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Abstract

Breast cancer is one of the leading causes of deaths in women worldwaleob+acil
(5-FU) is a classic chemotherapeutic drug that has been widely usedreatingent of breast
cancer patients. In this study, using several biochemical techniques, we sedigobal effects
of 5-FU treatment on MCF7 breast cancer cells. The dose-response curvedaditainie
treatment of MCF7 cells with 23 different 5-FU concentrations for 48 hours dhamvatypical
bimodal or biphasic curve, thus indicating a plausible dual mechanism of actionorAgtér
48 hours of treatment with 5-FU, the cells were found to be apoptotic, with a distinctioa in
the cell size, compromised anchorage ability but no significant alteratibe cell cycle
progression. These findings provided evidence of the global inhibitory effectsldbh-Ruman
breast cancer celis vitro and warranted further evaluation to study the molecular basis of
aberrant expression of protein-coding genes previously reported after Saoeine We
hypothesized that microRNAs (miRNASs), the newly identified class allsegulatory RNAS,

might play a mediator role in inducing the cytotoxicity of 5-FU, by regudgtine expression of



its target genes. Using a combined advanced microarray and quantit@atitmaeePCR (QRT-

PCR) technology, we found for the first time that 5-FU significantlyedt¢he global

expression profile of miRNAs in MCF7 breast cancer cells. After 48 hours oheeawith a

low dose (0.01uM), 42 miRNAs were differentially expressed in MCF7 @3lsif-regulated,

19 down-regulated). A majority of these miRNAs have been previously asslogifttecancer
development, and were predicted to potentially target many oncogenesrandstippressor
genes. To further understand the connection between miRNA dysregulation and 3apy, the

we investigated the dose- and time-dependent modification in the miRNA expressisrafeer
5-FU treatment. Eleven miRNAs (let-7g, miR-10b, miR-15a, miR-16, miR-21, miRA2Ra

365, miR-374b, miR-483-5p, miR-574-3p and miR-575) previously identified in the microarray
to be differentially expressed after treatment were selected rarthkir responsiveness to

eight different 5-FU dosages of 0.001, 0.005, 0.01, 0.1, 0.7, 1, 5 and 10uM. Of these, miR-10b,
miR-21, miR-365 and miR-483-5p were shown to be significantly regulated in a baneagl
Time-response data was also generated for miR-10b, miR-21, miR-483-5p, miR-5vd-3p a
miR-575 following 12, 24, 36, 48, 60 and 72 hours treatment with 0.1, 0.7 and 10uM 5-FU. The
data obtained suggested that miRNA expression in MCF7 cells is sensitivtth&rapy at

low doses and shorter treatment durations. The down-regulation of an important ongBmir,

21; and alteration in the expression of three new miRNAs with no previous breast cancer
association, miR-483-5p, miR-574-3p and miR-575 indicates that miRNA might play an
important role in 5-FU therapy. In conclusion, miRNAs were shown to play antampor
regulatory role in 5-FU induced cytotoxicity and fit in perfectly in the inteiceetwork of 5-FU

activity.
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Chapter 1: Review of Breast Cancer, Chemotherapy and MicroRNAs

Breast cancer: An Overview

Breast cancer is one of the leading causes of deaths worldwide. It isgsheammon
cause of death in women between the ages of 45 and 55. The American Cancer&puciety r
465,000 deaths worldwide due to breast cancer alone in 2007. Breast cancer incidenaanin wom
in the United States is about 1 in 8 (~13%). Although it is a common form of cancer in women,
male breast cancer cases have also been reported and it accounts for aboutt d&nawral
deaths in men (American Cancer Society). Breast cancer is theaageowth of the tissue in
the breasts, which can be benign or malignant. Benign breast tumors resuttaystiior
deposition in the breast, causing lumpiness of the breast. Malignant breast mmspsead
(metastasize) to different tissues or organs by the blood stream or lymgm;styst most
common sites are the bones, liver, lungs, and brain. According to the American Saciegy,
an estimated 192,370 new cases of breast cancer were diagnosed and approximately 40,170
women died from breast cancer in the year 2009.

There are several risk factors associated with breast cancer.dGeotttion and
heredity is one of the major reason causing breast cancer; for examplg gartations in the
BRCA1 and BRCAZ2 genes. However, only about 5-10% of breast cancers are heretfita
causes include age, alcohol consumption, obesity, hormone replacement therapyh and bir
control pills consumption. Early breast cancer does not show any signifioaotiosys. Gradual
development of the cancer results in formation of a lump in the breasts, change iniggape, s
color or texture of breast or discharge from nipple. Breast cancer chagm®sed by careful
physical examination, mammography, ultrasonography, Magnetic Imagsun&ece (MRI)

and breast biopsy. With recent technological advances, gene expression pradisogused to



detect early breast cancer and predict their prognostic outcomes. Té¢hiegese expression—
based prognostic breast cancer tests have been licensed for use: Onco{@@endxic Health,
Redwood City, California), MammaPrint (Agendia BV, Amsterdam, the Netias)aand H/I

(AvariaDX, Carlsbad, California).

Types of breast cancer
There are several types of breast cancer, but the most common typesalreadcictoma
and lobular carcinoma. The other types of breast cancers are relatieel$aare of these
cancers are in situ carcinomas, which mean that the cancer cells remfaed to ducts or
lobules and do not grow into deeper tissues in the breast or spread to other organs in the body.
These are sometimes referred to as non-invasive or pre-invasive breast.CEmeenore
aggressive breast cancers are the invasive or infiltrating carcinomas vévie spread to the

other breast tissues and other organs of the body.

The following list entails the different types of breast cancers: (Alaeicancer Society,

Inc.; National Breast Cancer Foundation, Inc.; Breastcancer.org)

Ductal carcinoma: This is the cancer of the ducts, the passageway which carries milk
from the milk-producing lobules to the nipple. It can be non-invasive (in situ) or invasive
(infiltrative). It is the most common type of cancer, accounting for about 85 — 9bféarit

cancer cases.

Lobular carcinoma: It arises in the lobules, the milk-producing gland of the breast. It is

the second most common type of breast cancer, occurring in about 8% of the cases.

Inflammatory breast cancer: This is an uncommon type of invasive breast cancer, in

which the cancer cells block the lymph vessels around the breast, making thébkeaesd,

2



warm and with a pitted appearance. There is usually no lump or tumor found, and it acrounts f

about 1-3% of all breast cancer cases.

Medullary carcinoma: This is a rare type of invasive ductal carcinoma in which the
cancer cells are morphologically different and bigger than the normal brdasancdlthere is a

well defined boundary observed between the cancerous cells and normal cells.

Metaplastic carcinoma: This type of breast cancer includes a range of cancers of mixed
epithelial (cells lining the breast) and mesenchymal (connective tissieebfeast) cells, which
then change into squamous (nonglandular) cells. This cancer does not have estegiers

(ERs), progesterone receptors (PRs), or HER2/neu protein.

Mucinous (colloid) carcinoma: It is the cancer of the mucus-producing cells. They are

usually estrogen receptor positive and HER2/neu negative.

Tubular carcinoma: This is a rare type of invasive ductal carcinoma in which the cancer
cells have a tubular microscopic appearance. Tumors are generally smajereséceptor

positive and HER2/neu negative.

Papillary carcinoma: It is a type of rare ductal carcinoma in situ in which the cells are
arranged in small, finger-like projections (papilla) when viewed under thesompe. These are

rarely invasive and are more prominent in older women.

Adenoid cystic (adenocystic) carcinoma: These cancers have both glandular (adenoid)
and cylinder-like (cystic) features under the microscope. They make upadess% of breast

cancers and are rarely invasive.



Phyllodes (phylloids) tumor or cystosarcoma phyllodes: It is a rare sarcoma, cancer of the

stroma (connective tissue), which is usually benign.

Angiosarcoma breast tumor: A breast angiosarcoma is a rare type of breast cancer which

starts in cells that line the blood vessels within the breasts.

Molecular genetics of breast cancer

Carcinogenesis is a multistep process which usually involves gehetatians that
influence important cellular pathways. About 10% of the breast cancer caséswareto be
hereditary, which results mainly due to genetic defects or mutations inrtbmgenherited
from the parent. Women with these mutations have up to 80% risk of developing breast cancer
during their lifetime. About 90% of breast cancers are due not to heredity, but npairdgis
cancers, resulting from acquired somatic mutations or genetic abnorsialgiehappen as a
result of aging process and life in general. More recently, using advacbedltgies such as
comparative genome hybridization (CGH), fluorescenaitu hybridization (FISH),
chromosome painting and microsatellite marker analysis, the genomeboéést cancer cells
have been shown to be highly unstable (Hedley, Rugg et al. 1987; Tirkkonen, Johannsson et al.
1997; Ingvarsson, Geirsdottir et al. 1998; Lingle, Barrett et al. 2002ke are due to mutations
or other alterations in the tumor suppressor genes and amplification of the oncodfenasois
in the tumor suppressor genes would cause loss-of-function effects, while oncogeeemraus
of-function effect that contribute to the malignant breast cancer phenotype.ITalgives the
list of different oncogenes and tumor suppressor genes which usually undergo altarations

breast cancer.



Strategies for breast cancer treatment

There are several treatment options available for the management of aneast It can
be treated either locally or systemically. Local treatment inslsdegery (mastectomy or
lumpectomy) and radiation therapy; while systemic treatment includesotherapy and
hormone replacement therapy. There are several chemotherapeutic édifyy tise treatment
of breast cancer (Table 1.2) that are usually used as an adjuvant therapy tdauggery. In
many cases, a combination of two or more medicines will be used as chemotresatipgnt for
breast cancer (Table 1.3). However there are several side-effextmtestwith treatment with
chemotherapeutic drugs, like anemia, hair loss, nausea, vomiting, diarrhddoetmonal
therapy is also widely used for the management of breast cancers thatsitive to hormones.
These are usually estrogen and progesterone-receptors positive breaxs. daable 1.4 gives

the list of drugs used in hormone therapy.

Recent advances in research and technology has seen the development of taiggeted dr
therapies such as bevacizumab (Avastin — anti-angiogenesidabigged to inhibit the
signaling of cancer cells to new blood vessels); lapatinib (Tykéatgets the protein HER2)
and trastuzumab (Herceptitargets the protein HERZ2), which are more specific for breast
cancer treatment and are less likely to harm normal, healthy cells. Mdtesmeeded to
improve chemotherapy for breast cancer and to develop new therapies to alleasttedneer

and improve the general quality of living.



Chemotherapy and 5- Fluorouracil

Several chemotherapeutic drugs are used for the treatment of breast sdhmrouracil
(5-fluoro-1H-pyrimidine-2,4-dione or 5-FU) is an important chemotherapeutic drug which is
widely used for the treatment of different cancers, mainly breast (Famd@®enneterre et al.
2003), colorectal (Wils, O'Dwyer et al. 2001) and head and neck cancers (Posner, €aévas
2000). It was first synthesized in 1957 by (Heidelberger, Chaudhuri et al. 19%49.deen in
use for about 50 years and is available in market under different trade namiesH®A
Efudex®, Fluoroplex®, and Carac™. The drug can be administered as IV (intraveriossn
or bolus, or applied topically, depending on the type of cancer treated. The patieisisadise
subjected to a continuous drug infusion at the constant rate of 450 — 96&dag/mausing 5-
FU plasma concentration to reach values of order of magnitude of 5uM or mbteMiHano et

al. 1988). However, the daily dose of 5-FU is not to exceed 800 mg.

5-FU is an antimetabolite drug. These drugs are cell-cycle speudifich affects cells
only when they are in the S-phase or getting divided. Since the cancerous cellshdirgde
rapidly compared to the normal cells, they take up these antimetabolitesamidig than the
normal cells, and hence are more toxic to them. 5-FU is a pyrimidine antagasian |
analogue of uracil, in which the hydrogen at C-5 position is substituted witbran# atom
(Figure 1.1), hence called a Fluoropyrimidine. Its cytotoxicity has beeibed¢o its inhibition
of the thymidylate synthase (TS) and misincorporation into RNA and DNA, fimallycing

cell-cycle arrest and apoptosis.



Mechanism of action

Following administration, 5-FU enters the cell through the same féeiliteansport
mechanism as used by uracil (Wohlhueter, Mclvor et al. 1980). It is then converted
intracellularly into 3 different active metabolites: fluorodeoxyuridine monophosgRed UMP),

fluorodeoxyuridine triphosphate (FAUTP) and fluorouridine triphosphate (FUTR)réFlg?).

The first step in the activation on 5-FU is its conversion to fluorouridine monophosphate
(FUMP). This conversion can occur in two ways: a) Direct conversion: lynaatiorotate
phosphoribosyltransferase (OPRT) with co-factor phosphoribosyl pyrophosphate){RR&® b)
Indirect conversion: through sequential conversion from 5-FU to fluorouridine (&ktRhen to
FUMP by the action of enzymes uridine phosphorylase (UP) and uridine kinase (UK)
respectively (Daher, Harris et al. 1990). FUMP can then be phosphorylated to fluowuridi
diphosphate (FUDP), which can be converted to the active compound fluorouridine triphosphate
(FUTP), causing the cytotoxic effects. FUDP can also be converted to flogyadigine
diphosphate (FAUDP) by ribonucleotide reductase (RR). FAUDP can then be phosghorylate
dephosphorylated to give the active compounds fluorodeoxyuridine triphosphate (FAUTP) or
fluorodeoxyuridine monophosphate (FAUMP) respectively. Alternatively, Saflalso be
converted to FAUMP by thymidine phosphorylase (TP) catalysed conversion ofdb-FU
fluorodeoxyuridine (FUDR), which is then phosphorylated to FAUMP by thymidine kin&3e (T
The three active metabolites, FAUMP, FAUTP and FUTP elicit the cytdto&fds-FU in

cancerous cells.



Inhibition of thymidylate synthase (TS)

TS is a 36kDa dimeric protein which contains a nucleotide — binding site and a folate —
binding site. It catalyses the conversion of deoxyuridine monophosphate (dUMP) to
deoxythymidine monophosphate (dTMP). dUMP undergoes reductive methylation to dTtMP wi
N® N*°-methylenetetrahydrofolate (GIHF) serving as the methyl donor. This reaction is a part
of the de novo synthesis of thymidine and is the only source of thymidine, which is defquire

DNA replication and repair.

FAUMP actively binds to the nucleotide-binding site of TS, which results in the format
of a stable ternary complex of TS, FAUMP and,OHF (Figure 1.3). Binding of FAUMP to TS
prevents the binding of the normal substrate dUMP to TS, resulting in inhibition of dTMP
synthesis (Santi, McHenry et al. 1974; Sommer and Santi 1974). Reduction in the lewdPof dT
causes succesive reduction in dTTP levels, which in turn induces imbalances in the
deoxynucleotide pool (dATP, dCTP and dGTP) and particularly dATP/dTTP ratio Pkashi
Tanaka et al. 1987; Houghton, Tillman et al. 1995). These imbalances result in inhibition of

DNA synthesis and repair, and thus cause DNA damage.
Misincorporation into DNA and RNA

FAUTP gets misincorporated into the DNA strands in place of dTTP during DNA
replication. Additionally, accumulation of dUMP results in allevated levels diRlidside the
cells (Mitrovski, Pressacco et al. 1994; Aherne, Hardcastle et al. 1996). Uibesca
misincorporation of dUTP in DNA strands. This misincorporation cannot be correctedrece
by nucleotide excision due to the high dUTP/dTTP ratios, and this ultimately riesDNsA

strand breaks and cell death.



Further, FUTP is extensively misincorporated in RNA strands, which disruptetimal
RNA processing. This results in disruption of the further synthesis and pracessnRNAs
(Doong and Dolnick 1988; Patton 1993), tRNAs (Randerath, Tseng et al. 1983; Santi and Hardy
1987) and rRNAs (Kanamaru, Kakuta et al. 1986; Ghoshal and Jacob 1994) and in inhibition of
post-transcriptional conversion of uridine to pseudouridine in these RNAs (SaomuEgel ).
This results in RNA toxicity and imbalances, causing variability in cellketabolism and

functioning.
| nactivation of 5-FU

5-FU is primarily catabolized in the liver, where the enzyme dihydropyniraidi
dehydrogenase (DPD) is present in abundance. DPD catalyses the conviebsklJ to inactive

compound dihydrofluorouracil (Diasio and Harris 1989) (DHFU, Figue 2).
Dosage and clinical pharmacokinetics

5-FU is generally administered as an intravenous injection. The actualatese
dependent on the weight of the patient. Usually, 12 mg/kg of 5-FU are given intravenagsly on
daily for 4 successive days. The daily dose should not exceed 800 mg. If no toxicigrisedbs
six mg/ml are given on thé"68", 10" and 13" days. Therapy is then discontinued at the end of
12" day (Fluorouracil Injection, USP; Gensia Sicor Pharmaceuticals, ivice,| CA 92618).

Following intravenous injection, 5-FU gets distributed mainly into the tumors, bone
marrow, liver, intestinal mucosa and other tissues in the body. It also difessbly across the
blood brain barrier and gets distributed into the CSF (cerebrospinal fluid). Seven to 2@% of t
parent drug is excreted unchanged in the urine in about 6 hours (Diasio and Harris hB&9), w

60-90% of the administered dose is excreted in urine within 24 hours, primarifjuaso-f3-



alanine (Heggie, Sommadossi et al. 1987). The mean half life of elimination framegkas
dose-dependent and in the range eight to 20 min (Heggie, Sommadossi et al. 1987; Diasio and
Harris 1989). No intact drug can be detected in the plasma after three hoursrehmisa

injection (Heggie, Sommadossi et al. 1987; Diasio and Harris 1989). However, 5-FU active

metabolites have prolonged elimination half lives (Heggie, Sommadossi et al. 1987).

5-FU modulations/ I mprovements

5-FU drug treatment is associated with varied side effects, rangmgnfiild to severe.
Common side effects include nausea, vomiting, diarrhea, weakness, mouth sores, pib®r appet
discoloration of the vein through which the medication is given, sensitivity to light
(photophobia), reduced white and red blood cell and platelet counts which can causedincrease
risk of infections. More rare side effects include skin reactions like hypeguitation
(darkening of skin), dryness or cracking of skin; discoloration of nails; thinningioéhd hand
and foot syndrome. Several strategies have been adopted to improve the 5-FU(Ehguapy
1.4). These include adjunct therapy of 5-FU with other chemotherapeutic drugsu®@vorin,
Methotrexate or Irinotecan. Oxaliplatin, 5-FU and Leucovorin adjunct therayatso been
used for advanced colorectal cancer. Various 5-FU pro-drugs have been ggdiHés
Capecitabine and tegafur, which improves the targeted delivery of 5-FU andaighyf

reduces the associated side effects.

Effect of 5-FU on gene expression

5-FU has been shown to modify the expression of protein-coding genes. 5-FUenay al
the gene expression levels of its target enzyme, TS and its metabolic enzyDe©HNT, TP

and UP (Inokuchi, Uetake et al. 2004; Mauritz, van Groeningen et al. 2007). In a previous study
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five 5-FU-inducible transcriptional targets have been identified: SSATn(spe / spermidine
acetyl transferase), annexin Il, thymopii0, chaperonin-10 and MAT-8 (Maxwell, Longley et
al. 2003). Further, p53 have been shown to be a potential target of 5-FU (Hernandez-Vargas
Ballestar et al. 2006). 5-FU also upregulates FAS expression (Tillmak, &etl. 1999).

Another study reported differential expression of a set of genes betvwdéisénsitive and 5-FU
resistant colon carcinoma cell line, including ornithine decarboxylase, spespamaidine
synthases, spermine/spermidine acetyltransferase, p21/WAF1, mdm2jd-asEphA2, and
ferredoxin reductase (Zhang, Ramdas et al. 2003). Most importantly, they dejpdetef p53

and tumor necrosis factor (TNF) regulation in 5-FU treatment (Zhang, Raahdh 2003). A
study performed global gene expression pattern following 5-FU treatment Bid b&lls
(Hernandez-Vargas, Ballestar et al. 2006). A total of 300 genes were showndalbteceat

any time point following treatment at 10uM and 500uM of 5-FU (HernaN@egas, Ballestar

et al. 2006). Many of these genes were found to be related with the p53 transcriptioifactor
dose- and time-dependent pattern was observed in the gene expression, with ges@expre
changes correlated with cell cycle and cell death parameters (ldezi&argas, Ballestar et al.
2006). Thus, 5-FU modifies the expression levels of several protein—coding genes. Hiveever

molecular mechanism of this effect is still unknown.

MicroRNAS

MicroRNAs (miRNASs) are an important class of endogenous, non- protein-coding RNA
molecules which play a regulatory role in gene expression. They areRi¥fainolecules,

about19-25 nucleotides in length, which negatively regulate gene expregsimding to the
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3’-Untranslated region (3’-UTR) of the target mRNAs, and causing mRNA degraadet
translational repression. Most of the miRNAs are highly conserved intespkdias been
predicted that miRNAs constitute more than 1% of the total protein coding genethahyil

target more than 30% protein coding genes (Lewis, Shih et al. 2003).

The first miIRNA, lineage-deficient-4ig-4), was discovered by Victor Ambros’s group
in Caenorhabditis elegans in 1993 (Lee, Feinbaum et al. 1993)inh&NA showed near
perfect antisense complementarity with the 3' — UTR of mRNA ofith&4 gene, which is
important for regulation of developmental timing in C. elegans. Since its digctiveusands of
MiRNAs have been discovered in animals, plants and several viruses. These migNas pl
important role in multiple biological processes, including developmental timings,
embryogenesis, cell differentiation, organogenesis, metabolism, apoptosisiand gseases,

including cancers.

Biogenesis of microRNAs

MiRNAs are transcribed from miRNA genes, which can be transcribed as autonomous
transcription units, or as clusters from a polycistronic transcription uaitéB2004; Kim and
Nam 2006). miRNA genes can be divided into three groups based on their genomic location:
first, genes located in the exonic region of non-coding transcriptions unisids&enes located
in the intronic regions of non-coding transcription units; and third, genes located mitr¢iméci
region of protein-coding transcription units (Kim 2005; Kim and Nam 2006). A majorttyeof
are, however, located in the intronic region of a protein-coding gene. miRNA gemgenarally
transcribed by RNA polymerase Il (pol 1) (Cai, Hagedorn et al. 2004, Liee gKal. 2004), or

sometimes by RNA polymerase Il (pol 1ll) (Borchert, Lanieaet2006); to give primary
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MIiRNA transcript, called pri-miRNA (Figure 1.5). These pri-miRNAssaally several
thousand bases long and consists of a local hairpin structure. They may also cortain and
3’-poly(-A) tail (Cai, Hagedorn et al. 2004, Lee, Kim et al. 2004). This stem-loogtste is

then cleaved by a Microprocessor complex to give precursors of microRNe pat-miRNAs
(Denli, Tops et al. 2004; Gregory, Yan et al. 2004). The Microprocessor complexpsseuhof
nuclear RNase IIl Drosha and double-stranded RNA binding domain protein DGCR&®(§eGe
syndrome critical region 8). Drosha is a 160kDa protein consisting of two RINdsenains
(RINIDs) and a catalytic double-stranded RNA binding domain (dsRBD); whdd&CRS is a
120kDa human protein which consists of two dsRBDs (Han, Lee et al. 2004). Drosha binds to
the pri-miRNA and cleaves it at approximately two helical turns (about 2eont)the terminal
loop, to give the pre-miRNAs (Zeng, Yi et al. 2005). The flanking regions are @egrathe
nucleus. DGCRS8 is supposed to aid substrate recognition by Drosha, by assistiaigni dufi
microprocessor complex to RNA or orientating the complex to RNA (Denli, Tcagds 2004;
Gregory, Yan et al. 2004; Landthaler, Yalcin et al. 2004). These pre-miRNAs haiea ty
stem-loop secondary structure, comprising of a about 22bp stem, a terminal loo®-and a
overhang of around 2 nt (Lee, Ahn et al. 2003). The pre-miRNAs thus processed are then
exported to the cytoplasm by the nuclear transport receptor, Exportin-5 (Yi, Qi2@d3;

Lund, Guttinger et al. 2004).

Exportin-5 binds cooperatively with the pre-miRNAs and its cofactor GTP-bound-Ran in
the nucleus (Bohnsack, Czaplinski et al. 2004). This complex then transports the presmiRNA
across the nuclear membrane through the nuclear pore complexes. Following eg@sittis
hydrolyzed to GDP and in the process, pre-miRNAs are released into the eytopies

secondary stem-loop structure and short 3’-overhang of the pre-miRNAs afieangni
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structural requirements for their transport by Exportin-5 (Zeng and Cullen 2@0éwirg their
export from the nucleus, these pre-miRNAs are further processed to abouté&tfidecl
MiRNA:mMiRNA* duplexes by the cytoplasmic RNase Ill enzyme Dicer, 81xdSRBD TRBP

(the human immunodeficiency virus transactivating response RNA-binding preteivpgner,
McLachlan et al. 2001; Chendrimada, Gregory et al. 2005). Dicer is a about 160kDa protein,
consisting of two RIIIDs, a dsRBD and a long N-terminal segment thatics@t®ead-Box

RNA helicase domain, a DUF283 domain and a PAZ domain. It cleaves the pré&saRN
approximately 2 helical turns (about 22 nucleotides) from the 3’-terminus to give the
MiIRNA:mMiRNA* duplex. One strand of the duplex is then selected as the matukddnaiiRd the
other strand is degraded in the cytoplasm by unknown mechanism. Studies on siRNA duplexes
have shown that the relative thermodynamic stability of the two ends of the dupiexa ptde

in strand selection (Khvorova, Reynolds et al. 2003; Schwarz, Hutvagner et al. 2003)arithe st
with relatively unstable base pairs at the 5’-end is usually selectedtasermiRNA, while the
other miRNA* strand is degraded. The mature miRNA then gets incorporated into the
ribonucleoprotein complexes (RNPs) called microRNA-RNPs (miRNPs) or iRRblAzinduced
silencing complexes (miRISCs), which bring about gene regulation. The Ageo{#eyo)

proteins are an important protein constituent of these complexes.

Mechanism of miRNA-mediated gene regulation

MiRNAs interact with their target mMRNAs by base pairing (Figure Ingplants, a
majority of miRNAs base pair with near perfect complementarity with tR&lAs, but in
animals there is imperfect base pairing which follows certain rules inrmB&NAs, as shown
by experimental and bioinformatic analysis (Brennecke, Stark et al. 200, |Rawge et al.

2005; Grimson, Farh et al. 2007) (Figure 1.7). The miRNAs bind perfectly with the mRNAs
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between nucleotides 2 and 8, known as the “seed” region (Bartel 2004; Doench and Sharp 2004;
Brennecke, Stark et al. 2005). The seed region is generally devoid of angtohisig base pairs

or bulges. It is flanked by an A or U residue on positions 1 and 9, which may help in improving
site efficiency (Lewis, Burge et al. 2005; Grimson, Farh et al. 2007). The lmulggsmatches

may be present in the central region of the miRNA-mRNA duplex. Finally, taaBbf miRNA

should bind complementarily with the mRNA to stabilize the interaction (Breen&tark et al.

2005; Grimson, Farh et al. 2007). The miRNA-mRNA duplex thus formed brings about the gene

regulation.
Eukaryotic translation

The process of eukaryotic translation consists of three basic stepsoimjtedtingation
and termination. Initiation of translation involves recognition of the mRNA Bteal 7-
methylguanosine (iG) cap by eukaryotic initiation factor 4E (elF4E) subunit of initiation factor
elF4F. Other important initiation factors are elF4A, elF4G, elF3 and eit&acttion of elF4G
with elF3 results in recruitment of 40S ribosomal subunit, which identifies thestin.
Another important role of elF4G is its ability to interact with the polyati¢eybinding protein 1
(PABP1), which is associated with the poly(A) tail. Simultaneous interaofielF4G with
elF4E and PABP1 causes circularization of the mRNA, increasing the piyprinelFA4E and
5'-m’G cap, and thus stimulating initiation of translation. Identification of start codon is
followed by association of the large 60S ribosomal subunit and the start of elongatidksste
translation proceeds, newly synthesized proteins (nascent polypeptides) &orarties large
ribosomal subunit. Several ribosomes can translate a single mRNA at thersanregulting in

formation of ‘Polysomes’ (ribosome clusters). Termination occurs when an ef@pgbhbsome
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encounters the stop codon; the ribosome dissociates from the mRNA, and the completed protei

is released.

Presently there are four proposed mechanisms of miRNA-mediated gesssien.

MRNA cleavage

MiRNAs that bind perfectly with their target mRNAs bring about direct clgawvd a
phosphodiester bond in the mRNA (Figure 1.6). In plants, most miRNAs bind to target mMRNAs
with near perfect complementarity, and the mRNA is cleaved endonucledyyticdie middle
of the miRNA-mRNA duplex (Jones-Rhoades, Bartel et al. 2006). This cleavage betwueen
the residues base paired to the 10 and 11 nucleotides of the miRNAs (counting from the 5'- end
of miRNA) (Elbashir, Martinez et al. 2001). This cleavage is caused by tber*sctivity of the
RISC. The Agronaute proteins (Ago) are an important constituent of this RISGragbout
100 kDa proteins which contain the PAZ and PIWI domains (Carmell, Xuan et al. 2002). The
PAZ domain contains an oligonucleotide-binding fold which binds the single-strandead3sf
mMiRNAs (Lingel and Sattler 2005), while the PIWI domain has a conserved pocketidorg
the 5’-phosphate of miRNAs (Parker, Roe et al. 2005). Thus, the miRNAs is lodgedrbdteee
PAZ and PIWI domains of the Ago protein. In addition, the PIWI domain also shows the
presence of a catalytic site which functions similar to RNase H enzypehleaof cleaving the
RNA strand. Thus, the ‘slicer’ activity of the RISC complex is associatddtiagt Ago proteins.
However, only Ago-2 protein complexes are capable of inducing mRNA cleavagadiMel
Landthaler et al. 2004). In human, mRNA cleavage is not the usual method of miRNA-induced

gene silencing. miR-196 is the only miRNA which binds perfectly to 3'-UTR of thBl
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MRNA, causing its cleavage (Yekta, Shih et al. 2004). All others miRNA indugesgencing

by imperfect binding.
Translational repression

Another mechanism of mMRNA silencing by miRNA is by interfering withrthei
translation (Elbashir, Lendeckel et al. 2001). This was first suggestée by servation that
MiRNA lin-4 reduced the amount of LIN-4 protein without significantly affegthe amount of
lin-4 mMRNA (Lee, Feinbaum et al. 1993). Presence of multiple miRNA bindirgyitéarget
MRNAs further supports this model. Translational repression generallgsandhe absence of
perfect complementarity between miRNA and the target mRNA. Currevidlynain models of
translational inhibition by miRNAs are available: repression at frdtisstep or at post-initiation
step. Studies performed in various labs have provided support for both the mechanistis. It is s
unclear as to which mechanism is more prevalent and what factors deternainehash

mechanism will be followed.

Translational repression at initiation step is proposed to be affected Ipp$sible
mechanisms. First mechanism is by suppression in recognition di&Geap by the elF4E
(Humphreys, Westman et al. 2005; Pillai, Bhattacharyya et al. 2005) . It has alsepeted
that Ago2 can bind to thenGpppN cap via a motif resembling a cap-interacting sequence of the
initiation factor elF4E, preventing the cap—elF4E interaction, and thus stoppiregthement
of the small ribosomal subunit to mMRNA (Kiriakidou, Tan et al. 2007). Inefficienéssmn of
MRNA containing IRES (Internal ribosome entry site) or a nonfunctionaluctpef supports

this model. Briefly, miRNAs are supposed to prevent the synergy between thediatthe 3'-
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poly(A) tail. An alternative mechanism for translational repression is siywatting the joining

of 60S subunit, which is affected by elF6 protein (Chendrimada, Finn et al. 2007)

Translational repression has also been showed to occur post-initiation. The atrservat
that lin-14 and lin-28 mRNAs, targets of lin-4 miRNA, remain associated witisqoles
despite reduction in their protein products (Olsen and Ambros 1999; Seggerson, Tang et al
2002) supports this model. A ‘drop-off’ mechanism of post-initiation repression has been
proposed by many researchers, which states that miRNAs cause ribosomesiie fene to
premature termination of translation (Petersen, Bordeleau et al. 2006). Wnatkible

mechanism includes the slowing down of ribosome elongation (Mootz, Ho et al. 2004).

The research does not unequivocally state the exact mechanism of translational
repression. One possible reason for the ambiguity could be adoption of differentnexypeiri
techniques for the study. Another possible explanation could be that miRNA function through
multiple mechanisms. The complementary binding with the target mRNA, and the Ago and
GW182 proteins may play a role in deciding the mechanism of miRNA silencirtheF, there
isn't enough evidence to support that initiation and post-initiation mechanismsitara iy

exclusive.

Cotranslational protein degradation by Proteolysis

Another method of gene silencing by miRNA is at the protein production stagainCert
proteins can be found associated as polysomes after the binding of miRNA tceitsnBigA
(Olsen and Ambros 1999). These polysomes or nascent peptides are continuously sginthesiz

from the mRNAs, but are not accumulated. They undergo rapid degradation by theqw ate
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the cytosol (Nottrott, Simard et al. 2006). The association of miRISC or miRtNRhe target

MRNAS recruits the proteases and promotes its activity and affinitii¢quolysomes.

Deadenylation and Decapping

MRNA destabilization is another possible mechanism of miRNA-induced deneirsg.
The destabilization is a sequential process, with the initial step being shodéthed'-
Poly(A) tail (Giraldez, Mishima et al. 2006; Wu, Fan et al. 2006). This is followed by
degradation step which can occur via two possible pathways: the mRNA can be prdgressive
degraded in 3’-5’ direction by an exosome, or it can be first 5’-decapped , followeeBby 5’
degradation by the exonuclease XRN1(Parker and Song 2004) .The degradation step usuall
occurs in the P bodies, cellular structure involved in mRNA catabolism and tramaslati
repression (Parker and Sheth 2007) . The GW182 protein and the Ago PIWI domain are

important constituents for this mechanism.

Thus miRNA-mediated gene silencing can be brought about by many differentisetha

(Figure 1.8).

miRNAs, Breast cancer and 5-FU
Thousands of miRNAs have been detected and characterized in plants, animals and
viruses (Zhang, Pan et al. 2006). miRNAs play a very important role in maowgibel
processes, including developmental timing, organ development, stem cellmraacgend
differentiation, disease, cell proliferation, apoptosis and response to diffeessest(Ambros
2001; Bartel 2004; Alvarez-Garcia and Miska 2005; Cheng, Tavazoie et al. 2005). miRNA has

also been reported to play a role in cancer initiation and progression (Calinceared?006) and
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cancer metastasis (Cheng, Byrom et al. 2005). 50% of miRNA genes are localiaeden c
associated genomic regions or in fragile sites (Calin, Sevignahi2€0a). miRNA expression
profiles have helped in classifying human cancers and development of a migidtuse for
different types of cancers (Lu, Getz et al. 2005). In most cancers, miBihsaberrant levels

of expression. Those which are over-expressed in tumors are thought to be oncogeuie,in nat
called as ‘Oncomirs’, such as miR-17-92 cluster, which targets the E2F1 oncogenes
lymphoma, or miR-21, which targets PTEN tumor suppressors in hepatocellular carcinom
(O'Donnell, Wentzel et al. 2005; Meng, Henson et al. 2007). Those miRNAs whose expression is
reduced in tumors are thought to be Tumor suppressors or “TSmirs’, such as in casd samiR-
and miR-16-1 which targets the BCL2 oncogene in Chronic Lymphocytic Leukemia ¢CLL)
let-7 family which target RAS oncogene in lung cancers (Johnson, Grossharz0@6alCalin

and Croce 2006).

MiRNAs also play an important role in breast cancer. miRNA signaturerphttee been
shown to predict estrogen, progesterone and HER2/neu receptor status in breagt caecer
Miller et al. 2009) (Ma, Teruya-Feldstein et al. 2007) showed that miR-10liesitiaeast
cancer invasion and metastasis. On the other hand, breast cancer metastpgiessed by
mMiRNAs such as miR-335 and miR-126 (Tavazoie, Alarcon et al. 2008). Further, miR-373 and
miR-520c stimulate cancer cell migration and invasion (Huang, Gumirecdy2£08). miRNA
gene expression levels are also aberrantly altered in breast canced,miiR-10b are over-
expressed (Ma, Teruya-Feldstein et al. 2007); whereas miR-125b and miR-14%.aesl i@
breast cancer (lorio, Ferracin et al. 2005). These studies highlight theamgodf miRNAs as
both stimulators and inhibitors in breast cancer. Currently, a growing body oheitdas

suggested the importance of miRNAs in modulating the chemosensitivity andrelsestance
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of tumor cells (Meng, Henson et al. 2006; Blower, Verducci et al. 2007; Blower, Chung et a
2008). (Si, Zhu et al. 2007) reported that suppression of miR-21 sensitized MCF7 cells to
anticancer drug topotecan. Similar studies have been reported for the drugalgamci
doxorubicin and tamoxifen (Kovalchuk, Filkowski et al. 2008; Miller, Ghoshal et al. 2008; Zhao,
Lin et al. 2008) illustrating the importance of miRNAs in drug sensitivity asidteence. Further,
MiRNAs such as miR-15b and miR-16 have been shown to modulate multidrug resistance by
targeting the anti-apoptotic bcl2 gene (Xia, Zhang et al. 2008). These studedghevatrinsic

role of mMiIRNAs in managing the efficiency of chemotherapy in several inganacers.

Currently, no work has been reported on the effect of 5-FU on miRNAs. 5-FU mas bee
widely used for treatments of various types of cancer, including breastr chlosvever, its exact
mechanism of toxicity at the molecular level is still not clearly undedstAlso, the mechanism
of cancer cell resistance to drug is still eluded. 5-FU has been shown to rhedfypression of
protein-coding genes (Longley, Harkin et al. 2003; Maxwell, Longley €08l3; Hernandez-
Vargas, Ballestar et al. 2006; Rossi, Bonmassar et al. 2007), but the regulatoayisi@ is
unknown. Further, 5-FU was recently reported to modify the expression of seiRNAsIN
colon cancer cells (Rossi, Bonmassar et al. 2007), indicating the potentigladtstFU in
altering miRNA expression. However, there is no report on the effect of 5-FU dwAgiR
human breast cancer. Considering the critical role of miRNAs in cancer and drug
chemosensitivity, we hypothesized that the cytotoxicity of 5-FU in breasecanay be partially
elicited by regulation of miRNA expression levels. Determination offfieete of 5-FU on
expression of MiRNAs can help to identify the miRNAs which play a role in cheniibggns
and resistance of 5-FU in particular, and other chemotherapeutic drugs in.deneag also

help to improve the efficacy of 5-FU treatment, by reducing its sideteffedy decreasing the
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incidence of 5-FU resistant cancers. Finally, the data can be extrapolatbeétt
chemotherapeutic drugs, and targeted delivery systems, which canhasgespecific miRNAs,

can be synthesized.

Hypothesis
5-FU induces its cytotoxicity partially by altering the expressigrlteof microRNAs
associated with breast cancer, which accounts for the modification of the geessen levels
induced by 5-FU. 5-FU also modifies the expression of target mMRNAs trassamigbiproteins of

associated miRNAs, which could play an important role in inducing 5-FU cytotoxicity

Research Objectives
The goal of this proposed research project is to elucidate the molecular mecbbbis
FU and its effect on the global microRNA expression profile. A combined experiraadta

computational approach will be employed to achieve the following specific wgct

Specific Aim 1: To investigate the effects of 5-FU treatment on MCFbreast cancer cells
(Chapter 2)

The sensitivity of MCF7 breast cancer cells to 5-FU treatment wagadausing
Trypan blue dye exclusion assay and MTT dye reduction assay. Modificatithescell growth
and proliferation after 5-FU exposure were studied by determining the inhibaiocgmtrations
of 5-FU and the dose- and time-dependence of these responses. The effeatymtecatid

induction of apoptosis was also studied using Flow cytometry and Acridine Orande/st
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Bromide (AO/EB) dye staining assay. This study helped us to classifetieea) effect of 5-FU
treatment on MCF7 breast cancer cells.

Specific Aim 2: To identify the miRNAs which are differentially expressed after 5-FU
treatment (Chapter 3)

In this objective, a comparative analysis of the expression pattern of miRNvasmal
and 5-FU treated MCF7 cells was performed using miRNA microarray tegyn@ix potential
MiRNAs, miR-575, miR-671-5p, miR-483-5p, miR-574-3p, miR-365 and miR-374b, which
showed maximum differential expression after 5-FU treatment, werdextlgased on fold —
change and statistical analysis. The differential expression levilese# miRNAs post — 5-FU
treatment will be validated by gRT-PCR technique.

Specific Aim 3: To determine the dose-dependence and time-depiemce of the miRNA
expression response to 5-FU treatment (Chapter 4)

The dose and time dependence of the expression levels of the miRNAs selected in
Objective 2 after 5-FU treatment were analyzed at different coatems and for varying time
periods using the gRT-PCR analysis. This study helped to identify any sighgaiern in the

expression levels of miRNA following 5-FU treatment.

Experimental model

The model for my experiment is the MCF7 human breast adenocarcinoma cell line.
MCF7 cell line was originally isolated in 1970 from the pleural effusion of a 69¢ld
Caucasian woman with metastatic mammary carcinoma (Soule, Vazqlet%t3). These
cells are positive for estrogen receptor, progesterone receptor, egigeomth factor receptor

and E-cadherin expression. They lack expression of apoptotic enzyme caspds&sSia
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fibroblast growth factor. It is an adherent cell line which grows in monolayeF MZeast
cancer cells are widely used as an in vitro model of breast cancer, mainightare role of
estrogen in breast cancer due to the presence of well-characteringereséceptors. They are
easy to culture and maintain, and show many genetic and morphological semsitarihe breast

cancer cells.
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Table 1.1: Oncogenes and tumor suppressor genes and their functions in breagincatited

from (Osborne, Wilson et al. 2004))

Gene Classification Function
HER2 Oncogene Tyrosine kinase receptor; involved in signal
transduction pathways of cell growth and
differentiation
Ras Oncogene G Protein involved in cellular signal transduction
important in cell growth, differentiation and survival
PI3K Oncogene Kinase involved in cellular functions such as cell
growth, proliferation, differentiation, motility, surviva
and intracellular trafficking
Akt Oncogene Kinase regulating cell-cycle, cell survival, metabolism
and in angiogenesis
elF-4E Oncogene Initiator of protein translation
CyclinD1 Oncogene Cell-cycle mediator required for cell cycle G1/S
transition; interacts with tumor suppressor gene Rb
CyclinE Oncogene Cell-cycle mediator required for cell cycle G1/S
transition
c-myc Oncogene Transcription factor which binds with Enhancer box
sequence (E-boxes) and recruits Histone
acetyltransferases (HATS)
c-fos Oncogene Transcription factor
p53 Tumor suppressor| Transcription factor; response to DNA damage and
gene stress; induces cell-cycle arrest; cell-cycle checkpoint
activation; triggers/facilitates apoptosis
p27 Tumor suppressor| Inhibit cyclin-dependent protein kinases; arrest cell
gene cycle in G phase;
BRCA1 Tumor suppressor| Regulates DNA transcription; acts in DNA repair;
gene interacts with Rad 51 protein; involved in cell cycle
control and apoptosis
BRCA2 Tumor suppressor| Acts in DNA repair; interacts with Rad 51 protein; also
gene involved in transcriptional regulation
CHK2 Tumor suppressor| Cell cycle checkpoint kinase; activates p53 after DNA
gene damage
ATM Tumor suppressor| Checkpoint kinase; acts in DNA repair; activates
gene CHKZ2; induction of p53; phosphorylation of BRCA1
PTEN Tumor suppressor| Phosphatase; negative regulator of Akt kinase; controls
gene PIP3 pathway in cell growth
Rb Tumor suppressor| Retinoblastoma gene, repressor of cell cycle and

gene

protein translation
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Table 1.2: Common chemotherapeutic drugs used for the treatment of breast cancer

Chemical Brand names Class Mechanism
name
Capecitabine | Xeloda AntimetabolitePro-drug for 5-fluorouracil, an
antimetabolite
Carboplatin | Paraplatin | Alkylating Forms DNA intrastrand
agents crosslinks, inhibits replication
Cyclophospha Cytoxan, Alkylating Forms DNA intrastrand
mide Neosar agents crosslinks, inhibits replication
Daunorubicin | Cerubidine, Anthracyclins | Prevents cell division by disrupting the
DaunoXome structure of the DNA in two ways:
intercalate into the base pairs in the DNA
minor grooves; and cause free radical
damage of the ribose in the DNA.
Docetaxel Taxotere Taxanes DISI‘uptS microtUbUIGS, arrests
(Mitotic mitosis in metaphase
inhibitor)
Doxorubicin | Adriamycin, Anthracyclins | Prevents cell division by disrupting the
Doxil, Rubex structure of the DNA in two ways:
intercalate into the base pairs in the DNA
minor grooves; and cause free radical
damage of the ribose in the DNA.
Epirubicin Ellence, Anthracyclins | Prevents cell division by disrupting the
Pharmorubicin structure of the DNA in two ways:
intercalate into the base pairs in the DNA
minor grooves; and cause free radical
damage of the ribose in the DNA.
Fluorouracil | Adrucil; Antimetabolite | Pyrimidine analog, interferes with DNA
or 5- Efudex; synthesis
fluorouracil Fluoroplex;
Carac
Gemcitabine | Gemzar AntimetabolitePyrimidine analog, interferes with DNA
synthesis
Idarubicin Idamycin Anthracyclins| Prevents cell division by disrupting the

structure of the DNA in two ways:
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intercalate into the base pairs in the DNA
minor grooves; and cause free radical
damage of the ribose in the DNA.

Ixabepilone | Ixempra Epothilones | Disrupts microtubules
(microtubule
inhibitor)

Methotrexate | Amethopterin, | Antimetabolite | Inhibits folate metabolism,

Mexate, Folex

blocks nucleoside synthesis

Mitoxantrone | Novantrone | Type Il Intercalates with DNA, disrupts DNA
topoisomerase| synthesis and DNA repair
inhibitor
Mitomycin Mutamycin Cell-cycle Inhibits DNA synthesis by inhibiting cell-
inhibitors cycle transition
Paclitaxel Abraxane, Taxanes Disrupts microtubules, arrests
Taxol (Mitotic mitosis in metaphase
inhibitor)
Thiotepa Thioplex Alkylating Forms DNA intrastrand
agents crosslinks, inhibits replication
Vincristine Oncovin, Mitotic Disrupts microtubules, arrests
Vincasar PES, | inhibitor mitosis in metaphase
Vincrex
Vinorelbine Navelbine Mitotic Disrupts microtubules, arrests
inhibitor mitosis in metaphase
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Table 1.3: Standard chemotherapy drug combination regimens used for tinemteztbreast

cancer American cancer Society, Inc.)

AT: Adriamycin and Taxotere

AC = T: Adriamycin and Cytoxan, with or without Taxol or Taxotere
CMF: Cytoxan, methotrexate, and fluorouracil

CEF: Cytoxan, Ellence, and fluorouracil

FAC: fluorouracil, Adriamycin, and Cytoxan

CAF: Cytoxan, Adriamycin, and fluorouracil

(The FAC and CAF regimens use the same medicines but use different doses andiéggue
TAC: Taxotere, Adriamycin, and Cytoxan

GET: Gemzar, Ellence, and Taxol
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Table 1.4: Hormone therapy treatment used for the treatment of breast cance

Drug class

Mechanism

Examples

Selective Estrogen-
Receptor Modulators
(SERMS)

Binds to the estrogen receptors in breast
cancer cells, thus blocking the effects of
estrogen on breast cancer cells

Nolvadex (Tamoxifen)
Evista (Raloxifene)
Fareston (Toremifene)

Aromatase Inhibitors

Inhibits the enzyme aromatase, which
prevents the production of estrogen in
adrenal glands

Aromasin (Exemestane)
Femara (Letrozole)
Arimidex (Anastrozole)
Megace (Megestrol)

Hormone agonists

Causes an initial increase in the produc
of hormones by the body, which is then
subsequently suppressed due to negative
feedback loop mechanism of the body.

tidoladex (Goserelin)

Lupron (Leuprolide)

Estrogen receptor
antagonist

Binds to the ER and prevents ER
dimerization, which leads to the rapid
degradation of the fulvestrant-ER comple

K,

producing the loss of cellular ER

Faslodex (Fulvestrant)
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Figure 1.1: Structure of 5-fluorouracil, a fluoropyrimidine, in which the hydrogem at the %

carbon is replaced by a fluorine atom.
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Figure 1.2: Metabolism of 5-FU to active products FAUMP, FAUTP and FUdiRylgy, Harkin

et al. 2003).
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Figure 1.3: Inhibition of TS by 5-FU metabolite FAUMP (Longley, Harkiale2003).
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Figure 1.4: Summary of some of the strategies investigated for imprdmregficiency of 5-FU
treatment: Leucovorin (LV), Eniluracil, Uracil, Methotrexate (MTXjterferones (IFNs),

Capecitabine (Longley, Harkin et al. 2003).
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Chapter 2: Effects of 5-fluorouracil on Growth, Cell Cycle Progression ath Apoptosis of

MCF7 Breast Cancer Cells

Abstract

Breast cancer is one of the leading causes of deaths in women worldwale ob+acil
(5-FU) is an important chemotherapeutic drug used in the treatment of laneeest patients. In
this study, using several biochemical techniques, we studied the glolotd effé-FU treatment
on MCF7 breast cancer cells. The dose-response curve obtained after the treavh@t of
cells with 23 different 5-FU concentrations for 48 hours showed a dose-dependeselé@cre
cell proliferation. However, an atypical bimodal or biphasic curve was obtainédywait
distinct curves observed between 0.001-0.1uM and 0.7-2000uM, thus indicating that 5-FU might
act via a dual mechanism. Two differentd@nhibitory concentration 50 %) values were
calculated to be 0.007 and 2.8uM. A similar bimodal inhibition of the cellular metabaflism
MCF7 cells was also observed after 48 hours of treatment using the MTT assagridiime
orange/ethidium bromide nuclei staining assay determined that the mechacehrdeéth
induced was mainly by apoptosis after 48 hours. The morphology of the cells also showed a
distinct reduction in the cell size, with compromised anchorage ability. Theyctd|
progression however remained unaffected even after treatment with high 5-Elhflesd8
hours of exposure. These findings provide evidence of the global inhibitory effeeEJobb
human breast cancer calisvitro and warrant further evaluation to study the molecular basis of

its cytotoxicity.

Keywords: 5-fluorouracil, breast cancer, MCF7, bimodal, viability, apoptosis, cekecycl



Introduction

Chemotherapy with antineoplastic (or cytotoxic) drugs has been extgnssesl in the
palliative treatment and management of breast cancer. Chemotherapaggibaling varying
mechanisms of action are used for the treatment of breast cancer. Of thectessea of drugs,
antimetabolites are one of the most effective first-line drugs. They aleagsmonotherapy as
well as in combination regimens with other drugs. Fluoropyrimidines, mainy®sftiracil (5-
fluoro-2,4(1H,3H)-pyrimidinedione or 5-FU) is one such antimetabolite whichdslyused
mainly for the treatment of breast (Fumoleau, Bonneterre et al. 2003), tal¢veéis, O'Dwyer
et al. 2001) and head and neck cancers (Posner, Colevas et al. 2000). It is mainly uged to trea
more aggressive forms of breast cancer, but can be used to treat any stagé cditcenss a
part of the combination therapy of CAF (Cyclophosphamide, Adriamycin and 5-fluoitgurac
CMF (Cyclophosphamide, Methotrexate and 5-fluorouracil) and CEF (Cytoxancé&lland
fluorouracil) (Smalley, Lefante et al. 1983; Falkson, Falkson et al. 1992). Bsdaasearch has
been performed to improve the effectiveness of these combination strabegiestfeatment of
breast cancer. The combination of 5-FU with other newly developed antidangsisuch as
irinotecan, tomudex (TDX), and oxaliplatin has also help improve the response rdesa&i

cancer (Longley, Harkin et al. 2003).

At the cellular level, 5-FU is a pyrimidine antagonist which is rapakgh inside
actively dividing cancerous cells by facilitated transport similaragil(Wohlhueter, Mclvor et
al. 1980). Once inside the cancer cells, 5-FU is converted intracellularighnee cytotoxic
metabolites: fluorodeoxyuridine monophosphate (FAUMP), fluorodeoxyuridine triphosphate
(FAUTP) and fluorouridine triphosphate (FUTP) by the sequential action ofediffenzymes,

orotate phosphoribosyltransferase (OPRiTigine phosphorylase (UP), uridine kinase (UK),
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ribonucleotide reductase (RR) and thymidine kinase (TK) (Daher, Haais¥990). These

three metabolites account for all the cytotoxic effects of 5Fd.primary mechanism of
cytotoxicity of 5-FU is the inhibition of enzyme thymidylate synthas®) dctivity by FAUMP,
resulting in inhibition of dTMRle novo synthesis (Santi, McHenry et al. 1974; Sommer and
Santi 1974) and subsequent imbalances in the deoxynucleotide pool, particularly dATP/dTTP
ratio (Yoshioka, Tanaka et al. 1987; Houghton, Tillman et al. 1995). This in turn inhibits DNA
synthesis and repair, and thus causes DNA damage. In addition, FAUTP and FRRJTP get
misincorporated into the DNA strands in place of dTTP during DNA replicationtiresin
allevated levels of dUTP inside the cells (Mitrovski, Pressacco et al. 19@4né\ Hardcastle et

al. 1996). Further, FUTP is extensively misincorporated in RNA strands, wisiciptsi the

normal RNA processing. This results in disruption of the further synthesis andgimgoeafs
MRNAs (Doong and Dolnick 1988; Patton 1993), tRNAs (Randerath, Tseng et al. 1983; Santi
and Hardy 1987) and rRNAs (Kanamaru, Kakuta et al. 1986; Ghoshal and Jacob 1994) and in
inhibition of post-transcriptional conversion of uridine to pseudouridine in these RNAs
(Samuelsson 1991). This results in RNA toxicity and imbalances, causing viyriabdellular

metabolism and functioning.

Cell cycle arrest and induction of apoptosis are the primary mechanisms dionhibi
cell growth by most of the anti-cancer drugs (Barry, Behnke et al. 1990; Hicka®2;
Lundberg and Weinberg 1999; Shapiro, Koestner et al. 1999; Qin and Ng 2002). Previous
studies have demostrated the ability of 5-FU to arrest the cell cycle gsgref human breast
cancer and colorectal cancer cells. It mainly causes a G1/S phasénatine cancer cells (Grem,
Nguyen et al. 1999; Tokunaga, Oda et al. 2000; Mirjolet, Didelot et al. 2002; Hernandes;Varg

Ballestar et al. 2006). Further, previous studies have attributed the cdfietds ef 5-FU as
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well as 5-FU in combination with other drugs to changes in p53 and p53 target molecules (Lowe,
Ruley et al. 1993; Lowe, Bodis et al. 1994; Grem, Nguyen et al. 1999; Petak, TillmaaG&Ql
Tokunaga, Oda et al. 2000; Backus, Dukers et al. 2001; Yoshikawa, Kusunoki et al. 2001;
Yukimoto, Nakata et al. 2001; Mirjolet, Didelot et al. 2002; Zhang, Ramdas et al. 2003;
Hernandez-Vargas, Ballestar et al. 2006). Another study has reported that thiemolfuc

apoptosis by 5-FU has been linked with FAS regulation, a member of the Tumorséartsi

(TNF) receptor superfamily (Maxwell, Longley et al. 2003). It has also demmrsto induce
overexpression of several p53 target genes involved in apoptosis and cell cycléoredikat

APAF1, BCL2, BAK1; and repression of the c-Myc gene (Hernandez-Varghsstaaet al.

2006).

Unfortunately, 5-FU is rarely used as a monotherapy now-a-days, and is mathig use
combination with other drug regimens. Recent research has been focussed on intipeoving
efficacy of therapeutic drugs with fewer side effects and more spactfan in cancer cells
only. In this process, several prodrugs have been synthesized which have layinophobicity
and more specific action in cancer cells to improve 5-FU therapy. These inegdtir, S1,
Capecitabine, Eniluracil, and several other compounds (Miwa, Ura et al. 1998; Cunnargham
James 2001; O'Shaughnessy, Twelves et al. 2002; Dominguez, Marchal et al. 2003; Marchal
Rodriguez-Serrano et al. 2007). Studying the molecular effects of 5-FU ohdapesr cells
will help better understand the mechanism of 5-FU cytotoxicity, which in turn wouylddel

improve the efficacy of 5-FU treatment.

The aim of this study was to investigate the global effects of 5-FU on MCFst brea
cancer. The MCF7 breast cancer cell line has been shown to be an excellentestpenmuodel

to study breast cancer (Horwitz, Costlow et al. 1975; Engel and Young 1978; Gioanni, Le
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Francois et al. 1990; Levenson and Jordan 1997; Simstein, Burow et al. 2003). Hematocytomete
cell counts, microscopy, flow cytometry and staining assays were peddodetermine the

effect of 5-FU on cell proliferation, morphology, cell cycle progression raahakction of

apoptosis. The results of our study illustrated that 5-FU inhibits cell pedlda and induces
apoptosis in a dose-dependent manner. However, no significant effect was observemlbn the
cycle clock of the cells. Thus, the data helps to better appreciate the biolffgicial @ 5-FU

and confirms its efficiency in treatment of breast cancer.

Materials and Methods
Cdl lineand céll culture

All cell culture reagents were purchased from Invitrogen, Inc, Carlskfad,T@e human
breast adenocarcinoma cell line MCF7 (HTB-22™) was obtained from thedamd ype
Culture Collection (ATCC, Rockville, MD). They were cultured in RPMI 1640 mediaagung
L-Glutamine and 25 mM HEPES, and supplemented with 10% Fetal Bovine Serum (FBS), 10
pag/ml gentamicin and 4 pg/ml insulin and sterilized using a 0.22uM polyetloersiiiter
(Corning Inc., Corning, NY). The cells were maintained at 37°C in a humidifadator with
5% CQ. The media was replaced every 48 hours, and the cells were passaged once a week by

trypsinization using 0.05% trypsin/0.02% EDTA (Sigma, St. Louis, MO).
Growth Curve Analysis

The growth curve and the doubling time of MCF7 cells were determined by monitoring

the growth of the cells for 5 days. For this purpose, cells were seeded af télksiont
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(9.6x10 cells/well) in flat-bottom 6-well plates in 2ml of RPMI 1640 complete mekliter
every 24 hours interval thereafter, the cells were harvested using 0.05%/@yj#% EDTA
and counted by the Trypan blue dye exclusion assay as described below. Theasead@laced

every 48 hours. The experiment was performed in triplicates on four sepai®nsc
5-fluorouracil Drug treatment

5-fluorouracil (5-FU) was purchased from Sigma-Aldrich (St. Louis, MO) toréd at
4°C, away from light and moisture. For cell treatments, a 10 mM stock solution ofa&asU
prepared in RPMI complete media and stored at 4°C for not more than two weeks ckiveasto
filtered through a 0.22uM polyethersulfone filter prior to further dilution. The effiegstFU on
the growth curve of MCF7 cells was assessed every 24 hours using theyl®lTdddction assay
as described below. In the preliminary experiment, we determined thagghea tlue dye
exclusion assay for cell viability correlates well with the MTT dg@uction assay. Briefly, the
cells were seeded at 1.5%lIs/cnf (4800 cells/well) in flat-bottom 96-well plates in 100p! of
complete media without phenol red; and after 24 hours, treated with four differeahtrations
of 5-FU (0.01uM, 1uM, 10uM and 50uM) as described below. In order to determine the cell
number in each sample following the 5-FU treatments, the cells were trattdd W (as
described below) and the Optical Density (OD) was measured directlyaatedength of 540nm
using a microplate reader (Multiscan MCC/340, Fisher Scientific, PittsBé)g,The OD was
measured before treating the cells (control), and at 24 and 48 hours. The Ob sdreate was
then compared with a standard curve, in which the OD was directly proportional tduihle ac

cell numbers. The experiment was performed in triplicates in five sepaaige t
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Cell morphology analysis

Briefly, 5x10 cells were seeded in a 25toell culture flask (2.0xItcells/cnf) in 5ml
of complete media. After 24 hours, the fresh media was replaced in control fidskedia
with 5-FU was replaced in the treatment flasks. The control MCF7 cells Bsittreated with
different concentrations of 5-FU (1uM and 50uM) for 48 hours were observed ugghg a li

microscope with a CCD camera.
Cdll proliferation assays

The different inhibitory concentrations of 5-FU were then determined by giegera
dose-response curves after treating the cells with increasing caticenaf 5-FU and analyzing
the cell sensitivity using the Trypan blue dye exclusion and the MTT [3-(4,5Hdittreazolyl-
2)-2,5-diphenyltetrazolium bromide] dye reduction assays.

For the trypan blue dye exclusion assay, the cells were seeded af' 2&lislon?
(9.5x10 cells/well) in flat-bottom 12-well plates in 1ml of complete media. After @4r$, the
media was replaced with fresh media containing different 5-FU concengr&fic?000uM); a
negative control (containing cells and only media but no drug) was also included. Aftarrd8 h
the cells were detached by trypsinization, appropriately diluted with 0.4%ntbjpa dye
(Sigma-Aldrich, St. Louis, MO) and 10ul of this mixture was loaded on the countindberam
of the Hematocytometer. The viable cells were then visually counted usiivgasecope and the
percentage of unstained treated cells compared to the unstained controhsealédaulated. The
cells were counted in three individual experiments in triplicates. The followmgufa was used

to determine the number of viable cells/well:
Number of viable cells/ml = (Total number of viable cells counted/4) * Diluaatof * 10,000
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The dose-response for 5-FU was confirmed using the MTT dye reduction Elsea
technique originally developed by (Mosmann 1983) was followed. Briefly, cetls see=ded at
1.5x1d cells/cnt (4800 cells/well) in flat-bottom 96-well plates in 100! of complete media
without phenol red. After 24 hours, they were treated with various concentrations dios-48J
hours. Negative controls (containing cells and only media but no drug) and blank controls
(containing only media and no cells) were also included. After 48 hours of drug inge20)el
of 5 mg/ml MTT (Sigma-Aldrich, St. Louis, MO) in Phosphate-Buffered SaliBSjR12mM)
was added to each well and incubated for 4 h at 37°C with 53T drug and MTT
containing media was then removed and 100ul of dimethyl sulfoxide (DMSO) was addet to e
well to dissolve the formazan crystals. The absorbance of the plates vasedest 540nm
using a microplate reader (Multiscan MCC/340, Fisher Scientific, PittsBégand the % cell
viability was calculated compared to the negative control. All experimesres performed five
separate times in triplicates.

% Cell viability = [(OD of treated group — OD of blank) / (OD of contnadup — OD of blank)] * 100

OD = Optical density obtained using the Microplate reader.

Detection of Apoptosis and Necrosis

The induction of apoptosis and necrosis in MCF7 cells by 5-FU was determined
morphologically using a Fluorescent microscope after labeling thevagilscridine orange and
ethidium bromide dyes to detect nuclear changes characteristic of apaptiba cells as
described by (Duke 1992). Briefly, cells were treated with 0.01uM, 0.3uM, 2uM and 50uM
FU solutions for 48 hours, floating and attached cells were then collectegpbyization,
washed in PBS and resuspended in 25ul of complete media. 100ug each of acridine orange and

ethidium bromide was dissolved in 1ml of PBS and 5ul of this dye mixture was mixed with 25
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of the cell suspension. Ten pl of this mixture was loaded on a microscopic glasadlide a
examined under the 20X dry objective of the Fluorescent microscope using lin@iepiiion
and a filter combination suitable for observing fluorescein. A minimum of 300veetks scored

for each sample preparation and each concentration was treated in triplicates.

Acridine orange intercalates into the DNA staining it green, and binds to the RNA
making it appear red. Ethidium bromide is taken up only by dead (nonviable) cells and stains
them orange-red (Duke 1992). Cells were scored as live normal (bright greamiticiletact
structure), live apoptotic (bright green nuclei with condensed chromatin), pepb&c
(red/orange nuclei with condensed chromatin) and dead necrotic (red/orange ribdieiaei

structure).

Flow cytometric analysis of cell cycle progression

5-FU induced changes in the cell cycle of MCF7 cells were determinesiy BD
FACScan™ Flow Cytometer (Becton-Dickinson, Franklin Lakes, NJ). IBri&x10 cells were
seeded in a 25cheell culture flask (2.0xX0cells/cnf) in 5ml of complete media. After 24
hours, the media was discarded and fresh media without serum (FBS) was addeckr€ells
synchronized by serum starvation for 5 days (120 hours), after which they ved¢ed tréth
0.01pM, 2uM and 50uM 5-FU solutions in complete media (different ICs of 5-FU) orresth f
complete media (control) for 48 hours. After 48 hours, the cells were detached hyizatpm,
centrifuged, washed with PBS and fixed by passing through a 23G needle into colth@0éb, e
followed by incubating at -20°C for 30 mins. The cells were then resuspended in Bml PB
containing 10pg/ml RNase (Sigma-Aldrich, St. Louis, MO) and 10ug/ml Propidiuntei ¢Bi)
(Sigma-Aldrich, St. Louis, MO) and incubated in dark for 30 mins at room temper@iLye (

after which they were refrigerated until analyzed on a FACScan Flomeyo. Ten thousand
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events were captured and the data was analyzed using the CellQuest sBftalare.

concentration was repeated five times.

Statistical Analysis

All data are expressed as mean + S.E.M. (Standard error of the mastis)icat
significance of the differences between the control and treated groupleteasined by one-
way analysis of variance (ANOVA) using the PASW (Predictive Ainzgy$oftWare) Statistics

17.0 (SPSS Inc., Chicago, IL). Differences were considered signifidart 0.05.

Results

MCF7 growth curves

The MCF7 breast cancer cell line is a moderately aggressive adhdiréneaghich
grows in monolayer. The normal growth curve of the cells was determined over jgetiiod of
5 days using the Trypan blue dye exclusion assay. The cells were counted eveng 2htidhe
cells/well was calculated. Figure 2.1 shows the summarized growthfoufeerr independent
experiments. As shown in the figure, the MCF7 cells entered log growth pRdseotirs after
plating and continued to grow exponentially even after 5 days. Our data showibe that
doubling time of the cells was approximately 31 hours. Our data concurs with the ATCC

guidelines, which state that the doubling time for MCF7 cells is about 29 hours.

Growth inhibitory effect of 5-FU on MCF7 cells

The effect of 5-FU on the growth of MCF7 cells was determined using the MTT dye

reduction assay. For this purpose, the cells were treated with differentér€entrations, the
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optical density was measured at times 0, 24 and 48 hours (Figure 2.2a), and thelksfivellc

was calculated by comparing the optical density to a standard curve (FigurdcRjalys 2.2a

and c show the dose-response curves of MCF7 cells at 24 and 48 hours. These figuaéssillust
that cells treated with 5-FU exhibit a dose- and time-dependent reductioir jorthiéeration

rate. A reduction in cell growth compared to control untreated cells was observedat24 h
itself. However, a significant reduction in the cell number was observed foll@gihgurs of
exposure to 5-FUp(< 0.05). Concentration as low as 0.01uM of 5-FU was shown to be
sufficient to inhibit cell growth. Further, a higher inhibition of cell growth was oesewith
increasing 5-FU concentrations. The growth inhibitory rate of 50uM 5-FU amountexlitaar
50% inhibition compared to control cells at 48 hours. Thus, the data suggest an incraeage in dr

effect with higher drug concentrations and longer exposure.

Changesin cell morphology following 5-FU treatment

The changes in morphology of the MCF7 cells after 5-FU exposure was analympd usi
phase contrast microscopy. The cells were treated with 1uM and 50uM 5-FU faur48&hd
observed directly using a light microscope. Figure 2.3a shows the control uhadhezent
MCF7 cells and Figure 2.3b shows the control cells that have been detachedibizatyps.

The untreated MCF7 cells are circular when unattached, and variously shaped adtesddti
the culture plate. Figures 2.3c and 2.3d show MCF7 cells treated with 1uM and 50uM
respectively. As shown in the figures (arrow marks), cells exposed toexdfibited an obvious
change in their morphological characteristics. Cells were shrunken and dounigé increased
in a dose-dependent manner. Further, it was observed that 5-FU treated MCé&xhieiled
compromised anchorage to the culture plate, and increased amount of floatingells w

observed with higher 5-FU concentrations.

54



Dose-response curve of MCF7 cells after 5-FU treatment

To further study the anti-proliferative effects of 5-FU on MCF7 cells, the were
treated with different 5-FU concentrations over a broad range (0-2000uM) for 48 hours and t
cell viability was measured using the Trypan blue dye exclusion and the MTrédly&tion
assays. The trypan blue dye exclusion assay distinguishes between lieecelblvith intact
cell membrane which exclude the trypan blue dye, and the non-viable cells whitdkevilip
the dye. Alternatively, the MTT dye reduction assay considers the aijilitye viable cells to
metabolically reduce the MTT dye to an insoluble colored compound, which can then be
measured spectrophotometrically. The viable cell counts were calcutaigéied to the control
untreated MCF7 cells as described uridethods and Materials and the data were plotted vs.
log drug concentrations to give the dose-response curves from which the Inhibitory
concentrations (ICs) values for 5-FU were determined. Tkgnl&s defined as the drug
concentration required to reduce the cell number by 50% as compared to the cont@tddintre

cells; the other ICs for 5-FU were defined similarly.

Figure 2.4 shows the dose-response curve of 5-FU treatment in MCF7 cells. Asrshown i
the figure, treatment of MCF7 cells with increasing concentrations of 48 hours gave an
atypical dose-dependent decrease in cell nunpbei0(001). It was observed that with
increasing 5-FU concentrations, the cell numbers decreased iniddll$ (M), followed by an
increase (0.7uM) and then again a decrease in the cell numbers (1-2000uM). Coorteasat
low as 0.005uM and 0.01pM 5-FU induced a significant reduction in MCF7 cell numbers, ~
35% and 72% inhibition respectively compared to the control ge#0(001). 0.01-0.5uM 5-

FU caused a significant decrease in MCF7 cell number (~ 75% inhibition), leudiftdrence

was observed among these treatments, thus creating a plateau phase in tihowuaver,
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treatment with 0.7uM 5-FU showed a significant increase in the cell coutiisynly 30% cells
inhibited compared to the control MCF7 celts<(0.001). This rise in the cell numbers was
followed again by a decline in a dose-dependent manner with increasing 5-FUtcatroes.

The MCF7 cells were almost completed inhibited at concentrations greater fidrb5BU. As

a result of the bimodal dose-response curve, two separgsedi®-FU were calculated,

0.007uM and 2.8uM respectively. The results suggest that 5-FU is potent to inhibit growth of
MCF7 cells even at an extremely low concentration. Table 2.1 gives thediff€s of 5-FU in

MCF7 cells after 48 hours of treatment.

In parallel with this assay, the effects of 5-FU on MCF7 cells were atsuiegd by the
MTT dye reduction assay. The results obtained with the MTT dye reductanagre strongly
correlated with those obtained by the Trypan blue dye reduction assay (n=@4%,79p <
0.001). Figure 2.5 shows the dose-response curve of 5-FU in MCF7 cells at 48 hours by the MT
dye reduction assay. The MCF7 cells exhibit a similar growth inhibition patteobserved by
the Trypan blue dye exclusion assay. 0-0.5uM 5-FU causes a partial reductionptidhle
density of the cells, with highest inhibition of 25% at 0.5uM. A similar increase ioptical
density of the cells was observed at 0.7uM, followed by a decline in a dose-dependeit ma
This demonstrates that 5-FU significantly interferes with the metadcticity of the MCF7
cells. The data is consistent with that from the Trypan blue dye exclusion ldssaver, even

very high 5-FU concentrations failed to completely inhibit the cellular moétm.

I nduction of apoptosis by 5-FU treatment

To determine if 5-FU induced apoptosis in MCF7 cells, the cells were exposeglitgvar

concentrations of 5-FU (0-50uM) and evaluated for morphological changes chstiaaiér
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apoptosis by AO/EB staining for fluorescence microscopy. Acridine orangegAters live
cells and stains them green, while Ethidium bromide (EB), a DNA-binding fluoresaensd
taken up by only non-viable, dead cells and stains its DNA red. As shown in Figure 2.6,
treatment of MCF7 cells with 5-FU led to four morphologically distinct pofmriatof cells on
AO/EB stained samples: uniformly green cells with normal nuclei (Live abeeils, Figure
2.6a), Live apoptotic cells (Figure 2.6b), Dead apoptotic cells (Figure 2.6c)emutri@crotic
cells (Figure 2.6d), as described in the Materials and Methods section. Eiggjiges the
response of MCF7 cells to different 5-FU concentrations. Live, normalveetts observed
mainly in control cells and their numbers decreased significantly followifld &eatment.
Presence of live and dead apoptotic cells was evaluated to indicate induction o$iggapt
MCF7 cells. At 48 hours, 5-FU induced significant numbers of apoptotic cells in ant@ion-
dependent manner. Early apoptotic cells were observed at concentrations as lowped,0.002
and reaching 82% at 50uM (Figure 2.8). Alternatively, dead necrotic cellsnaesbown to be
significantly increased following 5-FU treatment. Thus, both light microseod AO/EB
staining assay together suggest that 5-FU is able to induce apoptosis in MIEEVereat low

concentrations.

Effect of 5-FU on cdll cycle of MCF7 cells

To determine the effect of 5-FU on the cell cycle of MCF7 cells, flawrogtric analysis
was performed. Synchronized MCF7 cells were incubated with or without increasing
concentrations of 5-FU for after 48 hours, and relative DNA content was analypeopidium
iodide staining followed by flow cytometry. As shown in figures 2.9 and 2.10, no sagttific
differences in cell cycle distribution were found after exposure to 5pRI(166;p = 0.290;p

=0.160 for G1, S and G2 phases respectively). The data showed that control untnelied sa

57



had a higher percentage of cells in the GO/G1 phase of the cell cycle. Adtareiné with
increasing concentrations of 5-FU, the cells were still present in tl&lGibrase of the cell
cycle. All results were virtually indistinguishable from the control unéeaells. Further, no

significant apoptosis was detected even at 50uM 5-FU.

Discussion

The fluoropyrimidine 5-FU has been used in clinical practice for almostsS@mnyd it has
been shown that a good correlation exists between 5-FU plasma levels andatljieddieffects
of 5-FU treatment. Presently, the standard approach for calculating thelfufdosage has
been to use body surface area (nfy/mvhich results in considerable variability in 5-FU plasma
concentrations. 5-FU vyields a 20% response rate in patients with metiasgastcancer when
given as a single drug by bolus i.v. injection (Ansfield, Klotz et al. 1977). (HBwiding et al.
1979) reported that i.administration of a single dose of 5-FU (370 to 560 mpgives gpeak
plasma concentration of 13 to 130 pug/ml. Another study by (Muller, Mader et al. 1997) have
demonstrated that administration of a single i.v. dose of 600 Tigf) for 5 mins in breast
cancer patients achieved a tumor concentration of 16.4 ( = 6.7) pg/ml and plasma atocentr
of 27.3 (£ 4.1) pg/ml. Thelasma half-life is approximately 6 to 20 min and vasigsificantly
among patients. Within 6 hours of administratigasma concentrations fall below 0.13 pg/ml.
Further, the major urinarpetabolite p—fluoro-3-alanine (FBAL), has@asma elimination half-
life of approximately 33 hours (Huan, Pazdur et al. 1989; Porter, Chestnut et al. 1992)eHowev

single-agent bolus 5-FU does not seem to have much of a role in the treatment alineast
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(Rubens 1991), and this is partly related to the low response rates, about 29% (Camegon, Gabr
et al. 1994).

The short half life and S phase-specificity (Pinedo and Peters 1988) of 5-FUimakes
pharmacokinetically suitable for administration as a continuous infusion which €nsure
prolonged cancer cell exposure and thereby enhances 5-FU cytotoxicity.udastinfusion of
5-FU is very well tolerated, as demonstrated by various studies. It is pdesdolminister doses
of 1-1.4 g/ni/day up to 5 days; 500 mgffday up to 30 days (Lokich, Bothe et al. 1981;
McDermott, van den Berg et al. 1982; Hansen, Quebbeman et al. 1987; Chang, Most et al. 1989;
Hatfield AK 1989; Huan, Pazdur et al. 1989; Jabboury, Holmes et al. 1989; J Berlie 1990;
Lokich, Ahlgren et al. 1991; Cameron, Gabra et al. 1994; Ng, Cameron et al. 1994); and 250
mg/nf/day for up to 3 weeks (Regazzoni, Pesce et al. 1996). (Petit, Milano et al. 1988) have
reported a circadian rhythm-varying pattern in the plasma concentratiorfd.bfdlowing a
five-day continuous venous infusion. Some authors have reported that plasma peak lgvels of
to 584 ng/ml 5-FU were achieved by the continuous infusion of 450-955%dgjn{Petit,

Milano et al. 1988); while others have reported that maximum dose of only 30G/dey/roan
be administered for a prolonged period of time without any side effedtgfl,Ahlgren et al.
1991), and this results in 5-FU plasma concentration of only 27 ng/ml (Harris, Son$y3&)!
Thus, a large variability have been shown to exist in the plasma levels of Siéwdrigli.v.
infusions. However, an optimal therapeutic window has been recommended bY severa
pharmacokinetic clinical studies to obtain improved clinical outcomes and reduasty téx
consistent target range of AUC (area under the concentration range) of 20-25ong@.ljplasma

concentration of 450-550 pg/L have been established as most optimal despitatdiffere
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administration modes (bolus/ infusion i.v. or oral) and time schedules (Gamelin, Dalva et
2008).

In the present study, we confirmed the anti-tumor properties of 5-FU in vitro and have
shown that 5-FU inhibits the growth of MCF7 cells in a dose- and time-dependent manner.
Treatment with different concentrations of 5-FU for 48 hours was observed tiicagfhy
inhibit MCF7 cell proliferation. A wide 5-FU concentration range, ranging fra2d0@uM, with
small interval groups was selected to determine the minimum effectiveaachum effective
concentrations of 5-FU exposure. A unique dose-response curve was obtained following 5-F
treatment. The MCF7 cells displayed a bimodal dose-response curve atteetrewith 5-FU
for 48 hours. A significant decline in the cell number was observed at very low dosespf 5
followed by an increase in the cell number and further subsequent decrease agwveryli
concentrations were used. Thus two separate dose-response curves were obtaeadbetw
0.5uM and 0.7-2000puM 5-FU. Doses as low as 0.005uM and 0.01pM were capable of inhibiting
35% and 72% of MCF7 cell numbers respectively. A plateau stage was then obseneeth bet
0.01 — 0.5uM 5-FU doses, indicating that these doses were equally capable of inhibiting MCF

growth (~ 75% inhibition).

Two separate sets of ICs of 5-FU were calculated because of the biesgtamse curve.
The 1Gs of 5-FU in MCF7 cells following 48 hours of exposure were calculated to be
approximately 0.007 and 2.8uM. Several studies have been performed to determine the
inhibitory concentrations of 5-FU on the MCF7 cells. (Wang, Cassidy et al. 2@@4)e@ an
ICs0 Of 1.2uM following exposure of MCF7 cells to 5-FU for 48 hours. Other studies have
reported IGo values of 10uM (Hernandez-Vargas, Ballestar et al. 2006) and 23uM (Raymond,

Buquet-Fagot et al. 1997) following treatment for 48 hours. Different 5-Ehi&ve been
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reported after treatment of MCF7 cells with 5-FU for longer period of thivgtM after 3 days
treatment (Akbulut, Tang et al. 2004); 13uM after 4 days treatment (Miwaetlatal998);
6.3uM after 5 days treatment (Etienne, lic et al. 2004); and 1.03uM after Tektysent
(Patterson, Zhang et al. 1995). It is easy to understand thatsthie #écreased as the time of
treatment increased, however the variations in thgv&@ues of 5-FU might be caused by cell

culture maintenance conditions, cell passage number or treatment conditions.

A bimodal response has not been previously reported for 5-FU. The reason for this could
be because the effects of 5-FU has not been studied over a very large concenigeicsmich
over small concentration intervals. In this study, 23 different 5-FU comtiems were analyzed
covering the range of 0-2000uM, which helped get a detailed dose-response cd48/bduars
time point. Gurevich (Gurevich 2001) discussed that low doses of certain biologiciiy
substances sometimes function with a different mechanism of action as comvjiartne
clinically relevant doses. A similar low-dose response curve was obtaitveeeine0-0.5u M,
suggesting that a low-dose treatment with 5-FU might function with a differecttanism
compared to the clinical doses. A similar bimodal response has been reportedefatisem
compounds. The alkaloid sanguinarine was shown to act via a bimodal cell death, apoptosis and
oncosis, in human cervical cancer cells (Ding, Tang et al. 2002). 5-FU mightlaet el
mechanism of action, which is dose-dependent; low doses elicit a different regEonte

higher doses. Further work needs to be performed in order to support this hypothesis.

The MTT dye reduction assay was also used to determine the effect of 5-FOF6h M
cell viability and proliferation. It is a spectrophotometric assay whigbshtel distinguish
between metabolically active cells from the non-active cells dependingioalihigy to

metabolically convert MTT. Thus, although there is an obvious difference in th& giGwth
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curves obtained by Trypan blue dye exclusion assay and MTT assay, the MTT asggy m
demonstrates the effect of 5-FU on cell metabolism. The curves obtained blydootathods
show the same trend in the growth curve and a bimodal response for 5-FU. Further, tdhe resul
obtained with the MTT dye reduction assay show a strong correlation with thoseedligithe
Trypan blue dye reduction assay (n =124,0.779,p < 0.001). The results obtained from the
morphological examination and AO/EB assay further confirm with thesegellgher
concentrations of 5-FU are able to induce morphological changes and damagetyhef dbd
cells to adhere. The results from the AO/EB assay look at the different sfaggtisdeath
induced after 5-FU exposure. A significant increase in the number of both live and dead
apoptotic cells was observed following treatment with higher 5-FU contenaTlhe study
together confirms the ability of 5-FU to inhibit proliferation and induce apapioICF7

breast cancer cells.

Flow cytometry was used to analyze the effect of 5-FU treatment onltlcgae
progression of MCF7 cells. The results obtained in this study suggested that 5sHtbtbave
an influence on cell cycle progression in MCF7 cells. Contrasting results have beensly
reported by other studies. (Grem, Nguyen et al. 1999) demonstrated that 5-FdJarause
accumulation of MCF7 cells in S-phase, along with induction of p53 and p21 proteins and DNA
strand breaks. (Hernandez-Vargas, Ballestar et al. 2006) also reportgzhasé block
following 5-FU treatment. Similar effects of 5-FU have also been destm other cancer cell
line (Tokunaga, Oda et al. 2000). However, no significant accumulation of cells in G1eS phas
was observed after 5-FU treatment as compared to the control MCFTheli®ason for this
inconsistency could be because of the technique used for cell synchronizatioo fiolor t

cytometric analysis. Cell synchronization by serum starvation resutscumulation of cells in
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the G1 phase. As a result, the control cells also showed cells accumulated in thees ampdha
no significant difference could be observed in 5-FU treated samples comparedaiattbe The
data represented here thus cannot conclude anything about the effect of 5-FUetircyiodec

progression of MCF7 cells.

In summary, this study confirmed the anti-tumor activity of 5-FU in human lreasér
cellinvitro. Our results indicated that 5-FU significantly inhibited cell proliferatiomM@F7
cells in a dose-dependent manner, and with a plausible dual mechanism of actionweukthe
needs to be carried out to show this. Induction of apoptosis was shown to be one of the major
mechanisms of cytotoxicity, as significant apoptosis was seen even at Iaswofi6seU.
However, any effects on the cell cycle progression were not shown by ous.rébelse
experimental findings provide evidence of the global effects of 5-FU on humah ¢caresr

cellsin vitro and warrant further evaluation to study the molecular basis of its cytotoxicity
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Table 2.1: Different inhibitory concentrations (ICs) of 5-FU in MCF7 breastecamsd!s

IC values at 48hourg 5-FU Concentrations (UM)

LEC 0.005

ICs 0.001

IC10 0.002

ICys 0.004

ICsq 0.007, 2.8

IC7s 0.15,0.5, 6

ICqq 50
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Figure 2.1: Growth curve of MCF7 cells. Cells were seeded in RPMI conmpéste, followed
by harvesting them every 24 hours for 5 days and counted using a hematocytometer. The
cells/well was calculated for each day and plotted against time to deteime growth curve of

MCF7 cells. Results are mean + SEM of four independent experiments.
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Figure 2.2 Effect of 5-FU on the growth and proliferation of MCF7 cells at 24 and 48 hours. a)
OD vs. incubation time for different 5-FU concentration. The OD of each teeatvas

compared with the OD of control cells and plotted against time. The resultsametr8&M for

five different experiments. b) The cells/well vs. different 5-FU conceots{(uM). The

cells/well for each treatment was determined and plotted against difieFéhiconcentrations to
investigate the effect of 5-FU on proliferation rate of MCF7 cells folhgwd4 and 48 hours.
Results are mean + SEM for five separate trialmalues are 0.848, 0.589, 0.003 for 0, 24 and 48

hours of treatment with 5-FU respectively.
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Figure 2.3: Morphological changes induced in MCF7 cells by 5-FU after 48 méeaiCells

were seeded in a 5 érflask and treated with 5-FU (0, 1 and 50pM) for 48 hours. Cells were

then observed using a light microscope and photographed after 48 hours. a) Control (untreated
MCF7 cells after 48 hours. Attached cells grow in monolayer and appear big anlyar

shaped. b) Control (untreated) MCF7 cells when unattached by trypsinization anedhsing

a glass slide. ¢) MCF7 cells treated with 1uM of 5-FU for 48 hours. Theamgkeared shrunken

and more were found detached following 5-FU treatment. Affected cells akednaith arrows.

d) MCF7 cells treated with 50uM of 5-FU for 48 hours. The number of detached and shrunken

increased, in a dose-dependent manner. Affected cells are marked with arrows.
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Figure 2.4: Dose-dependent effect of 5-FU on the growth of MCF7 breast caliser
represented in a logarithmic graph. The cells were treated with diffevacentrations of 5-FU
for 48 hours and IC values were calculated by using the Trypan blue dye excluaion ass
Percent inhibition was calculated compared to the control MCF7 cellsvalties have been
shown in red in the graph. The results are mean + SEM for triplicates irdiffezent

experimentsg < 0.001). Points with the same letter are not statistically different.
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Figure 2.5: Dose-response curve for 5-FU in MCF7 breast cancer cells obtamatddrMTT

dye reduction assay and represented in a logarithmic graph. The cellseatréd with different
concentrations of 5-FU for 48 hours and the OD of each treated sample was compared to the
control MCF7 cells to obtain the percent cell viability. The results are m&EM for

triplicates in five separate experiments<(0.001). Points with the same letter are not

statistically different.
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Figure 2.6: Morphological analysis of induction of apoptosis in MCF7 cells afsgnteat with
5-FU for 48 hours using the Acridine orange / Ethidium bromide (AO/EB) nueleirsfj assay.
a) Live normal cells - bright green with an intact nucleus; b) Live apopells - bright green
nuclei with condensed chromatin; ¢) Dead apoptotic cells - red/orange witcleondensed

chromatin; d) Dead normal cells - red/orange nuclei with intact steuctur
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Figure 2.7: Acridine Orange/Ethidium Bromide Apoptosis analysis of MCHS tceated with 5-
FU for 48 hours. LN= live normal, LA= live apoptotic, DA= dead apoptotic, DN = Dead
necrotic. The results are represented as mean + SEM. Statisticaificaig differences in 5-FU

concentration are represented by single letters on the erropbaG{01). Values that share a

letter are not statistically significantly different.

77



p<0.001

d d
80
c
70
60
50
b
30 a
20
10
0 T T T T 1
0 0.02 0.5 2 50

5-FU Treatments (uM)

% Apoptotic cells
N
[S)

Figure 2.8: Total apoptosis induced following treatment of MCF7 cells with 5-FéBfbours.
Both live apoptotic and dead apoptotic cells were included to estimate the total % igpoptos
induced by 5-FU. The results are represented as mean +S€RLQ01). Values that share a

letter are not statistically significantly different.
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Figure 2.9: Flow cytometry analysis showing the DNA histogram ancesgébts for MCF7

cells following treatment with four different 5-FU concentrations for 48 h@)r€ontrol MCF7

cells: b) 10nM 5-FU; ¢) 2uM 5-FU: d) 50uM 5-FU
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Figure 2.10: Cell cycle analysis of MCF7 cells treated with 5-FU for 4&hQells were
synchronized prior to 5-FU treatment using serum deprivation. Treated eedishven analyzed
using the FACScan Flow cytometer. The results are represented as Bielhaf five

individual experimentsp(= 0.166 for change in G1 phages 0.290 for change in S phages

0.160 for G2 phase respectively).
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Chapter 3: Effects of 5-fluorouracil Drug Treatment on MicroRNA Expression Profile in

MCEF7 Breast Cancer Cells

Abstract

5-fluorouracil (5-FU) is a classic chemotherapeutic drug that has beery wsdel for
breast cancer treatment. Although aberrant expression of protein-codisgngenebserved
after 5-FU treatment, the regulatory mechanism is unknown. In this studynigyausombined
advanced microarray and quantitative real time PCR (qRT-PCR) technolofyuynekfor the
first time that 5-FU significantly alter the global expression peajil miRNAs, one class of
recently identified small regulatory RNAs, in human breast cancer Aéi#s 48 hours of
treatment with a low dosage (0.01uM), we observed that 42 miRNAs were ditidlyenti
expressed in MCF7 cells. Of these, 23 miRNAs were up-regulated with up56-fold change,
while 19 were down-regulated with up to a 1.89-fold change. The most up-regulatedsniRN
are miR-575 (4.59-fold change), miR-671-5p (3.25-fold change), miR-483-5p (3.07-fold
change), miR-574-3p (2.52-fold change); the most down-regulated miRNAsR+&a%5i(1.89-
fold change) and miR-374b (1.62-fold change). A majority of miRNAs with diiteake
expression are associated with cancer development, including breast cargetrpfiediction
and GO analysis suggest that these differentially expressed mipiéstially targeted many
oncogenes and tumor suppressor genes as well as protein-coding genesenieicieal to

programmed cell death, activation of immune response and cellular catabolisproces

Key words: 5-fluorouracil, microRNA, human breast cancer, gene regulation, microarray,

MCF7



Introduction

Chemotherapy with antineoplastic (or cytotoxic) drugs is the most extgnadapted
practice for managing cancers. 5-fluorouracil (5-Fluoro-2,4(1H,3H)wpgmedione or 5-FU) is
one such chemotherapeutic drug which is widely used mainly for the treatmeaasitf br
(Fumoleau, Bonneterre et al. 2003), colorectal (Wils, O'Dwyer et al. 2001) andrttadck
cancers (Posner, Colevas et al. 2000). 5-FU is a pyrimidine antagonist whiailllis taken
inside actively by dividing cancerous cells through facilitated transpoitas to uracil
(Wohlhueter, Mclvor et al. 1980); in cancer cells, 5-FU is converted intracbfluito three
cytotoxic metabolites: fluorodeoxyuridine monophosphate (FAUMP), fluorodeoxyairidi
triphosphate (FAUTP) and fluorouridine triphosphate (FUTP). The cytotoxiciy-bf has been
primarily attributed to the inhibition of enzyme thymidylate synthase &t8yity by FAUMP,
resulting in inhibition of dTMP de novo synthesis (Santi, McHenry et al. 1974; Sommer and
Santi 1974) and subsequent imbalances in the deoxynucleotide pool, particularly dATP/dTTP
ratio (Houghton, Tillman et al. 1995). This in turn inhibits DNA synthesis and repairhasd t
causes DNA damage. In addition, 5-FU toxicity was also caused by misind¢ampafaFdUTP
and FUTP into DNA (Aherne, Hardcastle et al. 1996) and RNA (Ghoshal and Jacob 1994)

strands.

Despite the widespread clinical use of 5-FU for over 40 years, its molecudhaniem
of cytotoxicity in cancer cells has only been recently understood. Recenmi@gleggests that
additional mechanisms could be involved in the cytotoxic activity of 5-FU, includimg ge
regulation. 5-FU has been recently shown to modify the expression levels of poatigig-c
genes (Lowe, Bodis et al. 1994; Petak, Tillman et al. 2000; Hwang, Bunz et al. 200l&yl_ong

Harkin et al. 2003; Maxwell, Longley et al. 2003; Inokuchi, Uetake et al. 2004, htkyna
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Vargas, Ballestar et al. 2006; Mauritz, van Groeningen et al. 2007; Rossi, Bonetadsa
2007), but the underlying regulatory mechanisms of these protein-coding gends are sti
unknown. The recently identified class of post-transcriptional gene regulatorsRi&s
(miRNAS), may play an important role in 5-FU induced alteration of genegsipn. miRNAs
are a group of small (20-22 nt) endogenous non-protein-coding RNA molecules thaehegat
regulate gene expression (Ambros 2004). These miRNAs usually bind to the 3’lateichns
region (3'-UTR) of the target mRNAs for mRNA cleavage or translation inbib{fAhmbros
2001; Zhang, Wang et al. 2007). It has been predicted that miRNAs may targethamo8e%

of protein coding genes (Lewis, Shih et al. 2003).

Extensive studies have indicated the significance of miRNAs in various loialogi
processes, including developmental timing, organ development, stem cellmraacgend
differentiation, disease, cell proliferation, apoptosis and response to diffeemses (Ambros
2001; Alvarez-Garcia and Miska 2005; Hatfield, Shcherbata et al. 2005; Hwang andllMend
2006; Zhang, Pan et al. 2006). miRNAs have also been reported to play a role in caaten ini
and progression (Calin and Croce 2006) and metastasis (Cheng, Byrom et al. 2008gnyit
MiRNA genes being localized in cancer-associated genomic regions agile Bites (Calin,
Sevignani et al. 2004). Aberrant miRNA expression levels have been reported inalmost
human cancers (lorio, Ferracin et al. 2005; Lu, Getz et al. 2005; Calin and Croce 2006;
Blenkiron, Goldstein et al. 2007; Zhang, Pan et al. 2007). Many miRNAs targeting protein
coding genes are oncogenes and tumor suppressor genes, which are involved in tumorigenesis
(Calin, Dumitru et al. 2002). Certain miRNAs have also displayed unique expressitesprofi
specific types of cancers (Lu, Getz et al. 2005), suggesting that miRidASe considered as a

new biomarker for cancer diagnosis (Zhang and Farwell 2008). miRNA genestapiesels
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are also aberrantly altered in breast cancer, miR-21, miR-10b are ovesse@(Ma, Teruya-
Feldstein et al. 2007); whereas miR-125b and miR-145 are down-regulated (laagjriet al.
2005). Further, miRNAs also modulate breast cancer initiation, invasion and metidtas
Teruya-Feldstein et al. 2007; Huang, Gumireddy et al. 2008; Tavazoie, Ala@o2@d8).
These studies highlight the importance of miRNAs as both stimulators and inhibiboeast

cancer.

Currently, a growing body of evidence has suggested the importance oAsiiRN
modulating the chemosensitivity and chemoresistance of tumor cells (Mengon et al. 2006;
Blower, Verducci et al. 2007; Blower, Chung et al. 2008). It is reported that suppregsiiR-
21 sensitized MCF7 cells to anticancer drug topotecan (Si, Zhu et al. 2007)r Siodias have
been reported for the drugs gemcitabine, doxorubicin and tamoxifen (Kovalchuk, $killeival.
2008; Miller, Ghoshal et al. 2008; Zhao, Lin et al. 2008) illustrating the importancdROiAsi
in drug sensitivity and resistance. Further, miRNAs such as miR-15b and miR-litclesave
shown to modulate multidrug resistance by targeting the anti-apoptotic belZXjanZhang et
al. 2008). These studies reveal the intrinsic role of mMiRNAs in managing iitierefyy of

chemotherapy in several human cancers.

In a recent study, 5-FU was reported to modify the expression of several miRNAs
colon cancer cells (Rossi, Bonmassar et al. 2007), indicating the potential $efdJah altering
MiRNA expression. However, there is no report on the effect of 5-FU on miRNAs imhuma
breast cancer. Considering the critical role of miRNAs in cancer anccbeigosensitivity, we
hypothesized that the cytotoxicity of 5-FU in breast cancer may be peelialted by regulation

of mIRNA expression levels. In this study, we have used miRNA microarragdlagy and
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guantitative real time PCR (qRT-PCR) to investigate the effect of 5xpusseare on the global

expression profile of miRNAs in human breast cancer cell line MCF7.

Materials and Methods

Cdl lineand céll culture

All cell culture reagents were purchased from Invitrogen Inc (Caft]sba). The human
breast adenocarcinoma cell line MCF7 was obtained from the American TypeeCTibllection
(ATCC). They were cultured in RPMI 1640 media containing L-glutamine and 25 mNESEP
and supplemented with 10% fetal bovine serum (FBS), 10 pg/ml gentamicin and 4 pgliml ins

The cells were maintained at 37°C in a humidified incubator with 5% CO

Drug treatment and cell viability assay

5-fluorouracil (5-FU) was purchased from Sigma-Aldrich (St. Louis, MO) toréd at
4°C, away from light and moisture. For cell treatments, a 10 mM stock solutionlbias
prepared in RPMI complete media and stored at 4°C for not more than two weeks. drleatdiff
inhibitory concentrations of 5-FU were determined by generating dogsenss curves after
treating the cells with increasing concentrations of 5-FU and anglyze cell sensitivity using
trypan blue dye exclusion assays. Briefly, the cell suspension was appryliateld with
0.4% trypan blue dye (Sigma-Aldrich, St. Louis, MO) and a hematocytomaseused to
estimate the percentage of unstained treated cells compared to the cdatrohedGg
(concentration of 5-FU to produce 10% cell inhibition) was determined and used for furthe

analysis. All experiments were carried in triplicate.
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RNA isolation

Cells were seeded at 50,000 cells7¢#80,000 cells/well) in flat-bottom 6-well plates in
2 ml of complete media. After 24 h, media was replaced with fresh media (control grouigt)
0.01uM 5-FU in complete media (treatment group) and cells were incubated for 48 hours, a
traditional time points for most drug treatment. Total RNA was extracteddatimgroups with
the mirVana™ miRNA Isolation Kit (Ambion, Austin, TX) according to manufactsire
instructions. Briefly, the cells were detached from the wells by try@giorz and washed in cold
PBS (phosphate buffer saline — 1X, pH-7.4, without Calcium chloride and magnesiurdejhlori
Cells were lysed by adding 500 pl of Lysis/Binding Solution, followed by vortexingl 60D u
mMiRNA Homogenate Additive was then added, mixed by vortexing and cells wabatad on
ice for 10 min. The RNA was extracted by adding 500 pl of Acid-Phenol: Chloroformxwgyte
for 60 sec and centrifuging for 5 min at 10,000 X g to separate the aqueous and organic phase
The upper (aqueous) phase (400 pl) was transferred to another 2ml micro-centbéuged
500 pl (1.25 volumes) of 100% ethanol at room temperature was added to precipitate the RNA.
The total RNA was then filtered onto a filter cartridge by centrifogafollowed by multiple
washings with Wash solutions 1 and 2/3. Finally, the total RNA was eluted with 50 ul of pre-
heated (95°C) nuclease-free water. All the steps were performed on ice. Ritidycarad
guality was analyzed using NanoDrop ND1000 Spectrophotometer (NanoDrop Technologies
Wilmington, DE) and immediately stored at -80°C. The experiment was ped@amnimum

of three times.
MicroRNA microarray expression analysis

The miRNA Microarray Expression Analysis was performed by LC Sege(idouston,

Texas). The assay was performed on approximately 5 pg of total RNA sampletdl RNA

86



was size fractionated using a YM-100 Microcon centrifugal filter (pblle, Billerica, MA) and

RNA sequences with <30 nt were isolated. These small RNA were then eks&grgleend with

a poly(A) tail using poly(A) polymerase, followed by ligation of an oligonudieotag to the

poly(A) tail for later fluorescent staining. Two different tags (Cp@ &y5) were used for the

two different RNA samples (control and 5-FU treated RNA samples). The twodaMfles

were then hybridized overnight on a pParaflo™ microfluidic chip using a micuotation pump
(Atactic Technologies Inc., Houston, TX). Each microfluidic chip containediieteprobes,
positive control probes and negative control probes. The detection probes were madeyin situ b
photogenerated reagent (PGR) chemistry. These probes consisted oatiiermwdified
nucleotide coding sequences complementary to the target miRNAs (all 871 huRidAgNI

listed in the Sanger's miRNA miRBase, Release h&f)//microrna.sanger.ac.uk/sequenges/

and a spacer segment of polyethylene glycol to extend the coding sequendoawthe
substrate. A total of 50 positive and negative control probes were included to ensureityniform
of assay conditions and sample labeling. Chemical modifications of the probesdoner®
balance the melting temperatures of hybridization. RNA Hybridizatienpgaformed using
10Qul of 6X SSPE buffer (0.9 M NaCl, 6 mM EDTA, 60 mM MO, , pH 6.8) containing
25% formamide at 34 °C. After hybridization, control and 5-FU treated cells werstained
using tag — conjugating dyes Cy3 and Cy5 respectively. An Axon GenePix 4000&aivigr
Scanner (Molecular Device, Union City, CA) was used to collect the fluoreiseages, which
were then digitized using the Array-Pro image Analysis software (Mediar@etics, Bethesda,
MD). Dye switching between control and treated RNA samples was perfonnoedir to avoid
dye bias. Each miRNA was analyzed four times and the controls were repeateddixteen

times.
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Statistical Analysis of miRNA microarray data

The statistical analysis of the microarray data was also perforni€ti &tiences. The
microarray data was analyzed by subtracting the background and then thewegea
normalized using a locally — weighed regression (LOWESS) filter astegpoy Bolstad et al.,
2003. Detectable miRNAs were selected based on the following criterial: isigmaity higher
than 3X (background standard deviation); spot CV < 0.5 (where CV = standard deviatibn/signa
intensity); and signals from at least two out of the four replicates are Himdetection level.
To identify miRNAs whose expression differs between control and 5-FU tristiéd cells,
statistic analysis was performed. The ratio of the two sets of deteatedssigontrol and
treated) was calculated and expressed indogle (balanced) for each miRNA. The miRNAs
were then sorted according to their differential ratios. The p-values of tlesttwdre also
calculated. miRNAs witlp-values < 0.01 and lggatio > 0.5 were considered to be significantly
differentially expressed.

Quantitative Real Time PCR (gRT-PCR) of miRNA expression

The data obtained from miRNA microarray was confirmed by performingB&R-on
selected differentially expressed miRNAs. Total RNA was isolategjube mirVana™ miRNA
Isolation Kit (Ambion, Austin, TX) as previously described. Detection and quaatitfic of the
mMiRNAs was performed using TagMan® MIRNA Assays (Applied BiosysteosgeF City,
CA). A single-stranded cDNA for a specific miRNA was generatecbgrse transcription of
500 ng of total RNA using a miRNA-specific stem-looped RT primer and the Applied
Biosystems TagMan® miRNA Reverse Transcription Kit. A Reverse transcriggaction
mixture contains 500ng of total RNAs, k510X TR Buffer, 1ImM of each dNTPs, 0.188

RNase Inhibitor, L 5X Tagman® miRNA RT primer for a specific miRNA andlLl
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MultiScribe™ Reverse Transcriptase (5AU). An Eppendorf Mastercycler Personal PCR
(Westbury, NY) was used to conduct the reverse transcription reaction at thengllow
temperature conditions: 16°C for 30 min, 42°C for 30 min followed by 85°C for 5 min and

finally held at 4°C.

Following reverse transcription reaction, quantitative RT-PCR was perdontle
Applied Biosystems 7300 Real-Time PCR system using the Tagman® MIRNA AssAytddal
of 20uL gRT-PCR reaction mixture containgl3RT PCR product (diluted 1:7 times), O
Tagman® 2X Universal PCR Master Mix (No AmpErase® UNG), Zagman® MiRNA
Assays 20X Tagman® Assay (QRT-PCR primers). Nuclease free watersed to adjust the
final volume to 2QL. The reactions were incubated in a 96-well optical plate at 95°C for 10 min,
followed by 40 cycles of 95°C for 15 sec and 60°C for 60 sec. RNU 48 was used as an
endogenous reference gene for normalizing the results. The relative abundauterniRINA
was calculated using the comparative cycle threshatt{emethod. The results are presented
as fold change of each miRNA in 5-FU treated cells relative to the control &is7

Individual samples were assayed in triplicate with five independent bialagilicates.

Target prediction and function analysis
The miRNAs which showed most dysregulation after 5-FU exposure werteddiec

target prediction. Two different computational programs, TargetScan (Lewiseal. 2003;

Lewis, Burge et al. 2005); (Release Hitp://www.targetscan.organd MicroCosm Targets

(Griffiths-Jones, Saini et al. 2008) (Versiorp://www.ebi.ac.uk/enright-

srv/microcosm/htdocs/targets/ysere used to predict the targets. The reason for selecting two

computational programs is that all current programs over-predict poterfdlArtargets and

two different computational programs would reduce the potential false positivascagase the
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accuracy of prediction (Zhang and Pan 2009). During target prediction, we fiesatgshtwo
potential target lists using both computational programs. Second, the top 200 tadjetsgbsy
each program were compared and the common targets were selected. Third, tpgt$0fta
each list were compared to the entire list of the other program and the commawarget
selected. Finally, the top 10 targets of each list that were not alreadyeidielgtle added to the
final list. The targets were sorted according to their total score obtdieeadding up the
individual scores from each program. The higher the total score a preckctethas, more likely
it is to be the actual target of the specific miRNA.

The list of potential gene targets for each selected miRNA was compitegkined
above and the genes were then classified according to their biologicabfudetermined using

the_ Gene_Ohtology systemHttp://www.geneontology.orl/ To determine the possible

overlapping of biological functions among these miRNAs, significantly epeesented GO
terms among all predicted gene targets for each individual miRNA wehsdaising the

GOstat softwarehttp://gostat.wehi.edu.au/cgi-bin/goSta).(ffalcon and Gentleman 2007). The

program determines all the annotated GO terms associated with the tasgetaye then counts
the number of appearances of each GO term for these genes; a Fisadwtriest is then
performed to give the p-value for each GO term, representing the probtdatithe observed
counts could have been due to chance. In addition, Pathway analysis of the targetigenes

performed using the DAVID Bioinformatics Resources 20Q&(//david.abcc.ncifcrf.goy/

(Dennis, Sherman et al. 2003; Huang da, Sherman et al. 2009). The program groups together
related annotations (GO terms) for a similar set of genes, compare® th&esses if they
might be related in a biological network and compiles a list of potential pattoray® effects

of the target genes.
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Results

MiRNA expression profile of MCF7 breast cancer cells

The MCF7 breast cancer cells were analyzed for the expression of 871 humalsmiRN
listed in the Sanger's miRNA miRBase, Release 13.0. A unique miRNA expressite was
observed in the cells. Of the 871 human miRNAs, only 223 (25.6%) miRNAs were detected
(Figure 3.2, Table 3.1). Of these, majority of the miRNAs were expressad aignal
intensities. 148 (66%) miRNAs showed a signal intensity of less than 500. However, NAsSniR
were highly expressed in human MCF7 breast cancer cells with signaifietegreater than
10,000; these include miR-21, let-7f, let-7a, miR-1826, let-7d, miR-1979, miR-200c, let-7c,
mMiR-191, miR-342-3p, and miR-26a. Among all 871 analyzed miRNAs, miR-21, let-7f and let-
7a showed the highest expression levels with signal intensities of 57,600, 21,201 and 20,206,
respectively. The variation in the expression levels of miRNAs indicateththabundance of
these miRNAs varies significantly in MCF7 cells. Some miRNAs areesspd in many copies,
while others are expressed only in few copies, thus exhibiting a distinct meRprassion

signature pattern in MCF7 breast cancer cells.

Effect of 5-FU on human breast cancer cell MCF7

To determine the sensitivity of MCF7 cells to anticancer drug 5-FU, vierpexd cell
viability assays and generated a dose-response curve. From the data obtainedetiteation
of 0.01uM of 5-FU was selected for determining the effect of 5-FU on thel ghoji@ssion
levels of mMiRNAs in MCF7 cells. Since genetic changes are more serasto@mpared to

cellular changes, a low concentration of 5-FU was selected to avoid thieilpgssiobserving
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alterations in miRNA expression levels due to cellular changes such as apoptestrosis,

which are generally induced at high 5-FU doses.

Alteration of miRNA expression profilesin MCF7 cells after 5-FU treatment

5-FU treatment significantly altered the miRNA expression profile indmubreast
cancer cell line MCF7. Of the 871 human miRNAs analyzed, a total of 309 miRNAs wer
detected (either in control or treated cells). The control cells exgor@28 miRNAs, while the
treated cells expressed 289 miRNAs. This result shows that 5-FU expasired e the
expression of higher number of mMiRNAs as compared to the control. Among these, 193smiRNA
were expressed in both the control and treated cells, while 20 miRNAs weredetelgtin
control cells, and 96 miRNAs were detected only in the treated cells (Table Bti2¢. tOtal 309
MiRNAs that were detected (either in control or treated cells), 55 wedAviiBequences.
mMiRNA* are usually degraded during miRNA biogenesis. The reason foridetetthese
MiRNA* sequences after 5-FU exposure is unclear.

For most of the detected miRNAs, the expression levels were low, which is éwdent
their low signal intensities (less than 1000) during microarray angBigisres 3.3 and 3.4). Of
the 223 miRNAs detected in control cells, 144 miRNAs emitted signals less than 1000,yand onl
19 miRNAs gave signal more than 10,000. On the other hand, of the 289 miRNAs detected in
treated cells, 219 gave signals below 1000, while 19 gave signals higher than 10,0@§hdalhe s
intensities of the 20 miRNAs expressed only in control cells and the 96 miIRNAssag@nly
in treated cells were not high enough to consider them as being differeexialgssed between
control and treated cells, and hence will not be considered for further analysis.

Along with the difference in number of detectable miRNAs, the expression levels of

these miRNAs were also significantly altered after 5-FU expo§ifrthe total 193 miRNAs that
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were differentially expressed between the control and treatment grobpseld up-regulated,
while 78 were down-regulated (Table 3.2). Statistical analysis of theseeditially expressed
MiRNAs showed that 42 of these miIRNAs (22%) were significantly dysredulatep < 0.01

and with more than one fold change, while the remaining 151 miRNAs were not sighyfica
different (Figure 3.4). Fold-change comparisons of the significaltlged miRNAs are shown

in Figure 3.5. Among these 42 miRNAs, 23 (55%) miRNAs were up-regulated and 19 (45%)
mMiRNAs were down-regulated (Table 3.4). miRNAs showing at least two-foldetiffe (i.e.
log,-fold change> 1) in their expression levels between control and treated groups were selected
for further analysis using qRT-PCR technique. For the up-regulated miRNAs, onshfmued

a more than two-fold increase: miR-575 (4.6 fold), miR-671-5p (3.25 fold), miR-483-5p (3.00
fold) and miR-574-3p (2.5 fold). Since all the down-regulated miRNAs showed a leswthan t
fold decrease in their expression, we selected miRNAs with at least adldetoease in their
expression (i.e. lggfold change> 0.56) for further analysis. These include following two

MiRNAs: miR-365 (1.9 fold) and miR-374b (1.6 fold).

Validation of miRNA expression levels by gqRT-PCR

To validate the data obtained from miRNA microarray, qRT-PCR was performed on five
differentially expressed miRNAs (two up-regulated: miR-575 and miR-574+8pthree down-
regulated: miR-374b, miR-15a, miR-27a) and the results from microarray anB@QRWwere
compared. As shown in Figure 3.6, miR-15a, miR-27a and miR-374b were down-regulated,
while miR-575 and miR-574-3p were up-regulated according to the gRT-PCR data. Qur qRT
PCR data is comparable with the microarray data and thus validateduht® fieasthese

MiRNAs obtained from miRNA microarray.
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Prediction of target genes of differentially expressed miRNAs

In order to determine the probable biological function of the differentiallyesspd
MiRNAs, we predicted the potential miRNA targets of six most 5-FuUta¢gd miRNAs (miR-
575, miR-671-5p, miR-483-5p, miR-574-3p, miR-365 and miR-374b) by using two different
computational programs, TargetScan and miRBase Targets. After pmediigtthese programs
as described, a total of 318 potential targets were identified for the fiveAsiRith most
differential expression after 5-FU treatment; about 50-60 protein-caaligets were predicted
for each miRNA (Table 3.4). Generally speaking, 5-FU-up-regulated miRaiets many
oncogenes, such 88MGA2, KRAS andMYC while 5-FU-down-regulated miRNAs targets many
tumor suppressor genes. This suggests the role of 5-FU treatment in cliapoliyetargeting

miRNA-mediated gene regulation.

The basic biological function of each gene was also classified usirgethe Ontology
system. Since a single gene is associated with many GO terms, th@resanéed GO terms for
each miRNA were identified by GOstat software. Table 3.5 gives a faesentative biological
processes associated with each miRNA as predicted by the GOstaireofiitve targets of these
mMiRNAs were further used for pathway analysis by DAVID Bioinforgsaiesources. The
program provides potential pathways of function for the target genes of the 5geldsies
mMiRNAs. Based on the target analysis, we found that several important biojmgicasses,
such as programmed cell death, activation of the immune response, neuroteamsetébolic
process and cellular catabolic process were included as putative biofagtains of the
predicted potential genes. This result suggests an important role of thesAsniRNiman
health and disease regulation. Further, a pathway analysis suggests aanitmpgulatory role

of these miRNAs in different biological processes (Tables 3.5 and 3.6).
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Discussion

miRNAs are an important class of gene regulators which have the paterfdattion as
a diagnostic and prognostic tool for a variety of human cancers (Blenkiron and Miska 2007;
Tricoli and Jacobson 2007; Lowery, Miller et al. 2008; Zhang and Farwell 2008). They
constitute a novel target system for cancer treatment as each miRN#e ladmlity to regulate
the expression of several hundred target genes, including several important oncogenes or t
suppressor genes. Extensive research is currently being focused onirtgdtffgrential
expressed miRNAs that play primary roles in cancer development and themapyaTstudy of
the possible effects of chemotherapeutic drug treatment on the expressiengpriRNAS is

of prime importance for cancer therapy and resistance.

In this study, the effect of chemotherapeutic drug 5-FU on miRNA expressifile pras
investigated for the first time in human breast cancer cells. In this stedpund that 23
MiRNAs were up-regulated while 19 were down-regulated. Among the diffdhemixpressed
MiRNAs, several miRNAs were well characterized and have beeropsfyimplicated in
different cancers (Table 3.7). Of particular interest are the miRhs&showed maximum
dysregulation in their expression levels. Of the 42 differentially expteag®NAs after 5-FU
treatment, 26 miRNAs (62%) have been previously confirmed to be linked withediffenman
cancers, most of them being differentially expressed between tumors and redtsnal ¢
Identification of such a high proportion of cancer-related miRNAs may stitge these

MiRNAs may be involved in anti-cancer treatment.

Many up-regulated miRNAs function as tumor suppressor genes by targetoygenas

or genes involved in cell cycle and apoptosis. After 5-FU treatment, both miR-15 arkbmiR-
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were overexpressed. Pervious study shows that miR15/16 induces apoptosis Ingtergdic2

gene (Cimmino, Calin et al. 2005), and also cause cell cycle arrestubgtireg multiple cell

cycle genes (Xia, Qi et al. 2009). miR-15b and miR-16 also modulate multidrstqunes by

targeting the bcl2 gene (Xia, Zhang et al. 2008). Further, miR-200c regthatexpression of

ZEB1 and ZEB2, which play an important function in breast cancer progressego(( Bert

et al. 2008). miRNA-23a and -23b on the other hand modulate the expression of proto-oncogene
c-Met (Salvi, Sabelli et al. 2009). Additionally, miRNA let-7a has been found to beas tum
suppressor gene by targeting the oncogenes HMGA2 (High mobility group AT-hook&$ KR

and Myc (Johnson, Grosshans et al. 2005; Lee and Dutta 2007; Sampson, Rong et al. 2007).

In our study, 5-FU also reduced the expression of several important caramatass
MiRNAs, such as miR-21, miR-203, miR-24, miR-25 and miR-27a. All of these miRNA$ targe
different tumor suppressor genes; for example, miR-21 targets PTEN (Phosphatéesesin
homolog) (Meng, Henson et al. 2007), TPM1 (Tropomyosin-1) (Zhu, Si et al. 2007) and PDCD4
(Programmed cell death protein 4) (Asangani, Rasheed et al. 2008) while as p16 and p57 have
been found to be modulated by miRNAs miR -24 (Lal, Kim et al. 2008) and miR -25 (Kim, Yu
et al. 2009) respectively. Additionally, miR-27a is reported to be an oncogenatgrget
specificity transcription protein in breast cancer cells (MertenseftalChintharlapalli et al.

2007). The down-regulation of these miRNAs after 5-FU treatment aids the functian of
tumor suppressor genes, and thus helps control cancer progression and metastasis. Furt
several miRNAs are reported to be differentially expressed in breasraails in comparison
with normal breast cells. Our data identified 13 such miRNAs that are ususitggdiated in
breast cancer. These include miR-16, let-7a, let-7d, let-7f and miR-200b, whictuatly

down-regulated; and miR-23a, miR-23b, miR-203, miR-21, miR-24, miR-27a, miR-30a and
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miR-365, which are usually up-regulated. Most of these miRNAs, except miR-RB&23n and
miR-200b, have been shown to be inversely expressed in 5-FU treated cells dampare

untreated breast cancer cells (Table 3.7).

Previous studies have reported p53 to be an important molecular effector in 5-FU
cytotoxicity. p53-mutated cells have demonstrated higher resistance torBafttdent
suggesting its role in 5-FU sensitivity (Lowe, Bodis et al. 1994). Further, Bdem suggested
to induce apoptosis and cause Fas upregulation after 5-FU treatment (Pkteq &ilal. 2000).
Moreover, several p53 regulated genes have been shown to be modified by 5-FU. Thuss, there i
evidence for the importance of the p53 regulatory process in 5-FU toxicity, bublbeuhar
mechanism is still unclear. In this study, we found that 5-FU induced diffdrexjpigession of
several miRNAs that putatively target several p53-regulated gene® gérmss includ€EASPS,
SERPINB5, CASP9, CCND2, CCND3, CASP3, PTEN, CDK6, CCNE1 andCCND1 (Table 3.7).
This observation suggests that miRNAs might be involved in the p53-5-FU interactidrerFurt
investigations of the regulatory mechanism of miRNAs on these p53 -regulatecagenes

required to better understand the 5-FU regulated p53 pathway.

The widespread deregulation of the miRNAome global expression profiles and the
identification of several cancer-related deregulated miRNAs aftedése 5-FU treatment
indicates that the cytotoxicity of 5-FU may be partially due to alteratidinei miRNA
expression levels. The observation that an antimetabolite drug is able toartbeeagpression
of certain miRNAs is inconsistent with its DNA-synthesis-inhibiting hagtsm. However, it
has been previously suggested that incorporation of 5-FU into RNA is a major mecbfnism
cytotoxicity in MCF7 breast cancer cells (Kufe and Major 1981). Furthisregtablished that

the 5-FU active metabolites, FAUTP and FUTP, get actively incorporategrowing DNA and
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RNA molecules. Incorporation into RNA results in disruption of the further systhasl
processing of MRNAs, tRNAs and rRNAs (Randerath, Tseng et al. 1983; Kan&fakuta et

al. 1986). Additionally, 5-FU has also been shown to be incorporated into the uridine-rich U2
SNRNA at pseudouridylation sites, thus inhibiting post-transcriptional conversioidioluo
pseudouridine in these RNAs (Samuelsson 1991), and greatly affecting the spliciramisie.
Assimilating together this knowledge of 5-FU activity, it can be hypothe s the drug might
be incorporated into the miRNA gene transcript (as FAUTP) or produce fluorinatecem
MIiRNA, thus causing misexpression of miRNAs and altering their prinsagtibn. However,

further work is needed to test this hypothesis and to elucidate the exact arobeechanism.

Determination of the effects of 5-FU on the expression profile of miRNAs in tharhum
breast cancer cell can help to identify miRNAs that play a role in chemtggnand resistance
of 5-FU in breast cancer cells in particular, and other chemotherapeugscidrgeneral. This
information might be helpful in improving the efficacy of 5-FU treatment, byaied its side-
effects or by decreasing the incidence of 5-FU resistant cancers. atastatould be
extrapolated to other chemotherapeutic drugs which could target thesecapé®NiAs. The
research could be extended to predict the protein targets of the miRNAs whession levels
are mainly altered by 5-FU treatment. On a broad consideration, the datalsoube used to
determine the oncogenic miRNAs or Oncomirs associated with breast caacéri)
treatment. Specific targeted deliveries, such as artificial miRNASRNAS that target these
MiRNAs and alter their expression levels in tumor cells can be synthesizedotnsegulating
the expression of these oncomirs and prevent breast cancer initiation andsisetassanples of

such delivery systems that are currently under development include antisgosaaéotide
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(ASOs), siRNAs, miRNA mimics and antagomirs. Thus, our data demonstrates thigapofe

MiRNAs as novel targets for cancer therapy.

In summary, a low dosage of 5-FU induced the differential expression of a set of
mMiRNAs, which in turn regulated the expression of oncogenes and tumor suppressor gen
potentially by multiple mechanisms. A proposed model showing the functional m&ohaini
action of 5-FU involving miRNA activity is shown in Figure 3.7. Although thematsm of
how 5-FU regulates miRNA expression is unclear, our results provide somstingedues for
chemotherapeutic drugs and their effects on miRNAs. Further investigation egtitetion
mechanism of miRNAs on gene expression in breast cancer cells will providesighis into

cancer chemotherapy and designing new anti-cancer drugs.
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Table 3.1: miRNA expression profile in MCF7 breast cancer cells

Microarray
signal
intensity

Number

MIiRNAs

> 10,000

11

miR-21, let-7f, let-7a, miR-1826, let-7d, miR-1979, miR-200c, let-1
miR-191, miR-342-3p, miR-26a

C,

5,000-10,000

14

let-7e, miR-1977, miR-15b, miR-23a, miR-23b, miR-16, miR-1308
let-7b, miR-125a-5p, let-7i, miR-638, miR-1974, miR-25, miR-182

1,000-5,000

34

miR-26b, miR-200b, miR-92a, let-7g, miR-361-5p, miR-1975, miR
151-5p, miR-103, miR-203, miR-320a, miR-99b, miR-107, miR-24
miR-1978, miR-93, miR-320c, miR-1280, miR-454, miR-27a, miR;
27b, miR-183, miR-106b, miR-320b, miR-7, miR-1915, miR-375,
miR-425, miR-423-5p, miR-30b, miR-185, miR-320d, miR-98, miR
30d, miR-92b

< 1,000

164

miR-20a, miR-1275, miR-30c, miR-17, miR-151-3p, miR-128, miR
195, miR-197, miR-663, miR-15a, miR-106a, miR-720, miR-149*%,
miR-193a-5p, miR-374b, miR-125b, miR-365, miR-424, miR-130b

miR-1246, miR-342-5p, let-7d*, miR-1469, miR-181a, miR-877, miR-

625, miR-30a, miR-421, miR-574-5p, miR-29a, miR-200a, miR-11

miR-503, miR-34a, miR-324-5p, miR-192, miR-378, miR-484, miR

301a, miR-1268, miR-498, miR-489, miR-340, miR-652, miR-548i

80,

n,

miR-574-3p, miR-148a, miR-20b, miR-744, miR-222, miR-126, miR-

28-5p, miR-99a, miR-141, miR-193b*, miR-132, miR-532-5p, miR}

148b, miR-22, miR-345, miR-429, miR-625*, miR-29¢c, miR-140-3
miR-1281, miR-18a, miR-486-5p, miR-505*, miR-149, miR-424*,

miR-940, miR-194, miR-1307, miR-331-3p, miR-362-5p, miR-152
miR-629, miR-7-1*, miR-101, miR-125a-3p, miR-1277, miR-575,

MiR-16-2*, miR-27b*, miR-103-2*, miR-25*, miR-200b*, miR-671-
5p, MiR-548d-3p, miR-1259, miR-548h, miR-30b*, miR-23a*, miR
210, miR-181b, miR-605, miR-483-5p, miR-933, miR-455-3p, miR
30e, miR-765, miR-15b*, miR-302f, miR-938, miR-500*, miR-106k
let-7b*, miR-1289, miR-1825, miR-425*, miR-30e*, miR-32*, miR-
708, miR-138-1*, miR-30a*, miR-616*, miR-1973, miR-32, miR-19
miR-760, miR-451, miR-296-5p, miR-501-5p, miR-191* miR-183
miR-550*, miR-361-3p, miR-193a-3p, miR-589*, miR-24-2*, miR-
133a, miR-29c*, miR-1249, miR-208a, miR-30c-2*, miR-200a*,
330-3p, miR-30c-1*, miR-936, let-7f-1*, miR-30d*, miR-221, miR-
374a, miR-31*, miR-31, miR-2052, miR-629*, miR-28-3p, miR-124
miR-302e, miR-365*, miR-2054, miR-150*, miR-1913, miR-302d,
miR-302c, miR-146b-5p, miR-105, miR-376a, miR-29b-2*, miR-

D,

)*

b,

miR-

17,

302b, miR-513a-3p, miR-202, miR-1470
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Table 3.2: Comparison of miRNA expression profiles between control and 5-FUl tgeatps

mMiRNA
category

Number

miRNAs

Up-regulated
miRNAs

115

miR-181b, miR-151-5p, miR-421, miR-7-1*, miR-720, miR-
320D, let-7i, let-7b, miR-107, miR-484, miR-361-5p, miR-197
miR-486-5p, miR-125b, miR-17, miR-425, miR-26a, let-7d,
miR-106b, miR-1978, miR-148b, miR-1308, miR-744, miR-
1977, miR-183, miR-1979, let-7f, miR-28-5p, miR-149, miR-
148a, let-7a, miR-625, miR-130b, miR-342-3p, miR-532-5p,
miR-15b, miR-28-3p, miR-126, miR-16, miR-1180, miR-99a,
miR-708, miR-200c, miR-22, miR-23b, miR-192, miR-191,
mMiR-365*, miR-342-5p, miR-141, miR-200b*, miR-18a, miR-
222, miR-1275, let-7b*, miR-23a, miR-16-2*, miR-362-5p, m
652, miR-503, miR-425* miR-1307, miR-1826, miR-132, mif
625*, miR-30e, miR-125a-3p, miR-302f, miR-106b*, miR-49§
miR-345, miR-1246, miR-505*, miR-489, miR-1259, miR-194
mMiR-629, miR-140-3p, miR-936, miR-19b, miR-25*, miR-191
miR-1281, miR-548m, miR-1268, miR-1469, miR-638, miR-
331-3p, miR-193a-3p, miR-940, miR-221, miR-24-2*, miR-57
5p, miR-550*, miR-500*, miR-27b*, miR-501-5p, miR-23a*,
mMiR-424*, miR-210, miR-149* miR-152, miR-663, miR-2004a
mMiR-183*, miR-1277, miR-330-3p, miR-629*, miR-455-3p,
mMiR-548h, miR-574-3p, miR-1289, miR-671-5p, miR-483-5p
miR-575

51

R-

=00

74_

Down-regulated
mMiRNAs

78

miR-30a*, miR-374a, miR-1249, miR-365, miR-374b, miR-36

3p, miR-1913, miR-30b*, miR-589*, miR-1825, miR-150%,
mMiR-146b-5p, miR-27a, miR-15a, miR-30a, miR-296-5p, miR
29b-2*, miR-877,miR-21, miR-197 , miR-26b, miR-765, MiR-
29c*, miR-15b*, miR-1247, miR-101, miR-98, miR-200b, let-
miR-7, miR-454, let-7g, miR-27b, miR-760, let-7d*, miR-203
miR-29¢c, miR-30b, miR-30c, miR-20b, miR-1280, miR-423-5
mMiR-103-2*, let-7f-1*, miR-1974, miR-25, miR-193a-5p, miRA

181a, miR-200a, miR-193b*, miR-24, miR-93, miR-424, miR}

378, miR-340, miR-106a, miR-125a-5p, miR-99b, miR-301a,
miR-29a, miR-92a, miR-92b, miR-195, miR-375, miR-182, le
7¢, miR-30d, miR-320a, miR-128, miR-320d, miR-103, miR-

t-

20a, miR-185, miR-324-5p, miR-34a, miR-429, miR-320c, m|R-

151-3p

MiRNAs

20

miR-105, miR-1470, miR-202, miR-2052, miR-2054, miR-2(

112

8a,



expressed only
in control group

miR-302b, miR-302c, miR-302d, miR-302¢e, miR-30c-1*, miR
30c-2*, miR-30d*, miR-30e*, miR-31, miR-31*, miR-32, miR-
32*, miR-376a, miR-513a-3p

MiRNAs
expressed only
in treatment

group

96

hsa-let-7a-2*, hsa-let-7c*, hsa-let-7g*, hsa-miR-100, hsa-mif
1181,, hsa-miR-1200, hsa-miR-1207-5p, hsa-miR-1224-3p, |
miR-1224-5p, hsa-miR-1226, hsa-miR-1227, hsa-miR-1228,
miR-1228*, hsa-miR-1229, hsa-miR-1231, hsa-miR-1233, hg
mMiR-1234, hsa-miR-1237, hsa-miR-1238, hsa-miR-1260, hs3
mMiR-1267, hsa-miR-1271, hsa-miR-1285, hsa-miR-1287, hs3
mMiR-1292, hsa-miR-1293, hsa-miR-129-3p, hsa-miR-1300, h
miR-1301, hsa-miR-1303, hsa-miR-130a, hsa-miR-130b*, hs
mMiR-133a, hsa-miR-138-2*, hsa-miR-17*, hsa-miR-184, hsa-
miR-18b, hsa-miR-1908, hsa-miR-191*, hsa-miR-1910, hsa-
miR-1911* hsa-miR-1973, hsa-miR-2110, hsa-miR-212, hss
miR-215, hsa-miR-23b*, hsa-miR-299-3p, hsa-miR-299-5p, |
miR-323-5p, hsa-miR-324-3p, hsa-miR-328, hsa-miR-329, h
miR-331-5p, hsa-miR-335, hsa-miR-339-3p, hsa-miR-339-5f
hsa-miR-33b*, hsa-miR-340*, hsa-miR-34a*, hsa-miR-34b*,
hsa-miR-34c-5p, hsa-miR-362-3p, hsa-miR-371-5p, hsa-miR
378*, hsa-miR-380%, hsa-miR-409-3p, hsa-miR-448, hsa-miF
450a, hsa-miR-485-3p, hsa-miR-497, hsa-miR-500, hsa-miR
502-3p, hsa-miR-502-5p, hsa-miR-517b, hsa-miR-548f, hsa-
miR-550, hsa-miR-553, hsa-miR-584, hsa-miR-605, hsa-miR

627, hsa-miR-628-3p, hsa-miR-654-5p, hsa-miR-658, hsa-m

659, hsa-miR-660, hsa-miR-664*, hsa-miR-665, hsa-miR-67
3p, hsa-miR-766, hsa-miR-769-3p, hsa-miR-769-5p, hsa-mif

93*, hsa-miR-933, hsa-miR-935, hsa-miR-943, hsa-miR-96
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Table 3.3: Significantly dysregulated miRNAs after 5-FU exposure

Control

114

Probe_ID Treatment Log2 Fold p-value
Signal Signal (Treatmen  Change
t/
Control)
Up-regulated (n=23)
hsa-miR-575 31.68 145.42 2.22 4.59 4.11E-08
hsa-miR-671-5p 42.18 136.96 1.70 3.25 3.60E-083
hsa-miR-483-5p 43.41 133.14 1.62 3.07 2.14E-083
hsa-miR-574-3p 190.02 479.10 1.40 2.52 3.94E-05
hsa-miR-149* 761.77 1,380.01 0.78 1.81 4.72E-0p
hsa-miR-663 750.55 1,290.55 0.81 1.72 6.87E-07
hsa-miR-1268 167.69 280.34 0.76 1.67 4.95E-083
hsa-miR-1915 891.28 1,359.02 0.59 1.52 1.02E-04
hsa-miR-574-5p 351.25 532.08 0.61 1.51 4.99E-03
hsa-miR-638 5,497.66 8,256.06 0.56 1.50 5.55E-17
hsa-miR-1246 770.27 1,043.87 0.45 1.36 4.28E-03
hsa-miR-1826 22,510.52  27,941.79 0.33 1.24 2.07E-12
hsa-miR-23a 10,898.44  13,085.57 0.23 1.20 1.32E-05
hsa-miR-191 14,586.74 16,888.33 0.21 1.16 1.72E-Q5
hsa-let-7a 24,215.14 27,545.79 0.19 1.14 1.91E-Q7
hsa-miR-342-3p 15,599.63 17,665.54 0.18 1.13 1.01E-08
hsa-miR-23b 10,734.11 12,153.14 0.15 1.13 1.06E-Q3
hsa-miR-16 12,622.24  14,011.40 0.15 1.11 1.18E-04
hsa-miR-1979 12,024.04  13,317.24 0.15 1.11 1.48E-04
hsa-miR-15b 12,855.28  14,081.31 0.14 1.10 2.85E-03
hsa-miR-200c 16,146.22  17,485.41 0.16 1.08 6.66E-04
hsa-let-7d 19,259.32  20,608.62 0.10 1.07 2.37E-Q3
hsa-let-7f 24,515.34 25,713.03 0.07 1.05 9.87E-04
Down-regulated (n=19)
hsa-miR-365 394.04 208.43 -0.83 -1.89 2.06E-08
hsa-miR-374b 1,116.20 688.88 -0.76 -1.62 1.21E-04
hsa-miR-30a 626.23 421.31 -0.57 -1.49 2.93E-0¢4
hsa-miR-15a 1,433.70 1,018.10 -0.50 -1.41 1.06E-Q3
hsa-miR-197 1,231.67 906.19 -0.44 -1.36 1.46E-0B
hsa-miR-27a 4,197.58 3,093.67 -0.44 -1.36 1.43E-Q8
hsa-miR-21 57,202.28  44,077.27 -0.38 -1.30 0.00E+(00
hsa-miR-26b 8,444.64 6,784.69 -0.33 -1.24 3.51E-06
hsa-miR-203 5,749.60 4,644.42 -0.27 -1.24 1.78E-03



hsa-miR-1280 3,838.92 3,152.21 -0.21 -1.22 4.02E-(
hsa-miR-454 4,618.90 3,860.29 -0.25 -1.20 7.08E-0
hsa-miR-200b 8,059.98 6,745.94 -0.24 -1.19 7.45E-C
hsa-miR-7 3,475.24 2,930.62 -0.25 -1.19 2.78E-0
hsa-miR-27b 4,034.72 3,443.66 -0.21 -1.17 1.81E-0
hsa-let-7g 7,585.57 6,538.32 -0.23 -1.16 2.50E-0
hsa-let-7e 13,719.05 12,008.35 -0.25 -1.14 1.57E-Q
hsa-miR-25 8,505.37 7,512.26 -0.18 -1.13 1.03E-0
hsa-miR-24 4,427.72 3,926.62 -0.17 -1.13 1.31E-0
hsa-miR-125a-5p 11,138.55 10,205.68 -0.13 -1.09 4.05E-

FOOR PO b &
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Table 3.4: Predicted targets of the selected miRNAs

y

it E

Gene Description Gene Description
name name
miR-575 miR-671-
5p
DENND1CDENN/MADD domain containing 1CD79A 5 Cell antigen receptor complassociate
protein alpha-chain precursor (lg-alpha)
solute carrier family 7 [Y+L amino
SLC7A7 acid transporter 1 (y(+)L-type amin€PNE2 Copine-2 (Copine II).
acid transporter 1)]
FBXO15 F-box only protein 15 ZNF668  Zinc finger protein 668
transmembrane protein 81 DNA-directed RNA polymerase Il subu
TMEMS81 (TMEMB81) POLR3D D
Neudesin precursor (Neuron-derivqi_:iE Proto-oncogene tyrosine-protein kinase
NENF : S
neurotrophic factor). Fes/Fps
LGALS3B Galectin-3-binding protein precursor
CPNE2 Copine-2 (Copine II) b (Lectin galactoside-binding soluble 3-
binding protein)
GPX3 Glutathione peroxidase 3 precursar CHCHIS:Q'IeC.j'.CO'I'he"XTCO'Ied'CO'I'heI'X domaif
containing protein 2
MASP? Mannan-binding lectin serine MS4ASB Membrane-spanning 4-domains subfan
protease 2 precursor A member 8B
FAM22G Protein FAM22G precursor CA7 Carbonic anhydrase 7
Killer cell immunoglobulin-like Vacuolar protein sortingssociated prote
KIR2DL4 receptor 2DL4 precursor (MHC cladgPS25 o5 P as P
| NK cell receptor KIR103AS)
HAGH Hydroxyacylglutathione hydrolase | DGKZ Diacylglycerol lgeazeta
DPH5 Probable diphthine synthase PITX3 E:‘%I(tg)ry homeobox 3 (Homeobox prote
DDT D-dopachrome decarboxylase C1QA F()Jr(()er:lﬁ)rlsegrlent C1q subcomponent suburn
VEGEB Vascular endothelial growth factor %IPAlLl Slgnal-ln(_juced proliferation-associated
precursor like protein 1
Killer cell immunoglobulin-like
KIR2DL1 receptor 3DL2 precursor (MHC clagsOOK2  Hook homolog 2
| NK cell receptor)
IARS2 IS(_JIeucyI-tRNA synthetase, KRT9 Keratin, type | cytoskeletal 9
mitochondrial precursor
NEU4 Sialidase-4 HTR3E  5-hydroxytryptamine receptor 3 subur
IL3RA Lﬁfgherls‘g'r”'s receptor alpha chain |5y 51 Homeobox protein Hox-B1 (Hox-21).
CDCA5L CDCA_fS_ cell division cycle 45-like ("ACOZ Aconitate hydratase, mitochondrial
cerevisiae) precursor
DPP8 Dipeptidyl peptidase 8 CCDC114 coiled-coil domain containing 114
FMO1 flavin-containing monooxygenase I SLC46A3 solute carriedyati member 3
CSTA Cystatin-A ADCK2 Uncharacterized aarF domain-containi

116



HSPB1-associated protein 1 (27 K

domain-containing protein 1
Amyotrophic lateral sclerosis 2
ALS2CR4 chromosomal region candidate ger

RB1CC1 RBI1l-inducible coiled-coil protein 1

STSSIAL ST8 aIpha—N-acetyI-neuramlnlde
alpha-2,8-sialyltransferase 1
RABG6IP1 RABG interacting protein 1

TRAF3IP1 TNF receptor-associated factor 3

117

A
HSPBAP1 heat shock protein-associated protg&ri4orf124 UPF0105 protein C14orf124.

C6orf129

protein
TEP Tissue factor pathway inhibitor C100rf25 Uncharacterized protein C100rf25
precursor precursor.
. . . B-cell receptor-associated protein 31
BID BH3-interacting domain death agorstAP31 (BCR-associated protein Bap31)
CCDC74A C0|Ie_d-c0|l domain-containing SPTB Spectr_ln beta chain, erythrocyte (Beta-I
protein 74A spectrin).
WDR57 :;Y(E)téﬁseat protein 57 (Prp8-bindin RAB32 Ras-related protein Rab-32.
GALR1  Galanin receptor type 1 TRIM47  Tripartite motif-containing prote’

MYOM3 myomesin family, member 3

EPB41L5 jr{tﬁlizcgte membrane protein ban %YPLZ Synaptophysin-like protein 2.
UBAP2  ubiquitin associated protein 2 ACBD6 S::O);Iéi(;,]oéﬁx-blndlng domain-containing
PCDH19 protocadherin 19 SATB2 DNA-binding protein SATB2 (Special A

protein kinase 2

1)
: pectrin beta chain, brain 2 (Spectrin, n
RDH12 Retinol dehydrogenase SPTBN%W,[hroid beta chain 2)
Killer cell immunoglobulin-like
KIR3DL1 receptor 3DL1 precursor (MHC clag$YAL1  Hyaluronidase-1 precursor
| NK cell receptor)
RAB25 Ras-related protein Rab-25 C2o0rfl6  Uncharacterized protein C20rf16
ACTL6A Actin-like protein 6A PCBP4 Poly (rC)-binding protein 4 (Alp&#&4).
Translationally-controlled tumor Segment polarity protein disheveled
TPT1 . Y DVL3  homolog DVL-3 (Dishevelled-3) (DSH
protein (TCTP)
homolog 3).
PMM1 Phosphomannomutase 1 SIRT3 NAD-deper}dent deacetylase sirtuin-3,
mitochondrial precursor
MRPL12 39_8 rlbosomal protein L12, KCNAG Potassium voltaggated channel subfam
mitochondrial precursor A member 6
SPAG11A SPE™M associated antigen 118 ISOfUSP36 Ubiquitin carboxyl-terminal hydrolase 36
H precursor
FOXRED1 FAD-dependent oxidoreductase SSBP1 Single-stranded DNA-binding protein,

mitochondrial precursor

OTTHUMPO00000016329 (Chromosome
open reading frame 129).

CRTC3 .transducer of regulated CREB protein 3
isoform a

ST8SIAS Alpha-2,8-sialyltraénase S8E

rich sequence-binding protein 2).

on-

SLC30A6 solute carrier family 86 {mnsporter),



interacting protein 1

member 6
AP2-associated protein kinase 1 (Adapt

ZNF142  zinc finger protein 142 AAK1 associated kinase 1).
pOLR3g Polymerase (RNA) Il (DNA CFL2  Cofilin-2 (Cofilin, muscle isoform).
directed) polypeptide B
STIL SCL/TALL interrupting locus TGOLN2 'rans-Golgi network integral membrane
protein 2 precursor
GRIP and coiled-coil domain Lin-9 homolog (huLin-9) (hLin-9) (Beta-
GCLC 7 LIN9 . .
containing 2 subunit associated regulator of apoptos
GCM2 ?[l)'?(l)gggf“g)'ssmg homolog 2 BCR Breakpoint cluster region protein
IGSE6 immunoglobulin superfamily, SH3TC?2 SH3 c_jo_maln anc_i tetratricopeptide repes
member 6 containing protein 2.
poRy14 PUrnergic receptor P2Y, G-protein ANKRD33 Ankyrin repeat domain-containing prote
coupled, 14 33.
Condensin complex subunit 2 (Norn: e :
NCAPH SMC condensin | complex subunit ﬁ5K4CB Phosphatidylinositol 4-kinase beta
suppression of tumorigenicity 7-likeNP_00101 . .
ST7L isoform 3 7997 1 hypothetical protein LOC447937
ZYG11B zyg-11 homolog B (C. elegans) MATlAtSy;"f_elnosy'meth'O”'”e synthetase isofo
BLID BH3-like motif containing, cell death
inducer
FLJ40296 FLJ40296 protein ;nF;R-574-
MICA MHC class I polypeptide-related C90rf19  chromosome 9 open reading frame 19
sequence A
. . collagen, type VII, alpha 1 (epidermolys
C200rf57 1Dga| specificity protein phosphatas&OL7A1 bullosa, dystrophic, dominant and
recessive)
LAT linker for activation of T cells
miR-483- CSE1L CSE1 chromosome segregation 1-like
5p (yeast)
CBXS chromob_ox homolog 8 (Pc class homolg
Drosophila)
ACBD6 Acyl-CoA-binding domain- MAPK11 mitogen-activated protein kinase 11
containing protein 6.
RUSC1 Erlétl\(leiﬁnld SH3 domain-containing MADD MAP-kinase activating death domain
BACE2  Beta-secretase 2 precursor TRPCAAFISIENt receptor potential cation chant
Subfamily C, member 4 associated prots
TACC3 Transforming acidic coiled-coil- |ADAMTS ADAM metallopeptidase with
containing protein 3 (ERIC-1). 17 thrombospondin type 1 motif, 17
ACO?2 Aconitate hydratase, mitochondrial DEAF1 deformed epidermal autoregulatory fact
precursor 1 (Drosophila)
SLC7A3 Cationic amino acid transporter 3 EXOC3 exocyst complex component 3
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CBS
IL1IR1
CYP2F1

LAIR2

CCDC9

PHOX2A
MEA1
PARL

RSU1

CUTA

MLLT1

C190rf52

KLHDC3

PIPSK1A

NXF1
KIFC3
ACAD9

CRTAP
MYOM2
IQSEC2

SHROOM

2

TMEM143

TNN
ACHE

(CAT-3) (Solute carrier family 7
member 3)
Cystathionine beta-synthase

Interleukin-1 receptor type | precur

Cytochrome P450 2F1
Leukocyte-associated
immunoglobulin-like receptor 2

precursor (LAIR-2) (CD306 antigen).

Coiled-coil domain-containing
protein 9.

Paired mesoderm homeobox prote
2A (Paired-like homeobox 2A)
Male-enhanced antigen 1 (MEA-1)
Presenilins-associated rhomboid-li
protein, mitochondrial precursor
Ras suppressor protein 1 (Rsu-1)
(RSP-1).

Protein CutA precursor (Brain
acetylcholinesterase putative
membrane anchor)

Protein ENL (YEATS domain-
containing protein 1).

Uncharacterized protein C190rf52

Kelch domain-containing protein 3
(Protein Peas) (Testis intracellular
mediator protein).
Phosphatidylinositol-4-phosphate 5
kinase type-1 alpha

Nuclear RNA export factor 1 (Tip-
associating protein)

Kinesin-like protein KIFC3.
Acyl-CoA dehydrogenase family
member 9, mitochondrial precursot
Cartilage-associated protein
precursor.

Myomesin-2 (M-protein)

IQ motif and Sec7 domaicentaining
protein 2.

Apical-like protein (Protein APXL).

transmembrane protein 143
(TMEM143), mRNA
Tenascin-N precursor (TN-N).

LRRC23 Leucine-rich repeat-timigt@irotein 23
SABBR1 gamma-aminobutyric acid (GABA) B
receptor, 1
MAGEA6 melanoma antigen family A, 6

MAGEA3 melanoma antigen family A, 3

N—r

cold shock domain containing C2, RNA

CSDC2 binding

Mhumz melanoma associated antigen (mutated

IL6 interleukin 6 (interferong ¢t
ISAW elongation factor, RNA polymerase I, 2
NKG7 natural killer cell group 7 sequence
CLRN3 clarin 3
MMP3 matrix metallopeptidase 3 (stromelysin 1,
progelatinase)
SOHL ermatogenesis and oogenesis specific

asic helix-loop-helix 1

ZDHHC18 zinc finger, DHHC-type containing 18

CuUL2 cullin 2

solute carrier family 2 (facilitated glucos
transporter), member 11
tetra-peptide repeat homeobox 1

D

SLC2A11
TPRX1

C150rf27 chromosome 15 open reading frame 27

SLC41A3 solute carrier family 41, member 3

EPHB3 EPH receptor B3
DAK dihydroxyacetone kinase 2 homolog (S.
cerevisiae)

TMEM49 transmembrane protein 49

Acetylcholinesterase precursor

MIZF MBD2-interacting zinc finger
SSX3 synovial sarcoma, X breakpoint
STRN3  striatin, calmodulin birghoigin 3
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PDGFD
UGT3Al

ICAM4
ADRBK1
MAPK3
ALCAM

GPT2
PLA2G5

IQCE
WDR92
CLCN3

AMICAL

SPAG11A P

Platelet-derived growth factor D
precursor

UDP glycosyltransferase 3 family,
polypeptide Al

Intercellular adhesion molecule 4
precursor.

Beta-adrenergic receptor kinase 1
Mitogen-activated protein kinase 3
CD166 antigen precursor (Activate
leukocyte-cell adhesion molecule)
(ALCAM).

Alanine aminotransferase 2
Calciumdependent phospholipase
precursor

IQ domain-containing protein E.
WD repeat domain 92

Chloride channel protein 3 (CIC-3)
Sperm-associated antigen 11

SPAG11B precursor (EP2 protein) (Sperm

antigen HE2).

erm associated antigen 11B isof
H precursor

Junctional adhesion molecule-like
precursor

NAP1L4 nucleosome assembly protein 1-like 4
DKKS3 dickkopf homolog 3 (Xenopus laevis)
SSX1 synovial sarcoma, X breakpoint 1
PMP22 peripheral myeliaipr22
SSX4B synovial sarcoma, X bredki
d
SSX4 synovial sarcoma, X breakpoint 4
SSX6 synovial sarcoma, X breakpoint 6

ZSWIM5  zinc finger, SWIM-type containing 5
FBX0O34 F-box protein 34

miR-365
COL7A1
BEST3

TBCEL

PSMD8
SETX
PTCRA

ITGAD

CPT2
MUSS81

Collagen alpha-1(VII) chain
precursor

bestrophin 3

Tubulin-specific chaperone cofactgQ5JVI1_H

E-like protein (EL)

26S proteasome non-ATPase
regulatory subunit 8
senataxin

pre T-cell antigen receptor alpha

Integrin alpha-D precursor
(Leukointegrin alpha D) (ADB2)
(CD11d antigen)

carnitine palmitoyltransferase Il

Crossover junction endonuclease

protein 1)
Novel protein (Fragment).
[Source:Uniprot/SPTREMBL;Acc:Q5JV

UMAN ]
AIEM1L Apoptosisinducing factor 1, mitochondri
precursor
ESR2 Estrogen receptor beta (ER-beta)
2‘?—94535 RIKEN cDNA 2310002J15 gene
PLEKHG3 pleckstrin homology domain containing,

family G, member 3

SLC22A§P|Ute carrier family 22 member 7 isofor]

MTM1 myotubularin 1
CCDC39 coiled-coil domain contai3®
T™CC1 tran§membrane and coiled-coil domain
family 1
IglpRSSltransmembrane protease, serine 11D
CLTC clathrin, heavy chain (Hc)
' S
DCP1A DCPl' Qecapplng enzyme homolog A (S.
cerevisiae)
BAGALTS UDP-Gal:betaGIcNAc beta 1,4-'
galactosyltransferase, polypeptide 5
EP300 E1A binding protein p300
TCE25 Transcription factor 25 (Nuclear localize

XR_01778 annexin A2 pseudogene 2 (ANXAZ
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triphosphatase
KIAA0391 Uncharacterized protein KIAA0391

DYNLL1 Dynein light chain 1, cytoplasmic

Hyaluronan and proteoglycan link

HAPLN2 :
protein 2 precursor

FCRL1 Fc receptor-like 1

STYXL1 Serlne/th.reonlne/tyrosme-lnteractm
like protein 1

EMEMlOG transmembrane protein 106C
PRP40 pre-mRNA processing factg

PRPFA0A 40 homolog A (S. cerevisiae)
cytochrome P450, family 2,

CYP2C9 subfamily C, polypeptide 9
potassium voltage-gated channel,

KENQ1 KQT-like subfamily, member 1

NLRP1L TLR family, pyrin domain containin

RAPGEE4 Rap guanine nucleotide exchange

factor (GEF) 4

RHEBL1 Ras homolog enriched in brain like
cytochrome P450, family 24,

CYP24A1 subfamily A, polypeptide 1

USP22 ubiquitin specific peptidase 22
DLAT dihydrolipoamide S-acetyltransfera
ADD3 adducin 3 (gamma)

CCDC55 coiled-coil domain containing 55

MAK male germ cell-associated kinase

MUS81 4.1 misc RNA
UBAC2 UBA domain containing 2
MGA MAX gene associated miR-374b
NUDT1 7,8-dihydro-8-oxoguanine

Myc proto-oncogene protein (c-Myc)

ACTR10 Actin-related protein 10 (hARP11)
< Acid sphingomyelinase-like
SiPDL3A phosphodiesterase 3a precursor

PSMC3IP TBP-1 interacting protein isoform 1

ViEp1B Meprin A subunit beta precursor
TIGD4 Tlgggr transposable element-derived
protein 4
ERAMDl GRAM domain containing 1A
Small inducible cytokine A18 precursor
CCL18 (CCL18)
CCL11 chemokine (C-C motif) ligand 11

1 COPB2 Coatomer subunit beta

NOG

Cllorf7l Uncharacterized protein C1lorf71
NSUN3 gOLllNOPZISun domain family, memb
tRNA guanosine-2'-O-methyltransferase
TRMTllTRMll homolog
BPNT1 3'(2"), 5'-bisphosphate nuicseti
ANKRU?;kyrln repeat domain-containing prote

Noggin precursor

PCNX
SFRS1
PAXIP1
OCIAD1 OCIA domain containing 1 isoform 1

pecanex homolog (Drosophila)
plicing factor, arginine/serine-rich 15
CTD-binding SR-like protein RA4)
PAX interacting protein 1

KDD3 adducin 3 (gamma)

MYC (Transcription factor p64)
GNL3 Guanine nucleotide-binding protein-like
(Nucleolar GTP-binding protein 3)
NETO1l neuropilin (NRP) and tolloid (TLL)-like 1

IHPK?2 inositol hexaphosphate kinase 2
USP48 ubiquitin specific peptidase 48
ZNF680  zinc finger protein 680 .
Cldorfla? c1;2r20mosome 14 open reading fram
DCP2 DCP2 decapping enzyme homolog

) NCK1 NCK adaptor protein 1
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(S. cerevisiae)

USP33 ubiquitin specific peptidase 33
NSL1, MIND kinetochore complex

NSL1 -
component, homolog (S. cerevisiag

LUC7L2 LUCT7-like 2 (S. cerevisiae)

TRAM1 transl_ocation associated membran
protein 1

TMOD3  tropomodulin 3 (ubiquitous)

MTMR2 myotubularin related protein 2

TBK1 TANK-binding kinase 1

RBM11  RNA binding motif protein 11

ACVR1  activin A receptor, type |

LPARS lysophosphatidic acid receptor 5

SGTB small glutamine-rich tetratricopepti
repeat (TPR)-containing, beta

;A GC1305 hypothetical protein MGC13057

PRUNE2 prune homolog 2 (Drosophila)

NFIB nuclear factor |

MYCBP  c-myc binding protein

UBOX5  U-box domain containing 5
gl.lz_05721 plasma glutamate carboxypeptidas
THBS3 Thrombospondin-3 precursor

XR_01589 similar to zinc finger protein 611

3.1 (LOC731301), mRNA
3'58—20100 RIKEN cDNA E030041M21 gene

debranching enzyme homolog 1 (S.
cerevisiae)

§TK38L serine/threonine kinase 38 like
RANBP6 RAN binding protein 6
DPY19L4 dpy-19-like 4 (C. elegans)

7A5 putative binding protein 7a5
ACVR2B activin A receptor, type 1B
KIAAQ99KIAA0999 protein
VGLL3  vestigial like 3 (Drosophila)
SYT14L synaptotagmin XIV-like
AHI1 Abelson helper integration site 1

%?CDCZ

TMPRSS1
1B

DNAJC

DBR1

doublecortin domain containing 2

transmembrane protease, serine 11B

aJ homolog subfamily C member 12
Oomain-containing protein 1)
ADP/ATP translocase 2 (Adenine
nucleotide translocator 2)
Vacuolar protein sortingssociated prote
36
restin (Solute carrier family 26 membe

)
MSTP131

Cyclic AMP-dependent transcription fac
ATF-2

CYorfl5A Putative testis protein CYorf15A

SLC25A5
VPS36

SLC26A

7Z2R7_
UMAN

ATF2

C4orf20  Ufm1l-specific protease 2

&

=
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Table 3.5: Analysis of biological processes of the predicted miRNAs tdrg&©stat

miRN Cou Tota p-
As GO process Target genes nt I value
miR-  GO0:0065008: Regulation vegfb rdh12 rblccl tptl actléagclc 8 953 0.028
575 of biological quality tfpi gcm2 1
G0:0048518: Positive nenf masp2 vegfb bid rblccl gclc 7 1062 0.056
regulation of biological mrpl12
process
G0:0012501: Programmedbid rblccl tptl gclc blid gcm2 6 862 0.056
cell death
G0:0009308: Amine ddt iars2 rblccl gclc slc7a7 5 636 0.056
metabolic process
miR-  GO0:0051129: Negative  sptbn2 sptb 2 52 0.061
671- regulation of cellular 1
5p component organization
and biogenesis
G0:0002253 Activation of clga cd79a 2 71 0.079
immune response
miR-  G0:0042133: ache phox2a 2 32 0.029
483-  Neurotransmitter 6
5p metabolic process
G0:0009306: Protein bace2 ache 2 57 0.034
secretion 5
miR-  GO0:0050789: Regulation lat deafl csdc2 il6 cul2 tcf25 plekhg3 23 6731 0.018
574-  of biological process ell2 ssx4 ep300 cbx8 tprx1 aifml 5
3p esr2 ssx1 dkk3 ssx3 mizf madd ssx6
pmp22 gabbr1 sohlhl
G0:0010468: Regulation deafl csdc2 ssx1 116 mizf ssx3 ssx6 15 3833 0.021
of gene expression tcf25 ell2 ssx4 ep300 tprx1 chx8 esr2 1
sohlhl
G0:0048468: Cell deafl madd il6 cul2 ephb3 ep300 8 1242 0.030
development aifml csell 6
G0:0048856: Anatomical deafl col7al il6 dkk3 ephb3 mtml 10 2005 0.045
structure development tcf25 ep300 pmp22 esr2
G0:0012501: Programmedp300 madd i16 cul2 aifml csell 6 862 0.054
cell death 1
miR-  G0:0043687: Post- acvr 1 usp48 tbeel usp33 ubox5 11 2815 0.067
365 translational protein mtmr2 mak rapgef4 styxl1 tbkl 8
modification usp22
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G0:0044248: Cellular dlat dcp2 usp33 usp48 usp22 809 0.091
catabolic process 2
G0:0043067: Regulation acvrlihpk2 nlrpl prune2 576 0.091
of programmed cell death 2
GO0:0006512: Ubiquitin  usp33 ubox5 usp48 usp22 549 0.091
cycle 2
G0:0048522: Positive acvrlihpk2 nlrpl tbkl prune2 954 0.095
regulation of cellular 1
process
miR-  G0:0000287: Magnesium acvr2b stk38l kiaa0999 bpntl 447 0.101
374b  ion binding
G0:0006968: Cellular dcdc2 ccl1l 72 0.101
defense response
G0:0042379: Chemokine ccl18 ccl11 77 0.101

receptor binding
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Table 3.6: Pathway analysis of the selected miRNAs using DAVID Bioirgtics1software

Category Term Count % PValug Genes
miR-575

KIR2DL4, MICA,
KEGG hsa04650:Natural killer cell KIR2DL1, KIR3DL1,
PATHWAY | mediated cytotoxicity $8.47%)| 2.77E-03| BID
KEGG_ hsa04612:Antigen KIR2DL4, KIR2DL1,
PATHWAY | processing and presentation 8.08%| 5.42E-02| KIR3DL1
miR-483-5p
KEGG_ PDGFD, TNN,
PATHWAY | hsa04510:Focal adhesion 8.67%| 1.23E-01| MAPK3
miR-574-3p
KEGG_ hsa05040:Huntington’s
PATHWAY | disease 23.77%| 6.68E-02| EP300, CLTC
KEGG hsa05211:Renal cell
PATHWAY | carcinoma 2 3.77%| 1.48E-01 CUL2, EP300
miR-374b
KEGG_ hsa04350:TGF-beta
PATHWAY | signaling pathway 36.98%| 1.47E-02| ACVR2B, NOG, MYC
KEGG_ hsa04060:Cytokine-cytokine ACVR2B, CCL11,
PATHWAY | receptor interaction 36.98%| 9.98E-02| CCL18
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Table 3.7: Significantly dysregulated miRNAs and the associated humeersa

—

MiRNAs Associated cancers Chromosom|Validated Gene targets
(up / dowr] Location
regulation
Down regulation Up regulation
miR-125aiLung cancer (Wang, 19g13.41
5p| Mao et al. 2009)
miR-15a [Chronic Lymphocytic|Kidney cancer (Chow, [13q14.2 BCL2 (Cimmino, Cali
Leukemia (CLL) Youssef et al. 2009) et al. 2005; Calin,
(Calin, Liu et al. 2004 Pekarsky et al. 2007),
Calin, Pekarsky et al CDC25A (Lee, Masyul
2007; Calin, Cimmino et al. 2008),
et al. 2008) CCND1(Bandi,
Pituitary adenoma Zbinden et al. 2009),
(Bottoni, Piccin et al. CCND2(Bandi,
2005) Zbinden et al. 2009),
HCC (Budhu, Jia et a CCNEXBandi, Zbinder
2008) et al. 2009),
Prostate cancer WNT3A(Bonci,
(Bonci, Coppola et al. Coppola et al. 2008),
2008) RARS(Calin, Dumitru
et al. 2002; Bottoni,
Piccin et al. 2005)
miR-150t |[CLL (Calin, Liu et al. |Colorectal cancer 3025.33 BCLZXia, Zhang et a
2004; Calin, PekarskyVolinia, Calin et al. 2008),
et al. 2007) 2006) CCNE1 (Xia, Qi et al.
Gastric cancer (Xia, 2009),
Zhang et al. 2008) elF-4A (Xi, Shalgi et al
2006)
miR-167 |Breast cancer (lorio, |Lung cancer (YanaiharaymiR-16-1: |BCL2 (Cimmino, Calin

Ferracin et al. 2005)
CLL (Calin, Pekarsky
et al. 2007)

Gastric cancer (Xia,
Zhang et al. 2008)
Pituitary adenoma
(Bottoni, Piccin et al.
2005)

Prostate cancer

(Porkka, Pfeiffer et al.

2007; Schaefer, Jung
et al. 2009)

Caplen et al. 2006)

13q14.2;
miR-16-2;
3025.33

et al. 2005; Xia, Zhang
et al. 2008),

Caprin-1 (Kaddar,
Rouault et al. 2009),
CGI-38 (Kiriakidou,
Nelson et al. 2004),
CCND1 (Liu, Fu et al.
2008; Bandi, Zbinden
al. 2009),

CCND3 (Liu, Fu et al.
2008),

CCNEL1 (Liu, Fu et al.
2008),

CDKG®6 (Liu, Fu et al.

2008),
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HMGAL (Kaddar,
Rouault et al. 2009),
WNT3A(Bonci,
Coppola et al. 2008),
RARS(Calin, Dumitru
et al. 2002)

miR-191}

Kidney cance(Chow,
Youssef et al. 2009)

Colorectal cancer
(Volinia, Calin et al.
2006; Xi, Formentini et
al. 2006; Xi, Shalgi et al.
2006)

Gastric cancer (Volinia,
Calin et al. 2006)

Lung cancer (Volinia,
Calin et al. 2006;
Yanaihara, Caplen et al.
2006)

Pancreatic cancer
(Volinia, Calin et al.
2006)

Pituitary adenoma
(Bottoni, Piccin et al.
2005)

Prostate cancer (Volinia
Calin et al. 2006; Prueitt
Yi et al. 2008)
Glioblastoma (Ciafre,
Galardi et al. 2005)

3p21.31

miR-197]

Glioblastoma (Ciafre
Galardi et al. 2005)

Lung cancer (Yanaihara
Caplen et al. 2006)

OSCC (Kozaki, ImotoPituitary adenoma

et al. 2008)
Uterine leiomyeomas
(Wang, Zhang et al.
2007)

(Bottoni, Piccin et al.
2005; Bottoni, Zatelli et
al. 2007)

1p13.3

FUSL1 (Du, Schagems
et al. 2009),
ACVR1(Weber, Teresi
et al. 2006),
TSPAN3(Weber, Tere
et al. 2006)

N

12)

miR-
200h]

Breast cancer
(Gregory, Bert et al.
2008)

CLL (Calin, Liu et al.
2004)

HCC (Murakami,
Yasuda et al. 2006)
Kidney cance(Chow,
Youssef et al. 2009)
OSCC (Kozaki, Imotg

Colorectal cancer
(Bandres, Cubedo et al.
2006)

Ovarian cancer (lorio,
Visone et al. 2007)
Cholangiocarcinoma
(Meng, Henson et al.
2006)

)

1p36.33

et al. 2008)

SIP1 (ZEB2) (Korpal,
Lee et al. 2008),
ZEBI1(Korpal, Lee et a
2008),

ZFHX1B
(Christoffersen,
Silahtaroglu et al.
2007),

PDGFD (Kong, Li et al.

2009),

PTPN12 (Meng,
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Henson et al. 2006)

miR- Breast cancer Ovarian cancer (lorio, [12p13.31 SIP1 (ZEB2) (Korpal,
200 (Hurteau, Carlson et |Visone et al. 2007) Lee et al. 2008),
al. 2007; Korpal, Lee ZEB1 (Korpal, Lee et
et al. 2008) al. 2008),
Lung cancer (Hurteau, TUBB3 (Cochrane,
Carlson et al. 2007) Spoelstra et al. 2009)
OSCC (Kozaki, Imoto
et al. 2008)
miR-203, |[Acute Lymphoblastic|Bladder cancer (Gottardd,4q932.33 ABL1 (Bueno, Perez
Leukemia (Bueno, [Liu et al. 2007) Castro et al. 2008),
Perez de Castro et a|Breast cancer (lorio, SOCS3 (Sonkoly, Wei
2008) Ferracin et al. 2005) et al. 2007),
Chronic Myeloid Colorectal cancer p63 (TP63) (Yi, Poy et
Leukemia (Bueno, |(Schetter, Leung et al. al. 2008)
Perez de Castro et al2008)
2008) Lung cancer (Yanaihara
Esophageal cancer [Caplen et al. 2006)
(Feber, Xi et al. 2008Pancreatic cancer
OSCC (Kozaki, Imote(Greither, Grochola et all.
et al. 2008) 2009)
uterine leiomyoma
(Wang, Zhang et al.
2007)
miR-21| Breast cancer (lorio, 17923.2 BTG2 (Liu, Wu et al.

Ferracin et al. 2005; Yar
Huang et al. 2008)
Cervical cancer (Lui,
Pourmand et al. 2007)
Cholangiocarcinoma
(Meng, Henson et al.
2006)

CLL (Marton, Garcia et
al. 2008)

Colorectal cancer
(Volinia, Calin et al.
2006)

Diffuse large B cell
lymphoma
(DLBCL)(Lawrie, Gal et
al. 2008)

Esophageal canc@feber
Xi et al. 2008)
Glioblastoma (Chan,
Krichevsky et al. 2005;
Ciafre, Galardi et al.

2009),

MARCKS (Li, Li et al.
2009),
SERPINB5(Zhu, Wu e
al. 2008),

PDCD4 (Asangani,
Rasheed et al. 2008;
Chen, Liu et al. 2008;
Yao, Xu et al. 2009),
PTEN (Meng, Henson
et al. 2007),

TPM1 (Zhu, Si et al.
2007; Zhu, Wu et al.
2008),

HNRPK
(Papagiannakopoulos,
Shapiro et al. 2008),
TAp63
(Papagiannakopoulos,
Shapiro et al. 2008),

LRRFIP1 (Li, Li et al.
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2005; Chen, Liu et al.
2008)

Head & Neck cancer
(Tran, McLean et al.

2008)

HCC (Meng, Henson et
al. 2007)

Kidney cancer (Chow,
Youssef et al. 2009)
Lung cancer (Yanaihara
Caplen et al. 2006)
OSCC (Kozaki, Imoto et
al. 2008)

Ovarian cancer (lorio,
Visone et al. 2007)
Pancreatic cancer
(Bloomston, Frankel et &
2007)

Prostate cancer (Volinia
Calin et al. 2006; Prueitt)
Yi et al. 2008)

Calin et al. 2006)
Uterine leiomyomas

2007; Chang, Jiang et al.

Stomach cancer (Volinia,

(Wang, Zhang et al. 200[7)

2009)

JAG1 (Hashimi,
Fulcher et al. 2009),
WNT1 (Hashimi,
Fulcher et al. 2009)

miR-238a

CLL (Calin, Liu et al.
2004)

Prostate cancer
(Volinia, Calin et al.
2006; Porkka, Pfeiffe
et al. 2007)

OSCC (Kozaki, ImotoHead & Neck cancer

et al. 2008)

Liu et al. 2007)
Breast cancer (lorio,
Ferracin et al. 2005)
iIGlioblastoma (Ciafre,
Galardi et al. 2005)

(Tran, McLean et al.
2007)

Pancreatic cancer
(Bloomston, Frankel et &
2007)

Stomach cancer (Volinia,
Calin et al. 2006)

Bladder cancer (Gottardd,9p13.12

RINGXLin, Murtaza e
al. 2009),
CXCL12 (Lewis, Shih
et al. 2003),
FLJ13158 (Kiriakidou,
Nelson et al. 2004)

miR-23bt

Prostate cancer
(Porkka, Pfeiffer et a
2007)

Renal cancer
(O'Rourke, Swanson
et al. 2006)

Liu et al. 2007)

Breast cancer (lorio,
Ferracin et al. 2005)
CLL (Calin, Ferracin et
al. 2005)

Bladder cancer (Gottard®q22.32

uPA (Salvi, Sabelli et
al. 2009),

c-met/MET (Salvi,
Sabelli et al. 2009),
MOR1 (Wu, Law et al
2008)

129




OSCC (Kozaki, ImotgCervical cancer (Lui,

et al. 2008)

Pourmand et al. 2007)
Colon cancer (Volinia,
Calin et al. 2006)
Glioblastoma (Ciafre,
Galardi et al. 2005)
Head & Neck cancer
(Tran, McLean et al.
2007)

Pancreatic cancer
(Volinia, Calin et al.
2006; Bloomston, Frank
et al. 2007)

Stomach cancer (Volinig
Calin et al. 2006)
Uterine leiomyomas
(Wang, Zhang et al. 200

7)

miR-24| Breast cancer (lorio, miR-42-1: |DHFR (Mishra,
Ferracin et al. 2005) 9g22.32; Humeniuk et al. 2007)
miR-24-2: |[E2F2, MYC, AURKB,
19p13.13 |CCNA2, CDC2, CDK4
(Lal, Navarro et al.
2009),
pl6 (Lal, Kim et al.
2008)
miR-25| |CLL (Calin, Liu et al. |Pancreatic cancer 7922.1 p57 (Kim, Yu et al.
2004) (Volinia, Calin et al. 2009),
2006) BIM (Li, Tan et al.
Prostate cancer (Volinia 2009)
Calin et al. 2006)
Stomach cancer (Volinia,
Calin et al. 2006)
Glioblastoma (Ciafre,
Galardi et al. 2005)
HCC (Li, Tan et al. 2009)
miR-26k] |CLL (Calin, PekarskyBladder cancer (Gottard@qg35
et al. 2007) Liu et al. 2007)
OSCC (Kozaki, ImotoPituitary adenoma
et al. 2008) (Bottoni, Zatelli et al.
Prostate cancer 2007)
(Porkka, Pfeiffer et al.
2007)
miR-27g |OSCC (Kozaki, ImotgBreast cancer (Mertens-19p13.12 Mytl (Mertens-Talcot

et al. 2008)

Talcott, Chintharlapalli €
al. 2007; Guittilla and

t

White 2009)

Chintharlapalli et al.
2007),
MDR21(Zhu, Wu et al.
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Kidney cancer (Chow,
Youssef et al. 2009)
Gastric cancer (Liu, Tan
et al. 2009)

Pfeiffer et al. 2007)
Uterine leiomyomas
(Wang, Zhang et al. 200

Prostate cancer (Porkka

)

2008) ,

FOXO1 (Guittilla and
White 2009),

PHB (prohibitin)
(Schaar, Medina et al.
2009),

ZBTB10 (Mertens-
Talcott, Chintharlapalli
et al. 2007)

miR-27h,

Lung cancer
(Yanaihara, Caplen €
al. 2006)
OSCC (Kozaki, Imotg
et al. 2008)

Prostate cancer

(Porkka, Pfeiffer et al.
2007; Prueitt, Yi et al,

2008)

—+

9022.32

CYP1B1 (Tsuchiya,
Nakajima et al. 2006)

miR-30g

HCC (Budhu, Jia et a
2008)

Uterine leiomyomas
(Wang, Zhang et al. 200

6013
7)

miR-342- Kidney cancer (Chow, [1432.2
3pt Youssef et al. 2009)
miR-365] Breast cancer (Yan, miR-365-1:
Huang et al. 2008) 16p13.12;
miR-365-2:
17q11.2
miR-7]  |Glioblastoma (Kefas,Bladder cancer (Veerla, miR-7-1: PAK1 (Reddy, Ohshirg
Godlewski et al. 2008)indgren et al. 2009) |9921.32; et al. 2008),
Lung cancer (Crawford, miR-7-2: EGFR (Kefas,
Batte et al. 2009) 15926.1; |Godlewski et al. 2008)
miR-7-3: SNCA (Junn, Lee et al,
19p13.3 2009)
let-7at Breast cancer (lorio, |Cholangiocarcinoma  |let-7a-1: MYC (Sampson, Rong
Ferracin et al. 2005) |(Meng, Henson et al.  |9922.32,; et al. 2007),
CLL (Marton, Garcia|2007) let-7a-2: caspase 3 (CASP3)
et al. 2008) 11924.1; (Tsang and Kwok
Lung cancer let-7a-3: 2008),
(Takamizawa, Konist 22013.31 |Integrin33 (Muller and
et al. 2004) Bosserhoff 2008),

Prostate cancer

(Porkka, Pfeiffer et al.

2007)

Burkitt's Lymphoma
(Sampson, Rong et g
2007)

.

NIRF (UHRF2), NF2
(He, Duan et al. 2009)
HMGA2 (Motoyama,
Inoue et al. 2008),
PRDML1 (Blimp-1)
(Nie, Gomez et al.

2008)
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let-7dt

Breast cancer (lorio,
Ferracin et al. 2005)
Head & Neck

Squamous Cell

Carcinoma (Childs,
Fazzari et al. 2009)
OSCC (Kozaki, Imotg
et al. 2008)

D

Prostate cancer (Porkka
Pfeiffer et al. 2007)

9022.32

Let-7¢|

OSCC (Kozaki, Imotg
et al. 2008)

Ovarian cancer
(Dahiya, Sherman-
Baust et al. 2008)
Pituitary adenoma
(Bottoni, Zatelli et al.
2007)

DAcute myeloid leukemia

(Dixon-Mclver, East et a
2008)

DLBCL (Roehle, Hoefig
et al. 2008)

19913.33

SMC1L1 (SMC1A)
(Kiriakidou, Nelson et
al. 2004)

let-7f1

Breast cancer (Yan,
Huang et al. 2008)
Ovarian cancer
(Dahiya, Sherman-
Baust et al. 2008)
Prostate cancer

(Porkka, Pfeiffer et al.

2007)

let-7f-1:
9q22.32;
let-7f-2:
Xpll.22

let-79]

HCC (Budhu, Jia et a
2008)

Colon cancer (Nakajima
Hayashi et al. 2006)

OSCC (Kozaki, ImotoLung cancer

et al. 2008)
Prostate cancer

(Porkka, Pfeiffer et al.

2007)

9922.32

HMGA2 (Kumatr,
Erkeland et al. 2008)
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Figure 3.1: Representative heat map diagram of miRNA expression levels ol eodt5-FU
treated MCF7 cells. The image was displayed in pseudo colors to expand vimraldange,

and the signal intensity increases from blue to green, to yellow, and to red.
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Figure 3.2: miRNA expression profile in human MCF7 breast cancer cell line.
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Figure 3.3: Signal distribution of all analyzed miRNAs in MCF7 cells byNdiRnicroarray

assay.
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Figure 3.5: Fold change in the expression of significantly altered miRteAmFU exposure
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Figure 3.6: Confirmatory studies of selected miRNAs by TagMan Real-P@# The results

are represented as mean + SEM of triplicate samples.
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Chapter 4: Effect of 5-fluorouracil on the Expression of Selected MicroRAs in a Dose-

and Time- Dependent Manner

Abstract

MicroRNAs (miRNASs) are a newly identified class of gene regulatorsiwinwe been
shown to play an important role in human cancers. The ability of 5-fluororacietdtadt
expression levels of mMiIRNAs in MCF7 cells was previously observed. In this stadyrther
investigate the dose- and time-dependent modification in miRNA expressiondéeels-FU
treatment. Eleven miRNAs previously identified in the microarray to bereliffelly expressed
after treatment were selected to analyze their responsiveness to féggbhtlb-FU dosages of
0.001, 0.005, 0.01, 0.1, 0.7, 1, 5 and 10uM. The selected miRNAs included miR-365, miR-374b,
miR-483-5p, miR-574-3p and miR-575, which were shown to be highly dysregulated in the
microarray analysis. Additionally, let-7g, miR-10b, miR-15a, miR-16, miR-2R-27a were
investigated based on previous reports of their connection to breast cancer. OhitReb@éb,
miR-21, miR-365 and miR-483-5p were found to be significantly regulated in a bahety
for cancer treatment. Time-response data was also generated for miiRHR€R1,, miR-483-5p,
miR-574-3p and miR-575 following 12, 24, 36, 48, 60 and 72 hours of treatment with 0.1 (low),
0.7 (moderate) and 10 (high) uM 5-FU concentrations. At 0.7uM for short treatment duration,
expression levels of miR-10b, miR-21, miR-574-3p and miR-575 were significantlgcalter
while treatment with high 5-FU dose for shorter time points showed a significami-
regulation of miR-21and miR-574-3p. The data suggests that miRNA expression in RIGF7 ¢
is sensitive to 5-FU therapy at low doses and shorter treatment durations. Thesdolatien of

an important oncomir, miR-21; and alteration in the expression of three new miRNAsowi



previous breast cancer association, miR-483-5p, miR-574-3p and miR-575 indicates that miR
might play an important role in 5-FU therapy.

Keywords: 5-fluorouracil, microRNA, gRT-PCR, breast cancer, MCF7
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Introduction

Breast cancer is one of the leading causes of deaths worldwide, clanmiaghan
40,000 deaths in US in the year 2009 (Jemal, Siegel et al. 2009), and is expected to account for
27% of all new cancer cases among women for 2009 (Jemal, Siegel et al. 2009¢aEhe br
cancer cases are principally graded based on the cellular histology axgitbesion pattern of
specific proteins such as estrogen receptor (ER), progesterone recBjytandFhuman
epidermal growth factor receptor 2 (HER2/neu). The expression profitkessd proteins play an
important role in differentiating between benign and malignant breast tumors. Abouwaif 65%
breast cancer cases are ER+ (Teixeira, Reed et al. 1995), which is impoptaaticting
treatment options and final prognosis. The absence of estrogen receptorairy fmieast tumors
is associated with early recurrence and poor prognosis (Knight, Livingstbri @7 @, Hahnel,
Woodings et al. 1979). Approximately 15-20 % of breast cancers have an amplification of the
HER2/neu gene or over-expression of its protein product (Slamon, Clark et al. 1987; Slamon,
Godolphin et al. 1989); which, in turn, is associated with increased disease reoecanenc
poor prognosis (Slamon, Clark et al. 1987). Similarly, several other oncogenes and tumor
suppressor genes have been identified which show a differential expressiaastriloreors
compared to normal breast tissues (Chapter I, Table 1.1).

Several treatment options are available for breast cancer, mainly suegkagion
therapy and chemotherapy. A combination of these approaches is usually adoptesl/to achi
maximum therapeutic efficiency. However, the prevalent side effects dhertmtherapeutic
drugs and the associated low quality of life after chemotherapy have urge@mrsive need for
more targeted and effective treatment options. Several drugs tgrtetioncogenes and tumor

suppressor genes have been designed. Trastuzumab (H&)ceptinmanized monoclonal
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antibody against HER-2/neu, has been shown to benefit patitéimidER-2/neu-positive
metastatic breast cancer (Slamon, Leyland-Jones et al. 2001; Vogel, Gelleig2002;
Baselga, Carbonell et al. 2005; Marty, Cognetti et al. 2005). Hormonal therdptamidxifen, a
selective estrogen receptor modulator, showed a better prognosis in advanctatimbtaast
cancer patients (Mouridsen, Palshof et al. 1978; Legha, Buzdar et al. 1979; Fraser, &/ah
2009). Recently, genetic screening tools, such as thetypeddX™, have also been used as
diagnostic tools to predict recurrence prognosis and therapeutic responsaticdimear cases
(Cronin, Sangli et al. 2007). Further research to identify novel intracetdutpats and to design

tumor specific drugs is needed to improve the effectiveness of cancetherap

MicroRNAs (miRNAs) are small endogenous non-coding single-stranded RNA
molecules which act as post-transcriptional gene regulators and causeasedén gene
expression (Bartel 2004). As a new level of gene regulation mechanismal skverse
functions of mMiRNAs have been identified, including cellular differentiation, feralion and
apoptosis (Cheng, Byrom et al. 2005; Croce and Calin 2005). Thus, deregulation of miIRNAs
could lead to a variety of disorders, including cancers. For instance, miRdN&seen reported
to play a role in cancer initiation, progression (Calin and Croce 2006) anstasetgdCheng,
Byrom et al. 2005), with about 50% of miRNA genes being localized in cancer-associate
genomic regions or in fragile sites (Calin, Sevignani et al. 2004). Aberr&MNAnexpression
levels have been reported in almost all human cancers (lorio, Ferracin et al.20BBiz et al.
2005; Calin and Croce 2006; Blenkiron, Goldstein et al. 2007; Zhang, Pan et al. 2007). Certain
MiRNAs have also displayed unique expression profiles in specific types ofsénceGetz et
al. 2005), making them important biomarkers for classifying these caiMang. miRNAs target

protein-coding genes which act as oncogenes or tumor suppressor geras,iaxolved in
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tumorigenesis (Zhang and Farwell 2008). For example, miR-21 targets amiptirnor
suppressor genes such as PTEN (Meng, Henson et al. 2007) and TPM1 (Zhu, Si et 2h2007;
Wu et al. 2008); while miR-15a and miR-16 have been shown to regulate BCL2 (Cimmino,
Calin et al. 2005; Calin, Pekarsky et al. 2007). These studies highlight the impaftance
MIiRNAs as both stimulators and inhibitors in breast cancer.

5-fluorouracil (5-FU), an antimetabolite, is a clinically useful chdrapeutic agent
approved for treatment of breast (Fumoleau, Bonneterre et al. 2003), colatélstalDwyer
et al. 2001) and head and neck cancers (Posner, Colevas et al. 2000). It is a pyrimidinésaintag
which inhibits the activity of enzyme thymidylate synthase (TSyltieg in arrest of thele
novo DNA synthesis pathway (Santi, McHenry et al. 1974; Sommer and Santi 19adylition,
5-FU toxicity is also caused by misincorporation of FAUTP and FUTP into DNi#of/ski,
Pressacco et al. 1994; Aherne, Hardcastle et al. B9@6IRNA (Randerath, Tseng et al. 1983;
Kanamaru, Kakuta et al. 1986; Santi and Hardy 1987; Doong and Dolnick 1988; Samuelsson
1991; Patton 1993; Ghoshal and Jacob 1994) strands respectively. The advancement in genetic
analysis techniques have helped discover the ability of several chemothierdpegs to alter
gene expression profile in different tumors. For instance, p53 and FAS have beencshewvan t
potential target of 5-FU (Hernandez-Vargas, Ballestar et al. 2006) &hiJlRetak et al. 1999).
Similar studies have also been performed on other antineoplastic drugs (Kudoh, Ranhahnna
2000; Daoud, Munson et al. 2003), suggesting a connection between disease prognosis,
efficiency and resistance to chemotherapy and genetic expressidespiiéfajewski, Blomqvist
et al. 1995; Thottassery, Zambetti et al. 1997). Currently, a growing body of exidasc
suggested the importance of miRNAs in modulating the chemosensitivity andrelsestance

of tumor cells (Meng, Henson et al. 2006; Blower, Verducci et al. 2007; Blower, Chung et al
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2008) Si (Si, Zhu et al. 2007) reported that suppression of miR-21 sensitized MCF7 cells to
anticancer drug topotecan. Similar studies have been reported for the drugalgeec

doxorubicin and tamoxifen (Kovalchuk, Filkowski et al. 2008; Miller, Ghoshal et al. 2008; Zhao,
Lin et al. 2008) illustrating the importance of miRNAs in drug sensitivity asidteerce. Thus, it
could be suggested that a distinct association is prevalent between cytotuhatigmotherapy

drugs, their alteration of genetic profiles and the gene regulatory roldRdéAsi

In our previous study, we have demonstrated that miRNA expression profile in MCF7
breast cancer cells is sensitive to 5-FU treatment and a distinct s&NAswith differential
expression after 5-FU treatment was identified using microRNA miaypand gRT-PCR
(Chapter Ill). Further study was required to obtain a detailed understanding oRINA m
regulatory effects of 5-FU and to exploit its potential therapeutic imjite However, there
has been no organized study examining the relevance of dosage and treatment duration of a
chemotherapy drug on the expression profile of mMiRNAs. We have thereforegatestine
MiRNA expression profiles of MCF7 breast cancer cells in response to varidls 5-F
concentrations for different lengths of treatment using qRT-PCR analysiseepdie a
characteristic miRNA expression profile in response to 5-FU treatnvaetein miRNAS in 5-

FU treated cells show a different profile at all 5-FU variables cordgarthe control MCF7
samples. Most importantly, miRNA regulation was shown to be highly sensitivEltb 5
treatment at low doses and shorter duration of exposure. This could be an importaatt clinic
consideration that is relevant in improving 5-FU therapy, and suggests a potdatid miRNA

specific therapies in cancer treatment.
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Materials and Methods
Cdl lineand Cdll culture

All cell culture reagents were purchased from Invitrogen, Inc, Carlskfad,T@e human
breast adenocarcinoma cell line MCF7 (HTB-22™) was obtained from thedamdrype
Culture Collection (ATCC, Rockville, MD). They were cultured in RPMI 1640 mediaagung
L-Glutamine and 25 mM HEPES, and supplemented with 10% Fetal Bovine Serum (FBS), 10
pag/ml gentamicin and 4 pg/ml insulin and sterilized using a 0.22uM polyetloersiiiter
(Corning Inc., Corning, NY). The cells were maintained at 37°C in a humidifadator with
5% CQ. The media was replaced every 48 hours, and the cells were passaged once a week by

trypsinization using 0.05% trypsin/0.02% EDTA (Sigma, St. Louis, MO).
5-fluorouracil drug treatment

5-fluorouracil (5-FU) was purchased from Sigma-Aldrich (St. Louis, MO) toréd at
4°C, away from light and moisture. For cell treatments, a 10 mM stock solution of &&U w
prepared in RPMI complete media and stored at 4°C for not more than two weeks ckiveasto
filtered through a 0.22uM polyethersulfone filter prior to further dilution. Furtherialisitwere

made from the stock solution as required.
Dose- and time-dependent miRNA response analysis

The dose-dependence of miRNA expression profile in MCF7 breast cancevazlls
analyzed at eight different 5-FU concentrations. For this purpose, ceise&ded at 50,000
cells/cnf (480,000 cells/well) in flat-bottom 6-well plates in 2ml of RPMI 1640 completeanedi

After 24 hours, media was replaced with fresh media (control group) or with B-Eduniplete
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media (treatment group) and cells were incubated for another 48 hours. Tinetsahcluded
0.001, 0.005, 0.01, 0.1, 0.7, 1, 5 and 10uM 5-FU. After 48 hours of incubation, the cells were
detached by trypsinization and stored in RNAlater-ICE at -20° C till RNraetibn was

performed. Each treatment was performed minimum in triplicates.

For time-dependent miRNA expression response, MCF7 cells were tratitédy0.7
and 10uM 5-FU and analyzed at six different time points: 12, 24, 36, 48, 60 and 72 hours.
Briefly, cells were seeded at 50,000 cells7¢480,000 cells/well) in flat-bottom 6-well plates in
2ml of RPMI 1640 complete media. After 24 hours, media was replaced with fresh medi
(control group) or with 5-FU in complete media (treatment group) and ce#simeibated.
Cells were subsequently trypsinized after 12, 24, 36, 48, 60 and 72 hours respectively, dnd store
in RNAlater-ICE at -20° C till further analysis. Each treatment wasated three times at each

time point.

RNA isolation

Total RNA was extracted from both groups with thevVana™ miRNA Isolation Kit
(Ambion, Austin, TX) according to manufacturer’s instructions. Briefly, this eeere pelleted
and RNAlater-ICE was removed by centrifugation. Cells were lyseddin@ 500 pl of
Lysis/Binding Solution, followed by vortexing. miRNA Homogenate Additive (50 pub than
added, mixed by vortexing and cells were incubated on ice for 10 min. The RNA waadezktr
by adding 500 pl of Acid-Phenol: Chloroform, vortexing for 60 sec and centrifugirigrfon at
10,000 X g to separate the aqueous and organic phases. The upper (agueous) phase was
transferred to another 2ml micro-centrifuge tube and its volume was noted. Roomatanepe
100% ethanol was added at 1.25 times the volume to precipitate the RNA. The total RNA wa

then filtered onto a filter cartridge by centrifugation, followed by rpldtivashings. The filter
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cartridge was first washed with 700l Wash solution 1, centrifugefiybaied the flow through
was discarded. The washing was then repeated twice with 500ul of Wash Safaitibmally,
the total RNA was eluted with 100 ul of pre-heated (95° C) nuclease-free Alatbe steps
were performed on ice. RNA quantity and quality was analyzed using NanoDrbpORD
Spectrophotometer (NanoDrop Technologies, Wilmington, DE) and immediatedy sto80°C

until further analysis.

Quantitative Real Time PCR (gRT-PCR) of miRNA expression

Eleven different miRNAs were analyzed for changes in their expregsiehfbllowing
5-FU treatment. Primers for hsa-let-7g, hsa-miR-10b, hsa-miR-15&)iRs&6, hsa-miR-21,
hsa-miR-27a, hsa-miR-365, hsa-miR-374b, hsa-miR-483-5p, hsa-miR-574-3p, hsa-miR-575, and
reference gene RNU48 were purchased from Applied Biosystems (FasteC&). The
MiRNAs were selected based on the microarray analysis (Chapter 3) amgdin&ance of
MiRNAs in breast cancers. miR-365, miR-374b, miR-483-5p, miR-574-3p, miR-575 were shown
to be differentially expressed with high fold change in the microRNA miapakata, while let-
79, miR-10b, miR-15a, miR-16, miR-21, miR-27a have been reported to be associated with
breast cancer. A single-stranded cDNA for a specific miRNA wasrg&d by reverse
transcription of at least 500 ng of total RNA using a miRNA-specific stem-loopgatiRer and
the Applied Biosystems TagMan® microRNA Reverse Transcription Kit. A Rever
transcription reaction mixture contains total RNAsul. 20X TR Buffer, 1mM of each dNTPs,
0.188.L RNase Inhibitor, BL 5X Tagman® microRNA RT primer for a specific miRNA and
1ulL MultiScribe™ Reverse Transcriptase (5QU). An Eppendorf Mastercycler Personal PCR

(Westbury, NY) was used to conduct the reverse transcription reaction at thengllow
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temperature conditions: 16°C for 30 min, 42°C for 30 min followed by 85°C for 5 min and

finally held at 4°C.

Following reverse transcription reaction, quantitative RT-PCR was perdontle
Applied Biosystems 7300 Real-Time PCR system using the Tagman® MicroRN Kissa
The gRT-PCR reaction mixture containd.RT PCR product (diluted 1:7 times), {0
Tagman® 2X Universal PCR Master Mix (No AmpErase® UNG), Zagman® MicroRNA
Assays 20X Tagman® Assay (QRT-PCR primers). The final volume was abijo2Q.L with
nuclease free water. The reactions were incubated in a 96-well opditsabpB5°C for 10 min,
followed by 40 cycles of 95°C for 15 sec and 60°C for 60 sec. RNU 48 was used as an
endogenous reference gene for normalizing the results. Each sample wasdanadlyzplicate
(technique replicates). The relative abundance of each miRNA was tadcusang the
comparative cycle thresholdt2“") method. The results are presented as fold change of each

mMiRNA in 5-FU treated cells relative to the control MCF7 cells.
Statistical Analysis

All data are expressed as mean + S.E.M. (Standard error of the ma#r)icat
significance of the differences between the control and treated groupet®anined by one-
way analysis of variance (ANOVA) using the PASW (Predictive Anzdy$oftWare) Statistics
17.0 (SPSS Inc., Chicago, IL). A two-way ANOVA analysis was also peeffior the time-
response study using the PASW (Predictive Analytics SoftWare)tie®tis.0 (SPSS Inc.,
Chicago, IL) to determine if there was any significant interaction legtwee concentration of
treatment and the duration of treatment on the expression level of miRNAs in ME&st

cancer cells. Differences were considered significgmkif.05.
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Results

MiRNA dose-response to 5-FU treatment

Eleven miRNAs (let-7g, miR-10b, miR-15a, miR-16, miR-21, miR-27a, miR-365, miR-
374b, miR-483-5p, miR-574-3p and miR-575) were analyzed to determine the dose-dependency
of their expression profiles at eight different 5-FU treatments (0.001, 0.005, 0.01, 0.1, 0.7, 1,5
and 10uM) (Figures 4.1-4.11). Cells were treated with different 5-FU coatiens for 48
hours, followed by RNA extraction, reverse transcription and qRT-PCR to de¢etina relative
MiRNA expression levels. Of the eleven miRNAs analyzed, three miRNAS- 10, miR-21
and miR-365) showed statistically significant alteration in their exmnegsofile following
treatment with different 5-FU concentrations. miR-10b showed up-regulation at 8085 (
fold), while no major alteration was observed at other 5-FU concentrations. Ganyvenfk-21
showed a significant decrease in its expression levels in a dose-dependent(marth@o),
with maximum down-regulation at 0.1uM (4.9-fold). This down-regulation decredsea w
treated with concentrations higher that 0.1uM 5-FU. miR-365 also showed a dowatioagul
compared to the control after 5-FU treatment, the highest down-regulatranatel.005uM

(4.4-fold,p = 0.03).

miR-15a, miR-16, miR-483-5p and miR-575 were all up-regulated compared to the
control following 5-FU treatment. miR-15a and miR-16 show a very similar bimodal itne
their expression profiles, with the fold change showing a peak at two separagatrations.
miR-483-5p shows a remarkable up-regulation between 0.001-0.7uM, with the higheseincrea
at 0.1uM 5-FU (56.3-fold). miR-575 also shows an up-regulation between 0.001-1uM (up to

17.7-fold). Let-7g, miR-27a, miR-374b and miR-574-3p showed a decrease in their expression
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levels compared to control after treatment with 5-FU. let-7g and miR-27a botkdltiosy

highest down-regulation at 0.1uM (2-fold and 1.54-fold respectively). Howesbgha up-

regulation was seen at 0.005 and 5uM for let-7g, and at 0.005, 0.7 and 10uM for miR-27a. miR-
374b, on the other hand, shows a dose-dependent increase in its down-regulation, with the
maximum down-regulation between 0.01-0.7uM. The expression level however becdare sim

to the normal control samples as the 5-FU concentration increased. miR-574-3p $teowed t
highest decrease in its expression level at 0.005uM (1.9-fold) and at 10uM (2.7-fold)
respectively. This study revealed that miRNA expression levels in MGastcancer cells

were more sensitive to lower 5-FU concentrations, and these doses werergufiielicit an

alteration in their expression levels.

MiRNA time-response to 5-FU treatment

Based on the results obtained from the dose-dependent miRNA expression study, five
miRNAs with high fold change (miR-10b, miR-21, miR-483-5p, miR-574-3p and miR-575)
were selected to analyze any time-dependent changes in theirsexpr®CF7 cells were
treated with 0.1, 0.7 and 10uM 5-FU for 12, 24, 36, 48, 60 and 72 hours, and analyzed for the

expression levels of the selected miRNAs (Figure 4.12-4.26).

At 0.1uM 5-FU treatment, the selected miRNAs did not show a significant elvang
their expression at different time points. The expression levels aftenéngiatvere almost
similar to the control samples. Further, it was observed that treatment fornao8t hours was
required to elicit a small change in the expression at 0.1uM 5-FU. On the atdetreatment
with 0.7uM 5-FU showed an atypical behavior compared to the other two treatmettis.fié

mMiRNAs analyzed, four (miR-10b, miR-21, miR-574-3p and miR-575) showed a significant
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differential expression at 0.7uM. For miR-10b, the expression level was upissafter
treatment up to 48 hours; however, the expression was down-regulated if thertreeme
continued for 72 hours. Similarly, miR-21 was up-regulated after 12 and 24 hours oétreatm
but showed a down-regulation when treated for 36 and 48 hours. Conversely, the expression
levels returned to normal control levels if the treatment was continued for 72 hartingr
miR-483-5p showed the highest up-regulation after treatment for 12 hours, which redbced w
longer duration of exposure. A decrease in the expression was observed after 36 hours of
treatment; however, this change in expression never significantly varmadiHeocontrol. A

similar trend was also seen for miR-574-3p and miR-575. The miRNAs were sigthyficp-
regulated after 12 and 24 hours of treatment, while the expression levels returneaaiafnor

treated for longer duration of time.

At the 10uM treatment level, miR-10b showed an increase in expression at 24 and 48
hours of treatment, while the expression decreased after 60 and 72 hours ohtrestmwas
seen with the 0.1 and 0.7uM treatment. This suggests that expression of miR-10b ie@&xpress
differentially at different time points and is thus sensitive to duration of expts&-FU.
Similarly, miR-21 showed the highest down-regulation (7.1 fold) after 36 hours whéea
while the expression decreased to control levels with increasing lengdahént. miR-483-5p,
on the other hand, showed an up-regulation after 24 hours of treatment (2.4-fold), but the
expression decreased significantly to 1.9-fold after 36 hours of treatment. Theges,
however, were not significantly different from the control samples. Conversé&y574-3p
showed a significant differential expression after treatment with 5-Ftifferent time
durations jp < 0.001). The highest down-regulation was observed after 36 hours of treatment

(4.4-fold), which reduced to 2-fold down-regulation after increasing lesfgtieatment. Finally,
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miR-575showed an up-regulation after treatment with 12 and 24 hours of treatmeah{?.3-
4.2-fold respectively), which was decreased to a down-regulation of 2.5-fold ié&teént was

continued for 72 hours.

The time-response data suggests that the expression of miRNAs in MCF taneast
cells was more sensitive to shorter duration of treatment with 5-FU. The miBibMhsed a
significant change in their expression levels when treated with 5-Flidotes time lengthp <
0.01 andp < 0.05 for 12 and 24 hours of treatment, respectively) as compared to increased time
durations. A two-way ANOVA analysis to investigate the effect of vartse&s) concentrations
and duration of treatment with these concentrations revealed that expressidnrofRRiEéA
analyzed was significantly affected by both 5-FU dosage and treatmenmntisifi 0.05 for
each miRNA). This confirms that miRNA expression in MCF7 cells is respotsis-FU
treatment. Further, a significant interaction between treatment dose atidrwas also
observed for miR-21, miR-574-3p and miR-575. This shows that alteration in the expression

levels of different miRNAs may play an important role in the therapeuponsg to 5-FU.

Discussion

MiRNAs constitute a novel target system for cancer treatment as éiArhas the
ability to regulate the expression of several hundred target genes, incledangl sSmportant
oncogenes or tumor suppressor genes, and have the potential to function as a diagnostic a
prognostic tool for a variety of human cancers (Blenkiron and Miska 2007; Tricoli and diacobs
2007; Lowery, Miller et al. 2008; Zhang and Farwell 2008). Extensive reseanategtty

being focused on identifying differential expressed miRNAs that play pyiroégs in cancer
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development and therapy. Thus, a study of the possible effects of chemotherapeutic drug
treatment on the expression profile of miRNASs is of prime importance for icdngcapy and
resistance. 5-FU is an important chemotherapeutic drug used for the treaftimeatst cancer.
Unfortunately, 5-FU is rarely used as a monotherapy now-a-days, and is mathig use
combination with other drug regimens. It has been shown to be a potent anti-pradifagant
capable of inducing apoptosis in MCF7 breast cancer cells (Chapter theFanalysis to
determine the role of miRNAs in the cytotoxicity of 5-FU in MCF7 cells showedbtfd) is
able to significantly dysregulate the expression levels of several neRMén at a low dose
(Chapter IlI). In this study, we observed that higher and clinically retéss&U doses also have
a significant effect on the miRNA expression profiles in MCF7 breast caekgrlaut
expression is more sensitive to lower treatment doses. The expression legasavashown to
be regulated by the time of exposure to 5-FU. The data presented here giedie@ aedlysis

of the expression profiles of mMiRNAs in response to 5-FU.

Eleven miRNAs were selected to study their expression profiles in respotifertent
5-FU concentrations. These include let-7g, miR-10b, miR-15a, miR-16, miR-21, miRi&-a
365, miR-374b, miR-483-5p, miR-574-3p and miR-575, which were treated with 0.001, 0.005,
0.01, 0.1, 0.7, 1, 5 and 10uM 5-FU. Of these, miR-10b, miR-15a, miR-16, miR-483-5p and miR-
575 were consistently up-regulated; while miR-21, miR-365 and miR-374b weretentigis
down-regulated at all 5-FU treatments. These results further confirmi¢th@RNA microarray
data obtained previously (Chapter Ill). Conversely, let-7g, miR-27a and miR-574¢8p w
differentially expressed at various 5-FU concentrations. This suggeistsftii@nt miRNAs
respond to 5-FU treatment in different ways. Recently, miR-10b was identifiechigHbe

expressed in metastatic breast cancer cells and positively reguilatégcation, invasion and
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metastasis (Ma, Teruya-Feldstein et al. 2007). However, MCF7 cells, whietitta if any
metastatic ability, were not shown to have a high expression of this miRNA éviayar

Feldstein et al. 2007). Up-regulation of miR-10b after 5-FU treatment was isteorisvith 5-

FU cytotoxicity and could play an important role in the resistance of certamstatic breast
cancers to 5-FU treatment. Further time-based study was performed tstandé¢he role of
miR-10b in response of 5-FU. On the contrary, miR-21, miR-27a and miR-365 have been shown
to be up-regulated in breast cancer cells (lorio, Ferracin et al. 2005; Biédtaott,

Chintharlapalli et al. 2007; Yan, Huang et al. 2008; Guittilla and White 2009). Down{regula

of these miRNAs after 5-FU treatment further confirms the activeibtmof miRNAs in 5-FU
induced cytotoxicity. Further, miR-16 is highly down-regulated in breast célloc®, Ferracin

et al. 2005), but was up-regulated following 5-FU treatment. Finally, lefiRy15a, miR-374b,
miR-483-5p, miR-574-3p and miR-575 have not been previously implicated in breast cancers,
but show differential expression with 5-FU treatment, suggesting their potettiah 5-FU

activity. Thus, based on their fold change levels or their novelty in breast cancegdeeted

five miRNAs (miR-10b, miR-21, miR-483-5p, miR-574-3p and miR-575) for further time-

dependent study.

An important miRNA that was chosen for dose- and time-dependent study is miR-10b. It
was not classified to be differentially expressed between control and red&ted samples after
microRNA microarray analysis due to the low signal intensity; howeverndisant variation
in its expression profile was observed after 5-FU treatment. miR-10b hapres@usly
implicated in several human cancers (Table 4.1), including breast cancerR&sracin et al.

2005; Ma, Teruya-Feldstein et al. 2007). Previous literature has also displaysitivae

correlation between the expression of miR-10b and metastatic or invasive behavioraoy
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breast carcinomas (Ma, Teruya-Feldstein et al. 2007), thus classtfggma@mn oncogenic miRNA

or Oncomir. This has been partially correlated to the regulation of miR-10bnisgrigation

factor Twist (Ma, Teruya-Feldstein et al. 2007), which is a master regoliatnorphogenesis

and plays an essential role in tumor metastasis (Yang, Mani et al. 2004). §ewertdrgets

have also been identified for miR-10b. These targets include HOXD10 (Homeobox D10) (Ma,
Teruya-Feldstein et al. 2007), which has been found to be progressively lostirtiomeas

with increased malignancy (Carrio, Arderiu et al. 2005; Makiyama, idaraaal. 2005) and
regulates several genes that promote invasion, migration and tumor promotion, incRARg
and RhoC (Myers, Charboneau et al. 2002); and KLF4 (Krtppel-like factor 4) (Tian, Blup et

a zinc finger protein which is important in cell cycle regulation, differaotiaand in response

to DNA damage (Shields, Christy et al. 1996; Zhang, Geiman et al. 2000).

miR-10b showed a highly differential expression following 5-FU treatnfestgnificant
up-regulation was observed compared to the control after 5-FU treatment andliffer
concentrationsp(< 0.01) (Figure 4.2). The expression level showed a significant increase at
0.005uM (40-fold) compared to the control. Other treatments did not show consideralalseincre
compared to the control. Up-regulation of an oncogenic miRNA after treatntentesy low
doses of 5-FU indicates that 5-FU could aggravate the disease state. iRfidgbmplays an
important role in migration and invasion of breast cancer cells, this up-regulationatsu!
suggest a role of the miRNA in acquired 5-FU resistance observed in certagtatie breast
cancer cases. Further, the return of the expression levels to normal at Higheobcentrations
implies that treatment with higher doses of 5-FU would be more beneficifkeftinérapeutic
effect of 5-FU. A time-dependent analysis was carried out to further uadéitsie expression of

miR-10b in response to 5-FU.
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A time-based response analysis was performed every 12 hours for 72 hours at
concentrations 0.1, 0.7 and 10uM 5-FU to obtain further insights into the expression profile of
miR-10b (Figures 4.12-4.14). At each 5-FU concentration, shorter duration of tne&tndS
hours) showed a significant difference in the expression levels compared to &&sexpr
changes after longer treatments for 60 and 72 hours. This indicates thag¢teaitin 5-FU for
longer duration would lead to beneficial miRNA regulation, while miR-10b does not eeem t
play an important role in 5-FU cytotoxicity if treated for shorter duratidrtgco-way ANOVA
analysis showed that there was a significant main effect of the conaantthe treatmenfq
(3, 56) = 3.192p < 0.05] as well as the duration of treatmdn{§, 56) = 4.760p < 0.01] on the
expression level of miR-10b in MCF cells. Conversely, no significant interactiect ef the
concentration and duration of treatmdnt(18, 56) = 1.531p = 0.114] was observed. Thus,
treatment with high 5-FU doses for a higher time span (such as a continuous i.v. irdu8ian f
4 days) would lead to a beneficial expression of miR-10b, while treatment forrdbangth of

time (a single dose i.v. infusion) could invoke potential problems.

miR-21 is another important mMiRNA whose expression levels are highly dysezfjula
after 5-FU treatment. Extensive study has been carried out on miR-21 and itstaass
mMiRNA most often found over-expressed in solid tumors (Volinia, Calin et al. 2006), arid als
most of the human cancers (Table 4.1). Furthermore, miR-21 have also been reporiedrto pla
imported role in cancer-related processes such as cell proliferatgnation, apoptosis and
tumor growth in breast, gastric and hepatocellular cancers (Meng, Hen$a20€{7a Si, Zhu et
al. 2007; Zhang, Li et al. 2008). In breast cancer, miR-21 is found to be highly upeddnla
tumors as compared to the normal breast tissues (lorio, Ferracin et al. 2685)édten directly

implicated in promoting tumor growth (Si, Zhu et al. 2007) and is also associtealdwanced
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clinical stage lymph node metastasis and poor patient prognosis (Yan, Huang et alt 2@88)

been found to target several important genes (Table 4.1). For importance are the tumor
suppressor genes PDCD4 (Programmed Cell Death 4) (Asangani, Rashe2G8;aChen, Liu

et al. 2008; Yao, Xu et al. 2009); PTEN (phosphatase and tensin homolog) (Meng, Henson et al.
2007); and TPM1 (Tropomyocin 1) (Zhu, Si et al. 2007; Zhu, Wu et al. 2008). Based on its
expression in cancers and its gene target, miR-21 can thus be classafireon@®genic miRNA

or oncomir. Down-regulation of an oncomir by 5-FU treatment suggests an imporéaot rol

MiRNA in 5-FU activity.

From our dose-dependent results, miR-21 was shown to be significantly downeggula
compared to the control after treatment with all the 5-FU concentraicn®.05) (Figure 4.5).
The highest down-regulation was observed between 0.01-1uM 5-FU, which continued even at
higher concentrations. Further, the bimodal dose-response curve of the MCHT res{sonse
to 5-FU (Chapter Il) can also be partially explained by the miRNA expresssponse to
different 5-FU doses. The initial 5-FU dose-dependent reduction in the MCFndders
between 0.001-0.5uM (Chapter Il, Figure 2.4) can be correlated with the dose-dependent
decrease in the expression level of miR-21 at the same concentration randiee Wighest
down-regulation observed at 0.01uM. This decrease in the fold change gradually reduced in
dose-dependent manner after treatment with higher concentrations of 5-Eb gate a second
dose-response curve in Figure 2.4. Thus, miR-21 was shown to be sensitive to different 5-FU
doses and might play a role in the bimodality of 5-FU. Further, the effectiventoatomn range
for the regulation of miR-21 expression in response to 5-FU was shown to be 0.01-1uM, which

is much lower than the doses required to elicit 5-FU cytotoxicity in cancéssuss. This
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shows that miRNA expression displays greater sensitivity to 5-FUrtesaiand this could be

used to reduce 5-FU dosage and thus eliminate the side effects associatied with i

In order to further study the effect of 5-FU on miR-21, a detailed time-baseohse
was performed at 0.1, 0.7 and 10uM 5-FU. The cells were treated with these 5-FU
concentrations and the expression profile of miR-21 was analyzed every 12 hoursy®r 3 da
(Figures 4.15-4.17). Of these treatments, 0.7 and 10uM showed a significanbaliertie
expression fold change as the time of exposure to 5-FU increased. Treatthénivand 10uM
displayed a similar trend in the expression profile of miR-21. A decreaseenhession level
compared to the control was observed till 48 hours of treatment, followed by agulgtion if
the treatment was continued till 72 hours. A significant difference in thegsipn between
shorter and longer treatment durations was again observed. This shows thantreattmn5-FU
concentration for shorter duration of time was enough to elicit a beneficia iniBgulation.
Further, it also shows that a lower concentration of 5-FU (0.1uM) was capahtkioing a
similar response as 10uM 5-FU. However, a different time-based response aragabs
following treatment of MCF7 cells with 0.7uM 5-FU. A significant up-regulatias wbserved
at 12 and 24 hours of treatment, followed by a significant down-regulation betwd&hdeH's,
and finally the expression levels became similar to control if treatmentevainued further till
72 hours. This distinct miRNA expression profile at 0.7uM provides additional explamati
the atypical increase in cell numbers of MCF7 cells observed during growtlsiarslthe same
concentration. The two-way ANOVA analysis demonstrated that there waisifecant main
effect of the concentration of the treatmdn(3, 56) = 4.727p < 0.01] as well as the duration of
treatmentIF (6, 56) = 4.454p < 0.01] on the expression level of miR-21. A significant

interaction effect of the concentration and duration of treatment was alsweibsa the
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expression level of miR-2F[(18, 56) = 4.759 < 0.01]. Thus, both concentration and duration
of treatment with 5-FU were shown to play an important role in the regulation e2iniR

expression levels in the MCF7 breast cancer cells.

Another miRNA whose expression levels were shown to be notably altered follswing
FU treatment is miR-483-5p. Recently, it has been identified to play an impateint r
differentiating between adrenocortical adenomas and adrenocortidgaboaas and also as a
predictor of poor prognosis in adrenocortical cancers (Soon, Tacon et al. 2009) eowev
definite role of miR483-5p has been recognized in breast cancers. Also, no poteygialdait
have been identified yet. Thus, miR-483-5p has been identified for the first timeéri breast
cancer cells and alteration of its expression levels in response to 5-FUditayd an important

role for it in 5-FU efficacy.

miR-483-5p was previously identified as one of the most up-regulated miRNAs in the
MiRNA microarray analysis of MCF7 cells treated with 0.01uM 5-FU foral8$(Chapter III).
Those results are further supported by the dose-dependent study. It continuée tmbst up-
regulated miRNA after treatment with various 5-FU concentrations (F&g@yeThe highest up-
regulations were observed at 0.01 (56.4-fold) and 0.001 (33.8-fold)uM respectively. The up-
regulation became less substantial as the concentration increased ngdietmiR-483-5p
expression in MCF7 cells was more sensitive to lower doses of 5-FU. The seediady also
showed similar results (Figures 4.18-4.20). 5-FU treatment for 12 hours was emeligi &n
up-regulation in its expression, suggesting that treatment for shorter tigik \gas important
for sensitivity to 5-FU. The expression levels were statisticallyifstgntly different after longer
treatments compared to shorter treatments for each 5-FU concentration. Onrdrg,camivo-

way ANOVA analysis showed that there was a significant main effebeafdncentration of the
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treatmentF (3, 56) = 5.401p < 0.01] as well as the duration of treatmén(§, 56) = 2.609p <
0.05] on the expression level of miR-483-5p in MCF cells. No significant interactiarn effe

the concentration and duration of treatmén(18, 56) = 1.188p = 0.302] was observed.

miR-574-3p was identified as one of the most up-regulated miRNAs in the microRNA
microarray analysis previously performed (Chapter Ill). It has been showaytampimportant
role in liver development (Tzur, Israel et al. 2009), non-alcohol fatty liver sbg@zstep,
Armistead et al.), and myocardial infarction (Bostjancic, Zidar et al. 26@2ently, it has also
been identified to show a stage specific differentially expression in B/ogdhomas
(Malumbres, Sarosiek et al. 2009). However, no direct gene targets have be&addent
explain the role of miR-574-3p in cancer development or expression. Modification in its
expression levels after 5-FU treatment may serve to better understanddtienf of miR-574-

3p in breast cancer in specific and human cancers in general.

Dose-response analysis revealed that miR-574-3p is differentially sgdrésough
different 5-FU concentrations (Figure 4.10). However, the expression lesdsat found to be
significantly different compared to control level by One-way ANOVA.iAtkependent samples
t-test showed a significant down-regulation in the expression levels at 0.005 andb-Foy
concentrations. Time-response analysis showed a significant effect obdwfareatment at
0.7uM and 10uM 5-FU (Figures 4.21-4.23). Higher down-regulation was observed with
increased duration of treatment, indicating that longer exposure times weeel neenduce an
expression change in miR-574-3p after 5-FU treatment. The highest downioggwias
observed after 36 hours of treatment with both, 0.7uM (1.9-fold) and 10uM (4.4-fold) 5-FU
respectively. However, a significant increase in the expression was ethsdter treatment with

0.7uM 5-FU for 12 and 24 hours. The two-way ANOVA analysis demonstrated thatvéese
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significant main effect of the concentration of the treatméri8[ 56) = 15.555p < 0.001] as
well as the duration of treatmeifit (6, 56) = 7.067p < 0.001] on the expression level of miR-
574-3p. A significant interaction effect of the concentration and duration of eetitmas also

observed on the expression level of miR-5748318, 56) = 5.134p < 0.001].

miR-575 also showed a 5-FU responsive increase in its expression level. It i$ a nove
MiRNA which has not been previously linked to human breast cancer. It has, however, been
shown to be down-regulated in gastric cancer cell line (Hong-chun Luo 2009) amdjioeais
(Saydam, Shen et al. 2009). It is also differentially induced by 4-hydroxyngienziimenti,
Ferracin et al. 2009), and in lupus nephritis (Dai, Sui et al. 2009) and myocardialanfarct
(Bostjancic, Zidar et al. 2009). In our previous study, miR-575 was shown to be highly up-
regulated in the microRNA microarray of MCF7 cells after treatmetit @D1uM 5-FU. The
dose-response data agree with the microarray data as miR-575 was coysiptezgjulated at
all 5-FU treatments (Figure 4.11). The maximum up-regulation was sé@ekud (17.8-fold)
and 0.7uM (17.6-fold) of 5-FU. The expression levels were however not found to be
significantly different than normal control MCF7 cells. The time-responsealso confirm with
the dose-response data, as miR-575 was significantly up-regulated at 0.7 10udhof 5-FU
(Figures 4.24-4.26). However, expression was found to be more sensitive to short duration of
treatment and the changes in the expression reduced if the treatment was d@dotini@dours.
This is similar to expression profile of other miRNAs analyzed, sugges@ghese miRNAs
could help in improving 5-FU therapy in breast cancer patients. The two-way ANO&ysis
revealed a significant main effect of the concentration of the treatmédi $6) = 6.279p <
0.01], the duration of treatmerft [6, 56) = 5.720p < 0.001] as well as the interaction effect

among the two variable§&[(18, 56) = 2.383p < 0.01] on the expression level of miR-574-3p.
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In our previous study, 5-FU was shown to have an atypical inhibitory on the proliferation
of MCF7 breast cancer cells (Chapter I, Figures 2.4 and 2.5). An abnormakmanecell
number was observed at 0.7uM 5-FU treatment. We had hypothesized that 5-FUhaats wi
bimodal mechanism, wherein the lower 5-FU concentrations (0.001-0.1uM) act withrerdiffe
method as compared to the higher doses (0.7-2000uM). This hypothesis was papipalesi
by the dose- and time-dependent data obtained in this study. Most of the miRNAsairalyz
the dose-response study showed a distinct expression profile at lower 5-FUhdadagher
doses, for example, let-7g, miR-15a, miR-16 and miR-21. This could signify thag¢ediff
inhibitory mechanism is adopted by 5-FU. The time-response results of s&iNémifurther
supported this observation. The time-based expression profile at low 5-FU dose)(Shiwid
a different pattern as compared to the other two concentrations (0.7uM and 10eManie,
miR-21, miR-574-3p and miR-575. Therefore, future studies will have to be performed to

evidently explain the anomalous behavior of 5-FU in MCF7 breast cancer cells.

The results presented here provide a detailed analysis of the miRNA expiasdile in
MCF7 breast cancer cells in response to 5-FU treatment. Several impofAsnivhich have
been previously linked with different human cancers were identified to play an impaitin
response to 5-FU treatment, such as miR-10b and miR-21. More importantly, eacle of thes
mMiRNAs was shown to be beneficially regulated after 5-FU treatnsesdrapared to control
breast cancer cells. This suggests an important therapeutic potential ohiRéb%s in breast
cancer treatment. In addition, novel miRNAs were identified for the firstttinpéay a role in
breast cancer and breast cancer chemotherapy. These include miR-483-5@48{Rand miR-
575. Further studies to determine the potential gene targets of these miRNAguared to

clearly understand their role in breast cancer chemotherapy. The dose- andoemeedé
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response of mMiIRNA expression illustrated that the expression profile changesigidy

sensitive to 5-FU treatment, and that treatment with lower 5-FU doses fterghaations was
enough to obtain a beneficial mMiIRNA response. This observation could be very helpful in
improving 5-FU efficacy. The 5-FU drug regimen, which is rarely usedhasmn@therapy now-a-
days due to serious side effects and increased incidence of resistartéecmanitored and

used at lower concentrations for shorter time spans if targeted delivery cocliidaesd. This
would ensure a significant miRNA expression change and a subsequent change in the target
genes, while eliminating the side-effects associated with high 5-F&$.dbsus our data further
substantiates the importance of miRNA in chemotherapy and the potentiahapplaf

MiRNAs as novel targets for cancer therapy.
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Table 4.1: Cancer association and verified gene targets of miRNAs selectecefoarttbime-

dependent study

MiRNASs (up /
down
regulation)

Associated cancers

Validated Gene targets

Down regulation

Up regulation

>

let-7q| HCC (Budhu, Jia etColon cancer (Nakajima, |[HMGA2 (Kumar, Erkeland et a|.
al. 2008) Hayashi et al. 2006) 2008)
OSCC (Kozaki,
Imoto et al. 2008)
Lung cancer
(Kumar, Erkeland et
al. 2008)
Prostate cancer
(Porkka, Pfeiffer et
al. 2007)
miR-10b Colorectal cancer |Breast cancer (Ma, TeruygdOXD10 (Ma, Teruya-Feldstei
(differentially  |(Arndt, Dossey et alFeldstein et al. 2007) et al. 2007)
expressed) 2009) Chronic Lymphocytic KLF4 (Tian, Luo et al.)
Leukemia (CLL) (Calin,
Liu et al. 2004, Calin,
Pekarsky et al. 2007; Calin,
Cimmino et al. 2008)
Glioblastoma (Chan,
Krichevsky et al. 2005;
Ciafre, Galardi et al. 2005,
Chen, Liu et al. 2008)
Ovarian cancer (Dahiya,
Sherman-Baust et al. 2008)
Pancreatic cancer
(Bloomston, Frankel et al.
2007)
Prostate cancer (Volinia,
Calin et al. 2006; Prueitt,
Yi et al. 2008)
miR-15a CLL (Calin, Liu et |Kidney cancer (Chow, BCL2 (Cimmino, Calin et al.

al. 2004; Calin,
Pekarsky et al. 200
Calin, Cimmino et
al. 2008)

Pituitary adenoma
(Bottoni, Piccin et
al. 2005)

HCC (Budhu, Jia et

Youssef et al. 2009)

2005; Calin, Pekarsky et al.
2007),

CDC25A (Lee, Masyuk et al.
2008),

CCND1 (Bandi, Zbinden et al.
2009),

CCND2(Bandi, Zbinden et al.

2009),
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al. 2008)

Prostate cancer
(Bonci, Coppola et
al. 2008)

CCNEL1(Bandi, Zbinden et al.
2009),

WNT3A(Bonci, Coppola et al.
2008),

RARS (Calin, Dumitru et al.
2002; Bottoni, Piccin et al. 200

miR-16¢ Breast cancer (lorial.ung cancer (Yanaihara, |[BCL2 (Cimmino, Calin et al.
Ferracin et al. 2005)Caplen et al. 2006) 2005; Xia, Zhang et al. 2008),
CLL (Calin, Caprin-1 (Kaddar, Rouault et a
Pekarsky et al. 200}) 2009),
Gastric cancer (Xia CGlI-38 (Kiriakidou, Nelson et
Zhang et al. 2008) al. 2004),
Pituitary adenoma CCND1 (Liu, Fu et al. 2008;
(Bottoni, Piccin et Bandi, Zbinden et al. 2009),
al. 2005) CCND3 (Liu, Fu et al. 2008),
Prostate cancer CCNEL1 (Liu, Fu et al. 2008),
(Porkka, Pfeiffer et CDKG6 (Liu, Fu et al. 2008),
al. 2007; Schaefer, HMGA1 (Kaddar, Rouault et al,
Jung et al. 2009) 2009),
WNT3A (Bonci, Coppola et al.
2008),
RARS (Calin, Dumitru et al.
2002)
miR-21| Breast cancer (lorio, BTG2 (Liu, Wu et al. 2009),

Ferracin et al. 2005; Yan,
Huang et al. 2008)
Cervical cancer (Lui,
Pourmand et al. 2007)
Cholangiocarcinoma
(Meng, Henson et al. 200
CLL (Marton, Garcia et al
2008)

Colorectal cancer (Volinia
Calin et al. 2006)
Diffuse large B cell
lymphoma (DLBCL)
(Lawrie, Gal et al. 2008)
Esophageal cancer (Febe
Xi et al. 2008)
Glioblastoma (Chan,
Krichevsky et al. 2005;
Ciafre, Galardi et al. 2005
Chen, Liu et al. 2008)
Head & Neck cancer (Tra
McLean et al. 2007; Chan

MARCKS (Li, Li et al. 2009),
SERPINB5 (Zhu, Wu et al.
2008),

PDCD4 (Asangani, Rasheed ¢
al. 2008; Chen, Liu et al. 2008;
Bfao, Xu et al. 2009),

PTEN (Meng, Henson et al.
2007),

JTPM1 (Zhu, Si et al. 2007; Zhd
Wu et al. 2008),

HNRPK (Papagiannakopoulos
Shapiro et al. 2008),

TAp63 (Papagiannakopoulos,
Shapiro et al. 2008),

LRRFIP1 (Li, Li et al. 2009)
JAGL1 (Hashimi, Fulcher et al.
2009),

WNT1 (Hashimi, Fulcher et al.
2009)

n,

Jiang et al. 2008)
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HCC (Meng, Henson et al.

2007)

Kidney cancer (Chow,
Youssef et al. 2009)
Lung cancer (Yanaihara,
Caplen et al. 2006)
OSCC(Kozaki, Imoto et a
2008)

Ovarian cancer (lorio,
Visone et al. 2007)
Pancreatic cancer
(Bloomston, Frankel et al.
2007)

Prostate cancer (Volinia,
Calin et al. 2006; Prueitt,
Yi et al. 2008)

Stomach cancer (Volinia,
Calin et al. 2006)

Uterine leiomyomas
(Wang, Zhang et al. 2007

Jets

miR-273 OSCC (Kozaki, Breast cancer (Mertens- |Mytl (Mertens-Talcott,
Imoto et al. 2008) |Talcott, Chintharlapalli et |Chintharlapalli et al. 2007),

al. 2007; Guittilla and WhitMDR1(Zhu, Wu et al. 2008) ,
2009) FOXO1 (Guttilla and White
Kidney cancer (Chow, 2009),
Youssef et al. 2009) PHB (prohibitin) (Schaar,
Gastric canceflLiu, Tang e|Medina et al. 2009),
al. 2009) ZBTB10 (Mertens-Talcott,
Prostate cancer (Porkka, |Chintharlapalli et al. 2007)
Pfeiffer et al. 2007)
Uterine leiomyomas
(Wang, Zhang et al. 2007

miR-365] Breast cancer (Yan, Huanijo previously reported targets
et al. 2008)

miR-374b No previously reported association No previously reported targ

miR-483-5p Adrenocortical cancers |No previously reported targets
(Soon, Tacon et al. 2009)

miR-574-3 B cell lymphomas No previously reported targets
(Malumbres, Sarosiek et al.
2009)

miR-575 Gastric cancer cell No previously reported targets

line (Hong-clun Lug
2009)

Meningiomas
(Saydam, Shen et &

.

20009)
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Figure 4.1: Average fold change in expression of let-7g in response to 5-FU caticestfrom
0.0001pM to 10uM. The results are represented as mean + SEM. Statisticuflygasigchanges

in the expression between concentrations are designated by single fetesr dars{ < 0.05).
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Figure 4.2: Average fold change in expression of miR-10b in response to 5-FUitcatices
from 0.0001uM to 10puM. The results are represented as mean + SEM. Stigtisigralicant
changes in the expression between concentrations are designated bigterglen error bare (

<0.05).
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Figure 4.3: Average fold change in expression of miR-15a in response to &Eghtrations
from 0.0001uM to 10uM. The results are represented as mean + SEM. Stigtisigraficant
changes in the expression between concentrations are designated bigterglen error barg (

<0.05).
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Figure 4.4: Average fold change in expression of miR-16 in response to 5-Fehtrations
from 0.0001uM to 10uM. The results are represented as mean + SEM. Stiytisiradicant
changes in the expression between concentrations are designated bigterglen error barg (

<0.05).
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Figure 4.5: Average fold change in expression of miR-21 in response to 5-Fehtrations
from 0.0001uM to 10uM. The results are represented as mean + SEM. Stiytisiraficant
changes in the expression between concentrations are designated bigterglen error bare (

<0.05).
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Figure 4.6: Average fold change in expression of miR-27a in response to @Eéhtrations

from 0.0001uM to 10uM. The results are represented as mean + SEM.
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Figure 4.7: Average fold change in expression of miR-365 in response to 5-Fehtrations
from 0.0001uM to 10uM. The results are represented as mean + SEM. Stiytisiradicant
changes in the expression between concentrations are designated bigterglen error barg (

<0.05).
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Figure 4.8: Average fold change in expression of miR-374b in response to 5-Faications

from 0.0001uM to 10pM. The results are represented as mean + SEM.

184




miR-483-5p
p = 0.069

90

80

1T

70

60

ab

50

40

30

20
0L — - =y

0 0.001 0.005 0.01
5-FU Treatments (uM)

Average Fold Change
QD
(o

Figure 4.9: Average fold change in expression of miR-483-5p in response todnéehtrations
from 0.0001uM to 10uM. The results are represented as mean + SEM. Stigtisigraficant
changes in the expression between concentrations are designated bigterglen error barg (

<0.05).
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Figure 4.10: Average fold change in expression of miR-574-3p in response to 5-FU

concentrations from 0.0001uM to 10puM. The results are represented as mean + SEM.

Statistically significant changes in the expression compared to the dsntrdicated by

asterisks (by Independent samples t-test).
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Figure 4.11: Average fold change in expression of miR-575 in response to 5-FU catraest

from 0.0001uM to 10uM. The results are represented as mean + SEM.
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Figure 4.12: Average fold change in expression of miR-10b after treatméar@.MitM of 5-FU
for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM. Statistically
significant changes in the expression between concentrations are designsitegle letters on

error barsg§ < 0.05).

188



miR-10b at 0.7uM 5-FU
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Figure 4.13: Average fold change in expression of miR-10b after treatmar@.%itM of 5-FU
for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM. Statistically
significant changes in the expression between concentrations are desgnsitegle letters on

error barsg§ < 0.05).
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Figure 4.14: Average fold change in expression of miR-10b after treatmart@ui of 5-FU
for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM. Statistically
significant changes in the expression between concentrations are designsitegle letters on

error bars§ < 0.05).
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Figure 4.15: Average fold change in expression of miR-21 after treatmérdjtM of 5-FU
for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM. Statistically
significant changes in the expression between concentrations are desgnsitegle letters on

error barsg§ < 0.05).
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Figure 4.16: Average fold change in expression of miR-21 after treatménd.\¥jitM of 5-FU
for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM. Statistically
significant changes in the expression between concentrations are designsitegle letters on

error bars§ < 0.05).
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miR-21 at 10uM 5-FU
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Figure 4.17: Average fold change in expression of miR-21 after treatméntQuM of 5-FU
for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM. Statistically
significant changes in the expression between concentrations are designsitegle letters on

error barsg§ < 0.05).
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Figure 4.18: Average fold change in expression of miR-483-5p after treatntlerft. iyiM of 5-

FU for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM.
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miR-483-5p at 0.7uM 5-FU
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Figure 4.19: Average fold change in expression of miR-483-5p after treatntlert. WiaM of 5-
FU for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM. [gtatistical
significant changes in the expression between concentrations are designsitegle letters on

error bars§ < 0.05).
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miR-483-5p at 10puM 5-FU
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Figure 4.20: Average fold change in expression of miR-483-5p after treatntlerifOpiM of 5-
FU for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM. [gtatistical
significant changes in the expression between concentrations are designsitegle letters on

error bars§ < 0.05).
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miR-574-3p at 0.1uM 5-FU
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Figure 4.21: Average fold change in expression of miR-574-3p after treatntlertt. ijuM of 5-

FU for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM.
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miR-574-3p at 0.7uM 5-FU
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Figure 4.22: Average fold change in expression of miR-574-3p after treatntlertt. WiaM of 5-
FU for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM. [gtatistical
significant changes in the expression between concentrations are designsitegle letters on

error barsg§ < 0.05).
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miR-574-3p at 10uM 5-FU

p< 0.001
1.2

0 I I I I I I

12 hrs 24 hrs 36 hrs 48 hrs 60 hrs 72 hrs

Time of treatment

o
(oe]

o
~

Average Fold Change
o
[ep)

o
N

Figure 4.23: Average fold change in expression of miR-574-3p after treatntleritOpiM of 5-
FU for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM. [Statistical
significant changes in the expression between concentrations are desgnsitegle letters on

error bars§ < 0.05).

199



miR-575 at 0.1uM 5-FU
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Figure 4.24: Average fold change in expression of miR-575 after treatméar@.MitM of 5-FU

for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM.
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Figure 4.25: Average fold change in expression of miR-575 after treatmér@.®itM of 5-FU
for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM. Statistically
significant changes in the expression between concentrations are designsitegle letters on

error barsg§ < 0.05).
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miR-575 at 10uM 5-FU
p=0.256

ab

2
1 '
Ol .-ﬁ

12 hrs 24 hrs 36 hrs 48 hrs 60 hrs 72 hrs

Time of treatment

Average Fold Change

Figure 4.26: Average fold change in expression of miR-575 after treatmart@uiV of 5-FU
for 12, 24, 36, 48, 60 and 72 hours. The results are represented as mean + SEM. Statistically
significant changes in the expression between concentrations are designsitegle letters on

error barsg§ < 0.05).
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