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ABSTRACT

AUGMENTATION OF RAS-INDUCED CELL TRANSFORMATION:
A NEW ROLE FOR MIR-200A IN MALIGNANCY

Lindsey Erin Becker

April 2, 2014

Cancer is a multistep disease that begins with malignant cell transformation and
frequently culminates in metastasis and death. MicroRNAs (miRNAs) are small
regulatory 21-25-nt RNA molecules and are frequently deregulated in cancer. The
majority of miRNAs are estimated to be co-expressed with neighboring miRNAs as
clusters. Many miRNA clusters coordinately regulate multiple members of cellular
signaling pathways or protein interaction networks. miR-200a is a member of the miR-
200 family, which are known to be strong inhibitors of the epithelial to mesenchymal
transition. As such, the tumor suppressive role of miR-200a in oncogenesis has been well
studied; however, recent studies have found a proliferative role for this miRNA as well as
a pro-metastatic role in the later steps of cancer progression. In this study, we employed a
biphasic approach to determine miRNA involvement in malignant cell transformation.
First, we screened 366 human miRNA minigenes to determine their effects on the four

major cancer signaling pathways culminating in AP-1, NF-«B, c-Myc, or p53



transcriptional activity. The second phase of this study was an epithelial cell screening
assay to determine the ability of miRNAs to transform epithelial cells. In our miRNA
cluster profiling study, we found that miR-200a down-regulates p53 activity. miR-200a
was demonstrated to directly target p53, reduce protein levels, and inhibit apoptosis. We
also found that miR-200a enhances Ras-mediated transformation of MCF10A cells.
Furthermore, miR-200a transforms MCF10A cells and induces tumorigenesis in
immunocompromised mice by cooperating with a Ras mutant that activates the RalGEF
effector pathway. These results demonstrate a role for miR-200a in malignant
transformation and reveal a specific cellular environment in which miR-200a acts as an
oncomiR rather than a tumor suppressor by cooperating with oncogene activation in the

classical two hit model of cell transformation.
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CHAPTER I

INTRODUCTION: CANCER AND MICRORNAS

Cancer Statistics and Cancer Progression

One in three Americans will be diagnosed with cancer in his or her lifetime. In
2013, an estimated 1.6 million new cases of cancer were diagnosed, and over half a
million Americans died of cancer. It is the number two leading cause of death in the
United States, accounting for nearly one in every four deaths. The most frequently
occurring cancers in men are prostate, lung, and bladder. In women, the most frequently
occurring cancers are those arising in the breast, digestive system, and respiratory system.
In both men and women combined, lung cancer was responsible for 159,480 deaths in
2013, over a third of all cancer related deaths. The second most deadly cancers in men
and women are prostate and breast, respectively. Colon cancer claims the third most
lives for both sexes. Despite these grim numbers, cancer death rates are declining in both
sexes [1]. In 2009 alone, 152,900 cancer related deaths were avoided, thanks in part to
advances in treatment efficacy. Even more important, however, are advances in detecting

and diagnosing cancer at early, more treatable stages [2,3].

There are multiple forms of cancer, classified by the cell type from which they

arise. The five most common types of cancer—breast, prostate, lung, colon, and



bladder—are examples of carcinomas, or cancers arising from epithelial cells.

Carcinomas are the most common form of cancer.

Cancer is comprised of a progressive series of steps, beginning with malignant
cell transformation, which leads to primary tumor formation. Vascularization of the
tumor occurs to allow survival and growth. Tumor cells become invasive and motile by
undergoing an epithelial to mesenchymal transition (EMT). During this process,
epithelial cells, once constrained by the necessity of cell:cell and cell:basement
membrane contacts for survival, experience changes in gene expression that result in an
elongated, mesenchymal phenotype and the ability to migrate and invade local stroma
[4]. This mobile, mesenchymal phenotype also allows for subsequent intravasation of
invasive cancer cells into the blood stream, allowing them to circulate throughout the
body. Circulating cancer cells will then extravasate from the blood stream to colonize
new sites on distal tissues. New studies have shown the importance of the reversal of
EMT, the mesenchymal to epithelial transition (MET), in metastatic colonization at distal
sites [5-7]. By developing a more stable epithelial phenotype, cells that were once
mobile and invasive acquire the characteristics necessary for formation of a secondary
metastatic tumor. It is rarely the primary tumor that is responsible for cancer mortalities,
but rather the late stage metastatic disease that accounts for over 90% of cancer related
deaths [8-10]. The study of the very first step of cancer progression—cell
transformation—is thus crucial to provide the means for diagnosing and treating cancer

before progression to the deadly metastatic stage.



Malignant Cell Transformation

Malignant cell transformation occurs when a normal somatic cell develops the
ability to proliferate indefinitely and escape the cell cycle control checkpoints and
apoptotic signaling that normally eliminate cells with hyper-activated proliferative
signaling pathways [11]. Cells that acquire this unrestrained proliferation phenotype in
vivo can develop into a tumor. In 2000, Robert Weinberg elegantly described the
Hallmarks of Cancer, identifying the six abilities acquired by cancer cells that allow them
to form tumors, induce angiogenesis, and metastasize [12]. Four of these six hallmarks
pertain specifically to cell transformation: sustaining proliferative signaling, resisting
cell death, evading growth suppressors, and enabling replicative immortality. More
recently, Weinberg updated these hallmarks to include four new emerging hallmarks of
cancer: dysregulating cellular energetics, avoiding immune destruction, genome
instability and mutation, and tumor-promoting inflammation. Genome instability and
mutation influences the genetic changes that induce malignant cell transformation, and so

they will be discussed within the context of the four hallmarks of transformation.

Sustaining Proliferative Signaling

Normal somatic cells receive external and internal signals throughout their normal
lifespans that regulate proliferation. During development, mitogenic stimuli signal
differentiated cells to proliferate into a specified organ, and then proliferation ceases.
Under normal conditions, homeostasis of the cells, and thus the organ itself is maintained
via cell:cell signals, cell:basement membrane signals, as well as various paracrine and

endocrine signals in the entire organism. While much of the homeostatic cell:cell



signaling under normal conditions is not completely understood, proliferative signals in
cancer progression are well studied. The crux of the hallmark of sustaining proliferative
signaling relies on the propagation of cell signaling pathways that result in proliferation

despite a lack of actual proliferative stimuli.

Activation of mitogenic downstream signaling pathways; a focus on Ras

Unrestrained proliferation can occur through multiple mechanisms; however, a
common feature of hyper-proliferative cancer cells is the activation of downstream
components of mitogenic signaling pathways. A potent example is the classical
oncogene, Ras. Ras is the most frequently mutated gene in pancreatic cancer and its
associated preneoplastic lesions; it is known to stimulate cell proliferation and contribute

to the induction of pancreatic cancer [13].

Ras activation occurs in response to growth factor signaling. Growth factors bind
receptor tyrosine kinases, which become activated and recruit the guanine nucleotide
exchange factor, SOS, to the plasma membrane where it facilitates the exchange of Ras-
bound GDP to GTP [14-16]. Binding of GTP induces a conformational change in Ras to
its active state, allowing it to bind its potent downstream effectors at the plasma
membrane where they are then activated. The three main effectors in the Ras signaling
pathway are PI3K, RalGEF, and Raf [17-19]. Stimulation of these pathways activates
Akt signaling, Jnk/AP-1 transcriptional activity, and the MAP kinase cascade,
respectively. Ras-mediated activation of multiple cell signaling pathways is tightly

regulated by GTPase activating protein, which stimulates the inherent GTPase activity of



Ras shortly after Ras becomes activated. The resulting hydrolysis of GTP to GDP returns

Ras to its inactive form, shutting off the signaling cascade [17,20].

Normal human Ras is a protooncogene, which is a broad class of genes that
control growth or proliferation and, if dysregulated, can cause cancer. The most well
studied mutation of Ras is a G12V mutation where glycine 12 is mutated to valine [21].
This amino acid change ablates the GTPase activity of Ras, regardless of the presence of
GTPase activating protein. Loss of GTPase activity causes constitutive Ras activation,
and thus continual stimulation of downstream proliferative signaling pathways, thereby

effectuating its conversion from protooncogene to full-fledged oncogene.

In addition to mutations in Ras itself, components of its downstream effector
pathways may also be mutated to lead to excessively high levels of proliferative
signaling. Amplification of Akt has been documented in pancreatic, colon, breast,
endometrial, and ovarian cancers [22]. Akt has a wide variety of targets that it
phosphorylates including Mdm2, an inhibitor of p53; Raf, an upstream component of
Map kinase signaling; and mTOR, a signaling protein responsible for angiogenesis as
well as upregulation of cell cycle progression genes like c-Myc [23-26]. Akt can also
phosphorylate targets to inhibit their activity, for example, Caspase-9, an apoptotic
effector protein, and p21, an inhibitor of cell cycle progression [27,28]. The crucial
element of the oncogenic activity resulting from activating mutations in, or amplification
of, genes like Ras and Akt is the lack of dependence on growth factor signaling to induce
activity. In other words, the cell continually propagates signals to proliferate despite a

lack of normal upstream proliferative stimuli.



Disruption of proliferation-regulating pathways

In addition to over-activation of proliferative signaling, e.g. the activating G12V
Ras mutation or amplification of Akt described above, loss-of-function of regulatory
members of proliferative signaling pathways can lead to sustained proliferative signaling
and induction of cancer. These regulatory proteins are generally known as tumor
suppressors due to their role in inhibiting cellular processes that, if left unchecked, can
induce malignant cell transformation or contribute to cancer progression. The tumor
suppressor Phosphatase and Tensin Homolog (Pten) is a potent regulator of the PI3K/Akt
activation pathway. PI3K signaling is stimulated when Ras is activated [29]. After being
recruited to the plasma membrane, it phosphorylates Phosphatidylinositol 4,5-
bisphosphate (PIP2) to form phosphatidylinositol (3,4,5)-trisphosphate (PIP3). PIP3
serves as a docking site for Phosphoinositide-dependent Kinase 1 (PDK1) which
phosphorylates Akt on threonine 308 to serve as its initial activation step [30]. Ptenisa
phosphatase that dephosphorylates PIPs to PIP2, blocking the recruitment of PDK1 to the
plasma membrane and ultimately inhibiting the activation of Akt. Pten mutations and
loss of heterozygosity have been found in brain, prostate, breast, ovarian and pancreatic
cancers [22]. Loss of this kind of regulatory mechanism also allows for inappropriate

proliferative signaling.

Senescence

A natural barrier to malignant cell transformation is oncogene-induced
senescence. Senescent cells are characterized by lack of proliferation, lack of response to

growth factors, and an enlarged, flattened morphology. Induction of this phenotype can


http://en.wikipedia.org/wiki/Phosphatidylinositol_%283,4,5%29-trisphosphate

occur in response to direct DNA damage or in response to oncogene activation [31].
Cells with activated oncogenes stimulate proliferative downstream signaling that induces
DNA replication at inappropriately high levels, which triggers a DNA damage response
that signals the cell to undergo senescence [32]. When Ras is constitutively activated in
cancer, its effector, Raf, initiates the Map kinase signaling cascade. Map kinase signaling
is potently mitogenic, and is particularly responsible for inappropriately high levels of
DNA replication [33-35]. The prodigious number of replication forks during oncogene-
induced hyper-replication induces a DNA damage response through the ATM pathway,
which ultimately up-regulates p53 activity [32,36]. The transcriptional target of p53,
p21WAFLCIPL ‘is induced when p53 levels are increased in response to DNA damage, and
it inhibits the activity of Cyclin-Dependent Kinases (CDKSs) which phosphorylate
Retinoblastoma protein (Rb). Phosphorylated Rb sequesters the transcription factor E2F,
blocking its ability to promote progression through the cell cycle from G1 to S phase
[37]. Other cell cycle arresting pathways converge, and ultimately, if the cell fails to
repair the damage that initially induced the DNA damage response, the cell will

permanently withdraw from the cell cycle and become senescent [37,38].

Senescence induction as a means of protection from oncogene activation is a first
line of defense against allowing malignant cell transformation to occur, but it is also a
dynamic process that continues throughout tumor formation [39]. By working to prevent
the consecutive steps of cancer progression that lead to metastasis and death, senescence
within existing tumors can continue to protect against more severely damaging effects of

cancer [8,40].



Resisting Cell Death

Organized cell death, or apoptosis, is the process by which a cell systematically
disassembles itself to be digested by surrounding cells and specialized phagocytes. It is
characterized by chromatin condensation and membrane blebbing, and is carried out by
Caspase proteins. Caspases are thiol proteases that are present in the cell as inactive pro-
caspases that are autolytically cleaved to form their active Caspase form in response to
apoptotic signaling. Once active, these proteases cleave structural proteins and other
important cell components. Apoptosis is necessary during normal development to
eliminate extraneous cells. For example, the cells between a developing mammal’s
phalanges undergo apoptosis to allow for formation of individual digits. Apoptosis is
also important for the elimination of cells that pose a threat to the organism, e.g. cells
with the potential to become cancerous. Cells of this nature are typically cells that have
excessive levels of DNA damage or mutations that either activate proto-oncogenes or

down-regulate tumor suppressors.

Apoptosis

Apoptosis is exacted through two pathways: an intrinsic or mitochondrial pathway
and an extrinsic pathway induced by death ligands binding to cell surface receptors. Both
pathways ultimately result in the activation of effector Caspases, which are thiol
proteases that cleave after aspartic acid residues. These apoptotic-specific proteases
cleave structural proteins, signal transducers, regulators of transcription, repair factors,
and many other targets within the cell. The apoptotic cell also prepares itself for

phagocytosis by actively flipping phospholipids, specifically phosphatidyl serine, from



the inner to the outer leaflet of the cell membrane, creating a signal for phagocytosis of

the disassembled cell by macrophages [41].

Genes upregulated by p53 in response to DNA damage include Puma and Noxa.
These proteins are pro-apoptotic BH3 domain-containing Bcl-2 family members that
exert their effects by antagonistically binding anti-apoptotic Bcl-2 family members,
causing the release of BH123 family members such as Bax, another p53 transcriptional
target. Release of Bax allows for its oligomierization and translocation to the
mitochondrial outer membrane, where it causes permeabilization of the outer membrane
and release of Cytochrome C. Cytochrome C is an important second messenger that
binds and activates the adapter protein Apaf-1. Apaf-1 binds procaspase 9 and forms
aggregates, allowing for autolytic cleavage to the active form of Caspase 9. Activation of
Caspase 9 triggers a Caspase cascade that leads to activation of more Caspase proteins,
which can then begin degrading structural proteins to prepare the cell for phagocytosis.
This tightly regulated mechanism of cell death is necessary for maintenance of healthy
tissue, and loss of this crucial process contributes to cell transformation and the

persistence of cells with dangerous mutations.

Cancer cells frequently harbor dysregulated apoptotic machinery. An example is
the translocation of anti-apoptotic Bcl-2 to an immunoglobulin locus causing
upregulation of Bcl-2 expression, and promotion of cell survival in follicular lymphoma
[42]. In addition, p53 is mutated in nearly half of all cancers [43,44], and its loss of

function contributes to the survival of cancer cells.



DNA Damage Response

DNA damage is caused by endogenous and exogenous insults to the cell.
Endogenous causes of DNA damage include reactive oxygen species and replication fork
collapse. Exogenous sources of DNA damage range from radiation i.e. UV light, to
chemical mutagens, to viruses. DNA damage includes the formation or addition of bulky
adducts such as the thymidine dimers caused by excessive UV light and breakage of
DNA strands [45]. The most deleterious form of this is the double stranded break (DSB)

[46].

When a cell acquires DNA damage, several mechanisms are activated to allow for
repair. The first signal relayed is that of the presence of DNA damage such as a DSB. In
response to this form of damage, normally supercoiled DNA relaxes [45]. This change in
chromatin structure initiates the recruitment of Poly-ADP-ribose Polymerase (PARP)
proteins and binding of kinases such as Ataxia-Telangiectasia Mutated (ATM) and DNA-
PK to the break site in order to modify histones. Histone modifications include covalent
linkage of Poly-ADP-ribose (PAR) chains by PARP proteins and phosphorylation of
lysines by ATM and DNA-dependent protein kinase (DNA-PK). The presence of PAR
chains stops replication and transcription in the area of the DSB, and phosphorylated
histones recruit DNA damage response proteins such as p53 and BRCA1 [47]. BRCAL
is a well-studied tumor suppressor, recognized largely for its mutation in familial breast
cancer [48]. The transcription factor and tumor suppressor p53 has long been known as
the guardian of the genome. Its functions are well studied and include transcriptional
upregulation of proapoptotic genes [49]. p53 is maintained at low basal levels in the cell
by its inhibitory protein, Mdm2, which inhibits p53 function by acting as an ubiquitin

10



ligase to target p53 for proteasomal degradation as well as by binding to and blocking the
DNA binding domain of p53, inhibiting its activity as a transcription factor [50]. Upon
detection of DNA damage, DNA-PK and ATM bind the DSB and phosphorylate histone
H2AX [51]. This DSB-detection signal recruits p53, which is then phosphorylated on its
N-terminus at serine 15 by DNA-PK or ATM. Phosphorylation at this site blocks
inhibition by Mdm2 and promotes binding to p53 response elements in the promoter

regions of proapoptotic genes [41,52,53].

Other signal cascades involve activation of cell cycle check point proteins and
DNA repair enzymes to arrest the cell cycle to allow time for appropriate repair of
damaged DNA. Repair of DSBs can occur through two pathways: Homologous repair
(HR), and Non-homologous end joining (NHEJ). NHEJ frequently introduces errors, and
in the case of multiple DSBs, may lead to fusion of nonhomologous chromosomes. Once
the cell repairs a DSB, the checkpoint machinery is deactivated, and the cell is once again
allowed to progress through the cell cycle [54]. Newly introduced errors that were not
corrected become mutations that can have deleterious effects such as deactivation of
tumor suppressors like p53 and other pro-apoptotic genes, up-regulation of oncogenes,

and other gross changes to the cell’s morphology and metabolism.

Oncogene Activation

Propagation of genetic errors such as point mutations, gene amplifications, and
chromosomal translocations can lead to disruptions in gene expression and/or gene
function. A potent example is the proto-oncogene Myc, which is the most frequently

amplified oncogene in human cancers and whose translocation was first discovered as the

11



driving force in Burkitt Lymphoma [55-57]. Myc is a tightly regulated transcription
factor whose target genes include ODC and Gadd45a, both of which are implicated in c-
Myc driven proliferation [58]. Low levels of Myc activity are tolerated in the cell and act
as a signal to grow and proliferate; however, high levels of Myc activity trigger activity
of Arf, a tumor suppressor that induces cell cycle arrest via p53 and can ultimately lead to
apoptosis [59,60]. In this way, the strongly oncogenic signaling of Myc is quelled before
out of control proliferation occurs. Other proto-oncogenes also induce apoptosis as a

safety mechanism if their signaling or activity becomes abnormally high.

Overall, loss of the apoptotic response allows cells to acquire and propagate
mutations that would normally induce the DNA damage response pathway and lead to
apoptosis. Propagated mutations that activate oncogenes result in unrestrained
proliferation or growth, which are normally controlled by feedback mechanisms that
detect such inappropriate signaling levels and induce apoptosis. Loss of apoptotic

pathway components then results in unimpeded cell survival.

Evading Growth Suppressors

As established earlier, malignant cell transformation depends on loss of tumor
suppressors that induce apoptosis, arrest the cell cycle, or regulate proliferative signaling.
These include p53, Rb, and Pten, respectively, demonstrating the significant overlap of
Weinberg’s Hallmarks of Cancer within the malignant cell transformation. Impediments
to unrestricted cell survival and proliferation are frequently lost or mutated in cancer, and
their mechanisms are well studied; however, more intricate processes of cell growth

suppression exist including contact inhibition and differentiation.

12



Contact Inhibition

Non-transformed cells, when grown in culture, will experience a slowing of
proliferation as they reach confluence. This phenomenon was first discovered in the
1960s when cells were first being experimentally cultured in laboratories, and was termed
the Hayflick phenomenon. It has recently been studied more extensively, however it is
not completely understood, and its relevance in vivo is not completely established [31].
What has been deduced is that cells, particularly epithelial cells, experience growth
inhibition with respect to adjacent cells. The cell signaling pathways responsible for this
are not fully known, but it has been shown under various conditions and with multiple
cell types that non-transformed cells will grow into a single-layered sheet of cells in vitro,
mimicking the single epithelial layer seen in vivo such as in the intestinal wall or luminal
mammary gland ducts [12]. The physical touching of the cells relays signals, most likely
through cell:cell junctions and extracellular structural proteins, that inhibit proliferation.
A distinct feature of transformed cells is their ability to proliferate despite the growth
inhibitory signals being relayed by their contact with other cells. The result of avoiding
these particular growth suppressing signals is a mound of cells that are continuously

proliferating, or, in vivo, a tumor.

A second form of growth control occurs when cells lose cell:basement membrane
contacts. This specific form of apoptosis is called anoikis, and is responsible for the
organized cell death of cells that lose such crucial structural contacts [61]. A hallmark of

cancer cells is their ability to either escape the constraints of normal tissue structures, or

13



to degrade and invade the basement membrane. This invasive and migratory ability is
coupled to the ability to evade the growth-suppressing signals that would induce anoikis

in response to loss of these structural contacts [62].

Enabling Replicative Immortality

Telomeres

Telomeres are protein-DNA complexes that protect the ends of linear
chromosomes from being targeted by DNA damage-repair machinery. They consist of a
double stranded (DS) stretch of tandem TTAGGG repeats that terminates in a single
stranded (SS) G-rich 3’ overhang. Telomere associated proteins such as the Shelterin
complex coat this SS region to prevent its recognition as DNA damage. Telomeric
proteins also aid in the formation of complex structures such as G-quadruplexes and T-
loops that cap the end of the chromosome, further disguising the chromosome end from
being recognized as DNA damage [63]. Replication of telomeres is a complex and
important process. Coordinating the removal of this plethora of proteins with
dismantling the complex structures within the telomere is a finely tuned process that
serves to maintain the delicate balance between a healthy cell and a prematurely
senescing cell. Replication also poses a significant challenge to telomeres because with
each round of replication, DNA on the end of the chromosome is lost, due to the inability
of the replication machinery to replace RNA primers with DNA on the lagging strand.
Aberrant replication can lead to fork pausing and unreplicated telomeres which cause
premature senescence and cell death. Loss of telomere-associated proteins can lead to

severe physiological defects such as the premature aging seen in Werner syndrome. The
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leading strand of the telomere, however, does not experience this shortening due to
Okazaki fragmentation. Instead, DNA polymerase replicates off the end of the telomere,
leaving behind a blunt end in need of resectioning by an endonuclease to form the
classical 3* overhang necessary for proper telomere function. Several reports suggest that
this nucleolytic activity is performed by Apollo, a nuclease found both at telomeres and
double stranded breaks (DSBs). The function of Apollo requires stimulation by the

multifunctional protein, Trf2.

Trf2 is a conserved telomeric protein with a wide repertoire of functions. Itisa
member of the Shelterin complex that helps disguise the telomere from being recognized
as DNA damage, and it functions in the formation and stabilization of the t-loop that
buries the single stranded 3 overhang within the double stranded portion of the telomere.
Trf2 also recruits Apollo [64], whose endonuclease activity is stimulated by Trf2 both to
relieve topological stress during replication [65] and to resection the blunt end of the
leading strand telomere into a 3’ overhang directly following replication [66,67].
Notably, Apollo’s interaction with Trf2 at this significant structure is necessary to
prevent major telomere dysfunction [67]. Trf2 has also been recently implicated by
various sources in the recognition and repair of DSBs in response to various forms of
damaging radiation [68-70]. Trf2 is rapidly phosphorylated in response to DSBs. This
phosphorylation has proved necessary for both the transient recruitment of Trf2 to these
DSBs and the initiation of DNA repair [70]. Interestingly, in times of telomere crisis, or
during the alternative lengthening of telomeres (ALT) pathway, phosphorylated Trf2 has
been shown to localize to the telomere [70]. This discovery is not unexpected because

many DNA damage-related proteins and telomeric proteins have been found to function

15



within both contexts [69,71,72]. Apollo is also recruited to DSBs and interacts with
ATM [73], a crucial signal transducer in the DNA damage recognition pathway that leads
to non-homologous end joining (NHEJ). Trf2 is proposed to hold ATM inactive at
telomeres and DSBs. Although controversial, it has been shown that ATM may mediate

phosphorylation of Trf2 in response to DNA damage [68,70,74].

The presence of the telomere protects important genomic DNA from this loss, but
overall, this shortening of telomeres is part of the aging of the cell and eventually results
in naturally occurring senescence. With each round of cell division, a cell must replicate
its DNA before separating into daughter cells. The DNA polymerase enzyme responsible
for replicating the genome is not able to fully replicate the ends of eukaryotic linear
chromosomes, and so with each round of cell division, small amounts of DNA remain un-
replicated and are lost. The ends of chromosomes thus are comprised of several
kilobases of telomeric G-rich repetitive sequence. Cells are protected from the loss of
valuable genomic coding sequence DNA by telomeres because the repetitive telomeric
sequences do not contain genes, and telomere shortening during cell division serves as an
internal clock that senses when the telomeres have become too short for safe replication
and stops the cell from replicating. Because of the “internal clock” function of telomeres,
they are thought to play an integral role in the aging process. It is notable that the
proteins required for maintenance of the cell’s “internal clock” also function within the
DNA repair pathway, highlighting the complexity and overlap of Weinberg’s defined

hallmarks.

An enzyme complex called Telomerase is specifically required for synthesis of
telomeric sequence, and in normal cells, this enzyme is not fully expressed. Telomerase
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is comprised, minimally, of two subunits: TERT, a reverse transcriptase enzyme, and
TER, a large RNA subunit. A portion of TER contains the sequence specific template
utilized by TERT for adding nucleotides to uncapped telomeres. This sequence is small,
compared to the rest of the RNA strand, which is large, and whose sequence is largely
divergent between species. Phylogenetic studies have, however, determined the
conserved secondary structure of this RNA subunit, which has been determined to assist
in the protein interactions required for Telomerase holoenzyme recruitment to the
telomere, as well as further recruitment of other interacting proteins. In vitro, these two
subunits are all that are required for Telomerase reverse transcriptional activity; however,
in vivo, other interacting proteins, such as RNA binding proteins and DNA binding
proteins involved in recruitment and stabilization of the Telomerase:telomere interaction,
are necessary for the enzyme’s functionality. Telomerase is, in general, not active or
expressed in adult somatic cells; however, certain cell types such as highly proliferative
germ line cells, smooth muscle cells, and certain lymphocytes, retain Telomerase
functionality. In these cells, Telomerase activity and telomere length are maintained by a
phenotypic switch between capped and uncapped states of the telomere. As telomeres are
replicated, they become progressively shorter; however, telomere binding proteins such
as Apollo, Trf2, and other members of the Shelterin complex vivaciously coat the
telomere and help induce the secondary structures that telomeres form, e.g. T-loops. The
coating action of telomere-associated proteins complements the telomeric DNA
secondary structures, forming a protective cap on the chromosome’s end. This cap
prevents recognition of the DNA ends as DSBs, but also regulates Telomerase activity.

Capped chromosomes are less likely to be extended by Telomerase, however, as

17



replicating cells’ telomeres are progressively shortened, they are less likely, and less able
to form protective caps, allowing for extension by Telomerase. By switching between
two forms—capped and uncapped—telomeres are maintained within upper and lower
length limits in Telomerase-positive cells. This regulation is crucial to avoid hyper-
extension of telomeres as well as recognition of telomeres as DSBs, both of which are

implicated in cancer.

Studies have shown that Telomerase is frequently reactivated in human cancer by
various mechanisms. Some reports show that Myc hyper-activation can induce TERT
expression, and it is one of the genetic changes found necessary by Weinberg’s lab for
oncogene cooperation-induced malignant cell transformation of human cells. Another
important mechanism of Telomerase reactivation in cancer cells is the re-activation of a
telomere maintenance program in order to bypass telomere damage-induced crisis and
senescence. Rapidly dividing cells frequently incur DNA damage due to the plethora of
replication forks that overwhelm the cell. Even more problematic during replication is
the process of dismantling the precarious secondary structures and intricate protein-DNA
complexes that cap the ends of the chromosomes. This process can pose problems during
normal replication, but during the rapid proliferation seen in cancer, this invariably leads
to damaged chromosomes. These telomere damage-induced foci (TIF) trigger a p53 and
Rb dependent DNA damage response, but the massive influx of DNA damage typically
overwhelms the cell and induces crisis. Crisis is comprised of misguided attempts by the
DNA repair machinery to repair the linear ends of chromosomes, having recognized them
as DSB. The end result is more damage as telomeres become fused and chromosomes

break. This cycle overwhelms the cell and eventually causes senescence. In the absence

18



of p53 activity or intact DNA damage response pathways, or perhaps even due to the loss
of such pathways during crisis, a cell will survive crisis and propagate its gross genetic
damage as mutations. A crucial component of this is the re-activation of telomere
maintenance machinery. This almost always involves the re-expression of TERT. The
mechanisms of Telomerase reactivation are not fully known, but promoter mutations
have been found in many cancers, including thyroid, central nervous system and skin
cancers, glioblastoma, and over half of bladder cancers [75]. By establishing a telomere
maintenance program, the cell is able to avoid normal cellular lifespan limits, i.e. achieve
immortality. Immortality is one of the first steps in malignant cell transformation, and
expressing Telomerase is crucial in this immortalization process. However, primary
mouse embryonic fibroblasts MEFs, which express Telomerase, will not grow
indefinitely in culture; p53KO MEFs will, indicating that while Telomerase function is
involved in malignant cell transformation, it is a component of a complex, dastardly
process. It is notable that rodents constitutively express Telomerase, making their cells
easier to indefinitely culture in vitro, but presenting a major difference when studying

malignant cell transformation in rodent models.

Oncogene Cooperation

Weinberg’s hallmarks of cancer indicate the multiple processes that occur in
cancer, or, with respect to the specific four described above, malignant cell
transformation. In molecular biology terms, the requirement of multiple processes to
induce cell transformation translates to changes in cell signaling pathways, either by up-
regulation of proto-oncogene activity, or loss of either function or expression of tumor

suppressors. Although certain proteins, for example Ras, can activate multiple
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downstream effector pathways, multiple genetic changes are required for cell

transformation.

Historically this was attributed to viral oncogenes that stimulated Telomerase
activity, inhibited apoptotic and senescence-inducing machinery, and stimulated
proliferation [76-78]. However, Weinberg’s landmark paper in 1983 demonstrated the
requirement of two oncogenic hits to transform primary fibroblasts, and in so doing,
described for the first time the synergistic effect of Ras and Myc signaling to induce cell
proliferation without triggering apoptosis or senescence, which occurs when each
oncogene is over-expressed individually [79]. Cooperation of Ras and Myc coselects for
loss of p53 function. Dysregulation of Ras and c-Myc signaling delineates a classical
paradigm of oncogene cooperation, and continued activation of both of these pathways
allows cells to bypass senescence, escape apoptosis, and enter into a malignant,

hyperproliferative state [79,80].

In 2005, Boehm et al. delineated the nonviral genes necessary for human cell
transformation [81]. While Ras and c-Myc transform primary rodent cells, which express
Telomerase, human cells maintain more stringent checkpoints and require reactivation of
Telomerase, as well as loss of function of tumor suppressors. The specific changes in
human cellular pathways originally identified are activation of Ras, Myc, and TERT,
along with the loss of function of p53, Retinoblastoma protein, and PTEN [81]. All of
these combine to allow replicative immortality, hyperproliferation, and deactivation of
cell cycle checkpoints that would not under normal circumstances allow propagation of
genetic mutations that drive cell transformation [81-83]. The specific mutations

necessary to transform human cells is more complicated than in rodent cells, but the
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ultimate result for both is the survival of cells that are no longer governed by pathways
that regulate survival and proliferation. Such unrestrained cells are then able to form a

tumor.

MicroRNAs

History

MicroRNAs (miRNAs) are an abundant class of regulatory noncoding RNAs that
regulate thousands of genes across a vast array of signaling networks and cellular
functions [84]. The first miRNAs discovered were lin-4 and let-7 in C. Elegans [85,86].
These miRNAs were found to be expressed temporally and play crucial roles in
development. The field expanded to the cornucopia of small regulatory RNAs that it is
today with over 2500 mature miRNAs identified in humans alone. As research
progresses, it has become clear that miRNAs are key regulators in all major cellular

processes.

Genomic Location and Biogenesis

miRNAs are present in introns within coding or non-coding transcribed units, or
as exons, i.e. independent genes. miRNASs may be present as single autonomous miRNA
genes; however, over half of human miRNAs are present as miRNA clusters that are co-
expressed as polycistronic units [87]. Members of miRNA clusters frequently target
similar or related genes, culminating in an increased overall effect on a single pathway or
protein complex, rather than broad, unrelated targeting by multiple miRNAs [88-91].

Many miRNA clusters occur because of gene amplifications or insertions, resulting in
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multiple copies of identical or similar sequences [92,93]. This in turn results in nearly
identical targeting patterns. Similarly, related mRNAs harboring binding sites
corresponding to the same miRNA or miRNAs indicates a coordinated mechanism of

gene regulation [94].

The majority of miRNAs are processed from introns of mRNA. Experimental
evidence shows that processing of miRNAs need not occur only after splicing out of the
intron, and that miRNA processing does not affect mature mRNA assembly [95].

Intronic and Exonic miRNAs are transcribed by RNA Polymerase |1, and exonic
MiRNAS are processed similarly to mRNA, in that they are capped with 5’meG and
polyadenylated. After miRNAs are transcribed, intra-strand regions of complementarity
result in the formation of an imperfect hairpin loop (pri-miRNA). The functional miRNA
sequence is present on the arm of this loop [87]. The biogenesis of this primary transcript
is what differentiates miRNAs from other small interfering RNA within the RNA-
mediated gene silencing field. Rather than cleavage into multiple small regulatory
molecules, pri-miRNAs are “cropped” in the nucleus into small hairpin structures called
pre-miRNAS. This cropping enzyme is known as the microprocessor, and is comprised of
the class Il Ribonuclease 111 enzyme, Drosha, and DGCRS, a double stranded RNA
binding protein [96]. Cropping by the microprocessor complex is the initiating event of
miRNA processing, as loss of these enzymes leads to accumulation of pri-miRNAs and
reduced pre-miRNA levels. Following microprocessor cropping, pre-miRNAs are
exported to the cytoplasm via Exportin5/RanGTP [97]. Exportin5 is a nuclear transporter
that exports pre-miRNAs in complex with RanGTP. The entire complex is shuttled

across the nuclear membrane to the cytoplasm where RanGAP stimulates hydrolysis of
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GTP to GDP, and the pre-miRNA is released into the cytoplasm [98]. Once in the
cytoplasm, they are cleaved by the class | Ribonuclease 111, Dicer, to form imperfect
duplexes. The 3’ overhang of pri-miRNA is recognized by the PAZ domain of Dicer,
and its catalytic RNAse 11 subunit cleaves the stem loop into a ~22 nt miRNA duplex.
In general, the strand with the least stable 3’ end base pairing functions as the guide
strand while the other strand, often annotated miR*, is degraded. However, both the
canonical guide strand as well as the star strand of several miRNAs have been shown to

be functional.

Mechanism

To effect gene silencing, the guide strand is loaded into the RNA-induced
silencing complex (RISC), which binds target mMRNA 3’ Untranslated regions (UTRs) in
a miRNA seed sequence-directed manner [84]. The RISC is a large enzyme complex
whose major functional unit is Argonaute (Ago2). Ago2 is a versatile enzyme involved
in RNA-induced silencing. Perfect complementarity between the silencing RNA and the
MRNA directs mRNA strand cleavage. This is always the case with siRNA, and
occasionally with miRNA-mediated silencing. The mechanism of gene silencing
employed by miRNAs, however, revolves around translational repression, in which Ago2
does not cleave target mMRNA [84,99]. Indeed, most miRNA targets are not based on
perfect base pairing; however, the perfect base pairing dictating mRNA cleavage is not a
hard and fast rule. Ago2 has recently been found to associate with P-bodies, and one
potential mechanism of gene silencing may involve sequestering of RISC-associated

MRNA in P-bodies to down-regulate protein expression [99].
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The Argonaute complex is targeted to specific mRNA by base pairing between
the miRNA and the 3° UTR of the target mRNA [84]. Nucleotides 2-7 on the 5’ end of
the miRNA are known as the seed sequence. Complementarity between these bases and
target mRNA 3 UTRs results in the specific targeting and regulation of those mRNA.
Complementarity is rarely perfect, and binding sites vary in their affinities based on
sequence complementarity, as well as the presence of an Adenosine within the mRNA
UTR in line with the first nucleotide of the miRNA. Canonical sites include the 7mer-
AL, in which there is perfect complementarity between the miRNA seed sequence and the
MRNA, as well as an mRNA adenosine at the first nucleotide position; the 7mer-m8 site,
in which there is perfect base pairing within the seven nucleotides of the seed sequence,
as well as at the 8" nucleotide position, which is not included as part of the canonical
seed sequence; and the 8mer site, in which there is perfect complementarity between the
seed sequence and the 8" nucleotide, as well as an mMRNA adenosine at position 1.
Marginal binding sites are 6mers, in which there is complementarity between the miRNA
seed sequence and the target MRNA, but no compensatory adenosine at position 1, and
no match at the 8" nucleotide. Similarly, other 6mers include complementarity at six
contiguous bases that occur only partially within the seed sequence. Targeting is also
enhanced by compensatory complementarity that occurs several bases downstream of the
seed sequence site. This particularly enhances targeting when seed sequence
complementarity contains one or more mismatched bases. Canonical and marginal

complementarity sites are summarized in Table 1.
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Table 1. Canonical and Marginal miRNA binding sites. Lower strand: miRNA
Upper Strand: target mMRNA. ORF: Open reading frame, N: complementary

nucleotide, NNNNNN: seed sequence, A: position 1 adenosine.

Tmer-Al ORI, o oo s e e e e e e e NNNNNNA. ...... Poly (3)
3’ -nnnnnnnnnnnnnnnNNNNNNn-5"

Tmer-m8 | e LI T NNNNNNN........ Poly (A)
3’ -=nnnnnnnnnnnnnniNNNNNNNn-5’

8mer ORF. .....0iiiiitieinnnn NNNNNNNA. ...... Poly (3)
3/ -nnnnnnnnnnnnnnNNNNNNNn-5"'

6émer BN i s i % i % 8 6 ¥ w6 0E md B8 e 6 NNNNNN........ Poly (3)
3’ -=nnnnnnnnnnnnnnnNNNNNNn-5’

or
IR - s i 5w 5 9 6 66 06 e RiE Be 8 e NNNNNN......... Poly (A)

3’ -=nnnnnnnnnnnnnnNNNNNNNn-5’
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MicroRNAs in Cancer

Because of their regulation of such crucial cell signaling pathways, dysregulation
of miRNAs contributes to disease, for example cancer [100]. Just as protein coding
genes become dysregulated in cancer [82,101], miRNA genes may also become
aberrantly over expressed or silenced [100,102]. miRNAs within introns are subject to
regulation by changes in the promoter controlling the host gene [95]. Other miRNAs
expressed from the genome as independent transcripts may be epigenetically modified at
their promoters to affect expression levels [100,103-107]. miRNAs are also subject to

gene amplification and deletions [108,109].

By targeting one or more tumor suppressors, miRNAs can function as oncogenic
miRNAs (oncomiRs) when aberrantly over-expressed. miR-21 has emerged as a
canonical example of an oncomiR. miR-21 is up-regulated in nearly all epithelial cell-
derived solid tumors including breast, pancreas, lung, gastric, prostate, colon, head and
neck, and esophageal cancers. It is also reported to be up-regulated in hematological
malignancies such as leukemia, lymphoma and multiple myeloma. miR-21 is over-
expressed in glioblastoma, osteosarcoma, and spermatocytic seminoma. Thus, miR-21 is,
as yet, the only gene that is found to be overexpressed in all major classes of human
cancers derived from epithelial cells, connective tissues, hematopoietic cells, or nervous
cells. Its target genes include regulators of apoptosis, cell cycle progression, growth
factor signaling, and proliferation [41]. It has been found to directly target such well
known tumor suppressors as Pten and Bcl2. miR-21 overexpression in MCF-7 human

breast cancer cells promotes colony formation by directly targeting the tumor suppressor
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PDCD4 and suppressing its expression [110]. The role of miR-21 in cancer exemplifies

the diverse targeting and dastardly effects of oncomiRs.

In addition to dysregulation of single exonic miRNA genes, entire miRNA
clusters may be dysregulated in cancer, for example the miR-17~92 cluster is frequently
up-regulated in cancer, specifically, its genomic locus is amplified in diffuse large B-cell
lymphoma [108]. It contains several homologous miRNAs that target pro-apoptotic
genes such as p21 and Bim [100]. Dysregulation of this coordinated targeting of major
cell signaling regulators contributes strongly to the progression of cancer. Overall, the
over-expression of oncogenic miRNAs leads to both the targeting and loss of tumor

suppressive mechanisms.

In contrast, miRNAs may function as tumor suppressors by targeting oncogenes
and regulating their expression. Tumor suppressor miRNAs are often down-regulated in
cancer [100,102]. The let-7 family is a well-studied tumor suppressor miRNA family
comprised of 12 miRNA family members. These family members have been found to
target and regulate expression of the proto-oncogenes Ras and Myc, as well as other
oncogenic proteins such as CDK6 and Cyclin D, cementing its role as a tumor suppressor
by regulating proliferation and crucial cell cycle promoting enzymes [100]. Expression
of the let-7 miRNA family is frequently down-regulated in human lung cancer cases,
which also exhibit higher levels of Ras expression [111]. This is in contrast to cancers
that express mutated, constitutively active forms of Ras, strongly implicating
involvement of let-7 family dysregulation in cancer pathogenesis. Similarly, in 31-64%
of medulloblastomas, the most common central nervous system tumor in children, Myc is

over-expressed; however, the Myc gene is amplified in only 5-8% of medulloblastoma
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cases. The locus containing miR-33b is frequently lost in medulloblastoma, and miR-33b
has been shown to directly target Myc and repress its expression in medulloblastoma cell

lines [112]. These studies provide evidence for the involvement of miRNAs in regulation
of proto-oncogenes, indicating their importance in homeostasis and, in turn, the role their

dysregulation plays in human disease.
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Figure 1. The miR-200 family

Chromosome 1p36.33
Chromosome 12p13.31

miR-200b UAAUACUGCCUGGUAAUGAUGA
miR-200c UAAUACUGCCUGGUAAUGAUGGA
miR-429 UAAUACUGUCUGGUAAAACCGU

miR-200a  UAACACUGUCUGGUAACGAUGU
miR-141  UAACACUGUCUGGUAAAGAUGG

Figure 1. The miR-200 family Upper: Genomic organization of miR-200 family.

Lower: miR-200 family grouped by seed sequence



miR-200a

miR-200a is a member of the miR-200 family. This family is comprised of five
members present in the genome as two clusters (Figure 1). The first cluster is located on
chromosome 1 at locus 1p36.33 and contains miR-200b, miR-200a, and miR-429. The
second cluster is located on chromosome 12 at locus 12p13.31 and contains miR-200c
and miR-141. miR-200a and miR-141 contain identical seed-region sequences of
AACACUG, and miR-200b, miR-200c, and miR-429 contain identical seed sequences
that differ from the other seed sequence by one nucleotide: AAUACUG. Because of
these shared seed sequences, miR-200a and miR-141 are predicted by targeting
prediction algorithms to regulate the same genes. While the entire family is frequently
expressed together and demonstrated to regulate the same targets [113], both clusters do

not always have identical functions [114].

Along with its family members, the first and most well studied function of miR-
200a is in maintenance of epithelial cell morphology through regulation of the pro-
mesenchymal Zeb transcription factors [115,116]. Zebl and Zeb2 directly bind the
promoter of the epithelial marker E-cadherin to down-regulate its transcription.
Likewise, Zeb1/2 directly bind the promoter and stimulate transcription of the
mesenchymal marker Vimentin. By regulating these pivotal transcription factors, miR-
200a promotes epithelial cell morphology, and inhibits the epithelial-mesenchymal
transition (EMT). EMT is the critical initiating step of metastasis and as such, is crucial
in the progression from primary tumor to deadly metastasis [117]. As a potent regulator
of this process, miR-200a is frequently an inhibitor of metastasis, and thus functions as a

tumor suppressor [118,119]. Several studies in cancer cell lines and tumor samples

30



demonstrate the down-regulation of miR-200a in mesenchymal metastatic cells

[105,120,121].

Conversely, emerging studies show cancer cell populations and tumor samples
that over-express miR-200a and rely on its over-expression for metastatic colonization,
growth, and survival [5,62,122,123]. Many of these studies remain focused on EMT and
suppose that maintenance of an epithelial-like morphology by the miR-200 family either
accounts for heterogeneity of tumor cells [124], or promotes a reversal of EMT, allowing
for metastatic colonization at sites distant from the primary tumor [123]. A study in an
isogenic series of breast cancer cell lines with increasing invasiveness and metastatic
potential, demonstrated that the cell line that is able to fully invade, metastasize and
colonize distant organs from the primary tumor site is the only cell line in the series that
expresses the miR-200a family. Targeting of Sec23 by the miR-200 family was
demonstrated to affect the cells’ secretome and regulate the ability of these cells to
invade. The authors concluded that the miR-200a family promotes the ability to colonize
distal sites during metastasis, a novel role for the miRNA family often regarded as a
tumor suppressor. The authors speculated that promotion of an epithelial phenotype is
necessary for establishing metastatic tumors. Another breast cancer cell line study
demonstrated that an enhancer specific to the miR-200b~429 cluster, which also includes
miR-200a, is responsible for high expression levels of miR-200a in epithelial breast

cancer cells [107].

In pancreatic cancer cells, miR-200a has been shown to be hypomethylated and
differentially over-expressed, along with its family member miR-200b [105].

Meanwhile, its canonical target, Zebl, was found to be hypermethylated and silenced,
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indicating that the consequences of miR-200a overexpression in this pancreatic cancer
model were occurring separately from its role in EMT inhibition via Zebl repression.
miR-200a and miR-200b were also found at higher levels in the sera of pancreatic cancer
patients, highlighting the importance of this miRNA in a clinical disease setting, as well

as the potential use of miR-200a and its family members as biomarkers in disease.

A miRNA expression analysis study revealed that miR-200a was expressed at
levels higher in epithelial ovarian cancer samples than in benign cysts. Further
stratification revealed that miR-200a expression was associated with early stage tumors,
and that late stage metastatic tumors expressed significantly lower levels of both miR-
200a and E-Cadherin [125]. Overexpression of miR-200a in earlier stages of cancer,
rather than the metastatic steps associated with a mesenchymal phenotype, is consistent
with both the established role of miR-200a in promoting an epithelial phenotype as well

as the newer studies that demonstrate a role for miR-200a in proliferation and growth.

Another novel target of miR-200a is Yap1l, a key mediator in the Hippo signaling
pathway, and a known regulator of anoikis [62]. miR-200a was found to directly target
Yapl in breast cancer cells, and overexpression of miR-200a resulted in anoikis
resistance of human breast cancer cells in animal models. By targeting such a crucial
regulator of cell homeostasis, miR-200a was able to enhance metastatic potential of these

breast cancer cells.

miR-200a has also been shown to up-regulate PI13K signaling and Akt activity by
targeting Fog2, which binds and inhibits the regulatory subunit of PI3K [102]. This study

demonstrates a role for miR-200a in promoting cellular growth, unrelated to its role in
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maintenance of an epithelial phenotype. miR-200a has a dichotomous role in the
promotion and inhibition of different metastatic steps, and has an emerging role in

cellular growth and survival.

Hypothesis and Research Strategy

Taken together, it is clear that miRNAs play crucial roles in cancer progression
and are frequently dysregulated during all stages of oncogenesis. It is crucial to study the
molecular events that occur early in cancer progression in order to enhance detection and
diagnostic techniques as well as to aid in cancer prevention. To characterize specific

miRNA roles in cancer initiation, the following hypothesis was proposed:

MicroRNAs function as oncogenes in malignant cell transformation.

In this study, a biphasic approach was employed to characterize the role of
miRNAs in cancer initiation. We first examined the role of miRNAs grouped according
to genomic cluster in four major cancer signaling pathways: AP-1, NF-kB, c-Myc, and

p53. Our second step was to screen miRNAs for the ability to transform epithelial cells.

In our first step, we found that miR-200a directly suppresses p53 and inhibits
apoptosis. In the second step, we found that miR-200a transforms immortalized rat
epithelial RK3E cells, and, when expressed with Ras, miR-200a enhances transformation
of immortalized human epithelial MCF10A cells. Further characterization of the
mechanism behind miR-200a’s ability to transform cells revealed that miR-200a

cooperates with the RalGEF effector pathway of Ras to transform MCF10A cells and
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induce tumorigenicity. Taken together, these results reveal a new role for miR-200a in

malignancy.
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CHAPTER II

A SYSTEMATIC SCREEN REVEALS MICRORNA CLUSTERS THAT

SIGNIFICANTLY REGULATE FOUR MAJOR SIGNALING PATHWAYS.

Chapter Overview

MicroRNAs (miRNAS) are encoded in the genome as individual miRNA genes or
as gene clusters transcribed as polycistronic units. About 50% of all miRNAs are
estimated to be co-expressed with neighboring miRNAs. Recent studies have begun to
illuminate the importance of the clustering of mMiRNAs from an evolutionary, as well as a
functional standpoint. Many miRNA clusters coordinately regulate multiple members of
cellular signaling pathways or protein interaction networks. This cooperative method of
targeting could produce effects on an overall process that are much more dramatic than
the smaller effects often associated with regulation by an individual miRNA. In this
study, we screened 366 human miRNA minigenes to determine their effects on the major
signaling pathways culminating in AP-1, NF-«kB, c-Myc, or p53 transcriptional activity.
By stratifying these data into miRNA clusters, this systematic screen provides
experimental evidence for the combined effects of clustered miRNAs on these signaling
pathways. We also verify p53 as a direct target of miR-200a. This study is the first to

provide a panoramic view of miRNA clusters' effects on cellular pathways.
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Introduction

MicroRNAs (miRNAs) are small RNA molecules 20-25 nucleotides in length.
Through complementary base pairing, miRNAs bind the 3' UTR of target mMRNAs to
post-transcriptionally down-regulate gene expression. Originally discovered in C.
elegans, the first miRNA was found to be a key regulator of development [87,126];
however, subsequent studies have revealed a myriad of roles for miRNAs in virtually all
biological processes. Studies highlighting the biological function of miRNAs have
emerged alongside studies that reveal the detrimental effects of miRNA dysregulation
[127]. Many miRNAs, when lost or over-expressed, become crucial players in the
oncogenic process [128,129]. miRNAs may target a wide variety of genes, including
those most closely associated with the processes of cancer development, particularly the
hallmarks of cancer [41,82]. By inhibiting expression of tumor suppressors, miRNAS
may function as oncogenes. Conversely, miRNAs can also exhibit tumor suppressive

properties by repressing oncogenes.

miRNAs are transcribed and processed from intronic or intergenic regions, and
may be transcribed as individual miRNA or as polycistronic transcripts (clusters) [87,95].
Primary miRNA transcripts (pri-miRNA) are processed into imperfect stem-loop
structures called pre-miRNAs by Drosha in the nucleus and then exported into the
cytoplasm by Exportin V. These pre-miRNAs are cleaved by Dicer to form mature
miRNAs, which are then incorporated into the RNA-induced silencing complex (RISC).
Imperfect complementary base-pairing between the miRNA and mRNA directs the RISC
to the 3’ UTR of target mRNA. This targeting leads to down-regulation of translation of

the mRNA, and is often accompanied by a decrease in mRNA levels [87].
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Nearly half of all miRNA genes are within 50 kilobases of another miRNA gene
[88]. These clusters range from 2 miRNAs, for example miR-200c and miR-141, to as
many as 46 miRNAs, as seen in the largest miRNA cluster in primates, Chromosome 19
miRNA Cluster (C19MC) [88,130,131]. miRNAs within clusters frequently contain high
sequence homology, particularly within the seed sequence, resulting in identical targets
[5,123]. Recent evidence, however, points to clustered miRNAs that target different
genes within a specific pathway or protein complex [89,132]. miRNAs are also predicted
to target downstream effectors of cellular signaling pathways such as second messengers
and transcription factors (TFs) more frequently than upstream ligands and receptors or
housekeeping and structural genes [133]. TFs are key players in cell signaling pathways.
By responding to a plethora of extra- or intra-cellular stimuli and regulating transcription
of the many genes necessary for a cellular response, TFs act as crucial cell signaling
hubs. Dysregulation of major TFs is often a key event in oncogenesis [134]. Such TFs
include AP-1, NF-kB, c-Myc, and p53 [57,135-137]. Many individual miRNAs target
these pathways [138-141], but little data exists regarding the full effect of miRNA
clusters. While it is clear that miRNA clusters are frequently predicted to target specific
cell signaling pathways, no experimental evidence based on systematic screening has
been provided. In this study, we intend to address these deficiencies by analyzing the
role of 366 human miRNAs as clusters in these four major signaling pathways using an

existing genetic library [142].
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Experimental Procedures

mMiRNA Screen

The method involves a published lentiviral-based miRNA genetic library that
contains a large number of human miRNA minigenes [142]. To screen miRNAs that
specifically target TFs of interest, we utilized luciferase constructs plus the miRNA
library. For instance, pTRF-p53-Luc (Systems Biosciences) contains a firefly luciferase
gene (luc) under the control of a minimal CMV promoter. This promoter is only
activated when p53 binds to the p53-specific transcription response elements (TRES),
eight tandem repeats of ACATGTCCCAACATGTTGTCG. Similarly, TRE constructs
for the other TFs are as follows: pTRF-NF-«kB-Luc: four repeats of GGGGACTTTCC,;
and pTRF-AP1-Luc: four repeats of TCCGGTGACTCAGTCAAGCG. c-Myc activity
was measured using an E2F2-Luc reporter vector consisting of the E2F2 promotor with
four distinct E-boxes, CACGTG [143]. The parental vector, pSIF[142], substituted for
the miRNA construct, serves as a normalization control for miRNA expression. Rluc
from pRL-TK (Promega) is used to normalize transfection efficiency and total protein

synthesis.

Cell Culture Experiments

293T and H1299 cells (American Type Culture Collection, Manassas, VA) were
cultured in DMEM media supplemented with 10% FBS and antibiotics at 37°C with 5%
COz. Lipofectamine LTX (Invitrogen) was used for all transfections according to
manufacturer’s instructions. Luciferase assays were conducted using the Dual-Glo®
Luciferase Assay System (Promega) 48 hours post-transfection in 96-well plates.
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Relative Luciferse Units (RLU) were normalized to Renilla luciferase expression. The
parental vector pSIF was used to normalize plate-to-plate variation. Apoptosis was
measured using an ApoTarget™ Annexin-V FITC Apoptosis Kit (Invitrogen, Carlshad,
CA) as described previously [142]. Briefly, transfected cells were washed twice with
PBS, resuspended in Annexin-V binding buffer, and then incubated in Annexin-V FITC
and Propidium lodide Buffer in the dark for 15 minutes at room temperature. Stained
cells were then analyzed on an LSR 11 flow cytometer (BD Biosciences) using FL1
(FITC) and FL3 (PI) lines. Cell cycle was analyzed as described [144]. Experimental

groups were analyzed in triplicate, and data represent three independent trials.

Western Blot

Total protein was isolated from cells in 6-well plates using M-PER mammalian
protein extraction reagent (PIERCE, Rockford, IL). Protein concentration was measured
using a BCA kit (PIERCE, Rockford, IL). 30-50 g of protein were separated on 12% to
15% Bis-Tris polyacrylamide gels (Bio-Rad, Hercules, CA) and then transferred to
PVDF membranes (Bio-Rad). Protein membranes were incubated in blocking buffer (1x
Tris-buffered saline, pH 7.5, 5% nonfat dried milk, 0.05% Tween 20) for 2 hours at
room temperature, followed by anti-p53 antibody (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), or anti-B-actin antibody (Sigma-Aldrich) overnight at 4 °C. The membranes
were washed with 1x Tris-buffered saline containing 0.05% Tween 20, incubated with
horseradish peroxidase-linked goat anti-mouse Ig (Santa Cruz) or goat anti-Rabbit Ig
(Cell Signaling) for 1 hour at room temperature, washed, and visualized with the

SuperSignal West Dura/ Femto Chemiluminescent Substrate kit (PIERCE).
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Statistical Analysis

Boxplots of the luciferase results for all clusters were plotted to show what the
observations look like for each end point variable (AP-1, NF-xB, c-Myc, or p53). For
each end point, residual plots indicated that the observations with log-transformation are
more likely to be normally distributed and have equal variances among different clusters.
For each variable, one way analysis of variance (ANOVA) was applied to examine
whether the observations at log-scale from different clusters are significantly different
from the overall means at log scale. Residual plots indicated that the log-transformed
responses are more likely to be normally distributed and have equal variances among
different clusters. The Fisher’s least significant difference tests were applied to examine
which clusters are significantly different from the overall least square mean [145]. Based
on the analytic results, we painted the boxplots red for the clusters with significantly high
readings (observations), and green for the clusters with significantly low readings. The
clusters with a pink diamond are significantly different from the overall mean (Figures 3-

6).

Results

miRNA Library Screening

We used an established TF luciferase-based screen to determine miRNAs
affecting pathways that regulate TF activity (Figure 2). 293T cells were transfected in

triplicate with a plasmid containing a firefly luciferase gene under the control of a
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minimal CMV promoter along with a second plasmid containing a member of our
mIiRNA library [142]. Transcription response elements (TRE) corresponding to each TF
were placed upstream of the promoter. A third plasmid containing a Renilla luciferase
gene driven by the HSV-TK promoter served as a normalization control. Luciferase gene
expression was measured with a luminometer to determine which miRNA expression
resulted in inhibition or promotion of TF activity. Luciferase expression was normalized
to Renilla luciferase to yield Relative Luminescence Units (RLU) for each miRNA before
being normalized to the parental vector. This approach has been used to identify
individual miRNAs in the p53, NF-xB, and c-MY C pathways [142,144,146]. To analyze
the impact of miRNA clusters in reporter activities, mean RLU values for each cluster
were calculated and normalized to the mean values of all miRNAs. This allowed us to
determine statistical significance of miRNA regulation of specific TFs when miRNA data
were stratified into clusters compared to baseline overall miRNA effects. For each TF,
clusters with values significantly lower than the overall cluster mean were identified as
down-regulators of the specified TFs. Clusters with values significantly higher than the

cluster mean were deemed up-regulators of the specified TF.
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Figure 2: Schematic of luciferase-based microRNA screen.

A
)
)

TF mRNA

Other mRNA
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Figure 2: Schematic of luciferase-based microRNA screen. 293T cells were co-
transfected with: 1) a vector containing a luciferase gene under control of regulatory
elements recognized by AP-1, NF-kB, p53, or c-Myc; 2) a member of our microRNA
library, and 3) a Renilla luciferase vector for normalization of luciferase values.
Following transfection, cells were analyzed by luciferase assay to measure the effects
of miRNA regulation of TF-driven luciferase expression.

TRE: Transcription factor regulatory element, TF: Transcription factor, luc: luciferase,

Rluc: Renilla luciferase, UTR: Untranslated region
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AP-1

Activating protein 1 (AP-1) is a dimeric TF consisting of Jun, Fos, or Activating
TF (ATF). Combinations of these subunits allow for hetero- and homo-dimerization,
resulting in differing DNA recognition and functions of AP-1. The TRE used in this
screen is predominantly recognized by the cJun-cFos as well as cJun homodimers to a
lesser extent [147,148]. AP-1 is activated in response to many signals such as stress,
bacterial and viral infections, cytokines, growth factors, and oncogenic stimuli. Post-
translational regulation occurs through interactions with other TFs, proteolytic turnover,
and phosphorylation [147,149]. Data from the miRNA screen point to five miRNA
clusters that yield an overall negative effect on AP-1 directed transcription (Figure 3 and
Table 2). These clusters may target genes that are upstream of the pathway directly
regulating AP-1 turnover, or genes within signaling cascades that lead to AP-1 activation.
Five clusters were found to have an activating effect on AP-1 transcriptional activity.
One such noteworthy cluster is 10a~196a. Studies have established a pro-proliferative
role for this cluster in multiple cancers including pancreatic cancer and acute myeloid
leukemia [150-152]. This role is consistent with our finding that it positively regulates
activation of a TF known for its role in promoting proliferation, particularly in the

context of cancer [147].
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Figure 3. Boxplot showing logarithmic values of AP-1-mediated luciferase

expression for microRNASs grouped according to cluster.
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Figure 3. Boxplot showing logarithmic values of AP-1-mediatedluciferase
expression for microRNAs grouped according to cluster. Clusters that yielded
values significantly different from the overall mean are marked with a pink diamond
and annotated in Table 1. MicroRNA clusters that caused significant up-regulation of
AP-1-driven luciferase gene expression are highlighted in red. MicroRNA clusters
that down-regulated this expression are marked in green. 293T cells were transfected

with the indicated miRNA in triplicate. NC: non clustered miRNAs.
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NF-xB

NF-kB is a TF that consists of Rel protein dimers that bind kB sites in the
promoters of target genes to regulate transcription. The Rel family of proteins consists of
five members: p100 and p105 which are proteolytically processed into p50 and p52,
respectively, and RelA, RelB, and c-Rel, which do not require proteolytic processing.
The TRE in this screen is specifically recognized by the heterodimer made up of p50 and
RelA, which is the most abundant form of NF-xB in most cells. This heterodimer is held
inactive in the cytoplasm by inhibitors of kB (IxkB) [139]. The classical pathway of NF-
kB activation is triggered by exposure to bacterial or viral infections and pro-
inflammatory cytokines such as TNF-a. These signals go through the Toll-like receptor
(TLR) to activate IkB kinases (IKK) which phosphorylate IkB, targeting it for ubiquitin-
mediated degradation. NF-«B is released and translocates to the nucleus to promote
transcription [139,153]. One of the major functions of NF-«kB is inhibition of apoptosis,
though its role in cancer development and progression is cell-type dependent.
Suppression of NF-kB activation abrogates transcription of critical anti-apoptotic genes
such as c-FIIP, clAP1, clAP2, and BCL-X. [153]. This screen revealed seven clusters
that negatively regulate NF-kB-mediated transcription (Figure 4 and Table 2). Inhibition
of NF-xB signaling implies a potential anti-inflammatory role for these clusters. Five
clusters were found to up-regulate NF-«B activity. Among these is cluster 454~301a.
miR-301a has recently been implicated as an NF-kB inducer in pancreatic cancer [142].
Cluster 99b~125a was also found to up-regulate NF-xB activity. A recent study found
that miR-125a and miR-125b directly target TNFAIP3, a ubiquitin editing enzyme that

negatively regulates NF-«xB activity by disrupting the activation of IKK [120].

46



Figure 4. Boxplot showing logarithmic values of NF-kB-mediated luciferase

expression for microRNAs grouped according to cluster.
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Figure 4. Boxplot showing logarithmic values of NF-kB-mediated luciferase
expression for microRNAs grouped according to cluster. Clusters that yielded
values significantly different from the overall mean are marked with a pink diamond
and annotated in Table 1. MicroRNA clusters that caused significant up-regulation of
NF-xB-driven luciferase gene expression are highlighted in red. MicroRNA clusters
that down-regulated this expression are marked in green. 293T cells were transfected

with the indicated miRNA in triplicate. NC: non clustered miRNAs.
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c-Myc

c-Myc is a TF that heterodimerizes with Max to bind E-boxes within the
promoters of its target genes [154]. It is a multifunctional protein that regulates a wide
variety of cellular processes such as cell cycle progression, growth and metabolism,
differentiation, and apoptosis [134]. Because of its function in positively regulating
processes that contribute to tumorigenesis, Myc is a proto-oncogene. Aberrant
expression of Myc is seen in the majority of cancers, resulting from genomic
amplification, or lack of negative regulatory pathways [154]. Our screen returned four
miRNA clusters that down-regulate Myc-induced transcription (Figure 5 and Table 2).
Notably, Cluster 512~519a negatively regulates Myc-mediated transcriptional activation.
Also striking was up-regulation of Myc-mediated transcription by the entire miR-200
family (Clusters 200c~141 and 200b~429). In addition, we have confirmed miR-33b as a

bona fide c-Myc regulator [146].
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Figure 5. Boxplot showing logarithmic values of c-Myc-mediated luciferase

expression for microRNAs grouped according to cluster.
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Figure 5. Boxplot showing logarithmic values of c-Myc-mediated luciferase
expression for microRNAs grouped according to cluster. Clusters that yielded
values significantly different from the overall mean are marked with a pink diamond
and annotated in Table 1. MicroRNA clusters that caused significant up-regulation of
c-Myec-driven luciferase gene expression are highlighted in red. MicroRNA clusters
that down-regulated this expression are marked in green. 293T cells were transfected

with the indicated miRNA in triplicate. NC: non clustered miRNAs.
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p53

p53 has long been known as the guardian of the genome. Its transactivational
functions are well studied and include induction of proapoptotic genes like Puma, Noxa,
and Bax as well as cell cycle regulatory proteins such as p21 [49]. p53 is maintained at
low basal levels in the cell by its inhibitory protein, Mdm2 [155]. Mdmz2 inhibits p53
function by acting as an ubiquitin ligase to target p53 for proteasomal degradation as well
as by binding and blocking the DNA binding domain of p53, inhibiting its activity as a
TF. Upon detection of DNA damage, oncogene hyperactivation, or other cellular
stresses, p53 is phosphorylated on its N-terminus, which blocks inhibition by Mdm2 and
promotes its binding to p53 response elements. In our screen, we found 7 miRNA
clusters that significantly up-regulate p53-mediated luciferase expression (Figure 6 and
Table 2). Among these is Cluster512~519a, also known as C19MC. Comprised of 46
pre-miRNAs, it is the largest miRNA cluster conserved in primates. It is an imprinted
gene, and the paternal allele is expressed specifically in the placenta [130,156]. This
tissue specificity is noteworthy in the context of its up-regulation of p53 activity.
Enhanced apoptosis and increased p53 expression in the placenta during pregnancy are
associated with fetal growth restriction, preeclampsia, intrauterine growth restriction, and
HELPP syndrome [157,158]. Our screen implicates a role for this miRNA cluster within
the tightly regulated process of developmental or pathological apoptosis. Among the 5
clusters that down-regulated p53-mediated luciferase expression is 200b~429, one of two
clusters that comprise the miR-200 family (Figure 6 and Table 2). The miR-200 family is
largely known as tumor suppressive because of its inhibition of the epithelial-

mesenchymal transition (EMT) through direct targeting of Zebl and Zeb2 TFs [116,159].
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Our data support an oncogenic role for this miR-200 family and we performed ensuing
studies to examine the role of miR-200a in the p53 pathway (see below). Cluster
25~106b also significantly down-regulated p53 activity, and we noted that miR-25 has

been verified to directly target p53 [144].
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Figure 6. Boxplot showing logarithmic values of p53-mediated luciferase
expression for microRNAs grouped according to cluster. Clusters that yielded
values significantly different from the overall mean are marked with a pink diamond
and annotated in Table 1. MicroRNA clusters that caused significant up-regulation of
p53-driven luciferase gene expression are highlighted in red. MicroRNA clusters that
down-regulated this expression are marked in green. 293T cells were transfected with

the indicated miRNA in triplicate. NC: non clustered miRNAs.
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Table 2. Top microRNA clusters that significantly modulate reporter expression.

Inhibiting Difference Activating Difference
Clusters from mean p-value Clusters from mean p-value
Let7g~135a -0.78068 5.14E-03 | 512~519a 0.183747 1.78E-02
125b~100 -0.65192 1.92E-02 | 217~216b 0.567326 4.14E-02
AP-1 34bc -0.59466 3.26E-02 | 10a~196a 0.596606 3.20E-02
513~514 -0.3289 3.05E-02 | 454~301a 1.399706 3.86E-04
339~329 -0.23763 3.22E-03 | 650 1.636268 3.57E-05
215~194 -1.17405 1.90E-04 | 99b~125a 0.822977 2.81E-03
30hd -0.87412 9.13E-03 | 181cd 0.839874 1.22E-02
125b~100 -0.75574 2.40E-02 | 192~194 1.167321 1.33E-02
NFE-kB 1 "506~133b 074421 | 2.62E-02 | 650 1.262463 | 7.49E-03
217~216b -0.68132 4.17E-03 | 454~301a 1.876999 7.89E-05
513~514 -0.41319 2.39E-02
195~497 -0.66248 3.15E-02 | 17~92a 0.305999 1.74E-02
193b~365 -0.54136 1.35E-02 | 23b~24 0.368437 4.00E-02
c-Myc 512~519a -0.52607 8.16E-17 | 16~15a 0.432454 4.80E-02
132~212 -0.52607 1.63E-02 | 200c~141 0.589838 1.08E-03
200b~429 0.312486 5.25E-03
200b~429 -0.83273 6.44E-04 | 532~500 0.295012 2.61E-02
30ec -0.69189 4.46E-03 | 512~519a 0.444204 1.78E-10
425~191 -0.61609 1.12E-02 | 99a~125b 0.522585 3.12E-02
p53 653~489 -0.56796 1.93E-02 | 296~298 0.712016 3.71E-02
25~106b -0.53544 7.25E-03 | 371~373 0.747797 2.14E-03
454~301a 0.766234 2.49E-02
650 0.877633 1.03E-02
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miR-200a

The miR-200 family is comprised of two clusters (Figure 1). Cluster 200b~429 is
located on chromosome 1 and contains miR-200a, miR-200b, and miR-429. Cluster
200c~141 is located on chromosome 12 and contains miR-200c and miR-141. The most
thoroughly studied function of the miR-200 family is inhibition of EMT. EMT is
characterized by cellular acquisition of mesenchymal morphology and phenotypes and is
largely associated with tumor metastasis. In particular, the TFs Zebl1 and Zeb2 are
responsible for repressing transcription of E-cadherin and other epithelial markers to
promote EMT [115,160]. The miR-200 family directly targets the 3' UTRs of Zeb1 and
Zeb?2 to inhibit their expression, and Zeb1 and Zeb2, on the other hand, bind the
promoters of both miR-200 family clusters to reciprocally inhibit their transcription
[124]. This miRNA family inhibits proliferation as well as EMT through its targeting of
Zebl and Zeb2 [161]. Recently, however, new tumor-suppressor targets of the miR-200
family have been discovered, suggesting this miRNA family may have a pro-proliferative
function [5,102,162]. In addition, a recent study has investigated the miR-200 family’s
promotion of an epithelial morphology in the context of a mesenchymal-epithelial
transition, thus promoting metastatic colonization, and providing further evidence for an

oncogenic role for this miRNA family [123].

Our screen revealed a p53-suppressing role for cluster 200b~429, which contains
miR-200a, miR-200b, and miR-429. TargetScan predicts a miR-200a binding site in the
3’ UTR of p53 (Figure 7A). This predicted target is conserved between humans and
chimpanzees. To determine direct targeting of p53 by miR-200a, a luciferase assay was

performed using constructs with a wild type 3’ p53 UTR (WT) ora 3’ UTR with a
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mutated miR-200a binding site (Mut) downstream of a luciferase reporter gene.
Luciferase assay was performed to measure differential reporter expression resulting
from this binding site mutation in p53-null H1299 cells (Figure 7B). Compared to empty
vector control, miR-200a caused a significant reduction in WT construct luciferase
expression. This reduction of expression was not seen in cells with the mutant 3> UTR.
This suggests that miR-200a directly targets the 3’ UTR of the human p53 gene. Western
blot was performed to determine the effects of miR-200a on p53 protein levels. H1299
cells were transfected with miR-200a or its empty vector control, and either p53 coding
sequence with a wild type 3> UTR (WT) or that with a mutated miR-200a binding site in
its 3 UTR (Mut). Compared to the control, miR-200a caused a significant down-
regulation of p53 protein levels in cells with a WT 3 UTR, but not those with a Mut 3’
UTR (Figure 8A). These results show that direct targeting of the p53 3> UTR by miR-
200a down-regulates p53 at the protein level. To determine the functional significance of
p53 suppression by miR-200a, we analyzed apoptosis and cell cycle in response to miR-
200a over-expression in H1299 cells containing a p53 expression cassette with either WT
or Mut 3’ UTR. We found that re-expression of p53 in H1299 cells led to significant cell
apoptosis and cell cycle arrest at the G1 phase (G1 arrest) even in the absence of DNA
damage (Figure 8B and 8C), in agreement with previous reports [163-165]. miR-200a
significantly decreased apoptosis in H1299 cells with the WT p53 construct (Figure 8B).
Apoptosis was unaffected in cells containing the Mut p53 construct. In addition, G1
arrest was also inhibited by miR-200a compared to the vector control (50.7% versus 60.1,
P<0.05) only when the exogenous p53 had a WT 3” UTR (Figure 8C). Taken together,

these results provide a new mechanism of oncogenic action for miR-200a. By directly

58



targeting the 3’ UTR of p53, miR-200a down-regulates p53 protein expression, resulting

in a significant reduction in apoptosis and G1 arrest.
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Figure 7. miR-200a directly targets the human p53 gene.
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Figure 7. miR-200a directly targets the human p53 gene. (A) Schematic
representation of miR-200a: p53 3'UTR. Top: seed sequence base paring between
miR-200a and the 3'UTR of p53 mRNA. Bottom: p53 constructs with the wild type
miR-200a binding site (WT) or a mutated miR-200 binding site (Mut) in the 3'UTR.
(B) A reporter assay to determine whether the p53 3'UTR is targeted by miR-200a. Y
axis denotes relative luminescent units (luc/Rluc) in H1299 cells expressing WT or
Mut p53 3'UTR constructs and miR-200a.
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Figure 8. miR-200a downregulates p53 protein expression and inhibits apoptosis.
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Figure 8. miR-200a downregulates p53 protein expression and inhibits apoptosis.
(A) Western blotting analyses of H1299 cell extracts. H1299 cells were transfected
with miR-200a and WT or Mut p53 3’UTR constructs. (B) Apoptosis assay of H1299
cells transfected as in C. E. Cell cycle analysis of H1299 cells transfected as in (C) The
Y axis denotes events (the number of cells) and the X axis denotes the emitted
fluorescent light of the DNA dye (P1), that is, DNA content. Values like indicate the

percentages of cells in the G1 phase with standard error of the mean. *P<0.05 with

n=3.
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Discussion

Most miRNA studies revolve around finding novel targets of single miRNAs, yet
half of all mMiIRNAs are co-expressed as clusters [88]. Most of the miRNAs within
clusters are likely to be transcribed as a whole unit, so these coexpressed miRNAs shall
be investigated together for their biological and pathological function. By stratifying our
screen of miRNAs that target TF signaling pathways into miRNA clusters, we were able
to collect data that describes the effects of an entire miRNA cluster on a signaling
pathway culminating in regulation of a major TF. Several mechanisms exist behind
multiple coexpressed miRNAs regulating a wide variety of targets, thus the modus
operandi of miRNA clusters is not fully understood. Individual miRNAs are predicted
to, and have been found to target a wide array of genes and affect multiple cellular
functions [41,166]. Based solely on this, a miRNA cluster could potentially target any
and all cell signaling pathways. However, bioinformatics, as well as an increasing
number of molecular biology approaches have parsed out a much more ordered pattern of
target suppression by miRNA clusters [89-91,133]. miRNA clusters are predicted to
target interacting members of protein complexes [89], multiple proteins within a single
pathway or biological process [90,133], or multiple clustered miRNAs may
simultaneously target and strongly repress a single key regulator of a pathway [167]. In
this way, rather than the small scale fine tuning of hundreds of targets [87], a cluster
would provide a large combinatorial impact on an entire biological process or pathway.
In miRNA clusters comprised of closely related family members, for example both
clusters of the miR-200 family or many members of C19MC, similar or same seed

sequences provide a clear mechanism for multiple cluster members to target identical sets
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of genes [123]. This combinatorial system of multiple clustered miRNAs regulating an
entire system does not preclude the presence of a single major effector miRNA within a
cluster regulating a specific pathway [90]. Xu and Wong propose this mechanism for
cluster mmu-miR-183-96-182, which is predicted to control 12 signaling pathways. miR-
96 is predicted to target the majority of the genes within these pathways, indicating it as
the major effector miRNA of this cluster [90]. Cluster 17~92a, is a well-studied
oncogenic cluster whose most oncogenic member, miR-19, has been experimentally
validated as the most active player in the oncogenic process [168]. The 25~106b cluster,
an ortholog of 17~92, significantly down-regulated p53 reporter activity. We have
verified that miR-25 directly targets the p53 gene [144]. Itis noted that each miRNA in
the 25~106b cluster is upregulated in multiple myeloma, a cancer with little p53 mutation
[169]. miR-25 is the most significantly upregulated miRNA in multiple myeloma, and its
expression is inversely correlated with p53 mRNA levels, suggesting that miR-21
upregulation could be responsible for p53 inactivation in cancers without p53 mutation
[144]. How other members of the 25~106b cluster upregulate p53 transactivational
activities, however, remains elusive. Similarly, we have verified that miR-301a up-
regulates NF-«xB by inhibiting Nkrf [142], yet the role of miR-454 (the other member of

the 301a~454 cluster) in the NF-xB pathway needs further investigation.

We experimentally pursued the down-regulation of p53 activity by cluster
200b~429 and demonstrated the direct targeting of p53 by miR-200a. miR-200a and its
orthologs, miR-200b, miR-200c, and miR-141 were first found tumor suppressors as they
inhibit EMT through targeting Zeb1 and Zeb2 [115,116]. Recently, studies have begun

investigating the role of miR-200a in the reverse process, mesenchymal-epithelial
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transition, which enhances the metastatic potential of cancer cells [123]. Down-
regulation of p53 and subsequently apoptosis and G1 arrest by miR-200a illuminates a
novel function for this miRNA. This, coupled with emerging studies that show evidence
for an oncogenic function for miR-200a and its family members [5,102,162], provides a

strong foundation for the oncogenic potential of miR-200a.

While our screen provides new, preliminary experimental data regarding the
effects of miRNA clusters on TF pathways, there are several limitations that must be
considered. First, this screen was performed with a single cell line (293T), which does
not account for any bias that may arise from tissue or cell-type specific targeting.
Second, our screen may return false negatives or positives because other cellular changes
may compromise the luciferase reading. For example, miR-34c is a tumor suppressor,
identified as such by its direct targeting and repression of c-Myc [168]. However, cluster
34bc was not found in this screen to down-regulate c-Myc activity. Finally, single
transient transfections of miRNA-containing plasmids do not replicate endogenous
miRNA levels, which may be subject to further regulation when the entire cluster is
expressed. This may bias the screen toward miRNAs that are expressed at low
endogenous levels. These limitations can be mitigated by further experimental validation

using multiple cell lines or performing miRNA inhibition experiments [144,146].

To summarize, this study provides a panoramic view of miRNA clusters’ effects
on AP-1, NF-xB, c-Myc, and p53 signaling pathways and will serve as a base for

thoroughly interrogating the contribution of miRNAs in these pathways.
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CHAPTER IlI

THE ROLE OF MIR-200A IN MAMMALIAN EPITHELIAL CELL

TRANSFORMATION

Chapter Overview

Cancer is a multistep disease that begins with malignant cell transformation and
frequently culminates in metastasis and death. MicroRNAs (miRNAs) are small
regulatory 21-25-nt RNA molecules and are frequently dysregulated in cancer. miR-200a
is a member of the miR-200 family, which are known to be strong inhibitors of the
epithelial to mesenchymal transition. As such, the tumor suppressive role of miR-200a in
oncogenesis has been well studied; however, recent studies have found a proliferative
role for this miRNA as well as a pro-metastatic role in the later steps of cancer
progression. Little is known about the role of this miRNA in the early stages of cancer,
namely, malignant cell transformation. Here we show that miR-200a cooperates with
Ras to enhance malignant transformation of immortalized mammary epithelial cells.
Furthermore, miR-200a induces cell transformation and tumorigenesis in
immunocompromised mice by cooperating with a Ras mutant that activates only the
RalGEF effector pathway, but not Ras mutants activating PI3K or Raf effector pathways.
This transformative ability is in accordance with miR-200a targeting Fog2 and p53 to

activate Akt and directly repress p53 protein levels, respectively. These results
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demonstrate a role for miR-200a in malignant cell transformation and provide a specific
cellular context where miR-200a acts as an oncomiR rather than a tumor suppressor by
cooperating with an oncogene in the classical two-hit model of malignant cell

transformation.

Introduction

Cancer is an often fatal disease that requires multiple steps to progress from a
normal state to full phenotypic disease [1,170]. Cancer mortality, while comprising one
quarter of all deaths in the United States, is declining, due largely to improvements in
screening and detection. Diagnosis of early stage cancer is strongly associated with
better survival [1-3,171]. Thus it is crucial to understand the molecular events that occur

early in this progressive disease.

Malignant cell transformation is the initiating step of cancer progression [172].
During this process, a cell must bypass senescence and avoid apoptosis, allowing for
uncontrolled proliferation, which leads to formation of a primary tumor [12]. The hyper-
proliferative, anti-apoptotic phenotypes that arise during malignant cell transformation
are conferred by genetic mutations and abnormalities that upregulate proto-oncogene
activity and ablate tumor suppressor gene function [173]. The first oncogene/tumor
suppressor combinations associated with cell transformation were investigated by in an
attempt to delineate endogenous, non-viral proto-oncogenes [79,81]. The classical model
of cell transformation identified the cooperation between the Ras and Myc oncogenes in
selecting for a dominant-negative p53 tumor suppressor mutation and transforming

primary rodent cells [81]. Numerous transforming oncogenes and tumor suppressor
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mutations have been identified since these landmark studies [82], demonstrating the

complexity of cancer initiation.

Recently, noncoding RNAs, e.g. microRNAs (miRNAs), have garnered interest as
potent mediators of malignant cell transformation and cancer progression [100,106,129].
miRNAs are a regulatory class of small RNAs that bind the 3’ UTR of target mRNA to
post-transcriptionally repress gene expression [84]. miRNAs are frequently dysregulated
in cancer through altered epigenetic modifications, deletions, translocations, and
amplifications [100,103]. The subsequent changes in expression patterns and/or function
result in differential repression of target genes. By repressing expression of oncogenes or
tumor suppressors, a miRNA may function as a tumor suppressor or oncogene,

respectively [129].

Among miRNAs dysregulated in cancer, miR-200a has emerged as a key
mediator of the oncogenic process, though its overall role during cancer progression is
not clear. Gene expression profiling reports that miR-200a is frequently down-regulated
in cancer, including melanoma, breast, and nasopharyngeal cancers [118,119,121]. Its
most well studied function is the suppression of Zeb1/2 transcription factors to inhibit the
epithelial to mesenchymal transition (EMT) and promote a more stable, epithelial
phenotype [115,124]. EMT is a crucial early step in the progression of transformed
primary tumor cells into invasive metastatic cells that invade local stroma, travel through
vasculature, and colonize distant sites in the body [4,174]. These metastases are
responsible for the gross majority of cancer related deaths [171]. By blocking EMT and

inhibiting metastasis, miR-200a functions as a tumor suppressor [116,124].
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However, miR-200a has also been found to promote oncogenesis. miR-200a is
overexpressed in several cancers including endometrial, pancreatic, and ovarian cancers
[105,175,176]. Our studies demonstrate a specific role for miR-200a in early cancer
progression that may apply to such clinical cases. Recent studies show that mesenchymal
to epithelial transition (MET), the reversal of EMT, is a later step in metastasis that
allows motile, invasive cells to revert back to a stable epithelial phenotype more
conducive to forming new metastatic tumors at distant sites [177]. By inducing an
epithelial phenotype in this context, miR-200a promotes metastasis [5,123,178]. In
addition to its involvement in EMT/MET, a limited number of studies have observed a
hyper-proliferative role for miR-200a including stimulation of PI3K signaling in
hepatocellular carcinoma cells and up-regulation of miR-200a in a rat model of
hepatocellular carcinoma [102,179]. My recent study demonstrates the anti-apoptotic
function of miR-200a due to its direct targeting of p53 [53] (Chapter 2). In this study, we
determined the effect of miR-200a overexpression on transformation of rodent cells and
immortalized human MCF10a cells and characterized the underlying mechanism of the

ability of miR-200a to cooperate with Ras to transform MCF10a cells.

Experimental Procedures

Cell Culture

Rat kidney epithelial RK3E cells and human embryonic kidney 293T cells
(American Type Culture Collection, Manassas, VA) were cultured in DMEM media
supplemented with 10% FBS and antibiotics at 37°C with 5% CO,. Human mammary

epithelial MCF10A cells were cultured in DMEM/F12 supplemented with 5% horse
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serum, 20 ng/mL EGF (Invitrogen), 0.5 mg/mL Hydrocortisone (Sigma), 100 ng/mL
Cholera Toxin (Sigma), 10 ug/mL Insulin (Humulin), and antibiotics at 37°C with 5%

CO..

mMiRNA Screen

RK3E cells were transfected using Lipofectamine LTX/Plus reagent according to
manufacturer instructions with individual miRNAs from our laboratory’s miRNA library
comprised of 366 human miRNA minigenes in the lentiviral PSIF vector [180]. After 48

hrs, wells were visually inspected for three dimensional foci formation.

Transfection and Viral Transduction

Lipofectamine LTX-plus (Invitrogen) was used for all transfections according to
manufacturer's instructions. For lentivirus production, 293T cells were transiently co-
transfected, 24hrs post plating in 6-well plates, with 2ug of pSIF vector, or miRNA,
1.4ug of pVGV-S and 0.7ug of pFIV-34N packing and expression vectors, respectively.
Lentivirus-containing supernatant was collected after 48 hours, centrifuged to remove
cellular debris, and supplemented with 8 pg/mL Polybrene (American Bioanalytical)
before transducing target MCF10A or RK3E cells. For retrovirus production, 3 pg of the
retroviral vectors containing constitutively active RasG12V mutant (Addgene plasmid
1768), c-Myc (Myc construct from Addgene plasmid 16011 cloned into plasmid 12269),
p53dd (Addgene plasmid 9058), or RasG12V effector pathway mutants (Addgene
plasmids 12274, 12275, 12276) [18] were transfected into Phoenix-Ampho cells, and
virus collection and transduction were performed as for Lentivirus. G418 (200 pg/mL),
Puromycin (1 pug/mL), or Hygromycin (8 pg/mL) were used to select for positively
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transduced cells. Cells were transduced three timesmiR-200a expression levels, as
measured by Tag-Man QRT-PCR expression assay (Invitrogen), ranged from a 5 to 15

fold increase above vector control (Data not shown).

Acini Formation in Matrigel

Matrigel (Corning) was used to coat the well bottoms of a 12-well chamber slide
(Ibidi). 5,000 positively drug-selected exponentially growing MCF10A cells suspended
in 2% Matrigel were layered over top of the first Matrigel layer and allowed to grow 5 or
14 days. Acini were fixed with ethanol while still in Matrigel to prevent disruption of
morphology, blocked with goat serum and incubated first with anti-E Cadherin or
Cleaved caspase-3 antibodies (Cell Signaling) overnight at 4° and then Alexa488-coupled
goat anti-rabbit secondary antibodies for 2 hrs room temperature. Slides were visualized

by confocal microscopy.

Colony formation assay

Six well plates were coated with a bottom layer of 0.5% noble agar (Sigma-
Aldrich) and 2000 RK3E or MCF10A cells were suspended in a top layer of 0.2% noble
agar in triplicate. The cells were maintained at 37°C in a humidified 5% CO2 atmosphere
for two weeks. Fresh media was added at regular intervals to prevent the plates from
drying out. Resulting colonies were stained with 0.05% Crystal Violet and destained
with water. Colonies were counted and imaged using a dissection microscope coupled to
a digital microscope imager (Celestron). The experiment was performed three times,

once for each level.

70



Cell Cycle Analysis

For synchronization, MCF10A cells were progressively deprived of serum and
growth factors over 24 hours, then stimulated with complete media for 18 hours. Cells
were collected by trypsinization and washed twice in 1X PBS. Cells were fixed in 1ml of
ice-cold 70% ethanol at 4°C overnight. Cells were then washed twice with 1X PBS and
stained with a solution of 50 pg/ml Propidium lodide, 100 pg/ml Ribonuclease A, and
0.2% Triton X-100 diluted in PBS for 30 mins at 4°C. Flow cytometry was performed
with a FACScan Flow Cytometer. A minimum of 10,000 cells per sample were collected
and the FACS files were analyzed using FlowJo software (Tree Star Inc.) for cell cycle

analysis [28].

Cell Migration

Transwell (Boyden) chambers (Invitrogen, Carlsbad, CA), with a pore size of
8um, were placed in triplicate into 12-well plates. Complete MCF10A media, which
served as a chemoattractant, was added to wells beneath the Transwell chamber. D283
cells (1x10%) in low serum media were added to the Transwell chamber and the plates
were then incubated at 37°C in a humidified 5% CO atmosphere for 24 hrs. The cells
were fixed with methanol for 10 mins and stained with 0.4% crystal violet for 2 hrs. Non-
migrated cells on the upper side of the filter were removed with a cotton swab, and the
filter was mounted on microscope glass slides. Slides were imaged using a dissection

microscope coupled to a digital microscope imager (Celestron).
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Western Blot

Total protein was isolated from cells in 6-well plates using RIPA (Cell Signaling).
Protein concentration was measured using a BCA kit (Pierce). 30-50 pg of protein were
separated on 12% to 15% Bis-Tris polyacrylamide gels (Bio-Rad) and then transferred to
PVDF membranes (Bio-Rad). Protein membranes were incubated in blocking buffer (1x
Tris-buffered saline, pH 7.5, 5% nonfat dried milk, 0.05% Tween 20) for 2 hours at room
temperature, followed by phospho-p53, p53, PTEN, phospho-Akt, Akt, phospho-Erk, or
Erk antibody (Cell Signaling), Fog2 antibody (Santa Cruz Biotechnology) or [3-actin
antibody (Sigma-Aldrich) overnight at 4°C. The membranes were washed with 1x Tris-
buffered saline containing 0.05% Tween 20, incubated with horseradish peroxidase-
linked goat anti-mouse Ig (Santa Cruz) or goat anti-Rabbit 1g (Cell Signaling) for 1 hour
at room temperature, washed, and visualized with the SuperSignal West Dura

Chemiluminescent Substrate kit (PIERCE).

Mice

Athymic male nude (Foxn1"/Foxn1™) mice (5 weeks old) were purchased from
The Jackson Laboratory (Bar Harbor, ME) and maintained in the University of
Louisville’s AAALAC-accredited animal facility. All animal studies were conducted in
accordance with National Institutes of Health animal use guidelines, and a protocol
approved by the University of Louisville’s Institutional Animal Care and Use Committee.
Exponentially growing cells were harvested and injected subcutaneously (5.0x10°
cells/animal) into nude mice (six per group). Each mouse was injected in each flank with

MCF10A cells stably over-expressing a Ras effector mutant alone in one flank, and
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MCF10A cells stably over-expressing the same Ras effector mutant in combination with
miR-200a in the other flank. Side of injection was randomized. Tumor size was
monitored once per week for 10 weeks before sacrificing. Tumors were harvested and
immediately formalin fixed. Tumors were embedded in paraffin, and tissue sections were

stained with hematoxylin and eosin.

Statistical Analysis

Colony formation data was analyzed by multivariate analysis of variance
(MANOVA) with T tests post hoc to look for individual effects with standard errors
corrected for multiple comparisons. Cell proliferation data were analyzed by linear
regression modeling with T tests post hoc to determine individual effects using standard
errors corrected for multiple comparisons. Cell Cycle Distribution was analyzed by
generalized linear models comparing G1 to combined S/G2 phases with binomial
response variables and parameters estimated by maximum likelihood. Log odds ratios
were further analyzed by T tests post hoc to evaluate individual effects using standard

errors corrected for multiple comparisons.
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Table 3. Statistical Analyses of colony formation in soft agar: miR-200a, oncogenes.
MCF10A cells stably overexpressing miR-200a alone or in combination with the

MCF10A COLONY FORMATION ASSAY - miR-200a + Oncogenes

Coefficients: (1 not defined because of singularities)
Estimat Error t wvalue Pr(>|t])
(Intercept) -1.023e-14 5.821e+00 0.000 1.000
miR200a 3.333e-01 8.233e+00 0.040 0.968
ras 6.400e+01 8.233e+00 7.774 3.68e-07 ***
cmyc 1.367e+01 8.233e+00 1.660 0.114
p53dd 2.300e+01 8.233e+00 2.794 0.012 *
ras:cmyc -6.667e+01 1.164e+01 -5.726 1.98e-05 ***
miR200a:ras 1.447e+02 1.164e+01 12.425 2.87e-10 ***
miR200a:cmyc -1.300e+01 1.164e+01 -1.117 0.279
miR200a:p53dd -5.667e+00 1.164e+01 -0.487 0.632
Group 1 Group 2 colonies t value p value
vector miR-200a 3.33E-01 4.05E-02 |4.84E-01
vector Ras 6.40E+01 7.77E+00 |2.69E-07 *x*x
vector cMyc 1.37E+01 1.66E+00 [5.76E-02
vector p53dd 2.30E+01 2.79E+00 [6.24E-03 *x
vector Ras + cMyc 1.10E+01 1.89E+00 |3.80E-02 *
vector miR-200a + Ras [1.45E+02 1.24E+01 |2.93E-10 *x X
vector miR-200a + cMyc |-1.30E+01 [-1.12E+00 [8.60E-01
miR-200a +
vector p53dd -5.67E+00 [-4.87E-01 |6.84E-01
miR-200a [miR-200a + Ras |2.09E+02 1.79E+01 |8.86E-13 x XK
Ras miR-200a + Ras [1.45E+02 1.25E+01 |2.82E-10 x KK
Signif. codes: 0 ‘x**/ 0.001 ‘**’ 0.01 ‘*’ 0.05
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Table 4 Statistical Analyses of colony formation in soft agar: miR-200a, Ras mutants.
MCF10A cells stably overexpressing miR-200a alone or in combination with the
indicated Ras effector mutants.

Colony formation - miR-200a + Ras Effector Mutants

Coefficients: (1 not defined because of singularities)
Estimate Std. Error t wvalue Pr(>|t])
(Intercept) -1.641e-14 7.551e+00 0.000 1.0000
miR200a 2.333e+00 1.068e+01 0.218 0.8295
rase37g 5.667e+00 1.068e+01 0.531 0.6022
rast35s 2.333e+00 1.068e+01 0.218 0.8295
raswt 1.160e+02 1.068e+01 0.862 2.47e-09 *x*x*
rasy40c 1.800e+01 1.068e+01 1.685 0.1092
miR200a:rase37g 4.333e+01 1.510e+01 2.869 0.0102 =
miR200a:rast35s 9.333e+00 1.510e+01 0.618 0.5443
miR200a:raswt NA NA NA NA
miR200a:rasy40c 2.333e+00 1.510e+01 0.154 0.8789
Group 1 Group 2 colonies t value P
value
vector miR-200a 2.33E+00 2.18E-01 0.415
vector E37G 5.67E+00 5.31E-01 0.301
vector T35S 2.33E+00 2.18E-01 0.415
vector Ras 1.16E+02 1.09E+01 0.000 [|r**
vector Y40C 1.80E+01 1.69E+00 0.055
vector miR-200a + E37G |4.33E+01 2.87E+00 0.005 |[|*~*
vector miR-200a + T35S |9.33E+00 6.18E-01 0.272
vector miR-200a + Y40C |2.33E+4+00 1.55E-01 0.440
miR-200a + miR-200a 4.90E+01 3.24E+00 0.002 |[|**
E37G
miR-200a + |[E37G 4 .57E+01 3.02E+00 0.004 |[|**
E37G
miR-200a + miR-200a 1.17E+01 7.73E-01 0.225
T35S
miR-200a + |T35S 1.17E+01 7.73E-01 0.225
T35S
Signif. codes: 0 Y***x/ (,001 “**’ 0.01 ‘*’ 0.05
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Table 5. Statistical Analysis of Cell Proliferation Data. MCF10A cells stably
overexpressing miR-200a alone or in combination with Ras.

Cell Proliferation Curve

Coefficients:

Estimate Std. Error t wvalue
(Intercept) 0.116063 0.020842 5.569
time 0.070912 0.006865 10.330
time:miR200a 0.034543 0.008140 4.244
time:ras 0.065368 0.008140 8.031
time:miR200a:ras -0.056111 0.011511 -4.874

Signif.

Residual standard error:

codes: 0 Yx**’ (0.001 ‘**’ 0.01 *" 0.

Pr(>[t])
1.54e-06
3.1%e-13
0.000115
4.29e-10
1.53e-05

05 Y.” 0.

* Kk *x
* k%
* k%
* Kk %

* k%

l AN 4

0.08805 on 43 degrees of freedom

1

Multiple R-squared: 0.9309, Adjusted R-squared: 0.9245
F-statistic: 144.9 on 4 and 43 DF, p-value: < 2.2e-16

Group 1 Group 2 Slope t value p value
vector miR-200a 0.105455 |3.052862 |0.001939 [x**
vector Ras 0.13628 16.74201 |0 *Hx
vector miR-200a + Ras [0.014801 [1.285814 |0.102695 |***
miR-200a + miR-200a 0.009257 |0.267985 ]0.394996

Ras

miR-200a + Ras -0.02157 |[-1.87369 [0.96611

Ras

Signif. codes: 0 Y***/ 0.001 “**’/ 0.01 ‘*’ 0.05
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Table 6. Statistical Analyses of Cell Cycle Data. MCF10A cells stably
overexpressing miR-200a alone or in combination with the indicated oncogenes.

CELL CYCLE DATA

Coefficients: (1 not defined because of singularities)
Estimate Std. Error z value Pr(>]|z|)
(Intercept) 0.98074 0.01762 55.66 <2e-16 ***
miR200a -1.20118 0.02405 -49.94 <2e-16 ***
ras -1.03059 0.02229 -46.23 <2e-16 ***
cmyc -1.49792 0.02153 -69.56 <2e-16 ***
p53dd -1.44509 0.02354 -61.40 <2e-16 ***
ras:cmyc 1.81266 0.02994 60.53 <2e-16 ***
miR200a:ras 1.29906 0.03249 39.99 <2e-16 ***
miR200a:cmyc 1.14627 0.03140 36.51 <2e-16 **xx*
miR200a:p53dd 0.79548 0.03300 24.10 <2e-16 ***
Group 1 Group 2 log odds | Fold Change | z value |p value
estimate
vector miR-200a -0.22044 | 0.802165767 | —9.1659 0.00003
vector Ras -0.04985 | 0.95137212 -2.23643 |1 0.01266
vector cMyc -0.51718 | 0.596199462 | —24.0214 [ 0.00003
vector p53dd -0.46435 | 0.628543526 | -19.726 0.00003
vector Ras + cMyc 2.7934 16.33646948 | 93.29993 | 0.99997
vector miR-200a + 2.2798 9.774725269 | 70.16928 | 0.99997
Ras
vector miR-200a + 2.12701 8.389743937 | 67.73917 | 0.99997
cMyc
vector miR-200a + 1.77622 5.907483872 | 53.82485 | 0.99997
p53dd
miR-200a miR-200a 0.26847 1.307961738 | 8.263158 | 0.99997
+ Ras
miR-200a Ras 0.09788 1.102830438 [ 3.012619 | 0.9987
+ Ras
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Results

miR-200a transforms immortalized rat epithelial cells

The RK3E cell line is an ELA-immortalized rat kidney epithelial cell line, whose
defining characteristic is monolayer growth under normal conditions, and foci formation
under transforming conditions such as Ras activation or Myc overexpression [181-183].
In order to determine the role of miRNAs in cell transformation, RK3E cells were
transiently transfected with individual miRNAs from our library of 366 miRNA genes
[180] and visually screened for foci formation (Figure 9A). A construct expressing c-
Myc was used as a positive control [154]. Negative vector control-expressing cells
formed no foci. Of the 366 miRNAs screened miR-141 and let-7e formed about the same
number of foci as c-MYC, and miR-200a formed more foci than c-Myc. These three
miRNAs were selected for an ensuing stringent cell transformation experiments. We
stably infected RK3E cells with lentivirus made from each of these three miRNAs or
vector control and assayed them for anchorage-independent growth in soft agar. All three

miRNAs induced colony formation in soft agar (Figure 9B).

In order to determine tumorigenicity of these miRNAs, RK3E cells stably
expressing each of these miRNAs were subcutaneously injected into nu/nu mice. Cells
expressing miR-141 or miR-200a formed orthotopic subcutaneous tumors (Figure 10),
but let-7e-expressing cells did not produce tumors (data not shown). miR-200a and miR-
141 are family members with identical seed sequences, thus miR-200a alone was

analyzed further.
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To determine potential mechanisms underlying this cell transformation, we
analyzed the expression of miR-200a target genes [102,184-186]. Consistent with the
literature, Western blot analyses showed that in RK3E cells expressing miR-200a, the
epithelial marker, E-cadherin, was up-regulated, and the mesenchymal marker, Vimentin,
was down-regulated compared to vector control (Figure 11A). Furthermore, expression
of the negative regulators of the PI3K/Akt pathway, Fog2 and Pten, was down-regulated,

concomitant with an increase in Akt phosphorylation (Figure 11B).

We next determined whether miR-200a acts as a driving force in cell
transformation. We employed the classical two-hit model of primary rodent cell
transformation by combining miR-200a with Ras, c-Myc, or p53dd in mouse embryonic
fibroblasts (MEFs). miR-200a overexpression in MEFs induces an initial increase in
proliferation; however, miR-200a expression alone, or in combination with either Ras or
c-MYC was unable to transform MEFs (data not shown). p53dd is known to immortalize
MEFs, however miR-200a was unable to cooperate with this tumor suppressor mutation
to transform these cells. Ras and Myc coexpression was able to transform primary MEFs.
Taken together, these results suggest that other genetic pathways active in RK3E cells,
but not in primary MEFs, are involved in miR-200a-mediated cell transformation and that

miR-200a is not a strong transforming component of the classical two-hit murine model.
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Figure 9. miR-200a transforms RK3E cells.

A 366 miRNAs

Figure 9. miR-200a transforms RK3E cells. (A) Schematic of foci formation induced by transient
transfection of individual miRNA from our library of 366 miRNA minigenes. (B) Phase contrast
microscopy of 3-dimensional colonies formed in soft agar by RK3E cells stably overexpressing the

indicated miRNAs. Red arrowheads indicate colonies.
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Figure 10. miR-200a induces tumorigenesis of RK3E cells in
immunocompromised mice

Figure 10. miR-200a induces tumorigenesis of RK3E cells in

immunocompromised mice. Subcutaneous tumor formation of RK3E cells

overexpressing the indicated miRNAs
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Figure 11. miR-200a regulates EMT and stimulates Akt activity.
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Figure 11. miR-200a regulates EMT and stimulates Akt activity.
(A) Western blot for the mesenchymal marker Vimentin and the epithelial marker, E. Cadherin in
RK3E cells lenti-virally infected with miR-200a or empty vector control. (B) Western blot for

members of the Akt activation pathway in RK3E cells.
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miR-200a augments Ras transformation of immortalized human mammary

epithelial cells.

In order to determine the role of the proliferative effects of miR-200a in human
cells, we chose the immortalized yet untransformed mammary epithelial cell line,
MCF10A, from a patient with fibrocystic disease [187]. This cell line is readily
transformed by overexpression of Ras or Myc, and normal morphology in three-
dimensional cell culture is disrupted by loss of p53 signaling [188-190]. Consistent with
our efforts to determine oncogenic cooperativity, we stably infected this cell line with
miR-200a alone, or in combination with Ras, c-MYC, or p53dd. The Ras construct
harbors a G12V mutation, rendering it constitutively active. p53dd is a truncated form of
the carboxy terminus of the p53 protein that binds wild type p53, resulting in a dominant
negative repression of p53 function [191]. To test for transformation, cells were assayed
for anchorage-independent growth in soft agar (Figure 12, 13). miR-200a alone did not
transform MCF10A cells. When miR-200a was expressed in combination with c-Myc or
p53dd, colony formation was not significantly increased compared with that of either
oncogene alone. However, colony formation increased more than three times in cells
expressing miR-200a in combination with Ras than that in cells expressing Ras alone
(Figure 13). Coexpression of Ras and c-Myc induced colony formation, but surprisingly,
their combined effects were not synergistic, that is, their combined effect did not show an
increase greater than the addition of both oncogene’s individual effects. MF10A cells
expressing miR-200a at 5-fold, 10-fold, and 15-fold increases above vector control were
transduced with empty vector or Ras, and assayed for colony formation. There was no

difference in the number of colonies formed in response to varying levels of miR-200a
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expression (Data not shown). Cells with a 10-fold increase in miR-200a expression were

used for subsequent experiments.

miR-200a synergizes with Ras to inhibit apoptosis.

We next analyzed these cells for changes in cell cycle progression (Figure 14, 15).
Compared to vector control, all experimental groups caused a decrease in G1 arrest.
Consistent with its effects on colony formation, Ras and Myc coexpression had the
smallest effect, decreasing G1 arrest from 70.93% to 55.52%. Compared to p53dd
alone, miR-200a in combination with p53dd caused the greatest increase in cell cycle
progression, decreasing G1 arrest from 38.48% to 28.88%. Surprisingly, G1 arrest was
unchanged between cells expressing Ras alone, and miR-200a in combination with Ras.
Furthermore, compared to miR-200a alone, G1 arrest in cells expressing miR-200a
combination with Ras increased from 43.83% to 50.15%. Compared to cMyc alone,
miR-200a with cMyc did not change G1 arrest levels. This indicates that induction of cell
cycle progression is not responsible for the combinatorial effect between Ras and miR-
200a on cell transformation. We next generated a cell proliferation curve in order to
compare growth rates of cells expressing miR-200a alone and cells expressing miR-200a
in combination with Ras (Figure 16). miR-200a alone and in combination with Ras
significantly increased proliferation compared to vector control; however, miR-200a
combined with Ras did not significantly increase proliferation compared to miR-200a
alone. Ras alone showed the greatest increase in proliferating cells. This indicates that
stimulation of proliferation is not responsible for the interactive effect between Ras and

miR-200a, and that Ras is unable to enhance the proliferative function of miR-200a.
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We next examined these cells for changes in migratory ability, a cancer hallmark,
and a phenotype frequently regulated by miR-200a and its family members. miR-200a
decreased trans-well cell migration of MCF10A cells compared to vector control (Figure
17). Ras alone greatly increased cell migration above vector control. Cells expressing
Ras in combination with miR-200a also showed decreased migration compared to Ras
alone; however, these cells formed dense, three-dimensional colonies before and after
migrating. Inhibition of cell migration is consistent with the literature and miR-200a’s

established function in regulation of EMT [124,186].

When seeded in Matrigel extracellular matrix, MCF10A cells grow to form
polarized acinar structures with a distinct hollow lumen, which resembles normal breast
tissue development [190]. To gain insight into the potential effects of the cooperation of
miR-200a with Ras on cell growth and morphology in the context of acinar structure
formation, we seeded cells in Matrigel, and analyzed three dimensional acinus formation
by confocal microscopy (Figure 18). Acini were examined for changes in three
characteristics: morphology, E-Cadherin expression, and cleaved Caspase-3 expression.
Acini were stained for E-Cadherin to facilitate inspection of morphological and structural
changes, as well as changes in E-Cadherin expression and subcellular localization (Figure
19). Vector control cells formed regular spherical structures with hollow lumen. Cells
expressing miR-200a alone formed regular spherical structures, with and without regular
lumen clearance. Cells expressing Ras alone formed very irregular and lobular three
dimensional structures with loosely packed cells and partial lumen clearance. Cells
expressing miR-200a in combination with Ras formed densely packed, slightly irregular

spherical structures with no lumen clearance. Notably, in acini expressing Ras alone, or
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Ras with miR-200a, E-cadherin was localized diffusely in the cytoplasm, rather than at
the plasma membrane. This is consistent with studies showing disruption of normal
adherens junctions in transformed cells, and sequestering of E-Cadherin away from the
plasma membrane in the cytoplasm [192,193]. In order to determine whether the cause
of the loss of lumen clearance in response to miR-200a expression was loss of apoptosis,
we examined levels of cleaved Caspase-3 in matrigel-seeded cells allowed to grow as
acini for 3 days (Figure 18). Acini containing vector or miR-200a expressed high levels
of cleaved Caspase-3 and showed normal lumen clearance. This is in contrast to the loss
of lumen clearance in acini expressing miR-200a after seven days (data not shown).
Acini expressing Ras alone formed lobular structures at 3 days, and expressed lower
levels of cleaved Caspase-3. Acini structures expressing Ras in combination with miR-
200a showed tightly packed structures with no lumen clearance, and little to no cleaved
Caspase-3. Taken together, these results indicate that miR-200a alone decreases lumen
clearance by increasing proliferation without decreasing apoptosis (Figures 16 and 19);
however, miR-200a synergizes with Ras to inhibit apoptosis as evidenced by the dramatic

reduction of cleaved Caspase-3 (Figure 19).
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Figure 12. miR-200a augments Ras-induced malignant cellular transformation.
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Figure 12. miR-200a augments Ras-induced malignant cellular transformation.
Soft agar colony formation: bright field microscopy of MCF10A cells stably infected with the

indicated oncogenes alone (left panels) or in combination with miR-200a (right panels).
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Figure 13. miR-200a augments Ras-induced malignant cellular transformation-
guantification.
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Figure 13. miR-200a augments Ras-induced malignant cellular transformation.
Quantification of soft agar colony formation in Figure 12; 2000 MCF10A cells stably
infected with miR-200a and the indicated oncogenes were plated in triplicate. The
data represents means of three independent experiments +/- standard error.

* p <0.05 compared to vector control, T p < 0.05 compared to miR-200a,

¥ p <0.05 compared to Ras.
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Figure 14. miR-200a increases cell cycle progression, but not in combination with
oncoaenes.
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Figure 14. miR-200a increases cell cycle progression, but not in combination with oncogenes.
Representative histograms of cell cycle distributions of MCF10A cells infected with the indicated

oncogenes alone or in combination with miR-200a.
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Figure 15. miR-200a increases cell cycle progression alone, not synergistically
with oncoaenes.
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Figure 15. miR-200a increases cell cycle progression alone, not synergistically
with Ras. Quantification of cell cycle distribution in Figure 6; MCF10A cells infected
with the indicated oncogenes alone or in combination with miR-200a.

* p <0.05 compared to vector control, T p < 0.05 compared to miR-200a,

¥ p <0.05 compared to Ras. P-values calculated for cell cycle progression out of G1

phase.
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Figure 16. miR-200a mediated increase in proliferation is not enhanced by Ras.
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Figure 16. miR-200a mediated increase in proliferation is not enhanced by Ras.
Cell proliferation curve of MCF10A cells infected with miR-200a, Ras, or miR-200a
in combination with Ras. Cell proliferation assayed by MTT assay. Cells were plated
in triplicate; data are means of three independent experiments +/- standard error.

* p <0.05 compared to vector control, T p < 0.05 compared to miR-200a,

¥ p <0.05 compared to Ras.
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Figure 17. miR-200a inhibits cell migration.
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Figure 17. miR-200a inhibits cell migration. Transwell cell migration of MCF10A
cells infected with miR-200a, Ras, or miR-200a in combination with Ras and stained

with crystal violet.
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Figure 18. MCF10A cells form hollow acini in Matrigel 3 dimensional culture.
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Figure 18. MCF10A cells form hollow acini in Matrigel 3 dimensional culture.
Upper left: Schematic of three dimensional acinus formed by MCF10A cells in
Matrigel. Black line indicates equatorial confocal plane of focus. Upper right:
Schematic of hollow lumen visualized by confocal microscopy focused at center line
depicted in left diagram. Lower: representative image of acinar structures formed

after 14 days in Matrigel by MCF10A stably infected with vector control.
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Figure 19. miR-200a cooperates with Ras to inhibit apoptosis.
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Figure 19. miR-200a cooperates with Ras to inhibit apoptosis. Three dimensional
acinar formation after 5 days in Matrigel; MCF10A cells infected as indicated, stained

for E-Cadherin (green, left panels) and cleaved Caspase-3 (red, right panels).
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miR-200a cooperates with the RalGEF Ras effector pathway

Ras activity results in the activation of a wide array of downstream signaling
pathways; however, the three main effectors that are activated by Ras are Raf, PI3K, and
RalGEF [29]. We made use of three Ras mutants to determine the mechanism behind
miR-200a cooperating with Ras to increase MCF10A cell transformation. The T35S
point mutation allows for activation of only the Raf-Erk effector pathway; the Y40C
point mutation allows for activation of only the PI3K effector pathway, and the E37G
point mutation allows for activation of only the RalGEF effector pathway (Figure 20).
We expressed miR-200a along with each of these individual effector pathway mutations
to determine which pathway miR-200a specifically cooperates with and assayed them for
anchorage-independent growth in soft agar (Figure 21, 22). Compared to T35S alone,
miR-200a in combination with T35S caused a small, but insignificant increase in colony
formation. miR-200a in combination with Y40C did not cause an increase in colony
formation compared to Y40C alone. miR-200a caused a significant ten-fold increase in
cells expressing both E37G and miR-200a compared to cells expressing E37G alone.
Notably, un-mutated Ras formed more colonies than any of the effector mutants alone or
combined with miR-200a, indicating that while miR-200a synergizes with the E37G
mutant to enhance cell transformation, these two hits do not completely recapitulate the

full effect of Ras.

We next analyzed MCF10A cells expressing Ras effector mutants alone or in
combination with miR-200a for changes in cell cycle progression (Figure 23). T35S
significantly decreased G1 phase arrest, but when miR-200a was added, the effect was
ablated. Y40C alone, or in combination with miR-200a did not show any change in cell
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cycle progression, consistent with the lack of effect on colony formation. E37G alone
induced a modest but significant increase in G1 phase arrest. However, E37G in
combination with miR-200a significantly decreased G1 phase arrest, compared to both
vector control and E37G alone, indicating that miR-200a induction of cell cycle

progression contributes to its cooperation with RalGEF signaling in cell transformation.

We next analyzed the three dimensional growth in Matrigel of MCF10A cells
expressing E37G or T35S Ras effector mutants alone and in combination with miR-200a
to determine changes in structure and apoptosis (Figure 24). Cells expressing E37G Ras
mutant alone formed regular, round acini with hollow lumen, but had lower levels of
cleaved Caspase-3 than the vector control (Figure 19,24). When miR-200a was added,
cells expressing E37G Ras mutant formed large, irregularly shaped structures with tightly
packed cells and diffuse E-Cadherin staining; punctate cleaved Caspase-3 was visible
throughout the structures, along with apoptotic cells; however, no lumen clearance was
observed, similar to Ras alone. Cells expressing T35S Ras mutant alone formed regular
spherical acini with strong plasma membrane localization of E-Cadherin; cleaved
Caspase-3 staining showed uncompromised apoptosis levels in these acinar structures,
however, no lumen clearance was observed, possibly due to slower growth. Cells
expressing T35S in combination with miR-200a formed irregular acinar structures, most
without lumen clearance; structures that did exhibit lumen clearance were part of larger,
lobular structures, indicating irregular growth despite lumen clearance; plasma membrane
localization of E-Cadherin was retained, and structures showed low levels of cleaved

Caspase-3 staining.
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These results indicate that miR-200a cooperates with E37G mutant to disrupt
acinar growth; however, the change in acinar structure is likely due to increased
proliferation rather than a change in apoptosis compared to E37G alone. These effects
were not seen when miR-200a was added to T35S, demonstrating that miR-200a does not
cooperate with or enhance the effects of Raf signaling on acinar morphology. Taken
together, this strongly implicates physiological significance for the interaction between

miR-200a and E37G.
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Figure 20. Ras effector pathways.

Figure 20. Ras effector pathways. Schematic of the 3 main effector pathways of

Ras. Indicated on the leftmost arrows are the activating point mutations that allow for

activation of only that pathway.
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Figure 21. miR-200a cooperates with the RalGEF pathway to increase cell
transformation.
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Figure 21. miR-200a cooperates with the RalGEF pathway to increase cell
transformation. Soft agar colony formation assay of MCF10A cells stably infected
with the indicated Ras effector mutants alone (left panels) or in combination with

miR-200a (right panels) compared to constitutively activated Ras (bottom left panel).
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Figure 22. miR-200a cooperates with RalGEF pathway activation.
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Figure 22. miR-200a cooperates with RalGEF pathway activation. Quantification
of soft agar colony formation in Figure 13; MCF10A cells stably infected with miR-
200a alone or in combination with the indicated Ras effector pathway mutants. Cells
were plated in triplicate. Data represent means of three independent experiments +/-
standard error.

* p <0.05 compared to vector control, ¥ p < 0.05 compared to miR-200a,

€ p <0.05 compared to E37G.
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Figure 23. miR-200a cooperates with the RalGEF pathway to induce cell cycle
progression.
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Figure 23. miR-200a cooperates with the RalGEF pathway to induce cell cycle

progression. Cell cycle distribution analyzed by flow cytometry; MCF10A cells

infected with the indicated oncogenes alone or in combination with miR-200a.

* p <0.05 compared to vector control, € compared to E37G. P-values calculated for

cell cycle progression out of G1 phase.
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Figure 24. miR-200a cooperates with RalGEF signaling to disrupt acinar growth.
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Figure 24. miR-200a cooperates with RalGEF signaling to inhibit apoptosis and
induce proliferation. Three dimensional acinar formation after five days in Matrigel;
MCF10A cells infected as indicated, stained for E-Cadherin (green, left panels) and

cleaved Caspase-3 (red, right panels).
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miR-200a stimulates Akt and suppresses p53.

To further elucidate the mechanism of miR-200a in malignant cell transformation,
we analyzed MCF10A cells either transiently (Figure 25A) or stably (Figure 25B) over-
expressing miR-200a for known targets as well as potential downstream effectors.
Similar to RK3E cells, Fog2 expression is decreased in MCF10A cells expressing miR-
200a, accompanied by an increase in Akt phosphorylation. However, the miR-200a
target Pten is not down-regulated in MCF10A cells. We also analyzed p53 levels in
unchallenged and Doxorubicin-challenged MCF10A cells to determine the effect of miR-
200a in the apoptotic response. In unchallenged cells, basal levels of p53 were
unchanged between vector control and miR-200a expressing cells. In response to
Doxorubicin, p53 protein expression and phosphorylation increased in vector control
cells, but not in cells expressing miR-200a. Because of the involvement of miR-200a in
the Akt pathway and its cooperation with the RalGEF pathway, we also analyzed protein
expression and phosphorylation levels of Erk, the third Ras effector pathway. In cells
transiently expressing miR-200a, Erk expression and phosphorylation levels decreased
compared to vector control; however, in cells stably expressing miR-200a, expression
and phosphorylation levels of Erk were unchanged, indicating that miR-200a does not

affect the Raf effector pathway of Ras.
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Figure 25. miR-200a stimulates Akt signaling and inhibits p53.
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Figure 25. miR-200a stimulates Akt signaling and inhibits p53. (A) Western Blot

of MCF10A cells transiently transfected with miR-200a. (B) Western Blot of

MCF10A cells stably infected with miR-200a.
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miR-200a synergizes with the RalGEF signaling pathway to induce tumorigenesis.

We subcutaneously injected immunocompromised nude mice with MCF10A cells
expressing miR-200a in combination with the T35S mutant, or with the E37G mutant and
histologically analyzed resulting tumors [194]. MFC10A cells expressing miR-200a in
combination with the E37G mutant were the only cells that formed subcutaneous tumors
(Figure 26). Transformed MCF10A cells recapitulate human proliferative mammary
disease in subcutaneous tumors in nude mice [188]; thus we stained tumor sections with
H&E and histologically examined them for abnormal tissue structures (Figure 27). All
tumors were vascularized, regardless of size (Figure 27A), and duct formation was either
absent (Figure 27C) or severely abnormal (Figure 27B). Defined structures of dense
connective tissue were present with intermittent sections of loose connective tissue that
infrequently contained small structures resembling ducts, but without regular epithelial
lining (Figure 27B). The highly irregular tissue structure and loss of normal duct
formation resembles the histology seen in invasive carcinoma of human mammary
proliferative disease. The severity of tissue architecture disruption indicates the strong
potential of the interaction between miR-200a and the RalGEF pathway to contribute to

cancer initiation and tumorigenesis.
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Figure 26. miR-200a cooperates with the RalGEF pathway to induce
tumorigenesis in immunocompromised mice.
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Figure 26. miR-200a cooperates with the RalGEF pathway to induce
tumorigenesis in immunocompromised mice. (A) Average tumor size after 10
weeks in nude mice subcutaneously injected with the indicated Ras effector pathway
mutants alone or in combination with miR-200a. (B) Representative images of tumor
formation. Each mouse was injected in each flank with MCF10A cells stably over-
expressing a Ras effector mutant alone in one flank, and MCF10A cells stably over-
expressing the same Ras effector mutant in combination with miR-200a in the other

flank. N=6 for each group.
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Figure 27. miR-200a cooperates with the RalGEF pathway to induce tumor
pathology resembling invasive human proliferative breast disease.
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Figure 27. miR-200a cooperates with the RalGEF pathway to induce tumor
pathology resembling invasive human proliferative breast disease.

A, B, C. Representative H&E staining of tumors formed by E37G+miR-200a
MCF10A cells. Tissue structures resembling human mammary histology are labeled
as follows: B: blood vessel, L: Loose connective Tissue, D: Dense connective tissue,

Dt: Duct.

111



Discussion

miR-200a and EMT

miR-200a was originally studied as a tumor suppressor and inhibitor of migration
and metastasis because of its inhibition of EMT. We verified that this new oncogenic
role of miR-200a occurs alongside upregulation of epithelial markers. Consistent with
this, cells overexpressing miR-200a alone or in combination with Ras showed decreased
migration compared to vector control or Ras alone, respectively. In nude mice, miR-200a
synergizes with the RalGEF pathway to form subcutaneous tumors with histology that
resembles invasive proliferative breast disease. This is especially notable because miR-
200a has been reported to be a crucial player in the maintenance of epithelial cell
polarity, particularly in the mammary gland [195]. The disruption of tissue structure by
the combination of miR-200a over-expression with RalGEF signaling highlights the

significance of this interactive effect.

miR-200a, Fog2 and Proliferation

Only recently has the oncogenic role of miR-200a in proliferation been studied. It
directly targets Fog2 and positively regulates cell growth [102]. Following this, more
evidence has revealed the important role of the miR-200 family and Fog2 in regulating
PI3K activity in the context of insulin signaling, indicating the significance of the miR-
200a/Fog2/P13K axis in human health [196-199]. We have demonstrated that miR-200a
transforms immortalized rat RK3E kidney epithelial cells and augments Ras
transformation of immortalized human MCF10A cells. This is consistent with a study by
Zhao et al. demonstrating that activated PI3K complements Ras activation in
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transformation of human mammary epithelial cells (HMECSs) [200]. Our study shows
that miR-200a overexpression decreases Fog2 expression and increases Akt
phosphorylation as Fog2 is a negative regulator of PI3K activity. Notably, PI3K/Akt
signaling is one of the three main Ras-effector pathways, and we show that miR-200a
augments Ras transformation of MCF10A cells. More specifically, miR-200a

complements the RalGEF/Jnk pathway to enhance colony formation in soft agar.

miR-200a alone significantly increased cell proliferation and cell cycle

progression. Yet miR-200a in combination with Ras did not significantly increase cell
proliferation or cell cycle progression out of G1 above that seen in cells overexpressing
miR-200a alone. Indeed, miR-200a in combination with Ras had a negative interaction
effect on cell proliferation compared to Ras alone. This indicates that stimulation of the
pro-proliferative PI3K/AKkt pathway is not responsible for the synergistic effect between
Ras and miR-200a, indicating that Ras activates PI3K/Akt signaling to high levels that
can not be further enhanced by miR-200a suppression of Fog2. Conversely, miR-200a in
combination with RalGEF signaling causes a significant decrease in G1 cell cycle arrest
compared to RalGEF alone, indicating that miR-200a induction of cell cycle progression,

rather than inhibition of apoptosis, is important for cooperation with RalGEF signaling.

It is crucial to note that the phenotypic response to miR-200a overexpression in
the context of Ras signaling may be cell- or tissue-type specific. miR-200a has a well-
studied dichotomous role in cancer, and both its overexpression and down-regulation
have been associated with increased tumorgenesis [105,119]. These studies
demonstrating miR-200a’s contradictory functions emphasize the potential for tissue-

specific signaling and pathway interactions.
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miR-200a, p53, and Inhibition of Apoptosis

Supporting the synergy between Ras and miR-200a are the changes in acinar
structure and intra-luminal apoptosis. miR-200a alone did not decrease cleaved Caspase-
3 levels in the lumen of acini. Although lumen formation was curtailed when Ras was
expressed alone, cleaved Caspase-3 staining was not ablated, indicating that an increase
in proliferation, rather than loss of apoptosis was responsible for the lack of lumen
clearance in MCF10A-Ras acini. However, when Ras and miR-200a were expressed
together, cleaved Caspase-3 levels decreased dramatically, indicating that miR-200a
synergizes with Ras to elicit inhibition of apoptosis. Loss of apoptosis is mechanistically
supported by western blot analyses showing down-regulation of p53 protein and
phosphorylation levels by miR-200a in MCF10A cells. miR-200a is known to directly
target p53 and inhibit apoptosis [53], and expression of p53dd in MCF10A cells has been
shown to inhibit apoptosis and cause an EMT-driven loss of normal acini formation
including normal structure and lumen clearance [190]. However, miR-200a is a strong
inhibitor of EMT, indicating that miR-200a disruption of p53 leading to reduced

apoptosis is the dominant force in disrupting normal lumen clearance, not EMT.

miR-200a Cooperates with RalGEF

The Raf-Erk effector pathway is considered largely responsible for Ras-
mediated transformation of murine cells [201,202]; however, differences exist between
the transformation of human cells and rodent cells. The RalGEF effector pathway alone is
able to recapitulate approximately 60% of Ras-induced transformation of human

embryonic kidney cells, but was not able to induce tumorigenesis in vivo [203].
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Consistent with this, our study shows that expression of the E37G mutant (activating the
RalGEF effector pathway) alone in MCF10A cells was not able to induce tumorigenesis.
However, we show that the combination of miR-200a over-expression and RalGEF
pathway activation is enough to induce malignant cell transformation and subcutaneous
tumor formation in vivo. This effect is not seen when miR-200a overexpression is
combined with either mutants activating the PI3K pathway (Y40C mutant) or the Raf/Erk
pathway (T35S mutant). miR-200a overexpression alone was insufficient to induce
colony formation or tumorigenesis, indicating that the combination of Akt activation and
loss of p53 is not enough to effect transformation. By cooperating with the RalGEF
pathway to transform cells, miR-200a demonstrates that loss of p53 syngergizes with
gain of Akt and RalGEF signaling to transform MCF10A cells. This is consistent with a
study showing transformation of human embryonic kidney cells by the cooperation of
PI3K and RalGEF signaling with loss of p53 in a setting of Rb loss and telomerase gain
of function [18]. Rangarajan et al. also reaffirm the importance of RalGEF signaling in
human cell transformation compared to mouse cell transformation relying more heavily
on the Raf effector pathway [18]. Overall, this shows that suppression of p53 and
stimulation of Akt by miR-200a is enough to transform immortalized Rat cells, but not
immortalized human cells; however, the addition of RalGEF signaling enables miR-200a

to transform immortalized human MCF10A cells and induce tumorigenesis.

In summary, our results show that miR-200a enhances Ras-mediated
transformation of human cells. This is the first study that delineates miR-200a’s function
in malignant cell transformation. We also show that miR-200a synergizes with the

RalGEF-activating E37G Ras effector mutant to transform MCF10A cells and induce
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tumorigenesis in vivo, providing mechanistic insight into the mechanism of action of this
dichotomous miRNA. By determining that cooperation with RalGEF is necessary for
miR-200a-mediated cell transformation, we have illuminated a new, specific role for
miR-200a in malignancy. Furthermore, we anticipate that future studies examining the
concomitant genetic changes occurring during malignant transformation will thoroughly

reveal the role of miR-200a in cancer initiation and bespeak its prognostic potential.
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CHAPTER IV

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions

Cancer is a deadly disease that claims the lives of over half a million people every
year in the United States. Cancer is a progressive disease that begins with malignant cell
transformation and culminates in metastasis. It is critical to understand cancer initiation
to aid in cancer prevention, and to develop methods to detect and diagnose early stages of

cancer before deadly metastasis develops.

In this study, we employed a biphasic approach to determine miRNA involvement
in malignant cell transformation. The first step involved profiling our library of 366
miRNAs to determine the role of miRNA clusters in four major cancer signaling
pathways. In this screen, we were able to provide a panoramic view of the effects of
mIiRNAS on AP-1, NF-kB, p53, and c-Myc signaling. In our miRNA cluster profiling
study, we found that 200b~429, which includes miR-200a, down-regulates p53 activity.
miR-200a was demonstrated to directly target p53, reduce protein levels, and inhibit
apoptosis. These results provide a strong foundation for the study of miR-200a as an
oncomiR. miRNA clusters frequently function via cooperative targeting that involves
cluster members suppressing different effectors of the same signaling pathway, or
multiple subunits of a protein complex in order to produce a larger regulatory effect.
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Given miR-200a’s role in p53 suppression, it is likely that the entire 200b~429 cluster, as

well as its family cluster 200c~141, plays a role in regulating apoptosis.

The second phase of this study was an epithelial cell screening assay to determine
the ability of miRNAs to transform epithelial cells. The immortalized RK3E cell line in
particular was employed because of its growth as a monolayer that becomes three
dimensional foci formation upon transformation with an oncogene. From this assay, we
found that miR-200a transforms RK3E cells. We further characterized the transformative
potential of miR-200a in the untransformed, immortalized human MCF10A cell line. We
found that miR-200a enhances Ras-mediated transformation of this cell line. These
results are consistent with a study that shows that knockdown of the high endogenous
miR-200a levels in MCF7 breast cancer cells reduces soft agar colony formation [62].
Mechanistic studies showed that miR-200a suppresses p53 protein levels and
phosphorylation, as well as Fog2 protein levels. Fog?2 is a direct target of miR-200a and
a negative regulator of PI3K activity. miR-200a overexpression increased proliferation
and cell cycle progression, but when Ras was added, we did not see a combinatorial
effect. This indicates that the anti-apoptotic signaling mediated by miR-200a suppression
of p53 is responsible for enhancing Ras-induced transformation. This enhancement of
Ras-mediated cell transformation implicates a potential role for miR-200a in Ras-driven
malignancies, for example pancreatic cancer. Further characterization of the mechasnism
of action of miR-200a showed that miR-200a cooperates with the RalGEF effector
pathway of Ras to induce soft agar colony formation and tumorigenesis in
immunocompromised mice. Inability of miR-200a to transform immortalized human

MCF10A cells indicates that miR-200a stimulation of Akt activity and suppression of
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p53 is not enough to transform MCF10A cells; however, the addition of RalGEF
signaling in this setting induces transformation. These results demonstrate a role for
miR-200a in malignant cell transformation and provide a specific cellular context where

miR-200a acts as an oncomiR rather than a tumor suppressor.

In summary, this work reveals a new role for miR-200a in malignancy. We show
that miR-200a transforms immortalized rat RK3E cells, and when over-expressed with
Ras, it transforms immortalized human MCF10A cells. Taken together, these results
indicate that miR-200a is pro-oncogenic. We also show that miR-200a transforms
MCF10A cells by cooperating with RalGEF pathway activation, but not activation of the
PI3K/Akt or Raf/Erk pathways, which are the other two main effectors of Ras. This
transformative ability underscores the importance of miR-200a in the Akt and p53
pathways. Our results highlight the importance of the specific cellular environment when
characterizing the function of miR-200a. In particular, it is crucial to evaluate miR-200a
expression within the setting of concomitant genetic changes occurring during malignant

transformation.

Future Directions

miR-200 family

This study focuses on the transforming ability of a single miRNA, miR-200a,
which exists both as a member of a miRNA cluster, as well as a member of a five-
membered miRNA family. Future studies focusing on the individual effects of miR-200
family members will provide insight into the function of this family, and studies in which
the miR-200 family is expressed at disease-relevant levels or ratios will provide an
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understanding of the dysregulation of this entire family, as well as its individual

members, within the context of cell transformation.

Noncoding RNAs

The field of noncoding RNAs is rapidly expanding to encompass INCRNAs,
piRNAs, ceRNAs...the list continues ad nauseam. These novel regulators provide
insight into the control of miRNA-based gene silencing. For example, ceRNAs, or
competing endogenous RNAs, are highly abundant mRNAs that act as miRNA sponges,
titrating potent miRNASs out of the pool of gene regulators, thereby unsilencing miRNA
targets while the ceRNAs themselves experience insignificant downregulation by these
targeted miRNAs. The presence of ceRNAs provides another level of cell context in

which miR-200a is functioning.

Global gene expression effects

MicroRNA studies initially began as a race to discover as many new direct
miRNA targets as possible without follow-up experiments to determine physiological
relevance. As studies have progressed, it has become clear that miRNA effects are likely
not due to targeting one single gene, as miRNAs have the potential to 1) target multiple
genes at once and 2) be regulated by their own targeting mechanism e.g. by ceRNAs.
Thus it is crucial to view the “one target per miRNA” perspective with caution, and
future studies should take a more global approach to profile changes in gene expression
in response to changes in MiRNA levels. This study identifies p53 and Fog2 as key
targets of miR-200a in the context of cell transformation; however, it is highly probable
that miR-200a targets a plethora of genes to regulate multiple signaling pathways. This
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view is further complicated by the need to characterize the combined effects of the entire

miR-200 family.

Clinical Relevance

Because of the dichotomous role of miR-200a in cancer initiation, progression,
and metastasis, it has the potential to serve as a context-specific biomarker for staging
cancer diagnoses or providing prognostic information. For example, early stage
carcinomas overexpressing miR-200a alone may be less aggressive than tumors
overexpressing miR-200a in the setting of constitutive Ras activation, or increased

RalGEF signaling.

In particular, changes in expression—both elevations and decreases—of miR-
200a are frequently implicated in breast cancer, providing an array of evidence for the
contradictory role of mir-200a in cancer. Future studies focused on miR-200a expression
in breast cancer tumor samples stratified into cohorts based on prognosis, survival, and
estrogen and progesterone receptor status will provide significant insight into the specific
contexts in which miR-200a inhibits or contributes to cancer initiation and progression.
Understanding the prognostic potential of this miRNA, and by extension the entire miR-
200 family, would provide clinicians with the tools to better diagnose and treat cancer

based on the personalized molecular profiles of patients.

121



REFERENCES

. Siegel R, Naishadham D, Jemal A (2013) Cancer statistics, 2013. CA: A Cancer Journal for

Clinicians 63: 11-30.

. Sant M, Aareleid T, Berrino F, Bielska Lasota M, Carli PM, et al. (2003) EUROCARE-3: survival

of cancer patients diagnosed 1990-94--results and commentary. Ann Oncol 14 Suppl 5:
v61-118.

. Paci E, Ponti A, Zappa M, Patriarca S, Falini P, et al. (2005) Early diagnosis, not differential

treatment, explains better survival in service screening. Eur J Cancer 41: 2728-2734.

. Thiery JP (2002) Epithelial-mesenchymal transitions in tumour progression. Nat Rev Cancer 2:

442-454.

. Korpal M, Ell BJ, Buffa FM, lbrahim T, Blanco MA, et al. (2011) Direct targeting of Sec23a by

miR-200s influences cancer cell secretome and promotes metastatic colonization. Nat
Med 17: 1101-1108.

6. Jeschke U, Mylonas I, Kuhn C, Shabani N, Kunert-Keil C, et al. (2007) Expression of E-cadherin

9.

10
11

12
13

14
15

16

in human ductal breast cancer carcinoma in situ, invasive carcinomas, their lymph node
metastases, their distant metastases, carcinomas with recurrence and in recurrence.
Anticancer Res 27: 1969-1974.

. Park D, Karesen R, Axcrona U, Noren T, Sauer T (2007) Expression pattern of adhesion

molecules (E-cadherin, alpha-, beta-, gamma-catenin and claudin-7), their influence on
survival in primary breast carcinoma, and their corresponding axillary lymph node
metastasis. APMIS 115: 52-65.

. Stoyianni A, Pentheroudakis G, Benjamin H, Cervantes A, Ashkenazi K, et al. (2013) Insights

into the epithelial mesenchymal transition phenotype in cancer of unknown primary
from a global microRNA profiling study. Clin Transl Oncol.

Fidler IJ (2002) The organ microenvironment and cancer metastasis. Differentiation 70: 498-
505.

. Wittekind C, Neid M (2005) Cancer invasion and metastasis. Oncology 69 Suppl 1: 14-16.

. Rangarajan A, Hong SJ, Gifford A, Weinberg RA (2004) Species- and cell type-specific
requirements for cellular transformation. Cancer Cell 6: 171-183.

. Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100: 57-70.

. Bournet B, Dufresne M, Selves J, Torrisani J, Cordelier P, et al. (2013) [Kras oncogene and
pancreatic cancer: thirty years after]. Med Sci (Paris) 29: 991-997.

. Chetty R, Govender D (2013) Gene of the month: KRAS. J Clin Pathol 66: 548-550.

. Margarit SM, Sondermann H, Hall BE, Nagar B, Hoelz A, et al. (2003) Structural evidence for
feedback activation by Ras.GTP of the Ras-specific nucleotide exchange factor SOS. Cell
112: 685-695.

. Buday L, Downward J (1993) Epidermal growth factor regulates p21ras through the
formation of a complex of receptor, Grb2 adapter protein, and Sos nucleotide exchange
factor. Cell 73: 611-620.

122



17.

18.

19.

20.

21.
22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Herrmann C, Nassar N (1996) Ras and its effectors. Progress in biophysics and molecular
biology 66: 1-41.

Rangarajan A, Hong SJ, Gifford A, Weinberg RA (2004) Species- and cell type-specific
requirements for cellular transformation. Cancer Cell 6: 171-183.

Ferro E, Trabalzini L (2010) RalGDS family members couple Ras to Ral signalling and that's
not all. Cell Signal 22: 1804-1810.

Wittinghofer A, Nassar N (1996) How Ras-related proteins talk to their effectors. Trends
Biochem Sci 21: 488-491.

Bos JL (1989) ras oncogenes in human cancer: a review. Cancer Res 49: 4682-4689.

Engelman JA, Luo J, Cantley LC (2006) The evolution of phosphatidylinositol 3-kinases as
regulators of growth and metabolism. Nat Rev Genet 7: 606-619.

Zimmermann S, Moelling K (1999) Phosphorylation and regulation of Raf by Akt (protein
kinase B). Science 286: 1741-1744.

Li R, Wang R, Zhai R, Dong Z (2011) Targeted inhibition of mammalian target of rapamycin
(mTOR) signaling pathway inhibits proliferation and induces apoptosis of laryngeal
carcinoma cells in vitro. Tumori 97: 781-786.

Nave BT, Ouwens M, Withers DJ, Alessi DR, Shepherd PR (1999) Mammalian target of
rapamycin is a direct target for protein kinase B: identification of a convergence point
for opposing effects of insulin and amino-acid deficiency on protein translation.
Biochem J 344 Pt 2: 427-431.

Zhou BP, Liao Y, Xia W, Zou Y, Spohn B, et al. (2001) HER-2/neu induces p53 ubiquitination
via Akt-mediated MDM2 phosphorylation. Nat Cell Biol 3: 973-982.

Cardone MH, Roy N, Stennicke HR, Salvesen GS, Franke TF, et al. (1998) Regulation of cell
death protease caspase-9 by phosphorylation. Science 282: 1318-1321.

Zhou BP, Liao Y, Xia W, Spohn B, Lee MH, et al. (2001) Cytoplasmic localization of
p21Cip1/WAF1 by Akt-induced phosphorylation in HER-2/neu-overexpressing cells. Nat
Cell Biol 3: 245-252.

Castellano E, Downward J (2011) RAS Interaction with PI3K: More Than Just Another Effector
Pathway. Genes Cancer 2: 261-274.

Burgering BM, Coffer PJ (1995) Protein kinase B (c-Akt) in phosphatidylinositol-3-OH kinase
signal transduction. Nature 376: 599-602.

Evan Gl, d'Adda di Fagagna F (2009) Cellular senescence: hot or what? Curr Opin Genet Dev
19: 25-31.

Di Micco R, Fumagalli M, Cicalese A, Piccinin S, Gasparini P, et al. (2006) Oncogene-induced
senescence is a DNA damage response triggered by DNA hyper-replication. Nature 444:
638-642.

Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW (1997) Oncogenic ras provokes
premature cell senescence associated with accumulation of p53 and p16INK4a. Cell 88:
593-602.

Lin AW, Barradas M, Stone JC, van Aelst L, Serrano M, et al. (1998) Premature senescence
involving p53 and p16 is activated in response to constitutive MEK/MAPK mitogenic
signaling. Genes Dev 12: 3008-3019.

Zhu J, Woods D, McMahon M, Bishop JM (1998) Senescence of human fibroblasts induced by
oncogenic Raf. Genes Dev 12: 2997-3007.

Qian Y, Chen X (2013) Senescence regulation by the p53 protein family. Methods Mol Biol
965: 37-61.

Sionov RV, Haupt Y (1999) The cellular response to p53: the decision between life and death.
Oncogene 18: 6145-6157.

123



38.

39.

40.
41.

42.

43,
44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Di Micco R, Fumagalli M, d’Adda di Fagagna F (2007) Breaking news: high-speed race ends in
arrest — how oncogenes induce senescence. Trends in Cell Biology 17: 529-536.

Collado M, Serrano M (2010) Senescence in tumours: evidence from mice and humans. Nat
Rev Cancer 10: 51-57.

Lowe SW, Cepero E, Evan G (2004) Intrinsic tumour suppression. Nature 432: 307-315.

Buscaglia LE, Li Y (2011) Apoptosis and the target genes of microRNA-21. Chin J Cancer 30:
371-380.

Vaux DL, Cory S, Adams JM (1988) Bcl-2 gene promotes haemopoietic cell survival and
cooperates with c-myc to immortalize pre-B cells. Nature 335: 440-442.

Sherr CJ (2004) Principles of tumor suppression. Cell 116: 235-246.

Fuster JJ, Sanz-Gonzalez SM, Moll UM, Andres V (2007) Classic and novel roles of p53:
prospects for anticancer therapy. Trends Mol Med 13: 192-199.

Price BD, D'Andrea AD (2013) Chromatin remodeling at DNA double-strand breaks. Cell 152:
1344-1354.

Ba Z, Qi Y (2013) Small RNAs: Emerging key players in DNA double-strand break repair.
Science China Life Sciences 56: 933-936.

Yelamos J, Farres J, Llacuna L, Ampurdanes C, Martin-Caballero J (2011) PARP-1 and PARP-2:
New players in tumour development. Am J Cancer Res 1: 328-346.

Duncan JA, Reeves JR, Cooke TG (1998) BRCA1 and BRCA2 proteins: roles in health and
disease. Mol Pathol 51: 237-247.

Vousden KH (2000) p53: death star. Cell 103: 691-694.

Geng QQ, Dong DF, Chen NZ, Wu YY, Li EX, et al. (2013) Induction of p53 expression and
apoptosis by a recombinant dual-target MDM2/MDMX inhibitory protein in wild-type
p53 breast cancer cells. Int J Oncol 43: 1935-1942.

Fillingham J, Keogh M-C, Krogan NJ (2006) yH2AX and its role in DNA double-strand break
repair. Biochemistry and Cell Biology 84: 568-577.

Vogelstein B, Lane D, Levine AJ (2000) Surfing the p53 network. Nature 408: 307-310.

Becker LE, Lu Z, Chen W, Xiong W, Kong M, et al. (2012) A systematic screen reveals
MicroRNA clusters that significantly regulate four major signaling pathways. PLoS One 7:
e48474.

Wang C, Lees-Miller SP (2013) Detection and repair of ionizing radiation-induced DNA
double strand breaks: new developments in nonhomologous end joining. Int J Radiat
Oncol Biol Phys 86: 440-449.

Beroukhim R, Mermel CH, Porter D, Wei G, Raychaudhuri S, et al. (2010) The landscape of
somatic copy-number alteration across human cancers. Nature 463: 899-905.

Dalla-Favera R, Bregni M, Erikson J, Patterson D, Gallo RC, et al. (1982) Human c-myc onc
gene is located on the region of chromosome 8 that is translocated in Burkitt lymphoma
cells. Proc Natl Acad Sci U S A 79: 7824-7827.

Dang CV (2012) MYC on the path to cancer. Cell 149: 22-35.

Iritani BM, Eisenman RN (1999) c-Myc enhances protein synthesis and cell size during B
lymphocyte development. Proc Natl Acad Sci U S A 96: 13180-13185.

Zindy F, Eischen CM, Randle DH, Kamijo T, Cleveland JL, et al. (1998) Myc signaling via the
ARF tumor suppressor regulates p53-dependent apoptosis and immortalization. Genes
Dev 12: 2424-2433.

JiH, Wu G, Zhan X, Nolan A, Koh C, et al. (2011) Cell-type independent MYC target genes
reveal a primordial signature involved in biomass accumulation. PLoS One 6: e26057.

Paoli P, Giannoni E, Chiarugi P (2013) Anoikis molecular pathways and its role in cancer
progression. Biochim Biophys Acta 1833: 3481-3498.

124



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

Yu SJ, Hu JY, Kuang XY, Luo JM, Hou YF, et al. (2013) MicroRNA-200a Promotes Anoikis
Resistance and Metastasis by Targeting YAP1 in Human Breast Cancer. Clin Cancer Res
19: 1389-1399.

Chan SS, Chang S (2010) Defending the end zone: studying the players involved in protecting
chromosome ends. FEBS Lett 584: 3773-3778.

ChenY, Yang Y, van Overbeek M, Donigian JR, Baciu P, et al. (2008) A shared docking motif in
TRF1 and TRF2 used for differential recruitment of telomeric proteins. Science 319:
1092-1096.

Ye J, Lenain C, Bauwens S, Rizzo A, Saint-Leger A, et al. (2010) TRF2 and apollo cooperate
with topoisomerase 2alpha to protect human telomeres from replicative damage. Cell
142:230-242.

Lam YC, Akhter S, Gu P, Ye J, Poulet A, et al. (2010) SNMIB/Apollo protects leading-strand
telomeres against NHEJ-mediated repair. EMBO J 29: 2230-2241.

Wu P, van Overbeek M, Rooney S, de Lange T (2010) Apollo contributes to G overhang
maintenance and protects leading-end telomeres. Mol Cell 39: 606-617.

Bradshaw PS, Stavropoulos DJ, Meyn MS (2005) Human telomeric protein TRF2 associates
with genomic double-strand breaks as an early response to DNA damage. Nat Genet 37:
193-197.

Demuth |, Bradshaw PS, Lindner A, Anders M, Heinrich S, et al. (2008) Endogenous
hSNM1B/Apollo interacts with TRF2 and stimulates ATM in response to ionizing
radiation. DNA Repair (Amst) 7: 1192-1201.

Huda N, Tanaka H, Mendonca MS, Gilley D (2009) DNA damage-induced phosphorylation of
TRF2 is required for the fast pathway of DNA double-strand break repair. Mol Cell Biol
29: 3597-3604.

Pandita TK (2001) The role of ATM in telomere structure and function. Radiat Res 156: 642-
647.

Carneiro T, Khair L, Reis CC, Borges V, Moser BA, et al. (2010) Telomeres avoid end detection
by severing the checkpoint signal transduction pathway. Nature 467: 228-232.

Karlseder J, Hoke K, Mirzoeva OK, Bakkenist C, Kastan MB, et al. (2004) The telomeric protein
TRF2 binds the ATM kinase and can inhibit the ATM-dependent DNA damage response.
PLoS Biol 2: E240.

Tanaka H, Mendonca MS, Bradshaw PS, Hoelz DJ, Malkas LH, et al. (2005) DNA damage-
induced phosphorylation of the human telomere-associated protein TRF2. Proc Natl
Acad Sci U S A 102: 15539-15544.

Vinagre J, Almeida A, Populo H, Batista R, Lyra J, et al. (2013) Frequency of TERT promoter
mutations in human cancers. Nat Commun 4: 2185.

Osborn M, Weber K (1975) Simian virus 40 gene A function and maintenance of
transformation. Journal of Virology 15: 636-644.

Stehelin D, Varmus HE, Bishop JM, Vogt PK (1976) DNA related to the transforming gene(s)
of avian sarcoma viruses is present in normal avian DNA. Nature 260: 170-173.

Michael Bishop J (1981) Enemies within: the genesis of retrovirus oncogenes. Cell 23: 5-6.

Land H, Parada LF, Weinberg RA (1983) Tumorigenic conversion of primary embryo
fibroblasts requires at least two cooperating oncogenes. Nature 304: 596-602.

Wang C, Lisanti MP, Liao DJ (2011) Reviewing once more the c-myc and Ras collaboration:
converging at the cyclin D1-CDK4 complex and challenging basic concepts of cancer
biology. Cell Cycle 10: 57-67.

Boehm JS, Hession MT, Bulmer SE, Hahn WC (2005) Transformation of human and murine
fibroblasts without viral oncoproteins. Mol Cell Biol 25: 6464-6474.

125



82.
83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 144: 646-674.

Duncan EL, Reddel RR (1997) Genetic changes associated with immortalization. A review.
Biochemistry (Mosc) 62: 1263-1274.

Bartel DP (2009) MicroRNAs: target recognition and regulatory functions. Cell 136: 215-233.

Lee RC, Feinbaum RL, Ambros V (1993) The C. elegans heterochronic gene lin-4 encodes
small RNAs with antisense complementarity to lin-14. Cell 75: 843-854.

Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, et al. (2000) The 21-nucleotide
let-7 RNA regulates developmental timing in Caenorhabditis elegans. Nature 403: 901-
906.

Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116: 281-
297.

Megraw M, Sethupathy P, Corda B, Hatzigeorgiou AG (2007) miRGen: a database for the
study of animal microRNA genomic organization and function. Nucleic Acids Res 35:
D149-155.

Sass S, Dietmann S, Burk UC, Brabletz S, Lutter D, et al. (2011) MicroRNAs coordinately
regulate protein complexes. BMC Syst Biol 5: 136.

Xu J, Wong C (2008) A computational screen for mouse signaling pathways targeted by
microRNA clusters. RNA 14: 1276-1283.

Yuan X, Liu C, Yang P, He S, Liao Q, et al. (2009) Clustered microRNAs' coordination in
regulating protein-protein interaction network. BMC Syst Biol 3: 65.

Tanzer A, Stadler PF (2004) Molecular Evolution of a MicroRNA Cluster. Journal of Molecular
Biology 339: 327-335.

Marco A, Ninova M, Ronshaugen M, Griffiths-Jones S (2013) Clusters of microRNAs emerge
by new hairpins in existing transcripts. Nucleic Acids Res 41: 7745-7752.

Guo L, Zhao Y, Zhang H, Yang S, Chen F (2013) Close association between paralogous
multiple isomiRs and paralogous/orthologues miRNA sequences implicates dominant
sequence selection across various animal species. Gene 527: 624-629.

Kim YK, Kim VN (2007) Processing of intronic microRNAs. EMBO J 26: 775-783.

Han J, Lee Y, Yeom KH, Kim YK, Jin H, et al. (2004) The Drosha-DGCR8 complex in primary
microRNA processing. Genes Dev 18: 3016-3027.

Lund E, Guttinger S, Calado A, Dahlberg JE, Kutay U (2004) Nuclear export of microRNA
precursors. Science 303: 95-98.

Wang X, Xu X, Ma Z, Huo Y, Xiao Z, et al. (2011) Dynamic mechanisms for pre-miRNA binding
and export by Exportin-5. RNA 17: 1511-1528.

Perron MP, Provost P (2009) Protein components of the microRNA pathway and human
diseases. Methods Mol Biol 487: 369-385.

100. Chen PS, Su JL, Hung MC (2012) Dysregulation of microRNAs in cancer. J Biomed Sci 19: 90.
101. Forment JV, Kaidi A, Jackson SP (2012) Chromothripsis and cancer: causes and

consequences of chromosome shattering. Nat Rev Cancer 12: 663-670.

102. Hyun S, Lee JH, Jin H, Nam J, Namkoong B, et al. (2009) Conserved MicroRNA miR-8/miR-

200 and its target USH/FOG2 control growth by regulating PI3K. Cell 139: 1096-1108.

103. Calin GA, Sevignani C, Dumitru CD, Hyslop T, Noch E, et al. (2004) Human microRNA genes

are frequently located at fragile sites and genomic regions involved in cancers. Proc Natl
Acad Sci U S A 101: 2999-3004.

104. Lujambio A, Ropero S, Ballestar E, Fraga MF, Cerrato C, et al. (2007) Genetic unmasking of

an epigenetically silenced microRNA in human cancer cells. Cancer Res 67: 1424-1429.

126



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Li A, Omura N, Hong SM, Vincent A, Walter K, et al. (2010) Pancreatic cancers epigenetically
silence SIP1 and hypomethylate and overexpress miR-200a/200b in association with
elevated circulating miR-200a and miR-200b levels. Cancer Res 70: 5226-5237.

Fabbri M, Calore F, Paone A, Galli R, Calin GA (2013) Epigenetic regulation of miRNAs in
cancer. Adv Exp Med Biol 754: 137-148.

Attema JL, Bert AG, Lim YY, Kolesnikoff N, Lawrence DM, et al. (2013) Identification of an
enhancer that increases miR-200b~200a~429 gene expression in breast cancer cells.
PLoS One 8: e75517.

Ota A, Tagawa H, Karnan S, Tsuzuki S, Karpas A, et al. (2004) Identification and
characterization of a novel gene, C130rf25, as a target for 13q31-9q32 amplification in
malignant lymphoma. Cancer Res 64: 3087-3095.

Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, et al. (2002) Frequent deletions and
down-regulation of micro- RNA genes miR15 and miR16 at 13q14 in chronic lymphocytic
leukemia. Proceedings of the National Academy of Sciences 99: 15524-15529.

Lu Z, Liu M, Stribinskis V, Klinge CM, Ramos KS, et al. (2008) MicroRNA-21 promotes cell
transformation by targeting the programmed cell death 4 gene. Oncogene 27: 4373-
4379.

Johnson SM, Grosshans H, Shingara J, Byrom M, Jarvis R, et al. (2005) RAS is regulated by
the let-7 microRNA family. Cell 120: 635-647.

Takwi AA, Li Y, Becker Buscaglia LE, Zhang J, Choudhury S, et al. (2012) A statin-regulated
microRNA represses human c-Myc expression and function. EMBO Mol Med 4: 896-909.

Brabletz S, Brabletz T (2010) The ZEB/miR-200 feedback loop--a motor of cellular plasticity
in development and cancer? EMBO Rep 11: 670-677.

Uhlmann S, Zhang ID, Schwager A, Mannsperger H, Riazalhosseini Y, et al. (2010) miR-
200bc/429 cluster targets PLCgammal and differentially regulates proliferation and
EGF-driven invasion than miR-200a/141 in breast cancer. Oncogene 29: 4297-4306.

Bracken CP, Gregory PA, Kolesnikoff N, Bert AG, Wang J, et al. (2008) A double-negative
feedback loop between ZEB1-SIP1 and the microRNA-200 family regulates epithelial-
mesenchymal transition. Cancer Res 68: 7846-7854.

Park SM, Gaur AB, Lengyel E, Peter ME (2008) The miR-200 family determines the epithelial
phenotype of cancer cells by targeting the E-cadherin repressors ZEB1 and ZEB2. Genes
Dev 22: 894-907.

Valastyan S, Weinberg Robert A (2011) Tumor Metastasis: Molecular Insights and Evolving
Paradigms. Cell 147: 275-292.

Hill L, Browne G, Tulchinsky E (2013) ZEB/miR-200 feedback loop: at the crossroads of
signal transduction in cancer. Int J Cancer 132: 745-754.

Xia H, Ng SS, Jiang S, Cheung WK, Sze J, et al. (2010) miR-200a-mediated downregulation of
ZEB2 and CTNNB1 differentially inhibits nasopharyngeal carcinoma cell growth,
migration and invasion. Biochem Biophys Res Commun 391: 535-541.

Yun SJ, Jeong P, Kim WT, Kim TH, Lee YS, et al. (2012) Cell-free microRNAs in urine as
diagnostic and prognostic biomarkers of bladder cancer. Int J Oncol 41: 1871-1878.

van Kempen LC, van den Hurk K, Lazar V, Michiels S, Winnepenninckx V, et al. (2012) Loss of
microRNA-200a and c, and microRNA-203 expression at the invasive front of primary
cutaneous melanoma is associated with increased thickness and disease progression.
Virchows Arch 461: 441-448.

Lee JW, Park YA, Choi lJ, Lee YY, Kim CJ, et al. (2011) The expression of the miRNA-200
family in endometrial endometrioid carcinoma. Gynecol Oncol 120: 56-62.

127



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Dykxhoorn DM, Wu Y, Xie H, Yu F, Lal A, et al. (2009) miR-200 enhances mouse breast
cancer cell colonization to form distant metastases. PLoS One 4: e7181.

Burk U, Schubert J, Wellner U, Schmalhofer O, Vincan E, et al. (2008) A reciprocal
repression between ZEB1 and members of the miR-200 family promotes EMT and
invasion in cancer cells. EMBO Rep 9: 582-589.

XuS, XuP, WuW, OuY, XuJ, et al. (2013) The biphasic expression pattern of miR-200a and
E-cadherin in epithelial ovarian cancer and its correlation with clinicopathological
features. Curr Pharm Des.

Lee RC, Feinbaum RL, Ambros V (1993) The C. elegans heterochronic gene lin-4 encodes
small RNAs with antisense complementarity to lin-14. Cell 75: 843-854.

Almeida M, Reis RM, Calin GA (2011) MicroRNA history: discovery, recent applications, and
next frontiers. Mutat Res 717: 1-8.

Ma X, Kumar M, Choudhury SN, Becker Buscaglia LE, Barker JR, et al. (2011) Loss of the miR-
21 allele elevates the expression of its target genes and reduces tumorigenesis. Proc
Natl Acad Sci U S A 108: 10144-10149.

Lee YS, Dutta A (2009) MicroRNAs in cancer. Annu Rev Pathol 4: 199-227.

Bortolin-Cavaille ML, Dance M, Weber M, Cavaille J (2009) C19MC microRNAs are
processed from introns of large Pol-Il, non-protein-coding transcripts. Nucleic Acids Res
37:3464-3473.

Cano A, Nieto MA (2008) Non-coding RNAs take centre stage in epithelial-to-mesenchymal
transition. Trends Cell Biol 18: 357-359.

Kim YK, Yu J, Han TS, Park SY, Namkoong B, et al. (2009) Functional links between clustered
microRNAs: suppression of cell-cycle inhibitors by microRNA clusters in gastric cancer.
Nucleic Acids Res 37: 1672-1681.

Cui Q, Yu Z, Purisima EO, Wang E (2006) Principles of microRNA regulation of a human
cellular signaling network. Mol Syst Biol 2: 46.

Dang CV (1999) c-Myc target genes involved in cell growth, apoptosis, and metabolism. Mol
Cell Biol 19: 1-11.

Perkins ND (2012) The diverse and complex roles of NF-kappaB subunits in cancer. Nat Rev
Cancer 12: 121-132.

Shaulian E (2010) AP-1--The Jun proteins: Oncogenes or tumor suppressors in disguise? Cell
Signal 22: 894-899.

Vousden KH, Prives C (2009) Blinded by the Light: The Growing Complexity of p53. Cell 137:
413-431.

Takwi A, Li Y (2009) The p53 Pathway Encounters the MicroRNA World. Curr Genomics 10:
194-197.

Ma X, Becker Buscaglia LE, Barker JR, Li Y (2011) MicroRNAs in NF-kappaB signaling. ] Mol
Cell Biol 3: 159-166.

Bueno MJ, Perez de Castro |, Malumbres M (2008) Control of cell proliferation pathways by
microRNAs. Cell Cycle 7: 3143-3148.

Vesely PW, Staber PB, Hoefler G, Kenner L (2009) Translational regulation mechanisms of
AP-1 proteins. Mutat Res 682: 7-12.

LuZ LiY, Takwi A, Li B, Zhang J, et al. (2011) miR-301a as an NF-kB activator in pancreatic
cancer cells. EMBO J 30: 57-67.

Sears R, Ohtani K, Nevins JR (1997) Identification of positively and negatively acting
elements regulating expression of the E2F2 gene in response to cell growth signals. Mol
Cell Biol 17: 5227-5235.

128



144.

145.
146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.
163.

164.

Kumar M, Lu Z, Takwi AAL, Chen W, Callander NS, et al. (2011) Negative regulation of the
tumor suppressor p53 gene by microRNAs. Oncogene 30: 843-853.

Faraway J (2004) Linear Models with R: Chapman & Hall/CRC, New York.

Takwi A, Li Y, Buscaglia L, Zhang J, Choudhury S, et al. (2012) A Statin-regulated MicroRNA
Represses Human c-Myc Expression and Function. EMBO Mol Med In Press.

Hess J, Angel P, Schorpp-Kistner M (2004) AP-1 subunits: quarrel and harmony among
siblings. J Cell Sci 117: 5965-5973.

Angel P, Karin M (1991) The role of Jun, Fos and the AP-1 complex in cell-proliferation and
transformation. Biochim Biophys Acta 1072: 129-157.

Lopez-Bergami P, Huang C, Goydos JS, Yip D, Bar-Eli M, et al. (2007) Rewired ERK-JNK
signaling pathways in melanoma. Cancer Cell 11: 447-460.

Ohuchida K, Mizumoto K, Lin C, Yamaguchi H, Ohtsuka T, et al. (2012) MicroRNA-10a is
Overexpressed in Human Pancreatic Cancer and Involved in Its Invasiveness Partially via
Suppression of the HOXA1 Gene. Ann Surg Oncol.

Weiss FU, Marques |J, Woltering JM, Vlecken DH, Aghdassi A, et al. (2009) Retinoic acid
receptor antagonists inhibit miR-10a expression and block metastatic behavior of
pancreatic cancer. Gastroenterology 137: 2136-2145 e2131-2137.

Bryant A, Palma CA, Jayaswal V, Yang YW, Lutherborrow M, et al. (2012) miR-10a is
aberrantly overexpressed in Nucleophosminl mutated acute myeloid leukaemia and its
suppression induces cell death. Mol Cancer 11: 8.

Karin M (2006) Nuclear factor-kappaB in cancer development and progression. Nature 441:
431-436.

Meyer N, Penn LZ (2008) Reflecting on 25 years with MYC. Nat Rev Cancer 8: 976-990.

Appella E, Anderson CW (2001) Post-translational modifications and activation of p53 by
genotoxic stresses. Eur J Biochem 268: 2764-2772.

Noguer-Dance M, Abu-Amero S, Al-Khtib M, Lefevre A, Coullin P, et al. (2010) The primate-
specific microRNA gene cluster (C19MC) is imprinted in the placenta. Hum Mol Genet
19: 3566-3582.

Scifres CM, Nelson DM (2009) Intrauterine growth restriction, human placental
development and trophoblast cell death. J Physiol 587: 3453-3458.

Levy R, Smith SD, Yusuf K, Huettner PC, Kraus FT, et al. (2002) Trophoblast apoptosis from
pregnancies complicated by fetal growth restriction is associated with enhanced p53
expression. Am J Obstet Gynecol 186: 1056-1061.

Peter ME (2009) Let-7 and miR-200 microRNAs: guardians against pluripotency and cancer
progression. Cell Cycle 8: 843-852.

Thiery JP, Sleeman JP (2006) Complex networks orchestrate epithelial-mesenchymal
transitions. Nat Rev Mol Cell Biol 7: 131-142.

Kurashige J, Kamohara H, Watanabe M, Hiyoshi Y, Iwatsuki M, et al. (2012) MicroRNA-200b
Regulates Cell Proliferation, Invasion, and Migration by Directly Targeting ZEB2 in
Gastric Carcinoma. Ann Surg Oncol.

Teleman AA (2010) miR-200 de-FOGs insulin signaling. Cell Metab 11: 8-9.

Kagawa S, Fujiwara T, Hizuta A, Yasuda T, Zhang WW, et al. (1997) p53 expression
overcomes p21WAF1/CIP1-mediated G1 arrest and induces apoptosis in human cancer
cells. Oncogene 15: 1903-1909.

Fries KL, Miller WE, Raab-Traub N (1996) Epstein-Barr virus latent membrane protein 1
blocks p53-mediated apoptosis through the induction of the A20 gene. J Virol 70: 8653-
8659.

129



165.

166.

167.

168.

169.

170.

171.

172.
173.
174.
175.

176.

177.

178.

179.

180.

181.

182.

183.

Chen X, Ko LJ, Jayaraman L, Prives C (1996) p53 levels, functional domains, and DNA
damage determine the extent of the apoptotic response of tumor cells. Genes Dev 10:
2438-2451.

Cheng Y, Zhang C (2010) MicroRNA-21 in cardiovascular disease. J Cardiovasc Trans| Res 3:
251-255.

Stark A, Brennecke J, Bushati N, Russell RB, Cohen SM (2005) Animal MicroRNAs confer
robustness to gene expression and have a significant impact on 3'UTR evolution. Cell
123:1133-1146.

Cannell IG, Bushell M (2010) Regulation of Myc by miR-34c: A mechanism to prevent
genomic instability? Cell Cycle 9: 2726-2730.

Pichiorri F, Suh SS, Ladetto M, Kuehl M, Palumbo T, et al. (2008) MicroRNAs regulate critical
genes associated with multiple myeloma pathogenesis. Proc Natl Acad Sci USA 105:
12885-12890.

Weinberg RA (1989) Oncogenes, antioncogenes, and the molecular bases of multistep
carcinogenesis. Cancer Res 49: 3713-3721.

Chambers AF, Groom AC, MacDonald IC (2002) Metastasis: Dissemination and growth of
cancer cells in metastatic sites. Nat Rev Cancer 2: 563-572.

McAllister RM (1965) Viruses and Cancer. Calif Med 102: 344-352.

Knudson AG (2001) Two genetic hits (more or less) to cancer. Nat Rev Cancer 1: 157-162.

Gupta GP, Massagué J (2006) Cancer Metastasis: Building a Framework. Cell 127: 679-695.

Lee TS, Jeon HW, Kim YB, Kim YA, Kim MA, et al. (2013) Aberrant microRNA expression in
endometrial carcinoma using formalin-fixed paraffin-embedded (FFPE) tissues. PLoS One
8: e81421.

ChenY, Zhang L, Hao Q (2013) Candidate microRNA biomarkers in human epithelial ovarian
cancer: systematic review profiling studies and experimental validation. Cancer Cell Int
13: 86.

Wells A, Yates C, Shepard CR (2008) E-cadherin as an indicator of mesenchymal to epithelial
reverting transitions during the metastatic seeding of disseminated carcinomas. Clin Exp
Metastasis 25: 621-628.

Bendoraite A, Knouf EC, Garg KS, Parkin RK, Kroh EM, et al. (2010) Regulation of miR-200
family microRNAs and ZEB transcription factors in ovarian cancer: evidence supporting a
mesothelial-to-epithelial transition. Gynecol Oncol 116: 117-125.

Petrelli A, Perra A, Cora D, Sulas P, Menegon S, et al. (2013) MiRNA/gene profiling unveils
early molecular changes and NRF2 activation in a rat model recapitulating human HCC.
Hepatology.

Lu Z, Li Y, Takwi A, Li B, Zhang J, et al. (2011) miR-301a as an NF-kappaB activator in
pancreatic cancer cells. EMBO J 30: 57-67.

Kolligs FT, Hu G, Dang CV, Fearon ER (1999) Neoplastic transformation of RK3E by mutant
beta-catenin requires deregulation of Tcf/Lef transcription but not activation of c-myc
expression. Mol Cell Biol 19: 5696-5706.

Foster KW, Ren S, Louro ID, Lobo-Ruppert SM, McKie-Bell P, et al. (1999) Oncogene
expression cloning by retroviral transduction of adenovirus E1A-immortalized rat kidney
RK3E cells: transformation of a host with epithelial features by c-MYC and the zinc finger
protein GKLF. Cell Growth Differ 10: 423-434.

Louro ID, Bailey EC, Li X, South LS, McKie-Bell PR, et al. (2002) Comparative Gene Expression
Profile Analysis of GLI and c-MYC in an Epithelial Model of Malignant Transformation.
Cancer Research 62: 5867-5873.

130



184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Li R, He JL, Chen XM, Long CL, Yang DH, et al. (2014) MiR-200a is involved in proliferation
and apoptosis in the human endometrial adenocarcinoma cell line HEC-1B by targeting
the tumor suppressor PTEN. Mol Biol Rep.

Shen LJ, He JL, Yang DH, Ding YB, Chen XM, et al. (2013) Mmu-microRNA-200a
overexpression leads to implantation defect by targeting phosphatase and tensin
homolog in mouse uterus. Reprod Sci 20: 1518-1528.

Korpal M, Lee ES, Hu G, Kang Y (2008) The miR-200 family inhibits epithelial-mesenchymal
transition and cancer cell migration by direct targeting of E-cadherin transcriptional
repressors ZEB1 and ZEB2. J Biol Chem 283: 14910-14914.

Soule HD, Maloney TM, Wolman SR, Peterson WD, Jr., Brenz R, et al. (1990) Isolation and
characterization of a spontaneously immortalized human breast epithelial cell line, MCF-
10. Cancer Res 50: 6075-6086.

Dawson PJ, Wolman SR, Tait L, Heppner GH, Miller FR (1996) MCF10AT: a model for the
evolution of cancer from proliferative breast disease. Am J Pathol 148: 313-319.

Imbalzano KM, Tatarkova |, Imbalzano AN, Nickerson JA (2009) Increasingly transformed
MCF-10A cells have a progressively tumor-like phenotype in three-dimensional
basement membrane culture. Cancer Cell Int 9: 7.

ZhangY, Yan W, Chen X (2011) Mutant p53 disrupts MCF-10A cell polarity in three-
dimensional culture via epithelial-to-mesenchymal transitions. J Biol Chem 286: 16218-
16228.

Bowman T, Symonds H, Gu L, Yin C, Oren M, et al. (1996) Tissue-specific inactivation of p53
tumor suppression in the mouse. Genes & Development 10: 826-835.

Bryant DM, Stow JL (2004) The ins and outs of E-cadherin trafficking. Trends in Cell Biology
14: 427-434.,

Cavallaro U, Christofori G (2004) Cell adhesion and signalling by cadherins and Ig-CAMs in
cancer. Nat Rev Cancer 4: 118-132.

Miller FR, Soule HD, Tait L, Pauley RJ, Wolman SR, et al. (1993) Xenograft model of
progressive human proliferative breast disease. J Natl Cancer Inst 85: 1725-1732.

Nagaoka K, Zhang H, Watanabe G, Taya K (2013) Epithelial cell differentiation regulated by
MicroRNA-200a in mammary glands. PLoS One 8: e65127.

Crepin D, Benomar Y, Riffault L, Amine H, Gertler A, et al. (2014) The over-expression of
miR-200a in the hypothalamus of ob/ob mice is linked to leptin and insulin signaling
impairment. Mol Cell Endocrinol 384: 1-11.

Waullschleger S, Loewith R, Hall MN (2006) TOR signaling in growth and metabolism. Cell
124. 471-484.

Park JT, Kato M, Yuan H, Castro N, Lanting L, et al. (2013) FOG2 protein down-regulation by
transforming growth factor-betal-induced microRNA-200b/c leads to Akt kinase
activation and glomerular mesangial hypertrophy related to diabetic nephropathy. J Biol
Chem 288: 22469-22480.

Dou L, Zhao T, Wang L, Huang X, Jiao J, et al. (2013) miR-200s contribute to interleukin-6
(IL-6)-induced insulin resistance in hepatocytes. J Biol Chem 288: 22596-22606.

Zhao JJ, Gjoerup OV, Subramanian RR, Cheng Y, Chen W, et al. (2003) Human mammary
epithelial cell transformation through the activation of phosphatidylinositol 3-kinase.
Cancer Cell 3: 483-495.

Bonner TI, Kerby SB, Sutrave P, Gunnell MA, Mark G, et al. (1985) Structure and biological
activity of human homologs of the raf/mil oncogene. Mol Cell Biol 5: 1400-1407.

Leevers SJ, Paterson HF, Marshall CJ (1994) Requirement for Ras in Raf activation is
overcome by targeting Raf to the plasma membrane. Nature 369: 411-414.

131



203. Hamad NM, Elconin JH, Karnoub AE, Bai W, Rich JN, et al. (2002) Distinct requirements for
Ras oncogenesis in human versus mouse cells. Genes Dev 16: 2045-2057.

132



CURRICULUM VITAE

Lindsey Erin Becker

Department of Biochemistry and Molecular Biology Date of Birth: 03/22/1986
University of Louisville

319 Abraham Flexner Way Tel: (702)419-5110

Bldg ARm 714 Email: lebuscO1@Ilouisville.edu
Education

2009-present  PhD Biochemistry and Molecular Biology, University of Louisville
Characterizing the role of miR-200a in malignant cellular transformation
2004-2007 BS Chemistry, Northern Arizona University
Major: Chemistry
Minor: English
2000-2004 Las Vegas Academy of International Studies, Performing and Visual Arts

Publications
Original Research

1. Becker LE, Lu Z, Chen W, Xiong W, Kong M, et al. (2012) A systematic screen
reveals MicroRNA clusters that significantly regulate four major signaling pathways.
PLOS One 7: e48474.

2. Takwi A, LiY, Becker Buscaglia LE, Zhang J, Choudhury S, et al. (2012) A Statin-
regulated MicroRNA Represses Human c-Myc Expression and Function. EMBO Mol
Med In Press.

3. Ma X, Kumar M, Choudhury SN, Becker Buscaglia LE, Barker JR, et al. (2011)
Loss of the miR-21 allele elevates the expression of its target genes and reduces
tumorigenesis. Proc Natl Acad Sci U S A 108: 10144-10149.

133


mailto:lebusc01@louisville.edu

Reviews

1.

Becker Buscaglia LE, Li Y (2011) Apoptosis and the target genes of microRNA-21.
Chin J Cancer 30: 371-380.

Ma X, Becker Buscaglia LE, Barker JR, Li Y (2011) MicroRNAs in NF-kappaB
signaling. J Mol Cell Biol 3: 159-166.

Deng Q, Becker LE, Ma X, Zhong X, Young K, et al. (2014) The dichotomy of p53
regulation by noncoding RNAs. J Mol Cell Biol.

Awards and Grants

1%t place Poster Presentation Award — Biochemistry Department Biennial Retreat-
2013

NIEHS T32 Training grant-2013

Condict Moore Student Poster Award - James Graham Brown Cancer Center Retreat-
2012

1%t place Poster Presentation Award - Biochemistry Department Biennial Retreat-
2011

Presentations

Research Conference Seminar — Dept of Biochemistry and Molecular Biology —
April 2013

The role of miR-200a in malignant cellular transformation

Seminar — Dept of Biochemistry and Molecular Biology — November 2011

The miR-200 family’s effects on the Epithelial-Mesenchymal Transition in Cancer
Seminar — Dept of Biochemistry and Molecular Biology — November 2010
Protecting Telomeres from Replicative Damage

Poster Presentation — Research!Louisville — September 2013

MicroRNA-200a contributes to malignant cell transformation by activating Akt,
inhibiting p53, and cooperating with Ras effector pathways.

Poster Presentation — Dept of Biochemistry and Molecular Biology Biennial Retreat
— August 2013

MicroRNA-200a effects cellular transformation by dysregulating Akt and p53
signaling and cooperating with Ras effector pathways.

Poster Presentation — Keystone Symposium: RNA silencing — March 2013

134



Expertise

MicroRNA-200a Exhibits Transformative Potential Through Dysregulation of Akt
and p53 Signaling Pathways.

Poster Presentation — James Graham Brown Cancer Center Retreat — October 2012
Transformative Potential of miR-200a: dysregulation of Akt and p53.

Poster Presentation — Research!Louisville — September 2011

miR-200a inhibits p53 expression and function.

Poster Presentation — Dept of Biochemistry and Molecular Biology Biennial Retreat
— August 2011

Transformative Properties of miR-200a

Research

Molecular Biology and Biochemistry laboratory techniques including Western Blot,
ELISA, Co-IP, mouse injection, immunofluorescence, immunohistochemistry, tissue
culture, transfection, lentiviral transduction, flow cytometry, confocal microscopy,
RNA and DNA purification, PCR, QRT-PCR, cloning.

Computer-based data analysis including Excel, Vector-NTI, FloJo, Photoshop,

ImageJ and the statistical analysis program R

Communication

Highly developed writing skills through preparation of manuscripts, grant proposals,
and posters.

Presentations including departmental seminars and international conference poster
presentations.

Interpersonal communication including time spent as student body president
recruiting and interviewing prospective students, and as a member of the graduate
education committee working with professors to review education policies and

departmental procedures and organize departmental social events.

Teaching

Teaching Assistant - Methods Course, UofL 2010
- Prepared reagents for students’ experiments
- Supervised students’ lab techniques and assisted with troubleshooting

protocols and analyzing data

135



- Teaching Assistant - Chemistry Department, NAU August 2005-July 2007
- Prepared and gave lectures on execution of and principles behind
introductory chemistry techniques, data analysis, and lab report writing.
- Prepared reagents

- Supervised students’ lab techniques

136



	University of Louisville
	ThinkIR: The University of Louisville's Institutional Repository
	5-2014

	Augmentation of Ras-induced cell transformation : a new role for miR-200a in malignancy.
	Lindsey Erin Becker
	Recommended Citation


	A_Title.pdf
	A1Table of Contents etc
	A2Thesis1

