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Abstract

The p53 protein is a powerful tumour suppressor that can exert control over

cell growth by arresting cell cycle progression or by causing apoptotic cell death. The

magnitude of its importance in normal cell growth is indicated by the fact that over

50% of human cancers contain a mutated p53 gene. p53 can control cell cycle arrest

or apoptosis throrrgh tra-nscriptional inflrrence on genes that code for inhibitors or

promoters of the cell cycle or apoptosis. Although p53 is partly regulated by

phosphorylation, its activity is strongly correlated with its protein levels. Therefore,

regulation of p53 protein levels is crucial for proper cell growth. Cyclin Gl is a

poorly understood member of the cyclin family of cell cycle regulatory proteins but

has been linked to both positive and negative regulation of p53. To address the

potential regulatory role of cyclin Gl in cell cycle control and apoptosis, we chose the

strategy of suppressing cyclin G1 protein levels to create an experimental model

where we could examine cell cycle characteristics in a normal p53 but cyclin Gl-

deficient environment.

The majority of the work reported here is focused on suppression of ccngl

mRNA, the gene coding for cyclin Gl. Initially, cyclin Gl expression was

temporarily suppressed with an antisense vector approach but the experimental model

did not remain stabie. To surpass this difficulty and other undesirable effects from

antisense vector systems, we next used antisense oligonucleotides and a newly

discovered antisense-related class of molecules referred to as small interfering RNA

(siRNA). We show that Cyclin G1 protein remains present in our cellular model

although treated with selected antisense molecules. 'We 
document difficulty in
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altering cyclin Gl expression throughout a varied array of experiments similarly to

several reports by other authors in the available cyclin Gl literature. The apparent

difficulty in altering expression suggests other factors such as expression levels or

turnover rates may be a strong influence in the presence of cyclin Gl. We begin to

assess these other factors by examining cyclin Gl expression throughout the cell

cycle- and between primary and carcinogenic cells. Unlike common cyclins, we f.md

no apparent relation between cell cycle phase and cyclin Gl expression although

moderately increasing cyclin Gl was observed in GÙlWphase. Interestingly, we did

not observe induction of cyclin Gl after addition of growth factors in HCT 116 cells,

as is reported in primary cells. However, we did observe moderately increased cyclin

Gl mRNA expression in HCT 116 cells compared to primary cells. It is likely that

fuither investigation into cyclin Gl expression in carcinoma cells will reveal

deregulation that influences the cell cycle control in these cells. Taken together, our

data suggest that cyclin Gl expression is deregulated in HCT 116 cells, is not growth

factor or cell cycle phase specific, and is higher than in both primary human

fibroblast and primaryMEF cells.
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Chapter 1: Literature Review and Project Background

1..1 Introduction

This thesis discusses anarray ofapproaches undertaken to suppress protein levels

of the gene ccngl, which codes for the protein cyclin Gi. These approaches fall into a

category of molecular biology techniques referrecl to as "antisense knockdown"

mechanisms. Although an increasingly used technique in modern molecular biology,

gene knockdown approaches are often reported to be sensitive to many subtle parameters

such as sequence composition of antisense oligonucleotides, a difficulty that has never

been fully resolved. Among these experiments, we also used a brand new class of

antisense-related molecules called siRNA to initiate a recently discovered natural mRNA

suppressing pathway known as RNAi. We proceeded with these antisense knockdown

experiments aimed at reducing the levels of cyclin Gl in HCT 116 cells. Cyclin Gl is a

poorly understood protein with links to the cyclin family of cell cycle regulating proteins

and to the powerful tumour suppressor protein p53, but has no known cell cycle function

itself. Investigations into the expression of cyclin Gl have demonstrated that it is highly

expressed in a wide variety of carcinoma cell lines (Skotzko et aI. 1995, Bates et al. 1996,

Reimer etal.1999, this report). Correspondinglg suppression of cyclin Gl has been

reported to decrease growth (Chen et al. 1997, Skotzko et al. 1995) and overexpression to

promote growth (Smith et al.1997) of carcinoma cells, although underexpression appears

to have little effect on growth characteristics of MEF cells, which are primary and non-

immortalized (Jensen et al. 2003). Cyclin Gl expression can also apparently promote or

inhibit growth in some cell lines depending on magnitude of expression (Zhao et al.



2003).In addition, cyclin Gl appears to negatively (Ohtsuka et al. 2003) and positively

(Zhao et al.2003) influence p53 stability, suggesting that cyclin Gl expression may

promote or suppress proliferation of carcinoma cells through altering p53 levels. Thus the

cyclin Gl gene ccngl has become an interesting target for antisense and related

experiments because suppression of ccngl may lead to new strategies to regulate

carcinoma cell growth through modulation of p53 protein levels.

We used HCT 116 cells in these experiments because theyprovide a weli-

characfenzed model of the molecular mechanisms of cell cycle conhol. The difficuities

encountered while undertaking the gene knockdown approaches are described here,

followed by a discussion of their possible sources. We also present several aspects of

cyclin Gl expression in HCT 116 ceils that we charactenzed, and discuss how they may

help explain some of the difficulties encountered.

1.2 Discovery of Cyclin and Cdk association with the cell cycle

Cyclins were first discovered as proteins that were translated at high leveis in

developing sea urchin eggs but were quickly destroyed after cell division (Evans et al.

1983). Further investigation of these proteins revealed that their levels and localization

correlated with the proliferative capacity (Celis and Bravo 1984) and cell cycle phase

(Celis and Celis 1985) of cells. Research in Saccharomyces cerevisiae identified several

cyclin-like proteins and specifically identified a role for these proteins in progression

from Gl phase to S phase (Richardson et al. 1989). A role for cyclins inG2 progression

into M phase was also apparent afler experiments showed that microinjection of cyclin

mRNA into.G2 arrested cells caused the initiation of M phase (Swenson et al. 1986).



Based on these roles, cyclins were generally classed as A-type, those required for the

replication phase of the cell cycle, or B-type, those required for the mitotic phase of the

cell cycle. Since then, the cyclin family of proteins has been expanded to include a wide

variety of classes whose members display a diverse array of functions including but not

iimited to direct cell cycle regulation (Table 1). The non-cell cycle related cyclins appear

to be primarily involved in transcriptional regulation (Tablel),

Early experiments in,S. cerevisiae on genetic control of the cell cycle identified

several cell division control (cdc) genes required for cell division. Mutations in these

genes resulted in blocked cell division at various discrete points in the cell cycle. One of

the most important cdc genes discovered was cdc28, which when mutated caused an

inability to initiate the cell cycle (Culotti and Hartweil T971). Similar work in

Schizzosaccharomyces pombe identified another important cdc gene, termed cdc2,that

was a positive regulator of yeast entry into mitosis (Nurse et al. 1976). The genes cdc2 in

S. pombe and cdc2B in S. cerevisíae were later identified as the homologous gene and

thus the protein product was determined to play important roles in both the replication

and mitotic phases of the yeast cell cycle. Both these genes were subsequently discovered

to have human homologues, which suggested similar methods of control of the cell cycle

between yeast and humans (Draetta et al. 1987, Lee and Nurse 1987).

The idea of similar cell cycle control mechanisms throughout a wide variety of

species was supported by research on cyclins. It was demonstrated by Swenson et al.

(1986) that the highly conserved nature of cyclins aliowed translation of invertebrate

(clam) cyclin mRNA in Xenopus oocytes. Earlier work on Xenopus oocytes had also

identified a maturation-promoting factor (lvPF) that promoted cell division (Masui and



Markert I97I). MPF levels correlated to those of a cyclin protein but the cyclin alone

was not a competent MPF. Identification of cdc2 as a component of the MPF (Dunphy et

al. 1988) and requirement of both a phosphorylated cyclin (later designated cyclin B) and

cdcT for entry into mitosis and nuclear envelope breakdown (Patel et al. 1989) indicated

the importance of association between cyclins and cdc proteins for proper cell division.

Reports that cdc2 associated with both cyclin A and cyclin B further confirmerJ the model

that cyclins and other cdc proteins worked together in a complex to initiate important cell

cycle functions such as M phase (Draetta et:al. 1989). Shortly after, the link between

cyclins and cdc2 was reported to be universally crucial for onset of M-phase in all

eukaryotic cells (Nurse 1990). However, although there is a high degree of conservation

at the protein level in cell cycle control between the early yeast models and higher

eukaryotes, there is higher complexify in the latter system. Fang and Newport (1991)

showed that in higher eukaryotes the initiation of S phase was dependent on a different

cdc2-like kinase than for initiation of M phase, unlike the yeast system where one kinase

was sufficient for both S and M phases. This holds true for cyclins as well, with higher

eukaryotes displaying a greater repertoire of cyclin proteins in their proteome. The Cdc2-

like proteins, colnmonly referred to as cyclin dependent kinases (Cdks), are nov/ known

to form Cdk/cyclin complexes lhat arc important regulators for progression of all major

cell cycle events such as Gl/S progression (Gutienez et aI.2002), initiation of DNA

synthesis (John et al. 2001), and G2lMprogression (Smits and Medema2}}I).

4



1.3 The Cyclin family of proteins

The majority of cyclin proteins in both yeast and higher eukaryotes function as

regulators of the cell cycle through binding and activation of Cdks.,However, several

cyclins appear to have non-cell cycle related functions and their direct influence on cell

cycle related events, if any, has yet to be discovered. Protein levels of cyclins directly

related to the cell cycle generally fluctuate greatly with cell cycle phase, while those that

appeff to have non-cell cycle related fimctions have protein levels unrelated to cell cycle

phase. The identity and function of the cell cycle regulating cyclins is conserved

throughout higher eukaryotes. The list of cyclins that regulate the major cell cycle

functions are, in approximate order of protein induction starting at G0 phase, cyclin D,

cyclin E, cyclin A and cyclin B (Coqueret2002, Table 1). Considerable overlap of high

cyclin levels occurs at cell cycle phase transitions and at S phase.

Cyclin D is the first cyclin to increase its protein levels after mitogenic

stimulation and it is responsible for initiating Gl phase in G0 cells. Cyclin D is strongly

regulated at the mRNA level and both upregulation and down-regulation can occur

separately from transcription and turnover rate (Muise-Helmericks et al. 1998). Cyclin D

expression does not actually fluctuate based on cell cycle phase, but rather it continues to

be expressed as long as there is continual growth factor stimulation (Assoian andZhl

I9g7).However, cyclin D protein,turnover is very quick and loss of mitogenic signals

rapidly reduces cyclin D levels (Coqueret 2002). Cyclin D activates Cdk4 and Cdk6

whose primary targets are pRB. Increases in cyclin D/Cdk4 levels also bind to cyclin

kinase inhibitor (CKÐ proteins, preventing them from inhibiting cyclin E, the next cyciin

required in the cell cycle (Grana and Premkumar Reddy 1995). Several D-type cyclins,



termed cyclin D1, cyclin D2 and cyclin D3, are known to exist. These different forms are

pafüally redundant but are expressed in a cell lineage-dependent mailler (Inaba et al.

1992).It is thought that the main role of cyclin D is to activate cyclin E through removal

of transcriptional repression of the cyclin E promoter and by titrating away CKI from

cyclin Elcdkz. An important observation regarding the role of cyclin D in suppression of

pRB function is that in cells lacking pRB- there appears to be no reouirement for cyclin D,

for early cell cycle progression (Lukas et al. 1 995).

Cyclin E becomes upregulated after pRB-dependent suppression of the cyclin E

promoter is abrogated by cyclin D/Cdk4 phosphorylation of pRB (Geng et al. 1996). It

binds to Cdk2 forming active cyclin Elcdkz complexes that continue phosphorylation of

pRB after cyclin D is removed from the nucleus in late Gl phase (Gudas et al. 1999).

Cyclin Elcdk2 also phosphorylates other non-cyclin related substrates that are required

for S phase such as NPAT (Zhao et al. 1998). Levels and activity of cyclin E reach their

maximum atlate Gl or early S phase and drop after cells have entered S phase. Cyclin E

function overlaps cyclin D function in late Gl and cyclin A function in early S phase.

Cyclin A, like cyclin E, is a regulatory component on Cdk2 but cyclin A levels peak in

early S phase, later than cyclin E (Kitagawa et al. 1995). After cyclin E levels drop, Cdk2

is then bound by cyclin A. Cyclin NCLW interacts with the E2F family of transcriptional

regulators and this interaction changes the transcriptional levels of numerous other genes

(Pestell et al. 1999).

6



Table I. Partner Cdk, Cell Cycle Function, Tissue Expression and Regulatory Signals of
the Human Familv o tns

Partner Cellular Tissue Size Regulatory Signal
Name Cdk(s) Function Specifcity (aa) (peptide)

465 O"st.uctiorr Uo*r

432 Destruction box3

433 Destruction boxa
398 Destruction box5
L395 Destr.rction boxT
303 PESTs
295 PEST9

289 PEST1O

292 PEST9
410 PESTll
404 PEST9
786 PEST12

transcription
Unknown
Unknown
Transcription

None known
PEST
None known

PEST'3
None knownla
PEST15

None knownl2

Cyclin A2

Cyclin Bl
Cyclin B2
Cyclin B3
Cyclin C
Cyclin D1

Cyclin D2

Cyclin D3
Cyclin El
Cyclin E2
Cyclin F

Cyclin Gl
Cyclin G2
Cyclin H

Cyclin I
Cyclin K
Cyclin T1
Cyclin T2

Unknown
cdk9
cdk9
cdk9

phase
Cdkl, Cdk2 S phase, G2

phase

Cdkl M phase

Cdkl M phase
Cdkl Interphase
CdkS Transcription
Cdk4, Gl phase

cdksx, cdk6
Cdk4, Cdk5, Gl phase

cdk6
Cdk4, Cdk6 Gl phase

Cdk2, Cdk3 GliS phase

Cdk2, Cdk3 Gl/S phase

Unknown S phase, G2
phase

Cdk5 p53 regulation
Unknown G2lM(?)
cdkT GzlM,

IJbiquitous

Ubiquitous
Numerous
Testis6
Ifbiquitous
Numerous

I-Ibiquitous

Ilbiquitous
Ilbiquitous
[Ibiquitous
Ubiquitous

Ubiquitous
Numerous
Lrbiquitous

LJbiquitous
Ubiquitous
Ubiquitous

295
344
)¿3

377
357

726
730iquitous

Cyclins listed in bold are the major regulators of the cell cycle. Tissue specificity designation of
"l'{umerous" implies published literature reports of tissues displaþg an absence of expression of the
indicated cyclin. Only peptide motif regulatory signals are i¡rcluded in this table. *Cdk5 is a neuron-specific
kinase, in other tissues inte¡action between Cdk5 and the indicated cyclins presumably does not occur.
Numbers in the table refer to references labelled with the corresponding number in the Literature Cited
section.

Cyclin NCdk2 is required for S phase and can both increase or decrease activity

of target proteins. Importantly cyclin NCdk2 aids in activation of Cdc2 (Cdkl), also

bound by cyciin A but later in the cycle than Cdk2. Cyclin A regulates activity of Cdc2 in

G2 and early M phase with the peak activity of cyclin NCdc2 appearing inlate G2

phase. Although cyclin NCdc2 is capable of phosphorylating pRB-like proteins such as



p107 and interacting with cdc25, its most important function may be the activation of the

MPF, which is comprised of cdc2 and cyclin B (Liu et a1. 2000).

Cyclin B levels begin accumulating in late S and euly G2 phase but inhibitory

phosphorylations prevent cyclin B activity until the G2lM boundary. Cyclin B interacts

with Cdc2 in a complex known as both the mitosis promoting factor (IVIPF) and the

maturation-promoting factor (Hoffmann et al. 1993). Cyclin Blc.dc2 association, location

and activity is highly regulated in a complex web of phosphorylations and

dephosphorylations. Two mammalian cyclin B proteins exist, both binding Cdc2 but only

cyclin B1 is required for growth (Mythily Draviam et al 2001). Cyclin BlCdc? activity

promotes solubilization of the nuclear lamina, disassembly of the Golgi apparatus and

reorganization of microtubules (Mythily Draviam et al. 2001). Destruction of cyclin B is

required for exit from mitosis and this is dependent on anaphase promoting complex

(APC) activity (Clute and Pines 1999).

Other members of the cyclin family are not involved as directly in the cell cycle

as are the D, E, A and B cyclins. The next cyclin most related to the cell cycle is cyclin

H. Cyclin H acts as a regulatory unit of cdkT forming a heterodimer known as cyclin

activating kinase (CAK) along with the protein Matl. CAK activates cdc2 by

phosphorylating it, allowing association with cyclin B. Cyclin F has levels that fluctuate

with cell cycle phase like classical cyclins @ai et al. 1994),and may be involved with the

regulation of cyclin B (Kong et al. 2000). Cyclin Gl and G2may play roles in regulating

levels of p53, interestingly linking the cyclin family of cell cycle promoting proteins with

p53, amajor negative regulator of the cell cycle @ennin et al. 1996, Ohtsuka et al. 2003).

They also appear to be involved in the G2lMphase of the cell cycle (Kimura et al.2ß0I,



Jensen et aL.2003). The function of cyclin I is unclear so far, but it has been classed in a

cyclin subfamily with cyclin Gl and cyclin G2 (Bates et al. 1996). The remaining cyclin

family members are primarily involved. in regulation of transcription. Cyclin C regulates

Cdk8 activity, cyctin K interacts with Cdk9, and both are reported to interact with RNA

pollnnerase tr (Balciunas and Ronne 1995, Rickert et al. 1996, Fu et al. 1999) Cyclins T1

andT2 also activate Cdk9 and interact with P-TEFb, a transcription elongation fa.ctor

(Peng et al. 1998)

1.4 The Cdk family of proteins

Cyclin dependent kinases (Cdks) are serine/threonine kinases that require binding

by a cyclin protein and phosphorylation to become active. Cyclin binding causes

conformational changes that allow activating phosphorylation to occur as well as binding

of ATP (Brown et al.1995). The majority of Cdks control progression through the cell

cycle when activated but some familymembers, such as Cdk5, and Cdk9, have no known

cell cycle related function. Cyclin/Cdk complexes are involved in phosphorylation of a

diverse array of cellular substrates, many of which are transcription factors (Table 2).

This indicates that Cdks can influence both protein and gene activity.

Cdk1, also known as cdcZ, is activated by binding either cyclin A or cyclin B

(Draetta et al. 1999). The yeast homologue of cdc2 (cdc28) is sufficient for progression

into S or M phase, but in higher eukaryotes cdc2 is required only for entry into M phase

fFang and Newport 1991). Cdc2 is tightly regulated by phosphorylation, primarity

controlling its association with cyclin B. Cdk2 is bound by cyclin A or cyclin E (Geng et

aL.1996, Kitagawa et al. 1995). It is active in late Gl until M phase, where it primarily
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phosphorylates pRB and related transcription factors. Cdk2 also plays a role in initiating

S phase. Cdk3 interacts with both cyclin E and the cyclin-like protein ik3-1 and likely has

a role in the Gl phase of the cell cycle separate from Cdc2 and Cdk2 (Matsuoka et al.

2000, van den Heuvel and Harlow 1993).

Cdk4 and Cdk6 are bound by cyclin D in Gl phase and are responsible for

removing pRB suppression of genes. including other cyclins, required for the later phases

of the cell cycle (Kato et al. 1993). Cdk5 does not appear to directly regulate cell cycle

progression and is usually active only nervous tissue. It has been reported to interact with

cyclin G1 and p35, proteins without apparent cell cycle related function (Kanaoka et al

1997). CdkT is activated by binding cyclin H, where it forms the CAK complex along

with Matl (Tassan et al. 1995) that reguiates Cdkl association with cyclin B (Soiomon et

al. 1993). CdkS and Cdk9 are bound by cyclin C, and cyclins K and T, respectively

(Rickert et aL.1996, Fu et al. 1999). These complexes interact with the carboxyl terminal

domain of RNA polymerase tr (Rickert et al. T996, Fu et al. 1999).

1.5 Mechanisms of Cyclin/Cdk association and cyclin degradation

Cyclins that promote progression of the cell cycle bind and activate Cdk proteins

that further regulate the cell cycle machinery by phosphorylation. The association

between cyclins and Cdk proteins relies on a structural motif in cyclins known as a

"cyclin box". The best studied model is cyclin A, where the domain is approximately 100

amino acids long and contains an alpha helical fold made of five cr-helices @rown et al.

1995). Residues impofant for Cdk interaction are conserved throughout the cyclin

family, specificallywithin a "cyclin box" motif, which all cyclin proteins contain.
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Similarly, Cdk proteins contain a conserved amino acid sequence known as a pSTAIRE

motif that is involved in cyclin binding (Pavletich 1999).

Activity of cyclin/Cdk complexes occurs in a serial manner because most cyclin

genes are upregulated sequentially during the cell cycle. Cyclins then bind to partner Cdk

proteins providing a specific sequence of active cyclin/Cdk complexes. In contrast, most

Cdk levels remain constant throughout the cell cvcle but Cdk activitv is reduced or absent

without bound cyclin (Grana et al. 1995). Binding of cyclin to Cdk can moderately

increase Cdk activity, but subsequent phosphorylation of the Cdk subunit further

increases the activity of the cyclin/Cdk complex (Johnson et al. 1996). Once the cell

cycle has passed a point where a specific cyclin/Cdk complex is no longer required, the

cyclin protein is degraded rapidly and transcription levels drop. Degradation of the cyclin

subunit effectively inactivates the partner Cdk. Cyclin degradation is required for

progression of the cell cycle in certain instances such as exit from mitosis (Suprynowicz

1993, Wasch and Cross 2002).

Cyclin protein turnover is controlled in large part by either PEST sequences or

destruction box motifs within their structure (Su et al. i998, Glotzer et a. 1991). These

sites provide for ubiquitin-mediated degradation that prevents cyclin/Cdk activity in

further cell cycle phases. In general, Gl phase cyclins contain PEST sequences while G2

phase cyclins contain destruction boxes (Tabte 1). However, subtle distinctions occur:

cyclin Gl has no apparent destruction motif including lack of a PEST sequence but cyclin

G2 does contains a PEST sequence (Home et al. 1996), human cyclin C also contains a

PEST sequence but cyclin C from plants apparently does not (Hashimoto et al. 1996).
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1.6 Cyclin/Cdk transcriptional control

A major mechanism of cyclin/Cdk influence on the cell cycle is by regulating the

activity of transcription factors. This mechanism is readily apparent within the cyclin/Cdk

pathway itself. Cyclin Dlcdkf and cyclin Elcdkz are both involved in inactivation of

pRB by phosphorylation, which allows transcription of cyclin A (Kato et al. 7993, Grana

et al.1995). Cyclin Ncdkz complexes can reduce transcription of some genes, such as

those containing E2F binding sites, by binding to and inhibiting EzFtOP-l complexes

(Dynlacht et al. 1994). It can also enhance transcription of genes containing myb-binding

sites by regulating b-myb by phosphorylation (Johnson et al. 1999). The Cyclin - E2F

connection also has implications for the cyclin BlCdc} (Cdkl) complex because the cdc2

promoter can be regulated directly byE2F transcription factors (Furukawa et al. 1994).

Cyclin Ncdk2 and cyclin Elcdk2 are also both able to phosphorylateand inhibit Id2,

whiuh normally heterodimerizes with other transcription factors and represses bHLH

proteins that activate transcription through E box sequences (Biggs et al. 1995,Hara et al.

1997). Thus, cycNcdk2 and cycBlcdl2 canpromote E-box dependent transcription.

Other mechanisms of cyclin/Cdk control include interaction with receptors, such as the

estrogen receptor, the glucocorticoid receptor and the retinoic acid receptor, with cyclin

Dl/Cdk4, cyclin Elcdkz, and cyclin wcdkl, respectively (pestell et al. 1999).

Cyclir/Cdk complexes also regulate binding between proteins by phosphorylation of one

of the partners. Cyclin H, an atypical cyclin not directly involved in cell cycle

progression, influences cyclin BlCdcZ activity by forming a complex with CdkT and

Matl that phosphorylates Cdc2 and allows its activation and binding with cyclin B

(Solomon et al. 1993).
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Table 2. Selected substrates ofcdk/c
lex Substrates

Cdkl/Cyclin B
Cdkl/Cyclin A
Cdk2lCyclin E
Cdl,2/Cyclin A
Cdk3/Cyclin E
Cdk4lCyclin D
cdks/(l)35)
Cdk6/Cyclin D
CdkT/Cyclin H
CdkS/Cyclin C
Cdk9/Cvclin T

CdcZSC'o, p53", o7:'o, sl-lre, Actopaxin
CDP/Cux2r,Mdm22
p 27 kip r23, NPAT24, rdtt, pRB 2 6, 

p 3 0 0/cBp rr, p27tt
Lami{r- B2e, Idz, E2F-l'0, p53", pzlUipt
Ik3-132
pRB33, DMP134
Neurofilament H35, Munc 1 8 

3 6, Amphiphysin3T, Canoe3 
8

pRB, DMP1
ps33e, RARcrao,cdk l, cdla{r
RNApol II (CTD)42
RNAnol II lCTDl43

SubstratesinboldtextaretranscriptionfactorsorrelatedcomponentS.ro'.tJity@
at the class level, some minor differences may exist in substrate interactions between isoforms of cyõtins in
the same class. Numbers in the table refer to references labelled with the corresponding number in the
Literature Cited section.

1.7 
^ 

spin around the cell cycle

Although the exact molecular mechanisms of cell cycle progression differ slightly

between various higher eukaryotic systems, the underlying connections of cyclins and

Cdks and the system of inactivating cell cycle suppressing components is a universal

framework controlling cell division. This section describes a simple model for the series

of molecular pathways controlling a single revolution of the cell cycle in higher

eukaryotes.

Quiescent cells usually have low levels of cell cycle regulating cyclins because of

transcriptional repression of cyclin genes or rapid degradation of cyclin mRNA. Upon

receiving mitogenic signals, G0 cells enter Gl phase after growth stimulation provided

several environmental conditions are met. These include the presence of positive signals

such as sufficient nutrients and growth factors, as well as lack of negative signais such as

contact inhibition, antimitogens, terminal differentiation and DNA damage (Grana and

Premkumar Reddy 1995, Pestell et al. 1999). These negative signals modulate levels of
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cyclin kinase inhibitors (CKIs), proteins that negatively regulate the activity of

cyclin/Cdk complexes. In non-cycling cells, a threshold level of CKI exists that

suppresses cyclin/Cdk activity and prevents progression of the cell cycie (Alberghina et

al. 2001). Cyclin/Cdks must titrate away the active CKI proteins until CKI-free

cyclin/Cdk is present, which is now active and can initiate the cell cycle. In some cases

cell size in cycling cells can be correlated to the total amount of cyclin D so that cnce a

cell has grown large enough, sufficient cyclin D is present to bind all the CKI proteins

with some cyclin D still unbound, abrogating the ability of CKIs to suppress

cyclinD/Cdk4 activity (Alberghin a et al. 200 1 ).

Mitogenic stimuli stabilize cyclin D mRNA resulting in formation of cyclin

Dlcdk4 and cyclin D/Cdk6 complexes (Muise-Helmericks et aI.1998). Once enough of

these proteins are present to overcome CKI suppression, cyclin Dlcdk4 and cyclin D/Cdk

6 can phosphorylate and inhibit pRB, causing separation of pRB/E2F complexes

(Coqueret 1999). pRB and its homologues can form a transcriptionally repressive

complex with members of the E2F and DP families of hanscription factors at the

promoters of cell cycle required genes (Bremner et al. 1995) like cyclins E and A

(Knudsen ef al.1999). pRB can also down-regulate the activity of dNTP synthetic

enzymes required for DNA replication during S phase (Angus et aL.2002). Once cyclin

D/Cdk disrupts pRB transcriptional repression, progression through Gl phase can occur.

In late Gl and early S phase, cyclin D moves from the nucleus to the cytoplasm while

cyclin E levels increase (Diehl et al 1998). Cyclin E binds Cdk2 and takes over repression

of pRB from cyciin D (Harbour et al. 1999), whose levels now decline. Continued

repression of pRB allows transcriptional activation of the cyclin A gene. In S phase,
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activates the cyclin BlCdcZ unit. Active cyclin B/cdcZ promotes entry into M phase by

preventing further DNA synthesis (Hendrickson et al. I996),promoting nuclear envelope

breakdown and chromosome condensation (Dessev et al.I99I, Lamb et al. 1990).

The initiation of anaphase and exit from mitosis is governed by the anaphase-

promoting complex (APC), whose activity is regulated in part by cyclin NCdk2 (Lukas

etal.1999, Ohtoshi et al.2000) as well as byMAD2 andcdc2},rvhich are sequestered at

the kinetocore. Once chromosomes align, MAD2 and cdc20 are released from the

chromosomes, allowing activation of the APC. The APC controls ubiquitin mediated

proteolytic destruction of cyclins A and B, which when complete allows for spindle

disassembly and cytokinesis (Sigrist et al. 1995). Destruction of cyclin B begins to occur

as soon as the last chromosome is aligned (Pines and Clute 1999) and this is required for

exit from mitosis (Su et al. t998, Vorlaufer and Peters 1998). Low mitotic cyclin levels at

the end of M phase are thought to signal entry into the next Gl phase, where reception of

growth signals and a favourable environment leads to accumulation of Gl phase cyclins

and the next round of replication and division (Morgan 1999).

1.8 p53 controls cell cycle arrest by initiating Gl/S and G2llVI blocks

cellular insults causing DNA damage can stabilize p53 levels through

phosphorylation by DNA-damage sensing kinases ATM and ATR (Lakin et al. 1999,

Saito et aL.2002). This stabilization of p53 can result in cell cycle arrest by inhibition of

cycliniCdk complexes through upregulation of the p21 gene. The points at which this

arrest occurs are called cell cycle checþoints. The major p53 influenced checkpoints in

the cell cycle are located at the Gl to S transition just before DNA synthesis and at the
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G2 and M boundary just before the cell enters mitosis (Lin et al. 1992, Stewart et al.

1995). These are referred to as the Gl/S checkpoint and the GZ|M checkpoint.

The GllS checkpoint results from inhibition of the cyclin Elcdk4, cyclin D/Cdk6

and cyclin Elcdk2 complexes that are required for progression through the early stages of

the cell cycle. The inhibition at this point is caused by cyclin kinase inhibitors (CKIs), of

which there are fwo families. One is the INK4 family that is primarily involved in Gl/S

arrest by cyclin Dlcdk4 and cyclin Cdk6 inhibition (Tam et al. 1994). The second is the

Cipl/Wafl lpll famlly. p21 is a powerful Cdk inhibitor and is transcriptionally induced

by p53 after DNA danage (Harper et al. 1993, el-Deiry et aL. 1993). Correspondingly, the

influence of p53 at the GllS block is primarily controlled through p2l. Atthe G1/S

transition Cdk2 and Cdk4 are bound by cyclin D or cyclin E and are active complexes

that phosphorylate and remove pRB from E2F transcription factors at the promoters of

genes required for the next stages of the cell cycle. p53 acts through p21 inhibition of

these cyclin/Cdk complexes, inhibiting Cdk activation and thus preventing repression of

pRB and subsequent activation of genes required for S phase (Slebos et al. 1994). The

importance of the G1/S checþoint is its ability to allow DNA repair mechanisms to

repair mutations before replication and thereby prevent the duplication of incorrect

genomic structure or sequence.

GzlM block occurs through several partially redundant pathways that focus on the

localization, association and activation of cyciin B and cdc2 (Cdki). p53 is able to

regulate some of these pathways through transcriptional activation of downstream targe|.

genes p2lwaf7, Gadd45 and 14-3-3o (Taylor and Stark 2001) and some through direct

interaction withGZlMproteins. However, in contrast to the role of p53 in initiation of
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Gi/S a:rest , the G2lM arrest appears to require p53 only for maintenance and prolonged

arrestratherthanforinitiationofthearrest(Bunzetal.1998,Passalarisetal.1999).

p53 regulation of p21 can intemrpt entry into mitosis via CKI activity in several

ways. First, p21 can bind and inhibit cd,c\, alfhough the inhibition of cdc2 is weak

compared to p?l inhibition of other Cdks Q.{iculescu III et al. 1998). Secondly, it can

inhibit cyclin Hlcdk7 activity, which along with Matl, form the cyclin activating

complex (CAK) that can activate cdc2by phosphorylation on Thïl61 and allow

association of cyclin B with cdc2 (Smits et al. 2000). Thirdly, p2l mayalso play a role in

negatively regulating cyclin NCdk2 activify, which is reported to influence the activity

of cdc2 inXenopus (Guadagno and Newport 1996) and the transcription of cyclin B

(Moro et al 1997). Like p21waf7,74-3-3o is a transcriptional target of p53 and influences

GzlM progression through interference of the cyclin P,lcdc2 complex. 14-3-3o can bind

to cyclin BlcdcT and sequester it in the cytoplasm where it is unable to stimulate onset of

mitosis (Chan 1999).It is thoughtthatp2Twafl and l4-3-3o work in cooperation to

repress cyclin Blcdc2 with 14-3-3o'keeping the majority of it in the cytoplasm and

p2twafl repressing any remaining amounts present in the nucleus (Chan et al. 2000).

However, some work has suggested that GzlM arrest is not dependent on 14-3-3o and its

true role has may be inhibition of apoptosis after DNA damage (Andreassen et al. 2001).

Another path of p53 influence on.G2llVf arrest lies with the p53 target Gadd45, which is

able to influence the activity and association of cdc2 and cyclin B (Wang et al. 1999,

Zhan1999). Direct interaction of p53 with cyclin Blcdc2 and CAK is also able to

decrease their activity (Ababneh et al. 2001, Schneider et al. i998). Finally, p53 is also

able to negatively regulate transcription of some genes (Lohr eT al. 2003). This could
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affect GzlM progression because p53 can negatively regulate expression levels of cyclin

Bl,B2 and Cdc25C through mediating the binding of NF-Y to their promoters (Manni et

al. 2001). Interestingly,p53 control of GZ/M arrest also appears to be at least partially

dependent on pRB. Niculescu et al. (1998) demonstrate that pRB is required for blocking

DNA replication after arrest inG2 to prevent endoreduplication, and Flatt et al. (2000)

show loss of pRB results in inahility to down-regrlate cyclin B and cdc} after DNA

damage,leading to a shorter G2 phase.

Finally, p53 is also involved in the CHK-Cdc2 5-+dc2pathway, another

mechanism of regulating cyclin B.lcdc? activity and the GzlM checkpoint. ATM and

ATR are again upstream in this pathway and activate two checþoint kinases termed

CHK1 and CHK2, which in tum can phosphorylate Cdc25C (Peng et al. 1997). This

causes Cdc25 to associate with 14-3-3 resulting in removal of Cdc25 from the nucleus

(Lopez-Gironal999),preventing it from carrying out its active function of de-

phosphorylating and activating cdc2.Inthe absence of active nuclear cdc25,

phosphorylations from'Weel kinase can inhibit cdc2.p53 plays a roie in this pathway

because CHK1 and CHK2 can both phosphorylate p53 (Shieh et al. 2000), and p53 in

turn can influence phosphorylation of CHK1 through pTr andpRB, as an apparent

negative feedback mechanism influencing the length and shength of G2/M ar¡est

(Gottifredi et al. 2001).

1..9 Discovery of cyclin Gl.

The cyclin Gl gene was first discovered serendipitously in rat fibroblast cells

during a screen for src-binding proteins (Tamura et al. 1993). The novel gene coded for a
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249 amino acid protein (predicted MW 28.8 kD) containing an amino terminal cyclin box

and a carboxyl terminal human EGF autophosphorylation-like domain. The protein was

designated "cyclin G" and classified as a cyclin protein based solely on the presence of a

cyclin box. Unlike other known cyclins, the new cyclin G did not contain a destruction

box or a PEST sequence, which are commonly found motifs in cyclin proteins that

regulate turnor¡er: rates. Accordingly, northern blot analysis revealed. c¡clin G was

expressed throughout the cell cycle and was not phase specific. The greatest homology to

the other known cyclins was to cyclin A(37%in cyclin box) and fission yeast Cigl

(32%).

Isolation of the full length cyclin G cDNA in mouse and human cell lines revealed

an additional 132-135 nucleotides of coding sequence upstream of the original reported

start codon (Horne et al. T996). This resulted in 45 or 46 more amino acid residues N-

terminal to the cyclin box in mouse and human cyclin G, respectively. The corrected

predicted molecular weight of cyclin G is 34 kD. During the screening for the fulI-tength

oDNA, a homologue to cyclin G was also discovered and termed cyclin G2. CyclinG2

contained 60% nucleotide and 53o/o protein identity to cyclin Gl (formerly cyclin G)

(florne et al. 1996). These genes were expressed in human cells as a2.5kb and 2.6 kb

transcript for cyclin Gl and cyclin G2, respectively @ates et al. 1996). Expression of

both these cyclins was shown in human fibroblasts, colon cancer cells and iung

carcinoma cells, showing broad tissue expression (Bates et al. 1996). Cyciin Gl and

Cyclin G2 were purported to form a new family of cyciins based on sequence alignment

with known cyciins. The only other member of this family is the littie known cyclin I

(Bates et al.1996).

20



Shortly thereafter, the genomic location and structure of cyclin G1 was

determined. The cyclin Gl gene ccngl is on chromosome 11 (1i45-81) in mouse (Endo

et al. 1996) and on chromosome 5 (5q32-34) in human cells. (Kìmura et al.l997).In both

species the genomic structure comprises 6 exons sparuring 7 kb of genomic sequence and

includes a non-coding f,rrst exon, translation start in the second exon, cyclin box in the

second and third exon, and termination sequence and untranslated regions in the last

exon. The last exon in both rat and mouse ccngl contain a 3' 800-1050 nucleotide UTR

lacking in human ccngl (tlorne et al. 1996).

1.10 Transcriptional influence of p53 on cyclin Gl

Using known p53 binding sites from rat genomic DNA as probes, Zauberman et

al. (i995) performed a screen to discover further p53 target genes. One of the genes they

reported containing p53-binding sites was cyclin G1. Investigations to determine the

relative position of the p53-binding site to ccngl revealed the presence of a second

binding site within ccngl . These two non-adjacent p53 binding sites are located near the

upstream regions of ccngl . The first p53 binding site discovered is located upstream of

the start codon, while the second is located within the first exon (Zauberman et al. 1995).

Investigation of ccngl promoter activation by p53 binding showed that both these sites

are able to stimulate transcription.upon p53 binding and bind with equal affinity;

however they do not appear to work co-operatively to increase cyclin Gl levels after tfV

or cisplatin treatment (Yardley et al. 1998).

Zatberman et al. (1995) also showed that induction of wþ53 in cells containing a

temperature sensitive p53 resulted in an increase in cyclin Gl mRNA levels. Further
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investigation of a cyclin Gl-p53 relationship in BAL-17 and WEHI-23 i cells

demonstrated that presence of p53 mRNA corresponded with presence of cyclin Gl

mRNA in WEHI-231 cells, while BAI--17 cells lacked p53 mRNA and similarly lacked

cyclin Gl mRNA (Horne et al. 1996} This correlation was functionally tested by using

the DNA damaging agent actinomycin D to induce p53. Actinomycin D was able to

upregula.te cyclin G1 levels as well as cyclin G2 levels; ho\x¡ever, cyclin G2 rvas inCuced

after DNA damage in p53 null SAOS-2 cells while cyclin Gl was not (Bates et al.1996).

Accordingly, overexpression of p53 alone in SAOS-2 cells induced endogenous cyclin

Gl transcription but not endogenous cyclin G2 (Bates et al. 1996). Importantly, blocking

p53 with exogenous IIPV16 E6 expression and treatment with actinomycin D of RKO

cells prevented induction of cyclin Gl but not cyclin G2, cleafly demonstrating p53

dependent induction of cyclin G1 but not cyclin G2 after DNA damage (Bates et al.

tee6).

However, cyclin Gl could be induced with TGF-p in BAL-17 cells showing no

p53 mRNA, demonstrating cyclin Gl can be regulated independently of p53.

Furthermore, Northern Blot analysis of cyclin Gl mRNA in p53 null cells demonstrated

that cyclin Gl transcription occurs in cells completely lacking p53 transcription (Horne et

al.1996). Similarly, simultaneous characterization ofp53 and cyclin Gl mRNA levels

during mouse embryogenesis revealed that p53 null mice showed an inverse relationship

between cyclin Gl and p53 mRNA levels at developmental time points E7, E10, El1 and

E16, while only E15 andEIT embryos displayed concurrent induction of p53 and cyclin

Gi mRNA (Ilorne et al. 1996).
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Similar p53 independent regulation of cyclin Gl is also seen in the nervous

system. Cerebral ischemia can induce cyclin Gl independently of p53 levels (van

Lookeren Campagne et al. 1999) and nerve damage can greatly upregulate transcription

of ccngl in either normal or p53-null mice (Morita et aI. 1996). This may be evidence of

a non-cell cycle related function since nerve cells generally do not divide. In addition,

this evidence suggests that although p53 can induce cyclin Gl transcription after DNA

damage, p53 is not necessary or always sufficient to induce cyclin Gl transcription.

During development it appears that cyclin Gi and p53 are independently regulated and

the form of p53 present does not activate ccngl.Importantly, cyclin Gl upregulation by

p53 is only seen in non-cancerous cells or cells expressing low leveis of cyclin Gl

(Reimer et al. 1999). It appears that when expressed at high levels, cyclin Gl is not

further upregulated by p53.

Though the consequences of p53 induced cyclin Gi are not entirely clear,

immunohistochemical analysis of cyclin Gl after DNA damage shows discrete

localizafion to nuclear foci in p53 +/+ cells but not p53 -/- cells (Reimer et al. 1999).

However, these foci contain PCNA, a protein known to specifically associate with

replication foci, and p53 is normally considered to not affect DNA synthesis. P53

induction of cyclin Gl has also been reported to be required for interaction with cyclin

Gl binding partners (Okamoto et al. 1996).

L.11 Involvement of cyclin Gl at checkpoÍnt arrest and apoptosis

P53 influence on cyclin Gl hanscription levels suggested a possible role of cyclin

Gl in mediating some functions of p53. One of the best-known functions of p53 is to

L)



arrest cycling cells upon receiving DNA damage by instituting checkpoint arrest. This

arrest allows cells to repair DNA damage or to initiate apoptosis to prevent transmission

of mutations to daughter cells. Accordingly, possible roles of cyclin G1 in both

checkpoint arrest and apoptosis have been investigated.

Doxorubicin, an anthracyclin compound that produces cytotoxicity by DNA

stranrl breaks. causes p53 accumulation and induction of both p2-1 and cyclin G1 proteins

in RatlA cells (Shimizu et al. 1998). Arrest of these cells in GzlMphase was associated

with cyclin Gl induction whereas G1 arrestlshowed an absence of cyclin G1 transcripts.

To confirm the involvement of cyclin Gl at GzlM arrest, antisense oligos used to repress

cyclin Gl in RatlA cells decreased cyclin Gl protein levels and accordingly reduced the

number of cells arrested at G2/M after doxorubicin treatment (Shimizu et al 1998).

Furthermore, recently produced knock out mouse embryonic fibroblasts (MEFs)

demonstrated a reduced capability to arrest at GZ|M after DNA damage (KJmura et al.

2001). Interestingl¡ a second cyclin Gl-null mouse model reported by Jensen et al.

(2003) used the alkylating drug Dipin to identify the effects of cyclin Gl absence on cell

cycle progression and found instead that drugged cells were less able to enter S phase.

These cyclin Gl-null cells are also reported to display a moderate (2-fold) increase in p53

levels (Jensen et aL.2003). The implication of these results is that cyclin Gi may play

roles at both Gl/s and GZ|M checkpoints through interaction with p53.

Importantly, it must be noted that p53 influence on cyclin Gl transcription levels

is not absolute because not all p53 inducing agents are capable of inducing cyclin G; NaB

(sodium butyrate) is able to induce p53 but is a weak inducer of p2l and is unable to

induce cyclin Gl (Shimizu et al. 1998).
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A possible role of cyclin Gl in apoptosis has also been investigated in p53 and

cyclin Gl wt and null cell lines (Okamoto and Prives 1999, Kimura200I).

Overexpression of cyclin Gl in NiH3T3 cells sensitizes cells to apoptosis induced by

TNF-c¿ in NIH3T3 and 10.1 þ53 null) cells; however, overexpression of cyclin Gl alone

was unabie to cause apoptosis (Okamoto and Prives 1999). A cyclin Gl influenced

increase in induction of apoptosis was seen after treatment of both NIH3T3 and 10.1 cells

with TNF-cr and after low serum or retinoic acid treatment of Pl9 cells (Okamoto and

Prives 1999). However, MEF cyclin Gl -/- cells showed no change in induction of

apoptosis by W or y-radiation compared to MEF cyclin Gi +/+ cells, and TNF-g

induced apoptosis in the -/- cyclin Gl MEF cells only showed 5% less apoptotic cells

than the +/+ cyclin Gl MEF cells (Kimura200l). These results suggest that cyclin Gl

plays a small role in facilitating apoptosis in a variety of cell lines but its influence is

moderate and is not required for apoptotic response in any of the lines tested, either for

radiation or chemically induced cell death.

1.12 Binding partners of cyclin Gl

The best-known and most well characfenzed binding partners of cyclin Gl are

several members of the B' family of regulatory subunits of protein phosphatase 2A

(PP2A). PP2A is a major serine/threonine cellular phosphatase with a wide variety of

substrates. The current structural model of PP2A suggests that it has three main subunits,

termed A (structural), B (regulatory) and C (catalflic) (Janssens and Goris 2001). It is

believed that the B subunit, of which there are several families each with numerous

members, determines either the localization or the substrate specificify of the PP2A
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enzpe. Cyclin Gl is known to bind to all of B'G, B'9, B'ô and B'y subunits from the B'

subfamily (Okamoto et al. 1996, Bennin et aL.2002). This association is reported to be

p53 dependent, with cyclin Gl not appearing with immunoprecipitated B' subunits unless

prior induction of p53 occurs (Okamoto et al.1996). However, interaction of cyclin Gi

with subunits of PP2A in neurons (with very tow p53 levels) has been reported, although

the interacticn was weaker than that seen in mammalian cells aftcr p53 induction of

cyclin Gl (van Lookeren Campagne et al. 1999). Notably, quantitative analysis of cyclin

Gl binding determined that approximately I0%o of total cellular cyclin Gl was found to

interact with subunits of PP2A (Okamoto et al. 1996), however, later experiments over-

expressing cyclin Gl and B'c¿ showed the majority of cyclin Gi associated with PP2A

(Okamoto et aL.2002). It is uncertain whether high levels of cyclin G1 force a major

association with PP2A and normal lower levels and regular binding to other

uncharactenzedpartners prevents cyclin Gl from total association with PP2A. Besides

the B' subunit association, the cyclin GllPPZ{connection is further strengthened by

discovery of cyclin Gl interaction with the PP2A catalylic (C) subunit (Beruiin et al.

2002).Importantly, the cyclin GLIPP2A association is enzymatically active and able to

dephospho rylate mdm? (Okamoto et al. 2002).

Further investigation of the cyclin Gl-mdm2 association demonstrated that these

proteins could physically interacton their own (Okamoto et aL.2002). This suggests that

cyclin Gi can recruit mdm} and PP2A for interaction, which would affect p53 levels due

to the ability of mdm2 to regulate p53 tumover. In agreement with this implication is the

recent discovery that cyclin Gl can down regulate both p53 and p73 in response to

genotoxic stress (Ohtsuka et aL.2002). However, this response appears to require mdm}
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and it is suggested that cyclin Gi plays a role in a negative feedback loop regulating p53

levels through mdm2. This interaction is reportedly not based on ubiquitination and the

mechanisms of this down regulation remain to be determined (Ohtsuka et aL.2002).

Although the function of most cyclins appears to regulate the activity of specific

cdk proteins by binding them, neither cyclin Gl nor cyclin G2 are known to have a

specific partner cdk. However, cyclin Gl ha.s heen reported to interact weakly with cdk5

in NRK cells, but not cdkl (cdc2), cdk2, cdk4 or cdk6 (Kanaoka et al.1997). Cyclin G1

can also interact with a novel kinase protein:termed cyclin G associated kinase (GAK)

that contains a kinase domain but no PSTAIR motif indicating it is not a member of the

cdk family (Kanaoka et a1.1997). Interestingly, GAK was also found to interact with

cdk5. The significance of the cyclin Gl/cdk5, cyclin G1/GAK and CAK, cdk5

interactions are unknown and have not been ñrther charactenzed. Importantly, cyclin Gl

is not able to regulate the activity of these kinases, obscuring the significance of these

associations. Determination of the normal substrates for these complexes would fuither

the understanding of cyclin G1 action significantly.

FX3 is a novel zinc finger containing transcription factor expressed in a wide

variety of human tissues that was discovered in a yeast two-hybrid screen for binding

partners of cyclin Gl. (Xu et a1.2000). Little is known about FX3 but expression of either

antisense cDNA from the FX3 mRNA, or mutant FX3 lacking its zinc finger domain

results in a decrease in cell survival and growth of MG-63 cells (Xu et al. 2000). No

further charactenzation of FX3 or cyclin G1/FX3 has been reported.
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1.13 Gene knockdown strategies

1.13.1 Translational inhibition of mRNA by introduction of antisense RNA

A common method to experimentally utalyze genetic problems is to suppress the

normal functioning of a genetic element and monitor the resulting phenotype. This

method may be accomplished by introducing complimentary nucleic acid strands that

hinrl to the gene product (RNA) and prevent recognition anrl nonnal processing. An early

method to accomplish this was to use the nucleotide sequence for a gene in reverse

orientation to create a "flipped gene" construct (Izanland Weintraub, 1984). This creates

a gene that codes for an antisense RNA sequence. 
'When 

transcribed, the antisense RNA

molecule binds to its concomitant sense RNA if present. Early use of this technique

demonstrated the presence of RNA:RNA complexes after antisense RNA introduction,

which were linked to suppression of protein activity of the protein coded for by the sense

RNA in the complex (Kim and Wold 1985). Subsequently, this technique has been

commonly used to create "antisense vectors" to suppress protein expression. These

vectors contain an insert coding for an antisense RNA that is complimentary in sequence

to the coding region of the mRNA of the protein to be suppressed. When transcribed, the

antisense RNA can form an RNA: RNA complex with a sense RNA (mRNA) of

complimentary sequence and inhibit processing of the mRNA, presumably by interfering

with ribosome recognition and subsequent translation. Antisense sequences should be

screened to avoid the presence of truncation signals like poly A motiß, which can cause a

premature end to transcription. Since antisense RNA are unlikely to contain ribosome-

binding sites, they are not expected to result in abnormal protein production.

Although this technique has been used for suppression of protein expression in a
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wide variety of experiments, cellular response to RNA: RNA complexes can cause

confounding factors in experimental results. The most important of these is the interferon

response, which is an antiviral response to dsRNA viral genomes (Sen et al. 1976). The

dsRNA complexes created by antisense vectors have been shown to initiate suppression

of general protein synthesis in cells (Hunter et al.I975). This situation likely arises from

similarity between antisense-related ,JsRNA and dsRNA viral genomes. Cells can

respond byphosphorylating eß2, acomponent of the translation complex. This is

performed by PKR, which is activated by dsRNA and initiates translation suppression

(Clemens 1997). Non-specific binding of the antisense RNA to other mRNA strands is

possible if sufficient sequence homology exists. Atthough this difficulty exists with all

antisense techniques, it is minimizedby selecting gene-specific sequences for the

antisense molecule when possible. However, the recent discovery of new RNA

processing pathways involving dsRNA sequence too short to stimulate the interferon

response has led to development of new antisense techniques that do not rely on long

dsRNA introduction.

1.13.2 Translational inhibition of mRNA by antisense oligonucleotides

Antisense oligonucleotides (AO) are short ssDNA molecules usually in the range

of 18-25nt long that are compiimlntaV in sequence to a specific region of a target

mRNA. They are experimentally used to knockdown the expression of a specific mRNA

by introduction to cells by standard nucleic acid transfer methods where they bind their

cognate mRNA in a sequence specific manner (review: Dias and Stein 2002). Ideally
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designed AOs are only specific for mRNA molecules that are complementary to their

sequences and are therefore usually a specific means of suppressing gene expression.

AO knockdown approaches rely on the formation of an AO: mRNA complex that

alters normal processing of the mRNA component. The dynamics of normal mRNA

processing in a cell depends in great part on special sequences contained in each mRNA.

Some of these sequences are readily interfered with when bound by a complimenta-ry

oligo, which has lent them to exploitation by AO approaches. There are three main

approaches to AO mediated interference of normal mRNA processing. These are

prevention of mRNA capping, blocking ribosome recognition and targeting for nuclease-

based destruction (Dias and Stein 2002).

Designing AO molecules to interfere with mRNA capping or to prevent

translation by blocking ribosomal recognition involves identifying a specific functional

sequence in the target mRNA and selecting an AO complimentaryto that region. In the

case of interference with mRNA capping, the target sequence is the most 5' series of

nucleotides in the mRNA. Normally, mRNA is capped by guanylyltransferase with a

modified GTP residue attached to the 5'end of an mRNA with an unusual 5'-5' bond

(Martin and Moss t975). Successful AOs designed to target this region will inhibit the

mRNA capping, which reduces the stability and interferes with normal processing

(splicing) of the mRNA (Konarska et al. 1984)

'With 
approaches based on interfering with mRNA translation, the target region

covers the ribosome-binding site (RBS). Antisense binding to the RBS can inhibit mRNA

translation by sterically inhibiting ribosome binding (Nilalmgren et al. 1996). Limited

selection of AOs can occur since the desired AO must be positioned to include the target
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sequence. This limits selection to the small number of AOs that meet the region-specific

requirements. The only modifications of AO sequence possible are the total length and

the exact position over the farget sequence. This approach does not'allow rejection of

AOs that have low binding affinity or will have to compete with secondary structure in

the mRNA. However, if AO: mRNA complexes form they will interfere with normal

mRNA prncessing by preventing recognition of the mRNA signalling sequences. AOs

designed in this manner will also be able to avoid disassociation by processes that unwind

secondary structure during transiation because they either work before ribosomal binding

or prevent it from occurring.

Another coÍrmon approach to AO design is based on the binding affinity of

ssDNA oligos to the target mRNA. In this case, the entire mRNA sequence is available

for target selection and is screened for every possible oligo of a given length to determine

the most stable complex. Important considerations of this approach include secondary

structure of the mRNA (either known or predicted) and secondary structure of the

oligonucleotides themselves. These extensive sequence analyses and calculations are

simplified with the use of computer programs like OligoWalk that can predict the binding

affinity of oligonucleotides and their target mRNA while taking into account structural

and chemical considerations (Mathews et al. 1999). Ideally an oligo of the desired length

witl be found that binds with high strength and specificity to the target mRNA. However,

a serious drawback of this method is that if the selected oligo is located downstream of

the translation start site, it may be removed from the mRNA during translation by the

ribosome similariy to how the secondary structure of mRNA is unwound. The
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mechanism of mRNA suppression in this approach is primarily cleavage by ribonuclease

H (RNAse H).

ln all of these approaches to suppression of mRNA translation, a specific

nuclease-based cleavage is an important possible mechanism of mRNA destruction. The

coÍtmon structure created in AO techniques is a hybrid DNA: RNA molecule that may be

recognized by RNAse H and cleaved (V/alder and Walder I988). The cleavage occurs in

the mRNA strand but not in the AO. The result is two new mRNA molecules, a 5'

fragment lacking a poly A tail, and a 3'fragment lacking a cap structure. The presence of

a 5' cap (for prevention of 5' to 3' nuclease action) and a poly A tail (for cytoplasmic

stability) are generally considered important structures that when absent result in

degradation of the mRNA and loss of the message. However, recent work has shown that

while the 5' fragments from RNAse H cleavage are quickly degraded, the 3' fragments

produced from the cleavage of AO: mRNA hybrids maybe readily translated into N-

terminal truncated proteins (Thoma et al. 2001). Another consideration of the RNAse H

process is that effective RNAse H cleavage canvary greatly among equaliy sized oligos

directed against the same mRNA, with the percent of target mRNA actually cleaved

ranging from95%o to only 5% (Shuttleworth et al. 1988).

An important factor in designing AO experiments is cellular stability. This is

because cellular mechanisms for destruction of aberrant or degraded nucleic acids limit

the lifespan of AO molecules. Since AO lack stability signals like the cap and poly A

tails in mRNAs and are not normal cellular components, the unmodified DNA oligos are

not recognized as normal messages and can be degraded rapidly in the cytoplasm because

of nuclease activity. In some experimental systems such as Xenopus oocytes unmodified
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oligos have halÊlives of only 10 minutes (Cazenave et al. 1987) and in mammals they

may have half lives of only 1.5 hours and be almost completely degraded after only 4

hours (Kuneck et aI.2002)

To avoid this problem, residues of the oligo are often modified structurallyto

inhibit nuclease activity. Common modifications include phosphorothioate residues

(sulphur linked to phosphate backbone) a:rd morpholino residues (nitrogen linked to

phosphate backbone) (Stein and Cheng 1993, Heaseman 2002). These modifications

create oligos more resistant to degradation but also make them toxic to cells (Stein and

Cheng L993). To avoid high toxicity often only the terminal residues are modified. This

inhibits cleavage from exonucleases but not necessarily from endonucleases. 'When

nuclease activity occurs, the modified nucleic acids may also cause toxicity if

incorporated into cellular DNA. Besides toxicity, other possible drawbacks to modified

oligos are decreased target specificify and non-antisense, non-specific effects like

interaction with proteins (Guvakova et al. 1995, Rockwell et al. 1997). Attempts to

control results for non-antisense and non-specificity problems are usuallyperformed with

oligos containing either the sense sequence of the target region on the mRNA or a

scrambled sequence containing the same proportion of each nucleotide as in the antisense

molecule.

1.13.3 Translational inhÍbition of mRNA by RNA interference

The recently discovered phenomenon of RNA interference was first observed in

plants when it was noticed that introduction of exogenous sense RNA sequences

complimentary to endogenous mRNA could result in degradation of that specific mRNA.
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Similar observations had been made in transgene experiments in plants where the

corresponding endogenous genes were silenced (Napoli et al. i990). These effects were

variously termed post-transcriptional gene silencing (PTGS), co-suppression or quelling.

An early model to explain these results was created by l/tetzlaff et al (1997)that included

RNA pairing and endonucleolysis as mechanisms of targeted RNA destruction.

Comparable results in Caenorhabditis elegan.s demonstrated that in animals,

introduction of sense sequences could in some cases result in silencing of the

corresponding gene similarly to introduction of antisense sequences (Guo and Kemphues

1995). Closer analysis of this phenomenon demonstrated that introduction of dsRNA was

effective in gene silencing in C. elegans (Fire et al. 1998) and later that2l-23ntlong

dsRNA were the mediators of this effect (Zamore et a7.2000, Elbashir et al. 2000).

Importantly, these short interfering RNAs (siRNAs) were also functional in mammals

(Elbashir et al. 2001). This allows gene silencing in mammals by dsRNA introduction

without the inductíon of the interferon response, an anti-viral defense mechanism,

because the short oligos are reportedly not stimulatory to interferons. Characterization of

siRNAs revealed that similarly to classic antisense technology, they require sequence

specificify to a target coding sequence in order to be effective in silencing that specific

mRNA. However, in contrast to classical antisense molecules, siRNAs are double

stranded, have short 3' non-homologous overhangs in their structure, and work in an ATP

dependent manner.

The current model for the molecular mechanism of siRNA-mediated RNAi

suggests long dsRNA molecules are cleaved by a dsRNA-specific RNase Itr family

member known as Dicer, which produces a series of siRNA (Figue 1). The siRNA are
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then bound by a small consort of proteins to form an RNA-induced silencing complex

(RISC) that can target specific mRNA within the cell for cleavage by nuclease activity

known as "Slicer" (Hutvagner andZamore2002) (Figure 1). The zuSC complex becomes

active when the siRNA is unwound, allowing base pairing between the RISC and target

mRNA to occur (Plasterk 2002, Hutvagner andZamore2002, Demburg and Karpen

2002) (Figure 1). Once targeted- an mRNA may have two possible fates: serve as a

template for RNA synthesis or cleavage by nucleases. In the first scenario, the antisense

strand of the siRNA in the RISC complex acts as a primer for RNA synthesis creating a

dsRNA that is cleaved byDICER, forming secondary siRNAs which then can initiate a

new round of mRNA destruction. The second possibility allows for cleavage of the

mRNA without production of secondary siRNAs and immediate loss of the message

(Plasterek 2002). Since the cleaved target mRNA may act as template for construction of

more siRNA and RISC units, a small amount of siiìNA has the potential to silence a

much larger amount of endogenous mRNA by ampliffing the interfering message.

Introduction of exogenous siRNA blpasses the first Dicer dependent step and

presumably allows immediate assembly of RISC units. It also avoids the situation of

global protein synthesis inhibition that can be caused when long dsRNA molecules are

introduced (Hunter et al. 1975). This effect is mediated by activation of PKR. PKR is a

dsRNA-activated, interferon-related protein capable of suppressing translation by

phosphorylating eIF2 (Clemens 1997).

In order to cause PTGS through RNAi, siRNA may either be created synthetically

in vitro and transferred into cells as separate nucleic acids, or introduced into vectors that
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carry special genes coding for short hairpin structures that mimic siRNA. In the first case,

the first few steps of the RNAi pathway are blpassed and inhibition of target mRNA by

the spthetic siRNA is initiated immediately, because there is no long dsRNA to cleave

(see Figure 1). Despite introducing dsRNA molecules in this process, the small size of the

siRNA (<30 bp) does not stimulate the interferon response in mammalian cells, a

common antiviral response to longer dsRNA molecules (Elbashir et aL.200I,

Alexopoulou et al. 2001). In the second method, several different types of vectors are

available that express siRNA-like molecules @rummelkamp et a7.2002, Sui et aL.2002,

Wang et al. 2000). Ligation of short fragments containing sense, antisense and short loop

(or spacer) regions into these vectors creates an insert that, when transcribed in vivo,
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creates short hairpin dsRNA molecules that are thought to act like an siRNA. This system

avoids difficulties of transfecting short fragments of nucleic acid, and provides a

mechanism for stable production of siRNA in vivo (Brummelkamp et al.2002).

37



Chapter 2: Experimental Procedures

2.1 General cell culture

2.1.1 Passage and maintenance of cell lines

All cell lines were maintained at 37oC in 5o/o COz in the dark until experimentation or

passage. HCT 1i6, HT1080, NIH 3T3, B€F'52,\'!22 3E1, A-549,IUEF clclinGi +/+ and

MEF cyclincr -l- cells were grown in c¿-Minimal Essential Media (cr-MEM)

supplemented with l0o/ovlvFetal Bovine Serum (FBS), 25 mM sodium bicarbonate, i70

pM Penicillin G and 70 pM streptomycin sulfate. MCF-7 cells were maintained in D-

Minimal Essential Media (D-MEM) supplemented with 5% FBS v/v,2 mM glutamine,

0.3Yo glucose, 100 units/ml Penicillin, 100 units/ml streptomycin, and 1 x 10-8M

estradiol. Cells were routinely passaged before reaching complete confluency. Passage of

cells involved removai of media, rinsing off floating or unattached cells with PBS (135

mM Nacl, 8 mM Na2rIPo4, 3 mM KCr,2 mM KH2POa,pH7.4), release of adherent

cells from plates by trypsinization and re-plating at a lower confluency.

2.1.2 Use and preparation of frozen cell stocks

To use ftozen cell stocks, lml tubes were thawed quickly by hand warming, washed with

5 ml cr-MEM, pelleted by centrifugation at2000 x g for 4 minutes, resuspended in fresh

complete cr-MEM and plated. To freeze stocks, cells were removed from plates by

trypsinization, pelleted by cenhifugation at2000 x g and resuspended in complete g-

MEM supplemented with 10% DMSO (HCT 116, HT1080, NIH 3T3, REFsz,Nzz3Er,
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and A-549 celis at 106 cells/ml) or o-MEM supplemented with 40% FBS and IZo/o

Dimethyl Sulfoxide (DMSO). Cells were then frozen slowly (-1"C/min) byplacing 1 ml

tubes in isopropyl alcohol, and were stored until use at -80"C.

2.2 Harvesting cells and obtaining protein lysates

2.2.1 Harvcsting cells for protein i)¡sates

To obtain protein lysates for western blotting, u-MEM was removed from cells

and plates were rinsed twice with PBS. Next, 0.3 ml (35 mm plates), 1 ml (60 mm plates)

or 3 ml (150 mm plates) of trypsin was added and plates incubated for 5 minutes at3/oC

to release adherent cells. Following trypsinization, i mt (35 mm plates), 3 ml (60 mm

plates) or 5 ml of c-MEM with 10% FBS was added to neutralize the trypsin and wash

cells off plates. Collected cells were pelleted by centrifugation at 2000 x g for 5 minutes.

2.2.2 Celllysis

Cell pellets were then resuspended in 60 pl to 200 pl Cell Lysis Buffer (150 mM

NaCl, 50 mM Hepes pH 7 .5,2 mM PMSF, 1 mM Na3VO4, 1 mM EDTA, 50 ¡rM NaF, 50

¡tMZncl2,0.1% NP40, 10 pl aprotinin/ml (1.6 mglml, SIGMA), 5 pl leupeptin/ml (10

¡rM, SIGMA) depending on pellet size. Resuspended cell pellets were incubated on ice

for 5 minutes, vortexed for 10 sectnds, incubated on ice for 5 minutes, vortexed a second

time for 10 seconds, incubated on ice 5 more minutes and then cellular debris pelleted by

centrifugation at 13 000 x g for 15 minutes at 4"C. Supematants containing total cell
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protein lysates were removed and stored at -70oC until use except for a 5 pl aliquot set

aside for protein concentration determination.

2.2.3 Ouantification of protein lysates

Protein concentration of cellular lysates was determined by the Lowry Method

using either the BioRad Protein Assay Kit (BioRad 500-01 12) or a Bicinchoninic acici

and Copper (Il) Sulfate solution from Sigma (SIGMA B-9643 andC-2284). Briefly, 5 ¡rl

of total cell protein lysate solution was added to 95 pl of dHzO and then added to the

appropriate mix of reagents from the protein assay kits as directed by the manufacturer.

Samples were then incubated at room temperature (BioRad Protein Assay Kit) or 60'C

(Sigma Bicinchoninic acid and Copper (tr) Sulfate solution) for 15 minutes and then

assayed. Fresh standards were created for each protein concentration assay and

absorbencies of both standards and samples were analyzed on a Beckman DU640

spectrophotometer.

2.3 Western immunoblot analysÍs of cyclin Gl levels

2.3.1 Gel electrophoresis and protein transfer

Depending of cell line and antibody to be used, 20 Vg to 50 ¡rg of total cell lysate

was added to 5 ¡rl of sample loadihg buffer (50 mM Tris pH 6.8, 100 mM DTT, 2% SDS,

0.1% Bromophenol Blue, 10% glycerol) (Sambrook and Russell, 2001) and boiled for 5

minutes. Samples were then loaded onto a I2Yo polyacrylamide gel topped with a 5o/o

polyacrylamide stacking gel and run at 135 V in western running buffer (250 mM
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Glycine, 25 nNI Tris, 0.1% SDS) until migration of the loading buffer dye to the end of

the gel. Separated proteins were then transferred from the gel onto an activated, (20

second rinse in methanol) PVDF membrane (Millipore) in transfer buffer (25 mM Tris,

190 mM Glycine, 20o/omethanol) for 1-2 hrs at 90-100V.

2.3.2 Immunodetection

PVDF membranes with ti-ansferred proteins \ryere blocked in 5Yo skim milk in

TBS-T buffer (25 mM Tris, 135 mM Nacl, 2.5 mM KCl,01% Tween 20) for t hr at

room temperature or overnight (-16 hrs) at  "C,washed 3 x 10 minutes in TBS-T buffer

and then probed with the primary antibody. Primary antibodies used were rabbit

polyclonal o-cyclin Gl (Santa Cruz C-18 and Upstate Biotechnology Incorporated 06-

319) at 1/1000 (v/v) dilution, rabbit polyclonal a-cyclin E (Upstate Biotechnology

Incorporated 06-363) at 11650 (v/v) dilution, rabbir polyclonal a-CDK2 (Upstate

Biotechnology Incorporated 06-505) at 112000 (v/v) dilution, or goat polyclonal a-y-

tubulin (Santa Cruz C-20) 1/1000 (v/v) dilution. Membranes were next washed for 3 x 10

minutes in TBS-T buffer and probed with secondary antibodyHRP-conjugated o¿-rabbit

IgG (U12000) (v/v) in 5o/oskim milk for ø-cyclin Gl, a-cyclin E and cr-CDK2 probed

blots, or HRP-conjugated o,-goat IgG (1/15 000) (v/v) in 5% skim milk for cr-y{ubulin

probed blots, for thr room temperature or 4oC overnight. Membranes were then washed 3

x 10 minutes in TBS-T buffer and incubated in ECL Plus (Amersham Pharmacia Biotech)

according to the manufacturers directions. Membranes were next exposed to Hyperfilm

ECL fikn (Amersham Pharmacia Biotech) for varying times of 20 seconds to 10 minutes
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depending on strength of signal and binding of antibody. Films were developed in an

AGFA CP 1000 developer.

2.3.3 Stripping and re-probine PVDF membrane

To strip and re-probe after the primary immunodetection, membranes were rinsed

2 x I0 minutes in TBS-T at room temperatüi'e, then incubated in stripping buffer ( I 00

mM B-mercaptoethanol,2o/o SDS , 62.5 mM Tris-Cl pH 6.8) at 50oC for 15 minutes,

followed by 15 minutes at room temperature. Membranes were then rinsed afurther 2 x

10 minutes in TBS-T at room temperature and re-blocked for further probing.

2.4 Immunoprecipitation

Protein lysates were obtained as described in section 2.2.Either 250 ¡tgor 500 pg

of total cell lysate was brought up to 500 pl volume with either PBS or lysis buffer (i50

mM NaCl, 50 mM Hepes pH 7 .5,2 mM PMSF, 1 mM Na3VO4, 1 mM EDTA, 50 ¡rM

NaF, 50 ¡;"MZnCl2,0.1% NP40, 10 ¡rglml aprotinin, 5 pglml leupeptin) and pre-cleared

first with 2 ¡ryof rabbit IgG for l-2 hrs at 4oC. The pellet was then pre-cleared with 250

¡rl of freshlywashed, inactivated 10% Staphylococcus aureus (SAC) mixture (SIGMA)

for a further 1- 2 hrs at 4"C. The SAC was then removed by centrifugation at 13 000 x g

for 2 minutes and the supematant transferred to a fresh tube. 2 ¡tgof a-cyclin Gl (Upstate

Biotech lncorporated) or a-CDK2 (Upstate Biotech Incorporated) was then added to the

supernatant and incubated with rotation overnight (-16 hrs) at  "C.Immune complexes

were isolated by incubation with 100 ¡rl of freshly washed 10% protein A sepharose beads
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(SIGMA) for 1- 2fus at 4oC with rotation, followed by centrifugation at 13 000 x g for 15

minutes. The supernatant from this step was kept as a control to determine the efficiency

of the antibody in forming immune complexes in solution. Pellets were washed 3 times in

500 pl PBS for 10 minutes with rotation at 4"C and then resuspended in 20 ¡rl loading

buffer without reducing agent. Samples were run on polyacrylamide gels and

imrni¡robkrtted as described prvviously in section 2.3.

2.5 pcDNA3-cyclin Gl stable transformed cells

2.5.1 Construction of pcDNA3-cyclin Gl vector

A human cyclin Gl cDNA (Genbank gi:8670528 nucleotides 183-1074)

containing the FLAG sequence 5'- GAT TAC AAG GAT GAC GAC GAT AAG - 3',

between the first and second codons, had been cloned into the EcoRI site of pcDNA3 to

create pcDNA3-cyclin G1, a gift from Dr. Karen Vousden (Bates et al.1996). The insert

was subsequently cloned into pcDNA3 in the antisense orientation as well to create both

sense and antisense constructs of cyclin Gl. Orientation was verified by sequencing and

restriction enzpe digestion. The sequence of the antisense cDNA was determined to not

contain a poly A tail signal located near the 5' end that would cause premature truncation

of the antisense strand.

2.5.2 Gene transfer and selection of colonies

HCT 116 cells were plated 24 hours before gene transfer in sufficient numbers so

they would be 30-40% confluent on the day of transformation. The sense and antisense
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constructs and empty pcDNA3 were transferred separately into the HCT 116 cells using

Lipofectamine (Invitrogen) according to the directions of the manufacturer. Celis were

selected for resistance to i 00 Vdml of active G4 i 8 for two weeks following

transformation. Colonies remaining after drug selection were isolated by picking colonies

off of the selection plates, and then amplified separately in o-MEM media supplemented

wtth 10% FBS. These ciones u/ere screened for cyclin Gi ievels via western blotting as

described in section 2.3. pcDNA3-cyclin Gl clones were further screened using an anti-

FLAG antibody to confirm expression of exogenous cyclin Gl in the pcDNA3-cyclin G1

clones.

2.6 Colony assays

HCT 1 i6 cells were plated in 6 weli plates so they would be -30-40Yo confluent

on the day of gene transfer. pcDNA3-cyclin G1, pcDNA3-antisense cyclin Gl or empty

pcDNA3 were transferred separately into the cells using Lipofectamine (Invitrogen)

according to the directions of the manufacturer. Cells were grown a further 24hrs after

transformation in 6 well plates and then re-plated in amorurts of 5 x 104,7.5x 10a or 10 x

104 cells per 100 mm plate and treated with 100 pilmlG4l8 for two weeks. Colonies

remaining after drug treatment were considered selected and visualized by Giemsa

staining.
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2.7 In vitro construction of siRNA with T7 promoter-tagged primers

2.7.1 Primers used for in vitro siRNA creation

siRNAs were constructed by in vitro syntheses of ssRNA oligos that were

arurealed together to create dsRNA molecules with the structure of siRNA. To create the

ssRNA oligos, primers containing theTT promoter sequence directly before the sense or

antisensc sequence of the siRì.lA were annealed together to form dsDNA tempiates for T7

RNA polymerase (Table i).

r"utr g. DNA p.i*"ts "r es for the creation of ssRNA
Primer

Primer sequence

Adjacent shaded rows indicate primer pairs. (eg. Primer I and} are template for
siRNA#l strand 1, and primers 3 and 4 are template for siRNA#l strand 2).

Cyclin Gl specific regions on primers l to 4 corresponded to nucleotides 315-334

from cyclin Gl mRNA (gi: 8670528). Cyclin Gl specific regions on primers 5 to g

coresponded to nucleotides 736-755 from cyclin Gl mRNA (gi: 8670528).

2.7.2 T7 RNA polymerase synthesis of ssRNA and creation of siRNA

Primers were annealed in pairs (1) and (2), (3) and (4), (5) and (6), and (7) and

(8) respectively, by mixing 5 pl of a 100 mM solution of each primer with 40 ¡rl of oligo

number
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annealing buffer (6mM HEPES pH7.4,20 mM potassium acetate,0.4 mM magnesium

acetate), heating to 95'C for 1 minute,70"C for 10 minutes and3ToC for 15 minutes,

Next, 0.4 ttg of the annealed primers were then used as template for the T7 RNA

polymerase (Promega) according the manufacturer's directions. The in vitro RNA

synthesis was stopped by addition of RNAse-free DNase (Promega) to remove the primer

templates and the ssRNA cleaned by phenol: chloroforrr' extraciion and precipitated by

addition of ammonium acetate and ethanol The ssRNA products were then annealed by

adding equal molar amounts of the product of primer pairs (1) and (2) with the product of

pairs (3) and (4), and the product of primer pairs (5) and (6) with the product of pairs (7)

and (8), in oligo annealing buffer. They were next heated to 90"C for 1.5 minutes and

then cooled to 37oC for I hour to ensure complete and proper hybridization of ssRNA

strands. DEPC treated water was used throughout the procedure to prevent degradation of

RNA by RNase. Constructed siRNA molecules were then analyzed by specfrophotometry

and high percentage agarose gel electrophoresis to determine purity and integrity.

2.8 Transfer of siRNA

siRNA molecules were transferred into cells with Lipofectamine or Lipofectamine

2000 (Invitrogen) as directed by the manufacturer. Briefly, cells were plated in 6 well

plates 24 hours before transfer so {hat they would be either -30 - 40% (Lipofectamine) or

- 80 - 90% (Lipofectamine 2000) confluent on the day of the experiment. siRNA was

added in amounts sufficient to create a range of final concentrations of 10 nM to 3 mM in

a 1 ml transfer volume. siRNA and the transfer reagent were mixed with OPTI-MEM
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serum free media separately for 20 minutes at room temperature, and then mixed

together. After another short incubation at room temperature, the complexes were added

to either serum free or normal media. In transfers with serum free media, normal media

replaced the serum free media after -16 hrs.

2.9 Cetl cycle analysis

2.9.1 Preparation and drug treatment of cells

Cells were plated 24 hrs before the experiment so they would be 30-60%

confluent when treated, depending on length of the experiment planned. Serum starvation

was performed by growing cells in cr-MEM media supplemented with 0.1% FBS for 24

or 48 hows. Collection of cells in S phase was performed by releasing serum-starved cells

from G6 phase with the addition of a-MEM media containing 2 mMHydroxyurea. Cells

were a:rested at mitosis after release from the hydroxyurea block by removing

hydroxyurea-containing media, rinsing twice in PBS, and addition of normal cr-MEM and

addition of 0.5 pdmlNocodazole, an inhibitor of microtubule formation (Richardson and

Vance, 1978). Cells were harvested after the appropriate arrest phase by removal of

media, rinsing twice in PBS, addition of enough trypsin to cover the cells and incubation

at37"C for 5 minutes, followed by neufralizationof trypsin by addition of an equal

volume of ü-MEM and centrifugation to form a cell pellet. Next, the pellet was washed

twice with TSE (100 mM Tris 7.5, 70 mM NaCl, 5mM EDTA) and then resuspended in

750¡tlofcoldTSE. CellswerethenfixedinTSEbydropwiseaddition of 2mlof 95%o
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ice-cold ethanol while gently vortexing. Fixed cells were stored at 4"C until flow

cytometry analysis.

2.9.2 Flow cytometry of HCT 116 cells

Cell cycle phase was inferred by DNA content and DNA content was determined

by propidiurr iodide þI) staining and flow cytometry. To perform this procedure,

previously ethanol fixed cells (described above) were collected by cenkifugation,

carefully washed twice in TSE and resuspended in I ml of pI (0.1 ¡rglml) containing 50

pdml RNAse (adapted from Boquest et a1.1999). Cells were incubated in RNase-

containing pI in the dark for t h¡ at temperature and then sorted on a flow cytometeruuutauurlB pr rn tnç crarK ror I nr aI room temperafure and then Sorted on a floW cytOmr

(Becton Dickinson FACSCaliburru¡ as instructed by directions from the manufacturer.

Data was analyzedby CELL-Quest (Becton Dickinson).

2.10 MTT assays

2 x 103 (¡tCT 1 16) or 1 x 103 (MEF) cells were plated per well in 96 well plates

24 hours prior to the start of the experiment. On the day of the experiment, media was

removed and cells were treated with Cisplatin, Taxol, Doxorubicin, or Vinorelbine in a

range of concentrations from 0.01 pM to 50 pM (Doxorubicin and Vinorelbine, HCT 116

cells), 0.1 ¡rM to 15 pM (Taxol, IÍCT 116 cells), 0.01 pM to 50 ¡rM Cispiatin (HCT 116

and MEF cells) or 50 pM to 250 ¡rM Etoposide (MEF cells) in a final volume of 120 ¡rl of

cr-MEM. Following a further 2411t (IJICT 116 cells) or 48 hr (MEF ceils) of incubation.

After incubation of treated ceils, 10 ¡il of 5 pdmlMTT (2,3-bis-(2-methoxy-4-nitro-5-

48



sulfophenyl)-2H-tetrazolium-5-carboxanilide, disodium salt) was added to each well and

plates incubated for 4 hr at37"C (modified from Cole 1986). Plates were then centrifuged

at2000x g for 10 minutes, supernatant from each well were aspirated away,l50 pl

DMSO per well added and dye complexes resuspended with vigorous shaking for 5-10

seconds. Absorbencies of each well at 540 nm were then read on a Titertek Multiskan

NICC/340 spechophotometer and data was graphed witli SigmaPlot 5.0 software.

2.1 I Antisense oligonucleotides

18-mer oligonucleotides corresponding to the sense and antisense sequences from

cyclin G1 (gi:8670528) positions +47 Io 64, and a scrambled sequence oligo containing

the same proportion of each nucleotide as the antisense molecule, were obtained from

Invitrogen. The sequences for these oligonucleotides are: sense 5'-AGC TGA ATG CCC

TGT TGG-3', antisense 5'-CCA ACA GGG CAT TCA GCT -3'and scrarnbled 5,- cGT

CAC CGA ACT ATG GAC -3'.

The antisense oligonucleotide was chosen based on scanning the cyclin Gl

mRNA for an 18-mer antisense sequence with the highest possible affinity to the

transcript according to the computer program OligoWalk (Matthews et al. 1999).

Phosphorothioate oligonucleotides identical in sequence to the non-modified oligos were

obtained from Genosys. The phosphorothioate-modified oligonucleotides contained a

phosphorothioate group on each of the five terminal residues on both the 5' and 3' ends

of the oligos.
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2.12 Creation of pSuper stably transformed cells

2.12.1 Creation of pSu-Gl vector

The vector pSuperwas a gift from Dr. Reuven Agami (TheNetherlands Cancer

Institute, Brummelkamp et aL.2002). A pSuper-derivative vector containing an insert

with sequences specific for cyclin Gl and predicted to create an siRNA-like dsRNA

hairpin loop upon transcription was created and termed pSu-G1. The insert sequences for

pSuper were selected according to the following rules: (1) Choose a 19 nt long sequence

in coding region of mRNA, ideally flanked with two adjacent adenosine residues prior to

the 5' start of the sequence arìd two adjacent thymidine residues flanking the 3' end. (2)

Start ofinsert sequence should be at least 100 bases downstream ofstart or i00 bases

upstream of termination of translation. (3) Cytosine and Guanosine content should exceed

30%. (4) Insert sequence should not contain a stretch of four or more adenosine or

thymidine residues (R. Agami, personal communications).

Two 64 bp oligos containing insert sequences specific for cyclin Gl, as well as

linker and loop regions, were obtained from Qiagen. The sequences of the oligos were:

forward primer - 5'- GAT CCC CGc AAT GTC CCA TTG GCA ACT TCA AGA cAG

TTG ccA ATG GGA CAT TCC TTT TTG GAA A - 3'and reverse primer - 5'- AGC

TTT TCC fuA-{ AAG GAA TGT CCC ATT GGC AAC TCT CTT GAA GTT GCC

AAT GGG ACA TTC CGG G - 3'. These primers contained sense and antisense

sequences in the forwa¡d and reverse primer, respectively, corresponding to positions

+338 to +356 in cyclin Gi (gi:8670528).
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The pSUPER insert oligos were annealed together by adding equal molar amounts

of each primer in 50 pl total volume of annealing buffer (100 mM potassium acetate, 30

mM HEPES-KOH pH7.4,2mld magnesium acetate), heating for 4 minutes at 95oC,

followed by 10 minutes at7}oC and then slowly cooled to 10'C. Annealed oligos were

then phosphorylated by polynucleotide kinase (Gibco-BRL) according to the

inanufactures directious and thc reaction stopped by ireai inactivating the polynucleotide

kinase with a 10-minute incubation at70"C. Arurealed, phosphorylated oligos were

ligated into the Bgl tr and Hindtr sites in pSuper. The new pSuper vector containing the

inserted primers þSu-G1) was verified by restriction enzyrne digestion and DNA

sequencing.

2.12.2 Plasmid transfer and selection of colonies

HCT 116 cells were plated 24 hours before plasmid transfer in sufficient numbers

so they would be 30-40% confluent on the day of transfer. The vectors pSu-Gl or pSuper

(empty) were co-transferred separately with pEGFP-C1 (Clontech) at a 10: 1 molar ratio

with Lipofectamine (hrvitrogen) according to the manufacturers' directions. 48 hrs after

plasmid transfer, cells were selected for two weeks in 100 Vdml of G418. Colonies

remaining after drug selection were isolated separately and expanded in drug-free o-

MEM media supplemented with f0% FBS.
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2.13 Genomic PCR of wildtype and disrupted ccngl MEF cells

Genomic DNA from MEF cells was harvested with a GeneElute Mammalian

Genomic DNA Miniprep Kit (Sigma) according to the directions of the manufacturer.

Purity and quantity of genomic DNA was determined by absorbance ratios at260 nm and

280 nm measured on a Beckman DU640 spectrophotometer. Next, 200 ngof genomic

DNA as terrplate used per PCR reaction. Primers used were CG01: 5'-CCA TCC ATC

AAA AGA ACC ACA CC -3', CGO2: 5,- AJG ACA TAG GAA TAC CGC TCC CGC -

3', CG03: 5'-AAG AAC CAC ACC AAT CAG CGA C -3', CG04: 5'-ATA GTC CCC

TCT CAC CTT GAC AGC -3', NEO01: 5'-AGA CTG CCT TGG GAA AAG CG, and

NEO02: 5'- TAC CCG CTT CCA TTG CTC AG -3' as described in Jensen et al. (2003).

The primers were used in the following sets: (1) CG01 + CG02, (2) CG03 + CG04, (3)

CGO1 + NEO02, (4) CGO1 + NEO01. PCR conditions used were: Step 1: 95"C for 5

minutes, Step 2: 94"C for 30 seconds, Step 3:62oC for 30 seconds, Step 4: 72"C ror 30

seconds, Step 5: repeats Steps 2 through 4 for 28 cycles, Step 6: 72"C for 4 minutes.

2.14 Northern Blot analysis

2. 14. 1 Formaldeh)¡de gel preparation

A l% formaldehyde-agarose gel was prepared according to Sambrook and

Russell (2001). Briefly, 0.5 g of agarose was dissolved with heat in 42.5 ml water and 5

ml 10x MOPS (0.4 M morpholinopropanesulfonic acid, 0.1 M Na-acetate, i0 mM

EDTA). After the solution cooled roughly 50oC, 2.5 ml of 37 o/o Formaldehyde was

added and the gel allowed to solidiff at room temperature in a fume hood.
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2.14.2 RNA isolation and quantification

Two 150 mm cell dishes of MEF and GL3/92T or one 150 mm dish of HCT 116

cells were harvested by trypsinization and total RNA harvested with a RNeasy Isolation

kit (Qiagen) according to the manufacturers directions. Total RNA recovered from the

RNA isolation kit was quantified on a Beckman Coulier DU640 spectrophotometer.

2.14.3 RNA sample preparation

To prepare RNA samples, 20 pg of total RNA for each cell line was brought up

to 25¡il total volume using RNA Loading buffer (50 % Formamide ,1g.5 yo

Formaldehyde, 10 o/o l0 x MOPS pH7.2,10 % bromophenol blue, 4 % Ficoll400 and

ddH20 to I ml) and 0.5 pl of Ethidium Bromide (0.5 pdttl). The samples were heared for

5 minutes at 60oC and then place immediately on ice.

2. 14.4 RNA electrophoresis

Prior to electrophoresis, gel boxes were rinsed separately with 0.i M NaOH and

l0 % SDS to inactivate RNAses. Electrophoresis was carried out in a fume hood at 70

volts in Northern Running buffer (1 x MOPS, and0.2 M Formaldehyde in ddH20).

Electrophoresis continued until migration of the bromophenol blue marker dye to within

lcm ofthe gel end.
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2.14.5 Transfer of RNA from formaldehyde gel to nylon membrane

AÍter electrophoresis, the formaldehyde gel was washed 4 times for 5 minutes in

ddH20 and photographed under tIV iight. A nylon transfer membrane (Maximum

Strength Nytran, Schleicher & Schuell, Keene, New Hampshire) was cut in size to match

the gel, rinsed briefly in ddHzO and placed on top of the gel in a capillary blot system

using 10 x SSC as the transfer buffer (1.5 M NaCl, 0.15 M Sodium Citrate). rur-NA

transfer proceeded for 16-24 hours at room temperature until gel thickness was greatly

reduced. After transfer the membrane was washed briefly in2 x SSC (0.3 M NaCl, 0.03

M Sodium Citrate), crosslinked while still damp byW exposure (JV Stratalinker 1800,

Stratagene) for 30 seconds, then baked at 80'C for I-2 hours.

2.14.6 Preparation of 32P-dCTP labeled oDNA probe

The template for a 
32P-dCTP labeled probe for ccngl mRNA was obtained by

PCR amplification of the ccngl cDNA in the pcDNA3-cyclin Gl vector using T3 and T7

primers (Invitrogen) which flank the MCS in pcDNA3. Approximately 25 ng of this

probe was used as template with a Random Primer DNA Labeling kit (krvitrogen)

according to the manufacturers directions. Template for the GAPDH control probe was

obtained from PCR amplification of a 600 bp fragment of the GAPDH oDNA in a vector

and used in a similar manner to the ccngl template and probe creation listed above.
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2.I 4.1 Prob e hvbndization

The membrane was prehybridiz ed, at 42o C for 1-4 hours in Prehybri dization

buffer (5 x SSC, 50 % Formamide, 5 x Denhardt'srM solution [50x Denhardt'srM

solution: I % (wlv) Ficoll 400,I % (wlv) polyvinylpyrrolidone, I % (wlv) bovine serum

albumin in dH2Ol, 1 % SDS, and 100 pdml heat-denatured Salmon sperm) with rotation.

At the end of this incubation, the probe was heated to 95"C for 3 minutes, immediately

chilled on ice and added to 4 ml Hybndization buffer (Prehybridi zation buffer with 5 yo

Dextransulfate (MW 500,000) and no Salmon sperm). Hybridization continu ed, at 42"C

for 16-24 hours with rotation depending on probe shength. After hybridization the

membrane was washed with 2 x SSC for 15 minutes at room temperature followed by a

second wash in 2 x SSC plus 0.1 % SDS for 15 -25 minutes at 65oC or until the

background radiation level was greatly reduced. The membrane was then sealed in a thin

but stiff plastic sheath and exposed to a phosphoimage screen at room temperatur e for 24-

48 hours, followed by exposure to film (Hyperfilm ECL, Amersham Pharmacia Biotech)

at room temperature for 4-6 days. The phosphoimage screen was scanned using a Storm

Scanner (Molecular Dynamics), while films were developed on a AGFA Cp 1000

developer.

2.14.8 Stripping and re-probing n)¡lon membrane

Membranes were washed for 30 minutes in Northem Stripping Buffer (5mM

Tris pH 8.0,0.2 mM EDTA, 0.05 % sodium pyrophosphate, and 0.1 x Denhardt'srM

solution) at70"C until no radioactivity could be detected with a hand-held Geiger
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counter. Membranes were then rinsed with 5 x sSC (0.75 M Nacl and 0.075 M Sodium

Citrate) for 15 minutes and pre-hybidized for the next probing.
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Chapter 3: Results

3.1 Antisense vector approach to ccngl knockdown and analysis of clones

To reduce cyclin Gl mRNA levels in vivowe created an antisense vector of

pcDNA3.i containing the ccngl oDNA in reverse orientation so when transcribed

antisense cyclin Gl mRNA would be created. The ccngl antisense cDNA sequence was

screened to ensure no stop codon or poly A tail sequence was present near the 5' end that

would result in premature stopping of transcription. This vector (referred to as pcAS) was

transferred stably or transiently into HCT 116 cells in separate experiments and protein

levels of cyclin Gl were determined by immunoblotting. At the same time, empty

pcDNA3 and pcDNA3-cyclin Gl plasmids (containing the sense cDNA, referred to as

pcGl) were transferred into parallel plates of HCT 116 cells. These cells were also

screened for protein levels of cyclin G1 by immunoblotting.

HCT 116 cells transformed with pcGl showed similar levels of cyclin Gl

expression to non-transformed HCT 1i6 cells when probed with o-cyclin G1 antibody

(figure 3A). To confirm expression of exogenous cyclin Gl, lysates from the pcGl cells

were also probed with an cr-FLAG antibody, which binds to a FLAG sequence located at

the 5' end of the ccngl cDNA (figure 3B). Expression of exogenous cyclin Gl did not

noticeably alter the total expression levels of cyclin G1. Rather, the total cyclin Gl

expressed appeared similar in the untransformed and transformed cells. Similarly,

transformation with pcDNA3.l alone did not alter cyclin Gl levels. Transformation of

HCT i 16 cells with pcAS did not alter cyclin Gl levels in the majority of clones

screened. However, a small number of clones showed moderately reduced cyclin Gl
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protein levels (figure 3C) compared to untransformed cells and cells transformed with

either pcGl or empty pcDNA3.l

To test the toxicity of exogenous expression of antisense and sense ccngl we

transientlytransformedpcAs, pcGl and emptypcDNA3 into HCT 116 cells and

determined the number of colonies that grew after drug selection. In three of four cell

densities plated, a trend was apparent with pcAS transformed cells consistently showing

fewer colonies than those transformed with pcGl or pcDNA3 plasmids (figure a).

However, no observed differences were beyond the standard error of conhol smaples.

Since the majority of cyclins are involved in cell cycle control either directly or

indirectly, the iack of specific cyclin activity may result in the lengthening or shortening

of the amount of time a cell stays in a cell cycle phase. Therefore, the possibility that

lower than normal levels of cyclin Gl protein would affectcell cycle dishibution was

investigated. We analyzed the cell cycle distribution of regularly cycling HCT 116 stable

clones containing pcAS, pcGl or pcDNA3 plasmids (figure 5). Sub-confluent non-treated

cells were haruested, fixed and analyzedby flow cytometry. The largest proportion of

HCT 1i6 cells and clone cells were recorded in S phase (-50-60%) and the second

largest proportion of cells in Gl phas e (35-45%, figure 5). Only avery small fraction of

each cell type was present inG2lM phase (< 5%). Similar to recent findings that

untreated MEF cyclin G\ -/-cells have the same cell cycle and growth characteristics as

MEF cyclin Gl +/+ cells (Jenser, ., ur. 2003),we observed no apparent difference

between the antisense transformed clones and the HCT 116 cells in their cell cycle

distribution.
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Since cyclin Gl has been implicated in cell cycle arrest (Shimizu et al. 1998), and

cell cycle ar¡est is an important cellular mechanism after DNA damage to prevent

replication and transmission of mutations, we proceeded to test the-sensitivity of selected

HCT 116 cells with pcAS, pcGl or pcDNA 3 to several genotoxic agents. Taxol, a

mitotic spindle stabilizer, Cisplatin, which forms DNA adducts, and Doxorubicin and

Etoposide (VP-16), both topoisomerase II inhibitors. were used to treat the stable clones.

Cell survival was then assessed24 hrs post-treatment by MTT assays. All cells were

nearly equally sensitive to both Doxorubicin and Taxol with IC3O values of less than 5

pM (figure 64, B). The next highest sensitivitywas to Cisplatin, followed by Etoposide.

v/e found that the pcAS, pcGl, and pcDNA3 clones, along with wild-type HCT 116,

celis did not differ in their respective sensitivities to Taxol, Doxorubicin or Etoposide.

However, pcAS clones demonstrated a large increase in sensitivity to Cisplatin at

concentration higher than 10 pM. IC50 values for the pcAS cloned cells was -50% lower

than untreated HCT 116 cells (12.5 ¡t}ll vs. 25 pM) (figwe 6C). This sensitivity was

observed for a period of several weeks during repeated MTT assays, however, clonal

expansion of these cell lines eventually resulted in loss of the reduced cyclin Gl levels as

evidenced bywestem blotting. Further selection of the clones by G418 treatment did not

recover the reduced cyclin Gl leveis. We did not investigate the extent of possible non-

specific effects due to possible interferon production with an additional vector coding for

a non-essential gene that would create a double stranded RNA molecule similarly to our

pcAS vector.
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3.2 Antisense oligonucleotide approach to cyclin Gl knock down

We designed an antisense oligonucleotide specific for cyclin G1 mRNA for knock

down experiments along with a sense and a scrambled sequence oligo to control for non-

specific effects of introducing ssDNA into the cells and for the DNA: RNA hybrids they

form.

We first transferred each the oligos separately into HCT 1i6 cells in a ranse of

concentrations from 50 nM to 400 nM, following methods of previous experiments aimed

at reduction of cyclin protein levels (Saikawa et al.200l,Hochegger et al. 2001). 'We

also experimented with ranges of different ratios of DNA: transformation-reagent

concentrations to determine the optimal conditions for knock down. Immunoblot analysis

of treated cells showed that cyclin Gl was readily apparent under all conditions used for

sense, antisense and scrambled oligos (figures 7, 8). However, a very slight reduction in

cyclin Gl levels in the AS treated cells compared to the controls appeared under some of

the initial conditions tested. Therefore, a new range of oligo concentrations and lipofectin

reagent voiumes that surrounded these potentially effective conditions were selected for

further testing. Despite narrowing our focus on one set of conditions in these cases and

pursuing further optimization of other variabies, we observed strong cyclin Gl signal

throughout the entire range of concentrations.

Since cyclin Gl lacks coÍrmon cyclin degradation motifs it is possible that cyclin

Gl mRNA transcription was reduce¿ by AO but levels of cyclin Gl protein were not

reduced because of a long halÊlife of pre-existing protein. To account for this possibility,

we determined cyclin Gl levels in HCT 116 cells at arange of time-points after transfer

of antisense oligonucleotides. Duplicate plates of HCT 116 cells were lysed at annge of
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time points from 4 hours to 44 hours post- transfer (figure 9). Assessing cyclin Gi levels

for extended time-periods after transfer did not reveal a decrease for the approximately

two days of monitoring undertaken. At this point we considered the possibility existed

that the unmodified oligonucleotides used were being degraded rapidly inside ceils and

therefore pursued fuither antisense oligonucleotide experiments with antisense oligos

containing phosphorothioate modifi ed residues.

Knock down of cyclin Gl protein levels using phosphorothioate-modified

oligonucleotides was approached using a similar set of experiments as those performed

with the non-modified oligos. Initially, oligos were transferred to cells that were plated at

a range of confluencies (figure 10), which in turn can affect the transformation efficiency

and the number of oligos available per cell in the media. Experiments similar to those

performed with antisense oligonucleotides were also used (figure 11), and any apparent

slight reduction in cyclin Gl levels was followed up with further experiments to verify

the resuits. Sequential transformations of an antisense oligonucleotide on a single

population of cells, another method of introducing AO into cells (Ross et al. 2001), \Mere

also performed with similar results to those experiments involving only single transfers.

On occasion, some reduction of cyclin Gl levels appeared during the process of

immunoblot screening of lysates. The conditions correlating with the fainter signal were

repeated but in each occasion the signal shength appeared moderately reduced due to

inherent variability of the western blot procedure and not due to specific AS effects (eg.

figure 11 A and B).
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3.3 pSuper-mediated RNAi

We used the pSuperplasmid to approach knock down of cyclin Gl in HCT 116

cells by vector mediated RNAi as described by Brummelkamp et al. (2002). A specific

sequence was cloned into pSuper that when transcribed is predicted to form a dsRNA

"hairpin" structure (figure 12) (Brummelkamp et al.2002). The hairpin molecules initiate

RNAi due to their similar structure to siRNA molecules. The pSuper vector containing

sequences specific for cyciin G1 RNAi is termed pSu-Gi.

Cells were co-transformed with pSu.Gl and pEGFP-Ci at a molar ratio of 10:1

and then treated with the drug G418 to select for presence of pEGFP-C1. Transfer of

vectors was confirmed by fluorescence microscopy of hansformed cells and confirmation

of EGFP expression. After drug selection and clonal expansion, levels of cyclin Gl

protein expression were assessed by immunoblotting (figure 13, 14). Some fluctuations in

cyclin Gl levels were apparent but were matched by variations in tubulin levels (figure

73, r4).

lrterestingly, a non-specif,rc band with fluctuating signal levels appeared upon

immunoblot screening with ø-cyclin Gl antibody (figure 13). This band appeared at

approximately 60 kD in size and did not follow tubulin levels. Signal strength was

strikingly different in different clones screened, varying from completely absent signal to

similar signal strengths as seen with cyclin G1 and tubulin. However, the non-specific

band did not reliably appear in all immunoblots and appeared more readily with older ø-

cyclin Gl antibody, suggesting a non-specific artifact. Although cyclin Gl does share

60% nucleotide similarity with its homologue cyclin G2 (Horne et al. 1996), the sequence

we used in the pSuper vector shows no significant similarity with any sequence in cyclin
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G2 when compared bypair-wise BLAST alignment, nor does cyclin Gi share this

sequence with other known human sequences.

To confirm that transfected genes were actively expressed after selection, the

clones were individually screened for EGFP expression from the co-hansformed vector

under fluorescence microscopy. As expected, most of the clones expressed EGFP at high

levels (figure 15). This demonstrated expression of exogenous DNA in the clones after

several weeks of clonal expansion. However, some of the clones did not express EGFP

suggesting that the exogenous plasmid DNA was not being expressed in these cells, or at

some point in ampliffing the cells, the exogenous plasmid DNA was iost. Therefore, to

fufher confirm that the selected colonies actually contained the pSu-Gl vector, the

clones were screened by genomic PCR to verify the presence and genomiclocalization of

the pSu-Gl vector.

To perform a PCR screen of genomic DNA, primers flanking the multi-cloning

site of pSu-Gl were selected so both insert and multi-cloning site were amplified.

Positive clones were predicted to amplify a364bp fragment, positive reference controls

amplified a 300 bp fragment and negative clones no PCR product. As expected, we

obtained positive results with this test confirming that many of the clones did contain

pSu-Gl sequences integrated into their genome (figure 16). Similarly to the GFP

expression tests, genomic PCR screening also revealed that some of the clones we

isolated did not contain pSu-Gl sequence (figure 16).

Transient transformations of pSu-Gl were also performed on HCT 116 cells,

which allowed us to dispense with co-transformation of a control vector and did not

require drug selection. In an experiment set with the identical conditions as used by
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Brummelkamp et al. (2002), we tested transient co-transformation of decreasing amounts

of pSuper and increasing amounts of pSu-Gl for effect on cyclin Gl levels in HCT 116

cells (figure 17). Despite using up to 2 pg total pSu-Gl DNA in a small volume dish (35

mm), we did not observe reduction in cyclin Gl levels compared to mock transformed

cells or ceiis transformed with pSuper only (figure 17).

Since cyclin Gl may have a to have a long half-life due to lack of kno..r,n

degradation motiß, HCT 116 cells were next transformed with pSu-Gl and cyclin Gl

levels assessed at long time points of 66 and 1i5 hours. 'We 
observed that transient

transformation of pSuper, pSu-Gl and pSu-p53 (containing sequences specific for RNAi

of p53 message, as a control) all showed moderately decreased cyclin Gl levels (figure

18). Since pSuper and pSu-p53 do not contain sequences specific for RNAi of cyclin Gl

mRNA, this reduction was therefore not a sequence specific knock down of cyclin Gl.

Interestingly, at 66 hours post-transformation, lysates from cells transformed with any of

the psuper vectors (psuper, pSu-Gl, and psu-p53) all showed knock down of an

unknown protein observed as a non-specific band on western blots (figure 18). This band

does not correspond in size with any cyclin Gl protein.

3.4 In v¿1ra siRNA creation and transformation

Vy'e created siRNA in vitro-using pairs of annealed DNA oligos containing T7

RNA polymerase promoters located upstream of sequences coding for short ssRNA

strands. Each pair of primers coded for one ssRNA strand and each ssRNA strand was

complementary to the product of another primer pair. 'When 
annealed together, the

products from these DNA oligo templates were predicted to form siRNA molecules 21
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base pairs in length, including a 2-nucleotide overhang af the 3' end (figure 19). The

sequences we chose did not correspond to those used in the pSuper vector. To confirm

the purify and structure of the synthesized siRNA, the final dsRNA products were

analyzedby spectrophotometry and high percentage agarose gel electrophoresis.

Absorbencies monitored via spectrophotometry verified the purity of the nucleic acids,

while high percentage agarose gel electrophoresis demonstrated that the nucleic acicl

products produced were double stranded because they were able to sequester ethidium

bromide, and that these dsRNA products were the correct size (21bp) when compared to

other short nucleic acid molecules (39 bp and 6abfi (figure 20).

Using the in vitro constructed siRNA, we transformed cells via standard nucleic

acid transformation procedwes and determined cyclin Gl levels at a variety of

conditions. We first tested a range of concentrations from 12.5 nm to 3 ¡rm (f,rgur es 21,

22, 23), followed by sequential transformations with periods of approx imately 24 hr

between treatments. These experiments were performed in HCT 116, NIH 3T3, A-549,

and HT1080 ceils. Lack of known destabilizationmotiß in the primary sequence of

cyclin Gl made slow turn over rate of cyclin Gl protein a possibility and therefore

lysates were harvested at relatively long time points (24,32 and 48 hrs) post-

transformation. The results we obtained demonstrated that the siRNA concentrations and

transformation conditions we used were unable to reduce cyclin Gl in these cell lines

under the conditions used t¡g*r, 21,22,23).
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3.5 Cell cycle phase analysis of cyclin Gl protein levels

Unlike most other members of the cyclin family, cyclin Gl.is not strongly

associated with a specific phase of the cell cycle. However, some reports suggest that

cyclin Gl levels peak at either the Gl/S or G2lMpoints in the cell cycie. Therefore, we

proceeded to determine the levels of cyclin Gl throughout the phases of the cell cycle in

our model.

HCT 116 cells were synchronized in G0 and duplicate populations of cells were

sequentially led through each phase of the cell cycle. Matching plates for each phase

were produced so flow cytometry of DNA content could be recorded alongside protein

levels for verification of cell cycle position (figure 24,25). At the same time, we also

monitored levels of cyclin E since it has well known phase associations that allow

verification of cell cycle phase. Cells were also treated with VP-16 (Etoposide) to

determine if levels of cyclin G1 were increased beyond that normally occurring at points

in the cell cycle. We found that unsynchronized (US), serum starved (SS) and S-phase

arested (byhydroxyurea) cells had easily detectable levels of cyclin G1 (figure 248),

while cyclin E was diff,rcult to detect in unsl'nchronized cells, expressed at low levels in

serum starved cells but highly expressed in S-phase arrested cells (figure25A).In cells

arrested at the GzlWtransition, we found higher levels of cyclin Gl in Nocodazole and

Nocodazole + VP-i6 treated cells in comparison with the US, SS and S-phase cells

(figure 258). However, we did not see an increase in cyclin Gl levels between the

Nocodazole only and Nocodazole t VP-16 cells suggesting that VP-16 does not induce

cyclin Gl or the concentrations used were not enough to induce cyclin Gl (figure 258).
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In contrast, cyclin E levels in cells ar¡ested at GZ/M by Nocodazole treatment showed

very low levels of cyclin E. 'When 
treated with VP-16 however, cyclin E levels were

again increased, but only moderately and approximately to the same levels as serum

starved cells (figur e25$).Notably, we also observed strong cyclin Gl signal in HCT 116

cells despite serum starvation, suggesting that in contrast to the situation in other cell

lines reported, cyclin Gl protein expression at the beginning of the cell cycle in HCT 1l6

cells was not dependent on growth stimulation.

3.6 Drug sensitivity of MEF cyclin G1+/+ and cyclin G1-/- cells

Our initial work with pcAS in HCT 116 cells obtained two separate quasi-stable

clones that demonstrated an increase in sensitivity to cisplatin for a temporary period.

These clones also demonstrated moderately reduced cyclin Gl levels when screened via

immunoblotting. This suggested that reduction of cyclin Gl levels increases cellular

sensitivity to cisplatin in HCT 116 cells. We proceeded to test this sensitivity in MEF

cells by comparing cisplatin sensitivity of MEF cyclin G1 +/+ and cyclin GI -l- cells. We

performed MTT assays similar to those used with HCT 116 cells and the vector pcAS but

optimized for MEF cells. As a controi, we also tested the cells for sensitivity to

Etoposide.

Similar to the pcAS treated HCT 116 cells, we saw nearly identical survival

curves between the wild type and knock out cyclin Gl MEF cells when drugged with

Etoposide (figure 26A). However, when treated with Cisplatin we also saw similar

survival curves between the cells types (figure 268). This observation was robust and

repeatedly observed throughout repeated assays, suggesting that despite lack ofcyclin
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G1, MEF -/- cells are still competent for cell cycle arrest and repair or death mechanisms

similar to MEF +/+ cells when treated with genotoxic agents.

3.7 Comparison of cyclin Gl protein expression in primary and carcinoma cell lines

Overexpression of cyclin Gl in tumour cell lines has been reported (Reimer et al.

1999), and cyclin G1 expression in primary cells appears at very low levels in the

avallable literature (Jensen et al. 2003). Thus we compared the levels of cyclin Gl in

primary MEF cells with those in several immortalized cancer cell lines. 'We 
found cyclin

Gl in the primary MEF cells either not expressed or expressed at levels so low as to be

undetectable by immunoblotting, with lack of signal after western blotting similar to

MEF cyclin Gl -l- cells (figure27). However, cyclin Gl levels inHCT 116, HT1080 and

A-549 cells was high and readily detectable with the same amount of total cell lysate

probed as used with the MEF cells. Using survival curves for the MEF cells produceci

from treatment with a range of cisplatin drug concentrations, we next drugged the MEF

cells with higher drug concentrations (IC10 and IC20) and screened total cell lysates for

cyclin Gl expression. However, we did not see induction of cyclin Gl expression despite

the drug treatments. To confirm that the primary MEF cells did contain the cyclin Gl

knockout, genomic PCR was carried out on both the MEF cyclin Gl +/+ cells and the

MEF cyclin Gl -l-cells. As expected, we observed bands 4l4bpand 310 bp in size using

wildtype specific primers with genomic DNA from the MEF +/+ cells, and bands 407 bp

and 148 bp in size when using primers specific for the disrupted allele and genomic DNA

from the MEF -/- celis (figure28).
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3.8 Comparison of cyclin Gl mRNA expression in primary and carcinoma cell lines

To determine the expression of cyclin Gl mRNA in primary and carcinoma cell

lines we isolated total RNA from HCT 116, MEF +l+ and GL3|92T (primary human

fibroblast) cells. Using a cDNA probe for cyclin Gl and nofhem blot analysis we

compared the level of cyclin Gl mRNA between these celi lines. The size difference of

the murine cyclin G1 mRNA (3.4 kb) compared to the human cyclin Gl mRNA (2.4kb)

we observed helps confirm the accuracy of our probe (figure 29.)We found that both

human and mouse primary cells (MEF +/+ and Gl3lg2T)express similar levels of cyclin

Gl mRNA, as compared to GAPDH mRNA (figure 29).HCT 116 cells appear to express

a moderately greater amount of cyclin G1 mRNA than the human fibroblasts (GL3\92T,

figure 29)bnt within a similar range.
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<- o-cyclin G1

<- a_FLAG
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Figure 3. Cyclin GL levels in HCT 116 cells transformed stably with pcDNA3,

pcDNA3-cyclin Gl or pcDNA3-AScyclinGl plasmids. (A) Total cyclin Gl

expression. Lane 1: non-transformed control, lanes 2 to 5: pc DNA3-cyclin Gl

transformed clones. Observed molecular weight 30 kD. (B) Exogenous cyclin Gl

expression. Lane 1: untransformed control. Lane 2 to 5: pcDNA3-cyclin G1

transformed clones. (C) pcDNA3-AScyclin G1 transformed and control cells. Lane 1:

untransformed control, lane 2: pcDNA3-cyclin Gl transformed control, Iane 3: empty

pcDNA3 transformed controi, and lanes 4to9: pcDNA3-AScyclin Gl stable

transformed clones
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10 25 50 75

Cells plated after plasmid transfer (x1000)

Figure 4. Growth assay of pcDNA3, pcDNA3-cyclin Gl and pcDNA3-

AScyclin G1 constructs in HCT 116 cells. HCT 116 cells were transformed with

1 ¡rg pcDNA3 or equimolar amounts of pcDNA3-cyclin G1 or pcDNA3-AScyclin

G1 plasmids and then replated in the indicated amounts. Colonies remaining after

two weeks selection in G418 were counted. Bars represent average and standard

deviation of five independent experiments.
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Figure 5. Cell cycle distribution of cycling HCT 116 and isolated clonal cell lines

transformed with pcDNA3 and derivative vectors. Cell phase was determined by pI

staining of fixed cells and flow cytometry analysis. Bars represent average and standard

error from cell distributions as determined by flow cytometry data (n = 3). Cells were

transformed with: HCT 116 = no vector, HASI l = pcDNA3-AScyclin Gl, HPC2 =

pcDNA3 (empty), HCG5 - pcDNA3-cyclin G1
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Figure 6. Survival of HCT 11.6 cells and selected clones after genotoxin

treatment. Cells were treated with the indicated drug and assessed for survival by

MTT assay after 24 hours of treatment. Top left: treatment with raxol, top right:

treatment with Doxorubicin, bottom left: treatment with Cisplatin, bottom right:

treatment with Etoposide. Cells were transfected with: HASI l = pcDNA3-AScyclin

Gl, HCG1 and HCG5 = pcDNA3-cyclin Gl, Hpc2 = pcDNA3. Standard deviarion

is indicated for each data point, n = minimum 3, maximum 5 for all experiments.
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Figure 7. Cyclin GL levels in HCT 11"6 cells treated with antisense nucleotides.

Control lane represents untreated cells. Lysates were taken 16 hours post-transfer

(A) 6 ¡tl lipofectin reagent plus the indicated amount of oligo (nM). (B) 3 pl

lipofectin reagent plus the indicated amount of oligo. Antisense, Sense, and

Scramble refer to the type of oligo transferred.

Lipofectin Reagent

Oligo (nM)

Figure 8. Effects of varying Oligo Concentration: Lipofectin reagent ratios on

cyclin G1 protein levels in HCT 116 cells. Lysates were harvested}4 hours post

transfer. Control represents cyclin G1 levels in untreated cells. Transfer conditions

are as indicated.
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Figure 9. Cyclin Gl levels in HCT 1L6 cells at increasing time points after

treatment with antisense oligonucleotides. Control lanes are untreated cells.

Lysate time points are in hours. Transfer conditions were 250 nM oligonucleotide

concentration and 2 ¡rl transfer reagent.

Cells plated -+
(x 105)

o-cyclin Gl ----)

Loading -*

lïr!ìirrr¡r'.#
i:;ii;igëf#

Figure 10. Effect of cell density on cyclin Gl protein levels in HCT 1L6 cells

treated with phosphorothioate oligonucleotides. Cells were treated with oligos

at a final concentration of 200 nM, with the exception of control cells, which were

untreated. Lysates were taken 24 hours after nucleic acid transfer.

75



l- 
Antisen 

f 
Sense 

-1 f 
scramble -l

Control 50 100 250 50 100 25050250r00Oligo (nM)

o-cyclin G1 +

loading ---|

(A)

r Antisense -r Sense r- Scramble -rI so too I lso too I I so loo IOligo (nM)

o-cyclin Gl +

Control

FÍgure 11. Phosphorothioate oligonucleotide treatment of HCT 116 cells.

Cyclin Gl protein levels following treatment with antisense, sense or scrambled

phosphorothioate-modified oligonucleotides in tow independent experiments (A

and B). Concentration of oligos is indicated. Scrambled oligo contains the same

nucleotide composition as the antisense molecule but in a random sequence. The

scrambled oligo does not contain any known sequence similarity to other human

mRNAs.

(B)
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Figure 12. Diagram of pSUPER (Suppression of Endogenous RNA) and

structure of siRNA-like products. HI-RNA promoter is an H1 RNApol III

promoter. T5 refers to a five-thymidine termination sequence. CDHi refers to the

E-cadherin gene. From Brummelkamp et al. (2002).
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o-cyclin G1--->

o-tubulin 

-)

unknown ---+

Figure 13. Cyclin Gl, levels in HCT 116 clones stably transformed with pSU-

Gl. Lane numbers refer to arbitrary clone designations. (A) and (B) demonstrate

cyclin G1 and y-tubulin levels, respectively. Panel (C) is an unknown band

picked up with u-cyclin Gl antibody at -60 kD. Control in untransformed cells.

o-cyclin G1--Ð

o-tubulin

Figure 14. Levels of cyclin GL protein in HCT 116 cells stably transformed

with pSU-G1. Lane numbers refer to clone designations. Control cells were

untransformed. pSUPER lane is a control clone transformed with empty pSUPER

vector.
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pSUPER with
insert --)

pSUPER without
insen

Figure 16. Genomic PCR screen of pSu-Gl clones. Genomic DNA from pSu-Gl

transformed clones was isolated and screened via PCR to confirm presence of the

pSu-G1 vector. Lanes I and2: pSu-G1 positive and negative control. Lane 3 and4:

pSu-p53 positive and empty pSuper negative controls. Lane 5: Master PCR mix

negative control. Lanes 6 to 14, pSu-Gl transformed clones: lanes 6, 7 and 11-13 not

showing presence ofpSuper sequences, lanes 8-10 and lane 14 showing presence of

pSuper containing an insert.
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Figure 17. Cyclin GL Protein Levels after transformation with pSuper and pSu-

Gl at a range of ratios. Cells were transformed with the indicated amount of each

vector and lysates harvested 24 hours post treatment. Mock-transformed cells

underwent transformation procedure with only vector DNA absent from the solutions.
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Figure 18. Transient transformation of pSu-Gl and related vectors on cyclin Gl

protein levels. Cells were transformed with the indicated vector and lysates harvested at

66 hrs (lanes I,3,5,7) or 115 hours (lanes 2,4,6,8). Unknown band appears around 60

kD in size and is markedly reduced in all 66 hr lysates regardless of which vector

transferred.
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64bp

39 bp

2I bp

Figure 20. High percentage agarose gel electrophoresis displaying size and

double stranded character of in vitro synthesized siRNA. Lanes I and 2:

Annealed DNA oligos as markers of indicated size. Lanes 3 and 4: in vitro

synthesized siRNA. 2.5Vo wlv agarose gel.

NoTF MockTF l0nM GFPTF NoTF

a,-cyclin G1 ---->

s-tubulin ---->

Figure 2L. Transient transformation of NIH 3T3 cells with siRNA. Lane 1,

untransformed cells. Lane2, mock transformed cells, lanes 2, 3 and 4, 10 nM, 50

nM and 100 nM siRNA treatments, respectively. Lane 6, pEGFP transformation

(transformation control). Lane 7, untransformed cells. Lysates were taken 48 hours

post-transformation.
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100nM 12.5nM Mock TF No TF

Figure 22. Transient transformation of human lung carcinoma A-549 cells

with siRNA. Protein lysates were harvested 32 hours after a 16-hour

transfection of siRNA. Mock transformation (TF) contained all transformation

reagents except siRNA. (A) Cyclin G1. (B) Loading control

HCT 116

HT 1080

Figure 23. Transient transformation of siRNA and lack of effect on cyclin Gl

levels in colon cancer cells. Protein lysates were harvested 24 hours after a 16-

hour transfection of siRNA. Mock transformation (TF) contained all

transformation reagents except siRNA. (A) Cyclin Gl levels in HCT 116 cells

after transformation. (B) Cyclin Gl levels in HT 1080 cells after transformation.

(A)
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Serum Starved

HU 20hrs Noc. 15h Noc.20h

Noc 15 h VP-16 2 Noc 21 VP-16 2 Noc 15h VP-16 5 Noc. 21 h VP-16 5

Figure 24. Cell cycle analysis of HCT 116 cells. Panel (A): untreated, unsynchronized HCT

116 cells. (B) Serum starved (SS) cells. (C) Cells released from SS and treated with

hydroxyurea (HU) for 16 hours. (D) Cells released from SS and treated with HU for 20 hours.

(E) Cells released from HU treatment and treated with nocodazole (noc.) for 15 hours.

(F) Cells released from HU treatment and treated with noc. for 20 hours.

(G) Cells released from HU treatment and treated with noc. + VP-16 (2 ttg/ml) for 15 hours.

(H) Cells released from HU treatment and treated with noc. + VP-16 (2 ¡tglml) for 2I hours.

(I) Cells released from HU treatment and treated with noc. + VP-16 (5 pg/ml) for 15 hours.

(J) Cells released from HU treatment and treated with noc. + VP-16 (5 trg/ml) for 2I hours.

HU 16 hrs
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Figure 25. Cell Cycle phase analysis of Cyclin E and Cyclin GL protein levels in HCT

116 cells. (A) Cyclin E levels. Lane 1, untreated cells. Lane 2, serum starved cells. Lanes 3

and 4, Hydroxyurea treated cells for 16 hours and 20 hours, respectively. Lanes 5 and 6,

nocodazole treated cells for 20 hours with 0 and 5 pg/ml Vp-16. Lanes 7 , g and 9,

nocodazole treated cells for 15 hours with 0, 2 and,5 pglml VP-16, respectively. (B) Cyclin

Gl levels Lane 1, untreated cells. Lane 2, serum starved cells. Lane 3 and 4, Hydroxyurea

treated cells, 16 hours and20 hours, respectively. Lanes 5, 6 and J,Z}-hour nocodazole

treated cells with 0,2 and 5 pglml vP-l6,respectively. Lanes 8, 9 and 10, 15 hour

Nocodazole treated cells with 0,2, and 5 pglrnl Vp-16, respectively
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Figure 26. Survival curve of cyclin GL-/- and +/+ MEF cells treated

with selected genotoxins. Cells were incubated for 48 hours with the

indicated drug before assay. (A) Etoposide treatment. (B) Cisplatin

treatment. Mean and standard deviation are shown.
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HCT 116 A-549 HT1080 +/+ MEF

a,-cyclin Gl -+

a-tubulin Ð

Figure 27. Comparison of Cyclin GL protein levels in primary and

immortalized cells. HCT 1 16, A-549 and HT1080 cell lines are immortalized

cancer cell lines. -/- MEF cells are cyclin G1-null primary cells. +/+ MEF cells

wildtype cyclin G1-positive primary cells. 50 pg of total cell lysate was loaded

each lane.
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Figure 28. Genomic PCR of MEF cyclin Gl +/+ and cyclin Gl -l-

cells. Lanes 1 is a nucleic acid size ladder. Lanes Z to 4 display pCR

reactions performed on MEF cyclin Gl +/+ genomic DNA. Lanes 2,3,6

andT: products using primer pairs recognizingonly wildtype MEF DNA.

Lanes 5 to 9 display PCR reactions performed on MEF cyclinGl -/-

DNA. Lanes 4, 5,8 and 9: products using primer pairs recognizing

wildtype and neomycin DNA sequences.
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GL3/927 HCT I16

Mouse Cyclin G1-+

Human Cyclin G1*

GAPDH-+

Figure 29. Northern blot analysis of cyclin Gl mRNA levels in a variety of cell

Iines. Panel (A) is cyclin Gl mRNA, panel (B) is GAPDH loading conrroi. 20ug of

total RNA was loaded per lane. MEF and GL3/92T are non-carcinogenic mouse and

human fibroblast cell lines, respectively. HCT 116 is an immortalized carcinogenic

cell line. UNL is a human cell line of uncertain origin.
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Chapter 4: Summary and Discussion

4.1 Experimental model and antisense vector experiments

Throughout this projec t avanetyof cell lines were used as experimental models

but the majority of work was performed with HCT 116 cells for several important

reasons. First, the initial focus of the work was p53-related mechanisms of cell cycle

control and how they relate to alterations in cancer cell growth and response to drugs.

Since HCT 116 cells are human colon carcinoma cells containing a non-mutated (wild-

type) p53 gene, they provide a carcinoma model with a p53 gene that presumably

functions normally (Take et al.1996). Secondly, these cells also contain a few other

potentially interfering mutations, the main genetic change being a homozygous deletion

of the DNA mismatch repair gene hMLHI on chromosome 3 (Koi et al.1994).

Furthermore, HCT 116 cells are well charactenzed with respect to genetic control of cell

cycle checkpoints that are the major mechanism by which p53 negatively regulates the

cell cycle. Most importantly, extensive analysis of checþoint genes have been performed

in these cells and pubiished work is available on knock-out HCT 1i6 cells lacking

checkpoint related genes p53 (Bunz et al. 1998), p21 (Waldman et al 1995), and 14-3-3o

(chan et al. 1994) alone and in various combinations (chan et al. 2000).

Using HCT 1 16 cells as a model we transferred FLAG{ agged. ccngl oDNA to

create cyclin Gl over-expressing clones. After selection for plasmid transformed cells by

drug treatment, the majority of the selected cells demonstrated expression of exogenous

protein but not overexpression of cyclin Gl. Like similar cyclin G1 reports, some but not

all clones appeared to express the cyclin Gl gene (Smith et al. 1997). Cyclin protein

levels are tightly regulated because the presence of cyclin protein causes Cdk activity,
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which must occur only at appropriate times in the cell cycle. However, whether the

normally tight regulation of cyclin protein levels may explain some resistance to

overexpression of cyclin Gl is debatable because it has been experimentally over-

expressed in some cell lines using a retroviral system (Okamoto and Prives 1gg9).

Although not indicated by Okamoto and Prives (1999), it is possibl e thatthe expression

system used in that investigation was more active than the pcDNA3 vector. Our

experience of difficulty in obtaining over-expressing ciones after section is remarkably

similar to that reported by Zhao et al. (2003) who "found it difficult to achieve and

maintain high levels of ectopically expressed cyclin Gl" and by Benin et al. (2002)

whose attempt at creating stable cells over-expressing cyclin G2 resulted in "weak

expressers rapidly lost upon expansion". Together, these observations suggest altered

cyclin Gl expression is strongly selected against in proliferating ceils. We did not

observe alteration of cell growth characteristics due to the expression of the FLAG-

tagged cyclin Gl protein. Similariy, okamoto and Prives (1999) also expressed

exogenous cyclin G1 and did not observe significant cell cycle alteration.

Using HCT 116 ceils, we analyzed toxicity of cyclin Gl in colony assays. This

experiment showed that pcGl-transfected cells displayed similar colony forming

capabilities as pcAS-transfected and un-transfected HCT i 16 ceIls. Previously,

expression of exogenous cyclin Gl was reported to increase the growth of RKO cells

(Smith et al. I997)and more recently NIH 3T3 cells (Zhao et al.2003). However, the

reported increase was minor because cyclin Gl rehoviral-transfected fibroblasts only

demonstrated a 1 .Z-fold increase in growth rate. Similar to our findings, the fibroblasts in

this experiment expressed only low levels of exogenous cyclin Gl and these levels did
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not alter growth characteristics of the NIH 3T3 cells. It is possible that the lack of strong

overexpression of exogenous cyclin Gl in their NIH 3T3 and our HCT 1 16 cells may be

a factor in the absence of a noticeable phenotype regarding colony forming ability and

cell cycle phase distribution, or that overexpression is selected against.

In contrast to the pcGl vector experiments, transfection of HCT 116 cells with

pcAS did allow selection of clones that temporarily demonstrated moderately reduced

levels of cyclin Gl protein, although these were a low proportion of the total number of

clones screened. We repeated immunoblot analysis of cyclin Gl protein levels three

times in the clone we selected and compared these levels with non-transformed and

pcDNA3 (empty) containing cells to confirm reduction of cyclin G1. The selected cloned

cells demonstrated similar characteristics of growth and drug sensitivify to normal HCT

i 16 cells except in their response to Cisplatin treatment. This indicates a change occurred

specific to the response of the selected cells to Cisplatin, but not to the other drugs used.

The other drugs were Taxol and Etoposide, both alkaloids but with different targets, and

Doxorubicin, an anthracycline compound.

The mechanism of action of Taxol is promotion of tubulin polymenzation (Schiff

et aI.1979), which can affect cellular processes that require normal tubulin organization

and dynamics like centrosome position (Brown et al. 1995), or by inducing abnormal

spindles and spindle dynamics (Abal et al. 2003). Etoposide and Doxorubucin both act as

topoisomerase II inhibitors (Minocha and Long 1984, Tewe y et al. lgLÐ),causing

increased levels of dsDNA breaks because of blocking the topoisomerase tr ligase action

(Bromberg et aL.2003). Doxorubicin can also cause toxicity at high concentrations by

intercalation of DNA and free radical formation; however, these are thought to play
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minor roles in ceilular toxicity (Muller et al. 1997). kr addition, Doxorubicin can cause

an increase in ceramide leading to apoptosis (Delpy et al. 1999). In contrast to these three

drugs, cisplatin is a structuraliy simple, inorganic platinum compound that causes cellular

toxicity by direct interaction with DNA. Cisplatin binds to DNA and replaces its own

chlorine atoms preferentially with the N7 nitrogen atoms of purines, causing cisplatin-

DNA cross-links (Sundaralingam et al. 1985). Toxicity arises from interfering with DNA

slmtheses when the DNA adducts are not repaired before synthesis occurs. Other possible

methods of cisplatin toxicity are interaction with RNA and sulfur-containing enzymes.

Since this method of DNA damage is different than those characteristic of the alkaloid

and anthracycline drugs, is it possible that our perturbation of normal gene expression by

introduction of long dsRNA from the pcAS vector disrupted the normal cellular response

to the DNA adducts, such as those formed by cisplatin, but not those genes or proteins

responsive to alkaloids or anthracyclines.

Cisplatin treatment of the temporarily stable HCT 116 cells containing pcAS

demonstrated a transient decrease in cell survival compared to control cells. 'When drug

sensitivity experiments in cyclin GT -l- MEF cells were performed, they did not show this

phenotype. The antisense mechanism of protein knockdown by stably introducing long

dsRNA can initiate severai pathways that can wreak havoc with cellular transcription and

translation events and that may account for the observed phenotype. Key among these is

the activation of 2'-5' -oligoadenylate synthase and PKR, a protein kinase induced by

interferons and activated by dsRNA (Savinova ef al. 1999). 2'-5'-oligoadenylate

synthetase activation results in RNAse L activity which non-specifically degrades

mRNA, while PKRphosphorylates eIF2, reducing protein expression non-specifically
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(Haines et al. 1992). Further non-specific gene activation caused by long dsRNA

introduction includes interferons themselves, and related factors (Daly and Reich, 1995).

It seems likely that one or more of these pathways were activated by our introduction of

long dsRNA, and they may have contributed to the drug sensitivity we observed. It is

plausible that interfering with the ability of a cell to respond to genotoxic insults by

preventing gene transcription and protein synthesis would result in a higher sensitivity to

drug treatment. The comparison of the cisplatin sensitivity of the cells under the

conditions of our MTT assays suggests that cell lines may show distinct characteristics

with respect to the role of the same protein or that the previous standard antisense

experiments may have provided ambiguous results. However, speculation on the specific

pathway is difficult because the biological effects of the drug treatments include single

and double strand DNA breaks that are ultimately the signals to which cellular

mechanisms respond to, rather than the initial mechanism of interaction by the drugs.

For our antisense vector experiments we used an empty version of the vector

containing the antisense RNA as a conhol. However, in retrospect it is apparent that

using this method alone can create a difficulty in determining whether the phenotype

observed is due to target protein reduction or possible antisense effects of long dsRNA

strands within the cells. Nevertheless, this approach has been used directly in experiments

involving cyclin Gi. Both Zhu et al. (1997) and Chen et al. (1997) use a vector-med,iated

dsRNA approach to introduc, untirrnrc cyclin Gl into cells in experiments very similar

to ours, except the vector used is a retrovirus. Similar to results presented in this paper,

they demonstrate a moderate reduction in cyclin Gi levels with an antisense vector, and

do not successfully suppress cyclin Gl expression, as abundant signal is present after
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immunoblotting treated cells (eg. see figure 1, panel E in Chen et al. 1997). Using this

system, Chen et al. (1997) reports a reduction in non-treated tumourigenic MNNGÆIOS

cells in G2 and M phase and a decrease in subcutaneous tumour growth when cyclin Gl

is transferred into cell culture or injected into mice, respectively. Similarly, Zhu et al.

(1997) report inhibition of vascular smooth muscle cell growth and neointima formation

after cyclin Gl transfer into the cells. Unfortunately, neither of these reports uses a non-

essential dsRNA vector to control for effects due solely to large dsRNA complexes. ln

light of the possible impacts on cell cycling and growth from induction of the interferon

response, it is difficult to interpret their results because similar phenotypes have been

reported with interferon induction. For example, Vivo et al. (2001) demonstrate that

interferons themselves can exhibit antitumoural activity and induce cell cycle arrest,

while Chacko et al. (2002) demonstrate reduced cell growth and altered cell cycle

distribution after dsRNA introduction, which they determine is from interferon-activated

PKR.

After several weeks of experiments, the pcAS-transfected HCT 116 cells showed

a reduced sensitivity to cisplatin. Immunoblot analysis of cyclin Gl protein levels in

these clones revealed that they had returned to normal, as compared to untreated cells.

This suggests the cells were essentially "quasi-stable" clones as opposed to o'stable"

clones and the genomic integration of the vector DNA did not remain stable. It is likely

that the pcAS vector or its expression was lost and this resulted in a return to normal

expression of cyclin Gl. Re-selection was unable to recover the abnormal phenotype.

Since we wished to avoid the possibility of non-specif,rc effects from permanent dsRNA
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expression, we proceeded with antisense approaches that were not based on the creation

of iarge dsRNA complexes.

4.2 Antisense and in vitro siRNA approach

We were unable to reliably reduce cyclin Gl protein levels using an antisense

oligonucleotide with or without phosphor:othioate modified residr-les. Although there are

many difficulties with AO approaches, the most likely explanation for the outcome of the

initial AO experiments is that degradation of the non-modified oligos occurred too

quickly for them to be effective suppressors of cyclin Gl franslation. The presence of

nucleases in the cell that readily degrade unprotected ssDNA can reduce the halÊlife of

AOs to only 1.5 hours (Kurreck et al. 2000). At such short half-lives it is highly unlikely

that the oligos would be able to suppress protein expression unless the target protein had

avery short half life itself. In the case of a stable target, protein existing prior to the

transfection of the AOs would continue to be present in immunoblotting experiments

after transfection, even if the AOs were effective in suppressing all translation of the

targetmRNAs. Since cyclin Gl lacks degradation motiß found in other cyclins and is not

phase specific, it is possible that this scenario occurred in our initial AO approach.

The phosphorothioate modif,red AO we used is more resistant to nuclease

degradation than the non-modified oligo because of the sulfur group modifications.

However, this approach may have similar problems as non-modified oligos in

suppressing stable proteins with long halÊlives. Kurreck et al. (2002) report the halÊlife

of an 18-mer-phosphorothioate oligo, in which every nucleotide residue has been

modified, to be 10 hours. Due to expected toxicity of the phosphorothioate-modified
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nucleotides, we chose to modiff only five terminal residues on our modified oligo. This

would presumably reduce the stability of the oligo because of the presence of non-

modified nucleotides being susceptible to nuclease action, especially endonucleases that

cut within a nucleic acid strand and do not require an exposed strand end to act. Shimizu

et al. (1998) demonstratepartialknockdown of cyclin Gl inRatlA cells using a

phosphorothioate modified antisense oligo, although the extent of nucleotide

modification is not indicated. They use a high concentration of 5 M antisense oligo,

which is roughly an order of magnitude greater than we used in our experiments.

However, AO concentrations lower than those in our experiments have been successful in

suppressing cyclin expression (eg. Saikawa et al. 2001, Hochegger et al. 2001) as well as

expression of other proteins (eg. Prall et aL.200I, Yan et al. 2001). The partial success of

their attempt likely lies in the alternate strategy used. This strategy targeted the AO to

bind specifically to a region covering the start codon region of cyclin Gl mRNA

(Shimizu et al. 1998).

Although a commonly used technique in modern molecular biology, antisense

knockdown approaches are sensitive to many subtle parameters such as sequence

composition of antisense oligonucleotides, a difficulty that has never been fully resolved.

This difficulty often arises from situations where complex secondary structure covers the

target region where AO is expected to bind and therefore fails to recruit RNAse H. In this

situation, the mRNA would not be cleaved and therefore the translation and protein

expression not suppressed (knocked down). Similarly, binding of the AO may occur but

become unraveled by the ribosome or related proteins during translation. In both cases

the disruption of the DNA : RNA complex results in complete ineffectiveness of the AO
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because the sequence is unable to remain bound and initiate cleavage of the mRNA. This

can occur despite the fact that a very similar AO molecule of a different sequence may be

effective because it binds an aÍeà of little or no secondary structure'or in a region

upstream of the ribosome and away from ssRNA binding proteins. However, searching

for an AO sequence capable of creating a phenofype sufficient for an experimental model

may require a large screen; for example, Gottschalk et al. (200i) screened 25

phosphorothioate oligos and report two capable of reducingtargetprotein expression.

V/e found that cyclin Gi expression in HCT 116 and several other cancer cell

lines was higher compared to primary cell lines. In fact, cyclin Gl expression was

essentially undetectable in primary mouse fibroblasts, but expressed highly in

immortalized mouse fibroblasts. Similar high expression was observed in other caricer

cell lines such as A-549, MCF-7 and HT 1080. These findings, along with resistance to

further over-expression of cyclin Gl beyond that already expressed, are similar to earlier

reports of cyclin Gl expression in cancer cell lines (Reimer et al. 1999, Wu et al. 1994)

High expression may factor in the difficulty in reliably reducing cyclin Gi

expression because it represents either a high rate of transcription, resulting in a large and

quickly replenished mRNA pool, or because it indicates a slow turn-over rate, resulting in

the presence of cyclin Gl protein despite destroyed mRNA. This may be more

problematic for AO experiments than for siRNA experiments because the latter are

apparently more efficient at reducing mRNA levels and can be effective at exceedingly

low concentrations (Fire et al. 1998). Slow turnover rate may also indicate the halÊlife of

the protein is longer than the half-life of the antisense molecule. Though a

disadvantageous situation for both AO and siRNA approaches, it is AO approaches are
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again more likely to be susceptible because single stranded nucleic acids are generally

less stable than double stranded nucleic acids. In fact, although no experiments have

reported the half-life of cyciin Gl, it has been suggested to be a iong-lived protein, based

primarily on the lack of degradation motifs found in other cyclins (Tamura et al. 1993).

Regardless, higher expression levels of genes has also been reported to affect the ability

of siRNA to suppress protein erpression (Elbashir et al.200la), and much greater

amounts of dsRNA are required to visualize RNAi in some cell lines than in others (Ui-

tei et al. 2000).

'We 
addressed this possibility with experiments examining cyclin Gl protein

expression after phosphorothioate-modified AO hansfer up to 44 hours, and by repeated

Ao transfer to the same cells up to three times over a period of 2 to 3 days. The

ineffectiveness of these experiments suggests that tumover rate of cyclin Gl is not likely

the sole factor in resistance to suppression by our AO. However, these experiments do

not directly address cyclin G1 protein halÊiife.

Ohtsuka et al. (2003) demonstrate partial knockdown of cyclin Gl by siRNA in

Saos2 and U2OS cells. However, the reduction in protein expression u¡as very moderate:

cyclin Gl protein levels in the siRNA treated cells are at least 75Yo of thecyclin Gl

protein levels in the control cells. Furtherrnore, cyclin Gl expression in Saos2 cells may

normally be at low levels (see Bates et al. 1996) and cyclin Gl protein levels are akeady

low in untreated cells (Ohtsuka et aL.2003). This suggests there is already significant

regulation of cyclin Gl at the mRNA or protein level in Saos2 cells. Importantly, the

reduction in cyclin G1 protein ievels in siRNA treated cells is compared to cyclin G1

protein levels in non-essential siRNA treated cells, and cells of both types were freated
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with Campthothecin (CPT). These results demonstrate that the siRNA prevented

accumulation of cyclin G1 after drug treatment rather than reduced the cyclin Gl levels

below normal. Presumably, comparison of untreated Saos2 cells with the CPT and cyclin

Gl-siRNA would show similar cyclin G1 protein levels. An interesting observation is

that while siRNA is considered highly efficient, in this model it was only capable of

reducing cyclin Gl protein expression -25% in a cell line apparently expressing low

amounts of the target protein. The sequence used in the siRNA by Ohtsuka et al. (2003)

was located from nucleotides 340-360in cyclin Gl mRNA and did not overlap in

sequence with our antisense molecules.

Finally, to be thorough we must entertain the possibility of incomplete sequence

homology. An important concept of all antisense technologies is the requirement for

sequence complimentarity befween the antisense molecule and the targetmRNA for

efficient suppression of gene expression. Lack of complete sequence complimentarity can

result in full or partial inhibition of knockdown ability. In siRNA, mismatches befween

the target mRNA at the 3'end or middle of the antisense strand make the siRNA

completely unable to suppress the target mRNA, while mutations at the 5'end may still

allow a minor silencing activity (Elbashir et al. 2001(b)). Although no study has been

performed on the sequences and mutations, if any, of ccngl in cancer cell lines, it is

possible that small sequence mutations such as single nucieotide polymorphisms (SNPs)

may be present that disrupt proper siRNA function in the regions we selected to target

our antisense molecules. However, there is a low probability of SNPs within the regions

we selected for our antisense molecules because the AO and siRNA were 18 and2I
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nucleotides long, respectively, and the density of SNPs in the human genome is only 0.77

per 1kb (NCBD.

4.3 pSuper based introduction of siRNA

As with pcGl and pcAS, we created stable clones of HCT 116 cells containing

pSu-Gl integrated into genomic DNA. This time we conf,irmed the drug-selected clones

did contain our vector integrated into cellular genomic DNA by screening the clones via

genomic PCR. We used primers designed to amplify a vector fragment containing the

multicloning site of pSuper, including any insert that was present. As expected, we

obtained a mix of clones, some containing the pSu-Gi vector and some without. To

confirm our clones were actively transcribing the integrated DNA, we had previously co-

transfected pEGFP with pSu-Gl and monitored green fluorescent protein expression via

fluorescent microscopy. Abundant green signal'under fluorescent microscopy confÌrmed

our clones were expressing the hansferred vector, even numerous weeks of passages after

introduction of the vector. This strongly supports the possibility that pSu-Gl was

expressed in our stable clones, although there is a small possibility that transcription of

pSu-Gl responded differently than pEGFP in the stable cells, and was not being

expressed. It is interesting that this vector remained stable within the genomes of our

clones for several months without reselection, a situation not observed with the original

pcDNA3-cyclin Gl vector.

The pSuper vector creates a small hairpin RNA structure that is presumed to be

cleaved in the loop region resulting in an siRNA-like molecule that mediates RNAi

(Brummelkamp et aL.2002). h HCT 116 cells under the conditions reported here, pSuper
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based pSu-Gl was unable to reliably reduce cyclin G1. Although we did see some

reduction in cyclin Gl, we concurrently noticed reduction of cyclin Gl in our pSuper

control, but no reduction of our loading control. Similarly, we noticed a non-specific

band that fluctuated greatly in intensify within our pSu-Gl clones. Based on these

signals, it is likely that the pSuper vector and its derivatives either created non-specific

effects in these cells or demonstrated some toxicity. It has been previously shown that

siRNA may show signs of toxicity in HCT 116 cells. In light of the evidence supporting

vector integration and expression in our stable clones, it is likely that sequence effects or

tight regulation of cyclin Gl protein and mRNA levels contributed to the inability to

suppress cyclin Gl.

4.4 Cell c)¡cle anal]¡sis of c)¡clin Gl protein levels

Our cell cycle analysis of cyclin G1 association with cell cycle phase

demonstrates that in HCT 116 cells cyclin Gl is present throughout the cell cycle and

does not fluctuate greatly with cell cycle phase. Rather, we observed only a minor

increase near the GzlM boundary. Constitutive expression of cyclin Gl has been reported

previousl¡ with initial upregulation after growth stimulation (Horne et aL.1996, Tamura

et al. 1993). However, our results in a carcinoma cell line demonstrate abundant cyclin

Gl protein even in the absence of growth stimulation. Reimer et al. (1999) compared cell

cycle association of cyclin Gi between normal human breast epithelial cells and human

mammary carcinoma cells. They found that, similar to Horne et al. (1996) and Tamura et

al. (1993), growth stimulation increased cyclin G1 levels at the beginning of the cell

cycle in normal cells but in cancer cells complete deregulation of cyclin G1 occurred and
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high levels were found throughout the cell cycle. This agrees considerably with our

observations of high and constitutive expression of cyclin Gl in the cancer ceil lines we

studied.

Lack of requirement for growth stimulation to induce cyclin Gl expression and

ease of detection of cyclin Gl in carcinoma cells compared to primary cells is indicative

of different regulatory strengths between these tr¡.'o cell types. Our difficulties rvith

suppressing endogenous cyclin G1 expression in cancer cell lines is perhaps due in part to

the altered and"/or deregulated expression ofcyclin Gl in carcinoma cells, This

deregulation is of interest because cyclin Gl is implicated in regulating tumour-

suppressor p53, possibly through interaction with mdm2 (Okamoto et aL.2002). Since

uncontrolled growth in cancer cells is often the result of deregulation of p53 growth-

controlling mechanisms and cyclin Gi interacts with p53-regulating mdm2, it should be

considered that deregulation of growth control in cancer cells may be in part due to

deregulation of cyclin Gl expression. Analysis of cyclin Gl overexpression in cancer

celis and the control of normal cyclin Gl levels in non-immortalized cells will help

determine the mechanisms of aberrært expression in cancer cells and whether this

supports the aberrant growth that charactenze them.

4.5 Comparison of cyclin Gl protein and mRNA levels between immortalized and

primary cell lines

We determined that cyclin Gl protein expression in primary cells appears higher

than in carcinoma cells, a situation similar to that reported by Reimer et al. (1999) and

Wu et al. (I99$. However, our analysis is difficult to quantitate because although we
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observe cyclin Gl signal in some murine cells, we did not in the primary MEFs. This

situation is also apparent with Jensen et al. (2003) who created the primary MEFs used in

this project but do not demonstrate cyclin Gl expression through western

immunoblotting. Rather ,theydisplay mRNA levels through northern blotting. ln a

similar manner, we approached this difficulfy by screening a set of cell lines for cyclin

Gl mRNA expression through northern blot analysis. In fact, a similar situation exists in

SAOS-2 cells, where northern blot analysis of untreated cells reveals abundant cyclin Gl

transcript, but western blotting shows very minimal cyclin Gi protein expression (Bates

et a1.7996, Ohtsuka et al. 2003). In ow northern blots we observed a moderate increase in

cyclin Gl mRNA compared to both human and murine primary cells as compared to

GAPDH mRNA levels, but within the same range of expression. This suggests a

difficulty of immunoreagents to identiff primary murine cyclin Gl or a difference in the

regulation of cyclin GI protein between the cell types, since all cell types apparently

express cyclin Gl mRNA.

4.6 Summaqy

In this report we document considerable resistance to perturbation of cyclin G1

expression in HCT 116 cells. Our results show that both cyclin Gl protein and mRNA

expression is higher in these cells than in primary cells of both human and murine origin.

'We show that comparison of cyclin Gl and cyclin E expression in synchronized HCT

116 cells reveals constitutive cyclin G1 expression throughout all phases of the cell cycle,

unlike classical cyclins like cyclin E. It also demonstrates that neither growth factors nor

a specific cell cycle phase is required for expression. Furthermore, cyclin Gl expression
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is moderately increased at the GzlM boundary in HCT 116 cells but is not further

increased upon genotoxin treatment under the condition we used. These results extend

previous reports that have demonstrated resistance to alteration of cyclin Gl expression

in many cell lines and overexpression in carcinoma cell lines. Taken together with known

associations of cyclin Gl with p53, ARF, pRB and PP2A, they also suggest that

deregulated expression of cyclin Gl may play a role in the prolific capabilities of

carcinoma cells.

4.7 Future directions

Although most antisense technologies are well understood in theory, the practical

application can reveal difficulties when used at the laboratory bench. This has resulted in

a large volume of literature reporting the drawbacks to these methods. However, there is

no reason to believe that any gene is completely resistant to antisense technologies

because many experimental models available. For example, despite several reports of

difficulty in altering cyclin Gl levels, partial success has been achieved in antisense

knockdown experiments involving cyclin Gl, although success has been very moderate

(eg. Ohtsuka et aL.2003), and lack of parallel experiments with non-essential dsRNA

vectors has made interpretation difficult (eg. Chen et al. 1997, Zhu et al. 1997).

Nevertheless, further antisense experiments involving cyclin Gl may be successful

depending on the sequence or situation used. Importantly, many unexplored areas

regarding cyclin Gl do not necessarily require knockdown of cyclin Gl.

This project confirms several published situations relating to cyclin Gl and

suggests further investigation regarding the control of cyclin Gl in carcinoma cells. One
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key area of experimentation along this line would be investigating the role of

transcriptional and proteosomal mechanisms in regulating cyclin G1 protein levels.

Although Reimer et al. (1999) and Wu et al. (1994) report increased cyclin Gl protein

levels in mammary carcinoma and osteosarcoma cell lines, respectively, no further

investigation pertaining to the mechanisms has been performed. Recently, Zhao et aI.

(2003) have contributed moderately to the knowledge on this topic b¡' deterrnining that

exogenous cyclin Gl is degraded by the proteasome. However, whether cyclin Gl

overexpression in carcinoma cells is due to upregulatio n of ccngJ or to abrogation of the

normal tight regulation of cyclin protein levels, is yet undetermined. A set of cells

including primary and carcinoma cell types but otherwise as closely matched as possible

would allow analysis of protein and mRNA levels which could reveal which control

mechanisms are responsible for the abnormal expression in carcinoma cells.

Another interesting avenue of research involves the interaction of cyclin Gl with

PP2A. This association links cyclin Gl into a regulatory loop influencing p53 through

mdm2. Since PPZA in thought to be controlled in part by a wide array of varying

subunits, determination of the subset of subunits associated with PP2A and cyclin Gl

would help reveal exactly when and where cyclin Gl is interacting with p53.
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