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ABSTRACT

Phytochemical Regulation of Tumor Suppressive MicroRNA
in Human Breast Cancer Cells
by
Kristina G. H. Hargraves
Doctor of Philosophy in Endocrinology
University of California, Berkeley

Professor Gary L. Firestone, Chair

MicroRNA post-transcriptionally regulate more than half of the transcribed human
genome and could be potential targets of anti-cancer therapeutics. The microRNA family, miR-
34, is a component of the p53 tumor suppressor pathway and has been shown to mediate
induction of cell cycle arrest, senescence, and apoptosis in cancer cells. Indole-3-carbinol (I3C)
derived from cruciferous vegetables, artemisinin isolated from the sweet wormwood plant and
artesunate derived from the carbonyl reduction of artemisinin effect components of the p53
pathway to growth arrest human cancer cells, implicating a potential role for miR-34a in their
anti-proliferative effects.

Flow cytometry and Tagman semi-quantitative PCR analysis of I3C, artemisinin and
artesunate treated human breast cancer cells indicate all three phytochemicals upregulate miR-
34a in a dose and time-dependant manner that correlates with a pronounced G1 cell cycle arrest.
Western blot analysis revealed miR-34a upregulation correlates with induction of functional p53
by I3C as well as artesunate and artemisinin mediated decreases in estrogen-receptor alpha
(ERa) and the cyclin-dependant kinase CDK4, a known target of miR-34a inhibition. Luciferase
assays in which cells were transfected with the miR-34a binding site of CDK4 mRNA attached
to the firefly luciferase reporter gene confirmed miR-34a directly inhibits CDK4 expression in
cells growth arrested by artemisinin or artesunate. Functional miR-34a appears critical for the
anti-proliferative effects of I3C and artemisinin as transfection of non-translatable miR-34a
inhibitors prevented I3C mediated growth inhibition and reversed artemisinin mediated down-
regulation of CDK4. Artemisinin mediated down-regulation of ERa was also reversed in cells
transfected with miR-34a inhibitors, implicating a novel role for miR-34a in the regulation of
hormonal signaling. Transfection of dominant negative p53 prevented I3C upregulation of miR-
34a in growth arrested cells containing wild-type p53 yet had no effect on artemisinin regulation
of miR-34a, indicating a p53-indepedent mechanism of miR-34a regulation. Artemisinin and
artesunate also upregulate miR-34a expression levels in breast cancer cell lines containing non-
functional p53.



All of these data suggest that miR-34a plays a critical role in the anti-proliferative effects
of artemisinin, artesunate and indole-3-carbinol in human breast cancer cells. Such evidence
elucidates the therapeutic potential of each phytochemical to ectopically express tumor
suppressive microRNA while implicating the use of miR-34a expression levels to determine the
efficacy of phytochemical treatment. Artemisinin, artesunate and 13C could represent an
efficacious means of increasing tumor suppressive microRNA in vivo.
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INTRODUCTION

MicroRNA Introduction

MicroRNA (miRNA) are small, non-coding RNA molecules that post-transcriptionally
regulate gene expression. They are transcribed in the nucleus as long primary transcripts that are
trimmed by the Drosha enzyme to produce a stem-looped precursor molecule. Upon entry into
the cytoplasm, each precursor is cleaved by the Dicer ribonuclease into a single-stranded mature
microRNA molecule approximately 18-24 nucleotides in length. Mature microRNA form an
RNA-induced silencing complex (RISC) with Argonaute proteins to silence gene expression by
preventing translation of mRNA. The 6-8 nucleotide "seed" region at the 5' end of the
miRNA either partially or perfectly pairs with the 3’ un-translated region of its target mRNA.
Imperfect base pairing physically prevents translation by inhibiting its initiation or by marking
the mRNA for degradation by destabilization of the mRNA strand. Perfect
complementarity between mRNA and miRNA induce mRNA cleavage through the RNA
interference pathway (RNA1) (Yates 2013, Zinoyev 2013, Kim 2009, Filipowitz 2008, He 2007).
Figure 1 provides a summary of the canonical pathway of microRNA biogenesis and action.

Since their discovery in 1993, miRNA have been shown to play a vital role in biological
processes including development, growth and cellular differentiation. Most microRNA bind
imperfectly to mRNA, permitting each molecule to target a large number of mRNA sequences.
In this manner, microRNA provide a means by which a single cellular signal can down-regulate
thousands of proteins. Bioinformatics as well as microarray analyses suggest that miRNA
regulate more than half of the transcribed human genome (Friedman 2009, Lewis 2005, Xie
2005). MicroRNA are thus essential components of a cells regulatory machinery with aberrant
expression levels implicated in disease states such as cancer.

The discovery of two miRNA clusters commonly deleted in B-cell chronic lymphocytic
leukemia’s in 2002 spurred researchers to further investigate the potential role of miRNA in
cancer (Lujambio 2012, Croce 2006). By hybridizing RNA isolated from tumor samples and
cultured cell lines to arrays containing miRNA libraries, cancer-specific miRNA expression
profiles were generated for every type of analyzed cancer. MiRNA genes are often located
within genomic sites frequently manipulated in cancer, leading to their mis-regulation as the
cancer develops. The function of miRNA within each cancer type has been suggested by its
expression levels and transcriptional targets. MiRNA over-expressed in cancer are classified as
oncogenic or “oncomiRs” while down-regulated miRNA are classified as tumor-suppressors.
One of the first microRNA families to be integrated into a known tumor suppressor pathway is
the microRNA family miR-34.
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microRNA Biogenesis & Action

CYTOPLASM pre-miRNA ™~

mature MIRNA = =———

W T -P\ * —a
RISC RISC
Translational mRNA _/-
repression P-body degradation N
mRNA
cleavage

He Lin, et al. (2007) Mature Review Cancer. 7, 819-822.

vi



miR-34 family and p53

MiR-34 is an evolutionarily conserved miRNA family containing three isoforms: miR-
34a, miR-34b and miR-34c. In humans, the gene for miR-34a is located at chromosome 1p36
while miR-34b and miR-34c are co-transcribed from chromosome 11g23. Each molecule is
approximately 23 nucleotides with a seed sequence of GGCAGUGU and 18 nucleotides shared
between all three family members (Wong 2011, Hermeking 2009, He 2007). Figure 2 provides
the structure and chromosomal location of each miR-34. In mice, miR-34a is the predominant
isoform, with highest expression in the brain, while miR-34b and ¢ are mainly expressed in lung
tissue and osteoblast development (Wei 2012, Lodygin 2008, Bommer 2007).

In vitro assays including Western blots, microarray analysis, Luciferase assays, and the
complementarity of mRNA to the miR-34 seed region, identified potential miR-34 target genes
involved in cell cycle progression, microRNA processing, cellular migration and apoptosis. miR-
34a directly down-regulates the cell cycle regulators CDK4, CDK6 and cyclin E2 as well as the
anti-apoptotic protein Bcl-2, to induce cell cycle arrest and apoptosis within cancer cell lines
while miR-34b/c expression correlates with inhibition of the transcription factor Myb, migratory
protein CAV1 and microRNA metabolic regulator SFRS2 (Wong 2011, Hermeking 2009, He-
review 2007). All three microRNA inhibit the tyrosine kinase MET while each miR-34 target
different isoforms of the Myc transcription factor family: miR-34a can inhibit N-Myc while
miR-34b/c suppresses c-Myc expression. In normal cells, miR-34 expression and target gene
regulation has been implicated in a variety of processes including hematopoiesis, nervous system
development, spermatogenesis, stem cell differentiation, and cold-resistance in insects (Soni
2013, Lyons 2013, Jiang 2012, Liu 2012, Courteau 2012, He 2011, Standanlick 2011, Wong,
2011, Arhana 2011, Bouhallier 2010, Tarantino 2010, Bak 2008, Sempere 2004, Miska 2004).

All three microRNA were first linked to cancer through their observed down-regulation
in lung and neuroblastomas, implicating their possible role as tumor suppressors (Hermeking
2009, Cole 2008, He 2007-review). Six studies in 2007 indicated through genome-wide analysis
for p53 induced miRNA, direct correlation of p53 status to miR-34 expression levels and
identification of a consensus p53 binding site within the miR-34 promoter that the miR-34 family
is an active component of the p53 tumor suppressor pathway and could provide the necessary
inhibitory activity of p53 (Bommer 2007, Chang 2007, Corney 2007, He 2007, Raver-Shapira
2007, Tarasov 2007). p53 is also derived from the same chromosomal locus as miR-34a: 1p36.
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Figure 2

miR-34 Structure and Loci
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p53 is a protein tetramer considered the guardian of the genome due to its induction of
apoptosis, DNA repair or stalling of cell cycle progression in response to DNA damage (Caraval
2013, Riley 2008, Vogelstein 2000). Activation of p53 directly correlates with the regulation of
genes involved each of these processes including upregulation of the cyclin-dependent kinase
inhibitor p21, DNA polymerase pol «, and pro-apoptotic protein Bax as well as the repression of
Bcl-2. For years, researchers knew p53’s activity as a transcription factor could explain its ability
to upregulate the expression of particular genes yet were unable to explain its ability to inhibit
expression of others. The integration of miR-34 into the p53 pathway could explain such
inhibition, with miR-34 suppressing known p53 repression targets.

The following canonical pathway of p53 and miR-34 regulation has been proposed
(Wong 2011, Hermeking 2009, He 2007-review). In healthy cells, p53 is rapidly degraded
through proteosomal degradation mediated by the ubiquitin ligase MDM2. Upon DNA damage,
the PI3-kinase related kinase ATM phosphorylates p53 at residues preventing MDM?2 mediated
ubiquitination. The newly stabilized protein then upregulates the transcription of target genes
including miR-34, resulting in the repression of pro-cell survival and anti-apoptotic genes and
subsequent death or growth arrest of the cell. miR-34a also provides a positive feedback loop on
p53 activity by directly inhibiting SIRT-1, an NAD-dependent deacetylase that can destabilize
p53, as well as the p53 binding protein, MDM4 (Arhana 2011, Luan 2010, Zhao 2010,
Yamakuchi 2009, Yamakuchi 2008, Fujita 2008).

In cancerous lesions, alterations in the p53 and miR-34 gene locus interrupt their
inhibition on cell proliferation. The chromosomal locus 1p36 is one of the most frequently
deleted in cancer, providing a possible explanation for the loss of p53 activity and low miR-34
levels observed in several cancer types (Wong 2011, Hermeking 2009, He-review 2007, Welch
2007, Chang 2007, Bommer 2007). The p53 gene is mutated in nearly half of all human tumors
while CpG methylation of all three miR-34 promoters has been detected in the most commonly
diagnosed carcinomas, sarcomas and associated cell lines (Serra 2012, Vogt 2011, Olivier 2010,
Lodygin 2008, Toyota 2008, Lujambio 2008, Kozaki 2008, Vogelstein 2000). p53 and miR-34
thus have clinical value as diagnostic indicators for cancer and therapeutically activating the
powerful tumor-suppressive miR-34 family could be a potential cancer treatment (Wong 2011,
Olivier 2010). The role of miR-34a in breast cancer as well as possible induction by plant based
chemotherapeutics is the subject of this dissertation.

Breast Cancer and microRNA

Breast cancer is the most diagnosed form of cancer in American women excluding skin
cancers with one in eight women (12%) likely to develop breast cancer in their life time
(American Cancer Society 2013). 232, 340 women were diagnosed with breast cancer this year
alone, and 39,600 die annually from the disease. While mortality rates for the disease have
decreased in the past two decades, breast cancer is the second leading cause of cancer related
death in women and incidence remains high.
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The phenotype of breast cancer is often categorized by tumor grade including
differentiation status, proliferation rate and metastatic potential as well as aberration in
expression levels of molecular markers such as estrogen receptor, progesterone receptor and the
epidermal growth factor receptor, Her-2/Neu (American Cancer Society 2013, Koboldt 2012,
Carey 2010, Dawood 2011). The mutation status of the tumor suppressor protein p53 is also used
to diagnose breast cancer.

Early stages of the disease are often slow-growing, poor to mildly invasive and express
wild-type p53 as well as estrogen and progesterone receptor. Such cases represent 2/3 of breast
cancer diagnoses and generally respond well to radiation and hormone targeted chemotherapy
treatments such as the anti-estrogen therapies tamoxifen (Nolvadex) which is an estrogen
receptor antagonist and aromatase inhibitors, Letrozole (Femara) and Exemestane (Aromasin)
which prevent the conversions of androgens into estrogens (American Cancer Society 2013,
Colozza 2008).

Molecular classifications of early stage breast cancer include the luminal A and luminal B
subtype which are estrogen receptor positive and share physiology and genetic markers with
normal epithelial cells lining the inner space or “lumen” of breast glands and ducts. Luminal A
tumors possess fewer genetic mutations, grow more slowly and are associated with a slightly
more favorable outcome than Luminal B tumors which may express Her-2/Neu. Luminal A
breast cancer is often investigated in the laboratory setting by using the MCF-7 and T47D human
breast cancer cell lines derived from the metastatic adenocarcinoma of a 69-year-old patient and
the invasive ductal carcinoma of 54-year-old patient respectively (Kao 2009, Levenson 1997,
Keydar 1979). Both cell lines are hormone responsive, weakly tumorigenic, estrogen and
progesterone receptor positive and Her-2/Neu receptor negative. MCF-7 cells contain wild-type
p53 while T47D cells possess a mutant form of the tumor suppressor. A cell line often used to
represent more normalized tissue is the spontaneously immortalized human mammary epithelial
cell line, MCF-10A (Cowell 2005, Soule 1990). MCF-10A cells possess a molecular and
phenotypic profile resembling normal breast epithelial cells including low estrogen and
progesterone receptor expression, wild-type p53 and limited to no expression of the Her-2
receptor.

Her-2/Neu receptor positive and hormone receptor negative breast cancers often represent
a more advanced stage of the disease that is associated with poor prognosis (American Cancer
Society 2013). Tumors grow rapidly and are highly invasive, requiring targeted therapies to
address the high-level of self-sustaining growth factors produced by gene mutations. Her-2
positive cancers represent 1/5 of diagnoses and are molecularly characterized by amplification of
the Her-2 gene. While unresponsive to hormone therapy, such cancers can be successfully
treated with targeted agents that inhibit the Her-2 receptor such as trastuzamab (Herceptin) or
lapatanib (Tykerb) given in combination with general chemotherapy.



Hormone receptor negative or “triple-negative” breast cancers lack estrogen receptor,
progesterone receptor and elevated levels of Her-2 making treatment options more difficult.
Hormone receptor negative cancers can also be classified as basal-like as they often share
molecular markers with the outer or basal layer of cells lining breast ducts and glands. The triple
negative MDA-MB-231 cell line derived from the metastatic adenocarcinoma of a 51-year-old
patient is often used to represent this stage of the disease experimentally while the Her-2 positive
breast cancer cell line SKBR3 isolated from the metastatic adenocarcinoma of a 43-year-old
patient is representative of Her-2 receptor positive breast cancer (Chavez 2010, Calileu 1973,
Fogh 1977). Both cell lines contain mutant p53.

In the past eight years, microarray and Northern blot analysis of tumor samples and
commonly used cell lines in comparison with normal breast tissue enabled researchers to develop
a microRNA signature for breast cancer phenotypes. Estrogen receptor positive breast cancers
are associated with decreased miR-30 while breast cancers with poor prognosis indicators such
as lymph node metastasis’, increased vascularization and a high proliferation index can be
identified by decreased levels of the tumor suppressive microRNA let-7a-f, miR-125b and miR-
145 and elevated levels of the oncogenic microRNA miR-21and miR-155 (Liu 2013, O’Day
2010, Shi 2009, Cheng 2009, Blenkinron 2007, Iori 2005). Luminal A and Luminal B breast
cancers are associated with elevated levels of let-7f and decreased levels of miR-155 while basal
and Her-2+ disease states feature the reverse profile (Blenkiron 2007).

Alterations in miR-125b, miR-145 and miR-21 levels also enable differentiation between
normal tissue, human breast cancer cell lines and breast cancer tumors. Elevated levels of the
tumor suppressive microRNA miR-145 and miR-125b can be detected in the basal compartment
of normal breast tissue while the oncogenic miR-21 is barely detected (Bockmeyer 2011,
Sempere 2007, Tori 2005). This profile is reversed when comparing normal breast tissue to tumor
samples of increasing tumor grade with miR-125b and miR-145 levels decreasing and miR-21
levels increasing with the progression of the disease (Bockmeyer 2011, Iori 2005).

Human preneoplastic and breast cancer cell lines reflect a similar microRNA profile as
their associated tissues with MCF-10A cells expressing elevated levels of tumor suppressive
miR-34a and miR-125b and low levels of oncogenic miR-21, MCF-7 and T47D cell lines
expressing moderate levels of both, and MDA-MB-231 cells, indicative of triple-negative breast
cancer phenotype, possessing high levels of miR-21 and low levels of miR-34a (Yang 2013,
Mackiewicz 2011, Iori 2005). A summary of the microRNA profile as well as the clinical
classifications of each cell line is provided in Figure 3.
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Figure 3

Human Breast Cancer Cell Lines

MCF-10A MCF-7 T47D MDA-MB-231

Breast cancer Preneoplastic Luminal A Luminal A Triple-Negative/ Her2+
phenotype Basal
Tumorigenic No Yes Yes Yes Yes
p53 status WT WT Mutant Mutant Mutant
Hormone Yes Yes Yes No No
responsive
microRNA 34a High Medium Medium Low High
levels

125h High Low Medium High Low

21 Low Medium Medium High Low
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microRNA levels and their associated targets in breast cancer indicate their potential role
in the disease. The molecular targets of miR-125b and miR-145 include known oncogenes such
as N-Myc and Akt while miR-21 can inhibit the expression of tumor suppressor genes such as
TGFp and PTEN. Ectopically expressing miR-34a in human breast cancer cell lines has been
shown to suppress cell proliferation and metastasis through inhibition of Akt signaling and direct
suppression of the receptor tyrosine kinase AXL (Yang 2013, Mackiewicz 2011). Elevated levels
of miR-34a in breast cancer patients are also associated with decreased lymph node metastasis
and a lower risk of recurrence or death from the disease (Yang 2013, Peurala 2011).

miR-34a as well as the oncogenic microRNA miR-221/222 have also been found to play
a role in breast cancer chemoresistance. Ectopically expressing miR-34a in breast cancer cells
resistant to the chemotherapy agent adriamycin increased sensitivity to the drug through
inhibition of the transmembrane receptor Notch-1 while elevated levels of miR-221/222 is
associated with tamoxifen resistance in breast cancer (Li 2012, Zhao 2008, Miller 2008).
Knockdown of miR-221/222 sensitizes resistant cells to tamoxifen while over-expression confers
resistance through down-regulation of the cell cycle inhibitor, p27. miR-221/222 also directly
inhibits estrogen-receptor alpha (ERa), providing an additional level of microRNA regulation.
Other microRNA that have been shown to regulate key signaling pathways in breast cancer
include the tumor suppressive microRNA miR-205 and miR-206 that directly inhibit ERo and
Her-2 respectively and are often downregulated in advanced stages of the disease (Li 2013).

All of these data not only implicates the critical role of microRNA in breast cancer
progression and diagnosis but the need for targeted therapies to chemically restore the
microRNA signature of normal breast tissue. To date, no study has yet achieved targeted delivery
of microRNA therapeutics however recent research has implicated possible methods of
microRNA regulation in vivo (Liu 2012, Iorio 2011, Shi 2009). Tumor suppressive microRNA
can be ectopically expressed by microRNA replacement methods such as lipid nanoparticle
delivery of double stranded precursor molecules or viral delivery of microRNA coding vectors.
Adenovirus or lentiviral delivery of vectors expressing the tumor suppressors let-7a or miR-26a
reduced tumor formation and inhibited cancer cell proliferation in murine models of lung and
liver cancer respectively while lipid-based delivery of double stranded pre-miR-34a successfully
stalled the in vivo progression of human lung and colon cancer as well as the lung metastasis of
murine melanoma cells (Trang 2010, Esquela-Kerscher 2008, Kota 2009, Wiggins 2010, Chen
2010, Tazawa 2007). microRNA inhibitors such as non-translatable complimentary targets
known as “antagomirs” or the more stable form of locked nucleic acid antisense oligos (LNAs)
have been used in vitro and in vivo to inhibit oncogenic microRNA. Systemic treatment of
tumor-bearing mice with miR-10b antagomirs suppressed breast cancer metastasis while LNA
inhibition of miR-122, a known promoter of hepatitis C virus (HCV) replication in the liver,
dramatically reduced HCV RNA levels in infected patients (Janssen 2013).
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Limitations of current microRNA therapeutics include off-target side-effects, potential
toxicity due to high concentrations and inefficient delivery methods. High levels of shRNA
required to silence microRNA expression in the mouse liver induced off-target side-effects
including interferon response activation and liver damage resulting in death while several
patients in a miR-122 clinical trial expressed headache and nausea like symptoms (Janssen 2013,
Grimm 2006). Clearly, there is need for more efficacious treatment options with microRNA
regulation specificity and limited side-effects. Plant-based anti-cancer therapeutics represent one
such possibility and the regulation of the tumor suppressive microRNA miR-34 by indole-3-
carbinol derived from cruciferous vegetables and artemisinins extracted from the sweet
wormwood plant is the subject of this dissertation.

Indole-3-carbinol and Cancer

Indole-3-carbinol (I3C) is a bioactive phytochemical derived from the cooking or
crushing of cruciferous vegetables such as broccoli, cauliflower and cabbage. Diets rich in
cruciferous vegetables have long been associated with decreased cancer risk in humans and
biochemical studies as early as 1978 identified I13C as one of the critical components to elicit an
anti-cancer effect (Liu 2013, Hoezl 2008, Higdon 2007, Altundag 2006, Kristal 2004, Kristal
2002, Terry 2001, Cohen 2000, Verhoeven 1996, Sharma 1994, Wattenberg 1985, Wattenberg
1978).

I3C is synthesized from its precursor glucobrassicin when cruciferous vegetables
undergo physical force (such as cooking or chewing), initiating glucobrassicins exposure to the
enzyme myrosinase. Myrosinase hydrolyzes glucobrassicin into I3C and acid hydrolysis within
the stomach converts some of the I3C into biologically active dimer and trimers including 3°3-
diindoylmethane (DIM) (Acharya 2010, Weng 2008, Aggarwal 2005). The chemical structure
and derivation of I3C is provided in Figure 4.

Epidemiological as well as laboratory studies have revealed 13C and DIM have
substantial anti-cancer effects. Increased consumption of cruciferous vegetables in
postmenopausal women inversely correlated with their risk of developing breast cancer while
mice fed a diet rich in cruciferous vegetables or with I3C or DIM alone exhibited decreased risk
of spontaneous mammary tumor formation (Terry 2002, Bradlow 1991). Completed clinical
trials suggest both compounds are well-tolerated and beneficial in the treatment of breast and
cervical cancers while trials are currently ongoing for the treatment of prostate cancer (Del Priore
2009, Reed 2005, Dalessandri 2004, Terry 2001, Bell 2000, ClinicalTrials.gov). I13C and DIM
also decrease tumor size, volume and level of vascularization upon administration to mice
implanted with xenografts of human cancer cells (Weng 2008).
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Figure 4
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Mechanistic studies with human cancer cell lines revealed that I3C and DIM partially
exert their anti-cancer effects through alterations in cell cycle progression, immune function and
apoptosis. Both compounds decrease levels of the anti-apoptotic factor Bcl-2, inactivate Akt/NF-
kB nuclear signaling, increase interferon-gamma responsiveness and reduce CDK2 enzymatic
activity to growth arrest and induce apoptosis in human breast cancer cells as well as non-
tumorigenic breast epithelial cells (Aronchik 2010, Xue 2008, Rahnman 2007, Riby 2006,
McGuire 2006, Xue 2005, Garcia 2005, Chatterji 2004, Rahman 2003, Hong 2002, Hong 2001).

Other molecular targets known to be negatively affected by I3C include CDK®6, cyclin E,
and components of hormone receptor signaling such as estrogen receptor-alpha (Acharya 2010,
Firestone 2009, Weng 2008, Sundar 2006, Weng 2006, Aggarwal 2005, Kim 2005). Research
within our lab identified human neutrophil elastase as the only known direct molecular target of
I3C inhibition, resulting in the G1 cell cycle arrest of human breast cancer cells (Aronchik 2012,
Aronchik 2010, Ngyuyen 2008). 13C treatment of human breast cancer cells also negatively
impacts telomerase expression, insulin-growth factor signaling, proliferation and cellular motility
while DIM can inhibit angiogenesis and tumor invasion while sensitizing cells to
chemotherapeutic agents (Marconett 2012, Marconett 2011, Brew 2009, Garcia 2005, Cram
2001, Cover 1998, Rahimi 2010, Riby 2008, Rahman 2007, McGuire 2006, Chang 2005).

Previous research within our lab indicated that I3C stabilizes p53 to induce the G1 cell
cycle arrest of the non-tumorigenic human mammary epithelial cell line, MCF-10A (Brew 2006).
I3C treatment increases ATM phosphorylation status independent of DNA damage, resulting in
an increase in total as well as phosphorylated forms of p53, upregulated p21 levels and
subsequent G1 cell cycle arrest. Transfection of dominant negative p53 reverses this effect
suggesting that [3C mediated cell cycle arrest of this cell line is p53-dependent.

The activation of p53 suggests that I3C could potentially utilize the downstream
transcriptional target and known tumor suppressive microRNA family miR-34 to exert its anti-
proliferative effects. Chapter 1 of this dissertation indicates that I3C upregulates miR-34a in a
dose and time dependent manner that requires functional p53. Inhibition of miR-34a prevents
I3C mediated growth inhibition indicating miR-34a is a critical component of 13C’s anti-
proliferative effects in human breast cancer cells.

Artemisinin, Artesunate and Cancer

Artemisinin, a sesquiterpene lactone extracted from the leaves of the sweet wormwood
plant, Artemisia annua L., is an anti-malarial compound that exhibits potent anti-cancer effects
both in vitro and in vivo. The sweet wormwood plant has been used as an herbal remedy for over
two thousand years yet a single reference to its use as a treatment for malaria symptoms in the
Handbook of Prescriptions for Emergencies by Ge Hong (284-346 C.E) prompted Chinese
researchers to investigate Artemisia as a potential treatment for North Vietnamese soldiers
afflicted with malaria during the early Vietnam war (Miller 2011, Tu 2011, Efferth 2009).
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Artemisinin was first isolated in 1972 and since that time has been successfully used as a
combination therapy for drug-resistant and severe forms of the disease in 67 malaria-endemic
countries (Miller 2013, Cui 2009, Bosman 2007).

Artemisinin can drastically reduce the parasite load within hours however its short half-
life, insolubility in water and poor bioavailability have lead to the generation of more effective
semi-synthetic derivatives, such as artesunate, an artemisinin compound with a reduced carbonyl
group. The chemical structure of artemisinin and artesunate can be found in Figure 5. Artesunate
is more clinically effective than its parent compound and is currently the most commonly used
derivative partner used to treat malaria (Haynes 2007, Adjuik 2004). Both compounds are well
tolerated in humans with limited side-effects (Sinclair 2012, Efferth 2010, Adjuik 2004,
Meschnick 2002).

Artemisinin and artesunate exert their anti-malarial effects through cleavage of the
endoperoxide bridge. The malaria parasite consumes hemoglobin within the red blood cells of its
host, resulting in the release of heme-iron. Heme-iron cleaves the endoperoxide bridge of
artemsinin and the subsequent generation of reactive oxygen species irreparably damages the
food vacuoles of the parasite (Efferth 2009, Gautam 2009, Cui 2009, Meschnick 2002).

The observation that cancer cells often possess much greater iron content than their
primary tissue counterparts prompted researchers to investigate the anti-cancer activity of
artemisinins (Efferth 2009, Nakase 2008). In the past twenty years, in vitro and in vivo studies
have shown artemsinin and artesunate are cytotoxic against several cancer types including
leukemia, melanoma, breast, lung, prostate, pancreatic, ovarian and colon cancer (McGovern
2010, Efferth 2009, Sundar 2009). Oral or intravenous treatment of artemisinin and artesunate
decreases tumor size, volume and level of vascularization upon administration to mice implanted
with xenografts of human cancer cells while in vitro treatment induces apoptosis, inhibits cell
proliferation and prevents angiogenesis (Tin 2012, Sundar 2009, Langroudi 2010, Du 2010, Hou
2008, Zhou 2007, Lai 2009, Lai and Singh 2006). Both compounds have limited effects on
primary cells of the cancer tissue origin and clinical trials for the artesunate treatment of
metastatic breast cancer are currently ongoing (ClinicalTrials.gov, Gong 2013, Hamacher-Brady
2011, Tin 2012, Hou 2008, Efferth 2004). Artemisinins also demonstrate potential as adjuvant
cancer treatments. Combination treatments of artesunate and the chemotherapeutic lenlidomide
greatly enhanced the cytotoxic effects of either drug in breast, colon, lung and prostate cancer
while artemisinin can synergize with the anti-estrogen fulvestrant to growth arrest human breast
cancer cells (Liu 2011, Sundar 2008).
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In vitro studies as well as microarray analysis suggest artemisinins primarily exert their
anti-cancer effects through regulation of target genes involved in cell cycle regulation, apoptosis,
angiogenesis and oncogene activity (Gao 2013, Zhou 2012, Nakase 2009, Anfosso 2006, Efferth
2004, Efferth 2003, Wartenberg 2003, Efferth 2002, Sadava 2002). Artemisinin or artesunate
treatment of human lung, hepatoma, breast, prostate or colon cancer cell lines downregulates
levels of CDK4 and cyclin D1 to induce a G1 cell cycle arrest (Gong 2013, Tin 2012, McGovern
2010, Liu 2011, Sundar 2008, Hou 2008, Willoughby 2006). Both compounds also inhibit CDK2
levels and activity in human breast cancer while artemisinin treatment alone attenuates estrogen
signaling by decreasing the levels and activity of estrogen-receptor alpha (Tin 2012, Sundar
2009, Sundar 2008, Efferth 2003). Other molecular targets inhibited by both compounds include
the oncogene c-Myc, pro-angiogenic signaling component vascular endothelial growth factor
(VEGF) and the anti-apoptotic factor Bcl-2 (Gong 2013, He 2011, Sertel 2010, Zhou 2007,
Wartenberg 2003). p53 mutation status does not appear to affect cell line sensitivity to artesunate
while functional p53 is required for the artemisinin mediated cell cycle arrest of human gastric
cancer cells (Zhang 2013, Sertel 2010, Efferth 2004, Efferth 2003).

To date, no research has been published on microRNA regulation by artemisinins.
Chapters 2 and 3 of this dissertation indicate artemsinin and artesunate upregulate miR-34a in a
pS3-independent manner to directly inhibit CDK4 in human breast cancer cells. Such data further
elucidates the anti-cancer potential of artemisinins while providing evidence of phytochemical
regulation of tumor suppressive microRNA.

Phytochemical Regulation of microRNA

MicroRNA have only recently been linked to the anti-cancer activity of phytochemicals.
In the past five years, microarray and qPCR detection of microRNA levels in phytochemically
treated cancer cells and tumor samples have determined plant-based compounds such as
isoflavone found in soy, I3C and 3,3’-diindolymethane (DIM) derived from cruciferous
vegetables, and epigallocatechin-3-gallate isolated from green tea regulate microRNA levels in
association with apoptosis, reversal of the epithelial-to-mesenchymal transition, enhanced
efficacy of conventional chemotherapy and decreased cell proliferation (Li 2010, Sarkar 2010).

Current research indicates the I3C metabolite, DIM, inhibits the invasive capability of
pancreatic and prostate cancer cells while up-regulating the tumor-suppressive microRNA
families, miR-200, let-7 and miR-146a. DIM treatment of pancreatic cancer cell lines correlated
with a dose and time-dependent increase in each microRNA family as well as a decrease in
protein and RNA levels of metastasis related target proteins such as protein membrane-1 matrix
metalloproteinase (MT1-MMP) known to be directly inhibited by miR-200 and interleukin 1
receptor-associated kinase 1 (IRAK-1), a target of miR-146a inhibition and activator of the
transcription factor, NF-kB (Soubani 2012, Li 2010). DIM induction of the miR-200 family also
increased sensitivity of pancreatic cells to the chemotherapy agent gemcitabine while increased
levels of let-7 upon DIM treatment of prostate cancer cells decreased self-renewal capacity
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through inhibition of the epithelial-to-mesenchymal regulator, Enhancer of Zeste homolog
2(EZH2) (Li-Sarkar 2009, Kong-Sarkar 2012). DIM has also been implicated in the adjuvant
regulation of microRNA in human breast cancer cells. DIM in combination with the
chemotherapy drug Herceptin increased miR-200 levels within Her-2+ human breast cancer cells
to down-regulate the transcription factor FoxM1 and induce apoptosis (Ahmad 2013).
Transfection of miR-200 inhibitors reversed this effect, indicating a functional requirement of
miR-200 in DIM/Herceptin mediated apoptosis.

The phytochemicals I3C, artemisinin and artesunate may also utilize miRNA to induce
their affects. Two studies in 2010 implicated I3C regulation of microRNA in lung cancer. Both
studies found that dietary uptake of I3C reversed carcinogen induced alterations in microRNA
levels in mouse and rat lung tumors induced by vinyl-carbamate or cigarette smoke, respectively
(Izzotti 2010, Melkamu 2010). In addition, I3C treatment of pancreatic cancer cells correlated
with decreased levels of the oncogenic microRNA, miR-21 (Paik 2013). While each study
implies a connection between I3C treatment and microRNA regulation, it has yet to be
determined if microRNA are necessary for I3C mediated anti-cancer affects and what role they

may play.

No research is currently published linking microRNA to the anti-cancer effects of
artemisinin or its derivatives. Computational studies have been performed to predict microRNA
involvement in artemisinin biosynthesis yet a pharmaceutical analysis of artemsinin regulated
microRNA has yet to be performed (Perez-Quintero 2012, Pani 2011).

My thesis provides the first evidence of regulation of the tumor-suppressive microRNA,
miR-34a, by indole-3-carbinol, artemisinin, and artesunate in human breast cancer cells. Such
research not only provides further evidence of the anti-cancer properties of artemisinins and I13C
but elucidates the potential use of miR-34a as a diagnostic mechanism for determining viability
of phytochemical treatment.
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CHAPTER 1

Indole-3-carbinol upregulates miR-34a by p53 to Inhibit Proliferation of Preneoplastic and
Human Breast Cancer Cells



ABSTRACT

Indole-3-carbinol, a bioactive phytochemical derived from cruciferous vegetables, has
pronounced anti-cancer effects in vitro and in vivo however a direct link to tumor suppressive
microRNA has yet to be established. In this study, quantitative PCR analysis demonstrates that
I3C upregulates mature levels of the tumor suppressive microRNA miR-34a in a dose and time-
dependent manner correlating with induction of a G1 cell cycle arrest in human preneoplastic
and breast cancer cell lines. Functional p53 is required for I3C regulation of miR-34a as
transfection of dominant negative p53 ablates miR-34a induction. Luciferase and RT-PCR
experiments reveal that under conditions of mature miR-34a induction by I13C, expression of the
miR-34a promoter is down-regulated while levels of miR-34a primary transcript remain the
same, suggesting [3C regulates microRNA processing to increase levels of mature miR-34a.
Transfection of miR-34a inhibitors significantly reduced I3C inhibition of cell proliferation.
Taken together, these data suggest that miR-34a is a critical component of 13C’s anti-
proliferative effects in human breast cancer cells and is regulated in a p5S3-dependent manner.



INTRODUCTION

Indole-3-carbinol (I3C) is a potential anti-cancer therapeutic derived from the cooking
and crushing of cruciferous vegetables. Diets rich in cruciferous vegetables have long been
associated with decreased cancer risk in humans and biochemical as well as short-term bioassays
indentified I3C as one of the active components to elicit an anti-cancer effect (Liu 2013, Hoezl
2008, Higdon 2007, Altundag 2006, Kristal 2004, Kristal 2002, Terry 2001, Cohen 2000,
Verhoeven 1996, Sharma 1994, Wattenberg 1985, Wattenberg 1978). I13C has been shown to
possess anti-tumorigenic and pro-apoptotic properties in a variety of cancer cell lines and animal
models while completed clinical trials suggest it is beneficial for the treatment of breast and
cervical cancer (Terry 2002, Bradlow 1991, Weng 2008, Del Priore 2009, Reed 2005,
Dalessandri 2004, Terry 2001, Bell 2000).

Previous research in our lab demonstrated the potential of I3C as an anti-cancer
therapeutic in the treatment of breast cancer. I13C induces a G1 cell cycle arrest of both estrogen-
responsive and estrogen-unresponsive cell lines through alterations in cell cycle components
including inhibition of the cyclin-dependent kinase 6 (CDK6) promoter, decreased enzymatic
activity of CDK2 and CDK4, and alterations in cyclin E processing (Nguyen 2010, Nguyen
2008, Jump 2008, Garcia 2005, Firestone 2003, Cram 2001, Cover 1998). 13C also decreases
tumor volume in breast cancer xenografts while inhibiting telomerase expression and hormonal
signaling in the estrogen-responsive MCF-7 cell line through degradation of estrogen receptor
alpha (ERa) (Marconett, 2011, Marconett 2010, Nguyen 2010, Sundar 2006). Recent work with
the highly invasive MDA-MB-231 cell line revealed I3C directly binds to the serine protease
human neutrophil elastase to reduce CDK2 enzymatic activity (Nguyen 2008). I3C inhibition of
extracellular elastase prevents proteolytic cleavage of the tumor necrosis factor receptor, CD40
resulting in a regulatory cascade that disrupts cell survival and proliferative responses mediated
by the transcription factor NFkB (Aronchik 2010). I3C can also suppress cell motility through
Rho kinase activation and growth arrests the preneoplastic human mammary epithelial cell line,
MCF-10A through stabilization of the tumor suppressor protein pS3 (Brew 2009, Nguyen 2008,
Brew 2006).

p53 is a transcription factor whose inactivation is often required for successful cancer
progression (Olivier 2010, Juntilla 2009). Activation of p53 directly correlates with the
regulation of genes involved in cell cycle progression, DNA repair and apoptosis including the
cyclin-dependent kinase inhibitor p21, DNA polymerase pol k, and the anti-apoptotic factor Bcl-
2 (Caraval 2013, Riley 2008, Vogelstein 2000). Six studies in 2007 integrated the tumor
suppressive microRNA family miR-34 into the p53 signaling pathway. MiR-34 consists of three
isoforms (miR-34a, miR-34b and miR-34c) that post-transcriptionally regulate gene expression
by inhibition of target mRNA (Bommer 2007, Chang 2007, Corney 2007, He 2007, Raver-
Shapria 2007, Tarasov 2007). All three microRNA were significantly down-regulated in p53
mutant or null cell lines while a canonical p53 binding site was identified in the miR-34



promoters. Activation of p53 significantly increased miR-34 levels while luciferase assays in
which the miR-34 binding site in the mRNA of potential target genes was attached to the firefly
luciferase gene revealed miR-34’s inhibition of known p53 repression targets such as Bcl-2.
Researchers thus propose that upon activation in normal cells, p53 transcriptionally upregulates
the miR-34 family to exert its repressive effects.

Activation of tumor suppressive microRNA could be a novel form of anti-cancer
treatment (Wong 2011, Wong 2008). Imperfect base pairing between microRNA and its target
mRNA sequence permit a single molecule to down-regulate the expression of thousands of genes
and aberrant microRNA expression profiles have been associated with every type of analyzed
cancer (Lujambio 2012, Friedman 2009, Croce 2006, Lewis 2005, Xie 2005). Previous research
in our lab demonstrated that I3C mediated growth arrest in human preneoplastic mammary
epithelial cells requires functional p53 (Brew 2006). 13C treatment increases ATM
phosphorylation status independent of DNA damage, resulting in an increase in total as well as
phosphorylated forms of p53, upregulated p21 levels and subsequent G1 cell cycle arrest.
Transfection of dominant negative p53 reverses this effect suggesting that I13C mediated cell
cycle arrest of this cell line is p53-dependent.

I3C activation of p53 could represent a novel means of up-regulating the miR-34 tumor
suppressive family. This study demonstrates that I3C upregulates miR-34a in dose and time-
dependent manner to growth arrest human preneoplastic and breast cancer cells. Functional p53
is required for miR-34a activation and miR-34a inhibition prevents I3C’s restriction on cell
proliferation.



MATERIALS & METHODS

Cell Culture

Cells were grown to sub-confluency in a humidified incubator at 37°C containing 5% CO?2.
MCFI10A cells were maintained in Dulbecco modified Eagle medium (DMEM)-F-12 medium
supplemented with 10% fetal bovine serum, penicillin/streptomycin (Cambrex/Biowhittaker,
Walkersville, MD), 10ug/ml insulin (bovine), 0.1 pg/ml cholera toxin (Sigma Chemical, St.
Louis, MO), recombinant epidermal growth factor (Promega, Madison, WI) and 0.5 pg/ml
hydrocortisone (ICN Biochemical, Irvine, CA). The cell lines MCF10A-Neo (stably transfected
with the retroviral vector, LTR-gene X-simian virus 40-Neo) and MCF10A-DNp53 (transfected
with pLSXN-p53DD, a murine dominant-negative p53 construct from M. Oren) were described
previously (Sheen 2002, Shaulian 1992). MCF-7 cell lines were cultured as described by the
American Tissue Culture Collection (Manassas, VA). Cells were treated for the indicated time
points in complete medium with I3C (Sigma-Aldrich, Milwaukee, WI) dissolved 1000X in
DMSO (Sigma-Aldrich, Milwaukee, WI). Pure DMSO was used as a control. The medium was
changed every 24 hours for the duration of each experiment.

Flow cytometry

For cell cycle analysis, attached and non-adherent cells treated in 6-well plates were collected
within the media, rinsed with PBS and hypotonically lysed in 0.5 ml of propidium iodide buffer
(0.5mg/ml propidium iodide, 0.1% sodium citrate, 0.05% Triton X-100). Samples were analyzed
on a Beckman-Coulter (Fullerton, CA) EPICS XL flow cytometer with laser output adjusted to
deliver 15 MW at 488 nm. Ten thousand cells were counted. Cell cycle analysis was then
performed using MultiCycle software WinCycle 32 (Phoenix Flow Systems, San Diego, CA).

RNA extraction

Cells were harvested in 1.0 ml TRIzol reagent (Invitrogen, Carlsbad, CA) and total RNA
extracted following the manufacturer’s protocol with the phase separation procedure being
performed twice to extract microRNA. Removal of contaminating DNA was performed on 10pug
of extracted RNA using a DNA-free Kit (Invitrogen, Carlsbad, CA) per the manufacturer’s
protocol. RNA integrity was confirmed by running a 1.5% formaldehyde (Sigma Chemical, St.
Louis, MO) denaturing agarose gel (Invitrogen, Carlsbad, CA) using 1ug of RNA per sample
and visualizing intact bands corresponding to the molecular weights of the 28S and 18S subunits
of ribosomal RNA, the most abundant RNA species. Gels contained GelRed Nucleic Acid Gel
Stain (Biotium, Hayward, CA) diluted to a 2X concentration for band visualization using short
wavelength ultraviolet light.



Reverse Transcription and PCR

Total RNA was reverse transcribed using stem loop primers for miR-34a, miR-34b and miR-34c
as well as random primers for GAPDH, a housekeeping gene insensitive to I13C treatment. Each
reverse transcriptase reaction contained 10XRT buffer, 100mM dNTPS, 50U/ul MultiScribe
reverse transcriptase, and 20U/ul RNAse inhibitor (Applied Biosystems, Foster City, California)
dissolved in nuclease-free water. The reverse transcription reaction for GAPDH contained 100ng
of purified total RNA as well as 10X random primers while the reaction for microRNA reverse
transcription contained 560ng of purified total RNA and 5X miR-34a stem-loop RT primer
(Applied Biosystems, Foster City, California). The microRNA reactions were incubated in a
thermal cycler for 30 minutes at 16°C, 30 minutes at 42°C, and 5 minutes at 85°C while
reactions for the control gene were incubated for 10 minutes at 25°C, 120 minutes at 37°C, and 5
minutes at 85°C.

Real-time PCR reactions for each miRNA (10 pl volume) were performed in triplicate, and each
reaction mixture included 4 pl of diluted RT product (1:2 dilution), 5 pl of 2X TagMan
Universal PCR Master Mix, 0.2 uM TagMan probe, 1.5 uM forward primer, 0.7 uM reverse
primer with the probes and primers specific to mature miR-34a, mature miR-34b, mature miR-
34c or human GAPDH (Applied Biosystems, Foster City, CA). Reactions were incubated in an
Applied Biosystems 7900HT Fast Real-Time PCR system in 96-well plates at 95°C for 10 min,
followed by 40 cycles at 95°C for 15 seconds and 60°C for I min. Changes in fluorescence
levels of miR-34 were normalized to GAPDH, and fold changes compared between the target
sample (miR-34 levels in cells treated with 13C) and calibrator samples (miR-34 levels in DMSO
treated cells).

Qualitative PCR reactions (50ul volume) employed 1.5ug of purified RNA and a reaction
mixture of 10X PCR Master Mix, 2.5mM dNTP mixture, 10pmol forward primer, 10pmol
reverse primer and .25u] Taq DNA polymerase (Applied Biosystems, Foster City, CA). The
following primer sets and conditions were used:

pri-34a_Forward: 5’-CGTCACCTCTTAGGCTTGGA-3’

pri-34a_Reverse: 5'-CATTGGTGTCGTTGTGCTCT-3'

Sirt-1 Forward:5'-TGGCAAAGGAGCAGATTAGTAGG -3'

Sirt-1 Reverse: 5'- CTGCCACAAGAACTAGAGGATAAGA-3'

MDM4 Foward: 5'-ATCTGACAGTGCTTGCAGGA-3'

MDM4 Reverse: 5'- GCTGCATGCAAAATCTTCAA-3'

c-Myc Forward: 5'- CCTCGGATTCTCTGCTCTC-3'

c-Myc Reverse: 5-TTCTTGTTCCTCCTCAGAGTC -3'

N-Myc Forward: 5'-CTTCGGTCCAGCTTTCTCAC -3'

N-Myc Reverse: 5'- TCTTGCCTGCAATTTTTCCT-3'

Gapdh_Forward: 5'-GAAGGTGAAGGTCGGAGTC-3'

Gapdh_Reverse: 5-GAAGATGGTGATGGGATTTC-3'



GAPDH: 45s at 94°C, 30s at 94°C, 1 min at 72°C for 27 cycles, pri-34a and SIRT-1: 30s at
95°C, 30s at 55°C, 30s at 68°C for 38 cycles, c-Myc: 30s at 95°C, 30s at 53°C, 30s min at 68°C
for 35 cycles, N-Myc: 30s at 95°C, 30s at 52°C, 30s at 68°C for 35 cycles, MDM4: 30s at 95°C,
30s at 51°C, 30s at 68°C for 35 cycles. All PCR products were combined with 6X DNA loading
dye, fractionated by electrophoresis on a 1.5% agarose gel containing .01% GelRed Nucleic Acid
Gel Stain (Biotium, Hayward, CA)and visualized with an ultraviolet transilluminator.

Immunoblotting

Cell extracts were harvested in RIPA lysis buffer containing inhibitors, and standardized to 20-
30ug protein using the Bradford protein assay. Equal protein amounts were subjected to SDS-
PAGE on an 8% or 10% poly-acrylamide gel, transferred onto nitrocellulose membranes, and
incubated for 1 hour at room temperature with blocking solution (5% milk dissolved in TBST).
Primary antibodies to p53, p53 phosphorylated at serine residue 15 (Cell Signaling Technology,
Beverly, MA) p21, actin, CDK4 and CDK6 (Santa Cruz Biotechnologies, Santa Cruz, CA) were
incubated overnight at 4°C. After three washes in 5% milk dissolved in TBST, membranes were
incubated with anti-mouse or anti-rabbit horseradish peroxidase-conjugated antibodies for 1.5
hours at room temperature. Following an additional five washes in 5% milk, chemo luminescent
signals were generated by incubation with Western Lightning ECL reagents according to the
manufactures instructions (Perkin Elmer, Shelton, CT) and the results transferred to ECL-
sensitive film (GE Healthcare, United Kingdom). Phosphorylated proteins were incubated and
washed in TBST instead of 5% milk.

Transfections and Luciferase Assay

100nM miR-34a or control locked nucleic acid inhibitors (Exiqon, Woburn, MA) were
transfected according to the manufacturer’s instructions into MCF-7 cells with Lipofectamine
2000 reagent (Applied Biosystems, Mountain View) while 2pug dominant negative p53 or miR-
34a promoter plasmids were transfected using Superfect reagent (Qiagen, Germantown,
Maryland). Upon overnight incubation, cells containing the miR-34a promoter were treated with
or without 200uM I3C for 24, 48 or 72 hours and harvested in ice-cold PBS. The cells were then
centrifuged at 14,000 rpm for 5 minutes at 4°C, combined with 1X Passive lysis buffer, and
Promega Luciferase assay performed according to the manufacturer’s instructions (Promega, San
Luis Obispo, CA). Relative light units were normalized to protein expression as determined by
the Bradford protein assay. Dominant negative p53 was purchased from Clontech Laboratories
(Mountain View, CA) while miR-34a promoter plasmids were a kind gift of Dr. Xueqing Xu,
Third Military Medical University (Chongqing, China).



Cell Proliferation Assay

MCEF-7 cells were seeded in 24-well plates at 50% confluence and upon overnight incubation,
100nM miR-34a or control locked nucleic acid inhibitors transfected into cells with
Lipofectamine 2000 reagent (Applied Biosystems, Mountain View, CA). The culture medium
was replaced with fresh medium 24 hours later containing either 200uM I3C or DMSO with a
second treatment occurring at 48 hours. Cells were then subjected to the CCK-8 Cell Counting
Proliferation Assay (Dojindo Molecular Technologies Inc, Rockville, MD) according to the
manufacturer’s instructions in which the amount of orange-colored formazan dye generated by
dehydrogenase reduction of tetrazolium salt is directly proportional to the number of living cells.



RESULTS

I3C upregulates miR-34a under conditions of cell cycle arrest in human preneoplastic and
breast cancer cells

To assess the possibility of I3C regulation of miR-34 family expression under conditions
of cell cycle arrest, the human preneoplastic mammary epithelial cell line MCF-10A and human
breast cancer cell line MCF-7 were treated with I3C or the vehicle control DMSO under
conditions optimized for cell cycle arrest. Upon treatment with 300uM (MCF-10A) or 200uM
(MCF-7) I3C for 24, 48 and 72 hours, the propidium-iodide stained DNA content of each sample
was assessed for specific stages of the cell cycle by flow cytometry analysis. Maximal cell cycle
arrest without cell death was obtained at 48 hours (Figure 1A-1B). I3C treatment at 48 hours
caused a 16.9%-25% arrest in the G1 phase of the cell cycle with a concomitant decrease in cells
within the G2/M phase for MCF-10A cells or S phase for MCF-7 cells (Figure 1C). Cells also
arrested at 72 hours, however, phenotypic changes characteristic of cell death (blebbing, floating
cells, sub-G1 peak in the flow cytometry profile) become apparent (Figure 1A-1B) Thus, I3C
treatment at 48 hours maximally growth arrests MCF-10A and MCF-7 cells in the G1 phase of
the cell cycle without observed cell death.

Tagman semi quantitative RT-PCR was performed on purified RNA extracted from I3C
or DMSO treated cells to assess the levels of mature miR-34a. Tagman qPCR is one of the most
commonly used means of detecting mature microRNA levels, given its high specificity and
ability to resolve as few as seven copies of mature microRNA in a PCR reaction (Chen 2005,
Heid 1996). Total RNA was reverse transcribed using stem loop primers for miR-34a, miR-34b
and miR-34c and the cDNA amplified in real-time using primers and dual-labeled fluorogenic
probes specific to miR-34 or GAPDH, a housekeeping gene insensitive to I13C treatment.
Changes in fluorescence levels of miR-34a were normalized to GAPDH, and fold changes
compared between the target sample (miR-34 levels in 13C treated cells) and calibrator samples
(miR-34 levels in DMSO treated cells). [3C treatment caused a greater than two-fold increase in
miR-34a levels at 48 hours in both MCF-10A and MCF-7 cells (Figure 2A-2B). I3C treatment
also upregulated miR-34b and miR-34c levels in MCF-10A cells while levels of miR-34b and
miR-34c were minimally altered and undetected in MCF-7 cells.

In semi-quantitative PCR, a fold change indicates the difference in how many doublings
of gene amplicons occurred within the target vs. calibrator samples (Livak 2001). A fold change
of two indicates the target sample contains twice as many amplicons as the calibrator and is
considered the significance threshold in microRNA research (He 2007, Croce 2006, Iorio 2005).
I3C upregulated miR-34a greater than two-fold in MCF-7 and MCF-10A cells, implicating miR-
34a 1s significantly affected by 13C treatment and could play a critical role in I3C mediated cell
cycle arrest in human preneoplastic and breast cancer cells.



Figure 1. I3C growth arrests human breast cancer cells.

A) MCF-10A cells were treated with or without 300uM I3C for 24, 48 and 72 hours and
subjected to flow cytometry analysis of the cell cycle as described in “Materials and Methods.”
The bar graphs indicate the average DNA content corresponding to the phases of the cell cycle as
detected in three independent experiments and error bars represent standard deviation. The
presence of cell death as indicated by visual observation of cellular blebbing or a sub-G1 peak in
the flow cytometry profile at each time point are indicated by a + or - mark.

B) MCF-7 cells were treated with or without 200uM I3C for 24, 48 and 72 hours and subjected
to flow cytometry analysis of the cell cycle as described in “Materials and Methods.”The bar
graphs indicate the average DNA content corresponding to the phases of the cell cycle as
detected in three independent experiments and error bars represent standard deviation. The
presence of cell death as indicated by visual observation of cellular blebbing or a sub-G1 peak in
the flow cytometry profile at each time point are indicated by a + or - mark.

C) Representative flow cytometry profiles for cells treated for 48 hours with or without I3C at
concentrations of 200uM (MCF-7) or 300uM (MCF-10A). D) MCF-7 cells were treated for 48
hours with or without the indicated concentrations of I3C for 48 hours. The bar graphs indicate
the average DNA content corresponding to the phases of the cell cycle as detected in three
independent experiments and error bars represent standard deviation.
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Figure 1C
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Figure 2. I3C treatment upregulates miR-34a in a time dependent manner.

A) MCF-10A cells were treated with or without 300uM I3C for the indicated time points.
Reverse transcription with stem-looped primers for each member of the miR-34 family or
random primers for GAPDH was performed on purified RNA extracts followed by Tagman
semi-quantitative PCR using dual-labeled fluorogenic probes for mature miR-34a, miR-34b,
miR-34c and GAPDH, a housekeeping gene insensitive to I3C treatment. Triplicate results were
normalized to expression of GAPDH and bar graphs represent average fold change in miR-34a,
miR-34b and miR-34c levels as determined in three independent experiments. Dotted line
represents the two-fold significance threshold of microRNA experiments and error bars indicate
standard deviation.

B) MCF-7 cells were treated with or without 200uM I3C for the indicated time points and
Tagman qPCR performed as described above. Triplicate results were normalized to expression of
GAPDH and bar graphs represent average fold change in miR-34a and miR-34b levels as
determined in three independent experiments. miR-34c was undetected. The dotted line
represents the two-fold significance threshold of microRNA experiments and error bars indicate
standard deviation.
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I3C dose dependently induces miR-34a levels in MCF-7 cells. Tagman qPCR performed
on RNA extracts of cells treated with 100uM, 200uM or 300uM I3C for 48 hours revealed 13C
increased miR-34a levels 1.5 to three-fold respectively (Figure 3). Each dose also caused cells to
arrest in the G1 phase of the cell cycle (Figure 1D) with 200uM I3C inducing the greatest cell
cycle arrest. miR-34c was undetected while miR-34b levels were only significantly upregulated
with 300uM I3C.

I3C upregulates pS3 levels and downregulates cell cycle proteins in human breast cancer
cells

Previous research in our lab indicated I13C upregulated levels of total and phosphorylated
p53 in growth-arrested human mammary epithelial cells (Brew 2006). To determine if I3C also
regulates p53 levels in human breast cancer cells, Western blot analysis was performed on
protein extracts of MCF-7 cells treated with or without increasing concentrations of I3C or
200uM 13C for 24, 48 and 72 hours. 13C treatment increased levels of total p53, p53
phosphorylated at serine 15 and the p53 transcriptional target, p21 in a time and dose-dependent
manner (Figure 4). p53 could play an important role in I3C mediated miR-34a regulation in
MCEF-7 cells as the dose and time-dependent upregulation correlates with the induction profile of
miR-34a (Figure 2B, Figure 3).

Western blot analysis also indicated a decrease in protein levels of the cyclin-dependent
kinase, CDKG6 at all time points as well as 200pM and 300uM I3C treatment while CDK4 levels
did not change (Figure 4). CDK6 phosphorylates the retinoblastoma protein to regulate the G1 to
S phase transition in the cell cycle (Reed 1997). It is also a known transcriptional target of miR-
34a suggesting miR-34a could be inducing I3C mediated cell cycle arrest through CDK6
inhibition (Hermeking 2007).

Functional p53 is required for I3C induction of miR-34a

miR-34a is a known transcriptional target of p53. To investigate a possible link between
I3C induction of p53 and regulation of miR-34a, MCF-10A and MCF-7 cells were transiently
transfected with dominant negative pS3 (DNp53) or an empty neomycin control vector (Neo).
Upon overnight incubation, transfected cells were treated with or without 300uM (MCF-10A) or
200uM (MCF-7) I3C for 48 hours. Western blot analysis revealed dominant negative p53
expression prevented I3C upregulation of p53 in both cell lines (Figure 5B). I3C treatment
upregulated mature miR-34a levels greater than two fold in MCF-10A-Neo and MCF-7-Neo
cells as detected by quantitative PCR yet such expression was severely ablated in either cell line
containing dominant negative p53 (Figure 5A). Such data suggests that functional p53 is
necessary for 13C mediated regulation of miR-34a in preneoplastic and human breast cancer
cells.

18



Figure 3. I3C regulation of miR-34a is dose-dependent in human breast cancer cells.
MCEF-7 cells were treated with or without indicated concentrations of 13C for 48 hours and
Tagman qPCR performed as described in “Materials and Methods.” Triplicate results were
normalized to expression of GAPDH and bar graphs represent average fold change in miR-34a
and miR-34b levels as determined in three independent experiments. miR-34c was undetected.
The dotted line represents the two-fold significance threshold of microRNA experiments and
error bars indicate standard deviation.
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Figure 4. I3C upregulates p53 levels while downregulating cell cycle proteins. MCF-7 cells
were treated with or without I3C at the indicated concentrations or time points and protein levels
of p53, p53 phosphorylated at serine 15 (p53.s15), p21, CDK4 and CDK6 determined by
Western blot as described in “Materials and Methods.” Actin was used as a loading control.
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Figure 5. Functional p53 is required for I3C induction of miR-34a.

MCF-10A and MCF-7 cells were transfected with dominant negative p53 (10A-DNp53, MCF-7-
DNp53) or an empty vector control (10A-Neo, MCF-7-Neo). Upon overnight incubation,
transfected cells were treated with or without 13C at concentrations of 200uM (MCF-7) or
300uM (MCEF-10A) for 48 hours and total RNA and protein harvested. A) Tagman semi-
quantitative PCR analysis was performed on RNA extracts to detect mature miR-34a levels as
described in “Materials and Methods.” Triplicate results were normalized to expression of
GAPDH and bar graphs represent average fold change in miR-34a levels as determined in three
independent experiments. Dotted line represents the two-fold significance threshold of
microRNA experiments and error bars indicate standard deviation. B) p53 protein levels were
determined by Western blot analysis as described in “Materials and Methods” using actin as a
loading control.
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I3C inhibits expression of the miR-34a promoter while primarymiR-34a transcript levels
do not change

I3C regulation of the miR-34a promoter could be responsible for the observed increase in
mature miR-34a levels. To investigate this possibility, MCF-7 cells were transfected with or
without a segment of the miR-34a promoter containing the canonical p53 binding site inserted
upstream of the luciferase gene. A vector expressing luciferase under the control of an
unregulated promoter or an empty neomycin vector were used as positive and negative controls
respectively. Upon transfection, cells were treated with or without 200uM 13C for 24, 48 or 72
hours and a luciferase assay performed on the harvested cells. Normalized luciferase activity
revealed I3C does not upregulate the miR-34a promoter at time points correlating with an
increase in mature miR-34a (Figure 6A). Promoter expression does not change at 24hours yet
decrease at 48 and 72hours when mature miR-34a levels are at their peak (Figure 2B, 6A). This
suggests that [3C treatment mildly inhibits the miR-34a promoter and upregulates mature miR-
34a levels through alternate means.

microRNA undergo two processing steps before reaching the maturation stage. They are
transcribed as long primary transcripts (pri-miRNA) containing multiple microRNA copies that
are cleaved in the nucleus to produce a single stem-looped precursor molecule (pre-miRNA).
Upon entry into the cytoplasm, one strand of the pre-miRNA is degraded and the resulting single
stranded mature microRNA loaded in the RNA induced silencing complex to prevent translation
of target mRNA sequences. [3C treatment could upregulate mature miR-34a levels by altering
microRNA processing. To investigate this possibility, qualitative PCR analysis was performed
using primers for pri-miR-34a on RNA extracts in which mature miR-34a levels were confirmed
to be upregulated by I3C. Gel electrophoresis of the PCR products revealed pri-34a levels remain
the same while mature miR-34a levels increase in a dose and time-dependent manner (Figure
6B). This suggests that I3C does not transcriptionally regulate miR-34a gene expression but
alters microRNA biogenesis to increase mature miR-34a levels.

Loss of functional miR-34a reverses I3C mediated growth inhibition

To determine if miR-34a is critical for I3C inhibition of cell proliferation, MCF-7 cells were
transfected with locked nucleic acid inhibitors (LNA) against miR-34a. LNA’s are non-
translatable microRNA targets that reduce microRNA function by sequestering their target
microRNA in highly stable heteroduplexes. They exhibit higher affinity for a target microRNA
than its endogenous mRNA targets and have minimal effects on total microRNA levels. MCF-7
cells were transfected with 100nM miR-34a inhibitor or a non-specific control inhibitor, and
upon overnight incubation, treated with or without 200uM I3C for 48 hours. Cell viability was
then assessed by the Cell Counting Kit-8 proliferation assay which correlates formazan dye
formation to cell viability. Normalized dye absorbance showed I3C reduced viability in cells
transfected with the control inhibitor by 25% yet had no effect on LNA transfected cells (Figure
7A). Such data suggests that functional miR-34a is required for I3C mediated growth inhibition.
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Figure 6. I3C inhibits expression of the miR-34a promoter while primary miR-34a
transcript levels do not change. A) MCF-7 cells were transfected with or without a segment of
the miR-34a promoter containing the canonical p53 binding site inserted upstream of the
luciferase gene. Upon overnight incubation, cells were treated with or without 200uM I3C for
the indicated time points and a luciferase assay performed on the harvested cells as described in
“Materials and Methods.” Relative light units were normalized to protein expression as detected
by the Bradford protein assay. B) The transcript levels of primary miR-34a (pri-34a) and
GAPDH were determined by qualitative RT-PCR analysis using specific primers as described in
“Materials and Methods.” Products were fractionated by electrophoresis on a 1.5% agarose gel
and visualized with an ultraviolet transilluminator. GAPDH was used as a loading control. Fold
change in mature miR-34a levels as detected by Tagman qPCR analysis of the same RNA
extracts is indicated.
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Figure 6B
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Figure 7. Loss of functional miR-34a reverses I3C mediated growth inhibition. A) MCF-7
cells were transfected with 100nM control or locked nucleic acid inhibitors (LNA’s) against
miR-34a and upon overnight incubation, treated with or without 200uM I3C for 48 hours.
LNA’s are non-translatable microRNA targets that reduce microRNA function by sequestering
their target microRNA in highly stable heteroduplexes. Cell viability was then assessed by the
Cell Counting Kit-8 proliferation in which formazan dye formation directly correlates with cell
viability. The assay was performed as described in “Materials and Methods” and bar graphs
represent average cell viability as determined from three independent experiments. Error bars
indicate standard deviation. B) Western blot analysis was performed on protein extracts from
cells transfected with or without miR-34a inhibitors and treated with DMSO or 200uM I3C for
48 hours. Antibodies specific to CDK®6, p53, pS3 phosphorylated at serine 15 (p53.s15), and
actin were used and the procedure performed as described in “Materials and Methods.” Actin
was used as a loading control.
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To determine the molecular mechanism by which miR-34a induces [3C mediated cell
cycle arrest and growth inhibition, potential gene targets were screened via Western blot and RT-
PCR. Western blot analysis of miR-34a target gene expression in I3C treated LNA transfected
cells showed no change in I3C regulation of total and phosphorylated p53 as well as the cyclin-
dependent kinase and G1 cell cycle mediator, CDK6 (Figure 7B). 13C treatment of both control
and LNA-miR-34a transfected cells decreased CDK6 protein levels while up-regulating total p53
and p53 phosphorylated at serine 15. This suggests that miR-34a does not inhibit CDK6 nor
effects p53 stabilization to induce its [3C mediated effects.

Additional miR-34a target genes involved in cell proliferation were screened by RT-PCR
analysis using primers specific to N-Myc, c-Myc, SIRT-1, HDMX and GAPDH as a loading
control. N-Myc and c-myc are oncogenic transcription factors that promote cell proliferation by
increasing expression of target genes including cyclin D1, cyclin E, and the epidermal growth
factor receptor (EGFR) (Perini 2005, Dang 1999). Luciferase analysis and miR-34 over-
expression assays indicate miR-34b/c and miR-34a directly inhibit c-Myc and N-myc to induce a
Gl cell cycle arrest in human cancer cell lines (Wei 2008, Cole 2008, Leucci 2008, Lujambio
2008). miR-34a can also inhibit cell proliferation by enhancing p53 activity through repression
of the NAD-dependent deacetylase, SIRT-1 and the p53 binding protein MDM4 (He 2007,
Markey 2008 from Hermeking, Arhana 2011, Luan 2010, Zhao 2010, Yamakuchi 2009,
Yamakuchi 2008, Fujita 2008).

RT-PCR analysis suggest I3C downregulates N-Myc in a dose dependent manner while
having no effect on c-Myc and the p53 inhibitors, MDM4 and Sirt-1 (Figure 8A). N-Myc could
be a potential target of miR-34a regulation as the doses in which N-Myc expression is fully
ablated correlate with the greatest induction of miR-34a by I3C. RT-PCR analysis of cells treated
with 200uM I3C for 24, 48 and 72 hours further confirmed [3C down-regulation of N-Myc at the
time points of greatest miR-34a induction (Figure 8B). To determine if miR-34a is responsible
for I3C inhibition of N-Myc expression, RT-PCR analysis was performed on RNA extracts of
MCEF-7 cells transfected with a control or miR-34a inhibitor and treated with 200uM 13C for 48
hours. 13C decreased N-Myc expression in both control and LNA transfected cells, indicating
that functional miR-34a is not required for I3C regulation of N-Myc expression (Figure 9). All of
these data suggest that miR-34a is critical for I3C mediated inhibition of cell proliferation
however the molecular mechanism is yet to be determined.
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Figure 8. I3C downregulates N-Myc transcript levels. MCF-7 cells were treated with or
without I3C at the indicated A) concentrations and B) time points. The transcript levels of
MDM4, Sirt-1, c-Myc, N-Myc and GAPDH were determined by qualitative RT-PCR analysis
using specific primers as described in “Materials and Methods.” Products were fractionated by
electrophoresis on a 1.5% agarose gel and visualized with an ultraviolet transilluminator.
GAPDH was used as a loading control. Fold change in mature miR-34a levels as detected by
Tagman qPCR analysis of the same RNA extracts is indicated.
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Figure 9. miR-34a inhibition does not affect I3C regulation of N-Myc. MCF-7 cells were
transfected with 100nM control or miR-34a inhibitors and upon overnight incubation, treated
with or without 200uM I3C for 48 hours. N-Myc and GAPDH transcript levels were determined
by qualitative RT-PCR analysis using specific primers as described in “Materials and Methods.”
Products were fractionated by electrophoresis on a 1.5% agarose gel and visualized with an
ultraviolet transilluminator. GAPDH was used as a loading control.
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DISCUSSION

My study demonstrates that 13C utilizes the tumor-suppressive microRNA miR-34a to
induce its anti-proliferative effects in human breast cancer cells. I3C treatment upregulates
mature miR-34a levels in a dose and time-dependent manner that correlates with a G1 cell cycle
arrest and down-regulation of cell cycle proteins as well as an increase in total and
phosphorylated p53. Transfection with dominant negative p53 ablates miR-34a induction in both
preneoplastic as well as human breast cancer cell lines containing wild-type p53, indicating that
functional p53 is required for 13C regulation of miR-34a.

miR-34a is a known transcriptional target of p53 which suggests I3C could be increasing
miR-34a levels through p53 regulation of the miR-34a promoter. Luciferase assays in which the
segment of the miR-34a promoter containing the canonical p53 binding site were transfected into
human breast cancer cells reveal I3C treatment actually decreases promoter activity at time
points in which mature miR-34a levels increase. MicroRNA are transcriptionally expressed as
long primary molecules (pri-miRNA) that undergo two processing steps: once within the nucleus
in which the Drosha enzyme cleaves pri-miRNA to produce a single stem looped precursor
molecule and a second time in the cytoplasm by the Dicer ribonuclease, resulting a single-
stranded mature microRNA molecule approximately 18-24 nucleotides in length. To determine if
I3C could be increasing mature miR-34a levels through regulation of miR-34a processing instead
of promoter expression, pri-miR-34a levels were detected by RT-PCR using RNA extracts in
which mature miR-34a levels were confirmed to have increased. Gel electrophoresis of PCR
products revealed levels of pri-miR-34a levels remained the same with 13C treatment. This
confirms that I3C is not up-regulating miR-34a transcription but could instead be influencing the
processing of pri-miR-34a into mature miR-34a.

p53 was recently shown to influence microRNA processing in human cancer cells
through Drosha complex interactions mediated by the DEAD —box RNA helicases, p68 and p72
(Suzuki 2010, Suzuki 2009). The Drosha complex consists of the pri-microRNA processing
enzyme Drosha, the RNA binding protein DiGeorge syndrome critical region 8 and multiple
RNA associated proteins including p68 and p72, which are required for the maturation of several
microRNAs (Fukuda 2007). Co-immunoprecipitation and RNA-chromatin immunoprecipitation
experiments in human fibroblasts revealed increased association of p53 with the Drosha complex
and select primary microRNA upon DNA damage while siRNA ablation of p68 or p72 reversed
this effect. p53 recruitment of p68 and p72 increased Drosha processing activity in vitro and in
vivo, greatly increasing the precursor and mature microRNA levels of select microRNA yet
having no effect on pri-miRNA expression. I3C activation of p53 could increase Drosha
processing of pri-miR-34a to increase mature miR-34a levels. Co-immunoprecipitation and
RNA-chromatin immunoprecipitation experiments to detect p53 association with the Drosha
complex as well as primary-miR-34a could be utilized to test this hypothesis. Integration of 13C
regulation of miR-34a processing as well as promoter activity could reveal a self-regulating
negative feedback loop in which I3C treatment increases p53 processing of primary miR-34a
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transcripts while inhibiting promoter expression to restrict mature miR-34a expression to
particular levels.

I3C mediated increase of mature miR-34a levels correlated with an increase in p53
phosphorylation at serine residue 15. Serine residue 15 is a key phosphorylation site of the P13-
kinase related kinase ataxia telangiectasia-mutated (ATM) suggesting I3C activation of ATM
signaling could be responsible for the observed increase in p53 levels (Apella 2001). Previous
research in our lab established that I3C activation of ATM was required for p53 activation in
human preneoplastic mammary epithelial cells (Brew 2006). I3C treatment increased ATM
phosphorylation resulting in increased phosphorylation of p53 at serine residue 15 and
subsequent dissociation from the p53 inhibitor and ubiquitin ligase, MDM2. Pre-treating cells
with ATM inhibitors, Western blot detection of ATM activation residues and co-
immunoprecipitation experiments detecting pS3-MDM?2 association could be a potential way to
investigate this possibility in I3C treated human breast cancer cells.

Loss of functional miR-34a reversed I3C mediated growth inhibition. Potential miR-34a
target genes that regulate cell proliferation include the cyclin-dependent kinase CDK6 and
transcription factor N-Myc (Sun 2008, Lujambio 2008, Wei 2008, Cole 2008). I3C upregulation
of miR-34a in this study correlated with a dose and time-dependent decrease in CDK6 protein
and N-Myc transcript levels, suggesting potential I3C mediated miR-34a inhibition of either
protein. Transfection of miR-34a inhibitors had no effect on N-Myc expression while mildly
attenuating 13C mediated down-regulation of CDK®6. I13C treatment could direct miR-34a
mediated repression of CDK6 however such regulation may only be a minimal component of
I3C’s effect on the gene. Previous research in our lab indicated I3C can downregulate CDK6
protein levels through disruption of transcription factor interactions with the CDK6 promoter
(Firestone 2003, Cram 2001). Thus, I13C may utilize both promoter inhibition and miR-34a
mediated translational repression to decrease CDK6 levels. Luciferase assays using constructs in
which the miR-34a target region of CDKG6 is attached to firefly luciferase mRNA could be
utilized to confirm this hypothesis. Other potential 13C cell proliferation regulators and
confirmed miR-34a target genes include the transcription factor Myb, transcriptional regulatory
protein Hmga?2, and the transmembrane signaling receptor Notchl (Hermeking 2007).

The results of this study indicate I3C regulation of tumor suppressive microRNA is a
critical component of its anti-cancer activity in human breast cancer. Future directions include
determining the p53-dependent mechanism of miR-34a regulation and identifying direct targets
of miR-34a inhibition.
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CHAPTER 2

Artemisinin upregulates miR-34a in a p53-independent Manner to Growth Arrest
Human Breast Cancer Cells via CDK4 Inhibition
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ABSTRACT

Artemisinin, a sesquiterpene lactone derived from the sweet wormwood plant Artemisia
Annua, 1s a malarial treatment with anti-tumorigenic properties. Previous research suggests
artemisinin growth arrests human breast cancer cells yet the precise mechanism of action is still
unknown. This study indicates that artemisinin upregulates the tumor suppressive microRNA
miR-34a to growth arrest human breast cancer cells. qPCR analysis indicate artemisinin
upregulates miR-34a in a dose and time-dependent manner that correlates with a G1 cell cycle
arrest and decrease in protein levels of the cyclin dependent kinase, CDK4. Functional p53 is not
required for miR-34a induction as miR-34a upregulation can occur in cell lines containing non-
functional p53 and transfection of dominant negative p53 into a cell line containing wild-type
p53 does not affect miR-34a induction. miR-34a is required for artemisinin mediated inhibition
of CDK4 as transfection of miR-34a inhibitors prevented artemisinin down-regulation of the
protein. Artemisinin treatment also decreases expression of a luciferase construct containing the
wild-type miR-34a binding site of CDK4, indicating direct inhibition of CDK4 by miR-34a upon
artemisinin treatment. Artemisinin transcriptionally regulates miR-34a in a region outside the
p53 binding segment of the miR-34a promoter as luciferase and RT-PCR experiments show an
increase in primary miR-34a levels yet no change in canonical promoter activity. All of these
data suggest that miR-34a could be regulated in a p5S3-independent manner and is an essential
component of artemisinin mediated cell cycle arrest in human breast cancer.
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INTRODUCTION

One of the difficulties in developing anti-cancer therapeutics is finding those that exhibit
potent activity against multiple stages of the disease. p53 is a transcription factor that is mutated
in half of diagnosed cancers with its mutation state often indicative of poor prognosis and
treatment resistance (Olivier 2010, Petitjan 2007). p53 mutations in human breast cancer
correlate with aggressive Her-2+ or triple-negative cancers that are refractory against traditional
chemotherapy agents and insensitive to radiation treatment (Langerod 2007, Petijan 2007,
Olivier 2006, Aas 2003, Bergh 1998, Aas 1996). Naturally occurring plant compounds such as
artemisinin extracted from the sweet wormwood plant demonstrate potent inhibitory effects
against breast cancer and could be one possibility for treating both early stage and p53 mutant
forms of the disease.

Most p53 mutations occur within contact points inside the DNA binding domain,
preventing p53 from interacting with its regulatory sequence in target gene promoters. Such
mutations disrupt multiple gene networks regulating cell proliferation and survival by preventing
p53 mediated expression of cell cycle genes as well as induction of apoptosis and DNA repair
(Caraval 2013, Riley 2008, Vogelstein 2000). p53 also participates in a negative feedback loop
on its own expression by up-regulating gene expression of the ubiquitin ligase, MDM2. Mutant
p53 is thus often expressed at much higher levels in cancer cells than its wild-type counterpart
which may be due to its inability to transcriptionally regulate its own degradation (Blaksogonny
2000, Midgley 1997).

The recent integration of the tumor suppressive microRNA family miR-34 into the p53
regulatory network provides an additional node of misregulation in cancer cells. miR-34 is a
transcriptional target of p53, thus p53 mutation status in cancer cells often correlates with
decreased miR-34 levels and subsequent over-expression of miR-34 target genes including the
cell cycle regulator cyclin D1, oncogenic transcription factor c-Myc, and anti-apoptotic factor
Bcl-2 (Wong 2011, Hermeking 2007, Tarasov 2007, Chang 2007, Raver-Shapira 2007, He 2007).
Disruptions in p53 and miR-34 activity can also influence chemotherapy resistance. p53
mutations in human breast cancer have been associated with increased resistance to the anti-
cancer agents doxorubicin, epirubicin, tamoxifen, and 5-fluorouricil while over-expressing miR-
34a in p53 mutant breast and prostate cancer cell lines increased sensitivity to adriamycin or
camptothecin (Li 2012, Chrisianthar 2008, Fujita 2008, Geisler 2003, Aas 2003, Geisler 2001,
Bergh 1998, Aas 1996). Clearly there is a need for novel anti-cancer therapies with the broad
spectrum effectiveness to treat p5S3 mutant forms of the disease while restoring the activity of
p53 transcriptional targets such as miR-34.

Artemisinin is an anti-malarial compound extracted from the sweet wormwood plant
Artemisia annua that exhibits cytotoxic effects against human cancer cell lines and tumors in a
p53 independent manner. Previous research in our lab showed artemisinin treatment induces a
G1 cell cycle arrest in breast and prostate cancer cell lines regardless of p53 mutation status (Tin
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2012, Willoughby 2009). Artemisinin treatment growth arrests both the estrogen-responsive,
wild-type p53 MCF-7 cell line and estrogen-unresponsive, p53 mutant MDA-MB-231 breast
cancer cell lines as well as the androgen-responsive, wild-type p53 LnCAP and androgen
unresponsive, p53 mutant DU145 prostate cancer cell lines. Artemisinin mediated arrest in MCF-
7 cells downregulates levels of estrogen-receptor alpha as well as expression of E2F1
transcription factor while artemisinin cell cycle arrest in LNCAP cells downregulates expression
of the CDK4 promoter through disruption of Sp1 transcription factor signaling (Sundar 2008,
Willoughby 2006).

Artemisinin could be a potential treatment for p53 mutant forms of breast cancer yet the
direct effect of artemisinin on p53 expression as well as downstream targets such as miR-34 has
yet to be investigated. This study demonstrates that artemisinin growth arrests human breast
cancer cells regardless of p53 functionality and that such arrests correlates with a time and dose-
dependent increase in mature miR-34a. Artemisinin has no effect on p53 expression levels and
functional p53 is not required for miR-34a induction. miR-34a directly inhibits CDK4 upon
artemisinin treatment and is required for artemisinin mediated down-regulation of the protein.
Such data suggests miR-34a can be regulated in a p53-independent manner and tumor
suppressive microRNA play a critical role in the anti-cancer activity of artemisinin.
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MATERIALS & METHODS

Cell Culture

Cells were grown to sub-confluency in a humidified incubator at 37°C containing 5% CO?2.
MCF-7 and T47D cell lines were cultured as described by the American Tissue Culture
Collection (Manassas, VA). Cells were treated for the indicated time points in complete medium
with artemisinin (Sigma, St. Louis, Missouri) dissolved 1000X in DMSO. Pure DMSO (Sigma-
Aldrich, Milwaukee, WI) was used as a control. The medium was changed every 24 hours for the
duration of each experiment.

Flow cytometry

For cell cycle analysis, attached and non-adherent cells treated in 6-well plates were collected
within the media, rinsed with PBS and hypotonically lysed in 0.5 ml of propidium iodide buffer
(0.5mg/ml propidium iodide, 0.1% sodium citrate, 0.05% Triton X-100). Samples were analyzed
on a Beckman-Coulter (Fullerton, CA) EPICS XL flow cytometer with laser output adjusted to
deliver 15 MW at 488 nm. Ten thousand cells were counted. Cell cycle analysis was then
performed using MultiCycle software WinCycle 32 (Phoenix Flow Systems, San Diego, CA).

RNA extraction

Cells were harvested in 1.0 ml TRIzol reagent (Invitrogen, Carlsbad, CA) and total RNA
extracted following the manufacturer’s protocol with the phase separation procedure being
performed twice to extract microRNA. Removal of contaminating DNA was performed on 10ug
of extracted RNA using a DNA-free Kit (Invitrogen, Carlsbad, CA) per the manufacturer’s
protocol. RNA integrity was confirmed by running a 1.5% formaldehyde (Sigma Chemical, St.
Louis, MO) denaturing agarose gel (Invitrogen, Carlsbad, CA) using 1ug of RNA per sample
and visualizing intact bands corresponding to the molecular weights of the 28S and 18S subunits
of ribosomal RNA, the most abundant RNA species. Gels contained GelRed Nucleic Acid Gel
Stain (Biotium, Hayward, CA) diluted to a 2X concentration for band visualization using short
wavelength ultraviolet light.

Reverse Transcription and PCR

Total RNA was reverse transcribed using stem loop primers for miR-34a, miR-34b and miR-34c
as well as random primers for -actin, a housekeeping gene insensitive to artemisinin treatment.
Each reverse transcriptase reaction contained 10XRT buffer, 100mM dNTPS, 50U/ul
MultiScribe reverse transcriptase, and 20U/ul RNAse inhibitor (Applied Biosystems, Foster
City, California) dissolved in nuclease-free water. The reverse transcription reaction for -actin
contained 100ng of purified total RNA as well as 10X random primers while the reaction for
microRNA reverse transcription contained 560ng of purified total RNA and 5X miR-34a stem-
loop RT primer (Applied Biosystems, Foster City, California). The microRNA reactions were
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incubated in a thermal cycler for 30 minutes at 16°C, 30 minutes at 42°C, and 5 minutes at 85°C
while reactions for the control gene were incubated for 10 minutes at 25°C, 120 minutes at 37°C,
and 5 minutes at 85°C.

Real-time PCR reactions for each miRNA (10 pl volume) were performed in triplicate, and each
reaction mixture included 4 pl of diluted RT product (1:2 dilution), 5 pl of 2X TagMan
Universal PCR Master Mix, 0.2 uM TaqMan probe, 1.5 uM forward primer, 0.7 uM reverse
primer with the probes and primers specific to mature miR-34a, mature miR-34b, mature miR-
34c or human B-actin(Applied Biosystems, Foster City, CA). Reactions were incubated in an
Applied Biosystems 7900HT Fast Real-Time PCR system in 96-well plates at 95°C for 10 min,
followed by 40 cycles at 95°C for 15 seconds and 60°C for I min. Changes in fluorescence
levels of miR-34 were normalized to -actin, and fold changes compared between the target
sample (miR-34 levels in cells treated with artemisinin) and calibrator samples (miR-34 levels in
DMSO treated cells).

Qualitative PCR reactions (50ul volume) employed 1.5ug of purified RNA and a reaction
mixture of 10X PCR Master Mix, 2.5mM dNTP mixture, 10pmol forward primer, 10pmol
reverse primer and .25u] Taq DNA polymerase (Applied Biosystems, Foster City, CA). The
following primer sets and conditions were used:

pri-34a_Forward: 5’-CGTCACCTCTTAGGCTTGGA-3’

pri-34a_Reverse: 5'-CATTGGTGTCGTTGTGCTCT-3'

Gapdh Forward: 5'-GAAGGTGAAGGTCGGAGTC-3'

Gapdh_Reverse: 5'-GAAGATGGTGATGGGATTTC-3'

GAPDH: 45s at 94°C, 30s at 94°C, 1 min at 72°C for 27 cycles, pri-34a: 30s at 95°C, 30s at
55°C, 30s at 68°C for 38 cycles. All PCR products were combined with 6X DNA loading dye,
fractionated by electrophoresis on a 1.5% agarose gel containing .01% GelRed Nucleic Acid Gel
Stain (Biotium, Hayward, CA)and visualized with an ultraviolet transilluminator.

Immunoblotting

Cell extracts were harvested in RIPA lysis buffer containing inhibitors, and standardized to 20-
30ug protein using the Bradford protein assay. Equal protein amounts were subjected to SDS-
PAGE on an 8% or 10% poly-acrylamide gel, transferred onto nitrocellulose membranes, and
incubated for 1 hour at room temperature with blocking solution (5% milk dissolved in TBST).
Primary antibodies to p53, HSP90 (Cell Signaling Technology, Beverly, MA) p21, actin, CDK4,
CDKG6, cyclin D1 and estrogen-receptor alpha (ERa) (Santa Cruz Biotechnologies, Santa Cruz,
CA) were incubated overnight at 4°C. After three washes in 5% milk dissolved in TBST,
membranes were incubated with anti-mouse or anti-rabbit horseradish peroxidase-conjugated
antibodies for 1.5 hours at room temperature. Following an additional five washes in 5% milk,
chemo luminescent signals were generated by incubation with Western Lightning ECL reagents
according to the manufactures instructions (Perkin Elmer, Shelton, CT) and the results
transferred to ECL-sensitive film (GE Healthcare, United Kingdom).
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Transfections and Luciferase Assay

100nM miR-34a or control locked nucleic acid inhibitors (Exiqon, Woburn, MA) were
transfected into MCF-7 and T47D according to the manufacturer’s instructions with
Lipofectamine 2000 reagent (Applied Biosystems, Mountain View) while 2pug of indicated
plasmids were transfected using Superfect reagent (Qiagen, Germantown, Maryland). Upon
overnight incubation, cells containing the miR-34a promoter were treated with or without
300uM artemisinin for 24, 48 or 72 hours and harvested in ice-cold PBS. CDK4-miR-34a
luciferase constructs were transfected in a similar manner and treated with or without 300uM
artemisinin for 48 hours. The cells were then centrifuged at 14,000 rpm for 5 minutes at 4°C,
combined with 1X Passive lysis buffer, and Promega Luciferase assay performed according to
the manufacturer’s instructions (Promega, San Luis Obispo, CA). Relative light units were
normalized to protein expression as determined by the Bradford protein assay. Dominant
negative p53 was purchased from Clontech Laboratories (Mountain View, CA). CDK4-miR-34a
luciferase constructs were a kind gift of Dr. Lin He, University of California, Berkeley while
miR-34a promoter plasmids were a kind gift of Dr. Xueqing Xu, Third Military Medical
University (Chongqing, China).
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RESULTS

Artemisinin growth arrests human breast cancer cells irrespective of pS3 status

Artemisinin has been shown to be growth arrest cancer cells in a p53 independent manner
(Hou 2008, Tin 2012, Sundar 2008). To determine the role of p53 in the anti-cancer activity of
artemisinin (Art), human breast cancer cell lines containing wild-type p53 (MCF-7) or mutant
p53 (T47D) were treated with or without increasing concentrations of artemisinin at varying time
points to determine the effects on the cell cycle. Cells were treated with 100uM, 200uM, 300uM
or 400uM artemisinin or 300 uM artemisinin for 24, 48 or 72 hours and flow cytometry analysis
using propidium iodide staining performed on the harvested extracts. Artemisinin treatment at 48
hours caused a 12%-34% arrest in the G1 phase of the cell cycle for MCF-7 and T47D cells with
a concomitant decrease in cells in the S phase (Figure 1A). The minimum artemisinin
concentration to maximize G1 cell cycle arrest was 300uM for both cell lines while 48 hours of
treatment provided significant cell cycle arrest at the earliest time point (Figures 1B-1E).These
data suggest that artemisinin growth arrests human breast cancer cells regardless of p53 mutation
status with maximal cell cycle arrest occurring with 300uM treatment for 48 hours.

Artemisinin increases miR-34a levels and decreases cell cycle proteins in a dose and time-
dependent manner

To assess the possibility of artemisinin regulation of miR-34 family expression under
conditions of cell cycle arrest, MCF-7 and T47D cells were treated with or without increasing
concentrations of artemisinin or 300uM artemisinin for 48 hours and Tagman quantitative PCR
analysis performed on extracted RNA. Total RNA was reverse transcribed using stem loop
primers for miR-34a, miR-34b and miR-34c and the cDNA amplified in real-time using primers
and dual-labeled fluorogenic probes specific to miR-34a, miR-34b, miR-34c or B-actin as a
negative control. Changes in fluorescence levels of miR-34 were normalized to B-actin, and fold
changes compared between the target sample (miR-34 levels in artemisinin treated cells) and
calibrator samples (miR-34 levels in DMSO treated cells). A fold-change of two is indicative of
a significant change, thus artemisinin treatment upregulated miR-34a in a dose and time-
dependent manner in MCF-7 and T47D cells (Figures 2A-2D). 300uM and 400uM increased
miR-34a levels greater than two-fold in both cell lines (Figures 2B, 2D) while maximal induction
occurred at 48 hours for MCF-7 cells and 72 hours for T47D cells (Figures 2A, 2C). miR-34b
levels were minimally affected while mature miR-34c was undetected in either cell line. miR-34a
was significantly upregulated at time points and doses correlating with artemisinin mediated cell
cycle arrest (Figures 1B-1E), suggesting it could play a critical role in the process.
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Figure 1. Artemisinin growth arrests human breast cancer cells.

A) Representative flow cytometry profiles for MCF-7(wild-type p53) and T47D (p53 mutant)
cells treated for 48 hours with or without 300uM artemisinin. Flow cytometry analysis was
performed using propidium iodide staining as described in “Materials and Methods.” B) MCF-7
breast cancer cells were treated with or without artemisinin (Art) at the indicated time points or
D) concentrations at 48 hours and subjected to flow cytometry analysis of the cell cycle as
described in “Materials and Methods.”The bar graphs indicate the average DNA content
corresponding to the phases of the cell cycle as detected in three independent experiments. Error
bars represent standard deviation. C) T47D breast cancer cells were treated with or without
artemisinin (Art) at the indicated time points and E) concentrations and subjected to flow
cytometry analysis of the cell cycle as described in “Materials and Methods.” The bar graphs
indicate the average DNA content corresponding to the phases of the cell cycle as detected in
three independent experiments. Error bars represent standard deviation.
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Figure 2. Artemisinin treatment upregulates miR-34a in a dose and time dependent
manner. MCF-7cells were treated with or without artemisinin at the A) indicated time points or
B) concentrations at 48 hours. Reverse transcription with stem-looped primers for each member
of the miR-34 family or random primers for f-actin was performed on purified RNA extracts
followed by Tagman semi-quantitative PCR using dual-labeled fluorogenic probes for mature
miR-34a, miR-34b, miR-34c¢ and B-actin, a housekeeping gene insensitive to artemisinin
treatment. Triplicate results were normalized to expression of B-actin and bar graphs represent
average fold change in miR-34a and miR-34b levels as determined in three independent
experiments. miR-34c was undetected. Dotted line indicate the two-fold significance threshold of
microRNA experiments and error bars represent standard deviation. T47D cells were treated with
or without artemisinin at the C) indicated time points or D) concentrations at 48 hours and
Tagman qPCR performed as described above to detect levels of mature miR-34 and miR-34b.
miR-34c was undetected. Triplicate results were normalized to expression of f-actin and bar
graphs represent average fold change in miR-34a and miR-34b levels as determined in three
independent experiments. The dotted line represents the two-fold significance threshold of
microRNA experiments and error bars indicate standard deviation.
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Figure 2A
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Figure 2C
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To determine if artemisinin also regulates p53 levels in human breast cancer cells,
Western blot analysis was performed on protein extracts from MCF-7 or T47D cells treated with
or without increasing concentrations of artemisinin or 300uM artemisinin for 24, 48 and 72
hours. p53 levels were undetected in artemisinin treated MCF-7 cells while expression levels
remained high regardless of treatment in T47D cells (Figure 3A-3B). The p53 mutation within
T47D cells occurs within the DNA binding domain, rendering the protein non-functional while
increasing its stability (Lukashchuk 2007, Olivier 2010, Nigro 1989). The high expression of p53
detected in the Western blot is thus consistent with the behavior of mutant p53. Levels do not
change upon artemisinin treatment, suggesting that artemisinin does not alter wild-type or mutant
p53 expression in human breast cancer cells.

To determine artemisinins affect on G1 cell cycle regulators, levels of cyclin D1, CDK4,
CDKG6 and estrogen receptor-alpha (ERa) were also detected by Western blot. The cyclin-
dependent kinases CDK4 and CDK6 phosphorylate the retinoblastoma protein to regulate the G1
to S phase transition in the cell cycle while cyclin D1 is the kinase activator of either protein
(Reed 1997). ERa can also influence cell cycle progression through transcriptional upregulation
of target genes such as cyclin D1 and the transcription factor c-Myc (Melmed 2008). Previous
research in our lab also established ERa as a target of artemisinin-mediated down-regulation
(Sundar 2008).

Western blot analysis indicates artemisinin treatment decreases cyclin D1, CDK4, and
ERa in a time and dose-dependent manner in both cell lines while levels of CDK6 remain
unaffected ((Figure 3A-3B). All of these data suggest artemisinin upregulates miR-34a in a dose
and time-dependent manner in human breast cancer cells that correlates with the down-regulation
of cell cycle regulatory proteins and a pronounced G1 cell cycle arrest. This process appears p53-
independent as artemisinin treatment has no effect on total p53 levels and miR-34a induction
occurs in cell lines containing wild-type or mutant p53.

Functional p53 is not required for miR-34a induction

To confirm miR-34a is upregulated in a p53 independent manner by artemisinin, the
MCEF-7 cell line containing wild-type p53 was transfected with dominant negative p53 (DNp53)
or an empty neomycin control vector (Neo). Upon overnight incubation, transfected cells were
treated with or without 300uM artemisinin for 48 hours. Western blot analysis revealed that
artemisinin treatment had no effect on total p53 levels in either cell line while dominant negative
p53 expression increased stabilization and thus detection of the protein in MCF-7 DNp53 cells
(Figure 4B). Artemisinin treatment upregulated mature miR-34a levels greater than two fold in
MCF-7-Neo and MCF-7-DNp53 cells as detected by qPCR analysis (Figure 4A.) Such data
indicates functional p53 is not required for artemisinin regulation of miR-34a in human breast
cancer cells.
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Figure 3. Artemisinin does not affect pS3 levels while downregulating cell cycle regulatory
proteins. A) MCF-7 and B) T47D cells were treated with or without artemisinin at the indicated
concentrations or time points and protein levels of p53, p21, ERa, CDK4, CDK®6, cyclin D1
(CycD1), HSP90 and actin determined by Western blot as described in “Materials and Methods.”
Actin or HSP90 was used as a loading control.
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Figure 3A
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Figure 3B
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Figure 4. Functional p53 is not required for artemisinin induction of miR-34a.

MCEF-7 cells were transfected with dominant negative p53 (MCF-7-DNp53) or an empty vector
control (MCF-7-Neo). Upon overnight incubation, transfected cells were treated with or without
300pM artemisinin for 48 hours and total RNA and protein harvested. A) Tagman semi-
quantitative PCR analysis was performed on RNA extracts to detect mature miR-34a levels as
described in “Materials and Methods.” Triplicate results were normalized to expression of 3-
actin and bar graphs represent average fold change in miR-34a levels as determined in three
independent experiments. The dotted line represents the two-fold significance threshold of
microRNA experiments and error bars indicate standard deviation. B) p53 protein levels were
determined by Western blot analysis as described in “Materials and Methods™ using actin as a
loading control.
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Artemisinin does not regulate the p53 binding region of the miR-34a promoter

To determine if artemisinin regulates the miR-34a promoter, MCF-7 and T47D cells were
transfected with or without a segment of the miR-34a promoter containing the canonical p53
binding site inserted upstream of the luciferase gene. A vector expressing luciferase under the
control of an unregulated promoter or an empty neomycin vector were used as positive and
negative controls respectively. Upon transfection, cells were treated with or without 300uM
artemisinin for 24, 48 or 72 hours and a luciferase assay performed on the harvested cells.
Normalized luciferase activity revealed artemisinin does not upregulate the miR-34a promoter in
either cell line at time points correlating with an increase in mature miR-34a (Figure 5A-5B).
This suggests that artemisinin could upregulate miR-34a through transcriptional regulation at
another region of the miR-34a promoter or by influencing microRNA processing.

microRNA are processed twice before reaching maturation. They are transcribed as long
primary transcripts (pri-miRNA) containing multiple microRNA copies that are cleaved in the
nucleus to produce a single stem-looped precursor molecule (pre-miRNA). Upon entry into the
cytoplasm, one strand of the pre-miRNA is degraded and the resulting single stranded mature
microRNA loaded in the RNA induced silencing complex to prevent translation of target mRNA
sequences. Artemisinin treatment could upregulate mature miR-34a levels by altering microRNA
processing. To investigate this possibility, qualitative PCR was performed using primers for pri-
miR-34a on RNA extracts in which mature miR-34a levels were confirmed by Tagman qPCR to
be upregulated by artemisinin. Gel electrophoresis of the PCR products revealed pri-34a levels
increase substantially after 48 hours of artemisinin treatment in MCF-7 cells (Figure 6A) and
upon 24 and 48 hours of artemisinin treatment in T47D cells (Figure 6B) These data suggest that
artemisinin transcriptionally upregulates miR-34a gene expression to increase mature miR-34a
levels and that the artemisinin responsive region of the miR-34a promoter lies outside the region
containing the p53 binding site.
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Figure 5. Artemisinin does not regulate the p53-binding region of the miR-34a promoter.
A) MCF-T7 cells and B) T47D were transfected with or without a segment of the miR-34a
promoter containing the canonical p53 binding site inserted upstream of the luciferase gene.
Upon overnight incubation, cells were treated with or without 300uM artemisinin for the
indicated time points and a luciferase assay performed on the harvested cells as described in
“Materials and Methods.” Relative light units were normalized to protein expression as detected
by the Bradford protein assay.
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Figure 5A
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Figure 5B

T47D
1.2

-

=

= 1

T

1

¢ 08

o

@

T 06 O DMSO

=

- WAt

.g 0.4

©

£ 0.2

o

4

0
24h 48h 72h

Chrl:9,208,345-9,242,451
miR-34a Canonical p53 binding site
promoter I GGGCTTGCCTGGGCTTGTTC Luciferase
Luci construct _g3g -39 +428

63



Figure 6. Artemisinin upregulates primary miR-34a transcript levels. A) MCF-7 and B)
T47D cells were treated with or without 300uM artemisinin for the indicated time points and
total RNA extracted. The transcript levels of primary miR-34a (pri-34a) and GAPDH were
determined by qualitative RT-PCR analysis using specific primers as described in “Materials and
Methods.” Products were fractionated by electrophoresis on a 1.5% agarose gel and visualized
with an ultraviolet transilluminator. GAPDH was used as a loading control. Fold change in
mature miR-34a levels as detected by Tagman qPCR analysis of the same RNA extracts is
indicated.
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miR-34a inhibition reverses artemisinin mediated down-regulation of CDK4 and ERa

To determine the molecular mechanism by which miR-34a contributes to artemisinin
mediated cell cycle arrest, MCF-7 and T47D cells were transfected with miR-34a inhibitors and
target gene expression assessed by Western blot analysis. Cells were transfected with 100nM of
miR-34a locked nucleic acid inhibitors (LNA’s) or a non-specific control, and upon overnight
incubation, treated with or without 300puM artemisinin for 48 hours. LNA’s are non-translatable
microRNA targets that reduce microRNA function by sequestering their target microRNA in
highly stable heteroduplexes (Exiqon, Woburn, MA.) As described in a previous section, miR-
34a induction by artemisinin correlates with a dose and time-dependent decrease in protein levels
of the cell cycle regulators cyclin D1 and CDK4 as well as the hormone signaling component,
estrogen receptor alpha (ERa) (Figure 3A-3B). All three proteins can regulate the G1 to S phase
transition in the cell and cyclin D1 and CDK4 are confirmed direct targets of miR-34a inhibition
(Melmed 2008, Hermeking 2007).

miR-34a inhibition in MCF-7 and T47D cells ablates artemisinin mediated down-
regulation of CDK4 and attenuates ERa regulation (Figure 7A-7B). Cyclin D1 protein levels
were downregulated by artemisinin in either cell line regardless of miR-34a inhibition and p53
protein expression remained the same (Figure 7C-7D). All of these data suggest that functional
miR-34a is required for artemisinin mediated down-regulation of ERa and CDK4 in human
breast cancer cells while having no effect on cyclin D1 or p53 expression.

miR-34a directly inhibits CDK4 expression upon artemisinin treatment

To confirm if artemisinin treatment mediates miR-34a inhibition of CDK4, MCF-7 and
T47D cells were transfected with a luciferase construct containing the miR-34a binding site in
CDK4 mRNA attached to the firefly luciferase gene (CDK4-34a Luci). In this assay, translation
of luciferase mRNA will be inhibited if miR-34a binds to the CDK4 target site resulting in
decreased light expression upon the addition of luciferase substrate. A luciferase construct
containing a mutated version of the miR-34a binding site preventing miR-34a inhibition was
used as a control for microRNA specificity (ACDK4-34a Luci). Vectors expressing luciferase
under the control of an unregulated promoter or an empty neomycin vector were used as positive
and negative controls.

Upon overnight incubation, transfected MCF-7 and T47D cells were treated with or
without 300uM artemisinin for 48 hours. Cells were then harvested, a luciferase assay performed
and relative light units normalized to protein expression. The results revealed that artemisinin
significantly decreased luciferase activity in MCF-7 and T47D cells transfected with the CDK4-
34a Luci construct while levels remained unchanged in artemisinin treated ACDK4-34a Luci
cells (Figure 8). Such data suggests that artemisinin directly inhibits CDK4 translation through
miR-34a mediated repression in human breast cancer cells.
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Figure 7. Loss of functional miR-34a reverses artemisinin inhibition of CDK4 and ERaq.
MCF-7 and T47D cells were transfected with 100nM control or locked nucleic acid inhibitors
(LNA’s) against miR-34a and upon overnight incubation, treated with or without 300uM
artemisinin for 48 hours. LNA’s are non-translatable microRNA targets that reduce microRNA
function by sequestering their target microRNA in highly stable heteroduplexes Western blot
analysis was performed on protein extracts using antibodies specific to CDK4, ERa, p53, cyclin
D1 and actin using the procedure described in “Materials and Methods.” Protein expression of
CDK4 and ERa in A) MCF-7 and B) T47D cells as well as expression of cyclin D1 and p53 in
C) MCF-7 and D) T47D cells is depicted. Actin was used as a loading control.
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Figure 8. miR-34a directly inhibits CDK4 expression upon artemisinin treatment.

MCF-7 and T47D cells were transfected with a luciferase construct containing the miR-34a
binding site in CDK4 mRNA attached to the firefly luciferase gene (CDK4-34a Luci) while a
mutated version of the miR-34a binding site preventing miR-34a inhibition was used as a control
for microRNA specificity (ACDK4-34a Luci). Upon overnight incubation, transfected MCF-7
and T47D cells were treated with or without 300uM artemisinin for 48 hours. Cells were then
harvested, a luciferase assay performed as described in “Materials and Methods™ and relative
light units normalized to protein expression. Bar graphs represent average normalized protein
expression of three independent experiments and error bars indicate standard deviation.
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Figure 8
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DISCUSSION

The results of my study indicate that the tumor suppressive microRNA miR-34a is a key
component of artemisinin mediated cell cycle arrest. Artemisinin treatment upregulated mature
miR-34a levels in a dose and time-dependent manner that correlated with the growth arrest of
human breast cancer cells and decrease in the proliferation regulatory proteins CDK4 and
estrogen receptor alpha (ERa). Transfection of miR-34a inhibitors attenuated artemisinin
mediated down-regulation of either protein, indicating a requirement for functional miR-34a in
CDK4 and ERa inhibition. Luciferase assays in which cells were transfected with a constructs
containing a wild-type or mutated miR-34a binding site for CDK4 downstream of the luciferase
gene confirmed artemsinin mediates miR-34a inhibition of CDK4. Luciferase activity decreased
in artemisinin treated cells transfected with the wild-type CDK4 binding site while no change
was observed in those transfected with the mutated binding site, indicating miR-34a specific
regulation.

Artemisinin induction of miR-34a appears to be p53-independent. Artemisinin can
upregulate miR-34a expression levels in cell lines containing wild-type or mutant p53 and
transfection of non-functional p53 into wild-type p53 cell lines does not affect miR-34a
induction. In addition, artemisinin appears to transcriptionally regulate miR-34a expression in a
promoter region outside the canonical p53 binding site. Luciferase activity was not detected in
cells transfected with the p53 binding region of the miR-34a promoter regulating luciferase
expression yet levels of primary miR-34a increased as detected by RT-PCR. The increase in
primary transcripts upon artemisinin treatment suggests artemisinin regulates miR-34a gene
expression in a region outside the p53 binding site.

All of these data suggest a novel p53-independent mechanism of miR-34a regulation.
miR-34a activity has traditionally been associated with p53 functionality and transcriptional
regulation (Hermeking 2009, He 2007-review). Genome-wide analysis for p5S3 induced miRNA,
direct correlation of p53 status to miR-34a expression levels and identification of a consensus
p53 binding site within the miR-34a promoter indicate miR-34a is an active component of the
p53 tumor suppressor pathway (Bommer 2007, Chang 2007, Corney 2007, He 2007, Raver-
Shapria 2007, Tarasov 2007). The implication of a p53-independent means of miR-34a
regulation provides an exciting opportunity to therapeutically regulate miR-34a in p53 mutant
cancers. A recent study of miR-34a transcription could provide alternate methods for regulating
miR-34a expression. Christoffersen and colleagues demonstrated the ETS family transcription
factor, Elk1 can upregulate miR-34a to mediate senescence of human primary fibroblasts
independent of p53 status (Christoffersen 2010). Constitutive activation of B-RAF increased
Elk1 interaction with identified binding sites in the miR-34a promoter, resulting in an
upregulation in mature miR-34a levels and miR-34a mediated inhibition of c-Myc expression.
miR-34a induction occurred in the presence of dominant-negative pS3 or p53 siRNA, yet siRNA
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mediated ablation of Elk-1 expression significantly impaired B-RAF induction of miR-34a. It
remains to be seen if Elk-1 can regulate miR-34a levels in conjunction with cell cycle arrest or in
the context of human breast cancer.

The loss of ERa expression upon miR-34a inhibition suggests a novel role for miR-34a in
the regulation of hormonal signaling. ERa is a steroid receptor that encourages cell proliferation
through transcriptional regulation of target genes involved in cell cycle progression, senescence,
and apoptosis (Welboren 2009, Melmed 2008). Loss of ERa expression is associated with
advanced stages of breast cancer however 80% of diagnosed cases are hormone responsive and
estrogen receptor positive (American Cancer Society 2013). The MCF-7 and T47D cell lines
utilized in this study are indicative of such cases (ER+, hormone responsive) and the observed
artemisinin inhibition of ERa through miR-34a could represent a natural means of reducing the
pro-proliferative estrogen response in these cancer types. While ERa itself does not possess a
miR-34a binding site, a recent study suggests miR-34a can decrease ERa expression indirectly
through translational inhibition of the ERa regulatory protein, lemur tyrosine kinase 3 (LMTK3)
(Zhao 2013). LMTK3 is a serine-threonine-tyrosine kinase shown to regulate ERa expression by
phosphorylation at residues that prevent proteosomal mediated degradation (Giamas 2011).
LMTK3 can also influence ERa expression indirectly by decreasing Akt and protein kinase C
(PKC) signaling to upregulate forkhead box O3 (FOXO3) transcription of the ERa promoter.
Detection of LMTK3 expression levels in cells transfected with or without miR-34a inhibitors
could provide an indication of whether this process is responsible for miR-34a mediated
inhibition of ERa upon artemisinin treatment. Other microRNA that have been shown to regulate
ERa expression in human breast cancer cells include miR-21, miR-221/222, miR-206, miR-375
and the miR-17-92 locus (Simonini 2010, Pandey 2009, Castellano 2009, Liu Zhao 2008, Adams
2007).

All of these data suggest that miR-34a regulation is a critical component of artemisinin
mediated cell cycle arrest in human breast cancer cells. Such evidence not only further elucidates
the potential of artemisinin as a treatment for p53 mutant breast cancer but suggests miR-34a
could regulate hormonal signaling in a p53-independent manner.
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CHAPTER 3

The Artemisinin Derivative Artesunate Inhibits Growth of Human Breast Cancer Cells
and Upregulates miR-34a to Inhibit CDK4 with Enhanced Efficiency Compared to the
Parent Compound
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ABSTRACT

Artesunate is a semi-synthetic derivative of the sweet wormwood extract artemisinin that
demonstrates enhanced efficiency in malaria treatment. The pro-apoptotic activity of artesunate
against cancer cell lines and tumors has recently been demonstrated yet its ability to growth
arrest cancer cells is still under investigation. This study demonstrates that artesunate growth
arrests human breast cancer cells at concentrations far less than its parent compound. Cell cycle
arrest correlates with a dose-dependent increase in the tumor suppressive microRNA, miR-34a,
and decrease in protein levels of the cyclin dependent kinase, CDK4. Luciferase assays
demonstrate that artesunate treatment directs miR-34a mediated inhibition of CDK4. Taken
together, these data suggest that artesunate is more effective than artemisinin in growth arresting
human breast cancer cells and that miR-34a mediated inhibition of CDK4 could be a mechanism
for artesunates anti-proliferative activity.
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INTRODUCTION

Artemisinin, a sesquiterpene lactone derived from the sweet wormwood plant Artemisia
annua, has been successfully used as a malaria treatment since its isolation by the Chinese
government in 1972. The processing of heme iron by the malaria parasite cleaves the
endoperoxide bridge of the compound, releasing reactive oxygen species that irreparably
damages the parasites food vacuole (Efferth 2009, Gautam 2009, Cui 2009, Meschnick 2002).
Artemisinins poor solubility in water lead to the synthesis of more highly soluble derivates such
as artesunate derived from a reduction of the compounds carbonyl group (Wells 2013 ,
McGovern 2010, Haynes 2007, Adjuik 2004). Artesunate is more effective at clearing malaria
parasites than artemisinin and is currently the most highly used combination partner for malaria
treatment (McGovern 2010, Efferth 2009, Haynes 2007).

The observation that cancer cells contain higher iron content than their primary tissue
counterparts prompted researchers to investigate the anti-cancer activity of artesunate.
Artesunate treatment has been shown to inhibit angiogenesis, reduce tumor growth and induce
apoptosis in a variety of cancer cell lines and tumor models including leukemia, liver, lung,
breast, melanoma and pancreatic cancer (McGovern 2010, Du 2010, Efferth 2009, Sundar 2009).
Reactive oxygen species formation through endoperoxide cleavage has been shown to mediate
artesunate apoptosis in lung and breast cancer cells however microarray as well as in vitro
studies suggests artesunate treatment primarily induces its cytotoxic effects through the
regulation of target genes (Zhou 2012, Hamacher-Brady 2011, Sundar 2009, Hou 2008, Nakase
2008, Anfosso 2006, Efferth 2003, Efferth 2002). Artesunate can inhibit angiogenesis by down-
regulation of the vascular endothelial growth factor (VEGF) and its associated receptor while
increasing the pro-apoptotic factor Bax to induce apoptosis in hepatoma cell lines (He 2011, Hou
2008, Chen 2004). Artesunate has also been shown to growth arrest cancer cells however the
molecular mechanisms involved have yet to be fully elucidated. Two studies suggest that
artesunate mediated growth arrest correlates with decreased expression of the cyclin-dependent
kinase CDK4 in p53 mutant and p53 null cancer cell lines yet the upstream targets responsible
for such regulation are currently unknown (Liu 2011, Hou 2008).

The following study demonstrates that artesunate growth arrests human breast cancer
cells and downregulates expression of CDK4 through miR-34a mediated inhibition. Cell cycle
arrest and miR-34a induction occur at much lower doses than artemisinin, indicating that
artesunate is more effective than its parent compound in inhibiting the proliferation of breast
cancer cells. Such data further elucidates the anti-cancer potential of artesunate while implicating
a critical for tumor-suppressive microRNA.
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MATERIALS & METHODS

Cell Culture

Cells were grown to sub-confluency in a humidified incubator at 37°C containing 5% CO?2.
MCF-7 and T47D cell lines were cultured as described by the American Tissue Culture
Collection (Manassas, VA). Cells were treated for the indicated time points in complete medium
with artemisinin or artesunate (Sigma, St. Louis, Missouri) dissolved 1000X in DMSO. Pure
DMSO (Sigma-Aldrich, Milwaukee, WI) was used as a control. The medium was changed every
24 hours for the duration of each experiment.

Flow cytometry

For cell cycle analysis, attached and non-adherent cells treated in 6-well plates were collected
within the media, rinsed with PBS and hypotonically lysed in 0.5 ml of propidium iodide buffer
(0.5mg/ml propidium iodide, 0.1% sodium citrate, 0.05% Triton X-100). Samples were analyzed
on a Beckman-Coulter (Fullerton, CA) EPICS XL flow cytometer with laser output adjusted to
deliver 15 MW at 488 nm. Ten thousand cells were counted. Cell cycle analysis was then
performed using MultiCycle software WinCycle 32 (Phoenix Flow Systems, San Diego, CA).

RNA extraction

Cells were harvested in 1.0 ml TRIzol reagent (Invitrogen, Carlsbad, CA) and total RNA
extracted following the manufacturer’s protocol with the phase separation procedure being
performed twice to extract microRNA. Removal of contaminating DNA was performed on 10pug
of extracted RNA using a DNA-free Kit (Invitrogen, Carlsbad, CA) per the manufacturer’s
protocol. RNA integrity was confirmed by running a 1.5% formaldehyde (Sigma Chemical, St.
Louis, MO) denaturing agarose gel (Invitrogen, Carlsbad, CA) using 1ug of RNA per sample
and visualizing intact bands corresponding to the molecular weights of the 28S and 18S subunits
of ribosomal RNA, the most abundant RNA species. Gels contained GelRed Nucleic Acid Gel
Stain (Biotium, Hayward, CA) diluted to a 2X concentration for band visualization using short
wavelength ultraviolet light.

Reverse Transcription and PCR

Total RNA was reverse transcribed using stem loop primers for miR-34a, miR-34b and miR-34c
as well as random primers for -actin, a housekeeping gene insensitive to artesunate or
artemisinin treatment. Each reverse transcriptase reaction contained 10XRT buffer, 100mM
dNTPS, 50U/ul MultiScribe reverse transcriptase, and 20U/ul RNAse inhibitor (Applied
Biosystems, Foster City, California) dissolved in nuclease-free water. The reverse transcription
reaction for -actin contained 100ng of purified total RNA as well as 10X random primers while
the reaction for microRNA reverse transcription contained 560ng of purified total RNA and 5X
miR-34a stem-loop RT primer (Applied Biosystems, Foster City, California). The microRNA
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reactions were incubated in a thermal cycler for 30 minutes at 16°C, 30 minutes at 42°C, and 5
minutes at 85°C while reactions for the control gene were incubated for 10 minutes at 25°C, 120
minutes at 37°C, and 5 minutes at 85°C.

Real-time PCR reactions for each miRNA (10 pl volume) were performed in triplicate, and each
reaction mixture included 4 pl of diluted RT product (1:2 dilution), 5 pl of 2X TagMan
Universal PCR Master Mix, 0.2 uM TaqMan probe, 1.5 uM forward primer, 0.7 uM reverse
primer with the probes and primers specific to mature miR-34a, mature miR-34b, mature miR-
34c or B-actin (Applied Biosystems, Foster City, CA). Reactions were incubated in an Applied
Biosystems 7900HT Fast Real-Time PCR system in 96-well plates at 95°C for 10 min, followed
by 40 cycles at 95°C for 15 seconds and 60°C for 1 min. Changes in fluorescence levels of miR-
34 were normalized to B-actin, and fold changes compared between the target sample (miR-34
levels in cells treated with artemisinin or artesunate) and calibrator samples (miR-34 levels in
DMSO treated cells).

Immunoblotting

Cell extracts were harvested in RIPA lysis buffer containing inhibitors, and standardized to 20-
30ug protein using the Bradford protein assay. Equal protein amounts were subjected to SDS-
PAGE on an 8% or 10% poly-acrylamide gel, transferred onto nitrocellulose membranes, and
incubated for 1 hour at room temperature with blocking solution (5% milk dissolved in TBST).
Primary antibodies to p53, HSP90 (Cell Signaling Technology, Beverly, MA) p21, CDK4,
CDKaS6, and estrogen-receptor alpha (ERa) (Santa Cruz Biotechnologies, Santa Cruz, CA) were
incubated overnight at 4°C. After three washes in 5% milk dissolved in TBST, membranes were
incubated with anti-mouse or anti-rabbit horseradish peroxidase-conjugated antibodies for 1.5
hours at room temperature. Following an additional five washes in 5% milk, chemo luminescent
signals were generated by incubation with Western Lightning ECL reagents according to the
manufactures instructions (Perkin Elmer, Shelton, CT) and the results transferred to ECL-
sensitive film (GE Healthcare, United Kingdom).

Transfections and Luciferase Assay

2ug of CDK4-miR-34a luciferase constructs were transfected into MCF-7 and T47D cells using
Superfect reagent (Qiagen, Germantown, Maryland). Upon overnight incubation, cells were
treated with or without 300uM artemisinin or varying doses of artesunate for 48 hours and
harvested in ice-cold PBS. The cells were then centrifuged at 14,000 rpm for 5 minutes at 4°C,
combined with 1X Passive lysis buffer, and Promega Luciferase assay performed according to
the manufacturer’s instructions (Promega, San Luis Obispo, CA). Relative light units were
normalized to protein expression as determined by the Bradford protein assay. CDK4-miR-34a
luciferase constructs were a kind gift of Dr. Lin He, University of California, Berkeley.
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RESULTS

Artesunate growth arrests human breast cancer cells and downregulates CDK4

To determine the profile of artesunate mediated growth arrest in human breast cancer
cells in comparison to artemisinin, MCF-7 (wild-type p53) and T47D (p53 mutant) human breast
cancer cells were treated with or without 0.1uM-20.0 pM artesunate or 300uM artemisinin for
48 hours and flow cytometry analysis using propidium iodide staining performed to determine
effects on the cell cycle. Both artemisinin and artesunate growth arrested MCF-7 and T47D cells
in the G1 phase of the cell cycle with a concomitant decrease of cells in the S phase (Figure 1A-
1D). Artesunate mediated growth arrest occurred in a dose-dependent manner with 10.0uM and
1.0uM causing the maximal effects in MCF-7 and T47D cells respectively (Figure 1A-1B). 10.0
uM artesunate and 300uM artemisinin increased the G1 cell cycle population of MCF-7 cells
(Figure 1C) by 20-24% while 5.0 uM artesunate and 300uM artemisinin growth arrested T47D
cells by approximately 15% (Figure 1D). Such data suggests that artesunate growth arrests
human breast cancer cells at doses 30-100x less than artemisinin.

To determine artesunate effects on cell cycle regulatory proteins as well as p53
expression, Western blot analysis was performed on MCF-7 and T47D cells treated with or
without 0.1uM-20.0 pM artesunate or 300uM artemisinin for 48 hours. The cyclin-dependent
kinases CDK4 and CDK6 phosphorylate the retinoblastoma protein to regulate the G1 to S phase
transition in the cell cycle while estrogen receptor-alpha (ERa) can influence cell cycle
progression through transcriptional upregulation of target genes including cyclin D1 and the
transcription factor c-Myc (Melmed 2008 Reed 1997). Previous research in our lab also showed
that artemisinin treatment can downregulate ERa expression (Sundar 2008). CDK6 expression
remain unchanged with artemisinin or artesunate treatment while CDK4 and ERa levels
decreased in a dose-dependent manner with either phytochemical (Figure 2A-2B). p53 was
undetected in MCF-7 cells (Figure 2A) while levels remained high in T47D cells (Figure 2B)
consistent with the over-expression of mutant-type p53 in this cell line ((Lukashchuk 2007,
Olivier 2010, Nigro 1989). p53 expression levels in T47D cells were not affected by artemisinin
or artesunate treatment.
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Figure 1. Artesunate growth arrests human breast cancer cells.

A) MCF-7 and B) T47D breast cancer cell lines were treated with or without 300uM artemisinin
(Art) or the indicated concentrations of artesunate (AE) for 48 hours and subjected to flow
cytometry analysis of the cell cycle as described in “Materials and Methods.”The bar graphs
indicate the average DNA content corresponding to the phases of the cell cycle as detected in
three independent experiments. Error bars represent standard deviation. Representative flow
cytometry profiles for 48 hour treatments with or without 300uM artemisinin and 10.0uM or
5.0uM artesunate are provided for C) MCF-7 and D) T47D cells.
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Figure 1A
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Figure 1C
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Figure 1D
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Figure 2. Artesunate downregulates CDK4 and ERa protein expression. A) MCF-7 cells and
B) T47D cells were treated with or without 300uM artemisinin (Art) or the indicated
concentrations of artesunate (AE) for 48 hours and protein levels of CDK4, CDK6, ERa, HSP90
and p53 determined by Western blot as described in “Materials and Methods.” HSP90 was used
as a loading control.
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Figure 2A
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Figure 2B
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Artesunate upregulates miR-34a in human breast cancer cells at lower concentrations than
artemisinin

To assess the possibility of artesunate regulation of miR-34 family expression under
conditions of cell cycle arrest, MCF-7 and T47D cells were treated with or without 0.1uM-20.0
uM artesunate or 300uM artemisinin for 48 hours and Tagman quantitative PCR analysis
performed on extracted RNA. Total RNA was reverse transcribed using stem loop primers for
miR-34a, miR-34b and miR-34c and the cDNA amplified in real-time using primers and dual-
labeled fluorogenic probes specific to miR-34a, miR-34b, miR-34c or -actin as a negative
control. Changes in fluorescence levels of miR-34 were normalized to B-actin, and fold changes
compared between the target sample (miR-34 levels in artemisinin and artesunate treated cells)
and calibrator samples (miR-34 levels in DMSO treated cells). A fold-change of two is indicative
of a significant change, thus artesunate upregulated miR-34a in a dose-dependent manner in
MCEF-7 cells (Figure 3A). Significant upregulation occurred at all artesunate doses with 10.0uM
artesunate increasing miR-34a levels more than 2.5 fold, an induction greater than the
approximately 2-fold increase mediated by artemisinin. miR-34a levels were also significantly
upregulated by artesunate and artemisinin in T47D cells (Figure 3B). 5.0uM-20.0uM artesunate
increased miR-34a levels by greater than 4-fold while artemisinin upregulated expression by
approximately 3.5 fold. Maximal miR-34a induction in T47D cells occurred at nearly 7-fold with
5.0uM artesunate treatment, an increase nearly twice that of artemisinin. miR-34b levels were
minimally affected by artesunate or artemisinin treatment in either cell line while mature miR-
34c¢ was undetected. Taken together, these data suggest that artesunate significantly upregulates
miR-34a at lower doses and to greater expression levels than artemisinin in human breast cancer
cells. miR-34a was significantly upregulated at doses correlating with artesunate mediated cell
cycle arrest, suggesting it could play a critical role in the process.
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Figure 3. Comparison of effectiveness of miR-34a expression in artesunate versus
artemisinin treated cells. A) MCF-7and B) T47D cells were treated with or without 300uM
artemisinin (Art) or the indicated concentrations of artesunate (AE) for 48 hours. Reverse
transcription with stem-looped primers for each member of the miR-34 family or random
primers for B-actin was performed on purified RNA extracts followed by Tagman semi-
quantitative PCR using dual-labeled fluorogenic probes for mature miR-34a, miR-34b, miR-34c¢
and B-actin, a housekeeping gene insensitive to artemisinin treatment. Triplicate results were
normalized to expression of B-actin and bar graphs represent average fold change in miR-34a and
miR-34b as determined in three independent experiments. miR-34¢ was undetected. The dotted
line represents the two-fold significance threshold of microRNA experiments and error bars
indicate standard deviation.
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Figure 3A
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Figure 3B
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miR-34a directly inhibits CDK4 upon artesunate treatment

CDK4 is a direct target of miR-34a translational inhibition (Hermeking 2007). To
determine if artesunate treatment mediates miR-34a inhibition of CDK4, MCF-7 and T47D cells
were transfected with a luciferase construct containing the miR-34a binding site in CDK4
mRNA attached to the firefly luciferase gene (CDK4-34a Luci). In this assay, translation of
luciferase mRNA will be inhibited if miR-34a binds to the CDK4 target site resulting in
decreased light expression upon the addition of luciferase substrate. A luciferase construct
containing a mutated version of the miR-34a binding site preventing miR-34a inhibition was
used as a control for microRNA specificity (ACDK4-34a Luci). Vectors expressing luciferase
under the control of an unregulated promoter or an empty neomycin vector were used as positive
and negative controls.

Upon overnight incubation, transfected MCF-7 and T47D cells were treated with or
without artesunate or 300uM artemisinin for 48 hours. Cells were treated with doses at which
artesunate maximally induced miR-34a expression levels, thus MCF-7 cells underwent 10uM
and 20uM artesunate treatment while T47D cells were treated with 1.0uM or 5.0uM artesunate.
Upon 48 hours of treatment, cells were harvested, a luciferase assay performed and relative light
units normalized to protein expression. The results revealed that artemisinin and artesunate
significantly decreased luciferase activity in MCF-7 and T47D cells transfected with the CDK4-
34a Luci construct while levels remained unchanged in artemisinin or artesunate treated
ACDK4-34a Luci cells (Figure 4A-4B). These data suggest that artemisinin and artesunate
directly inhibits CDK4 translation in breast cancer cells and that such inhibition occurs through
miR-34a mediated repression.1.0uM and 5.0uM artesunate reduced CDK4-34a-luci expression
more substantially than artemisinin in T47D cells, indicating artesunate is more efficient at
inhibiting CDK4 expression (Figure 4A). CDK4 expression was also inhibited by artesunate and
artemisinin treatment of MCF-7 cells (Figure 4B). 20.0uM artesunate decreased CDK4-34a-luci
activity by a nearly a third while 300 uM artemisinin was less effective, providing further
evidence of the increased efficiency of artesunate in directing miR-34a mediated inhibition.
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Figure 4. miR-34a directly inhibits CDK4 expression upon artesunate treatment.

MCF-7 and T47D cells were transfected with a luciferase construct containing the miR-34a
binding site in CDK4 mRNA attached to the firefly luciferase gene (CDK4-34a Luci) while a
mutated version of the miR-34a binding site preventing miR-34a inhibition was used as a control
for microRNA specificity (ACDK4-34a Luci). Upon overnight incubation, transfected MCF-7
and T47D cells were treated with or without 300uM artemisinin (Art) or the indicated
concentrations of artesunate (AE) for 48 hours. Cells were then harvested, a luciferase assay
performed as described in “Materials and Methods™ and relative light units normalized to protein
expression. Bar graphs represent average normalized protein expression of three independent
experiments in A) T47D and B) MCF-7 cells while error bars indicate standard deviation.
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Figure 4A
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Figure 4B
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DISCUSSION

My study demonstrates that artesunate growth arrests human breast cancer cells and
regulates the tumor suppressive microRNA miR-34a. Upregulation of miR-34a occurs in a dose-
dependent manner that correlates with a G1 cell cycle arrest and down-regulation of the growth
promoting proteins estrogen receptor alpha (ERa) and CDK4. Luciferase assays in which cells
were transfected with constructs containing a wild-type or mutated miR-34a binding site for
CDK4 downstream of the luciferase gene confirmed artesunate mediates miR-34a inhibition of
CDKA4. Luciferase activity decreased in artesunate treated cells transfected with the wild-type
CDK4 binding site while no change was observed in those transfected with the mutated binding
site, indicating miR-34a specific regulation. Artesunate induction of miR-34a appears to p53-
independent as artesunate can upregulate miR-34a expression levels in cell lines containing wild-
type or mutant p53.

Artesunate exerted its growth inhibitory effects as well as regulation of miR-34a at
concentrations 30-100X less than artemisinin. This indicates enhanced efficiency over the parent
compound, a finding that correlates with the increased efficiency of artesunate over artemisinin
in its activity as a malaria treatment (McGovern 2010, Efferth 2009, Haynes 2007). Artesunate is
also more water-soluble than artemisinin and is currently undergoing clinical trials for the
treatment of metastatic breast cancer (ClinicalTrials.gov). The results of the current study
provide further evidence for the anti-cancer activity of artesunate while implicating the use of
miR-34a as a diagnostic tool to determine phytochemical treatment. Future directions include
identifying the p53-independent mechanism of miR-34a induction as well as additional cell cycle
regulatory proteins that are affected by miR-34a inhibition.
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FUTURE DIRECTIONS

The studies presented in this dissertation provide direct evidence that the tumor
suppressive microRNA miR-34a is involved in the anti-cancer effects of the phytochemicals
indole-3-carbinol (I3C), artemisinin and artesunate. miR-34a is critical for [3C mediated growth
inhibition and artemisinin inhibition of the cyclin-dependent kinase CDK4 while mediating
CDK4 downregulation by artesunate in human breast cancer cells. My studies also suggest that
miR-34a can be regulated in a p53-independent manner as artemsinin and artesunate can
upregulate miR-34a in cells containing mutant or dominant negative p53. These data suggest
tumor suppressive microRNA play a critical role in the anti-proliferative effects of
phytochemicals and that the canonical p53 dependent pathway of miR-34 regulation is not the
only means to regulate this microRNA family. Future directions of this project could be as
follows:

In-vivo experiments: Animal models can be utilized to determine the role of miR-34a on the anti-

tumorigenic effects of phytochemicals. Immunodeficient nude mice could be xenografted with
human breast cancer cell lines containing wild-type or mutant p53 as well as wild-type or
depleted miR-34a expression. MiR-34a knockdown cells would be generated via stable
transfection of cells with lentiviral vectors expressing decoy miR-34a targets in the 3’UTR of
green fluorescent protein (GFP). Lentiviral vectors enable decoy integration into the genome,
permitting stable expression of non-functional miRNA targets and thus continuous repression of
target miRNA activity (Gentner 2009). In effect, transfected cells will become saturated with
exogenous, non-translatable targets, causing endogenous targets to be re-expressed by lack of
microRNA repression. To assess vector transfection efficiency, fluorescence levels of GFP will
be standardized to the copy number of GFP mRNA. Fluorescence levels will be detected by
fluorescence activated cell sorting (FACS) while quantitative PCR will be used to determine
GFP mRNA copy number. If the knockdown is successful, miR-34a knockdown cells should
have low fluorescence levels, due to miR-34 mediated repression of the GFP-miRT construct.
Confirmed miR-34a knockdown cells would then be transfected into immunodeficient nude
mice. Upon tumor development to a palpable size, each mouse will receive daily subcutaneous
injections of [3C, artemisinin, artesunate or DMSO, using concentrations equivalent to the
amount shown previously to decrease tumor formation in mouse models exhibiting that
particular cell type. Weekly observations will be made of body weight, tumor size and tumor
volume. After a cell-type specific treatment period for maximal phytochemical affects, excised
tumors will be weighed, measured for size, gross observations made regarding level of
vascularization and Western blot and quantitative RT-PCR performed on extracted tissues to
assess levels of total and active p53, mature miR-34a and phytochemically induced miR-34a
repressed cell cycle regulators such as CDK4. If miR-34a is critical for artesunate, artemisinin or
I3C mediated tumor reduction, levels of miR-34a should increase in wild-type xenografts while
tumor volume and size would remain unchanged upon phytochemical treatment in xenografts
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derived from miR-34a knockdown cells. p53 mutant xenografts may be resistant to I3C treatment
given this dissertations evidence that functional p53 is required for miR-34a induction.

An alternate mechanism of in vivo analysis would be to generate a miR-34a knockout mouse and
determine phytochemical responsiveness. The mouse could be generated by incorporating Cre-
lox recombination of a miR-34a deletion cassette into a nude mouse model. Human breast cancer
xenografts would then be generated and upon tumor development to a palpable size, each mouse
would receive daily subcutaneous injections of I3C, artemisinin, artesunate or DMSO, using
concentrations equivalent to the amount shown previously to decrease tumor formation in mouse
models exhibiting that particular cell type.. If miR-34a is critical for the anti-tumorigenic effects
of artemisinin, artesunate and I3C, tumor volume upon excision should be similar between
phytochemically treated and control treated mice.

Identification of p53-independent mechanism of miR-34a regulation: Research in this
dissertation showed artemisinin can upregulate mature miR-34a levels in p53-mutant cell lines,

while assessment of primary miR-34a levels suggested artemisinin upregulates miR-34a on a
transcriptional level. To identify the transcriptional mechanism of artemisinin mediated mR-34a
regulation, computational analysis of the miR-34a promoter region could be performed to
identify potential binding sites of known artemisinin regulated transcription factors such as Sp-1,
E2F1 and NF«B (Tran 2013, Tin 2012, Willoughby 2009). Chromatin immunoprecipitation
would then be performed on artemisinin treated breast cancer cells using antibodies for the
identified transcription factors under conditions of miR-34a induction. Increased binding to the
identified sites in the miR-34a promoter for a specific transcription factor upon artemisinin
treatment could indicate its involvement in miR-34a regulation. siRNA of the transcription factor
should attenuate artemisinin mediated miR-34a induction and would confirm this hypothesis.
Each of these experiments should be performed in both p53 wild-type and p53 mutant breast
cancer cell lines to re-confirm p53 is not involved in the process of miR-34a induction.

Biopsy evaluation for miR-34a requirement in phytochemical sensitivity: Biopsies of breast
cancer patients with various disease states could be utilized to determine phytochemical
responsiveness in correlation with miR-34a and p53 gene status. The p53 gene is mutated in
nearly half of all human tumors while CpG methylation of the miR-34a promoters has been
detected in the most commonly diagnosed carcinomas (Serra 2012, Vogt 2011, Olivier 2010,
Lodygin 2008, Toyota 2008, Lujambio 2008, Kozaki 2008, Vogelstein 2000). The shared
chromosomal locus of miR-34a and p53 (1p36) is also one of the most frequently deleted in
cancer (Wong 2011, Hermeking 2009, He-review 2007, Welch 2007, Chang 2007, Bommer
2007). Biopsies would be assessed for miR-34a gene expression by Tagman qPCR detection of
mature miR-34a levels while promoter methylation status would be determined through bisulfate
sequencing. Karyotyping using fluorescent probes specific to the miR-34a and p53 genes would
detect the shared chromosomal locus of both genes (1p36) while Western blot analysis and

protein sequencing analysis could determine p53 expression and mutation status. Primary cell
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lines would then be derived from biopsies with differing miR-34a or p53 gene status and the
phytochemical responsiveness determined through flow cytometry, gPCR and Western blot
analysis upon artemisinin, artesunate, or I3C treatment. It would be interesting to see if
phytochemical mediated inhibition of cell growth was altered in any way due to changes in miR-
34a or p53 gene status.

Expansion into other cancer types: Phytochemical regulation of miR-34 could also be assessed in
other cancer types. Two possibilities are lung or prostate cancer, disease states that often express
low levels of the miR-34 family and are responsive to 13C, artemisinin and artesunate treatment
(Hahn 2013, Gaofolo 2013, Kasinki 2012, Hermeking 2009, Kokhlin 2008, Gao 2013,
Willoughby 2009, Kassie 2010, Choi 2010, Adler 2011, Wu 2012, Wang 2012, Zhou 2012, Zhao
2011, Efferth 2001). Cell cycle analysis, miR-34 and p53 expression status and miR-34 target
gene expression would be determined by flow cytometry, Tagman qPCR, and Western blot
analysis. It would be interesting to see if miR-34b or miR-34c¢ were significantly regulated by
any of these phytochemicals in addition to miR-34a and if any member of this tumor suppressive
microRNA family could affect phytochemically induced apoptosis.
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