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Abstract

Obesity increases the risk of colon cancer as agthe expression of many cancer
markers, ostensibly due to the interaction betwesulin resistance and adipocyte production
of hormones, mitogens and cytokines which collateot@ enhance proliferation signaling and
impair the DNA damage response. Cdc7 and PCNA@iteffroteins involved in the DNA
damage response as well as DNA replication. Botie lagso been shown to be upregulated in
human tumours. To assess Cdc7 and PCNA roles dimenQNA damage response in obese
and lean animals, we administered azoxymethane (A@Molon-specific carcinogen, to
obese and lean rats. Cdc7 and PCNA levels in aolomicosal protein extracts from obese
Zucker rats were compared with those from thein leaunterparts. Significant differences
were seen between lean and obese animals 3 hatr&@d (lean Cdc7 levels > obese Cdc7
levels) and 24 hours post-AOM (lean PCNA leveldoese PCNA levels). This result
suggests an impaired checkpoint response in olmaésala relative to lean animals and
supports a previously reported early role for Ciicthe checkpoint signaling cascade relative
to a later role of PCNA in DNA damage repair. Ae time tumours appeared (32 weeks post-
AOM), colonic mucosal Cdc7 levels of obese ratseexed that of their lean counterparts,
suggesting that the obese metabolic environmersesaupregulation of Cdc7 in obese rat
epithelia. Cdc7 and PCNA levels were then comphetdieen tumours and mucosa in obese
and Sprague Dawley rats. Tumour Cdc7 levels weregypated relative to mucosal levels in
more samples than tumour PCNA levels, suggestirgy @thy be a more sensitive tumour
marker. No significant differences in Cdc7 lewskre seen between obese tumours and
mucosa, likely due to elevation of obese mucosal7Gelvels. However, Sprague Dawley
(non-obese) rats showed significantly higher Cdad RCNA levels in tumours than mucosa,
consistent with previous studies in human tisslibese results suggest that Cdc7 may be a
more sensitive tumour marker than PCNA, but tisatiiility as a biomarker of colon cancer is

dependent on the metabolic state (leanness) andnadual.
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Chapter 1. I ntroduction

1.1 Overview

In Canada, cancer of the colon is the secondrgatiuse of cancer death in males
and the third leading cause of cancer death inlgsnaccounting for approximately 12
percent of the total cancer deaths in both gen@asadian Cancer Society's Steering
Committee, 2009). The importance of early detectmooptimizing prognosis and minimizing
the cost of this disease has led to the discovieayptethora of tumour markers. Protein
tumour markers currently include replication fasteuch as proliferating cell nuclear antigen
(PCNA), cyclin D1, cyclin E, Mcm2 and Cdc7 (GouldtRberg et al., 2009; Kwee & Kwee,
2008; Semple & Duncker, 2004; Srivastava et aD12%elmurugan et al., 2008). Variability
amongst cancers coupled with the inconsistencydiVidual markers in accurately detecting
cancer fuels the search for new candidates. Sieec cells utilize a dysregulated DNA
damage response to survive their increased mutedtenreplication factors that are also
involved in DNA damage response may have increbiseithood of overexpression in cancer
cells. Recent studies have revealed a novel, aaileeof the DNA replication kinase Cdc7 in
checkpoint signaling (Kim et al., 2008; Tenca et 2007). Similarly, the replication fork
component PCNA has known roles in DNA damage rgpawiewed in Moldovan et al.,
2007). In this work, levels of Cdc7 and PCNA proteiere assessed to determine if they
mirrored their sequential involvement in DNA damagsponse immediately following
carcinogen challenge in a rat model of colon caxgémesis. Further, previous studies

demonstrating impaired DNA damage



response and enhanced cellular proliferation gsetanimals (Jaiswal et al., 2000; Mena et
al., 2009; Zeng et al., 2008) suggested that opat®physiology could affect the robustness
of the DNA damage response and the ability of l&&db7 and PCNA to discriminate between
tumour and non-tumour tissues. The performanceda7@nd PCNA as tumour markers in
obese animals was assessed using obese, leanragidi&pPawley rat models of AOM-

induced colon cancer.

1.2 Colon cancer

1.2.1 Tumourigenesisin the mammalian colon

The mammalian colon consists of three layers: theasa, which lines the interior
(lumen) of the colon and contains primarily epithletells; the submucosa, which lies radially
outside of the mucosa and is comprised of connetisgue; and the muscularis, the outermost
muscular lining of the colon responsible for adwanent of the feces. CRC is characterized
by uncontrolled proliferation of colonic or rectgithelial cells (Shibata, 2006; Vogelstein &
Kinzler, 2004). Normal colonic mucosal epithekialls begin as epithelial stem cells at the
base of crypts in a region known as a niche (Sajt#006) (Figure 1). Mesenchymal cells
beneath the basement membrane at the base olyfitesignal stem cells to remain
undifferentiated. Stem cell progeny which leaveritohe differentiate, migrate up the sides of
the crypt towards the lumen, and eventually dieamdsloughed off in the feces (Yen &
Wright, 2006). DNA damage causes hyperproliferativanges in crypt architecture resulting
in aberrant crypts (Bird & Good, 2000). Clustefslberrant crypts known as aberrant crypt

foci (ACF) (Figure 2) are identified by their abnwal morphology relative to nearby crypts:



they have enlarged, sometimes elongated luminalings, thicker epithelial lining, and a
well-defined pericryptal zone (Bird, 1987; McLellahal., 1991a). ACF arise in the colon
following carcinogen exposure in a dose- and tirmpethdent manner (McLellan et al.,

1991a), as tumours do.
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Figure 1. Photograph (A) and cartoon rendering (B) of a colonic crypt

immunostained to show proliferating cells. Stem cells proliferate at the crypt base
exclusively in the niche (round cells boxed in grée(B)). Cells which leave the niche
divide a finite number of times as they migratethip crypt wall toward the luminal end of
the crypt. Eventually, they cease replicating, dral are sloughed of€artoon adapted

from Shibata, 2008, Fig. 1.



normal crypts aberrant crypt focus
(ACF)
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Figure 2. Colonic crypt morphology isaltered in responseto DNA damage.
Left panel: Methylene-blue stained mucosa viewed from the |afrsde
contains crypts of uniform size and shapgeght panel: The same stain and vit
of an aberrant crypt focus demonstrates the diffeze in architecture of the
crypts brought about by carcinogen challenge. Nuwdethe focus protrudes ir
the lumen, and the luminal opening of each crygheffocus is irregularly
shaped, particularly in comparison to the normgpts which can be seen in the

backgroundMagnification: 400x.



Most ACF either cease to progress or eventuallgnt to normal tissue (Bird, 1995;
Bird & Good, 2000). ACF can be classed accordingpéonumber of aberrant crypts involved
in a particular focus; this feature of ACF is knoastrypt multiplicity. Dysplastic ACF and
ACF of high crypt multiplicity are thought to berpaularly likely to progress to CRC (Gupta
et al., 2007; Magnuson et al., 1993; Takayama.e2@05). ACF that progress to CRC first
become adenomatous polyps (benign tumours) whiclbealistinguished from carcinoma by
growth confinement to the mucosal layers. Dysptasgils in polyps have acquired additional
mutations which confer a selective advantage wbatlses them to proliferate more
effectively than other cells in the same crypt (¥lstein & Kinzler, 2004), a phenomenon
known as clonal selection. Additional mutationgotyp cells can lead to the selection of cell
clones which are not restricted to the mucosalrigyaeown as neoplastic cells, resulting in
carcinoma (malignant tumour) (Figure 3). Only afi@n of polyps have malignant potential

to invade the muscular layers beneath the mucaosaé®ava et al., 2001).

Colon carcinoma can be due in part to germline trarta which confer a highly
increased risk for cancer development (heredit&®®Z{or can arise solely due to somatic
mutations (sporadic CRC) (Jass, 2002). Over 70%RTs are sporadic in nature (Benson,
2007), making models of sporadic CRC such as AOfMed colon cancer a relevant tool in

the search for useful cancer biomarkers.

1.2.2 Early detection of colon cancer

Early diagnosis of colon cancer improves the 5-geavival rate by 25-80%
(Turnbull et al., 1997). Current detection and sareg methods include colonoscopy, digital

(with the fingers) rectal exam, barium enema, &edfdecal occult blood test (FOBT)
6



(Beckman-Coulter). Since non-invasive methodsdamerable for routine screening due to
convenience, cost, comfort and reduced healthtoiske patient (Ransohoff, 2002), the
FOBT is the screening method of choice, with re@givances indicating higher sensitivity of
immunochemical detection of hemoglobin over tesiseld on the chemical guaiac (Gimeno-
Garcia et al., 2009). The presence of hemoglaobthe stool is, however, not perfectly
correlated with cancer presence, as other diseaseslso lead to colorectal bleeding. Also,
polyps and even some carcinomas bleed intermitentdl are therefore difficult to detect by
this method alone (Turnbull et al., 1997). New deta targets are therefore needed to

increase sensitivity of fecal testing.

Detection of molecules preferentially expressedancer cells relies on the favoured
presence of polyp and cancer cells in stool. Poglfs and carcinoma cells are non-apoptotic
and are sloughed off at a greater rate than nocolahic epithelial cells (Loganayagam,
2008). This feature has been exploited to detet¢atmdt DNA in feces of cancer patients;
however, cost prohibits the routine use of DNA eareg (Huerta, 2008). Since
immunochemical methods have been successfully tosgetect hemoglobin in feces
(Gimeno-Garcia et al., 2009), protein biomarker€RBIC could become supplementary
immunochemical targets for the FOBT. Detectionhafse new targets in cancer cells
constitutively shed in feces could increase theisigity of the FOBT and regress the stage at
which the cancer is detected at less cost than Bitéening. Earlier detection would then

cause a concomitant reduction in morbidity and alitytdue to CRC.



DNA damage

3_

somatic mutations

somatic mutations

Figure 3. Somatic mutations cause the progression of colon cancer. DNA damage

converts normal colonic crypts to hyperplastic AGBbsequent somatic mutations confer a
selective advantage on a subset of ACF, which bieeeme benign growths known as
adenomas or polyps. Cells in some adenomas sudistther somatic mutations which allow
the growth to invade neighbouring tissue, at wigomt the lesion is called a carcinoma.

Adapted from Fearon & Vogelstein, 1990.



1.3 Proten markersof colon cancer

Proteins identified to date as markers of coloriocagenesis lie in cellular
proliferation pathways, DNA repair pathways, apgmE@athways or vascularization
pathways, congruent to features of colon cancegéi&tein & Kinzler, 2004). In high-risk
populations, e.g. those with a first-degree retathagnosed with colon cancer, candidate
protein markers found in stool include immune-agded calprotectin, lactoferrin, and
lysozyme, and serum proteins such as alpha-1-gpditr, aloumin, and transferrin
(Loganayagam, 2008). Proteins previously showretagregulated in tumours include: Ki67,
a ribosome assembly factor (MacCallum & Hall, 20@80pse expression correlates with
cellular proliferation (Scholzen et al., 2002) amdich has been used as a biomarker in colon
cancer (Fernandez-Cebrian et al., 2007); PCNA, & Daylication fork component also
upregulated during enhanced cellular proliferafod in tumours (reviewed in Semple &
Duncker, 2004); and carcinoembryonic antigen (CEBAell adhesion protein which is only
expressed in large quantities during fetal develemmand in tumour cells (Duffy et al.,
2007). All tumour markers evaluated to date lgméc#icity, sensitivity or both, and
therefore panels of markers are preferred (Duffgl €2007). The diversity of expression
profiles in different cancers even within a tissy@e also highlights the need for new

biomarkers which could possibly be included in spahels.

1.4 Nucleic acid markers of colon cancer

Proteins are not the only molecular biomarkersobdre cancer. There are numerous

gene mutations which are known to occur during&@&-adenoma-carcinoma sequence of



events (Figure 3) and can provide targets for P@RBIification. Transformed cells shed in

the feces contain mutated DNA sequences which eatetected via PCR (Duffy, 1995).
Products of genes mutated in cancers participateaimy cellular pathways, including
apoptosis, DNA replication, mismatch repair, asdue vascularization (Huerta, 2008), and
their levels as well as levels of downstream t&rgeay be altered as a result. However, while
a single mutation can be inexpensive to detectreotal tumours display on average 4-6 out
of the hundreds of possible mutations (Fearon &élstgin, 1990), rendering mutational
screening more costly than originally thought. Aladunctional protein product must be
translated from an mRNA transcript for upregulatiornave an effect, and this translation can
be modulated post-transcriptionally by the celdimg to discrepancies between mRNA
levels and phenotypic changes. These discreparasieer ideal target prediction much more

difficult.

Non-protein markers of cellular proliferation haalso includedH-thymidine, a
radioactively-labelled nucleotide, and BrdU (broreoryuridine), a thymidine analogue to
which antibodies are commercially available (Albeat al., 2002; McLellan et al., 1991a). In
the presence of one of these thymidine substituggsicating cells will incorporate it in place
of some thymidine residues during replication. Tewel of detected thymidine substitute can
therefore theoretically be used as a relative nreasiureplication activity.>H-thymidine has
been used to assess proliferative characteridtiB€6, CRC cells and xenografts in studies
of chemoprevention, diet effects and treatmerstsvell as to contribute to prognosis
predictions in post-resection biopsy (Costa etl®l97; McLellan et al., 1991a; Tangpricha et

al., 2005; Wang et al., 2007; Xie et al., 2006)wdwer, sincéH-thymidine has recently been

10



shown to induce cell cycle arrest and apoptoseeils, its validity in assessing DNA

replication rates is questionable (Hu et al., 2002)

BrdU has also been used to assess cellular patiderrates in ACF-containing
mucosa (Magnuson et al., 1994; Sutherland & Big®4). When BrdU is applied by injection
one hour prior to termination of previously AOM-tleaged Sprague Dawley rats, resulting
ACF appear to contain more BrdU-labelled cells tharmal crypts (Magnuson et al., 1994),
but there was no significant difference seen betvike number of BrdU-labelled cells per
100 cells between those two crypt types (Magnusah ,€1994; Sutherland & Bird, 1994).
These results indicate that ACF contain more @légall than normal crypts, but the same
proportion of them are actively cycling. This @nsistent with the morphologically larger
size of ACF at the tissue level, while not beingipalarly useful in supporting the prognostic
value of ACF. It has been suggested that circadigitihms may be a determining factor in
cell proliferation and migration in colonic cryptnce functional “clock genes” are expressed
there (Hoogerwerf et al., 2007). Recent researslsbggested that stem cells increase in

number as part of carcinogenesis in crypts (Bonhah ,e2008)

11



1.5 DNA replication and the cell cycle

The utility of PCNA as a tumor marker was disc@ekprior to the elucidation of its
role in DNA replication (Chan et al., 1983; Mathestsal., 1984). Since then, a much more
detailed model of DNA replication in which many rigwlucidated proteins play a regulatory
role has been constructed (Bell & Dutta, 2002y(Fe 4). The utility of many DNA
replication factors, particularly those involvedraplication initiation, as more sensitive
tumour markers than traditional ones such as PCINAKAG7 is currently being revealed (see
Semple & Duncker, 2004 for a review). An overvieffactors involved in DNA replication
is presented below.

DNA replication occurs during S phase of the cgdlle (Figure 5). The accuracy of
DNA replication prior to cell division is confirmedliring G2 phase; nuclear (mitosis) and
cytoplasmic division (cytokinesis) occur during Mgse; and most factors necessary for the
next round of DNA replication are assembled du@igphase. Progression of each phase of
the cell cycle is controlled via the regulationastivating kinases (Bell & Dutta, 2002).

DNA replication is initiated by mitogen signalimghich induces the expression of
immediate early genes such as fos, jun & myc (Masal., 2005). Immediate early gene
products lead to expression of cyclin D which aatids Cdk4 enabling it to phosphorylate the
retinoblastoma (Rb) protein (Masai et al., 200%)0$phorylation of Rb releases previously
bound E2F transcription factor (Masai et al., 20@%)bound E2F induces the transcription of
replication factors such as the S-phase cyclinadEAg the Cdc7-activating protein, ASK
(associated with S-phase kinase), and subunits@¥IiMelicase (Kim et al., 2003; Masai et

al., 2005). The origin recognition complex (OR®@)cboperation with other factors,

12



effects the loading of MCM helicase onto origingeplication during G1 phase in an ATP-
dependent event (Bell & Dutta, 2002). ActivatidrMiCM, the final step in late G1 before
DNA replication can begin, is accomplished via pitemylation of MCM subunits by
Cdc7/ASK, the activity of which has been demonsttat vitro to be enhanced by prior
MCM phosphorylation by Cdk2/cyclinE (Kim et al., @8 Masai et al., 2000; Masai et al.,
2005). Changes in MCM conformation then allow ré@anent of Cdc45 and GINS forming a
complex known as CMG which is capable of processmeginding of DNA (Sclafani &
Holzen, 2007). In budding yeast, CDKs additiongilgmote DNA replication initiation by
phosphorylating Sld2 and Sld3, both of which apineed for initiation (Zegerman & Diffley,
2007). Phosphorylation of MCM subunits by S-phaB&€ negatively regulates re-initiation
by blocking MCM loading once activation is accomspkd (Masai et al., 2005; Sclafani &
Holzen, 2007).

Unwinding of origin DNA by the CMG complex producgisgle-stranded DNA which is
prevented from re-annealing by the single-straridié-binding protein replication protein
A (RPA) (Moldovan et al., 2007). A DNA-dependemMIR polymerase called primase,
complexed with DNA polymerasg is recruited to DNA by CMG-associated factors M€fm
and And-1 (Zhu et al., 2007). Primase synthesizdsa stretch of RNA complementary to
origin DNA which is then extended with DNA complemt&ry to the next ~30 nucleotides by
DNA polymerasen (Stillman, 2008). The'2nd left by termination of synthesis by DNA
polymerase attracts replication factor C (RFC) (Moldovan ket 2007). RFC, in cooperation
with RPA, acts as a clamp loader to load PCNA oéméosingle strand (Sclafani & Holzen,
2007). PCNA is a homotrimeric sliding clamp ringpensible for tethering DNA

polymerases to the template and thus increasinggtaressivity during
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Figure4. Initiation of DNA replication. A. DNA replication initiation begins with
binding of ORC and its associated factors (greemyigins of replication. These factors
then effect the loading of MCM helicase (light bleato double-stranded DNA. MCM is
activated by phosphorylation by Cdc7/ASK (red ovBink star indicates the site of MC
phosphorylation (Masai et al., 2008). Activated MCMs, in concert with Cdc45 and the
GINS complex (not shown), begin to unwind origin B a bidirectional fashion
(Sclafani & Holzen, 2007). RPA (red circles) birtds single-stranded DNA accumulated
behind the helicase to prevent re-annealing (Mahtiost al., 2007). Block arrows indicate
direction of unwindingC. Short (20-22 nt) primers are laid down by the psei®NA
polymeraser complex (yellow) (Moldovan et al., 200 Block arrows indicate direction
primer synthesidD. The 3 end of primers is the site where PCNA (purpldpaed
Moldovan et al., 2007). PCNA then recruits the icgtive DNA polymerases (leading
strand, shown at bottom) addlagging strand, shown at top) (orange rectangled)

elongation begins (Moldovan et al., 2007). Block@ws indicate direction of elongation.
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Figure5. Phases of the cell cycle. The cell cycle consists of

four phases: G1, S, G2, and M. Transition betwhen t
respective phases is accomplished via regulatikinase
activation (Bell & Dutta, 2002). DNA replication oars during
S phase, but factors involved in its inititatiomdze loaded

onto chromatin as early as late M phase (Masdi,e2G05).
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DNA synthesis (Moldovan et al., 2007). Once PCN¥& httracted the replicative
polymerases to DNA, elongation is effected by thecerted effort of the complete replisome,
including MCM helicase, PCNA, and the DNA polymassThus, Cdc7 functions as an
essential regulator of S-phase entry and PCNA@jpéties as part of the replication complex

during the elongation process once S-phase iat@di

1.6 DNA damage detection and repair

Damage to the DNA template can lead not only tecdsfin gene products but also to
errors in replication which can jeopardize genonmegrity. Tumours detected through the use
of biomarkers arise as a major consequence otihad of the DNA damage response to
prevent chromosomal instability and mutation. BeeaDNA damage can pose a serious
threat to cellular viability, cells have evolved ltiple mechanisms to detect and repair such
damage (Branzei & Foiani, 2008; Kastan & BartelQ2MMoldovan et al., 2007). DNA
damage can be caused by ionizing radiation, emaeplication, or exposure to chemical
carcinogens (Kastan & Bartek, 2004). Popular chahgarcinogens used in rat models of
colon cancer are typically precursors of the DNKykiting agent methylazoxymethanol
(MAM), and include dimethylhydrazine and its metk@oAOM (Sohn et al., 1991). DNA
alkylation resulting from carcinogen challengessaciated with sister chromatid exchange,
gene mutations and chromosome rearrangements imaBmThe size of the alkyl adduct
determines which repair mechanism will be emplojy&astan & Bartek, 2004). Simple
methyl adducts can often be excised by an enzyitexlaaethylguanine DNA

methyltransferase (Sancar et al., 2004). More bDIKW alkylations cause fork stalling and
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trigger more complex DNA repair mechanisms suchase excision repair (Sancar et al.,
2004). Furthermore, extensive methylation or alkgtacan lead to DNA crosslinking and
DNA double-stranded breaks (DSBs) (Sancar et @04 Sensing of DNA damage during
replication involves pathways known as cell cydleakpoints (for reviews, see Branzei &
Foiani, 2005; Branzei & Foiani, 2009; Kastan & Bét2004; Sclafani & Holzen, 2007).

There are two cell cycle checkpoint pathways, naaftt the PI(3)K-like kinases
(PIKKs) associated with their initiation: the ataxelangiectasia mutated (ATM) pathway,
which is activated in response to double-strandedlbdamage, and the ataxia telangiectasia
and Rad3-related (ATR) pathway, induced by forKiataand single-stranded breaks (SSBs),
including those SSBs which are formed as an intdiate product of DSB repair (Branzei &
Foiani, 2008; Branzei & Foiani, 2009; Kastan & B&it2004; Matsuoka et al., 2007). Of the
two PIKKs, only ATR is essential for viability, due part to its important roles in promoting
fork stability and monitoring fork progression duginormal replication (Kastan & Bartek,
2004). ATM and ATR exert their effects through Hativation of effector kinases known as
Chk2 and Chk1 respectively (Kastan & Bartek, 2004).

There is evidence that Cdc7 is involved in the Afiifediated response to fork stalling
in human cancer cells and mouse embryonic stera @€lin et al., 2008; Tenca et al., 2007).
Damage-induced fork stalling causes polymerasatsg while helicase continues to unwind
DNA, leading to extended stretches of exposed siaganded DNA (Branzei & Foiani,
2005; Branzei & Foiani, 2009; Zegerman & Diffleyg@®). The presence of large stretches of
single-stranded DNA serves as a signal to recrliR Ao stalled forks at which PCNA-
associated Chk1 (Scorah et al., 2008) and the noegieotein claspin are normally bound

(Zegerman & Diffley, 2009). Cdc7, which is activerohg perturbed S phase (Tenca et al.,
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2007), phosphorylates claspin, activating it angstbnabling claspin-mediated Chk1
activation by ATR (Kim et al., 2008) (Figure 6} i3 not known whether Cdc7 levels are
increased in association with this function; howeedatively constant levels of Cdc7 are
present during the normal cell cycle (Masai et2005), suggesting that short-term
fluctuations in Cdc7 levels can be attributed foeotfunctions such as DNA damage
signaling. Chk1 activation then prevents the on$eatitosis, firing of late origins, and fork
collapse (Kastan & Bartek, 2004; Kim et al., 2008).

Interestingly, checkpoint inhibition of late ongdfiring in yeast is accomplished in part by
impeding Cdc7 activity through phosphorylation loé tyeast ASK homologue, Dbf4
(Branzei & Foiani, 2005; Costanzo et al., 2003;tda Bartek, 2004). ASK itself is an
vitro target of Chk1 kinase activity as well as interagivith Chklin vivo in human cells in
response to UV irradiation, suggesting that ASK raya target of Chk1 activity during
checkpoint response (Heffernan et al., 2007). S@de7 remains active following checkpoint
initiation (Tenca et al., 2007), inibition of labeigin firing may be accomplished simply by
disengaging ASK from origins, while levels of aetiCdc7 remain the same or increase due
to upregulation of non-origin-bound Cdc7 in respots ATR signaling.

Sometimes, fork collapse cannot be averted by fhiR-&hk1 signal. In the event of
fork collapse, PCNA associated with the replisommodified by SUMO or ubiquitin
(Branzei & Foiani, 2005; Moldovan et al., 2007).e8k modifications are thought to release
DNA polymerasé or ¢ from PCNA and increase its affinity for altern&il®NA polymerases
(Branzei et al., 2008; Moldovan et al., 2007), saslpolymerases 1, andn, each of which
contains a unique pocket designed to accommodsteda@fic type of lesion (Moldovan et al.,

2007). Following PCNA-mediated repair, it is nookvn whether PCNA is deubiquitylated
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Figure 6. Cdc7 isinvolved in claspin-mediated ATR signaling. In response to fork stalling,
ATR phosphorylates the mediator protein claspircéReevidence suggests that Cdc7/ASK also
phosphorylates claspin as part of its activatiom(lét al., 2008). Activated claspin mediates the
activation of Chk1 kinase by ATR (Kastan & Bart@k04). This effector kinase then acts on
multiple substrates to arrest the cell cycle arntthie DNA damage repair processes (Kastan &

Bartek, 2004).
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or replaced by a new, unmodified moiety (Moldovaale 2007). If modified PCNA must be
replaced, expression of PCNA is likely upregulatediake the substitution. In the event that
the lesion is not passable by alternative polynesaemplate switching may be initiated, also
mediated by PCNA (Moldovan et al., 2007). BecauS&lR-mediated repair processes

follow fork collapse which follows ATR signalingpregulation of PCNA to supply restarting
forks should follow upregulation of Cdc7 during ckpoint initiation.

Sometimes, even the elegant DNA damage respondameagin the cell is insufficient
to avert permanent changes in the DNA sequenceerigiépg on their location and extent,
such mutations may cause no phenotypic changesnthg cause minor, benign phenotypic
changes; they may cause the cell to become noteyiabthey may complete a set of

previous mutations, resulting in a cancerous cell.

1.7 Cdc7 and PCNA ascancer biomarkers

There is some evidence that Cdc7 levels are iseckm tumour cells relative to those
in normal tissues (Bonte et al., 2008; see alssldeal., 1998; reviewed in Semple &
Duncker, 2004). Cdc7 was originally suggested pstantial cancer biomarker in mRNA
studies of multiple tissue types and cell linesq$iet al., 1998). Several other replication
initiation proteins, including some MCM subunitgve previously been shown to be more
sensitive markers of abnormal cells in some canbews either PCNA or Ki67 (see Semple &
Duncker, 2004 for a review). More recently, Cdc@tpin levels have been shown to be
upregulated in human colon and breast cancer 8smuin multiple cancer cell lines (Bonte
et al., 2008) as well as in melanoma (Clarke e28I09). Cdc7 additionally has prognostic

value in assessing potential morbidity due to @radarcinoma (Kulkarni et al., 2009).
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Small-molecule inhibitors of Cdc7 kinase activitg mow being developed as novel cancer
treatments, which have the advantage of both inmgediplication initiation and obstructing
the DNA damage response which cancer cells relp @void lethal mutations

(Menichincheri et al., 2009; Montagnoli et al., 3Q¥anotti et al., 2008).

PCNA has been ubiquitously employed as an immutattiemical marker of cellular
proliferation in most cancers, including hepatadal carcinoma (Shen et al., 2008), gastric
cancer (Li et al., 2008), and colon cancer (Bajadl., 1998). Evidence has been presented
which indicates that PCNA may not accurately reftae early development of precancerous
lesions. Sutherland and Bird (1994) investigateddffect of chenodeoxycholic acid (a bile
acid purported to promote cancer) on the developwieACF as a result of AOM injection.
The percentage of cells staining positive for PCNaAbelling index”) was the same or
slightly higher in colons of animals not exposeaaocinogen, indicating that PCNA
expression may actually be decreased in precanestages, although possibly not to an
extent which is useful for detection. PCNA labadlindex is also not independent of the
presence of exogenous bile acids even withoutrmagein challenge (Baijal et al., 1998),
suggesting that the presence of PCNA may indicatiegbogies not related to carcinogenesis.
This may be due in part to upregulation of PCNAdwing some forms of successful DNA

damage repair (reviewed in Moldovan et al., 20@ég(section 1.6).

1.8 Predisposition of overweight and obese animalsto colon cancer

Obesity complicates the picture of cancer. Dis@@easociated with obesity such as

hyperlipidemia, hyperglycemia, hyperinsulinemiapéstriglyceridemia and diabetes all show
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comorbidity with CRC (Campbell & McTiernan, 2007besity-associated visceral
abdominal fat is positively correlated with putatipreneoplastic lesions (Takahashi et al.,
2009). Obese animals are at greater risk thandeamals of developing tumours in response
to AOM administration (Eskin et al., 2007; Raju &®& 2003; Weber et al., 2000).
Increased CRC risk in obese animals appears targely due to inhibition of DNA
damage response coupled with enhanced cellulafgyedion. Cytokines expressed by
adipocytes promote colon carcinogenesis and inBiHiA repair by enhancing inflammation
and nitrosylating damage response enzymes (Jagtvahl 2000; Mena et al., 2009).
Saturated fatty acids, which are much more plentifobese animals, have also been shown
to inhibit the DNA damage response in untransforieets, through unclear mechanisms
(Zeng et al., 2008). Increased cellular prolifematsignaling affects normal and tumour
tissues causing tumours to grow faster in obesealsi Hyperinsulinemia and high blood
glucose levels commonly seen in obese populatiogmant cellular proliferation in the
colon (Mena et al., 2009). Tumour cells appeantiuce expression of some cancer-
promoting factors in neighbouring adipocytes abdoilasts, leading to enhanced tumour
growth in adipocyte-rich obese animals (MotrescRi&, 2008). Hence, obesity leads to
impairment of the DNA damage response resultingereased risk for mutation, and

enhanced cellular proliferation signaling subsedtlydeads to augmented tumour growth.

1.8.1.a Animal models of obesity

Increased risk for development of colon cancerldegsn demonstrated in both obese
mice and obese rats (Ealey et al., 2008; Kobayetsddi, 2000; Raju & Bird, 2003). The
Zucker obesefé/fa) rat resulted from a spontaneous autosomal re@essitation in a cross

between Sherman rats and the 13M straiRattus norvegicus (Argiles, 1989; Bray, 1977).
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Originally designated thia (fatty) gene, the mutation was later discoverebg@ loss-of-
function mutation in the leptin receptor, causingek of sensitivity in the recessive
homozygote to satiety signaling (Argiles, 1989)gé&ter with its leanHa/Fa or Fa/fa)
counterpart, the Zucker obese rat model has greatitated studies of the etiology of
obesity as well as the interaction between obesitydisorders such as hypertension
(Dakshinamurti et al., 1998; Kanda et al., 2006nkat al., 1994; Namikoshi et al., 2008),
insulin resistance (Deushi et al., 2007; Kiungalgt2004; Whaley-Connell et al., 2008;
Zhang et al., 2007), hepatic steatosis (DeusHi,e2@07; Raju & Bird, 2006), and even
erectile dysfunction (Wingard et al., 2007). Thesd Zucker rat’s inherent hyperinsulinemia,
enhanced cellular proliferation and general metalsyindrome are associated with increased
risk for development of tumours (Koch et al., 20B8ju & Bird, 2003; Raju et al., 2006;
Weber et al., 2000). It is therefore a credible eldd study the differences between obese

and lean animals during colon carcinogenesis (Rdpird, 2003; Raju et al., 2006).
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1.9 Objectivesand hypotheses

The purpose of this work was to investigate thati@hships between Cdc7 expression,
PCNA expression, colon carcinogenesis and obeasi#éyrat model. The main objective of
this research was to assess expression levelsadf &l PCNA during early and late stages

of colon carcinogenesis to determine their utéisymarkers of early and late events.

We specifically hypothesized that:

1. Since Cdc7 is involved in ATR checkpoint activati@igure 6) and PCNA
upregulation occurs following DNA damage repair(section 1.6 in the
Introduction), Cdc7 protein levels should peak ptooPCNA levels during the
first 24 hours following AOM administration. Charsge Cdc7 levels are
expected to be due to non-cell-cycle roles since/Gelvels are relatively

constant throughout the cell cycle in normal cells.

2. As aresult of increased proliferation signalingotheir lean counterparts,
Zucker obese rats should show elevated Cdc7 andARE&MIs in mucosa

relative to lean by the time tumours appear.

3. Both Cdc7 and PCNA protein expression will be higheSprague Dawley rat
tumours compared to normal-appearing mucosa, agrspeviously in human

MRNA studies for Cdc7 and multiple studies for PCNA
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To test these hypotheses, colonic tissues wereatedl for three different studies:

Study 1: Zucker obese and lean rats were used to modkeddffect of obesity
on Cdc7 and PCNA expression during colon carcinegensee section 1.8).
Animals were injected with the carcinogen AOM aisdues were analysed for

Cdc7 and PCNA levels 3, 9 and 24 hours post-irgecti

Study 2: Obese and lean rats injected with AOM were alldweedevelop
tumours. Tumours and normal-appearing colonic maucofiected 32 weeks

post-AOM were then assessed for Cdc7 and PCNAdgevel

Study 3: Sprague Dawley male rats, an experimental maateheonly used to
study colon carcinogenesis, were injected with A@4dlonic tumours were
assessed for Cdc7 and PCNA levels and comparédse bf normal-appearing

colonic mucosa collected 32 weeks post-AOM.
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Chapter 2. Materials and M ethods

2.1 Rat strains

Two strains oRattus norvegicus were used during this study: Zucker, a genetically
obese rat homozygous recessive for a nonfunctlepah receptor, together with its lean
(homozygous dominant/heterozygous) counterpartSgmedgue Dawley, a non-obese,

common laboratory rat.
211 Zucker

Thirty-five obese (fa/fa) and forty lean (Fa/FaFarfa) seven-week-old female Zucker rats
were acquired from Charles River Laboratory (Wilgton, MA). All animals were housed
in wood-shaving-lined plastic cages with stainlesaight wire lids designed to accommodate
food and water delivery. Animals were allowed tolewate to the animal housing facility
(Biology Department, University of Waterloo) for #i@ys, during which time they were fed
standard lab chow (modified AIN-76A, Harlan Teklad)uniform temperature of 22°C and
humidity of 55% were maintained in the animal hagdiacility. Following acclimation, all
but 12 (6 obese and 6 lean) were challenged wsihgle dose of AOM at 10 mg/kg, 24h, 9h,
or 3h prior to termination (Figure 7). A reducemkd relative to that used for Sprague
Dawley rats was delivered to the Zucker rats tovallor possible increased toxicity of AOM
in Zucker obese rats (Eskin et al., 2007). All Zerckbese and lean rats involved in Study 1
(see Objectives and hypotheses) were terminateclic@mtly. The remaining five obese and

ten lean Zucker rats were terminated 32 weeks AGd# challenge (Study 2).
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AOM injections

-24h -9h -3h
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Figure 7. Experimental design for Zucker studies (Study 1 and Study 2). Groups of obese
and lean rats were either left uninjected or igdatiith AOM 24h, 9h, or 3h prior to the first
termination (Oh). An additional grpuwof rats of each obese phenotype were additionglygtec
with AOM at the -3h timepoint; these animals wenertinated 32 weeks post-AOM. Tumours
were excised from 32-week specimens, and all mueesa collected. Tissue samples were

snap-frozen in liquid nitrogen and stored at -8p80ding western blot sample preparation.
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2.1.2 Sprague Dawley

Tissues from male Sprague Dawley rats terminated foevious study (Begleiter et
al., 2003) were used for Study 3. Six-week old ntgeague Dawley rats were previously
appropriated from the University of Manitoba Ceh&aimal Care Breeding Facility. The
animals were originally fed a modified AIN-76A (Amean Institute of Nutrition-76A)
powdered diet (Harlan Teklad) with 13% dextrose 82% cornstarch, challenged with the
colon-specific carcinogen AOM at 15mg/kg in two Wigedoses, and terminated at 32 weeks
post-challenge (Figure 8). Colons were previousiyioved, flushed with 0.9% saline and slit
lengthwise. Mucosa was scraped away from muscuknap-frozen in liquid nitrogen, and

stored at -80°C.

All animals were cared for according to the guides of the Canadian Council on
Animal Care, and the experimental protocol was aygul by the University of Waterloo

Animal Care committee.
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Figure 8. Experimental design for Sprague Dawley study (Study 3). Sprague-Dawley
rats were given two injections of AOM one week apanimals were terminated 32
weeks later, tumours were excised and mucosa tedleall samples were snap-frozen

in liquid nitrogen and stored at -80°C until sanspheere prepared for Western blot.
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2.2 Tissue collection

Colons were removed, flushed and slit lengthwistoaSprague Dawley rats.
Tumours were excised from the mucosa using scissatplaced in labelled 1mL capped
plastic tubes (Eppendorf). Mucosa was scraped &way muscularis and placed in similar
labelled tubes. All tissues were snap-frozen initipitrogen and stored at -80°C. Five
mucosal samples were randomly chosen from the temalean Zucker rats for inclusion in

Study 2.

2.3 Tissue homogenization and extraction of soluble proteins

Frozen mucosa and tumours were sliced thinly thempped into fine pieces on a
fresh Petri dish at 4°C using a clean razor bl&deh sample was then dropped into a
labelled glass test tube containing 4mL modifie@Rbuffer (50mM Tris; 1% NP-40; 0.25%
sodium deoxycholate; 150mM NaCl; 1mM EDTA; 1mM Nd/M sodium orthovanadate;
1mM PMSF) per gram of tissue, rounded up to theestd mL. Test tubes were kept covered
with Parafilm® (American National Can Company) when in use. Tissues (still in buffer)
were homogenized on ice using a Polytron® PT-2i8palser (Kinematica) with a 12mm
aggregate twice for 15 seconds each, cooling ftaaast 30 seconds in between. Resulting
homogenates were then removed to labeled, cappedEppendorf tubes and spun at 4°C
using a refrigerated centrifuge (Eppendorf 5415RY16 minutes at 16dlto pellet the
insoluble proteins and float the lipids. The césspart of the liquid layer between the pellet

and lipids was removed to a fresh labeled 1mL Egdp#drtube. A portion of each resulting
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sample was assayed using the Bradford method ¢ondiete total protein concentration. On
the basis of these concentrations, western bloplsmmvere made up containinggotal

protein using 1:1 protein extract:2X Laemmli bufféigma).

2.4 Western Blot

Protein extracts from colonic tumour samples amdptes from adjacent colonic
mucosae of male Sprague Dawley rats treated witMAQd terminated after 32 weeks were
analyzed by Western blot for the presence of Cac/RCNA, with HeLa cell lysate (Santa

Cruz) as a positive control, using establishedralooy protocols.

Electrophoresis of samples prepared for westatwvms accomplished using the
equipment and methods of the Mini-Protean IIl andiMrans-blot systems (BioRad).
Briefly, 8% polyacrylamide resolving gels with 6%acking gels were loaded with one
sample per lane, including one Hela positive cdrfBanta Cruz) and at least one molecular
weight marker (Sigma or Fermentas) for each gelvesr@ electrophoresed at 120V for at
least 90 minutes (until the dye front had progrddsenear bottom of gel, and the marker for
molecular weight closest to that of Cdc7 (64kDaj hagrated to the middle of the gel).
Electrophoretic transfer to nitrocellulose membswas then performed at 100V for one
hour, using a Mini Trans-Blot® wet transfer uniigRad) and Buffer A (25mM Tris, pH 8.3;

192mM glycine, 20% methanol and 0.05% sodium doldadfate (SDS)).

Membranes were rinsed twice with distilled watereamove transfer buffer then
immersed in 0.1% Ponceau S in 5% acetic acid foyuk to stain total proteins. Following
Ponceau staining, membranes were removed to ddstithter for 2-5 minutes to remove
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excess stain and improve contrast between memit@uned block alone and total cellular
proteins. They were then drained by dabbing a cana Kimwipe and placed face down on
a scan bed (Epson). To remove bubbles from betéteemembrane and the scan bed, the
membrane was rolled gently with a glass rod. Atdigmage of the Ponceau-stained
membrane was acquired at 300 dpi in colour. Ifgarolanes did not contrast sufficiently with
background, the membrane was placed in a secougrtraf fresh distilled water, and the
scan was repeated to ensure the clearest reprigsemithe relative amount of total protein
in each lane. Membranes were then washed twicevBominutes by gentle rocking in T-TBS
wash buffer (0.02M Tris pH 7.5; 0.15M NacCl; 0.05%&en-20) to remove remaining
Ponceau stain and blocked in 25mL 5% skim milk4hBS for 1 hour at room temperature
or overnight at 4°C. Membranes were then incubai#d polyclonal rabbit Cdc7 antibodies
(Santa Cruz) in 1% skim milk/T-TBS at a dilutionTa200 (10mL per membrane) for 105
minutes at room temperature or overnight at 4°Cking gently. After three vigorous washes
in T-TBS, horseradish peroxidase (HRP)-conjugatetisdary antibody at a dilution of
1:3000 in 1% skim milk/T-TBS was applied by gentdeking for 1h at room temperature.
Membranes were then washed vigorously three tim@sTiBS, and visualization of binding
location and quantity of secondary antibody waseadd via chemiluminescent substrate
(ECL-Plus, GE Healthcare). Membranes were then adglently in T-TBS for five minutes,
re-blocked to ensure minimal background noise @hbgenonspecific binding of the antibody
to the membrane, and detection was repeated ag alsong monoclonal mouse PCNA
antibodies (Cell Signaling Technologies) at a dhlnitof 1:2000 and HRP-conjugated anti-

mouse secondary at a dilution of 1:3000. For Studpnd Study 3, blots were then reprobed
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using the same methodology with polyclonal goat Mantibodies (Santa Cruz) at a dilution

of 1:200 and HRP-conjugated anti-goat secondaaydiiution of 1:10000.

2.5 Densitometry and statistical analysis

In order to assess whether Cdc7 and PCNA praterld differed between groups on
a particular blot, ImageJ (Rasband, 1997-2009)wgasl to assess the mean gray value on a
rectangle of constant size encompassing each bandn. The corresponding Ponceau-
stained image was then converted to 8 bit graysaaldthe mean gray value of a different
rectangle of constant size encompassing a thin lgaphphe entirety of each lane was
measured. The Ponceau values were used to norrttadizands to correct for possible
differences in total protein loading between lawésch might occur due to inaccuracy of the
Bradford assay. In the event that a single blotld/oot accommodate all desired groups,
each group was divided evenly between blots. Hadfagh group appeared on each blot, to
evenly distribute between-blot variation acrosgyedlups. HelLa cell lysate was used to
normalize between blots prior to statistical aniglyall comparisons were done using Excel

to perform the Student’s t-test and assuming urlegurences.
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Chapter 3. Results

3.1 Animal weights

Zucker rats were weighed at the time of termimateocompare obese rat weight to
that of their lean counterparts at early and leteination times (see Figure 7). Lean and
obese rats terminated during the first 24h post-A@jection (Study 1) weighed
approximately 148g and 268g, on average, respégtiwhile those terminated at 32 wks
post-AOM injection (Study 2) weighed approximat280g and 722g on average,
respectively (Figure 9). Obese rats were signitigameavier than their lean littermates both
immediately following AOM injection and at the tinnemours appeared. However,
significantly greater weights for both obese arahleats at the late timepoint than the early

timepoint indicates the rats were still engagedanelopmental growth.
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Figure 9. Obeserats are significantly heavier than age-matched lean
ratsat both termination timepoints. Obese 8-week-old rats (early
events) were similar in weight to lean 39-week-@it$, highlighting the
difference in the phenotype. Values are meansnidata deviation.
Bars with different lettersu( B ory) represent weight values which are

significantly different (p < 0.05) as determinedbiest.
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3.2 Study 1: Early eventsin colon carcinogenesisin Zucker obese and lean

rats

3.21 Cdc7levelsareincreased in lean colonic mucosa relative to obese by 3h post-

AOM

Since Cdc7 levels are relatively constant througioei cell cycle (Masai et al., 2005),
we reasoned that any difference in Cdc7 proteiallbetween obese and lean colon
immediately following DNA damage should be attrédthie to impairment of the DNA
damage response in the obese state. We therekmesasl Cdc7 levels in obese and lean
colon 3h, 9h and 24h after carcinogen administnadi® well as in age-matched uninjected

animals (Figure 10-Figure 13).

The Cdc7 antibody consistently generated two bantsth the HelLa positive control
and the rat samples: a strong band at approximé#dipa (consistent with the theoretical
respective weights of human and rat Cdc7 whicl6dk®a and 62kDa); and a fainter co-
migrating band at approximately 84kDa. Previouslistsihave demonstrated multiple co-
migrating bands in human samples using the sanieoalyt which were unaffected by siRNA
depletion of Cdc7, suggesting that bands whichatappear near 64kDa are not the product
of antibody binding to Cdc7 (Tenca et al., 200Hefefore, only the 64kDa bands were

guantified.
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Figure 10. No significant differences were seen in Cdc7 or PCNA expression between
the colonic mucosa of obese and lean uninjected Zucker rats. Whole soluble protein
extracts from colonic mucosa of unchallenged Zudkerseand lean rats were homogeni:
in modified RIPA buffer and soluble proteins weréracted by centrifugation (see
Materialsand Methods). Cdc7 and PCNA protein levels were detected hyumoblotting.
Densitometric quantitation of resulting bands wasmalized to that of total protein
(measured by Ponceau S staining) for each samptilfihg values averaged over total
number of samples are shown graphically as meatantlard deviation {pes=5; Near=6).

Densitometry was performed using Image J softwistel).

38



Zucker mucosa Uninjectec

Obes: Lean

HelLa A A

< Cdc7

Ponceau S

0.6

0.5 1
0.4
0.3
0.2
0.1
o4

Obese Lean

Cdc7 / total protein
(arbitrary units)

0.7

0.6
0.5
0.4
0.3
0.2
0.1

o 4

Obese Lean

PCNA / total protein
(arbitrary units)




Figure 11. Higher Cdc7 levelsin the colonic mucosa of lean relative to obese rat colonic
mucosa 3h post-car cinogen challenge is consistent with checkpoint-associated

upregulation of Cdc7 favoured in lean rats. Whole soluble protein extracts from mucosa of
challenged Zucker obese and lean rats collectexiBhafter AOM challenge were prepared
as for uninjected Zucker rats (see Figure 10). Gaa¥PCNA protein levels were detected by
immunoblotting. Densitometric quantitation of raswy bands was normalized to that of total
protein (measured by Ponceau S) for each sampselltite normalized measurements were
averaged over the total number of samples in eemlipgand are shown graphically as means
+ standard deviation {gs&6; Nea=6). Densitometry was performed using Image J sofw
(NIH). Asterisk (*) indicates significant differeadetween obese and lean (p<0.05). PCNA

levels did not differ significantly between obes®l dean rats at this timepoint.
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Figure 12. No significant differencein Cdc7 or PCNA expression was seen in the colonic
mucosa of lean relative to obese rats 9h post-car cinogen challenge. Whole soluble protein
extracts from colonic mucosa of challenged Zuchesse and lean rats collected 9 hours after
AOM challenge were prepared as for previous Zuckesr (see Figure 10, Figure 11). Cdc7
and PCNA protein levels were detected by immunaibigtand resulting bands were
guantified by densitometry. Resulting measurememte normalized to that of total protein
(measured by Ponceau S staining) for each samglasraged over the total number of
samples in each group. Normalized protein levedssaown graphically as means * standard

deviation (Bpes&6; Near=5). Densitometry was performed using Image J sso#wWNIH).
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Figure 13. Higher PCNA levelsin lean relative to obeserat colonic mucosa 24 hours after
DNA damageis consistent with PCNA rolein DNA damage repair favoured in lean rats.
Whole soluble protein extracts from colonic mucokahallenged Zucker obese and lean rats
collected 24 hours after AOM challenge were pregphaefor previous Zucker rats (see Figure
10-Figure 12. Cdc7 and PCNA protein levels were detected byumoblotting, and resultir
bands were quantified by spot densitometry. Measants obtained were normalized to that
of total protein (measured by Ponceau S stainimggéch sample and averaged over the total
number of samples in each group. Normalized lemedisshown graphically as means +
standard deviation {Res=5; Near=6). Densitometry was performed using Image J soiw

(NIH). Asterisk (*) indicates significant differeedetween obese and lean (p<0.05).

44



Zucker mucosa - 24h post-AOM

Obese Lean

Hele — —" ~ "~ ™~

< Cdc7

<+ PCNA

Ponceau S

0.35

0.3
0.25 +
0.2 4
0.15
0.1
0.05
o4

Obese Lean

Cdc7 / total protein
(arbitrary units)

0.5

0.45 -
0.4
0.35 -

0.3 *
0.25 -
0.2
0.15 -
0.1
0.05 -
O |

Obese Lean

PCNA / total protein
(arbitrary units)




No significant difference between lean and obeseasal samples in Cdc7 or PCNA
levels were seen (Figure 10), although statistreslds were toward increased Cdc7 in obese
rat colonic mucosa (p~0.11) and decreased PCNA@selat colonic mucosa (p~0.13)
relative to lean rat colonic mucosa. High variapibetween subjects from the same group
was noted. These animals were female and wereaoesgsarily on a common ovulatory
cycle. It is possible that cyclic variation in hayne levels caused natural variability in levels
of these proteins. It is noteworthy that no sigmaifit upregulation of either Cdc7 or PCNA
was seen in colonic mucosa of obese rats relatilean rats prior to AOM administration.
Since tissues of obese animals are known to haehproliferation rates (Mena et al.,
2009), it is reasonable to believe that obese calounld express significantly more cell cycle
proteins, including both Cdc7 and PCNA, than lealor. Possibly, Cdc7 expression
differences are not as pronounced in growing raéstd globally enhanced proliferation in
tissues of both groups relative to other stagetevélopment. That the two replication factors
showed opposing trends suggests that an incre&3dcin level in response to proliferation
signaling alone is not necessarily accompaniedamga@mitant upregulation of PCNA.
Whether this uncoupling of expression is due toevedficient degradation of PCNA or as a

result of Cdc7 functions not involving PCNA is ueat.

In contrast to uninjected animals, Cdc7 levels wecezased in lean animals relative
to obese as early as 3h post-AOM (Figure 11), sstgggethat upregulation of Cdc7 in
response to DNA damage occurs at a relatively eankypoint. PCNA levels were not

significantly different between lean and obesecaddnic mucosa in uninjected rats.
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Cdc7 upregulation at 3h post-AOM was only discdmthrough comparison of lean
and obese animals, as neither the lean nor thee @as/ expression time course showed
significant differences between timepoints (seaifdgA 1 and Figure A 2 in the Appendix),
possibly due to smaller sample size used to ctbatéme courses (n=5-6 vs n=3 per group).
Non-significant trends in patterns of expressiothese time courses showed a drop in Cdc7
expression in obese rat colonic mucosa (p~0.08)whias not seen in lean. This suggests
that differences in Cdc7 level seen at 3h post-Alid#veen obese and lean colonic mucosa
could be the result of combined inhibition of Capiression to prevent origin firing during
fork stalling in both rat phenotypes and concontitanmmediately subsequent upregulation

of Cdc7 to support a more robust checkpoint sigigalesponse in lean animals.

3.2.2 PCNA levelsarenot significantly higher in lean colonic mucosa relative to obese

until after 9 hours post-AOM

By 9 hours post-AOM, significant differences betwedese and lean rat mucosal
levels of Cdc7 had reverted (Figure 12), suggestiagupregulation of Cdc7 in association
with checkpoint initiation is transient. Obese &a@h rat colonic mucosal PCNA level
differences at this timepoint remained statisticathn-significant, suggesting that PCNA

upregulation is not required for early checkpoirdgesses.

In contrast to Cdc7, PCNA levels were significamtigreased in lean animals relative
to obese at the 24 hour timepoint following DNA dage (Figure 13), indicating that PCNA
upregulation during the DNA damage response ocgahsafter the initial rise in Cdc7. This
is consistent with Cdc7 involvement in early chemkp events and increased expression of

PCNA following successful DNA damage repair. Simtaresults for Cdc7 levels, PCNA
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upregulation was detected only when lean rat colonicosa was compared to obese, as
PCNA levels did not differ significantly betweemgpoints for either obese or lean (see
Figure A 1 and Figure A 2 in the Appendix). Agdime lack of significant differences is
possibly due to insufficient sample size in thegmourse experiments (n=5-6 vs. n=3 per
group). Non-significant trends in PCNA levels ie$le timecourse experiments show a less
dramatic increase between 9h and 24h post-AOM @selpat colonic mucosa (p~0.13) than
lean rat colonic mucosa (p~0.10), supporting impairhof obese DNA damage repair

regulatory systems.

3.3 Sudy 2: Late eventsin colon carcinogenesisin Zucker obese and lean

rats

3.3.1 Cdc7, but not PCNA, abundanceis significantly higher in obese colon mucosa

relativeto lean latein carcinogenesis

In order to examine the relative abundance of Gac¥PCNA in tumours in an obese
rat model, the remaining Zucker rats were sacufi@e32 weeks post-AOM. Unfortunately
for statistical purposes, only 1 tumour was coflddrom the remaining 10 lean Zucker rats.
Five obese Zucker rats produced a total of 6 tusiaarong them, thus clearly demonstrating

the increased risk of CRC in obese animals.

Since obese rats are at higher risk to developtusiand they have higher numbers
of and larger ACF than lean rats late in carcinegen(Raju & Bird, 2003), it was
hypothesized that obese animals would have incdeaseosal hyperplasia relative to lean

animals, causing a concomitant upregulation inicapbn factors such as Cdc7 and PCNA.
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Cdc7 and PCNA levels were assessed by westerimbbikese vs. lean Zucker non-tumour
mucosa 32 weeks after AOM injection. Results shotliat in contrast to the pattern during
early timepoints, obese colon expressed higher ataami Cdc7 than lean in the late
timepoint (Figure 14), consistent with increaselutar proliferation signaling from obese rat
adipocyte populations (see section 1.8). PCNA kvabwever, were unexpectedly not
significantly increased in obese rat colonic mucasdean (Figure 14). This suggests that
upregulation of initiation factors in response tolfferation signaling is not sufficient to
increase abundance of all fork components. In @der, PCNA expression may be inhibited

post-transcriptionally (Tommasi & Pfeifer, 1999).
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Figure 14. Cdc7 levels are higher in obese nor mal-appearing colonic mucosa vs. lean
once tumour s have appear ed. Whole soluble protein extracts from non-tumour nazcof
Zucker obese and lean rats collected 32 weeksimiipAOM challenge were prepared as
for previous Zucker rats (see Figure 10-Figure C8ic7 and PCNA protein levels were
detected by immunoblotting, and resulting bandsvegrantified by spot densitometry.
Measurements obtained were normalized to thattaf protein (measured by Ponceau S
staining) for each sample and averaged over tlénamber of samples in each group.
Normalized levels are shown graphically as messtandard deviation {pese5; Near=5).
Densitometry was performed using Image J softwidiBl). Asterisk (*)indicates significar

difference between obese and lean mucosa (p<0.05).
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3.3.2 PCNA, but not Cdc7, levelsare significantly higher in obese tumoursrelativeto

adjacent mucosa

PCNA has been commonly used as a tumour marker fioultitude of tissues from
animal models as well as humans (reviewed in Se&@encker, 2004). Previous studies
have demonstrated that Cdc7 is upregulated in tossmmmpared to adjacent colon mucosa,
as judged by RT-PCR analysis of rat tissues (Heabk,e1998). More recent studies have
shown similar results in human cell lines and resgbuman samples (Bonte et al., 2008). To
assess whether increased Cdc7 and PCNA levelsrsbaman tumour tissue would extend
to an obese rat model, Cdc7 and PCNA expressioa egnpared between tumours and
adjacent mucosa from Zucker obese rats termin&edegks after AOM injection.
Quantification for Cdc7 was made difficult by anugnal amount of nonspecific binding of
unknown origin (Figure 15) between lanes. The tesmbackground noise persisted on all
subsequently developed films, and its etiology rieetundiagnosed despite extensive
troubleshooting. Nevertheless, inspection of Fiduteshows mucosal levels of Cdc7 which
are approximately equal to or greater than thossese rat colonic tumours, which supports
densitometric measurements showing that obes®l@tic mucosa did not significantly
differ from obese tumour tissue in Cdc7 levelshi tate timepoint. Combined with results
which demonstrate that obese mucosal Cdc7 levelsignificantly higher than those of their
lean counterparts at this late timepoint (Figurg 4s likely that abnormal proliferation
signaling in obese non-tumour mucosa results ieguydation of mucosal Cdc7 which is not

seen in non-obese tissues.
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PCNA, but not Cdc7, appeared more abundant initiggeslean tumour than adjacent
mucosa (see Figure A 3 in the Appendix), suppof@NA as a more sensitive tumour
marker than Cdc7. Both Cdc7 and PCNA expressioeago comparable between some
obese tumour samples and the single lean one (e 4 in the Appendix), suggesting

that neither may be a marker of tumour growth aggjom.

Results of comparisons of Cdc7 and PCNA levels betnobese and lean rat tissues
are summarized in Figure 16. Quotient of mean \&w{aobese/lean; denoted OL) was
determined to show obese rat tissue protein leeddsive to lean. OL greater than 1 indicates
timepoints at which obese animals had higher colomicosal levels of Cdc7 or PCNA than
lean animals. A decreased Cdc7 OL between unimjenianals and those terminated 3h
post-AOM (Figure 16) combined with early timelirdsgwing a non-significant decrease in
Cdc7 colonic mucosal levels in both obese and latmbetween colonic mucosa over the
same period (see Figure A 1 and Figure A 2 in thpehdix) suggests that Cdc7 levels drop
in both lean and obese rat colonic mucosa butésser extent in lean. The reduction in Cdc7
levels in lean animals during the first 3h post-AGMygests that even in a system where the
DNA damage response is robust, total Cdc7 is ratital®wing DNA damage. This overall
reduction could result from combined downregulatdiCdc7 to inhibit late origin firing and
upregulation of Cdc7 to support checkpoint sigrialimpaired checkpoint signaling in obese
rats would then cause them to express less to@& @dn lean rats. Following this initial
drop, Cdc7 OL levels climb steadily (Figure 16)dasCdc7 levels of both obese (Figure A 1)
and lean (Figure A 2) rat colonic mucosa. Takemtiogr, these results suggest that

proliferation signaling is steadily increasing thghout carcinogenesis in both phenotypes,
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Figure 15. Obese colonic mucosa expresses similar levels of Cdc7, but not PCNA, to
obese colonic tumours. Whole soluble protein extracts from colonic tumoamsl colonic
mucosa of Zucker obese rats collected 32 weeks/&@®/ challenge were prepared as for
previous Zucker rats (see Figure 10-Figure 14).7Cdal PCNA protein levels were
detected by immunoblotting, and resulting bandsveggrantified by spot densitometry.
Measurements obtained were normalized to thattaf psotein (measured by Ponceau S
staining) for each sample and averaged over tlaériatnber of samples in each group.
Normalized levels are shown graphically as me: standard deviation {fours6;

Nmucos=D). Densitometry was performed using Image J so#wWNIH). Asterisk (*)

indicates significant difference between obese wnand mucosa (p<0.05).
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Figure 16. Summary of obesevs. lean rat colonic protein expression during colon
carcinogenesis. Ratio of obeseto lean rat colonic Cdc7 levels correlates with expected
degree of hyperproliferation, whereasincreased ratio of obeseto lean rat colonic PCNA
levels appearsto indicate presence of neoplasia. A. Ratio of obese to lean rat colonic
mucosal Cdc7 levels initially drops, suggestingcessful late origin inhibition is coupled

with impaired checkpoint response in obese anin@ds7 levels then increase in obese
relative to lean rat colonic mucosa with tirBe In contrast to relative levels of Cdc7, obese
rat colonic mucosal PCNA levels are similar to thiiean rats (approximately 1:1) at least
during early carcinogenesis. An increase in thie tobese to lean PCNA levels in 32-week-
post-AOM mucosa results from high variability inesle rat colonic mucosal PCNA levels at
that timepoint, which were not significantly diféart from values for lean rats (see Figure 14).
There was only a single lean tumour, so it waspossible to determine if obese rat colonic
tumours differed significantly in protein expressioom lean rat colonic tumours. Asterisk
indicates significant difference (p<0.05) in origitomparison of obese to lean rat colonic

mucosal levels.
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but to a greater extent in obese animals. PCNA @Lspntrast, are uniformly close to 1
during early timepoints, suggesting that PCNA Is\ake not affected by obese metabolic
state the same way Cdc7 levels are, possibly dpedbtranscriptional inhibition of PCNA.
At 32 weeks post-AOM, an apparent increase in P@NIAevels is seen to result from a
single obese rat colonic mucosal sample (Figuresigesting that PCNA OL levels remain
constant until a threshold population of dysplastioeoplastic cells is present. This
population is expected to be larger in obese aimtthis late timepoint because they have

enhanced tumour risk.

Tumour tissue is not the same as non-tumour tisswehence it is not always obvious
whether protein factor expression should be in@@as decreased in colonic tumours
depending on their metabolic environment. Both Caled PCNA OL levels were increased
compared to early timepoints (Figure 16). Howeberause only a single lean tumour sample
was available, statistical determination of diffezes in Cdc7 and PCNA levels between
obese and lean rat colonic tumours was not possitspection of Figure A 4 nevertheless
shows that the majority of obese tumour samplesessed more Cdc7 and PCNA than the
single lean tumour sample. Whether obese rat cokomours have higher levels of these
replication factors, consistent with enhanced feddition signaling in obese tumours, or
obese and lean rat colonic tumours have expregsadites more closely resembling each

other than the normal tissue from which they ar@seanclear from these results.
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3.4 Study 3: Lateeventsin colon carcinogenesisin the Sprague Dawley rat

model

3.4.1 Cdc7 and PCNA levelsareincreased in AOM-induced colonic tumoursin

Sprague Dawley rats

Animal research in colon cancer is not restrictedliese rat models. The utility of a
protein biomarker as a research tool relies in paits extendability to species which are in
common use. To confirm that Cdc7 and PCNA prote¥mells are upregulated in common
laboratory rat tumour tissue, we compared Cdc7RONA expression in AOM-induced
tumour tissue to adjacent mucosal tissue from Sgr&awley rats via western blot. Results
showed increased Cdc7 and PCNA levels in tumosudiselative to adjacent mucosa,
(p<0.05; Figure 17), consistent with previous stgdn human cell lines and human tissues
(Bonte et al., 2008) and compatible with dysregataof cellular proliferation in tumour
tissue. Significantly higher Cdc7 levels in Sprafesvley tumours than mucosa contrasts
with results showing no difference between tumaout mucosal Cdc7 levels in Zucker obese
animals (Study 2), suggesting that the utility aic as a biomarker may rely on metabolic
state. This dependence is not shared by PCNA, stigget may be a more robust tumour
marker in general. However, Cdc7 expression wagased in all six of the Sprague Dawley
tumour samples, but only four of the six tumour ks expressed more PCNA, suggesting
that Cdc7, like many other pre-replication factissa more sensitive tumour marker. Overall,
these results support the utility of both Cdc7 BQNA as colonic tumour markers in the

Sprague Dawley rat.
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Figure 17. Cdc7 and PCNA levels are significantly increased in tumour s vs. nor mal-
appearing colon mucosa in Sprague Dawley rats. Whole soluble protein extracts from
tumours and remaining mucosa of Sprague Dawley3tatseeks post-AOM challenge were
prepared by homogenization in modified RIPA buftdtowed by centrifugation. Extracted
proteins were resolved by SDS-PAGE and immunoldaitieh antibodies for Cdc7 and
PCNA. Densitometric quantitation of resulting bamdss normalized to that of total protein
(measured by Ponceau) for each sample. Resultingvaveraged over total number of
samples are shown graphically as means + stan@&rdtihn (Rumours=6; Nnucos6).
Densitometry was performed using Image J softwidikl). Asterisk (*) indicates a

significant difference between tumour and mucos® (b).
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As previously mentioned, mucosa adjacent to retrgo tumours is
hyperproliferative, typically with ACF numbers ofer 200 and average crypt multiplicity of
more than 4 (Shivapurkar et al., 1996). Intere$yin@CNA was barely detectable in mucosa
relative to tumours, while Cdc7 showed a strongalign mucosa, with tumour levels
stronger still (Figure 17). These results sugdest €dc7 may additionally be a more

sensitive marker of hyperproliferation than PCNA.

Since Mcm2 is a target of Cdc7 kinase activity bad previously been shown to be
upregulated in dysplastic colonic crypts (Scottlet2003), we attempted to evaluate the
samples for MCM2 levels using antibodies which waueported to detect rat antigen;
however, the antibody, which clearly binds the H@uaman) positive control antigen, does
not appear to bind at all to the Sprague Dawlegaatples (see Figure A 5 in the Appendix).
To assess whether the lack of affinity of the Man#body for Sprague Dawley antigen is
unique to that strain, we used it to assess musasaples from Zucker lean rats, another
strain ofRattus norvegicus (see Figure A 6 in Appendix). Results were simidathose for

Sprague Dawley samples, supporting a low primatjpady affinity for rat antigen.
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Chapter 4. Discussion

To summarize the results of this investigationste@m blot analysis was used to assess
the protein expression of Cdc7 and PCNA during mkalarcinogenesis in AOM-induced
obese and lean rat models. It was shown that dtiie@NA damage response, Cdc7 levels
were elevated in lean animals relative to obesmalsiwell in advance of a similar pattern for
PCNA levels (see Figure 11 and Figure 13), consistéth an early role for Cdc7 in the
checkpoint response and a later role for PCNA jaire Additionally, we showed that Cdc7
and PCNA levels are elevated in colonic tumouratie to adjacent mucosa in the non-obese

Sprague Dawley rat model, but Cdc7 levels do né¢rdbetween obese tumours and mucosa.

We propose that Cdc7 is upregulated in lean anias[sart of the ATR-Chk1
checkpoint response immediately upon fork stalting to the presence of bulky alkyl DNA
adducts induced by AOM. The increase in Cdc7 aborcelés delayed or impaired in obese
animals, due to cytokine- and fatty acid-mediataedaired DNA damage response (Mena et
al., 2009; Zeng et al., 2008). Obese animals ansamuently at increased risk of sustaining
irreversible DNA damage following fork collapse ahérefore accumulate more transformed
cells than lean animals. Combined with increaseslioze cellular proliferation rates in
untransformed obese mucosal tissues due to olmsstyciated hyperinsulinemia (Mena et al.,
2009), this heightened risk of DNA damage couldtgbuate to the greatly augmented tumour
incidence seen in obese rats. In colonic tumosuésPCNA levels are also increased relative
to normal-appearing colonic mucosa in both Sprdgaedey and obese Zucker rats,
suggesting that excessive upregulation of fork demfactors is an event tolerated only by
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neoplastic cells. PCNA upregulation may be accoshplil in tumour cells by inhibition of

normally-occurring post-transcriptional repressjpommasi & Pfeifer, 1999).

It is possible that the resistance of tumours toalge caused by a highly increased
replication rate is balanced by increases in exwasof DNA damage response factors,
including Cdc7 and PCNA. The checkpoint factors ATBMmk2 and p53 are all upregulated in
breast cancer (Gochhait et al., 2009), althoughribt known whether this upregulation
extends to colonic tumours. Normal cells requissI€dc7 than tumour cells for viability, as
Cdc7 inhibitors selectively kill tumour cells (Mehiincheri et al., 2009; Montagnoli et al.,
2008). Tumour cells may therefore be more heaeliyant on DNA damage response factors
such as Cdc7 and PCNA during early events. Thesntlolvement of both Cdc7 and PCNA
in DNA replication and DNA damage response appeaenhance their utility as tumour

markers.

4.1 DNA damage response appears morerobust in lean than obese

Obese Zucker rats have previously been shownvelol@ more and larger ACF than
their lean counterparts in response to carcinogemrastration, despite having the same
levels of DNA damage and BrdU-labeled cells pept(iKoch et al., 2008). In the current
study, it was found that lean Zucker rats expresgerntdc? protein than obese Zucker rats
soon after AOM injection, at a time when the DNAr@gge response cascade is first being
initiated. The reported role of Cdc7 in claspin gpioorylation during the ATR/Chk1
checkpoint response (Kim et al., 2008) suggestsugii@gulation of Cdc7 could play a part in

modulating the efficacy of Chk1 activation. Thiadis to the possibility that the increased
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Cdc7 levels in lean relative to obese colonic madoowing AOM injection results from
the lean rats having mounted a more robust chenkpegponse than the obese rats,

consistent with an increased rate of ACF and tushouobese animals.

4.2 Temporal order of Cdc7 and PCNA upregulation is consistent with

respectiverolesin DNA damage signaling and fork restart

Previous work has suggested that the Cdc7-mediaE&icheckpoint lies upstream of
DNA damage repair processes in which PCNA is inedl{Kim et al., 2008; Kastan &
Bartek, 2004; Moldovan et al., 2007). Following thER checkpoint, ubiquitin-modified
PCNA is involved in some DNA damage repair pathw@ggiewed in Moldovan et al.,
2007). It is unclear whether modified PCNA moiettes be deubiquitylated or must be
replaced with newly expressed PCNA following sustdsepair (Moldovan et al., 2007)
causing a concomitant increase in PCNA levels. Mibngitylation of PCNA, induced by
the presence of some DNA lesions, leads to recemtraf alternative polymerases whose
conformation accommodates the lesion (Lee & My&@§)8). Polyubiquitylation of PCNA is
thought to be associated with error-free templatiéching, though the mechanism of this
repair pathway is poorly understood (Lee & Myun@02; Moldovan et al., 2007). In the
event of template switching, one proposed mecharsghat polyubiquitylated PCNA is
detached from polymeraseor € and marks the site of the lesion; the replicapob/merase
then traverses the lesion without the originaléetand a new PCNA molecule must replace
the original one to restore polymerase processaiity replisome cohesion (Moldovan et al.,

2007). By comparing the DNA damage response inatmto the impaired pathway seen in
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obese rats, this study showed that Cdc7 upreguléigure 11) precedes PCNA upregulation
(Figure 13), consistent with these models.

Cdc7 activity is required to maintain viability dog S-phase checkpoint in multiple
eukaryotic species (Kim et al., 2008; Ogi et 00, Tenca et al., 2007; Tsuiji et al., 2008).
The cellular response to fork stalling involves Tahediated claspin mediation of Chk1
activation (Kim et al., 2008). Even within the saorganism, some authors argue that the
resulting checkpoint signal inactivates Cdc7 (Caateet al., 2003; Heffernan et al., 2007). It
is not clear from the present data whether theféereinces result from a relative increase in
protein levels in lean animals due to a more robhstkpoint response or a relative decrease
in protein levels in obese animals due to Cdc7 degulation supporting late origin
inhibition. However, time course data showed adrenward an initial drop in Cdc7 levels
between obese uninjected control mucosa and thDd-challenged obese animals 3 hours
after injection (Figure A 1) which was not seernegan animals (Figure A 2). Both obese
phenotypes subsequently showed a slow rising tlendg the following timepoints,
suggesting that the difference in Cdc7 levels 3t#@®M was due to a relative decrease in
obese protein levels. While it would be simple aodude that obese checkpoint more
efficiently downregulates Cdc7 following DNA damadgfeat would be inconsistent with
increased risk for tumour development in obese alsinit is more likely that multiple
pathways cause Cdc7 to be effectively downregulitguievent late origin firing in both

phenotypes but more effectively upregulated to supgheckpoint signaling in lean rats.
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4.3 Cdc7 protein upregulation in tumours does not extend to the obeserat

model

This study demonstrated that the differences in7Gapression between tumour and
mucosa seen in human tissues and cell lines (Barate, 2008) do not extend to the obese rat
model. Hyperinsulinemia characteristic of obeseraté (Argiles, 1989) is known to increase
cell proliferation signaling (Mena et al., 200907 levels may be upregulated in response to

these aberrant signals.

Hyperinsulinemia does not appear to cause an iser@aPCNA levels to the extent
that it increases Cdc7 levels in obese animalsivelto lean animals in non-tumour colonic
mucosa at early timepoints (Figure 16). Early tioiafs comprise a period during which
dysplastic and neoplastic cells are unlikely tgbesent, whereas mucosa adjacent to tumour
tissue contains dysplastic cells and may contaoraacopic neoplasms detectable only on
histological examination. In this study, tumour gdes originated from visible tumours, and
mucosal samples originated from the remaining majoekich could easily have contained
undetected neoplastic cells. Additionally, normpi@aring mucosa from obese rats at late
timepoints likely contains more dysplastic and nasfic cells than that from lean rats at the
same timepoint, since obese animals are at higslefar cellular transformation (Weber et
al., 2000). Therefore, the lack of a pronouncedease in PCNA levels comparable to that of
Cdc7 levels during early timepoints in obese r&bmic mucosa relative to lean rat colonic
mucosa may reflect a low rate of dysplasia and lasapin these tissues. Significantly higher
PCNA levels in obese rat colonic tumours than noneur colonic mucosa (Figure 15)

combined with the absence of significant differenlbetween PCNA levels in obese and lean
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rat non-tumour colonic mucosa at the same timeg@bigure 14) suggests that an increase in
mucosal PCNA concomitant to that of Cdc7 is notessarily a consequence of obese cell
cycle dysregulation. The lack of correlation betw€&=zic7 levels and PCNA levels could be
due to dissimilar transcriptional promotion, pasiascriptional expression modulation, post-
translational degradation, or a combination of ¢heEhe PCNA gene encodes an antisense
RNA transcribed from a promoter in intron 1, whistthought to mediate post-transcriptional
PCNA expression inhibition (Tommasi & Pfeifer, 1998ranscription of this antisense RNA
is activated in part by E2F, which upregulatesGae7 activator, ASK (Yamada et al., 2002)
and has putative binding sites in the murine Cdormpter (Kim et al., 1998), suggesting that
PCNA upregulation follows Cdc7 activity during thermal cell cycle. Gene-specific, PCNA
expression inhibition may therefore be accomplighest-transcriptionally through binding of

transcription factors which upregulate ASK and mpyegulate Cdc?7 itself.

Obese mucosa at late timepoints is likely to contadre precancerous tissue than
lean, since obese animals are at much higher fidk\eloping tumours than lean animals.
These tissues contain dysplastic cells which magadly require an enhanced DNA damage
response to maintain viability in the face of dgsdated proliferation, causing Cdc7 levels to
necessarily increase to feed the chain of actimafitiis suggests that obese tumours are more
checkpoint competent than obese untransformecketissul would therefore likely more
closely resemble lean tumours in their expressfarineckpoint proteins. While our data was
insufficient to statistically test this hypothesabundance of both Cdc7 and PCNA in the

single lean colonic tumour sample was certainhimithe range of that of obese colonic
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tumours, supporting the possibility that DNA damaggponse robustness may be similar

between lean and obese tumours.

In the lean rat model, we saw significantly fewanburs than in the obese rats
(1 tumour/10 lean rats vs. 6 tumours/5 obese matsgkious studies employing a single dose
of the AOM precursor 1,2-dimethylhydrazine (DMH)sked that the non-obese Sprague
Dawley rat fails to develop macroscopic lesiontagsas 41 weeks post-challenge, even at a
dose of 125 mg/kg (McLellan et al., 1991b), welbab currently employed dosages of 20-30
mg/kg for 1-3 doses (Yusup et al., 2009; Zhi et2007). This is consistent with reduced

carcinogen sensitivity in non-obese rats leadinigwered tumour risk.

When challenged with two doses of AOM at 10 mgtkugse Zucker rats develop
significantly more intermediate (4-6 crypts) andaaced (>7 crypts) ACF, but not
significantly more primal ACF (1-3 crypts) or to®&CF than lean Zucker rats nine weeks
after the second injection (Raju & Bird, 2003), gesting that obese aberrant crypts are
simply more prone to clonal expansion. Also, noesebSprague Dawley rats develoqre
total, small and large ACF following two weekly AOdbses at 15 mg/kg body weight than
obese Zuckers develop following two weekly doseRatng/kg body weight (Eskin et al.,
2007), suggesting that the dose reduction for Zuisksufficient to slow the early phases of
preneoplasia. Our results, however, demonstratestiea with two larger doses of AOM,
non-obese Sprague Dawley colonic mucosa does ntdaiodhe increased levels of Cdc7
resulting from cellular proliferation enhancemeanbbese mucosa seen with a single reduced

dose.
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4.4 Cdc7 and PCNA protein upregulation in human tumours extendsto a

Sprague Dawley rat model

Previous studies examining Cdc7 protein as a maokeolon cancer focused on
human samples and cell lines (Bonte et al., 200&%s study demonstrated that Cdc7 protein
levels were upregulated in Sprague Dawley rat tusrioampared with adjacent mucosa
(Figure 17). It is interesting that Cdc7 showedwmstronger signal in the mucosa than
PCNA, since mucosa adjacent to tumours is hypeferative, containing hundreds of ACF
(Shivapurkar et al., 1996). This could be due wkimetics of upregulation of Cdc7 vs.
PCNA in the DNA damage response, DNA replicatiarhath. Perhaps, for instance, much
more Cdc7 is expressed in response to DNA damageRENA. This is particularly likely
since only a small proportion of lesions which indihe ATR-Chk1 pathway will result in
fork collapse and hence PCNA modifications whiateci DNA repair mechanisms
(Ampatzidou et al., 2006). The observed differeramedd also result from post-
transcriptional inhibition of PCNA expression (Torasn & Pfeifer, 1999), as described in

section 4.3.
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45 Conclusionsand futuredirections

The major findings of this work are:

1. The temporal order of Cdc7 and PCNA upregulatiomediately following DNA
damage induction is consistent with a model in Witidlc7 mediates the early
checkpoint response to DNA alkylation-stalled regiion forks prior to PCNA

upregulation following translesion synthesis;

2. Both Cdc7 and PCNA appear to be elevated in colmmurs; however, obese
metabolic state appears to obscure the differenGelc7 level between tumours

and colonic mucosa;

3. PCNA remains an effective tumour marker regardtésaetabolic state.

A model of the DNA damage response which is sujggdoty the expression patterns
seen in this work and which is consistent with pyes literature (Branzei & Foiani, 2005;
Moldovan et al., 2007) is shown in Figure 18. lanenimals immediately following
carcinogen challenge, fork stalling caused by tiesgnce of DNA alkyl adducts has initiated
the ATR checkpoint cascade, requiring the upregraif Cdc7 to mediate claspin
phosphorylation necessary for Chk1 activation (kinal., 2008). By 24h post-challenge,
PCNA is upregulated to replace ubiquitin-modifiedieties still encircling the lesion site

(Moldovan et al., 2007). In obese animals, neitbéc7 nor PCNA is upregulated,
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Figure 18. Role of Cdc7 and PCNA in DNA damage response and obese cancer risk. During
early timepoints in lean animals, Cdc7 is upregudab support ATREhk1 pathway initiation k
fork stalling. The ATR-Chk1 pathway acts to promfutek stabilization. PCNA is upregulated
only in the relatively rare event that fork stataliion is unsuccessful, to replace modified
moieties which no longer support DNA polymeraaeprocessivity. Obese animals suffer from
an impaired DNA damage response, which may extemnepair processes. This increases their
risk of cellular transformation by reducing theigence of successful DNA damage repair.
Proliferation of obese cells is enhanced by hygeifinemia, causing an increased tumour
growth rate. Yellow boxes indicate intact DNA damagsponse pathways and factors whick

inhibited in obese animals. Red boxes indicatevpayis favoured in obese animals.
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suggesting that pathways leading to successfulrrapainhibited. Therefore, there is a
pathway shift in obese animals towards unsucceB8#fifl damage response and hence

towards cancer.

Late in carcinogenesis, colonic mucosa of both elaesl lean rats is highly
hyperproliferative and likely contains some dysptasells (Bird, 1995). At the same time,
obese mucosal tissue displays increased Cdc7 expmedue to increased cellular
proliferation signals in its hyperinsulinemic eronment (Mena et al., 2009). Increased Cdc7
expression in obese mucosa therefore eliminatediffeeence between tumour and mucosal

Cdc7 expression seen in the non-obese Sprague PDeatde

Our findings have clearly demonstrated that use ihgle tumour marker is
inadvisable. We have shown that Cdc7 is a moratsenmarker than PCNA but is reliable
as a tumour marker only in lean animals, suggestiagheed for supplementary markers.
Future studies could broadly target the importasfazell cycle factors and factors involved in
DNA damage and repair in lean and obese metabalicanments during different stages of
colon carcinogenesis using techniques such asayghprotein microarrays. Incorporation of
phospho-specific antibodies in the protein micragsrcould aid in assessing the activation
state of checkpoint signaling factors such as ACRK1 and claspin. Further investigation of
these aspects will lead to a better understanditigedDNA damage response and the

mechanisms influencing increased cancer risk irsibjoe
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Appendix - Supplementary Figures
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Figure A 1. No significant differencesin Cdc7 or PCNA level were seen between
timepointsduring early eventsin obese Zucker colonic mucosa. Obese samples
used for obese vs. lean comparisons (see FiguFegl®e 13) were re-blotted to
examine differences between timepoints. Densitomvesis performed using ImageJ,
as before. Group means + standard deviation amersgaaphically. Significant
differences as determined by Student’s t-test @thaeCdc7 nor PCNA levels between
mucosa from obese uninjected (n=3), obese 3h p@d#fn=3), obese 9h post=AOM

(n=3), and obese 24h post-AOM (n=3) were seen.
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Figure A 2. No significant differencesin Cdc7 or PCNA level were seen
between timepoints during early eventsin lean Zucker colonic mucosa.
Lean samples used for obese vs. lean compariseas-{gure 10-Figure 13)
were evaluated by western blot to examine diffegsrizetween timepoints.
Densitometry was performed using ImageJ, as be@@n@up means +
standard deviation are shown graphically. NeithécTnor PCNA levels
differed significantly between colonic mucosa fregan rats which were
uninjected (n=3), 3h post-AOM (n=3), 9h post=AOM-8), and 24h post-

AOM (n=3), as determined by Student’s t-test.
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Figure A 3. Thesinglelean tumour appeared

to express more PCNA but not Cdc7 than

lean mucosa. Whole soluble protein extracts
from the single colonic tumour (n=1) and
colonic mucosa (n=5) of challenged Zucker lean
rats collected 32 weeks after AOM challenge
were prepared as for previous Zucker tissues
(see Figure 10-Figure 15). Cdc7 and PCNA

protein levels were detected by immunoblotting.
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Figure A 4. Thesingle lean tumour fallswithin the distribution of obese
Cdc7 and PCNA expression. Obese (n=6) and lean (n=1) colonic tumour
samples used for comparison with colonic mucosa weblotted for
comparison with each other. While the uniquenesbhefean tumour sample
made statistical comparisons impossible, visugdenson of the bands shows
that the lean tumour sample expresses amountshoiCoc7 and PCNA which

fall in the range of those of the obese tumour dasap
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Figure A 5. MCM 2 antibody did not have sufficient affinity for Sprague
Dawley protein. The Sprague Dawley colonic tumour (n=6) and colonic
mucosa (n=6) samples shown in Figure 17 were as3éssMCM2 levels
using a commercial antibody. The blot was expos#ill thhe signal elicited by
the HelLa positive control was saturated. MCM2 dligvess undetectable in

Sprague Dawley samples.
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Figure A 6. MCM 2 antibody had insufficient affinity for Zucker antigen.
The blot shown in Figure A 2 was also probed forNRusing the same
commercial antibody with which the Sprague Dawleyples were probed
(see Figure A 5). For this probe, the blot was erpoonly until the HeLa
showed a strong, visible, non-saturated signathéth point none of the lean
Zucker samples (uninjected, n=3; 3h post-AOM, r38post-AOM, n=3;

24h post-AOM, n=3) displayed a visible band.
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