seed region binding site, still mediated a somewhat attenuated
repressive effect of miR-193b, resulting in a ~30% reduction of luciferase reporter gene activity.
This result suggests that miR-193b has multiple binding sites in the Mcl-1 3' UTR, one of which
appears to be a seedless target.
To validate the existence of a putative seedless miR-193b binding site in the Mcl-1 3'-UTR, the 3'
UTR sequence was re-analyzed using another target predicting algorithm, RNA22, which allows
seed mismatches and does not rely upon cross-species conservation (82). RNA22 identified four
putative miR-193b recognition elements (MREs) between coordinates 1983 and 2670 of the 3’
Mcl-1 UTR (Figure 3-3B). To test the function of these putative MREs, reporter constructs were
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generated carrying the following 3 segments of the Mcl-1 3' UTR: UTR1 (start to ~ 600bp,
containing the seed binding site), UTR2 (~600 to ~1800, between the seed binding site and
MREs), UTR3 (~ 1800 to ~ 2700, containing putative MREs). Each segment was cloned into the
luciferase reporter vector and its susceptibility to miR-193b-mediated repression was tested. As
expected, overexpression of miR-193b resulted in ~60% repression of the construct containing
UTR1 (Figure 3-3C). In contrast, no statistically significant repression was observed in constructs
containing UTR2 or UTR3 (Figure 3-3C). Because miR-193b repressed ~35% of the reporter
activity of constructs carrying UTR1 with a seed binding site mutation or deletion, we conclude
that the UTR1 region may contain both seeded and seedless binding sites for miR-193b (Figure 33D). Unfortunately, none of the available target site prediction algorithms are capable of
identifying target binding sites that lack stringent or highly compensatory seed pairing. Therefore,
additional experiments are needed to confirm the existence and exact location of the seedless
binding site(s) in the Mcl-1 3' UTR.

3.5 Discussion
This study examines the expression of miR-193b in 15 primary melanoma tissue samples using
Agilent microRNA microarray. The data show that miR-193b is expressed at a significantly lower
level in primary melanomas than in benign nevi, suggesting that downregulation of miR-193b
could occur early in melanoma progression (Figure 3-1A). This is consistent with the observation
that miRNA genes, including miR-193b, exhibit frequent (85.9%) copy number variations in
primary cultured melanoma cell lines (92). Interestingly, 11% (5/45) of melanoma samples were
reported to have copy number reduction at the miR-193b locus. Epigenetic factors could also lead
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to dysregulated miRNA expression (102). For example, a recent study suggested that miR-193b is
epigenetically silenced in prostate cancer cells (168).
Several technical issues arise in studies of this nature.

One is the choice of control for

comparison of expression levels. Nevus tissue was used as a benign comparator in our studies for
a number of reasons. First, cultured melanocytes growing in artificial conditions proliferate at
rates that far exceed in vivo rates. Second, obtaining single melanocytes for study from tissue
sections would be practically impossible using current technology, although we would aspire to
doing this when feasible. Third, evidence suggests that melanoma arises from a precursor lesion,
such as a nevus. In particular, the high frequency of BRAF mutations in benign nevi suggests
that these may represent precursor lesions that need to undergo additional mutations before
becoming malignant. Overall, it was felt that benign nevi represented the best currently feasible
control for this study.
In this study, as with our previous work (164), we profiled miRNA expression in formalin-fixed
melanoma samples. Unlike mRNAs, miRNAs are well preserved in formalin-fixed, paraffinembedded tissues, and formalin fixation does not appear to significantly alter the expression of
miRNAs (141, 149, 169). The ability to use archival samples is particularly critical in studies of
primary melanomas where the samples are typically small and often come from community
clinics, where tissue is typically formalin fixed.

Additionally, the small lesion size means that

the entire primary lesion is usually required for accurate diagnosis, leaving no additional tissue
for freezing.

Therefore, the use of frozen material, while optimal, is likely not possible in the

current clinical setting.
Mcl-1, an anti-apoptotic protein belonging to the Bcl-2 family, plays a important role in
regulating apoptosis (40, 170, 171). We observed that Mcl-1 was upregulated in malignant
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melanoma, which agreed with previous studies (34, 41). Furthermore, this study showed that
expression of miR-193b correlates inversely with expression of Mcl-1 in melanoma tissue
samples (Figure 3-1C) and that overexpression of miR-193b represses Mcl-1 levels in multiple
melanoma cell lines (Figure 3-2A).
ABT-737, a small-molecule inhibitor of the anti-apoptotic proteins Bcl-2, Bcl-XL and Bcl-w, has
had limited success as a single agent in tumors with low Mcl-1 expression (172). However,
overexpression of Mcl-1 confers resistance to ABT-737 (167, 173) and knockdown of Mcl-1
restores ABT-737 sensitivity to ABT-737-resistant cells (41, 167). We therefore predicted and
confirmed that overexpression of miR-193b could sensitize ABT-737-resistant melanoma cells to
ABT-737 by repressing Mcl-1 (Figure 3-2, B and C). Furthermore, overexpression of Mcl-1
notably attenuated miR-193b induced apoptosis in ABT-737 treated Malme3M (Figure 3-2D). In
addition, ABT-737 stimulates expression of Mcl-1 in Malme3M, MeWo and SK-MEL-28 cells
(Figure 3-2, B and C), as observed also in hepatoma cells (174). Although ABT-737 could
potentially stabilize Mcl-1 protein, the exact mechanism by which ABT-737 interacts directly or
indirectly with Mcl-1 is not yet known.
Importantly, data presented herein strongly suggest that miR-193b represses Mcl-1 by binding to
both seed and seedless matching sites in the Mcl-1 3' UTR (Figure 3-3). Although most miRNA
targets have sites that are perfectly complementary to the seed region, experiments have shown
that miRNAs may directly interact with seedless (imperfect homology to the seed) binding
sequences on mRNA 3’ UTRs (84). Lal et al. showed that miR-24 regulates a series of genes via
base pairing to highly complementary but seedless sequences (175). Although RNA22 identified
four putative MREs for miR-193b in the Mcl-1 3’UTR, luciferase reporter gene assays could not
confirm that these MREs mediate miR-193b-dependent post-transcriptional repression. In
79

contrast, deletion and point mutagenesis analysis suggested that the seedless binding site/s for
miR-193b map to the first 600 nucleotides of the Mcl-1 3’ UTR. Thus, our study indicates that the
available algorithms are inadequate for accurately predicting functional seedless miRNA targets
that lack highly complementary seed pairing (73). It is interesting to note that an earlier study
showed that miR-193b targets Mcl-1 in malignant hepatocyte cells via the matched seed sequence
that was essential for post-transcriptional repression (176). Three scenarios could explain this
discrepancy. First, the present study analyzes the interaction between miR-193b and the full
length Mcl-1 3’ UTR, while Braconi et al. examined a short fragment of the Mcl-1 3’ UTR that
included the seed pairing site. Thus, the seedless miR-193b binding site in the Mcl-1 3' UTR
could have been missing from the fragment studied by the Braconi group. Second, the Braconi
study was performed in hepatocytes, while the present study was performed in melanoma cells.
Thus, the discrepancy could be explained by cell type-specific miRNA-mRNA interactions in
melanoma cells and hepatocytes. Third, the analysis applied in Braconi’s study would mask the
effect that we observed because they did not compare the effects of miR-193 with negative
control on the same construct, i.e. containing either the wild type or mutant Mcl-1 3’UTR.
Recent publications on the role of miR-193b have consistently suggested that it plays an
important role, although the data have been somewhat contradictory.

While Caramuta and

colleagues reported that high expression levels of miR-193b was associated with shorter survival
after diagnosis (177), a more recent study has shown that miR-193b was overexpressed in
metastatic melanoma tissues from patients with longer survival times (178). Further studies with
large patient cohorts, using primary melanoma tissues, are needed to clarify the association
between miR-193b level and melanoma patient survival.
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In summary, this study demonstrates that miR-193b is downregulated in primary melanoma, and
suggests that Mcl-1 is directly regulated by miR-193b in melanoma cells. Reduced miR-193b
expression could contribute directly to elevated expression of Mcl-1 in melanoma cells. The
mechanism by which miR-193b is repressed in melanoma cells is not yet known. The current and
previous data suggest that miR-193b represses CCND1 and Mcl-1, which in turn inhibits growth
of melanoma cells and sensitizes them to ABT-737-induced apoptosis. Therefore, miR-193b has
potential application as a therapeutic agent for melanoma.
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Chapter 4
Stathmin 1 Is a Potential Novel Oncogene in Melanoma
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4.1 Abstract
In previous studies, we demonstrated that miR-193b expression is reduced in melanoma relative
to benign nevi, and also that miR-193b represses cyclin D1 and Mcl-1 expression. We suggested
that stathmin 1 (STMN1) might be a target of miR-193b. STMN1 normally regulates microtubule
dynamics either by sequestering free tubulin heterodimers or by promoting microtubule
catastrophe. Increased expression of STMN1 has been observed in a variety of human
malignancies, but its association with melanoma is unknown. We now report that STMN1 is
upregulated during the progression of melanoma relative to benign nevi, and that STMN1 is
directly regulated by miR-193b. Using an experimental cell culture approach, overexpression of
miR-193b using synthetic miRNAs repressed STMN1 expression, while inhibition of miR-193b
with anti-miR oligos increased STMN1 expression in melanoma cells. The use of a luciferase
reporter assay confirmed that miR-193b directly regulates STMN1 by targeting the 3’UTR of
STMN1 mRNA. We further demonstrated that STMN1 is overexpressed in malignant melanoma
compared to nevi in two independent melanoma cohorts, and that its level is inversely correlated
with miR-193b expression. However, STMN1 expression was not significantly associated with
patient survival, Breslow thickness, mitotic count, or patient age. STMN1 knockdown by siRNA
in melanoma cells drastically repressed cell proliferation and migration potential, whereas ectopic
expression of STMN1 using lentivirus increased cell proliferation and migration rates.
Subsequent gene expression analysis indicated that interconnected cytoskeletal networks are
directly affected following STMN1 knockdown. In addition, we identified deregulated genes
associated with proliferation and migration, and revealed that p21Cip1/Waf1 and p27Kip could be
downstream effectors of STMN1 signaling. Taken together, our study suggests that
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downregulation of miR-193b may contribute to increased STMN1 expression in melanoma,
which consequently promotes migration and proliferation of tumor cells.
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4.2 Introduction
Melanoma is the most dangerous form of skin cancer, and the incidence of melanoma has
increased steadily over the past two decades (7). Melanoma arises from melanocytes, and the
progression of the disease has been associated with genetic and epigenetic changes (179), some of
which are now identified. For example, cyclin-dependent kinase inhibitor 2A (CDKN2A), a tumor
suppressor gene, is often mutated in familial melanoma (3). BRAF mutations are presented in ~
50% of melanoma cases while another ~ 15% of tumors contain NRAS mutations, leading to a
constitutively activated MAPK pathway (3, 155).
Recent studies have begun to unveil the important roles of microRNA (miRNA) dysregulation
during the progression of melanoma. miRNAs are ~ 22nt single-stranded non-coding RNAs that
post-transcriptionally regulate gene expression through binding to the 3’-untranslated region
(UTR) of target mRNAs, subsequently leading to mRNA destabilization and translation inhibition
(55).

More

than

1000

miRNAs

have

been

identified

in

the

human

genome

(http://www.mirbase.org/cgi-bin/mirna_summary.pl?org=hsa). A single miRNA can affect the
expression of hundreds of genes (80, 83), and > 60% of human protein-coding genes are now
predicted to be regulated by miRNAs (79). miRNAs are involved in regulating virtually every
aspect of cellular function, and are implicated in human diseases (180). Mounting evidence
indicates that miRNAs can function as oncogenes or tumor suppressor genes (145). Aberrant
expression of miRNAs has been reported in most human malignancies (181), including
melanoma (136, 164). The dysregulation of specific miRNAs and their potential targets has been
examined in melanoma, and begins to provide a clearer picture of cellular processes that are
impacted by changes in miRNA expression. For example, miR-182 is reported to be upregulated
in metastatic melanomas relative to nevi, and in vitro overexpression of miR-182 in melanoma
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cells promotes migration and survival by directly repressing MITF and FOXO3 (163). In contrast,
miR-211, often downregulated or absent in melanoma, normally decreases migration and
invasion capacity of cells by suppressing IGF2R, TGFBR2, NFAT5, and POU3F2 (182, 183). In
our previous studies, miR-193b was identified as a significantly downregulated molecule in
malignant melanoma (164, 184). We demonstrated that miR-193b directly regulates cyclin D1
and Mcl-1. This tumor suppressor potential of miR-193b has been also reported in breast cancer,
prostate cancer, and hepatocellular carcinoma (152, 153, 166, 168).
The direct relationship between miRNAs and their target mRNAs provides a useful paradigm for
studying disease progression. By examining downstream changes following disruption of
expression of a particular miRNA, key target genes can be identified and their role in the process
under study can be further investigated. Using this approach, we report that stathmin 1 (STMN1)
is a direct target of miR-193b, and further, that this protein is overexpressed in melanoma.
Reduction of STMN1 levels decreases the melanoma cell’s ability to proliferate and migrate,
whereas ectopic expression of STMN1 promotes the opposite effects.

4.3 Methods
4.3.1 Construction of luciferase report vectors
The procedures have been described in Chen et al. (184). Briefly, DNA fragments were PCR
amplified from human genomic DNA and cloned into the multiple cloning site (XhoI and NotI)
distal to the Renilla luciferase coding region of the psiCHECK2 vector (Promega, Madison, WI).
PCR was performed using KOD hot start DNA polymerase (Novagen, Madison, WI). The primer
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sequences used to construct vector psiCHECK-STMN1 containing wild type STMN1 3’ UTR
were as follows:
XhoI-STMN1-FW
NotI-STMN1-RV

5’ - ACGCCTCGAGTTGTTCTGAGAACTGACTTTCTCC - 3’
5’ - ATAAGAATGCGGCCGCATATTCTGATTCTCGTGTCATAGC - 3’

Overlapping PCR was used to generate vector psiCHECK-STMN1 M, which contains a deletion
at the miR-193b seed binding site. Two additional primers were used:
STMN1-d58-64-FW: 5’ - ATATCCAAAGACTGTACTTCATTTTATTTTTTCCCTG - 3’
STMN1-d58-64-RV: 5’ - AGTACAGTCTTTGGATAT - 3’

4.3.2 Construction of STMN1 expression lentiviral vector
Full-length STMN1 cDNA (NM_005563.3) was PCR amplified from a STMN1 TrueClone
plasmid SC116654 (OriGene Technologies, Rockville, MD), and was subsequently subcloned
into the PmeI site of WPI lentiviral vector as described in Hao et al. (233). Two primers used to
PCR STMN1 cDNA:
PmeI-STMN1-F: 5’-AGCTTTGTTTAAACCATGGCTTCTTCTGATATCCAG-3’
PmeI-STMN1-HA-R: 5’-AGCTTTGTTTAAACATTACGCGTAGTCTGGGACATCGTATG
GATAGTCAGCTTCAGTCTCGTCAGCAGG-3’
PmeI site is underlined. Start codon and stop codon are in italic. HA tag is in bold.

4.3.3 Gene expression analysis
Malme-3M cells were seeded 600,000 cells per plate in 100-mm dishes and transfected the
following day with 10 nmol/l either negative control siRNA or STMN1 siRNA. Total RNA was
harvested 24 hours after transfection using miRNeasy Mini kit (Qiagen). The Agilent Microarray
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Platform for One-Color Analysis of Gene Expression was used for profiling (Whole Human Gene
Expression Microarray, 4x44K Agilent). The detailed procedure of microarray was described in
our previous study (164). Raw data were first normalized and analyzed using GeneSpring GX
11.5.1 (Agilent). For quality control, the probes must be present in one out of two conditions and
flagged as “Detected.” P values were calculated using two pair-wise comparisons between
Malme-3M cells with or without STMN1 knockdown by the paired t test. A total of 336 entities
(genes or transcripts) were identified with at least 1.5 fold change, including 215 downregulated
entities and 121 upregulated entities. After filtering multiple entities mapped to a single gene and
unmapped entities, ingenuity pathway analysis (IPA) identified 170 downregulated genes and 102
upregulated genes (Supplementary Table C3). Core analysis in IPA was performed subsequently.

4.4 Results and discussion
4.4.1 miR-193b directly regulates STMN1
Because of our earlier studies suggesting that miR-193b was downregulated in melanomas
relative to benign nevi, we had undertaken gene expression profiling in melanoma cell lines to
identify potential targets of miR-193b (164). From the list of genes showing reduced mRNA
expression following ectopic expression of miR-193b, we selected candidates of interest, based
on their known biological functions. One such gene of interest was STMN1. STMN1 is an
important protein that regulates microtubule dynamics through either sequestering free tubulin
heterodimers or promoting rapid microtubule depolymerization and shrinkage (catastrophe) (164,
185). Overexpression of STMN1 has been observed in a variety of human malignancies,
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including breast cancer, prostate cancer, sarcoma, non-small cell lung cancer, hepatoma, gastric
cancer, and colorectal cancer (186-193). However, its association with melanoma is unknown.
To confirm the role of miR-193b in regulating STMN1, human melanoma cell lines were
transfected with synthetic miR-193b or negative control oligonucleotides. We have previously
demonstrated increased levels of miR-193b in melanoma cells transfected with synthetic miR193b oligos using northern blotting and real-time PCR (164, 184). Ectopic expression of miR193b was associated with notably decreased STMN1 levels in all five melanoma cell lines tested
by western blotting (Figure 4-1A). We were interested to know whether reducing endogenous
miR-193b levels would achieve the opposite effect and increase STMN1 protein levels. To
answer this question, chemically modified, single stranded oligonucleotides were used to inhibit
endogenous miR-193 in Malme-3M, A375, and SK-MEL-2 cells, the cell lines expressing
relatively low levels of endogenous STMN1 among tested cell lines. As expected, decreasing
miR-193b expression resulted in STMN1 levels increasing by 1.7, 1.4, and 1.3 folds, respectively
(Figure 4-1B). These results suggest that miR-193b is involved in the regulation of STMN1.
Early experimental data showed that most metazoan miRNA target sites have perfect WatsonCrick base pairing with the miRNA “seed”, a 5’ region of the miRNA centered on nucleotides 2-7
(73). TargetScan (www.targetscan.org) is a predictive algorithm developed to predict miRNA
targets based on this concept of stringent miRNA seed binding and evolutionary conservation of
target site (74, 143). The STMN1 3’UTR harbors two conserved miRNA binding sites predicted
by TargetScan. miR-193b/a, two miRNAs that contain the same miRNA “seed,” are predicted to
bind to nucleotides 58-64 of the STMN1 3’UTR, while miR-101 is predicted to bind to
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Figure 4-1. miR-193b represses STMN1 expression and directly targets STMN1.
(A) Western blot analysis of STMN1 expression in A375, Malme-3M, MeWo, SK-MEL-2, and SK-MEL28 cells transfected with miR-193b or negative control. Seeded in 100-mm dishes at 6x105 cells per plate
the day before transfection, cells were transfected with 5 nmol/L miRNA precursor (negative control or
miR-193b) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and were harvested 72 hours after
transfection. The STMN1 antibody (sc-48362) was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA), and gamma tubulin from Sigma-Aldrich (Oakville, ON). (B) Increased STMN1 expression in Malme3M cells transfected with anti-miR-193b. The procedure was as described in (A), except that Malme-3M
cells were transfected with 100 nmol/L miRNA inhibitor (anti-miR control or anti-miR-193b). Gamma
tubulin was used as the loading control. Densitometry was performed using Quantity One software (BioRad, Mississauga, ON). Both miRNA precursors and anti-miR inhibitors were purchased from Ambion
(Austin, TX). Representative data from one of three independent experiments are shown. (C) Conserved
miRNA binding sites on the 3’ UTR of STMN1 mRNA (modified from http://www.targetscan.org/cgibin/targetscan/vert_50/view_gene.cgi?taxid=9606&gs=STMN1 &showcnc=0&shownc=0). (D) miR-193b
and its predicted seed binding site in the 3’UTR of STMN1. Vector psiCHECK-STMN1 contains wild type
STMN1 3’ UTR (top), while vector psiCHECK-STMN1 M contains a deletion at the seed binding site
(bottom). The underlined 8-nucleotide region contains the miR-193b seed. (E) Relative luciferase activity is
shown for reporter constructs psiCHECK-STMN1 or psiCHECK-STMN1 M in cells transfected with miR193b or negative control. Malme-3M cells were seeded at 75,000 cells per well in a 12-well plate the day
before transfection. The cells were co-transfected with 5 nmol/L miRNA precursor (either miR-193b or
negative control) and 100 ng reporter vectors using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).
Renilla luciferase activity was measured 24 h after transfection using the Dual-Luciferase Report Assay
System (Promega, Madison, WI). Data were normalized to firefly luciferase. Data shown are the mean ±
SEM from three independent experiments, each performed in triplicate. *P < 0.05 were calculated using the
independent samples t-test (IBM SPSS, Armonk, NY).
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nucleotides 284-290 (Figure 4-1C). Of these three miRNAs, miR-193b is the only one that
appears significantly dysregulated in melanoma (164).
To determine whether STMN1 is a direct or indirect target of miR-193b, we constructed two
luciferase reporter plasmids: one wild-type vector cloned with a full length 3’ UTR of STMN1
and the other mutant vector cloned with the 3’ UTR containing a deletion at the miR-193b seed
binding site (Figure 4-1D). A ~ 70% decrease in luciferase activity was observed when the wildtype vector was cotransfected with miR-193b relative to the negative control. The repressive
effect of miR-193b was relieved when cells were cotransfected with mutant vector (Figure 4-1E).
These results suggest that miR-193b post-transcriptionally regulates STMN1 expression through
direct interaction with the predicted seed binding site.

4.4.2 STMN1 is upregulated in melanoma
We examined STMN1 expression directly in a series of melanoma tumor samples. A tissue
microarray (TMA) was assembled, including 8 nevus, 6 primary melanoma, and 8 metastatic
melanoma samples. The rationale for using nevus as a benign comparator has been discussed
previously (184). Following immunohistochemical staining with a mouse monoclonal antibody
against STMN1, the TMA slide was scanned to generate digital images (Figure 4-2A). The
staining intensities were assessed using the Aperio’s ImageScope. The average STMN1 staining
intensity was increased from 1.3% in nevi to 12.8% in primary melanomas to 26.5% in metastatic
melanomas (Figure 4-2B).
We subsequently compared STMN1 expression to miR-193b expression in the same twenty-two
samples used to assemble the TMA described above (Figure 4-2B). miR-193b expression levels
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Figure 4-2. Increased expression of STMN1 in melanoma, and the inverse correlation between
STMN1 and miR-193b expression levels.
Ethics approval for use of the tissue was obtained from the Faculty of Health Sciences Ethics Board at
Queen’s University. (A) Representative images of STMN1 immunostaining in melanocytic tissues.
Immunohistochemistry was performed on a TMA slide using STMN1 antibody (1:250, Santa Cruz
Biotechnology, CA) according to a standard protocol in the Department of Pathology and Molecular
Medicine at the Kingston General Hospital. The stained slide was scanned by an Aperio ScanScope
(Aperio Technologies, Vista, CA). (B) STMN1 staining intensities in 8 nevi, 6 primary melanomas, and 8
metastatic melanomas. The intensity was assessed by Aperio’s ImageScope software as percentage of total
number of positive pixels / total number of pixels. The black bar indicates mean value for each group. (C)
Pearson correlation between miR-193b expression and STMN1 staining intensity in twenty-two
melanocytic tissues. (D) The expression of STMN1 in a second independent melanocytic TMA. This TMA
includes 27 nevi, 53 primary melanomas, and 40 metastatic melanomas. *P < 0.05 and ***P < 0.001 were
calculated using the independent samples t-test. (E) Kaplan-Meier analysis comparing survival between
patients with median and above (≥ 6.7) vs below median (<6.7) of STMN1 expression. 53 primary
melanoma patients from the second cohort with average 5.6 years of follow-up were included in this
analysis. P value was calculated from the log-rank test. The analysis was performed using SAS version 9.2
(SAS Inc., Cary NC).
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were obtained from previous microarray studies (164, 184). There was a significant inverse
correlation (Pearson coefficient r = - 0.43, P < 0.05) between STMN1 staining intensity and miR193b expression (Figure 4-2C). Despite the small sample size, our data demonstrate that STMN1
is upregulated during the progression of melanoma, and suggest the elevated level of STMN1
may be in part associated with the downregulation of miR-193b.
To validate the above results, a large independent TMA was constructed. The second TMA was
composed of 27 nevi, 53 primary melanomas, and 40 metastatic melanomas, none of which were
used in the first TMA. STMN1 levels were significantly increased in primary melanomas (10.5%)
and metastatic melanomas (18.4%) compared to nevi (0.4%) (P < 0.001) in the second cohort
(Figure 4-2D). The difference in expression levels between primary and metastatic melanomas
also reached significance (P<0.05). Our data confirm that STMN1 expression is significantly
upregulated in malignant melanoma compared to nevi.
We found no significant association between STMN1 expression and patient survival. KaplanMeier analysis demonstrated that overall survival was not different in 53 primary melanoma
patients with high (median and above) compared to low (below median) STMN1 expression
(p=0.96) (Figure 4-2E). Additionally, STMN1 expression was not significantly correlated with
Breslow thickness (p=0.78), mitotic count (p=0.95), or patient age (p=0.92) using Spearman’s
ranking test. Interestingly, the average expression of STMN1 was twice as high in males
(mean=13.1) compared to females (mean=6.5) (p=0.0022, Wilcoxon Rank sum test), although it
is not clear that this is linked to poorer prognosis of melanoma in males compared to females. The
Cox proportional hazards model confirmed that STMN1 expression did not correlate with the risk
of patient death (HR=0.998, 95% confidence interval 0.967-1.031, p=0.92) (Supplementary Table
C1). In this cohort, males had 4.3 times the rate of death of females, while the rate of death
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increased by 48% per decade of patient age. Surprisingly, Breslow thickness, the commonly used
prognostic marker in melanoma, was only slightly correlated with increased patient risk and did
not reach significance (HR=1.1, 95% confidence interval 0.943-1.283, p=0.23). The reliability,
sensitivity and power of the estimates from our study could be limited due to the relatively small
sample size. Nevertheless, important genes in melanoma pathogenesis are not necessarily ideal
prognostic markers. For example, studies have shown that BRAF and NRAS mutation status,
cytoplasmic phospho-AKT expression, and PTEN expression levels do not correlate with overall
survival of melanoma patients (194-196). Further studies are required to understand the link, if
any, between STMN1 expression and patient survival.

4.4.3 The roles of STMN1 as an oncogene in melanoma
STMN1 is a key player in controlling microtubule dynamics, which is critical to cellular
processes such as cell motility and cell division during mitosis (186). To investigate the
biological effect of STMN1 in melanoma, we decided first to reduce expression of STMN1 using
siRNA in an in vitro cell line model. Malme-3M and A375 cells, two melanoma cell lines, were
transfected with either negative control or STMN1 siRNA. As shown in Figure 4-3A, STMN1
levels were greatly decreased in cells transfected with STMN1 siRNA. Using the BrdU
incorporation assay from Roche, we detected a significantly decreased proliferation rate in cells
treated with STMN1 siRNA relative to cells treated with negative control (Figure 4-3B). We next
examined cell motility using a transwell migration assay. Reduction of STMN1 expression
notably reduced the migration potential of melanoma cells by ~ 85% in Malme-3M and ~ 50% in
A375 cells (Figure 4-3C). Therefore, reducing STMN1 expression significantly hampered the
proliferation and migration potential of melanoma cells. To test whether ectopic over-expression
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Figure 4-3. Functional studies of STMN1 in melanoma.
(A) STMN1 level was assessed by western blotting in Malme-3M and A375 cells transfected with control
siRNA or STMN1 siRNA. Cells were transfected with 10 nmol/L oligos and were harvested 72 hours after
transfection. STMN1 and negative control siRNA are DsiRNA oligos purchased from IDT (Integrated
DNA Technologies, Coralville, Iowa). (B) Knocking down STMN1 reduced cell proliferation. Cell
proliferation rate was measured using the Cell Proliferation ELISA, BrdU (chemiluminescence) by Roche
Applied Biosciences (Laval, QC). Transfected Malme-3M and A375 cells, as described in (A), were seeded
at 3500 cells per well into 96-well black plate 72 hours post-transfection, and incubated with BrdU
substrate. After 16 hours, cells were fixed, labeled with anti-BrdU antibody, and assessed using a
microplate luminometer. Representative data from one of three independent experiments are shown. The
data are mean ± SEM measured in septuplicates. (C) Knocking down STMN1 repressed cell migration. 4 X
104 Malme-3M cells and 3 X 104 A375 cells were plated into the top chamber of a 24-well insert (pore size
8 micron; BD Biosciences, Bedford, MA) with RPMI medium after transfection. 10% fetal bovine serum
was added in RPMI medium and used as a chemoattractant in the lower chamber. Incubated for 16 hours,
cells that did not migrate through the pores were removed by a cotton swab. Cells on the lower side of
membrane were fixed with 10% neutral buffered formalin, stained with 1% crystal violet, and counted.
Representative data from one of three independent experiments were shown as mean ± SEM. (D) Ectopic
expression of STMN1. Malme-3M cells were infected with lentivirus, stably expressing either WPI
lentiviral vector (WPI control) or WPI lentiviral vector with HA tagged STMN1 (STMN1-HA). The
expression of STMN1 was examined by western blotting. (E-F) Proliferation and migration effects in
Malme-3M cells overexpressing STMN1. The procedures were described in (B) and (C). *** P<0.001 were
calculated using the independent samples t-test. (G) p21Cip1/Waf1 and p27Kip levels in Malme-3M and A375
cells transfected with miRNA precursors (negative control or miR-193b) or with siRNA oligos (control or
STMN1). The procedure was performed as described in Figure 4-1 (A) and Figure 4-3 (A). p21Cip1/Waf1
antibody (2947P) was purchased from Cell Signaling and p27Kip antibody (sc-528) was purchased from
Santa Cruz.
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of STMN1 would achieve the opposite effects, we subsequently expressed STMN1 in Malme-3M
cells using a hemagglutinin (HA)-tagged STMN1 construct in a lentiviral system. The western
blot analysis confirmed increased expression of STMN1 following infection, showing the HAtagged STMN1 protein migrating slightly slower than the endogenous protein (Figure 4-3D). As
anticipated, ectopic expression of STMN1 significantly increased the cell proliferation rate in
Malme-3M cells by ~ 30% (Figure 4-3E) and migration by ~ 60% (Figure 4-3F). Previous studies
have shown miR-193b could repress cell proliferation and migration (152, 164, 166). Ectopic
expression of STMN1 could partially relieve the repressive effects of miR-193b on proliferation
and migration (Supplementary Figure C1), indicating miR-193b functions at least in part through
suppressing the expression of STMN1. These results confirmed that STMN1 promotes cell
proliferation and migration, and suggests overexpression of STMN1 could play an oncogenic role
during progression of melanoma.
The microtubule destabilization mechanism of STMN1 has been well studied. STMN1 can either
sequester tubulin dimers through its C-terminal region or promote microtubule catastrophe
through its N-terminal region, depending on cellular pH (197).

STMN1 contains four

phosphorylation sites: Ser 16, Ser 25, Ser 38, and Ser 63. In response to extracellular signals or
during mitosis (198), phosphorylation at one or more of the serine sites can weaken the tubulin
binding ability of STMN1 and increase free tubulin concentrations for microtubule assembly
(199). At the leading edge of migrating cells, Rac1 can activate PAK1, which phosphorylates
STMN1 at Ser 16 and promotes localized microtubule growth (200). During mitosis, cyclindependent kinases, CDK1 and CDK2, can phosphorylate STMN1 at Ser 25 and Ser 38.

However, the pathways downstream of STMN1-mediated microtubule destabilization are poorly
understood. Therefore, we performed a gene expression analysis to globally screen genes and
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Table 4-1. Summary of genes involved in Migration/Cell cycle progression identified by IPA
after STMN1 knockdown.
Table&1.&Summary&of&genes&involved&in&Migra7on/Cell&cycle&progression&iden7ﬁed&by&IPA&a@er&STMN1&knockdown.&
Symbol
STMN1
CCNE2
CYR61
EXO1
TGM2
ITGA9
RAD54B

Entrez-Gene-Name
stathmin-1
cyclin-E2
cysteine>rich,-angiogenic-inducer,-61
exonuclease-1
transglutaminase-2-(C-polypep8de,-protein>glutamine>gamma>glutamyltransferase)
integrin,-alpha-9
RAD54-homolog-B-(S.-cerevisiae)

GANI1

guanine-nucleo8de-binding-protein-(G-protein),-alpha-inhibi8ng-ac8vity-polypep8de-1 >2.13

PPM1A
protein-phosphatase,-Mg2+/Mn2+-dependent,-1A
BBS4
Bardet>Biedl-syndrome-4
NEK2
NIMA-(never-in-mitosis-gene-a)>related-kinase-2
RASGRF1
Ras-protein>speciﬁc-guanine-nucleo8de>releasing-factor-1
CREM
cAMP-responsive-element-modulator
JUN
jun-proto>oncogene
EZH2
enhancer-of-zeste-homolog-2-(Drosophila)
TUSC2
tumor-suppressor-candidate-2
CHL1
cell-adhesion-molecule-with-homology-to-L1CAM-(close-homolog-of-L1)
VHL
von-Hippel>Lindau-tumor-suppressor
GFI1B
growth-factor-independent-1B-transcrip8on-repressor
CENPH
centromere-protein-H
UVRAG
UV-radia8on-resistance-associated-gene
KIF3B
kinesin-family-member-3B
MYLK
myosin-light-chain-kinase
DIAPH3
diaphanous-homolog-3-(Drosophila)
DDR2
discoidin-domain-receptor-tyrosine-kinase-2
IFNB1
interferon,-beta-1,-ﬁbroblast
CCL3L1/CCL3L3 chemokine-(C>C-mo8f)-ligand-3>like-1
TNF
tumor-necrosis-factor
CYP1B1
cytochrome-P450,-family-1,-subfamily-B,-polypep8de-1
UBE2B
ubiqui8n>conjuga8ng-enzyme-E2B
GATA6
GATA-binding-protein-6
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Fold-Change Func8on
>10.87
Migra8on/Cell-cycle-progression
>3.55
Cell-cycle-progression
>2.63
Migra8on/Cell-cycle-progression
>2.59
Cell-cycle-progression
>2.32
Migra8on
>2.17
Migra8on
>2.17
Cell-cycle-progression
>2.12
>2.09
>1.95
>1.94
>1.93
>1.86
>1.86
>1.80
>1.78
>1.76
>1.74
>1.71
>1.65
>1.59
>1.54
>1.52
>1.50
15.49
4.37
3.85
2.24
1.85
1.60

Cell-cycle-progression
Cell-cycle-progression
Cell-cycle-progression
Cell-cycle-progression
Migra8on
Cell-cycle-progression
Cell-cycle-progression
Migra8on/Cell-cycle-progression
Cell-cycle-progression
Migra8on
Cell-cycle-progression
Cell-cycle-progression
Cell-cycle-progression
Cell-cycle-progression
Cell-cycle-progression
Migra8on
Cell-cycle-progression
Migra8on/Cell-cycle-progression
Cell-cycle-progression
Migra8on
Migra8on/Cell-cycle-progression
Cell-cycle-progression
Cell-cycle-progression
Cell-cycle-progression

pathways affected by STMN1 knockdown. By comparing the transcriptome of Malme-3M cells
transfected with STMN1 siRNA to cells transfected with control siRNA, we identified 272
differentially expressed genes, including 170 downregulated and 102 upregulated genes
(Supplementary Table C2). Not surprisingly, STMN1 was one of the most downregulated genes,
showing a 10.87 fold decrease in expression. Through pathway analysis of the set of differentially
expressed genes, 25 downregulated and 6 upregulated genes were categorized into functions
affecting cell cycle progression and/or migration (Table 4-1). Integrin, actin, tight junction, Rac
and Cdc42 signaling pathways were among the top canonical pathways associated with
downregulated genes (Supplementary Table C3), suggesting that interconnected cytoskeletal
networks are directly affected by STMN1 knockdown. Downregulated genes such as Cyr61,
TGM2, CHL1, MYLK, or DDR2 could promote migration depending on the specific cellular
context (201-205). IFNB1 and TNF, two of the most upregulated genes, could inhibit cell
proliferation through induction of p21Cip1/Waf1 (206, 207), while downregulated genes such as
CCNE2, EZH2, JUN, and GFI1B are known to promote G1/S transition by regulating p21Cip1/Waf1
and p27Kip (208-211). Consequently, we found p21Cip1/Waf1 and p27Kip levels were elevated on
western blots following STMN1 knockdown (Figure 4-3G). Our exploratory study suggested that
cyclin dependent kinase inhibitors could be important downstream effectors of STMN1 signaling.
Further investigation is needed to examine the relationship between STMN1 and those
differentially expressed genes, and whether STMN1 could form protein complexes that directly
affect cell proliferation and migration.

In summary, our study suggests STMN1 behaves as an oncogene in melanoma, in keeping with
data from other cancers. We demonstrated that miR-193b directly regulated STMN1 expression,
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and that upregulation of STMN1 may be at least in part due to reduced expression of miR-193b in
malignant melanoma. Inhibition of STMN1 significantly repressed cell proliferation and
migration, making it a potential therapeutic target in melanoma.
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Chapter 5
General Discussion
5.1 Introduction
Nineteen years ago, no one could foresee that the discovery of a tiny RNA involved in regulating
the developmental timing of worms would establish a new paradigm of gene regulation. The
research on miRNAs has exploded over the past decade. Using “microRNA” as a key word to
search publications in PubMed (http://www.ncbi.nlm.nih.gov/pubmed/), only 5 papers were
available in 2001, whereas 4911 papers were published in 2011 alone. More than 1500 human
miRNAs have been identified to date, and they are predicted to regulate ~ 60% of protein coding
genes in humans (79). miRNAs are associated with virtually all known cellular, physiological and
pathological processes (212). The proper expression of miRNAs and their targets coordinates
normal cellular activities, such as cell proliferation, survival, and differentiation. Consequently,
aberrant expression of miRNAs disturbs the cellular homeostasis and contributes to the
development of human diseases, such as cancer. Numerous studies have shown that dysregulation
of miRNAs are associated with malignant transformation and tumorigenesis. Cancer cells show
largely different miRNA expression profiles compared to normal cells. Thus, deciphering the
tumor-specific miRNA signatures will provide key insight into the role of miRNAs in cancer. In
addition, the unique features of miRNAs make them ideal candidates for detection in clinical
specimens. miRNAs are relatively small and resistant to degradation. They are well preserved in
both frozen and FFPE samples, and can be easily extracted (141, 149, 169). In addition,
technologies such as real-time PCR, microarray, and next generation sequencing can reliably
detect miRNA expression in tumor cells.
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5.2 The dysregulation of miRNAs in melanoma
In order to understand the role of miRNA in melanoma, we started this work by profiling miRNA
expression in melanocytic tissues, including 8 benign nevi and 8 metastatic melanomas, using the
Agilent miRNA microarray. The array probes were designed to detect all 470 human miRNAs
identified at the time. Unsupervised hierarchical clustering analysis of miRNA expression profiles
readily separated melanoma samples from benign nevi (Figure 2-1A). Moreover, we identified
31 miRNAs that were differentially expressed in melanoma metastases compared to benign nevi,
including 13 upregulated and 18 downregulated miRNAs (Figure 2-1B). The functional roles of
those dysregulated miRNAs have started to emerge over past few years. Some upregulated
miRNAs were found to possess oncogenic potentials while downregulated miRNAs often
functioned as tumor suppressors.
miR-21, a bona fide oncogene, was one of the most upregulated miRNAs in our microarray study.
Overexpression of miR-21 in melanoma was also reported in several other publications (213215). Studies indicated that miR-21 repressed tumor suppressors such as PTEN and PDCD4, and
induced melanoma metastasis in a mouse melanoma cell line model (216).

Members and

homologues of the miR-17-92 cluster such as miR-17, miR-18a, miR-106b, miR-93 were also
among the upregulated miRNAs in ours and others studies (136). Due to the complex nature of
this cluster, as mentioned in Section 1.3.3.3, the melanoma specific roles of miR-17-92 have yet
to be examined in a melanoma cell model.
Members of the let-7 family were often found to be downregulated in melanoma (146, 164, 217).
The let-7 family was the first miRNAs characterized as tumor suppressors (105). Overexpression
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of let-7b could repress CCND1, CCND3, and CDK4, therefore inhibiting cell cycle progression
and anchorage-independent growth in melanoma (146). let-7a was identified as an important
regulator of integrin ß3 in melanoma as well (217). Knocking down let-7a led to the induction of
integrin ß3, resulting in the invasive potential of transfected melanocytes.
Members of the miR-200 family (miR-200b, miR-200c) and miR-205, another known tumor
suppressors, were also among downregulated miRNAs in our study. The miR-200 family and
miR-205 inhibited epithelial-mesenchymal transition and cell migration by direct targeting of Ecadherin transcriptional repressors ZEB1 and ZEB2 in kidney and mammary epithelial cells (158,
218). In melanoma cells, overexpression of miR-200c and miR-205 was shown to inhibit cell
proliferation and anchorage-independent colony formation as well as migration and invasion,
probably via repressing E2F1 and myristoylated alanine-rich protein kinase C substrate
(MRACKS) (215, 219, 220).
While some miRNAs are dysregulated in multiple cancer types, it appears that the
downregulation of miR-211 may be melanoma specific. Gaur et al. found that the expression of
miR-211 was restricted to cell lineages derived from neural crest (139). miR-211 gene is located
at the 6th intron of the TRPM1 gene, and is expressed along with the transcription of TRPM1
(183). TRPM1 encodes melastatin, a member of the transient receptor potential cation channel
subfamily. Interestingly, the expression of melastatin was inversely correlated with melanoma
progression and prognosis, but the tumor suppressor role of melastatin remained mysterious (221,
222). Growing evidence suggests that downregulation of miR-211, instead of melastatin protein,
is more likely the real cause of malignant transformation in melanocytes (182, 183, 215, 223).
Upregulation of miR-211 reduced migration and invasion of malignant melanoma cells, while
overexpression of melastatin failed to achieve the same effect (183). However, the targets
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responsible for miR-211-mediated tumor suppression were still ambiguous. One study
demonstrated that miR-211 reduced melanoma invasiveness through regulating IGF2R, TGFBR2,
and NFAT5 (183), while another study indicated KCNMA1 as the target of miR-211 (223). More
recently, the suppression of the POU3F2 by miR-211 was also found to reduce the invasive
potential of melanoma cells (182).
Due to the heterogeneous nature of the melanoma and our limited sample size, some of the
miRNAs associated with melanoma progression might have been missed during our initial array
studies. For example, Segura et al. found that miR-182 was overexpressed in melanoma cell lines
and its expression increased with progression of melanoma in tissue samples. The locus of the
miR-182 gene is also frequently amplified in melanoma (92, 224). Overexpression of miR-182
enhanced the invasiveness of melanoma cells in vitro as well as the metastasis in vivo. It turned
out that the oncogenic behavior of miR-182 was mediated by repressing MITF and FOXO3.
Expression of miR-221 and miR-222 was found to be repressed by the promyelocytic leukemia
zinc finger (PLZF) transcription factor in normal melanocytes (162). PLZF silencing in
melanoma led to the upregulation of miR-221 and miR-222, which decreased the expression of
p27Kip1 and c-KIT receptor, promoting cell proliferation, migration, invasion, and tumorigenesis.
Several profiling projects studying the expression of miRNAs in melanoma have been reported
since we initiated our project. Kunz and colleagues profiled 157 miRNAs in laser-microdissected
tissues from 10 benign nevi and 10 primary melanomas, using real-time PCR (146). They
identified 72 differentially expressed miRNAs, including 9 upregulated and 63 downregulated
miRNAs in primary melanomas. Members of the let-7 family and miR-200 family were among
downregulated miRNAs. Mueller et al. examined the expression of 470 miRNA in melanocytes
and melanoma cell lines derived from either primary tumors or metastatic melanomas, using the
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same Agilent microRNA microarray platform as we did (136). By comparing three primary
melanoma derived cell lines to two normal melanocyte cell lines, the authors identified 77
upregulated miRNAs and 14 downregulated miRNAs in primary melanoma cell lines versus the
normal melanocyte cell lines. However, the dysregulated miRNAs identified in this study were
significantly different from our data (164) or from Kunz’s results (146). For example, members of
miR-200 family were actually upregulated in primary melanoma cell lines in the study by
Mueller. Moreover, the let-7 family miRNAs were not among downregulated miRNAs. In
another study, Philippidou et al. attempted to understand the inconsistencies of miRNA
expression in melanoma between different studies (225). They applied both real-time PCR and
microarray techniques to profile miRNA expression on a panel of 10 cell lines and 20 patient
samples representing benign nevi, primary and metastatic melanomas. The levels of miR-200c,
miR-205, and miR-23b were strongly downregulated in melanoma when compared with nevi,
concurring with our array data. In general, the correlation between real-time PCR data and
microarray data was fairly good, suggesting different techniques were unlikely to be a major
cause of the discrepancies between studies. However, the expression levels of miRNAs were
inconsistent between cell line–derived and patient-derived data, indicating that the tissue culture
milieu might significantly alter the expression of certain miRNAs (225). Moreover, in spite of
using the same melanocyte and melanoma cell lines as Mueller’s study, Philippidou noted very
little agreement on miRNA expression patterns, suggesting that even the passages of cells could
potentially affect miRNA expression (136, 225).
Taken together, miRNA profiling studies in melanoma have demonstrated that unique miRNA
expression signatures were associated with melanoma progression. The discrepancies between
different expression studies may due to the source of samples, sample sizes, profile tools, and
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analysis algorithms. Furthermore, while cultured cell lines remain a useful tool, caution must be
taken in analyzing miRNA expression profiles derived from cell lines, as they may be
significantly different from patient samples.

5.3 miR-193b is a tumor suppressor
5.3.1 The role of miR-193b in melanoma
At first, miR-193b, miR-21, and miR-211 were chosen as candidates from differentially
expressed miRNAs (Figure 2-1B) for further functional studies. By then, miR-21 had been
identified as an oncogene in other cancers. The cellular functions and targets of miR-193b and
miR-211 were unknown. Using a melanoma cell line model, miR-21, significantly upregulated in
melanoma tumors, was knocked down using anti-miR-21 locked-nucleic-acids. On the other
hand, miR-193b and miR-211, both downregulated in melanoma, were overexpressed using
precursor molecules.

In the initial functional studies, miR-21 knockdown and miR-211

overexpression only showed moderate effects on cell proliferation and migration. However,
overexpression of miR-193b drastically reduced cell proliferation and migration potential. As a
result, I decided to focus on miR-193b.
We adopted two strategies to identify the direct targets of miR-193b in melanoma. First, gene
expression array was applied to globally screen mRNAs that were decreased after overexpressing
miR-193b in a melanoma cell line model. Using this approach, we identified 314 genes with at
least a 1.5 fold downregulation (P < 0.05). Second, using the in silico TargetScan prediction tool
(Human 5.1), 142 genes containing the conserved seed binding sites of miR-193b were identified.
When both gene lists were cross-examined, we found 18 genes in common (Table 2-1). These 18
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genes were more likely to be the direct targets of miR-193b in that they were downregulated by
miR-193b and contained predicted seed binding sites. Consequently, we investigated potential
gene targets based on their known cellular functions.
We first reported that miR-193b directly regulated CCND1 in 2010 (164). Overexpression of
miR-193b repressed the CCND1 protein (Figure 2-5) and arrested cell cycle progression at the G1
phase (Figure 2-3C). CCND1 knockdown using siRNA recapitulated the cell cycle arrest (Figure
2-6C), and the luciferase reporter array confirmed that miR-193b directly targeted the seed
binding site in the 3’ UTR of CCND1 (Figure 2-7).
Next, we demonstrated that miR-193b directly repressed the expression of Mcl-1 (184), and
consequently sensitized melanoma cells to ABT-737-induced apoptosis (Figure 3-2, B and C).
Ectopic expression of Mcl-1 reduced the extent of cellular apoptosis induced by miR-193b and
ABT-737, confirming that the pro-apoptotic effect of miR-193b was mediated through Mcl-1
(Figure 3-2D). Furthermore, the luciferase reporter assay suggested that miR-193b could interact
with seed as well as seedless pairing sequences in the 3’UTR of Mcl-1 mRNA (Figure 3-3).
Despite reported success of identifying targets without seed pairing (175), the prediction
algorithm RNA22 was unable to recognize the seedless matching sites of miR-193b in the 3’
UTR of Mcl-1 (Figure 3-3B). Our study revealed the limitations of current prediction algorithms
in regard to identifying targets without seed pairing. As a consequence, there is an urgent need to
develop new strategies to predict and identify miRNA targets.

In addition, we found the

expression levels of miR-193b were already decreased in primary melanomas (Figure 3-1A),
suggesting mR-193b downregulation was an early event during melanoma progression.
More recently, we identified STMN1 as another direct target of miR-193b in melanoma (Figure
4-1). STMN1 is a key player in controlling microtubule dynamics, which are critical to cellular
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processes such as cell motility and cell division during mitosis (186). However, its association
with melanoma was unknown. We found STMN1 levels to be upregulated in melanoma tissue
samples from two independent TMA cohorts (Figure 4-2). Reduction of STMN1 levels by siRNA
knockdown or overexpression of miR-193b decreased the melanoma cell’s ability to proliferate
and migrate, whereas ectopic expression of STMN1 promoted the opposite effects and could
partially relieve the repressive effects of miR-193b on proliferation and migration (Figure 4-3 and
Supplementary Figure C1). Furthermore, gene expression analysis indicated that STMN1
knockdown directly affected the interconnected cytoskeletal networks (Supplementary Table C3).
In addition, we revealed that CDK inhibitors p21Cip1/Waf1 and p27Kip were downstream effectors of
STMN1 signaling (Figure 4-3G). Thus, examining the targets of miR-193b led us to identify
STMN1 as a novel oncogene in melanoma.
5.3.2 The role of miR-193b in other malignancies
miR-193b has emerged as a tumor suppressing miRNA in a variety of cancers in recent years.
The first report suggesting the implication of miR-193b in cancer came from a microarray study
in early 2009, which profiled miRNA expression in endometrioid adenocarcinoma (151). miR193b was significantly downregulated in endometrioid adenocarcinoma compared to adjacent
normal endometrium, suggesting its potential involvement in tumorigenesis. Subsequently, two
studies found miR-193b could act as a tumor suppressor in breast cancer in late 2009. One study
found miR-193b could downregulate the estrogen receptor-alpha, therefore inhibiting estrogenstimulated cell growth (153). In the other study, inhibition of miR-193b led to the upregulation of
urokinase-type plasminogen activator (uPA) and promoted cell invasion in breast cancer cell lines
(152). What’s more, miR-193b overexpression in breast cancer cells significantly inhibited the
growth and dissemination of xenograft tumors in a mouse model (152). In prostate cancer, miR111

193b expression was decreased when compared to benign prostatic hyperplasia (168).
Overexpression of miR-193b caused a significant proliferation reduction resulting from the G1/S
cell cycle arrest in a prostate cancer cell line.

Recently, miR-193b was reported to be

significantly downregulated in most human hepatocellular cancer (HHC) tissues compared to
matching non-tumoral liver tissues (166). In hepatoma cells, miR-193b induced cell cycle arrest
through regulating CCND1, and inhibited cell invasion and migration by repressing
transcriptional factor ETS1. Interestingly, expression of chronic hepatitis C viral proteins in
malignant hepatocytes could enhance the expression of miR-193b (176). Upregulation of miR193b inhibited the expression of Mcl-1, which subsequently induced apoptosis and enhanced
response to chemotherapy in malignant hepatocytes. miR-193b was also involved in acute
myeloid leukemia (AML) pathogenesis (226): its expression was decreased in subsets of AML
patients and the expression levels were inversely correlated with c-Kit levels. Upregulation of
miR-193b in AML cells directly repressed c-Kit expression and inhibited cell proliferation. More
recently, in pancreatic cancer cells, activation of the MAPK pathway was shown to repress the
expression of miR-193b (227). Restoration of miR-193b drastically reduced the proliferation rate
of cancer cells. Moreover, the Ikeda group confirmed CCND1, NT5E, PLAU (encodes uPA
protein), STARD7, STMN1, and YWHAZ as direct targets of miR-193b (227).
In summary, miR-193b regulates a variety of genes associated with cell proliferation, survival,
migration and invasion (Figure 5-1). Perhaps due to the relative abundance of mRNAs in specific
cellular types, the regulatory targets of miR-193b identified are often different in various human
cancers. Nonetheless, the above studies unanimously support the role of miR-193b as a tumor
suppressor.
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Figure 5-1. The regulatory network of miR-193b.
Targets of miR-193b are involved in cell survival, proliferation, migration and invasion in human
malignancies. Abbreviations: ERα, estrogen receptor-alpha; CCND1, cyclin D1; uPA, urokinase-type
plasminogen activator; STMN1, Stathmin 1.
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5.4 The cause of miR-193b downregulation in melanoma
The exact mechanism leading to the repression of miR-193b in melanoma are still unknown and
need further investigation. As mentioned in Section 1.3.2, four factors could contribute to the
downregulation of miR-193b in melanoma: the location of miR-193b gene, transcription factors,
the miRNA processing pathway, and epigenetic regulation.
The miR-193b gene resides at the intergenic region of chromosome 16p13.12., a genomic area
not known to be frequently deleted in melanoma (224). This observation was further confirmed
in another study. Zhang and colleagues analyzed miRNA DNA copy number abnormalities in
melanoma cell lines using high-resolution aCGH (92). In 45 samples, 5 cases were reported to
have copy number loss while 6 cases contain copy number gain at the miR-193b locus. Therefore,
current data suggest repression of miR-193b is unlikely due to genomic deletion in melanoma.
Transcription factors regulating miR-193b expression remain to be identified. One recent study
suggested that an activated MAPK pathway could repress the expression of miR-193b in
pancreatic cancers (227). Oba et al. found that the expression of pERK, an indicator of MAPK
pathway activation (Section 1.5.1.1), was significantly higher in melanoma than benign nevus
(228). Therefore, transcription factors activated by pERK may act as potential repressors of miR193b expression.
Abnormal expression of miRNA-associated proteins can potentially contribute to downregulation
of miR-193b. For example, the RNA-binding proteins LIN28 and LIN28B blocked let-7
precursors from being processed into mature miRNAs, therefore decreasing the expression of the
let-7 family in human tumors (100). Similarly, dysregulation of certain RNA binding proteins
may also lead to the suppression of miR-193b in melanoma. Interestingly, the expression of Dicer
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was significantly higher in melanomas compared to benign nevi (229, 230). However, the effect
of upregulation of Dicer on miRNA expression has yet to be investigated in melanoma.
Epigenetic silencing of miR-193b expression has been observed in a prostate cancer cell line
(168). Prostate tumor samples showed increased methylation at the CpG islands of the promoter
area of miR-193b locus compared to benign prostatic hyperplasia. Therefore, it would be
interesting to examine the methylation status of miR-193b in melanoma tissues to determine
whether the expression of miR-193b is epigenetically regulated.

5.5 Using miRNA Signatures as Prognostic Tools
Current prognosis of melanoma patients mainly depends on the Breslow thickness. Despite the
relative success achieved by this approach, tumor thickness is rather rudimentary and does not
reflect the underlying molecular changes. For example, patients with identical Breslow thickness
measurements sometimes have completely different outcomes regardless the treatment. Thus, it is
imperative to search for better prognostic markers that can be incorporated into current clinical
practice.
Recently, studies have started to examine the potential of using the miRNA signature as a
prognostic tool in melanoma. For example, Segura et al. profiled the expression of 911 miRNAs
in 59 FFPE melanoma metastases using a miRNA microarray (178). The association between
tumor miRNA expression profiles and patient post-recurrence survival (the time of excision to
date of last follow-up or death) was evaluated. They identified that higher expression of a group
of 18 miRNAs was significantly associated with longer survival (more than 18 months; n = 36),
and interestingly, miR-193b was one of those 18 miRNAs. Furthermore, a small subset of six
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miRNAs, i.e. miR-150, miR-342-3p, miR-455-3p, miR-145, miR-155, and miR-497 could predict
post-recurrence survival in metastatic melanoma with an estimated 80% accuracy. In another
study, Liu and colleagues compared the expression of 470 miRNAs in melanoma metastases from
8 patients with long survival (more than 60 months) to 8 patients with short survival (less than 12
months) (177). They found that patients with low expression of miR-191 and high expression of
miR-193b have significantly shorter survival. There was no overlap between the miRNA
signatures from the above two studies, despite the fact that both studies examined melanoma
metastases. Even more surprisingly, miR-193b demonstrated completely opposite roles in the two
studies.
As part of an ongoing project in our laboratory, the preliminary results suggested that patients
with higher miR-150 expression levels have significantly longer survival, based on the analysis of
66 primary melanoma samples. However, we did not find any association between miR-193b and
patient survival. Limited sample size in current prognostic studies is probably the major culprit
for such inconsistency. Due to the heterogeneity of melanoma biology and the convoluted nature
of clinical data, a large cohort including at least several hundred cases is needed to generate
reliable and sensitive miRNA signatures as prognostic tools. Nonetheless, molecules important in
cancer pathogenesis are not necessarily good prognostic makers. For example, both BRAF
mutation status and PTEN expression levels have not been shown to correlate with prognosis in
melanoma (194, 196).
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5.6 Significance
In conclusion, this thesis examined the expression of miRNAs in melanocytic tumors using a
miRNA microarray platform, and identified a distinct miRNA expression pattern associated with
melanoma. Specifically, we found that miR-193b was one of the most significantly
downregulated miRNAs in melanoma. Subsequent functional studies demonstrated that miR193b regulates cell proliferation, survival, and migration. We were the first group to reveal that
the tumor-suppressing role of miR-193b is mediated through direct repression of CCND1, Mcl-1
and STMN1 in melanoma. Finally, we were also the first group to show that STMN1 plays a role
in melanoma, acting as an oncogene.
Based on the current melanoma pathogenesis model, cell proliferation and apoptosis pathways are
often altered during early progression, while pathways involved in metastasis are affected in the
late stage of melanoma (3). These prior observations fit nicely with our finding that miR-193b
repression is noted early in melanoma development (Figure 3-1A), leading to the dysregulation of
genes involved in cell proliferation and death (Figure 2-4).

This would suggest that

downregulation of miR-193b is important in pathways implicated in the initiation and early
progression of melanoma (Figure 5-2). The characterization of miR-193b as a tumor suppressor
represents a new paradigm of melanoma pathogenesis, underscoring the unique ability of a
miRNA to simultaneously regulate multiple targets and signaling pathways.
miR-193b is an ideal candidate for potential miRNA replacement therapies in melanoma. The
strategy of using oligo mimics or viral delivery systems to restore the expression of tumor
suppressor miRNAs in cancer cells are being developed (231). For example, restoration of miR26a using adeno-associated viruses in a mouse model of human liver cancer resulted in
suppression of cancer cell proliferation and induction of tumor-specific apoptosis (232). Based on
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Figure 5-2. Molecular events associated with melanoma progression.
BRAF mutations as well as loss of CDKN2A and PTEN are often present in benign and dysplastic nevus
stages. During primary melanoma stages, repression of miR-193b and upregulation of proteins such as
CCND1, Mcl-1 and STMN1 significantly enhance melanoma cell proliferation and survival. Further
changes in genes related to metastasis such as loss of E-cadherin and induction of N-cadherin and miR-182
allow melanoma cells to penetrate the basal membranes and to invade blood and lymph vessels, ultimately
forming distant metastases (adapted from (3)).
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our findings, reinstating miR-193b expression in melanoma should be able to inhibit tumor
growth and metastasis as well as inducing apoptosis when combined with drugs like ABT-737.
Ultimately, we hope that the understanding of miR-193b will translate into better and more
effective therapies for melanoma patients.
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Figure A-1. Validation of miR-193b overexpression in melanoma cells.
Malme-3M cells were transfected with 5nM miRNA precursors (either miR-193b or negative control),
while SKMEL-28 and SKMEL-5 were transfected with 50nM miRNA precursors. Cells were harvested 72
h post-transfection and total RNA was isolated using the miRNeasy Mini kit (Qiagen). Mature miR-193b
was detected by the TaqMan microRNA assay. RNU6B was used as the internal control. The data represent
the mean of triplicate measurements. Y axis is on log scale.
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Figure A-2. Higher CCND1 protein levels in metastatic melanomas compared to benign nevi.
CCND1 protein expression was assessed by the presence of % positive CCND1 nuclear staining using
immunohistochemistry. Horizontal bars indicate the mean of 8 samples. ***, P<0.005 was calculated using
independent samples t test.
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miR-193b

U6

Figure B-1. miR-193b levels in melanoma cell lines.
Northern blot analysis of miR-193b expression in Malme-3M, MeWo, SK-MEL-2, and SK-MEL-28 cells
either transfected with miR-193b, negative control or untreated. Cells were transfected with 5 nM miRNA
precursor (miR-193b or negative control), and were harvested 72 h post-transfection. U6 snRNA was used
as an internal control.
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Figure B-2. Real-time PCR analysis of miR-193b level after ABT-737 treatment in Malme-3M cells.
miR-193b expression level was quantified by the TaqMan microRNA assay. RNU6B was used an internal
control. Data are mean of three independent experiments, presented as mean ± SEM.
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Table C-1. The Cox proportional hazards model for patient survival.

Hazard ratio

95% Confidence
interval

P-value

STMN1 expression

0.989

0.952-1.028

0.5789

Breslow thickness
(mm)

1.105

0.945-1.292

0.2096

Mitotic count

1.096

0.997-1.205

0.0578

Sex (male vs female)

5.257

1.500-18.417

0.0095

Age (per decade)

1.482

1.030-2.133

0.0342
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Figure C-1. Ectopic expression of STMN1 partially relieves the repressive effects of miR-193b on
proliferation (A) and migration (B).
Malme-3M cells either expressing WPI lentiviral vector (WPI control) or WPI lentiviral vector with HA
tagged STMN (STMN1-HA) were transfected with 5 nmol/L miR-193b. The detailed procedures were
described in Figure 4-3 (B-C). *** P < 0.001 were calculated using the independent samples t-test.
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Table C-2. Genes that are affected following STMN1 knockdown.
Fold Change

Symbol

Entrez Gene Name

-10.87

STMN1

stathmin 1
UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-

-4.07

GALNT1

acetylgalactosaminyltransferase 1 (GalNAc-T1)

-3.77

NRP2

neuropilin 2

-3.58

TDO2

tryptophan 2,3-dioxygenase

-3.55

CCNE2

cyclin E2

-3.48

PSMA1

proteasome (prosome, macropain) subunit, alpha type, 1

-3.36

COMMD10

COMM domain containing 10

-3.02

SET

SET nuclear oncogene

-2.96

PGM3

phosphoglucomutase 3

-2.93

TBC1D9

TBC1 domain family, member 9 (with GRAM domain)

-2.92

PARVA

parvin, alpha

-2.90

STBD1

starch binding domain 1

-2.83

CANX

calnexin

-2.80

TGOLN2

trans-golgi network protein 2

-2.79

AVEN

apoptosis, caspase activation inhibitor

-2.76

C11orf76

SHANK2 antisense RNA 3 (non-protein coding)

-2.66

FAM133B

family with sequence similarity 133, member B

-2.63

CYR61

cysteine-rich, angiogenic inducer, 61

EXO1 (includes
-2.59

EG:26909)

exonuclease 1

-2.58

SAV1

salvador homolog 1 (Drosophila)

-2.57

GNPNAT1

glucosamine-phosphate N-acetyltransferase 1

-2.57

LCORL

ligand dependent nuclear receptor corepressor-like

-2.51

PDLIM5

PDZ and LIM domain 5
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-2.50

KCTD9

potassium channel tetramerisation domain containing 9

-2.41

MGST1

microsomal glutathione S-transferase 1

-2.34

FAM198B

family with sequence similarity 198, member B

-2.33

ARNTL2

aryl hydrocarbon receptor nuclear translocator-like 2

-2.33

TPM4

tropomyosin 4
transglutaminase 2 (C polypeptide, protein-glutamine-

-2.32

TGM2

gamma-glutamyltransferase)

-2.32

AAK1

AP2 associated kinase 1

-2.25

MCU

mitochondrial calcium uniporter

-2.23

TYW5

tRNA-yW synthesizing protein 5

-2.19

FHDC1

FH2 domain containing 1

-2.17

ITGA9

integrin, alpha 9

-2.17

RAD54B

RAD54 homolog B (S. cerevisiae)
guanine nucleotide binding protein (G protein), alpha

-2.13

GNAI1

inhibiting activity polypeptide 1

-2.12

PPM1A

protein phosphatase, Mg2+/Mn2+ dependent, 1A

-2.12

KIAA1524

KIAA1524

-2.09

BBS4

Bardet-Biedl syndrome 4

-2.08

TMEM64

transmembrane protein 64

-2.07

FUT8

fucosyltransferase 8 (alpha (1,6) fucosyltransferase)

-2.06

LYRM7

Lyrm7 homolog (mouse)

-2.05

ITGB8

integrin, beta 8

-2.04

TM7SF3

transmembrane 7 superfamily member 3

-2.04

ARL6

ADP-ribosylation factor-like 6

-2.03

FAM63B

family with sequence similarity 63, member B

-2.03

TMX4

thioredoxin-related transmembrane protein 4

RGP1 (includes
-2.01

EG:242406)

RGP1 retrograde golgi transport homolog (S. cerevisiae)
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solute carrier family 7 (anionic amino acid transporter
-2.00

SLC7A11

light chain, xc- system), member 11

-2.00

POC1B

POC1 centriolar protein homolog B (Chlamydomonas)

-1.98

PARP3

poly (ADP-ribose) polymerase family, member 3

-1.97

MYO5A

myosin VA (heavy chain 12, myoxin)

-1.95

CEP170

centrosomal protein 170kDa

-1.95

NEK2

NIMA (never in mitosis gene a)-related kinase 2

-1.94

CDHR3

cadherin-related family member 3

-1.94

RASGRF1

Ras protein-specific guanine nucleotide-releasing factor 1

-1.93

CREM

cAMP responsive element modulator

-1.91

ARL5A

ADP-ribosylation factor-like 5A

-1.91

TP53RK

TP53 regulating kinase

-1.90

TUBB2B

tubulin, beta 2B

-1.88

UBASH3B

ubiquitin associated and SH3 domain containing B
UDP-Gal:betaGlcNAc beta 1,4- galactosyltransferase,

-1.88

B4GALT4

polypeptide 4

-1.88

NPPC

natriuretic peptide C

-1.87

ARPC1B

actin related protein 2/3 complex, subunit 1B, 41kDa

-1.87

SURF6

surfeit 6

-1.87

ARF4

ADP-ribosylation factor 4

-1.86

CD96

CD96 molecule

-1.86

JUN

jun proto-oncogene

-1.86

EZH2

enhancer of zeste homolog 2 (Drosophila)

-1.85

TNFAIP8L2

tumor necrosis factor, alpha-induced protein 8-like 2

SUB1 (includes
-1.84

EG:10923)

SUB1 homolog (S. cerevisiae)

-1.84

KRT15

keratin 15

-1.83

ATP1A1

ATPase, Na+/K+ transporting, alpha 1 polypeptide
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-1.83

SIRT5

sirtuin 5

-1.83

SNX25

sorting nexin 25

-1.80

TUSC2

tumor suppressor candidate 2

-1.80

AGGF1

angiogenic factor with G patch and FHA domains 1

-1.80

ALDH5A1

aldehyde dehydrogenase 5 family, member A1

-1.80

NANOS1

nanos homolog 1 (Drosophila)

-1.79

RPF1

ribosome production factor 1 homolog (S. cerevisiae)
cell adhesion molecule with homology to L1CAM (close

-1.78

CHL1

homolog of L1)

-1.77

SUMO2

SMT3 suppressor of mif two 3 homolog 2 (S. cerevisiae)

-1.76

VHL

von Hippel-Lindau tumor suppressor
solute carrier family 6 (neurotransmitter transporter,

-1.76

SLC6A13

GABA), member 13

-1.75

SAMD5

sterile alpha motif domain containing 5

-1.75

FAM98A

family with sequence similarity 98, member A

-1.74

ZNF678

zinc finger protein 678

-1.74

GFI1B

growth factor independent 1B transcription repressor

-1.74

OXCT1

3-oxoacid CoA transferase 1

-1.74

QKI

QKI, KH domain containing, RNA binding

-1.73

FAM65B

family with sequence similarity 65, member B

-1.73

TRAK2

trafficking protein, kinesin binding 2
eukaryotic translation initiation factor 4E family member

-1.73

EIF4E3

3
nudix (nucleoside diphosphate linked moiety X)-type

-1.72

NUDT12

motif 12

-1.72

CEP19

centrosomal protein 19kDa

-1.72

DENND1B

DENN/MADD domain containing 1B

-1.71

USP47

ubiquitin specific peptidase 47
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-1.71

CENPH

centromere protein H

-1.70

ARL2BP

ADP-ribosylation factor-like 2 binding protein

-1.70

PURB

purine-rich element binding protein B

SH3BGR
(includes
-1.69

EG:445130)

SH3 domain binding glutamic acid-rich protein

-1.67

STAMBPL1

STAM binding protein-like 1

-1.67

LOC100129478

chromosome 4 open reading frame 46 pseudogene

-1.66

RFTN1

raftlin, lipid raft linker 1

-1.66

ACTL7B

actin-like 7B
uveal autoantigen with coiled-coil domains and ankyrin

-1.65

UACA

repeats

-1.65

KIAA1549

KIAA1549

-1.65

STX3

syntaxin 3

-1.65

UVRAG

UV radiation resistance associated gene

-1.64

SMURF2

SMAD specific E3 ubiquitin protein ligase 2
serpin peptidase inhibitor, clade D (heparin cofactor),

-1.64

SERPIND1

member 1

-1.64

FGD2

FYVE, RhoGEF and PH domain containing 2

-1.64

PTPRS

protein tyrosine phosphatase, receptor type, S

-1.63

AHNAK2

AHNAK nucleoprotein 2

-1.63

OIP5

Opa interacting protein 5

-1.63

TACC1

transforming, acidic coiled-coil containing protein 1

-1.62

PPAT

phosphoribosyl pyrophosphate amidotransferase

-1.62

ZC3H7A

zinc finger CCCH-type containing 7A

-1.61

FXR1

fragile X mental retardation, autosomal homolog 1

-1.61

USP6NL

USP6 N-terminal like

-1.61

EXT1

exostosin 1

-1.60

RNF41

ring finger protein 41

-1.60

MTDH

metadherin
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eukaryotic translation initiation factor 4E family member
-1.60

EIF4E2

2

-1.60

BZW1

basic leucine zipper and W2 domains 1

-1.60

SRI

sorcin

-1.59

CHML

choroideremia-like (Rab escort protein 2)

-1.59

FAM161A

family with sequence similarity 161, member A

-1.59

ABHD5

abhydrolase domain containing 5

-1.59

BLMH

bleomycin hydrolase

-1.59

LUZP1

leucine zipper protein 1

-1.59

KIF3B

kinesin family member 3B

-1.59

SACS

spastic ataxia of Charlevoix-Saguenay (sacsin)

-1.59

TMEM2

transmembrane protein 2

-1.58

C2CD3

C2 calcium-dependent domain containing 3

-1.58

DZIP1L

DAZ interacting protein 1-like

-1.58

STK17B

serine/threonine kinase 17b

-1.58

C11orf95

chromosome 11 open reading frame 95

-1.58

CCDC88A

coiled-coil domain containing 88A

-1.58

CDKAL1

CDK5 regulatory subunit associated protein 1-like 1

-1.58

ZADH2

zinc binding alcohol dehydrogenase domain containing 2
nudix (nucleoside diphosphate linked moiety X)-type

-1.57

NUDT15

motif 15

-1.57

SEH1L

SEH1-like (S. cerevisiae)

-1.56

ENAH

enabled homolog (Drosophila)

-1.56

ANKRD40

ankyrin repeat domain 40

-1.56

RRP7A

ribosomal RNA processing 7 homolog A (S. cerevisiae)

-1.56

SLMAP

sarcolemma associated protein

-1.55

CDCA3

cell division cycle associated 3

-1.55

C22orf15

chromosome 22 open reading frame 15

-1.55

RHOQ

ras homolog gene family, member Q
147

-1.55

PRKACB

protein kinase, cAMP-dependent, catalytic, beta

-1.54

FOXE1

forkhead box E1 (thyroid transcription factor 2)

-1.54

HIATL1

hippocampus abundant transcript-like 1

-1.54

MYLK

myosin light chain kinase

-1.53

TRAF3IP1

TNF receptor-associated factor 3 interacting protein 1

-1.52

FAM46B

family with sequence similarity 46, member B

-1.52

PEX10

peroxisomal biogenesis factor 10

-1.52

DCTN2

dynactin 2 (p50)

-1.52

DIAPH3

diaphanous homolog 3 (Drosophila)
potassium inwardly-rectifying channel, subfamily J,

-1.52

KCNJ13

member 13

-1.52

ZBTB41

zinc finger and BTB domain containing 41

-1.51

BACE1

beta-site APP-cleaving enzyme 1

-1.51

CLN6

ceroid-lipofuscinosis, neuronal 6, late infantile, variant

-1.51

CABLES2

Cdk5 and Abl enzyme substrate 2

-1.51

CXorf69

chromosome X open reading frame 69
myeloid/lymphoid or mixed-lineage leukemia (trithorax

-1.51

MLLT4

homolog, Drosophila); translocated to, 4

-1.51

ATP9A

ATPase, class II, type 9A

-1.51

WASF1

WAS protein family, member 1

DDR2 (includes
-1.50

EG:18214)

discoidin domain receptor tyrosine kinase 2

-1.50

CEP63

centrosomal protein 63kDa

19.01

C1orf27

chromosome 1 open reading frame 27

IFNB1 (includes
15.49

EG:15977)

interferon, beta 1, fibroblast

13.02

EPSTI1

epithelial stromal interaction 1 (breast)

11.45

ETV7

ets variant 7

10.50

IRF7

interferon regulatory factor 7
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6.14

C5orf56

chromosome 5 open reading frame 56

6.10

TRANK1

tetratricopeptide repeat and ankyrin repeat containing 1

6.04

APOL6

apolipoprotein L, 6
calcium channel, voltage-dependent, T type, alpha 1I

5.46

CACNA1I

subunit

4.45

RBM11

RNA binding motif protein 11

4.37

CCL3L1/CCL3L3 chemokine (C-C motif) ligand 3-like 1

3.85

TNF

tumor necrosis factor

3.56

CD274

CD274 molecule

3.34

C10orf57

chromosome 10 open reading frame 57

3.33

ARL6IP1

ADP-ribosylation factor-like 6 interacting protein 1

2.79

PSAT1

phosphoserine aminotransferase 1

2.78

FBXL17

F-box and leucine-rich repeat protein 17

2.37

UBA7

ubiquitin-like modifier activating enzyme 7

2.31

CBX1

chromobox homolog 1

2.24

CYP1B1

cytochrome P450, family 1, subfamily B, polypeptide 1

2.20

HHLA3

HERV-H LTR-associating 3

2.16

LOC729082

hypothetical LOC729082

2.15

TTC39B

tetratricopeptide repeat domain 39B

2.13

PODXL

podocalyxin-like
ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-

2.07

ST6GALNAC1

N-acetylgalactosaminide alpha-2,6-sialyltransferase 1

2.06

LOC100506253

hypothetical LOC100506253

2.04

CPN2

carboxypeptidase N, polypeptide 2

2.03

DNALI1

dynein, axonemal, light intermediate chain 1

2.01

C19orf12

chromosome 19 open reading frame 12

2.00

RSL24D1

ribosomal L24 domain containing 1

1.98

SLC9A9

solute carrier family 9 (sodium/hydrogen exchanger),
149

member 9
1.98

WDFY4

WDFY family member 4
transmembrane emp24 protein transport domain

1.98

TMED6

containing 6

1.95

C14orf37

chromosome 14 open reading frame 37

1.92

ARHGAP44

Rho GTPase activating protein 44

1.91

CLDN14

claudin 14

1.90

PHEX

phosphate regulating endopeptidase homolog, X-linked

1.90

AMZ1

archaelysin family metallopeptidase 1

1.88

SPTBN4

spectrin, beta, non-erythrocytic 4

FAM22A
1.88

(includes others)

family with sequence similarity 22, member B

1.85

ZMYND15

zinc finger, MYND-type containing 15

1.85

UBE2B

ubiquitin-conjugating enzyme E2B

1.84

FLJ30901

hypothetical protein FLJ30901

1.83

CYP1A1

cytochrome P450, family 1, subfamily A, polypeptide 1

1.83

SESN3

sestrin 3

1.82

RFC3

replication factor C (activator 1) 3, 38kDa

1.81

SSX1

synovial sarcoma, X breakpoint 1

1.81

TNFRSF21

tumor necrosis factor receptor superfamily, member 21

1.81

LRRC3

leucine rich repeat containing 3

1.79

CCDC43

coiled-coil domain containing 43

1.79

DGAT2

diacylglycerol O-acyltransferase 2

1.79

PEX11G

peroxisomal biogenesis factor 11 gamma

1.79

MYH7B

myosin, heavy chain 7B, cardiac muscle, beta

1.78

POPDC2

popeye domain containing 2

1.77

SPINT2

serine peptidase inhibitor, Kunitz type, 2

1.77

TRIM68

tripartite motif containing 68
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1.77

GPD1L

glycerol-3-phosphate dehydrogenase 1-like

1.76

LOC100507642

hypothetical LOC100507642

1.75

C4orf32

chromosome 4 open reading frame 32

1.72

TMEM169

transmembrane protein 169
erythroblast membrane-associated protein (Scianna blood

1.72

ERMAP

group)

1.70

ITGB1BP3

integrin beta 1 binding protein 3

1.70

SSX4/SSX4B

synovial sarcoma, X breakpoint 4

1.69

LGALS8-AS1

LGALS8 antisense RNA 1 (non-protein coding)

1.69

SPOPL

speckle-type POZ protein-like

1.68

KLHL15

kelch-like 15 (Drosophila)
BTB and CNC homology 1, basic leucine zipper

1.68

BACH2

transcription factor 2

1.68

N4BP2L1

NEDD4 binding protein 2-like 1

1.67

LGALS2

lectin, galactoside-binding, soluble, 2

1.66

DEM1

defects in morphology 1 homolog (S. cerevisiae)

1.65

ABHD16B

abhydrolase domain containing 16B

1.65

LRRC29

leucine rich repeat containing 29
sema domain, transmembrane domain (TM), and

1.64

SEMA6C

cytoplasmic domain, (semaphorin) 6C

1.63

ABHD1

abhydrolase domain containing 1

1.63

KIAA1199

KIAA1199

1.62

TRIM34

tripartite motif containing 34

1.62

C11orf58

chromosome 11 open reading frame 58

1.61

INPP5D

inositol polyphosphate-5-phosphatase, 145kDa

1.61

GLT1D1

glycosyltransferase 1 domain containing 1

1.60

GATA6

GATA binding protein 6

1.59

CCDC120

coiled-coil domain containing 120

1.59

ERAP2

endoplasmic reticulum aminopeptidase 2

151

ATP-binding cassette, sub-family C (CFTR/MRP),
1.59

ABCC6

member 6

1.59

SFT2D1

SFT2 domain containing 1

1.58

DOLPP1

dolichyl pyrophosphate phosphatase 1

1.57

MFSD8

major facilitator superfamily domain containing 8

1.56

OLFML2B

olfactomedin-like 2B

CSAG2 (includes
1.55

others)

CSAG family, member 2

1.54

ACVR2B

activin A receptor, type IIB

1.54

ADCY1

adenylate cyclase 1 (brain)

1.54

C12orf42

chromosome 12 open reading frame 42

1.54

SCEL

sciellin
peroxisome proliferator-activated receptor gamma,

1.53

PPARGC1A

coactivator 1 alpha

1.53

PHF7

PHD finger protein 7

1.52

ACTL8

actin-like 8

1.52

CUX1

cut-like homeobox 1

1.52

BCL11A

B cell CLL/lymphoma 11A (zinc finger protein)
v-maf musculoaponeurotic fibrosarcoma oncogene

1.51

MAF

homolog (avian)

1.51

KCNG1

potassium voltage-gated channel, subfamily G, member 1

1.51

ANXA8L2

annexin A8-like 2

1.51

C14orf102

chromosome 14 open reading frame 102

1.50

NEURL

neuralized homolog (Drosophila)
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Table C-3. The most significant canonical pathways identified by IPA.
Ingenuity Canonical
Pathways
Signaling by Rho Family
GTPases

p-value

Molecules
MYLK,STMN1,JUN,RHOQ,ARPC1B,DIAPH3,G

0.00 NAI1,WASF1
MYLK,PARVA,RHOQ,ARPC1B,ITGA9,ARF4,IT

Integrin Signaling

0.00 GB8

Glutamate Metabolism

0.00 GNPNAT1,PPAT,ALDH5A1

Regulation of Actin-based
Motility by Rho

0.00 MYLK,RHOQ,ARPC1B,WASF1

Aryl Hydrocarbon Receptor
Signaling

0.01 TGM2,MGST1,CCNE2,JUN,ALDH5A1

Actin Nucleation by ARPWASP Complex

0.01 RHOQ,ARPC1B,WASF1

Sertoli Cell-Sertoli Cell
Junction Signaling

0.02 PRKACB,AGGF1,JUN,MLLT4,TUBB2B

Breast Cancer Regulation by
Stathmin1

0.02 PRKACB,STMN1,CCNE2,GNAI1,TUBB2B

Tight Junction Signaling

0.04 PRKACB,MYLK,JUN,MLLT4

IL-1 Signaling

0.04 PRKACB,JUN,GNAI1

Germ Cell-Sertoli Cell
Junction Signaling

0.04 AGGF1,RHOQ,MLLT4,TUBB2B

N-Glycan Biosynthesis

0.04 FUT8,B4GALT4

Cdc42 Signaling

0.04 MYLK,JUN,ARPC1B,DIAPH3

IGF-1 Signaling

0.05 PRKACB,JUN,CYR61

Cholecystokinin/Gastrinmediated Signaling

0.05 JUN,RHOQ,CREM

Paxillin Signaling

0.05 PARVA,ITGA9,ITGB8

p-value was calculated by Fisher's exact test using IPA
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