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Abstract

Transgenic rodents harbouring the&coA Zoc/ gene greatly facilitate the study of 

mutations Ww where the ejects of age, diet, lifestyle, sex, tissue and species 

specificity can be assessed. In addition, it also permits the investigation of mutations in a 

speciGcally altered genetic background. In this thesis, I used the ZocZ transgenic rodents 

to study the eSect of strains and species difference on spontaneous mutation in the liver, 

as well as the influence of the DNA repair gene Msh2 and the cell cycle regulation gene 

p27 on mutagenesis and carcinogenesis. By studying spontaneous mutations in different 

strains and species of rodents which has different transgene insertion sites and constructs, 

we demonstrate that despite such diSerences, the spontaneous mutation &equency and 

spectra are similar.

The m^or parts of the thesis demonstrate the impact of a deGciency in the Msh2 

and p27 gene on spontaneous and chemically induced mutations. The mutator phenotype 

of thymic lymphoma arising in an Msh2 deGcient background was also studied. A 

deGciency in the Msh2 gene caused an signiGcant increase in mutaGon Gequency in three 

parts of the colon with a distinct mutaGonal spectrum characterized by an increase of 

G:OA:T transiGpns. However, we did not detect the diGerences in mutaGon Gequency 

and spectrum among the three parts of the colon. The mutagenesis of a colonic mutagen 

and carcinogen 2-amino-1 -methyl-6-phenolimidazo[4,5-b]pyridine (PhIP) was 

investigated. Msh2 deGciency was found to increase PhIP induced colon mutagenesis in a 

synergisGc manner. Msh2^ "̂ mice displayed a signiGcanGy increased Gequency o f -1



m

6ameshiAs in the spontaneous and PhIP treatment group indicating that Msh2 germ line 

mutation carriers are also at an increased risk of developing cancers. Msh2 thymic 

lymphomas exhibit a large increase in mutation Aequency and an altered mutational 

spectrum featured by an increase of base substitutions occurring at A:T basepairs, -1 

Aameshifts and complex mutations.

The influence of a deûciency in the p27 cell cycle control gene on mutagenesis is 

addressed in the next section of the thesis. We created a novel double transgenic mouse 

strain bearing a different functional status of p27 gene as well as the foe/ transgene. P27 

deficient mice exhibit similar levels of spontaneous mutation and a similar mutational 

spectrum as p27 wild type and heterozygous mice. However, after N-nitroso-N- ethylurea 

(ENU) treatment, hypermutability was detected in p27^' mice. Interestingly, p27 

heterozygous mice displayed an intermediate sensitivity upon ENU treatment indicating 

an haplo-insufficiency of the p27 gene in protecting against chemically induced 

mutagenesis. All three genotypes of p27 mice displayed a similar mutational specificity 

after ENU treatment characterized by the mutations occurring at A:T base pairs.

These results show that both Msh2 and p27 homozygous deGcient mice are more 

susceptible to chemically induced mutation than wild type mice. In contrast to the Gnding 

of Msh2 mice, p27 functional status does not affect the mutational spectrum recovered in 

transgene. This illustrates the different mechanisms of DNA mismatch repair and 

cell cycle regulation in maintaining genomic integrity. The haplo-insufficiency of some 

genes in safeguarding genomic stability highlights the importance of tumor screening in 

carrier populations.
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SECTION I. INTRODUCTION

Chapter 1. A General Introduction to DNA Mismatch Repair and Cell Cycle 

Regulation at Gi/S Phase Transition

1.1 Mismatch repair

Both prokaryotic and eukaryotic cells are capable of repairing mismatched base 

pairs arising from replication errors, formation of heteroduplexes during genetic 

recombination and hairpins structures formed between imperfect palindromes (Bishop et 

al., 1985). This DNA mismatch repair (MMR) system is crucial for maintaining the 

overall integrity of the genetic material. In addition to recognizing and processing DNA 

mismatches comprised of “normal” bases, the MMR system also plays a role in response 

to DNA damage and in meiotic chromosome metabolism (Borts et al., 2000).

Proteins specific to the MMR system were originally identified in prokaryotic 

organisms, where their loss enhances the accumulation of DNA replication errors and 

results in a mutator phenotype (Pukkila et al., 1983; Lu et al., 1983). The DNA mismatch 

repair process in bacteria is briefly illustrated in Fig. 1.1. The first step in the correction 

of replication errors via the MMR system involves efficient recognition of helical 

distortions (mismatches) resulting from nucleotide misincorporation or DNA polymerase 

slippage. Next the newly synthesized DNA strand containing the incorrect nucleotide 

must be selectively removed and re-synthesized. Strand discrimination is an essential 

feature of all MMR systems; in its absence, either nucleotide in the mismatched basepair 

will have the same chance of being removed. Later steps in MMR require proteins



involved in DNA ligation similar to that of base excision repair and nucleotide excision 

repair.

The strand speciSc MMR. in Æ coA involves three proteins: MutS, MutL and 

MutH. MutS is an ATPase that affects mismatch recognition. MutL is an ATPase that 

couples the mismatch recognition of MutS, with MutH, a methylation-sensitive

endonuclease that targets repair to the newly synthesized DNA strand. The MutS protein 

binds as a homodimer to DNA and shows m ww speciGcity for base-base mispairs and 

for insertion/deletion loops up to 4 nucleotides in length (Parker and Marinus, 1992). The 

C-terminal of the MutS protein is involved in its dimerization, while the N-terminal end 

is important for binding mismatch-containing DNA (Wu and Marinus, 1999). ATP 

binding/hydrolysi s promotes dissociation of the MutS/mismatch complex, a critical step 

for triggering subsequent steps in MMR (Wu and Marinus, 1994).

The strand specificity necessary for the repair of DNA biosynthetic errors is 

provided by patterns of adenine méthylation in d (GATC) sequences (Modiich and 

Lahue, 1996). Since this is a post-synthetic modification, the initial absence of 

méthylation on the newly synthesized strand targets correction to this strand (Pukkila et 

al., 1983; Lu et al., 1983). Specifically, the MutH protein cleaves the unmethylated strand 

at a hemimethylated d (GATC) sequence méthylation site, thereby creating a nick where 

exonucleolytic removal and resynthesis can start (Harfe and Jinks-Robertson, 2000). 

Dam' strains of E. coA deficient in DNA adenine méthylation at the d (GATC) sequence 

display pleiotropic efiects including hyper-mutability to base analogues and a hyper

recombination phenotype (Glickman and Radman, 1980).(Glickman, 1979) Interestingly,



in the absence of MutH activity, a preexisting nick on one strand of a duplex is sufficient 

to initiate strand-specific repair in vivo (Lahue et al, 1989).

Genetic studies showed that MutL is an essential protein for MMR, however, its 

precise role in MMR has not been fully deGned. The N-terminal of MutL protein contains 

ATP binding/hydrolysis domains and the C-terminal is responsible for the dimerization 

of this protein (Ban and Yang, 1998; Drotschmann et al., 1998). It has been speculated 

that MutL plays a key role in coordinating the initial steps of mismatch recognition and 

other downstream processing steps (Harfe and Jinks-Robertson, 2000). Direct interaction 

between MutL and MutS, and MutL and MutH has been demonstrated by several studies 

(Hall and Matson, 1999; Wu and Marinus, 1999). The C-terminal region of MutL also 

directly interacts with UvrD and is involved in activating the helicase activity of this 

protein (Yamaguchi et al., 1998).

The methyl-directed MMR system in E. coli displays a broad specificity for 

different mispairs. Correction efBciency depends on the nature of the mismatches and can 

also be influenced by the sequence context in which the mispair resides (Turner and 

Connolly, 2000). Of the eight possible base-base mismatches, only C-C is refractory to 

methyl-directed repair. G-T, A-C, A-A, and G-G are typically good substrates, and T-T, 

T-C, or A-G mispairs are corrected with poor to good efficiency depending on sequence 

context (Modrich, 1991). Mismatches corresponding to insertion/deletion of a few 

nucleotides in one strand are also subject to efficient repair by this system. But 

heteroduplex containing large heterologies are less efficiently processed by methyl- 

directed repair (Modrich, 1991). ÆcoA strains defective in MMR displayed a signiGcant



increase in base transitions (G:OA:T and A:T>G:C ) and 6ameshiAs (Schaaper and 

Dunn, 1987; Dohet et al., 1986)

The DNA mismatch repair system is conserved during evolution. All eukaryotic 

organisms possess multiple MutS homologues (Msh proteins) and multiple MutL 

homomogues (Mlh proteins), with the active Garms being heterodimers composed of two 

diSerent Msh proteins or two diSerent Mlh proteins. No MutH homologues have been 

indentiSed in eukaryotes (Harfe and Jinks-Robertson, 2000). The eukaryotic homologues 

of MutS and MutL protein and their main function are listed in tablel. 1.

DiSerent Som the methyl-directed MMR in & co/f, the MMR process in 

eukaryotes was demonstrated to be nick directed and the excision is independent of the 

relative orientation of the nick site (Fang and Modrich, 1993; Holmes et al., 1990). 

Eukaryotic MutS and MutL homologues interact with proliferating cell nuclear antigen 

(PCNA) (Gu et al., 1998), which encircles DNA and restrains DNA polymerase to the 

template during DNA replication. This interaction is speculated to direct which strand 

should serve as a template during repair (Johnson et al., 1996a).

There are six MutS (Mshl-Msh6) and 6)ur MutL (Mlhl-3 and Pmsl) homologues 

in yeast. The diverse functions of MutS and MutL homologues are summarized in 

Fig. 1.2. As listed in table 1.1, Mshl is required for the repair and maintenance of 

mitochondrial DNA (Reenan and Kolodner, 1992). Msh2, Msh3 and Msh6 are 

responsible for the stability of nuclear DNA (Johnson et al., 1996b); and Msh4 and MshS 

are involved in meiotic recombination processes (Hollingsworth et al., 1995). In nuclear 

DNA mismatch repair, yeast Msh2 is required for all mismatch corrections, whereas 

Msh3 and Msh6 are involved in the repair of distinct subsets of mutational intermediates.



In vitro binding assays showed that Msh2/Msh6 can bind to duplex DNA molecules 

containing either base-base mismatches or insertion/deletion loops; Msh2/Msh3 

heterodimer binds only to the insertion/deletion loops (Habraken et ai, 1996; Alani,

1996). A &ameshiA-speci6c study demonstrated that Msh3 or Msh6 mutants only have a 

weak mutator phenotype, while the Msh3/Msh6 double mutant exhibits a very strong 

mutator phenotype equivalent to that of an Msh2 mutant (Harfe and Jinks-Robertson, 

1999). The repair speciGcity ofMsh2/Msh6 and Msh2/Msh3 to hrameshift intermediates 

is also different. The Msh2/Msh6 complex is able to repair extrahelical loops containing 

1 or 2 nucleotides, whereas Msh2/Msh3 is capable of repairing larger insertion/deletion 

loops up to 100 base pairs (Harfe and Jinks-Robertson, 1999; Sia et al., 1997).

The MutL homologues in yeast function together with MutS homologues in 

MMR The mutation rates in Mlhl, Pmsl and Msh2 mutants are similar to each other 

(Harfe and Jinks-Robertson, 1999) indicating that the majority of mismatches repaired by 

Msh2/Msh3 and Msh2/Msh6 complexes require a heterodimeric complex of the MutL 

homologue proteins. Minor activities of the two additional MutL homologues (Mlh2 and 

Mlh3) have been identified, both are assumed to work as heterodimeric complexes with 

Mlhl to correct distortions recognized by Msh2/Msh3 (Flores-Rozas and Kolodner,

1998; Harfe et al., 2000).

A deGciency in DNA mismatch repair function in mammalian cells is associated 

with tumongenesis (Fishel and Wilson, 1997). With the excepGon of mitochondrial 

protein Mshl, all other homologues of yeast MMR proteins have been identified in 

mammalian cells. The mammalian complex of Msh2/Msh6 and Msh2/Msh3 are referred 

to as MutSa and MutSP, respectively. In cultured cells, the level of MutSa is much higher



than that of MutSp, and stabilities of both Msh3 and Msh6 depend on the presence of 

Msh2 protein (Drummond et al., 1997). Similar to that found in yeast, MutSa recognizes 

mainly base substitutions and small insertion/deletion loops and MutSp is specific to 

larger insertion/deletion loops.

The mammalian MutL homologues are named Pmsl, Pms2, Mlhl and Mlh3. As 

in yeast, mammalian Mlhl is a central player in MutL homologues, it forms heterodimers 

with other remaining MutL homologues. Complexes formed by Mlhl/Pms2 and 

Mlhl/Pmsl are named as MutLa and MutLp, respectively (Raschle et al., 1999). The 

repair ability of a repair-deficient cell line could be complemented by MutLa (Li and 

Modrich, 1995), however, the involvement of MutLp in mismatch repair failed to be 

demonstrated (Raschle et al., 1999).

About 90% of the hereditary non-polyposis colorectal cancer (HNPCC) cases 

have been linked to a mutation in the Msh2 and Mlhl genes while a very small number of 

HNPCC patients were associated with mutations in Pmsl, Pms2 and Msh6 genes (Fishel 

and Wilson, 1997). In addition to HNPCC, defects in MMR have been associated with 

sporadic colorectal, endometrial, and gastric carcinomas. Mutations in Mlhl and Msh2 

were identified in sporadic colon cancers (Fornasarig et al, 2000). Epigenetic 

transcriptional silencing of these genes also contributes to microsatellite instability 

displayed by most of these tumors (Harfe and links-Robertson, 2000).

Mouse strains with targeted inactivation of Msh2, Msh3, Msh6, Pmsl, Pms2 and 

Mlhl have been constructed and all except Pmsl and Msh3 deficient animals showed an 

increased tumor incidence (Prolla et al., 1998). Msh6^' mice are not completely MMR. 

defective and have a different tumor spectrum with Msh2^' mice, vdiile the double



knock-out Msh6/Msh3 mice are identical to Msh2"'‘ mice in their phenotypes (de Wind et 

al., 1999). Mutation frequency and specificity of Mshl'''', Mlhl'^' and Pms2' '̂ mice can be 

obtained by using the or supF gene as a mutational reporter. Mshl and Mlhl 

deGcient mice displayed an elevation of G:OA:T transitions in the transgene 

(Baross-Francis et al., 2001; Andrew et al., 1998). The frequency of 1-bp deletions and 

insertions is signifrcantly increased in the supF transgene of Pms2 nullizygous mice 

(Narayanan et al., 1997).

1.2 Cell cycle regulation at the Gi/S phase transition

The cell cycle is an ordered set of events ensuring cell growth and its division into 

two daughter cells. Non-dividing (Go) cells are not considered to be in the cell cycle. The 

cell cycle is composed of four phases, the gap before DNA synthesis (Gi), the DNA 

synthesis phase (S), the gap after DNA replication (Gz), and the mitotic phase (S) 

(Hartwell and Weinert, 1989) (Fig. 1.3). The cell division cycle (cdc) mutant yeast strains 

have been quite useful in elucidating important aspects of cell cycle regulations (Mercer,

1998). The cell cycle in yeast has two points at which the cell becomes committed to 

proceed to the next stage in the cell cycle. The first point, START, occurs near the end of 

Gi; after this check point the cell becomes committed to DNA synthesis in the S phase of 

the cycle. The second commitment point is at the beginning of the M phase, when the cell 

becomes committed to chromosomal condensation and to subsequent mitotic steps 

(Hartwell and Kastan, 1994). Analogous control points have been identified in 

mammalian cells, the START point in yeast is equivalent to the restriction point (R) in 

animal cells (Mercer, 1998).



The Gi-S and G2-M cell cycle progression is governed by the interaction between 

two types of molecules: cyclins and cyclin dependent kinases (cdk). Key regulators of Gi 

progression in mammalian cells include three D-type cyclins (Dl, D2 and D3), which 

assemble into holoenzymes with either cdk4 or cdk6, and cyclin E, which combines later 

in Gi with cdk2 (Sherr, 1993). Cyclin A and cyclin B periodically accumulate during the 

S and Ga phase and degrade later in the cell cycle, none of them appears to have a role 

during the Gi interval (Fang and Newport, 1991). Since CDKs are generally 

constitutively expressed, while the expression of cyclins oscillates with respect to the cell 

cycle, cyclins control the timing of activation, as well as the substrate specificity of the 

CDKs (Sgambato et al., 2000).

The three D-type cyclins are induced in a cell lineage-specific manner as part of 

the response to mitogens, and synthesized as long as growth factor stimulation persists; it 

only exhibits a moderate oscillation during the cell cycle with peak levels achieved near 

Gl-S phase (Sherr, 1994). Because cells synthesize different combinations of D-type 

cyclins, none is likely to be essential for Gi progression. Despite the fact that D-type 

cyclin synthesis begins during the Go to Gi transition, the associated kinase activities 

(cdk4 and cdk6) are first detected in mid-Gi phase and increase as cells approach the 

Gi/S boundary (Matsushime et al., 1994b; Meyerson and Harlow, 1994). Once the cyclin 

D and cdk4 or cdk6 are assembled, the complex must be phosphorylated at a single 

threonine residue by a cdk-activating kinase (CAK) to acquire catalytic activity 

(Matsuoka et al., 1994). Unlike other known cdks, cyclin-D dependent kinases have a 

distinct substrate preference for the retinoblastoma protein (pRb) over histone HI, 

reflecting the ability of cyclin D to bind to pRb directly (Kato, 1999; Matsushime et al..



1994a). Retinoblastoma protein is a key physiological substrate for cdk4 and cdk6, 

although other cdks may contribute to the pRb phosphorylation later in the cell cycle. In 

turn, pRb can bind to and negatively regulate transcription factors such as E2F, whose 

activities are required for S-phase œtry (Hinds and Weinberg, 1994; Cobrinik et al.,

1992). The phosphorylation of pRb at or near the R point releases these transcription 

factors &om pRb enabling them to activate genes that are necessary for S-phase entry.

Cyclin E is expressed later than the D-type cyclins, it's peak levels are detected 

just prior to the Gi-S transition (Sherr, 1994). Cyclin E binds a distinct catalytic subunit 

of cdk2, and it in turn is activated by CAK to yield a functional holoenzyme (Fisher and 

Morgan, 1994). Once cells enter S phase, cyclin E is degraded and cdk2 forms complexes 

with cyclin A (Sherr, 1994). In Drosophila, cyclin E is required for S phase entry once 

development has proceeded through 16 nuclear divisions, and its periodic down- 

regulation limits embryonic proliferation (Knoblich et al., 1994). Cyclin E regulates a 

transition diSerent 6om that promoted by cyclin D l, and cyclin E but not cyclin Dl is 

essential for entry into S phase in mammalian cells lacking functional pRb (Lukas et al., 

1995; Ohtsubo et al., 1995). In rodent fibroblasts engineered to express inducible cyclin 

Dl or E, the induction of cyclin Dl triggers rapid pRb phophorylation but cyclin E does 

not (Resnitzky and Reed, 1995). In collaboration with cylin D dependent kinases, 

however, the cylin E-cdk2 complex may contribute to the phosphorylation of pRb in late 

GI phase, and it likely phosphorylates other key substrates to trigger the actual onset of 

DNA replication once cells pass the R point (lEnds et al., 1992; Sherr and Roberts, 1995; 

Sherr, 1994).
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The identification of D- and E- type cyclins and their associated cdks provide us 

with an insight into the cell cycle progression. On the other hand, the discovery of cdk 

inhibitors (GDIs) helps us to explain how antiproliferative signals arrest cell cycle, and 

enable many fundamental cell functions, such as the repair ofDNA damage, terminal 

diffierentiation, and cell senescence to occur (Fig. 1.4). The GDIs Ml into two Mnilies on 

the basis of sequence homology (Sgambato et al., 1999). The Gip/Kip family includes 

p21^^\ p27^^\ and p 5 7 ^ . They all have four ankyrin repeats and form complexes with 

cdk4 and/or cdk6 and the D-type cyclins or possibly other cyclins. Their functional 

activities depend on the presence of a normal retinoblastoma protein (Guan et al., 1994). 

The Gip/Kip proteins are designated as universal GDIs because they interact with various 

cyclin and cdk complexes including cyclin A, E, Dl, D2 and D3 (Lloyd et al., 1999; 

%ong et al., 1993).The INK4 Mnily includes p i6 ^ ^ ,  p i5°^^, p l8 ^ %  and pl9^'*^. 

These proteins inhibit kinase activities of pre-activated cyclin E-cdk2, cyclinD-cdk4/cdk6 

and other cyclins.

In normal fibroblasts, the majority of cdks are gathered into a complex that 

contains, in addition to a cyclin and a cdk, the proliferating cell nuclear antigen (PGNA), 

a subunit ofDNA polymerase ô (pol-ô ), and p21"^^(p21) (Zhang et al., 1993). The 

coexistence of p21 and PGNA might suggest that p21 coordinates the effects of cdks on 

cell cycle progression with processes ofDNA replication and/or repair (Sherr and 

Roberts, 1995). This was partly proved by showing that p21 could block the ability of 

PGNA to activate pol- 6 (Waga et al., 1994), however, despite the involvement of PGNA 

in DNA nucleotide excision repair, the repair process is not affected by p21 (Li et al.,

1994). P21 might also mediate p53 induced Gi-phase arrest in response to DNA damage
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(Sherr and Roberts, 1995). In agreement, DNA-damaging agents, which increase the 

level of p53 protein in cells, induce p21 synthesis, leading to further binding of p21 to 

cyclin-cdk complexes and reducing their kinase activity (Dulic et al., 1994). P53-induced 

apoptosis is an important defense mechanism of cells against DNA damage, however, 

there is no evidence that p21 induced Gi arrest is required for p53 dependent apoptosis 

(Wagner et al., 1994). Cell cycle arrest caused by elevated levels of p21 also could not 

trigger cell suicide directly (Canman et al., 1995).

P2 7 kipi ^p2 7 ) is found in epithelial cells arrested in Gi phase by contact inhibition 

or TGF-P treatment, it is also increased in cellular senescence. The amino-terminus of the 

p27 protein shares significant homology (44%) with that of p21 (Polyak et al., 1994). Like 

p21, p27 binds more actively to cyclin-cdk complexes than to cdks alone and can inhibit 

the activity of cyclin D-, E-, A-, and B-dependent kinases m wtro (Sherr and Roberts, 

1995). Transfection of expression vectors encoding p27 into human Saos-2 osteosarcoma 

cell line that do not express functional pRb and p53 induces GI arrest (Toyoshima and 

Hunter, 1994; Polyak et al., 1994). This may indicate p27 induced cell cycle arrest does 

not depend on either of these proteins.

Although the amount of p27 falls significantly after the transition &om Gi to S 

phase, it is continuously synthesized in proliferating cells. This leaves the possibility that 

its expression might also be regulated periodically (Sherr, 1995). The level of p27 can be 

regulated by diGerent mechanisms. In some cases p27 can accumulate without an 

apparent increase in mRNA or protein synthesis indicating its activity level may be 

controlled by post-translational modification; however, under other biological conditions.
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the Ë)undance of p27 mRNA and protein correlate very closely (Sherr and Roberts,

1995).

There is a m^or diSerence between p21 and p27 during the initial response to

growth factor stimulation (Sherr and Roberts, 1999). P27 tends to accumulate in 

quiescent cells and declines in response to mitogenic stimulation, p21 levels are generally 

low in quiescent cells but rise in response to mitogen treatment. Because p21 levels 

remain elevated in non-dividing senescent cells, these states of growth arrest difkr &om 

those in quiescent cells, which retain a proliferative edacity. Another member of 

Cip/Kip family protein, p 5 f ^ ,  also shares a significant protein homology with p21 and 

p27 (Lee et al., 1995). It is expressed in a more tissue-speciGc manner than p21 and p27. 

Significant expression of p57 was detected in brain, the epithelium of the lens, skeletal 

muscle, and cartilage (Sherr and Roberts, 1995).

Four ENK4 cyclin dependent kinase inhibitors ( p i p i g i N K 4 c ,  

pl9iNK4d̂  share similar structure and biochemical functions. They only bind to cdk4 or 

cdk6 and form a binary complex. They inhibit both the assembly of cyclin D and cyclin 

D-dependent kinases and the phosphorylation of pRb (Fig. 1.4) (Sherr and Roberts,

1995). Many physiological functions of INK4 proteins and their individual biochemical 

properties still remain enigmatic.

Because of the inhibitory function of GDIs in cell cycle progression, it is 

reasonable to speculate the tumor suppressive eSect of these proteins. Mutations in pl6 

were detected in many types of human cancer (SheafT and Roberts, 1995). Low 

expression of p27 protein occurs &equently in many types of human tumors, and this 

reduction correlates strongly with tumor aggressiveness and prognosis (Tsihlias et al.,
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1999). More importantly, a deficiency of the p27 gene has been causally linked with 

tumorigenesis in a murine model (Fero et al., 1998).

To understand the role Msh2 and p27 deficiency on mutagenesis and 

carcinogenesis, we studied the mutator phenotypes of these two genes using a double 

transgenic model. In order to delineate the possible mechanisms for the site specificity of 

HNPCC (Jass, 2000), Chapter 4 describes the spontaneous mutation frequency and 

mutational specificity in different parts of the colon Chapter 5 addresses the interaction 

of Msh2 deficiency and the food- home mutagen and carcinogen 2-amino-l-methyl-6- 

phenolimidazo[4,5-b]pyridine (PhIP) during mutagenesis in the colon. The mutator 

phenotype of thymic lymphoma arising in Msh2 deficient mice was studied in detail in 

Chapter 6. Chapter 7 describes the generation and phenotypes of pllHacI double 

transgenic mice. Chapter 8 studies the role of p27 deficiency on spontaneous and N-nitro- 

N-ethylurea (ENU) induced mutagenesis.

The spontaneous mutation of the la d  transgene in the liver of C57BL/6, B6C3F1, 

and BC-1 mice and F344 rats was also investigated in Chapter 3 of this thesis. All these 

rodents displayed a similar mutation fi'equency and spectra. This study provides an 

insight into spontaneous mutation, as well as a data set for comparison with, and 

interpretation o^ induced mutations.
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Table 1.1 Eukayoüc MutS and MutL Homologues

E.coli Yeast Mammals Eukaryotic functions
MutS Mshl Not identified Mutation avoidance in mitochondria

Msb2 Msh2 Forms heterodimers with Msh3 and Msh6 to :
Repair replication errors.
Repair mismatches in recombination intermediates. 
Remove nonhomologous tails (Msh2/Msh3 only). 
Inhibit recombination between non-identical sequences. 
Respond to DNA damage (mammals).

Msh3 Msh3 Forms heterodimers with Msh2
Msh4 Msh4 Forms heterodimers withMshS to promote crossing-over in meiosis
Msh5 Msh5 Forms heterodimers with Msh4 to promote crossing-over in meiosis
Msti6 Msh6 Forms heterodimers with Msh2

MutL Pmsl Pms2 Forms heterodimers with Mhll to :
Repair replication errors.
Repair mismatches in recombination intermediates. 
Inhibit recombination between non-identical sequences. 
Respond to DNA damages (Mammals)

M lhl M lhl Forms heterodimers with Pmsl, Mlh2 and Mlh3.
MIh2 Pmsl Forms heterodimers with Mlhl to:

Repair replication errors.
Repair mismatches in recombination intermediates.

Mlh3 Mlh3 Forms heterodimers with Mlhl to: 
Repair replication errors.
Promote crossing-over in meiosis.

(Harfe B. et al. Annu. Rev. Genet. 2000. 34:359-99)



J

i M u ic  M u tM

N W S
:  ■

W w tH  KncWMon

»s«azKaz%az!Z3caaKbiaaazmBmam .rrn /^

Exioi##om

Fig. 1.1 The bacterial paradigm for mismatch repair ofDNA replication errors 
(Harfe et al. Annu. Rev. Genet. 2000. 34:359-99)

22



\
S?W»ys«»y>KWX»i>!«M<l»K

Fig. 1.2 Diverse functions of & (^erevwiag mismatch repair proteins 
(Harfe et al. Annu. Rev. Genet. 2000. 34:359-99)

23



m"O«cfUJ
0)
eo(D

cg

1

Miiims (î£Ü âimssm)
I k r -Bt^n

/ '

(̂ dL»i6&!g lÿ 
Ï3f\Mj   "V S

Th^e € ^ 0  C ycW

Rgjd!rWMpaW 
(poWgf

OwwiA^ach*^
OMWgaze^
CÿAwr5 CDKr

Twmof jK̂ ppfggw
CDX

Fig. 1.3 Normal cell cycle progression 
(By George Bade, http://www.biology.arizona.edu)

24

http://www.biology.arizona.edu


*"'n
#

{
; B 1
?<v»X«Wvîv*<

# 4

%

^  ' W
% I *  fTf.,

k)«w xw*^

, / f

Fig. 1.4 Positive and negative regulators of GI progression 
(Sherr and Roberts, Genes & Dev. 1995. 9:1149-1163)

Legends:
D - Cyclin D 
E - Cyclin E
CDK - Cyclin Dependent Kinase 
CAK - CDK Activating Kinase 
RB - Retinoblastoma protein 
TF - Transcription Factors 
-► Activation effect 
■—I Inhibitory effect
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Chapter 2. Introductioa to Transgenic Rodent Mutagenesis Assays

2.1 An overview of transgenic rodent mutagenesis assays

Monitoring exposure to genotoxic agents is of particular relevance for human

health. Consequently, a number of assay systems have been developed in order to 

evaluate genotoxicity. The most well known is the bacterial Ames/Salmonella assay that 

is usually the initial step determining the mutagenic potential of chemicals (Maron and 

Ames, 1983; Mortelmans and Zeiger, 2000). Cytogenetic toxicity is usually evaluated 

using mammalian systems, such as the mouse lymphoma m vztro assay (MLA) (Oberly et 

al., 1984), the micronuclais (MN) test (Wild, 1978), and chromosomal aberrations (CA), 

and sister chromatid exchange assay (SCE) (Latt, 1974). Carcinogenic potential can be 

investigated using the National Toxicology Program, a 2-year rodent assay 

(Chhabra et al., 1990), although this is a costly and time-consuming method that requires 

large numbers of animals.

The occurrence of mutations in oncogenes and tumor-suppressor genes in tumor 

tissues provides a basis for using mutation as a relevant biomarker of genotoxicity and 

possibly carcinogenesis. The multiple mutations identified in tumor tissues and the 

mutator phenotype of tumors (Loeb, 1991) highlight the importance of studying the 

mutagenicity of chemicals to determine their carcinogenic potential. Consequently, the 

study of mutational specificity can provide insights into the mechanisms of mutagenesis 

as well as carcinogenesis. Among several mutation assays, the screening and sequence 

analysis of mutations in the bacterial Zocf gene is relatively fast and a large mutational 

data base has been accumulated (Schaaper and Dunn, 1991; Schaaper, 1988; Gordon et 

al, 1993; Gordon et al., 1991). Mammalian systems for the study of mutational
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specificity include the aprt gene in Chinese hamster cell cultures (de Boer and Glickman, 

1991; de Boer et al., 1989), and the hprt gene for monitoring mutations in human lymph- 

tissues (Cole et al., 1990).

Many carcinogens are highly tissue-specific. It is therefore attractive to obtain 

mutation data m vm?, i.e., in animals. Such a test system requires a mutational target that 

can be retrieved fi"om any organ or tissue of the experimental animals and can then be 

screened for mutations. Transgenic technology has made such a system feasible. 

Currently, at least two such systems are available commercially: the Big Blue'*' transgenic 

rodent system which utilizes the Azc/ gene as a mutational reporter gene (Kohler et al., 

1991; Dycaico et al., 1994), and the h^itaMouse™ which utilizes the ZocZ gene as the 

mutational reporter (Gossen et al., 1989). These systems have significantly increased our 

knowledge about in vivo mutagenesis and the role of mutagenesis in tumor initiation and 

progression. The mutational reporter within a shuttle vector system is present in every 

tissue in the transgenic rodents. The shuttle vector system permits any target gene to be 

used for mutation screening and the use of a manageable prokaryotic host to screen a 

large number of cells (Kohler et al., 1990). Because of the availability of a very large 

dataset on mutational specificity in Xhs E.coli lad  gene, the transgenic rodent 

experiments in this laboratory involved the Zoc/ transgenic system.

The construction of Big Blue® transgenic rodents has been detailed by several 

authors (Kohler et al., 1991; Dycaico et al., 1994). Briefly, the Zac/ gene, carried on a 

plasmid, was inserted into a bacteriophage % shuttle vector. This resulted in the X/LIZ 

vector (Fig. 2.1), which was then introduced into the fertilized oocytes of C57BIV6 mice 

by microinjection. Approximately 40 copies of the X shuttle vector were integrated at a
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single locus in a tandem sequence on mouse genome chromosome 4 (Dycaico et al.,

1994) as determined by fluorescent m a  A/ hybridization (FISH). This novel strain of mice

was inbred with the C3H line to produce the B6C3F1 mouse strain which has the same 

genetic background as the National Toxicology Program bioassay test strain (Dycaico et 

al., 1994). BC-1 is another strain of transgenic mouse using the bacterial la d  gene as a 

mutational reporter. The genomic location of the shuttle vector in this strain is different 

6om that of the Big Blue* mice, with about 30 copies of shuttle vector inserted into 

chromosome 19. In addition, the la d  gene is situated in a mouse immunoglobulin gene 

construct (Andrew et al., 1996). A Big Blue* transgenic rat strain was generated in F344 

background, with about 20-35 copies of the la d  gene integrated into the genome, 

however, the genomic location has not yet been determined. For the short-term in vitro 

mutagenesis study, a rat cell line containing the V la d  shuttle vector was generated, with 

the transgenes present on two separate chromosomal loci of a polyploid cell (Wyborski et 

al., 1995); mouse cell lines were derived from the Big Blue® mice. Recently, a transgenic 

fish (Oryzias latipes) carrying the kLIZ vector was produced (Winn et al., 2000). It 

extends the ability to assess the genotoxicity of chemicals present in aquatic 

environments and provides an alternative non-mammalian animal model in mutagenesis 

and carcinogenesis studies. The availability of different species facilitates the comparison 

of mutational specificity between different species of animals.

In addition to la d  and lacZ transgenic mutation detection systems, other systems 

using the gpt gene, a bacterial homologue to the gene, and .g?/, a native locus to 

bacterial phage lambda, were developed (Nohmi et al., 1996). The gpt transgene was 

used to detect similar types of mutations as the Zocf or transgenes. Larger deletions
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up to 8.5 kilo-basepairs were detected by the /oci which provide "gpt-delta" 

transgenic model with the ability to detect both point mutations and large deletions in one 

system (Okada et al., 1999).

Double transgenic mouse strains which are a cross between transgenic mice 

and other genetically altered mice have been developed in recent years. Because of the 

neutrality of the shuttle-vector, the transgene can serve as a mutational surrogate 

marker for endogenous loci under diSerent genetic backgrounds. Such a novel transgenic 

system enables the detection of mutations under specifically altered genetic backgrounds. 

This transgenic system can provide insight into how genetic background aSects the level 

of) and the susceptibility to, spontaneous and induced mutation. Mutation is linked to 

cancer and birth defects, and it is also implicated in a number of human diseases ranging 

from atherosclerosis to diabetes. It could be predicted that double transgenic mouse 

models will be used to elucidate the relationship between nucleotide instability and such 

diseases. As an example of double transgenic mice, P53 defrcient/Big Blue* mice have 

been generated, and the mutational frequency and specificity in various tissues and 

thymic tumors of p53 nullizygous mice were described (Buettner et al., 1996; Buettner et 

al., 1997; Nishino et al., 1995).

2.2 Experimental procedure of recovering facf transgene

The recovery process of the Zocf transgene from transgenic rodents includes 

several steps, which have been standardized and detailed in the Stratagene Big Blue* 

handbook. Briefly, after exposure of the transgenic animals to mutagens or carcinogens, 

and several weeks of egression time which allow the DNA damage to be converted to
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mutation, the animals are sacrificed and desired tissues are removed and stored at -80°C. 

Genomic DNA is then isolated using a dialysis method (Winegar et al., 1997) or gentle 

phenol-chloro&rm extraction (Rogers et al., 1995). The puriGed genomic DNA is added 

to a A, packaging extract (Transpack* Stratagene) which excises and package!: individual 

genomes. The resulting bacteriophage particles are plated on an SCS-8 bacterial lawn in 

the presence of a chromogenic compound 5 -bromo-4-chloro-3 -indolyl-p -D- 

galactopyranoside (X-gal). Phage bearing the wild type la d  gene repress the transcription 

of the adjacent lacZa gene by binding to its operator sequence and yield colorless plaques 

(Gilbert et al., 1974). In the mutant phage, the ZocZ protein is unable to form a 

homotetramer structure and, therefore, cannot bind to the lac operator. Transcription of 

the lacZ gene will occur and an amino-terminal fragment, or an a-lacZ fragment, is 

produced (Fig. 2.2). This fragment may complement carboxy-terminal (© fragment) 

provided by an appropriate host cell. This full complement has P-galactosidase activity 

which can cleave X-gal resulting in blue plaques (de Boer and Glickman, 1998; hCrsalis, 

1995; Mir salis et al., 1995).

Blue (mutant) plaques are picked using Pasteur pipets and stored in SM buSer 

(NaCl O.IM, MgS0 4 .7 H2 0  0.08M, Tris-HCl 0.05M, 0.05% Gelatin) at 4°C. Mutants are 

purifred by re-plating at low density and the /ncf gene is amplifred by PCR (Erfle et al.,

1996) and subjected to direct sequencing using a LICOR automatic sequencer. The lad  

gene of the BC-1 strain was amplified by PCR using primers complementary to positions 

-53 to -37 (5'-CCCGACACCATCGAATG-3') and positions 1337 to 1354 (5'- 

CGCTATTACGCCAGCTGG-3 '). For all other rodents, a DNA fragment containing the 

Zorc/ gene was amplified using two primers complementary to position -53 to -37 (5'-



31

CCCGACACCATCGAATG-3') and postions 1201 to 1185 (5'-

ACAATTCC AC AC AAC ATAC-3 ’). Mutational data are entered into a computer 

database and managed using custom software (de Boer, 1995), The ratio of blue to 

colorless plaques represents the mutant frequency. Identical mutational events recovered 

from the same tissue sample are thought to be caused by clonal expansion. We correct for 

clonality in a conservative manner: direct DNA sequencing followed by the elimination 

of all but one identical mutation from each sample (de Boer et al., 1997). The ratio of the 

independent number of mutants to the total number of colorless plaques is the mutation 

frequency (MF).

2.3 Several considerations of the transgenic assay

The bacterial origin of the loci transgene is responsible for a higher CpG 

dinucleotide sequence content than that found in endogenous mammalian genes. The 

methylated cytosine within a CpG site has a higher probability to deaminate to produce 

thymine, which results in a G:T mismatch. The repair of this mismatch may result in 

G:OA:T transitions. CpG sites are assumed to be methylated in the transgene 

(Wyborski et al., 1996), consistent with G:C>A:T at CpG sites being the most frequently 

recovered spontaneous mutation in la d  transgenic mice (de Boer et al., 1998; de Boer et 

al., 1997). Interestingly, mutations involved in various inherited human diseases such as 

hemophilia and Gaucher’s disease often involve mutations at CpG sites (Choy et al.,

1994; Rideout et al., 1990). Although mutations occurring at CpG sites contribute to the 

bulk of spontaneous mutations in transgenic rodents, a substantial reduction in the 

number of CpG sequences in the transgene by site directed modification did not
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significantly reduce the frequency of spontaneous mutation or alter the contribution of 

CpG-related events (Skopek et al., 1998). Despite being of bacterial origin, the 

spontaneous mutational spectrum in the lad  gene isolated from Big Blue® transgenic 

rodents is quite diSerent from that of the repair profrcient ÆcoA, where the spectrum is 

dominated by deletions at a single hotspot (Schaaper and Dunn, 1991; de Boer and 

Glickman, 1998).

In order to be useful as a mutational reporter, the transgenic loci (&zc/ aw/ /ocZ)

should be selectively neutral, and the alterations in the DNA sequence should be neither 

beneficial nor deleterious to the cell. Thus, the accumulating of mutations within such a 

transgene will have no efkct on the whole organism. The constant level of the induced 

mutant frequency after a certain time shows the neutrality of the transgenic loci (Tao et 

al., 1993; Cosentino and Heddle, 1996).

When we use transgenes ofbactaial origin to reflect mutations occurring within 

endogenous loci, the structural and behavioral differences between endogenous genes and 

transgenes should be kept in mind. Transgenes within these rodents are tandem sequences 

of a prokaryotic gene without eukaryotic promoters. None of the transgenes are actively 

transcribed. Without transcription, the transgene is not subject to transcription-coupled 

repair (TCR) (Mellon and Hanawalt, 1989; Mellon et al., 1987). One could expect that, 

without TCR, both strands of the Zoc/ transgene would be repaired similarly to bulk 

DNA. In fact, repair of lesions in the Zocf transgene has been observed in the rat cell line 

(Yang et al., 1999). Therefore, if the transcribed strand of an expressed gene was 

perfectly repaired and the other strand repaired with kinetics similar to that of bulk 

genomic DNA, there might be no more than a Actor of two difference in mutation rate
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between expressed and non-expressed loci (Skopek et al., 1998). While this different 

repair efficiency of transgenes and endogenous genes made no difference to the mutation 

frequency after acute chemical challenge (Tao et al., 1993), the transcribed endogenous 

gene and transgenes behave differently when animals are subjected to chronic mutagen 

exposure (Shaver-Walker et al., 1995). And this diffisrence in mutational response after 

chronic exposure seems not to be a particular phenomenon restricted to a speciff c 

transgene, endogenous gene, tissue, or mutagen used, but is rather a general phenomenon 

of the organisms (Cosentino and Heddle, 2000). It was suggested that TCR played a role 

in the different response after the chronic exposure of the animals, however, other repair 

pathways may also contribute to this different response in endogenous genes and 

transgenes (Cosentino and Heddle, 2000).

Sensitivity is another consideration in the application of transgenic rodent 

mutagenesis assays for detecting mutations in vivo. Sensitivity is defined as the fold 

increase of the induced mutagenic response over background levels. The spontaneous 

mutation frequency lad  transgene varies from 2.5x10'^ to 7.1x10'^ in various tissues (de 

Boer et al., 1998). When compared to the spontaneous mutation frequency of endogenous 

loci, in particular the hprt gene, the transgenic loci have an approximately 10 times 

higher background (Skopek et al., 1996). However, levels of induced mutation frequency 

are very similar in the endogenous and transgenic loci after an acute mutagenic treatment 

(Skopek et al., 1995; Tao et al., 1993).

Development of transgenic rodents greatly facilitates our understanding of the 

genotoxicity and carcinogenicity of potential hazardous compounds m vrvo. In addition, 

foe/ transgenic animals also allow the study of the effects of gender, age, tissue
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specificity, and species specificity, on mutation in vivo. The creation of double transgenic 

mice allows the detection of mutations in a specifically altered genetic background. It 

will provide an insight into the consequences of genetic alteration on disease initiation 

and development.
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Fig. 2.1 lambda LIZ vector used to generate transgenic mice and rats

4 0



THE LAC OPERON

I ûoïVmerase îyA bWsbüt 
■ \o M w tK w v w  tb  tfgnsücAf

.' !'1 f ' I
kirnâ ®r No ïnRNÂ Mid ao protein+ / i

libosoiaes
i

(A)

THE LAC OPERON a Re@shis soSngîm  protdma

FZ] BêgaiffibKyxe^iras

îac7. LîcV UcA
I

libosomes
i

Wodced

coxifoimational
(àengft

\
Â  laAose '

T
niRNA *

riboso'mcs . |  -

(B)

Fig. 2.2 The Regulation of lacZ Gene Expression by the Lac Repressor
(A: gene is intact. B: Zac/ gene is mutated)

41



42

SECTION IL SPONTANEOUS MUTATION

Chapter 3. Spontaneous Mutation of the fuel Transgene in Rodents: Absence of 

Species, Strain and Insertion Site Influence

Shulin Zhang, Barry W. Glickman, and Johan G. de Boer 

Centre for Environmental Health, Department of Biology, University of Victoria

Victoria, BC, Canada, V8W 3N5
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Abstract
Comparison of spontaneous mutation spectra derived from different transgenic constructs 

can provide valuable insights for interpreting the mechanisms of spontaneous mutation. In this 
study, spontaneous mutation frequencies and spectra of the lad  transgene are compared in the 
liver of C57BL/6, B6C3F1 and BC-1 mice and F344 rats. Before correction for clonal expansion,
the mutant frequency varied from 2.6±0.45xl0"^ to 5.0+2.4 xlO" .̂ Correction for potential clonal
expansion reduced the range in mutation frequency to between 2.3±0,45xl0"^ and 3.5+2.0x10"^. 
There is thus no statistical difference in spontaneous mutation frequency between the different 
strains and species. G:C>A:T transitions and to a lesser extent, G;C>T:A transversions dominate 
the mutational spectra in all of these animals. In three strains of mice, G:C>A;T transitions 
account for 50.7% to 53.3% of mutation, 81.7% to 83.8% of which involve CpG sites, while 
G;C>T:A transversions account for 17.8% - 32.9% of mutations with 43.2 - 50.0% found at CpG 
sites. In rats, G:C>A:T transitions account for 38.0% of the spectra, 70.0% of which involve CpG 
sites while G:C>T:A transversions account for 23.0% of the spectra, 70.0% of which involve CpG 
sites. The distribution of other classes of mutations is also very similar. We conclude that despite 
the reports about species and strain differences in induced mutation (Dycaico et al., 1996), 
spontaneous mutations in the lad  transgene appear to be similar regardless of genomic location, 
rodent strain or species. In addition to insights into spontaneous mutation, this study also provides 
essential data for comparison with and interpretation of induced mutations.___________________

3.1 Introduction

The introduction of transgenic animals using target genes on shuttle vectors makes it 

possible to efhciently study the efrects of environmental mutagens and carcinogens 7» vivo
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where the effects of age, diet, lifestyle, sex, tissue and species specificity can be assessed.

Indeed, Big Blue transgenic rodents bearing the E. coli la d  transgene were specifically 

developed for the study of mutation in vivo (Dycaico et al., 1994; Walter et al., 1998; 

Martus et al., 1995; Zhang et al., 1995). This system has been proven to be a valuable tool 

for the study of mutation permitting the recovery of many types of mutations (de Boer et 

al., 1998; de Boer et al., 1997). Differences in induced mutational specificity in different 

strains and species of rodents (Okonogi et al., 1997; Dycaico et al., 1996) led to the 

question whether these rodents have different mutational background. In addition, the cost 

of performing transgenic animal mutation assay makes it desirable to have an extensive, 

well-documented spontaneous mutation database that can be used for comparisons with 

mutational data recovered following treatment with mutagen, de Boer (1997) has reported 

a database on spontaneous mutations in the liver of C57BL/6, B6C3F1 mice. The present 

study extends that data base, and includes two additional rodent species, BC-1 mice and 

F344 rats. A total of 1039 mutant sequences were analyzed.

3.2 Materials and methods

Three strains of mice (C57BL/6, B6C3F1 and BC-1) as well as rats (F344) are

included in this study. The BC-1 mice obtained from Dr. Frank R. Jirik’s laboratory 

(University of British Columbia, BC, Canada), other rodents obtained from Stratagene (La 

Jolla, CA, USA). 5 BC-1 mice, 9-12 C57BL/6, B6C3F1 and F344 rats are involved in the 

study. The age of animals at the time of sacrihce varied with the F344 rats ranging &om 8

to 16 weeks, while the age of C57BL/6 and B6C3F1 mice was 6~8 weeks, and 22 weeks 

for the BC-1 mice. Genomic DNA was isolated according to established protocols (Young
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et al., 1995; Rogers et al., 1995). DNA was packaged using bacterial phage X packaging 

extract (Stratagene, La Jolla) and plated onf.co/y SCS-8 bactenal lawn. Mutants were

picked after 16-20 hours of incubation at 37"C and purified by re-plating at lower density. 

The gene of BC-1 mice was amplified by PCR using primers complementary to 

positions -53 to -37 (5'-CCCGACACCATCGAATG-3') and positions to 1337 to 1354 

(5’ -CGCTATTACGCCAGCTGG-3 ’). For all other rodents, a DNA fragment containing 

the la d  gene was amplified using two primers complementary to positions -53 to -37 (5'- 

CCCGACACCATCGAATG-3') and to 1201 to 1185 (5'-ACAATTCCACACAACATAC- 

3') (Erfle et al., 1996). PCR products were purified in batches of 20 - 100 using Promega 

or Qiagen DNA purification kits according to the manufacturer’s instructions.

Direct sequencing of the samples was analyzed on LICOR (Lincoln, NE) and ALP 

(Pharmacia) automated sequencers. Comparison of the mutant sequence with the wild type 

sequence was done with SeqMan (DNA star, Madison, WI). Mutant inventory and mutant 

data were managed using specially developed software (de Boer, 1995). Difference among 

the mutational spectra were compared for significance by mutation class using a 

hypergeometric algorithm, a generalization of Fisher’s “exact” test for tables with more 

than two rows and two columns, developed by Adams and Skopek (Adams and Skopek, 

1987).

In addition to data in de Boer's previous report (de Boer et al., 1997), we include 

another 348 mutants from B6C3F1 and C57BL/6 mice in this study. 73 BC-1 mice 

mutants fi"om authors' present research and 270 F344 rat mutants fi"om several other 

studies in this lab are also included.
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3.3 Results 

Mutation frequencies

The mutant frequencies obtained for each strain of animals are listed in TableS.l. 

Before correction for clonal expansion, the mutant frequencies in BC-1, B6C3F1 and

C57BL/6 mice range &om 3.8 ± 0.8x10"^ to 4.5 ± 0.9x10"^. After correction for clonal

expansion, these frequencies are between 3.0 ± 0.5x10'^ and 3.3 ± O.TxlO"^. In F344 rats, 

the mutant 6equency &om difkrent experiments ranged 6om 2.6 ± 0.5x10-5 g o ± 

2.4x10-5, After correction for clonal expansion, the range of mutation frequencies 

decreased to between 2,3 ± 0.5x10-5 and 3.5 ± 2,0x10-5, There is no statistical difference 

in the mutant ftequency between these rodents.

Mutational spectra before correction for potential clonal expansion

Before correction for clonal expansion, the mutational spectra (data not shown) are 

similar to the spectra after clonal expansion. In the B6C3F1 mice, G:C>A:T transitions 

and G:C>T:A transversions accounted for 53.8% and 17.8% of the mutations respectively. 

This is very similar to C57BL/6 mice, in which 52.3% of the mutations involve the 

G :O A :T  transition and 18.7% of the mutations is the G :O T:A  transversion. In BC-1 

mice, however, G:C>T:A transversions account for 32.9%, while G :O A :T transitions are 

similar to that found in the other two strains of mice (50.7%). In the F344 rats, G:C>A:T 

transitions account for 38.2% of the spontaneous mutations while G :O T  : A transversions 

represent 23 .0% of the spectrum.
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When we compare the G;C>A:T transitions in all groups, before correction for 

clonal expansion, BC-1, B6C3F1 and C57BL/6 mice have a similar portion of this kind of 

mutation (p>0.05 Fisher's exact test). However the proportion of G :OA :T transitions in 

F344 rats is significantly different from the B6C3FI mice (p=0.0003 Fisher’s exact test).

Before correction for clonal expansion G:OT:A and G :O C :G  transversions 

contribute equally to the spectra in all rodents.

The percentage that G:C>A:T transition and G:C>T:A transversion that occurred 

at CpG sites is similar in all groups before correction for clonal expansion.

Clonality

Table 3.2 shows the clonality [number of clonal (total-independent) mutants/total 

number of mutants x 100%] in BC-1, C57BL/6, B6C3F1 mice and F344 rats, they are 

19.2%, 16.9%, 22.3% and 11.9% respectively. The B6C3F1 mice and F344 rats have 

significant differently clonality (p= 0.0013, Fisher's exact test).

Mutational spectra after correction for potential clonal expansion

After correction for clonal expansion, the distribution of each class of mutation in every 

group did not change signihcantly (Table 3.3, Fig 3.1). G:OA:T transitions and G :OT:A 

transversions dominated the spectra in all rodents. The G:OA:T transition decreased 2-3% in 

the spectra, ranging 6om 47.5% to 49.3% in the mice and 36.1% in the F344 rats. The 

G :OT:A transversion however accounts for 32.2% in the BC-I mice, 17.0% and 19.1% in 

other two strains of mice, and 23 .1% in the F344 rats.
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The clonal correction did not change the frequency of G:C>A:T transition. 

Moreover, the difference in G:OA:T transition between F344 and B6C3F1 that was 

present before correction for clonal expansion was eliminated. This was consistent with 

the clonality, which is statistically different in these two strains of rodents. Taking the 

G:C>T:A and G:C>C:G transversions together, after correction for clonal expansion, 

there was no difference between any two groups. The percentage of mutations that 

occurred at CpG sites was similar between all groups as well.

All other types of mutations including +1 and -1 frameshifts, insertions, deletions, 

double mutations and complex mutations are similar between all groups both before and 

after correction for clonal expansion. Among these mutations, -1 frameshifts are the most 

f-equent mutation, 6.7% -  11.9% in the mice and 9.7% in the rats after correction for 

clonal expansion.

The Adams-Skopek algorithm (Adams and Skopek, 1987) was used to compare the 

mutational spectra after correction for clonal expansion in these rodents. All p- values are 

greater than 0.05, indicating the mutational spectra of all strains are similar.

3.4 Discussion

Transgenic animals permit the studies of mutation m vivo offering insights into 

spontaneous mutagenesis. Spontaneous mutation data also provide a useful base line for 

various induced mutations. Because different strains and species exhibit differences in 

induced mutation (Dycaico et al., 1996; Okonogi et al., 1997), it is important to compare 

the spontaneous mutations in these different animals. In this study, 3 different strains of
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mice and one strain of rats bearing /acf transgenic reporter gene were examined, and a

total of 1039 mutant sequences were analyzed.

The location of the focZ gene in each rodent strain

The C57BL/6 mouse lineage was developed by Stratagene (Provost et ai., 1993). 

Approximately 40 copies of a bacterial phage vector containing the Azc/ transgene are 

integrated in chromosome 4 of the mouse. The B6C3F1 transgenic mouse was produced 

by crossing the C57BL/6 founder lineage with the C3H inbred mouse strain, thus the 

chromosomal integration site of the transgene is identical in both strains (Dycaico et al., 

1994). The BC-1 strain was generated by Dr. Frank R. Jink's laboratory at University of 

British Columbia. Even though the la d  gene was also used as a reporter gene in this strain 

of mice, the genomic location is different from the other strains (Andrew et a l, 1996). 

Approximate 30 copies of the /ac/ gene are present on band c of chromosome 19 in the 

BC-1 mouse genome as determined by FISH mapping. In addition, the transgene is 

inserted into a rearranged murine immunoglobulin gene locus residing in the A, genome. In 

F344 rats 20-35 copies of la d  gene were integrated in the genome (Dycaico et a l, 1994). 

However, the chromosomal location of the la d  gene has not yet been reported.

The question of clonality

Cellular clonality can be a very important factor in the analysis of mutation. 

Clonality results when a mutation is further propagated by cell division. Mirsalis et al. 

(1993) reported that, when B6C3F1 and C57BL/6 mice were treated with methylmethane 

sulfonate (MMS) and dimethylnitrosamine (DMN), with di@erent expression time, DMN
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induced a signiScant increase in mutant frequency, but MMS did not. A possible 

explanation is that even though both compounds induce DNA adducts and DNA repair in 

the mouse liver, DMN is a potent inducer of hepatic cell proliferation, that contributes to 

the increase of mutant frequency (Mirsalis et al., 1985; Mirsalis et al., 1989). This 

hypothesis is also supported by another study, in which MMS could only induce liver 

micronuclei in conjuction with partial hepatectomy (Tates and den Engelse, 1989). 

Recently, Shane (1997) reported that a partial hepatectomy together with B[,]P treatment, 

result in a modest increase in the mutation &equency (2.2-fold) although that was not 

statistically diSerent &om B[a]P treatment without a partial hepatectomy. In bacterial and 

even experiments in tissue culture, the clonality in analyzing mutations is readily avoided 

by using numerous small cultures and taking only a single mutant &om each. In the Big 

Blue in vivo assay however, this approach is not practical, as it would require large 

numbers of animals. Instead, we correct for clonality in a conservative manner; direct 

DNA sequencing followed by the elimination of duplicate mutations from each individual 

(de Boer et al., 1997). The clonality ranged &om 12% to 22% in this study, a moderate 

correction similar to previous data (19%) (de Boer et al., 1997). However, this correction 

is particularly important for comparative purposes as clonality may be affected by multiple 

factors including tissue diSerences, difEerent cell turn-over rate, etc. (Provost et al., 1993; 

Mirsalis et al., 1993).

The mutational spectra of the different animals

There were several reports on the spontaneous mutational spectra of Znc/ 

transgenic mice previously (Andrew et al., 1996 ;de Boer et al., 1997; de Boer et al..
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1998; Dycaico et al., 1994; Provost et al., 1993). However, in this study C57BL/6, 

B6C3F1, BC-1 mice and F344 rats were included, over 1000 mutants were analyzed.

Using the Adams-Skopek algorithm to compare the mutational spectrum between each 

two groups of rodents, we did not hnd a statistical difference between the strains and 

species of rodents.

As mentioned above, the G:OA:T transition dominates the spontaneous spectra in all 

animals, ranging &om 36.5% in the rats to 47.5%, 48.7%, and 49.3% in the mice. This is 

consistent with de Boer's previous report in which over 300 mutants were analyzed (de 

Boer et al., 1997). The mechanism of this type of transition may involve the spontaneous 

hydrolytic deamination of 5-methylcytosine, resulting in thymine which will pair with 

adenine during replication (Duncan and Miller, 1980; Zhang and Mathews, 1994). This 

type of mutation is also an important spontaneous point mutation in human cancer or 

genetic disorders (Lichtenauer-Kaligis et al., 1993).

The second main category of mutation is G O T  A transversion. This mutation may 

involve the oxidative production of 8-oxoguanine. 8-Oxo-G may mispair with adenine or 

result in an abasic site (Sakumi et al., 1993). Both misparing by adenine and the 

preferential insertion of an adenine residue opposite a non-instructional abasic site may 

result in the observed transversion.

As shown in Table 3.3, most of the G :OA :T transitions (« 75.0%) as well as nearly 

half of the G :O T:A  transversions occurred at 5'-CpG-3' dinucleotide sequences in all four 

strains of animals. There is no statistical difference in the proportion of G :OA :T 

transition and G:C>T:A transversion that occurred at CpG sites between groups. One 

reason that many spontaneous and induced mutations were recovered at CpG sites, may be
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the unusual structural aberrations in the center of 5'-CpG-3' sequences which may 

influence their méthylation pattern, deamination pattern or both (el Antri et al., 1993). 

However, this explanation may not account for all mutations recovered at CpG sites. 

Skopek et al (1998) reported that, when the number of CpG sequences in the Zoc/ 

transgene was substantially reduced, the contribution of CpG-related events did not 

change signiGcantly. This may indicate the mechanisms other than the production of 5- 

methylcytosine are involved in spontaneous mutation. It is also noted that, not all 

G :O A :T transitions and G:C>T:A transversions occurred at CpG sites, about 20%-'30% 

of the transitions and half of the transversions occurred at non-CpG sites.

The locations o f+1 and -1 frameshifts in B6C3F1 and C57BL/6 mice have been 

reported before (de Boer et al., 1997). In this study, eventhough there are some 

differences in the frameshift location in these rodents, no additional hot spots of frameshift 

mutations were recovered. In all these animals, the proportion of frameshifts is similar to 

each other. Possible mechanisms responsible for this class of mutations have been 

proposed by several authors (Streisinger et al., 1966; Kunkel, 1990; Glickman and Ripley, 

1984; de Boer and Ripley, 1984). Runs of repeated bases may responsible for the 

generation of frameshifts. However, frameshifts that do not involve repeated nucleotides 

may be templated by nearby sequences (Streisinger et al., 1966; Kunkel, 1990; Glickman 

and Ripley, 1984; de Boer and Ripley, 1984).

Deletions comprise less than 5% of the spectra, while no deletions were recovered in 

the BC-1 mice. Andrew's (Andrew et al., 1996) report was also consistent with this result. 

For all the strains of rodents, deletions are relatively rare spontaneous events (<5%).
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DîfTerent sensitivities of endogenous and eiogenons reporter genes

The gene is an exogenous mutational reporter gene, and in some aspects it may be 

different from endogenous genes, such as the Ap/Ygeng. Lichtenauer-Kaligis et al (1996) 

reported that the mutation &equency is diSerent when Aprf cDNA was integrated at 

diSerent sites in the genome of the human lymphoblastoid TK6 cell line, the recovered 

spectra were also strikingly different at different integration loci. In this study we could 

not 6nd diSerences in spontaneous mutations in the transgene at difkrent genomic 

locations. It is unclear whether diSerent transgene insertion sites at chromosome 4 

and chromosome 19 have similar chromosomal structures that might be responsible for the 

mutagenesis, or that the diûerent sensitivity is due to inherent dif&rence between 

endogenous and exogenous reporter genes. It was indicated that mutational response of 

any gene depends on the number of sites in the sequence that are susceptible to the 

particular class of mutation, the susceptibility of the sequence to the chemical damage and 

the extent to which the cell repairs the damage (Monroe et al., 1998). The difference in 

size and three- dimensional conSguration of the endogenous and exogenous reporter 

genes, may contribute to factors that influence mutagenesis.
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Table 3.1 Spomtaneou: mutation frequency In the liver of different rodents

Animal strain MF before correction for clonal expansion^ MF after correction for clonal expansioir

BC-1 3.8^0.8x10-5 3.0^0.5x10-5 #

B6C3F1 4.2±1.0xl0-5 3.3±0.7xl0-5 *

C57BL6 4.5^0.9x10-5 3.3±0.6xl0-5 *

F344 4.8±4.5xlO-5 3.5±3.5xlO-5 #

5.0±2.4xl0-5 3.4±2.4xlO-5 #

4.4±1.0x10-5 3.3^1.0x10-5 #

2.6±0.5xl0-5 2.6^0.5x10-5 #

2.7±0.7xl0-5 2.3±0.5xl0-5 #

* Data according to Rogers et al (1995) and Young et al (1995) 
 ̂Data from this laboratory.
 ̂MF are give with standard deviation
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Table 3.2 Clonality in fbnr different rodents

BC-1 C57BL/6 B6C3F1 F344

Mutant number before 73 432 264 270

correction

Mutant number after 59 359 205 238

correction

Clonality 19.2% 17.0% 22.3% 11.9%
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Table 3.3 Spontaneous mutational spectra in four different rodents 

(after correction (or clonal e^*ansion)

transitions

BC-1 B6C3F1 C57BL6 E344

Mutant # 

and %

%@cÿa Mutant # 

and %

%@CpO Mutant # 

and %

%@CpG Mutant # 

and %

%@CpG

G;C>A:T 28 78.6% 101 74J% 173 743% 87 66.7%

(47.4%) (49.3%) (48.7%) (36.5%)

A;T>G;C 1(1.7%) 14(6.8%) 20(33%) 11(4.6%)

trnsversions

G:C>T:A 19 63.2% 35 43.7% 69 42.2% 33 70.9%

(32.2%) (17.0%) (19.1%) (23.1%)

G:C>C:G 1(1.7%) 100% 8(3.9%) 30.0% 14(3.9%) 50.0% 17(7.0%) 30.0%

A;T>T:A 1(1.7%) 6(3.0%) 10(2.7%) 9(3.7%)

A:T>C:G 1(1.7%) 3(2.3%) 13(3.8%) 3(2.1%)

others

+1 frameshifts 1(1.7%) 2(1.0%) 8(23%) 4(1.7%)

-1 frameshifts 7(11.9%) 16(7.8%) 24(6.7%) 23(9.7%)

Deletions 0(0.0%) 8(3^%) 10(2.8%) 12(5.0%)

Insertions 0(0.0%) 3(2.4%) 3(1.4%) 3(2.1%)

Complex 0(0.0%) 1(0.3%) 3(0.8%) 7(2.9%)

Double 0(0.0%) 4(2.0%) 8(23%) 3(1.8%)

Total 39 203 359 238
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Fig 3.1 The distribution (%) of each class of mutation in four different rodents
(after correction for clonal expansion)
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Chapter 4. The Mutator Effect of Msh2 Deficiency in the Mouse Colon: 

Absence of Site Specificity and Evidence for Haploid Insufficiency

Shnlin Zhang, Ruth Lloyd, Gregory Bowden, 

Barry W. Glickman, Johan G. de Boer

Centre for Environmental Health, Department of Biology, University of Victoria,
Victoria, BC, Canada, V8W 3N5

Abstract
The Msh2 DNA mismatch repair gene is one of five genes implicated in the pathogenesis 

of hereditary non-polyposis colorectal cancer (HNPCC). In this study the effects of Msh2
deficiency on colon mutagenesis was investigated using Big Blue lad  transgenic mouse. The site 
specificity of mutation in different parts of the colon was also analyzed. Compared to the Msh2 
proficient mice, an 8 to 9-fold increase of mutation frequency (MF) in the cecum, proximal and 
distal colon was observed in the Mshl"̂ ' deficient mice. The mutational spectra are also 
significantly different between Msh2^  ̂and Msh2'̂ ‘mice, with a significant increase in the 
frequency of -1 firameshifts and G;C>A;T base substitutions. In addition, the recovery of 11 
independent cases of complex mutations within the lad gene in the Msh2'̂ ‘ mice may indicate a 
DNA polymerase infidelity in mismatch repair defective cells. However, in spite of the site-specific 
predisposition of HNPCC in humans, we did not find a difference in the mutation firequency and 
spectrum between three parts of the colon in the same genotype of mice. More interestingly, while 
the Msh2 heterozygous mice displayed a mutation frequency similar to that observed in the wild 
type mice, sequencing revealed a 3-6 fold increase in the firequency of -1 frameshifts. Due to the 
prevalence of fi-ameshift mutations in HNPCC patients, this haploid-insufficiency may have 
important implications for human carrier status._____________________________________

4.1 Introduction:

Nucleotide mismatch repair involves the recognition and correction of mispaired 

nucleotides in DNA (Witkin, 1972; Within, 1973). The most extensively characterized

system is the DNA adenine méthylation instructed MutHLS pathway in Escherichia coli
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(Petit et al., 1991; Fang and Modiich, 1993; Cooper et al., 1993; Holmes, Jr. et al., 1990;

Grilley et al., 1993). MutS encodes for the mismatch recognition/cleavage enzyme and 

hence plays an in^)ortant role in this DNA repair process (Modrich, 1989; Lahue and 

Modrich, 1988; Su and Modrich, \9%6).MutS deficient E. coli strains display an elevated 

mutation fi-equency (Leong et al., 1986), a reduced fidelity in homologous recombination 

(Rayssiguier et al, 1989), and an increased propensity to large chromosomal duplications 

(Petit et al, 1991). This genomic safeguard system has been preserved during evolution 

(Fishel and Wilson, 1997) and its homologues can be fiaund in

cgrewaog, DrosqpMZog TwZanogasïgr and in mammalian cells (Palombo et 

al., 1995; Varlet et al., 1994; Haber et al., 1988; Priebe et al., 1988). The Msh2 gene is a 

mammalian homologue oîMutS. Together with MshS or Msh6 which enhance and extend 

the specificity of its mismatch recognition, Msh2 plays a vital role in mammalian DNA 

mismatch repair (Johnson et al., 1996; Kolodner and Marsischky, 1999).

HNPCC is an autosomal dominant inherited disease which mainly affects the 

proximal colon and/or the epithelium of other organs such as endometrium, stomach and 

small intestine; it is usually diagnosed at an early age (Su and Modrich, 1986). The Msh2

gene which is located on human chromosome 2 p2 1 - 2 2  was mapped to the pathogenesis of 

HNPCC (Fishel et al., 1994a; Leach et al, 1993) and has been proposed to be one of the 

"mutator" genes contributing to multi-step tumorigenesis (Reitmair et al., 1996; Rada et 

al., 1998). Mutations in this gate have been found in most HNPCC patients and some 

sporadic human colon cancers (Fishel et al., 1994a; Fomasaiig et al., 2000; Godard et al., 

1999).
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Msh2 deficient cell lines display defective mismatch recognition function, 

microsatellite instability, tolerance to methylating agents (Qian et al., 1998; Fritzell et al., 

1997; Fishel et al., 1994b), and a reduction in sequence identity during homologous 

recombination (Sugawara et al., 1997; Sapaitaev et al., 1996; Selva et al., 1995). Msh2 

knockout mice develop lymphoma at an early age, but tumors in the gastrointestinal tract, 

including the colon, are rare (de Wind et al., 1995). To understand the possible 

mechanisms of Msh2 deficiency related HNPCC and sporadic colorectal cancers, as well 

as the site predisposition of HNPCC, it is of special importance to study the Msh2 

deficiency induced colonic mutagenesis. Whether the heterozygosity of Msh2 is prone to 

genetic instability in the colon also needs to be addressed.

The Big Blue mouse carrying the E. coA /ocf transgene as a mutation reporter gene 

has been widely used for detecting mutations (de Boer and Glickman, 1998; Dycaico et 

al., 1994). A large data base in spontaneous and induced mutation fi-equency and 

mutational specificity in the la d  gene has been established (de Boer and Glickman, 1998; 

Zhang et al., 2001; de Boer et al., 1997; de Boer et al., 1996). In this study we used 

Msh2//nrc/ double transgenic mice carrying a different functional status of the Msh2 gene 

as well as the /ocf reporter gene (Andrew et al., 1998). The role of the Msh2 gene in 

mutagenesis could be evaluated by determining the mutation of the gene (Andrew et 

al., 1996).

4.2 Materials and methods

Msh2//ac/ double transgenic mice were obtained from Dr. Frank R. Jirik’s 

laboratory (University of British Columbia, BC). This strain of mouse has different lad
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transgene location and construct from other Big Blue® mice (Andrew et al., 1996), 

however, their spontaneous mutation frequency and mutational spectrum are similar 

(Zhang et al., 2001). Three to four male mice were included in each of the Msh2^,

Msb2^' and Msh2"  ̂groups. All experimental mice were fed with mouse chow (Product 

5015, Purina Mills, Richmond, IN). The mice were sacrificed at the age of 22 to 24 weeks 

by carbon dioxide inhalation. Upon necropsy three out of four Msh2"̂ ' mice were fbimd to 

have developed thymic tumors but no neoplasms were identified in the gastrointestinal 

tract. The whole colons were separated into cecum, proximal and distal portions. Tissues 

were flash frozen in liquid nitrogen and stored at -80°C.

Genomic DNA was isolated from pieces of colon according to established protocols 

and packaged and plated as previously described (Rogers et al., 1995; Young et al., 1995). 

Briefly, the genomic DNA was packaged using bacterial phage X packaging extract 

(Stratagene, La Jolla). The rescued phages were plated on a SCS-8 bacterial lawn in the 

presence of 5-bromo-4-chloro-3-indolyl p-D-galactopyranoside (X-gal). All non-mutant 

phage appeared as clear plaques and the mutated phage appeared to be blue in color. 

Mutants were picked and purified by plating at low density. The la d  gene fragment 

containing about 1.5 kb was amplified by PCR (Erfle et al., 1996), and mutation spectra 

were obtained by direct sequencing using LICOR automatic sequencer (Lincoln, NE). The 

number of indq)endent mutants was obtained by subtracting potentially clonally expanded 

mutations (same mutational events from same segment of colon of same animal are 

thought to result from clonal e?q)ansion) from total screened mutants. The ratio of 

independent mutants and total screened phage provides the mutation frequency (MF). For
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the mutational spectrum analysis, complex mutations were defined as a mutant harbouring 

more than one type of mutation.

Statistical comparisons of mutation spectra were made using a hypergeometric 

algorithm developed by Adams and Skopek (Adams and Skopek, 1987). Mutation 

fi-equency data were analyzed using COCHARM (created by Troy Johnson, Procter & 

Gamble, Cincinnati, OH), a computer program that executes the General Cochran- 

Armitage test (Cariello and Gorelick, 1996). Fisher’s exact test was used for analyzing the 

contingency table. Mutation fi-equencies are given with standard error of mean (SEM).

4.3 Results

Mutation frequencies (MFs):

Table 4.1 and Fig. 4.1 show the MF in the AzcJ gene of three parts of the colon in the

different Msh2 genotypic backgrounds. There are no significant differences in MF between 

the three parts of the colon in any of the three Msh2 strains. The MF ranges fi"om 

4.3±0.4xl0"^ to 8.2±1.6 xlO"^ in the Msh2 wild type and the Msh2 heterozygote strain. 

The Msh2^' mice have a modestly raised MF in all three sections of the colon compared to 

the wild type strain, but this difference is not statistically significant (p = 0.24,

COCHARM test). However, the Msh2"  ̂strain exhibits an extensive increase in 

spontaneous MF in all three sections of the colon compared to the wild type and

heterozygous mice (p<0.02), with the MF ranging firom 36.4±4.6 xlO"^ to 53.0±9.4

xlO"^. Again the differences m MF among any of the colon sections are also not 

significant (p>0.18).
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Mutational spectra

The mutational spectra in cecum, proximal, and distal colon in difkrent genotypes of 

mice are listed in Tables 4.2a, 4.2b, and 4.2c. In the Msh2^, G:OA:T transitions and

G:C>T : A transversions are the two most frequent single base pair substitutions. G:C>A;T 

transitions and G;C>T:A transversions comprise 43.3% to 48.8% and 20.0% to 33.3% 

respectively of the spectra. Most of the G:OA:T transitions (75.9% to 95%) and about 

half of the G:OT:A transversions (44% to 50%) occurred at CpG dinucleotide sites.

Although G:OA:T base substitutions still are a major type of mutation in the 

spectrum of Msh2 heterozygous mice, the percentage and frequency o f -1 frameshifts is 

consistently higher in the heterozygous mice compared to their wild type counterparts 

(Tables 4.2a, 4.2b, 4.2c, and Fig. 4.2), 6.5% w. 1.5%, 11.4% v& 3.9%, 21.3% v& 4.4% in 

cecum, proximal and distal colon, respectively. Using Fisher's exact test, the portion of -1 

frameshifts in the whole colon of Msh2'̂ '̂ mice is significantly higher than Msh2"^  ̂mice 

(p=0.0017).

The mutational spectra in Msh2 nullizygous mice are statistically different from those 

in wild type and heterozygous mice (p<0.01 Adams-Skopek test). With the decrease in the 

percentage of G: C>T : A transversions in all parts of the colon, the portion o f-1 

frameshifts increased significantly compared to other genotype groups. The fraction of the 

G:C>A:T transitions does not change significantly (about 40% of the spectrum).

However, if we consider the MF of each class of mutation, the MFoK>A:T was increased 7
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to 10 fold in the Msh2 nullizygous mice colon compared to Msh2 proficient and 

heterozygous colon.

Eleven independent mutants harboring more than one type of mutation were

recovered &om Msh2" '̂ mice (4 .6% of the total Msh2"/" mutants), and one such mutant 

was found in the Msh2^' group (0.7% of the total Msh2^" mutants). No such mutations 

were identified in the Msh2^^ group among 163 independent mutants. Mutants that 

contain complex mutations are listed in Table 4.3.

4.4 Discussion

The mutator efikct in the colon resulting fi-om a knockout of the Msh2 gene was 

studied using the bacterial transgene as a mutational reporter. Andrew et al. (1997; 

1998) reported a hypermutabüity and a distinct mutational spectrum in brain, thymus and 

small intestine of Msh2 deficient mice. In this study, we report mutation fi-equency and

specificity in different parts of the colon. Compared to wild type and heterozygous mice, 

the Msh2 nullizygous mice display a remarkably elevated mutation fi-equency and a 

significantly different mutational spectrum. The MF of most classes of mutation increased 

2-10 fold in the Msh2‘̂‘group indicating that a lack of Msh2 function causes an obvious 

reduction in genomic stability. The dramatic increase in the fi-equency of G:C > A:T 

transitions and -1 fi-ameshifts in Msh2"̂ ' mice indicates that G:C mispairs and single

nucleotide loops are mqor substrates for the Msb2 protein. This is consistent with the 

phenotypes of AA/ü" deficient Æ coA strains, in which this kind of base substitutions and 

fi-ameshifts contribute to the bulk of the mutational spectrum (Schaaper and Dunn, 1987; 

Fishel and Wilson, 1997; Leong et al., 1986; Rewinski and Marinus, 1987).
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Compared to Msh2 proficient mice, the Msh2 heterozygous mice displayed a 

different mutational spectrum mainly with the increase in the percentage and fi-equency of 

-1 firameshifts (Fig. 4.2). This might suggest a haloid insufficiency of Msh2 protein in 

protecting against this type of mutations. An yeast strain, heterozygous for Msh2 gene, 

displayed an increased mutation rate (Drotschmann et al., 1999). However, this effect has 

not been reported earlier in mammals as the mutational spectrum in the heterozygote was 

not determined (Andrew et al., 1998), probably because the MF in the Msh2^' mice 

appears to be similar to that of the wild type. Coincidentally, International Collaborative 

Group on HNPCC reports that 60% of the Msh2 gene mutations identified were 

fi-ameshifts (Peltomaki and Vasen, 1997). Another study involved HNPCC individuals 

from South Sweden (Planck et al., 1999), where two Msh2 gene mutations identified from 

five families were all frameshifts. Also in tumors characterized by microsateUite instability, 

somatic frameshifi mutations have been found in the coding regions of several genes that 

are involved in growth control, apoptosis and DNA repair (Planck et al, 2000a). In 

contrary to HNPCC populations, a screening study involving a normal population showed 

that all the mutations identified in ERCCl, CDK7, XRCC4, APE, RAD5 and HAAG genes 

are base substitutions (Ford et al, 2000). The prevalence of frameshifi mutations in 

different HNPCC populations, and the existence of frameshifts in various regulatory genes 

in Msh2 deficient tumors, are also consistent with such an animal model. The degree to 

which the Msh2 carrier status contributes to the increased susceptibility to cancer is 

intriguing. If one deficient Msh2 allele could confer nucleotide instability by inducing 

finmeshifis, which is a common mutation found in HNPCC populations, we could assume 

that the carriers are at increased risk of developing Msh2 deficiency-related cancers.
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Among germline mutations in human mismatch repair genes, mutations in Msh2 

appear to be associated with 60% of HNPCC (Wilson et al., 1995). In the present study, 

the 8 ~ 10 fold increase in mutation frequency in the colon of Msh2 deficient mice directly 

suggested the vital role of the Msh2 gene in colon mutagenesis andGcardnogenesis. The 

predominance of G:C>A:T transitions and -1 frameshifts in our study are consistent with 

the occurrence of G> T transitions and the prevalent -1 frameshift mutations in HNPCC 

patients (Peltomaki and Vasen, 1997; Planck et al., 1999; Planck et al., 2000b). This 

consistency strongly supports the model that a deficiency in the Msh2 gene is of 

importance in the development ofHNPCC and other Msh2 deficiency associated sporadic 

cancers.

HNPCC and other sporadic colorectal cancers that exhibit Msh2 protein negative 

staining are mainly located in the proximal colon of the human (de Wind et al., 1995). 

Tumors located in the proximal colon correlate significantly with increased microsatellite 

instability (Thibodeau et al., 1993; Maeda et al., 1998; Lynch and Smyrk, 1996; Peel et al., 

2000). The reason for this distribution is not understood. The current mouse study did not 

reveal any site-specific differences in mutation frequency or spectra along the colon, 

therefore Msh2 deficiency induced mutagenesis is unlikely to be the direct cause of site 

specific tumor occurrence. It is possible that Msh2 is not the only gene directly involved 

and that additional mutations are required for this site difference. It is also possible that 

other factors such as cell division, metabolism difference may be implicated in determining 

the site specificity ofHNPCC and other related colon cancers.

The recovery of complex mutations within the la d  gene in the Msh2 deficient mice 

is quite remarkable and accounts for 4.6 % of the mutations recovered from Msh2
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deficient mice. Among 22,000 mutants recovered from mismatch repair proficient 

background in our data base, the complex mutations are less than one per cent. For these 

eleven complex mutations six have a substitution plus a frameshift, while three have more 

than two substitutions and the remaining two are multiple firameshifts. The distance 

between the events ranges from a few nucleotides to over 700 bp. A defective proof

reading system may result in a localized DNA polymerase infidelity, or temporary error- 

prone DNA synthesis after the polymerase bypasses an unrepaired lesion. This is of 

particular importance for the mutation accumulation during the progression of the cell 

cycle as a cell line that is defective in mismatch repair displayed an absence of G2  cell 

cycle arrest (Hawn et al., 1995).

The mutator phenotype of the Msh2 gene deficiency in mouse colon was 

determined in current study. Msh2 nuUizygosity confers a significantly increased MF and a 

very different mutational spectrum. Additionally, the elevation o f -1 frameshifts in 

heterozygous mice may suggest a hapoid insufihciency of Msh2 in safeguarding the 

genomic integrity. Msh2 deficiency induced mutagenesis does not directly contribute to 

the site predisposition ofHNPCC and other Msh2 deficiency related colorectal cancers,
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Table 4.1. Mutation A^uency (MF) in diflerent parts of the colon

genotype Animal ID Cecum Proximal Colon Distal Colon
Pfu* Mutants’ MF* Pfu Mutants MF pfu Mutants MF

(xlO-5) (xlO-5) (xlO-5)
Msh2+/+ 1 696800 40 5.7 604600 27 4.5 332500 24 7.2
Msh2+/+ 2 283900 22 7.7 376200 19 5.1 275500 14 5.1
Msh2+/+ 3 425700 20 4.7 299900 9 3.0 428700 22 5.1

mean+SEM^ 5.8±0.5 41W j 5.8±0.5
Msh2"̂ "/“ 1 171700 12 7.0 421500 14 3.3 267200 31 11.6
Msh2+/- 2 273600 9 3.3 371100 23 6.2 381000 16 4.2
Msh2+/- 3 314400 25 8.0 4n%w 24 5.8 503000 56 11.1
Nlsh2+/" 4 270100 27 10 217500 12 5.5 339900 19 5.6

meaittSEM 7.1±1.3 5.1±0.6 8.24:1.6
Msh2-/- 1 354800 291 82.0 345700 136 39.3 339800 159 46.8
Msh2-/. 2 193000 92 47.7 345500 170 49.2 425500 165 38.8
Msh2-/- 3 402200 159 39.5 313600 82 26.2 306900 142 46.3
NbhZV- 4 363200 154 42.4 307100 89 29.0 253400 99 39.1

meanfSEM 53.0±9.4 36.4±4.6 42.6±1.9

* Plaque forming unit.
 ̂the number of mutants and the mutation frequency are corrected for potential clonal expansion

* MF: Mutation frequency 
 ̂ SEM: Standard error of mean
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Table 4.2a. Mutational spectrum in the cecum of different genotypes of mice

Genotype Msh"̂ ^ Msh2" -̂ Msh2"'-
Type of mutation # of % 

mutants
MF* # of 

mutants
% MF # of

mutant
% MF

fxlO-5̂
Transitions

G:OA:T 29 43.3 2.5 15 32.6 2.3 37 4frT 24.2
@CpG 22 75.9 1.9 11 73 3 1.7 24 64.9 15.7

A:TXz:C 1 1.5 0.1 6 13 0 0.9 4 4.9 2.6
Transversions

G:OT:A 18 26.8 1.6 8 174 1.2 7 8.6 4.6
@CpG 9 50 0.8 4 50 0 0.6 3 42.9 1.9

G:OC:G 6 9 0.5 1 2.2 0.2 2 2.5 1.3
A:T>T:A 2 3 0.2 1 2.2 0.2 1 1.2 0.6
A:TX::G 2 3 0.2 4 8.7 0.6 1 1.2 0.6

Others
+1 fs 0 0 0 0 0 0 6 7.4 3.9
-1 & 1 1.5 0.1 3 6.5 0.5 14 17.3 9.2
Deletions 3 4.5 0.3 5 10 9 0.7 5 6.2 3.3
Insertions 3 4.5 0.3 1 2.2 0.2 0 0 0
Complex 0 0 0 0 0 0 3 3.7 1.9
Double substitutions 2 3.0 0.2 2 4.3 0.3 1 1.2 0.6

Total 67 100 46 100 81 100

# of mutants are corrected for potential clonal expansion
* Mutation frequency in each class of mutation (MF) = overall MF x fraction of specific class of mutation
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Table 4.2b. Mutational spectrum in the proximal colon of different genotypes of mice

Genotvpe Msh"^ Msh2"^ Msh2-'-
Type of mutation # of % 

mutants
MF*
(xlO'̂ )

# o f
mutants

% MF
(xlO’5)

# of
mutant

% MF
(xlO-5)

Transitions
G O A T 25 48.8 2.1 20 45 5 2.3 31 4L4 15.1

@CpG 20 80 1.7 16 800 1.8 23 7A2 11.2
A:T>G:C 2 3.9 0.2 2 4.5 0.2 10 13 3 4.8

Transversions
G O T A 17 33.3 1.4 3 6 8 0.3 4 5.3 1.9

@CpG 8 47 0.7 2 66.7 0.2 1 25 0.5
G O C G 2 3.9 0.2 3 6.8 0.3 2 2.7 1.0
A:T>T:A 0 0 0 1 2.3 0.1 3 4 1.5
AiT>C:G 0 0 0 3 6.8 0.3 4 5.3 1.9

Others
4-1 fs 0 0 0 1 2.3 0.1 1 1.3 0.5
-1 fs 2 3.9 0.2 5 114 0.6 15 20 7.3
Deletions 2 3.9 0.2 2 4.5 0.2 4 5.3 1.9
Insertions 1 2.0 0.1 2 4.5 0.2 0 0 0
Complex 0 0 0 1 2.3 0.1 1 1.3 0.5
Double 0 0 0 1 2.3 0.1 0 0 0

substitutions
Total 67 100 44 100 75 100

# of mutants are corrected for potential clonal expansion
* Mutation frequency in each class of mutation
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Table 4.2c. Mutational spectrum in the distal colon of different genotypes of mice

Genotype Msh"^ Msh2+'- Msh2^-
Type of mutation # of % MF* # of % MF # of % MF

mutants mutants (xlO'5) mutant (xlO'^)

Transitions
G:OA:T 20 44.4 2.6 17 3fr2 3.0 41 494 210

@CpG 19 95 2.5 14 824 2.5 29 70.1 14.7
AiT^GC 5 11.1 0.6 4 8.5 0.7 12 144 6.1

Transversions
G O T :A 9 20 1.2 8 170 1.4 4 4.8 2.0

@CpG 4 44.4 0.5 4 50 0.7 2 50 1.0
G O C G 4 8.9 0.5 1 2.1 0.2 2 2.4 1.0
A:T>T:A 0 0 0 1 2.1 0.2 1 1.2 0.5
A:T>C:G 1 2.2 0.1 1 2.1 0.2 2 2.4 1.0

Others
+1 fs 1 2.2 0.1 0 0 0 4 4.8 2.0
-1 fs 2 4.4 0.3 10 213 1.7 11 13.3 5.6
Deletions 2 4.4 0.3 4 85 0.7 4 4.8 2.0
Insertions 1 2.2 0.1 0 0 0 0 0 0
Complex 0 0 0 0 0 0 2 2.4 1.0
Double substitutions 0 0 0 1 2.1 0.2 0 0 0

Total 45 100 47 100 83 100

# of mutants are corrected for potential clonal expansion
* Mutation frequency in each class of mutation
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Table 43. Complex mutations* recovered fmm the Msh2^ mice colon

Mutant I D Base change 1 Base change 2 Base change 3 Base change 4
1 G(256)>A -G (310/311)
2 -A (135/139) C(611)>T
3 C (84) > G +A (711/713)
4 -G (733/735) G (783) > A
5 -A (858/859) A (875)> G
6 -C(617) -T(619)
7 C (129) > T T(442)>A C (693) > A C (801) > T
8 T (45) > C T(117)>C T (706)> C
9 A (-12) > G -C (-3/-1)
10 C (371) > T T(406)>A T (415)> A G (422)>A
11 +T (87/9) +C (90/92)

complex mutation defined as more than two substitutions or more than one type of mutation within one mutant
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Chapter 5. Msh2 DNA Mismatch Repair Gene Deficiency and the Food-home 

Mntagen 2-amino-l-methyl-6-phenoEimidazo-[4,5-b] pyridine (PhIP) 

Synergistically Affect Mutagenesis in Mouse Colon 

Shulin Zhang, Ruth Lloyd, Greg Bowden, Barry W. Glickman and 

Johan G. de Boer 

Centre for Environmental Health, Department of Biology, University of Victoria, 

Victoria, BC, Canada,V8W 3N5

Abstract
Msh2 gene deficiency and the food-bome carcinogen PhIP have been implicated as 

genetic and environmental factors, respectively, in human colon carcinogenesis. It is not clear 
whether the loss of one or both copies of the Msh2 gene increases the mutational sensitivity 
in the colon when exposed to environmental carcinogens. 'M.shlHacI double transgenic mice 
bearing the lad  mutational reporter and a different functional status of the Msh2 gene were 
treated with PhIP and mutations in the lad  gene were studied in the colon. The spontaneous 
mutation frequency (MF) is approximately 8-fold higher in the Msh2' '̂ mice than in the
Msh2 mice, while Msh2 '̂" mice display similar levels of spontaneous mutation as the Msh2 
wild type mice. PhIP induced a significant increase in MF in all genotypes of mice. However, 
the PhIP induced lad  MF is much higher in Msh2' '̂ mice compared to Msh2 and Msh2^ '̂ 
mice. PhIP caused an increase in MF of G:C>A:T and G:C>T;A substitutions in Msh2 wild

4" / -

type mice. Msh2 mice displayed an increased frequency of G:C>T:A transversions and -1 
frameshifts upon PhIP treatment. In contrast, loss of both Msh2 alleles mainly results in 
increased frequency of G:C>A:T transitions when exposed to PhIP. These results suggest that 
a defect in mismatch repair may result in an enhanced sensitivity from exposure to a dietary 
carcinogen. And it also provides insight into interaction between genetic and environmental 
factors in human carcinogenesis.

5.1 Introduction

Colorectal cancer is a prevalent malignancy in the western world. It accounts 

for 20,000 deaths in the U.K per year (Toft and Arends, 1998) and is the second most
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common cause of death 6om cancer in the United States (Boring et al., 1994). Dietary 

factors, especially heterocyclic amines present in cooked meat, have been implicated

in the etiology of colon cancer in humans (Felton et al., 1997; Gooderham et al.,

1997). Among the food-borne carcinogens, 2-amino-1 -methyl-6-phenoliinidazo[4,5-b] 

pyridine (PhIP) is one of the most abundant heterocyclic amines. PhIP induces colon 

tumors in male rats, induces predominantly mammary tumors in female F344 rats (Ito 

et al., 1991), and aberrant crypt foci (ACF), a pre-neoplastic lesion in the colon of rats 

as well as in mice (Takahashi et al, 1991; Tudek et al, 1989; Sorensen et a l, 1997). 

PhIP has been shown to be a potent colon mutagen in mice and rats; it induces 

significantly elevated mutation frequency and a characteristic mutational spectrum 

(Okonogi et a l, 1997a; Okonogi et al, 1997b).

Genetic defects have been suspected to be involved in colorectal cancer for 

several decades (Lynch et al, 1985). In recent years, hereditary non-polyposis 

colorectal cancer (HNPCC) has been attributed to a deficiency in DNA mismatch 

repair genes, mainly the Msh2 and Mlhl (Fishel et al., 1994; Bronner et al., 1994; 

Leach et al., 1993). A deficiency in mismatch repair function has also been implicated 

in the pathogenesis of sporadic colorectal cancers (Fornasarig et a l, 2000). When 

Msh2 nullizygous mice were treated with the DNA methylating agent N-methyl-N- 

nitrosourea (MNU), hypermutability was detected in small intestine and thymus, but no 

increased mutability was detected in heterozygous mice (Andrew et al., 1998). Recently, 

Glaab et al. addressed the cytotoxic and mutagenic response and mutational speciScity in 

human cancer cell lines defective in A6A2, andMsAd genes (Glaab and Skopek, 

1999; Glaab et al., 2000). It is not known at present t^ether Msh2 deficiency confers an
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increased susceptibility when exposed to specific colon mutagens or carcinogens in 

mammals. Meanwhile, it is important to determine whether a population with 

germline or somatic mutations in DNA mismatch repair genes is at increased risk of 

developing colon cancers when exposed to dietary colonic carcinogens.

Mice harboring the EgcAenc/o coZ/ Zac/ gene have been used as a mammalian 

mutation assay for several years ( Dycaico et al., 1994; Andrew et al., 1996; de Boer 

and Glickman, 1998). In this study we used Msh2/Zac7 double transgenic mice 

carrying a different functional status of the Msh2 gene as well as the Zac/ mutational 

reporter gene. The role of the Msh2 gene in mutagenesis could thus be evaluated by 

determining mutations in the bacterial Zac/ gene (Andrew et al., 1998).

5.2 Materials and methods

The Msh2/Zac7 double transgenic mice were kindly provided by Dr. Frank R.

Jirik (University of British Columbia, Vancouver, BC, Canada). These mice are a

cross between the BC-l/Zac/ transgenic and Msh2"^^" mice (Andrew et a l, 1996). 

According to the commonly used protocol for the la d  transgenic assay, three to five 

mice were assigned to each group. At the age of 8 to 12 weeks, mice from the Msh2̂ "̂*', 

Msh2^^' and Msh2" '̂ group were treated intraperitoneally (i.p) with PhIP (Toronto 

Research Chemicals, Toronto, ON, Canada) at a dose of 50mg/kg, once a week for 4 

consecutive weeks. PhIP was dissolved in an equal amount of dimethyl sulfoxide 

(DMSG) (Sigma-Aldrich) and 0.9% NaCl solution. The mice in control groups were 

injected with vehicle only. Based on the finding that the same metabolites of PhIP are 

formed in mice treated by i.p or per oral (p.o) (Turteltaub et al., 1989) and that the
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administered dose could be more precisely managed by i.p than p.o., we chose 

intraperitoneal injection as the route of exposure.

Twelve weeks after the last treatment, the mice were sacriGced by carbon 

dioxide inhalation and cervical dislocation. Colons were removed, rinsed with 

phosphate-buffered saline (PBS), flash Gozen in liquid nitrogen and stored at -80°C. 

Genomic DNA was isolated by a dialysis puriGcation procedure (Suri et al., 1996). 

L a d  transgenes were recovered from purified mice chromosomal DNA by in vitro X 

packaging (Stratagene, La Jolla). Packaged phage were plated on an SCS-8 bacterial 

lawn in the presence of 5-bromo-4-chloro-3-indolyl-P-D-galactopyranoside (X-gal). 

Mutant phage appeared as blue plaques, while the wild type phage were colorless 

plaques (Rogers et al., 1995). Mutants were picked and purified by re-plating at low 

density. A 1.5 kb /ac/-containing fragment was amplified by PGR (Erfle et a l, 1996) 

and the mutation spectrum was obtained by direct sequencing using LICOR automatic 

sequencer (Lincoln, NE). Mutation frequency (MF) is calculated as the ratio of total 

number of independent mutants and total number of plaques screened.

MF data were analyzed using COCHARM (created by Troy Johnson, Procter & 

Gamble, Cincinnati, OH), a computer program that executes the General Cochran- 

Armitage test (Cariello and Gorelick, 1996). Fisher's exact test was used for the 

comparison of mutafional changes, and the Boferonni correction was used when 

comparing data of more than two groups. Mutation frequencies are given with standard 

error of mean (SEM).
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5.3 Results

Mutation frequency:

Table 5.1 shows the MF in three genotypes of mice in both control and PhIP

treated groups. In Msh2 proficient mice, the spontaneous ME in the colon is

5.3±0.3x10"5, PhIP increased the MF to 14.0±2.0xl0“  ̂(P=0.027). Msh2 heterozygous 

mice demonstrated similar levels of spontaneous and PhIP induced MF as in wild type

mice, 6.8±0.8xl0"^ and 12.6±0.8xl0"^ in the control and PhIP treated group, 

respectively, similarly, PhIP caused a signiGcant increase in MF in the Msh2^" mice

(P=0.029). The spontaneous MF in the Msh2 homozygous deficient mice was 

44.0±4.0x10‘5, significantly higher than in the wild type and heterozygous mice. This

&equency increased to 70.6±3.6xl0"^ upon closure  to PhIP (P=0.016).

To measure the mutagenicity caused by PhIP in different mutational background, 

the induced mutation frequency (InMF) (MF in the treatment group - MF in the control

group) was used. This induction is 8.6±2.1x10"^ and 5.7±0.9 xlO"^ in the Msh2 

proficient and heterozygous mice respectively, however, it significantly increased to

26.0±4.1xl0"^ in the Msh2'^' mice (p<0.009, Bonferonni correction) (Table 5.1).

Mutational specificity:

Tables 5.2, 5.3 and 5.4 show the mutational specificity of spontaneous and PhIP 

treated groups in three difrerent Msh2 backgrounds. In Msh2^^ mice, G:OA:T 

transitions and G:OT: A transversions are the two m^or spontaneous events. PhIP

caused a significant increase in both type of substitutions, increasing them from 

2.4±0.2xl0-5 and 1.4^0.1x10-5 to 4.8^0.7x10-5 (p=0.046) and 4 9^=1.0x10-5 (p=0.034).
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respectively. In Msh2 heterozygous mice, PhIP significantly increased the MF of 

G:C>T: A transversions from 0.9±0.3xl0"^ to 3.1±0.5xl0‘  ̂ (p=0.030) as well as -1 

frameshifts from 0.8±0.3x10*5 to 2.2±0.3xl0*5 (p=0.039). PhIP caused a significant 

increase in G :O A T  transition in the Msh2 nuHizygous mice, from 20.1±3.0xl0"5 to 

33.4±3.0xl0-5 (p=0.022).

The PhIP induced MF (MF in PhIP treatment group - MF in control group) of 

G :OA :T transitions, G:OT:A transversions, and -1 framesbifrs in the three genotypes 

are shown in Fig 5.1. The induced frequency of G :O A T  transitions in Msh2" '̂ mice is

significantly higher than in the other two genotypes, 12.9±2.8xlO"5 vs.2.4±0.8xl0"5 and

1.9+0.7x10*5 in the wild type and heterozygous mice, respectively (p<0.010). However, 

PhIP seems to induce equal levels of G:C>T;A transversions in all three genotypes of 

mice, the induced frequencies being 3.4+1.0x10*5 in Msh2^^  ̂mice, 2.0+0.5x10*5 in 

Msh2'*'̂ ' mice and 2.2+0.6x10*5 in Msh2'^’ mice. PUP induced frequency of-1 frameshifts 

is also higher in Msh2^' mice (3.411.5x10*5) than the wild type and heterozygous mice 

(0.6+0.2x10*5 and 1.4+0.3x10*5 respectively), however, due to the large variation of 

induced frequency of-1 frameshifts in Msb2^' mice, this increase is not significantly 

different.

5.4 Discussion:

The Msh2 gene is one of several genes involved in human DNA mismatch repair 

(Modrich, 1997; Marra and Boland, 1996; Eshleman and Markowitz, 1996). Its product 

forms a heterodimer with Msh3 or Msh6 (Acharya et al., 1996; Marsischky et al., 1996).
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The Msh2 protein plays an important role in the recognition of various mismatched base 

pairs and initiates the mismatch repair process (Fishel and Wilson, 1997). A deficiency in 

this gene has been identified as an important genetic factor involved in the pathogenesis 

of HNPCC and other sporadic colorectal cancers (Fishel et al., 1994; Fomasarig et al., 

2000; Godard et al., 1999). As one of the most abundant and most potent heterocyclic 

amines in our daily diet, PhIP has been recognized as a possible human colonic mutagen 

and carcinogen (Ito et al., 1991; Felton et al., 1986; Stuart et al., 2000). It is important to 

address whether genetic defects in a population result in an increased susceptibility to 

tumoiigenesis when individuals are exposed to dietary and other environmental 

carcinogens. The current study addressed whether a mismatch repair deficiency causes 

hypermutability in mammals when exposed to a food-home mutagen.

Our results demonstrate that PhIP is a Strong mutagen in Msh2 wild type, 

heterozygous and nuHizygous mice. Msh2 wild type mice displayed a similar level of

spontaneous mutation fi-equency (5.3±0.3xl0"^) as the heterozygous counterpart

(6.8+0.8x10"^); the spontaneous mutation fi'equency in the Msh2 nuHizygous mice is

44.0+4.0x10"^. After PhIP treatment, the MF significantly increased to 14.0+2.0x10'^, 

12.6+0.8x10'^ and 70.6+3.6x10'^, respectively. PUP induced mutation fi'equencies

(InMF) in Msh2^^and Mshl"^' are at simHar levels, i.e., 8.6±2.1x10"^ and 5.7±0.9xl0"^, 

respectively. However, the InMF increased to 26.0±4.1x10"^ in Msh2 nuHizygous mice, 

a 3 - to 5-fbld higher increase compared to that found in the wild type and heterozygous 

mice. If this environmentaHy imposed factor causes the same level of increased mutation 

fi'equency in the five genes required for colorectal tumorigenesis (Fearon and Vogelstein, 

1990), and the increased mutation fi'equency does relate to tumorigenesis as proposed by
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Loeb et al. (1991), then the Msh2 nuHizygous deficiency will confer a 3̂  to 5̂  or 243 to 

3125 times increased risk compared to Msh2 proficient and heterozygous mice when 

exposed to PhIP.

When PhIP is administered, it is metabolized firstly to 2-hydroxy-amino-1 - 

methyl-6-phenylimidazo[4,5-b]pyridine (N-OH-PhIP) by P4501A2 in liver, and then 

converted to the ultimate formN-acetoxy-2-amino-l-methyl-6-phenylimidazo[4,5- 

b]pyridine (N-OAc-PhIP) and 0-sulfonyl esters of N-OH-PhIP in target organs (Turesky 

et al., 1991; Buonarati et al., 1990). The ultimate form binds covalently mainly to

guanine residues of DNA, forming N^-(2’-deoxyguanosin-8-yl)-PhIP (dG-CS-PhIP) 

(Frandsen et al., 1992). In wild type mice, PhIP induced a significant increase in 

fi'equency of G :OT: A transversions, consistent with previous reports (Endo et al., 1994).

The mechanism may involve the mispairing of adenine with dG-CS-PhIP (Carothers et 

a l, 1994). In addition to G:C>T;A transversions, the current study shows that the 

frequency of G:C>A:T transitions also significantly increased after PhIP treatment.

An important issue in understanding HNPCC and other sporadic colorectal tumors 

is whether carriers of DNA mismatch repair genes have an increased risk of developing 

cancers. In the current study, the heterozygous mice did not display an elevated 

frequency of G:C>A:T transitions or G:C>T:A transversions compared to the wild type 

group. However, if we compare the fi'equency o f-1 fi'ameshifts in Msh2 wild type mice 

and Msh2 heterozygous mice after PUP treatment (Table 5.2, Table 5.3), the MF in

- \ - j  •  - |“/"f-

Msh2 mice is significantly higher than in the Msh2 mice (p=0.025). It is important to

+ /-
note, however, that the spontaneous fi'equency of-1 fimneshifis in Msh2 mice is 

already 8-fbld higher than in the Msh2 mice (0.8x10"^ vf. 0.1x10"^). If we use the
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induced MF, which eliminates the background frequency, to conqiare the eSect of PhIP

in these two genotypes of mice, the induced frequency of-1 frameshifts is still 2-fold 

higher in heterozygous mice than in wild type mice (1.4+0.3x10"^ vs. 0.7+0.2x10"^). 

Recently Planck et al. (Planck et al., 2000) reported that somatic frameshift mutations in 

mononucleotide repeats have been found in the coding regions of several genes involved 

in growth control, apoptosis and DNA repair in HNPCC families. The prevalence of 

frameshifts mutation in various HNPCC populations suggests the importance of this kind 

of mutation in the pathogenesis of HNPCC.

A characteristic mutation recovered in rodents after PhIP treatment is -1 

ft-ameshifts found at G:C base pairs (Stuart et al., 2000; Zhang et al., 1996). In Msh2"^  ̂

mice, a total of 17 independent -1 frameshifts were identifted after PhIP treatment 

(Table 5.5), 16 of which occurred at G:C base pairs. In the control group, five -1 

frameshift mutations were recovered with only two occurring at G.C base pairs. The 

portion of-1 frameshifts occurring at G:C base pairs is signiGcantly higher than at A:T 

base pairs after PhIP treatment (P=0.023). In Msh2 heterozygous mice, the proportion of 

-1 G:C base pair frameshifts after PhIP treatment is lower than in the Msh2^^ PhIP 

treatment group. However, PhIP increases the frequency o f -1 frameshifts occurring at 

G:C base pairs, from 4/14 in the control group, to 8/5 in the treatment group, although

this increase is marginally significant (p=0.059). In the Msh2 group, the distribution of - 

1 frameshifts occurring at G:C base pairs and A:T base pairs is similar before and after 

PhIP treatment (12/25 and 12/28 in the control and treatment group respectively)

(Table 5 .5). One possible explanation of the difterence between Msh2^^ and Msh2^ mice 

is that the Msh2 protein repairs mainly insertion/deletion loops formed at adenine or
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thymine sites. Therefore, in Msh2 deficient mice, the -1 frameshifts spectrum is a 

combination of the result of both Msh2 gene deficiency (resulting in A;T sites frameshift) 

and PhIP induced frameshifts ( at G;C base pairs).

We note that the spontaneous mutation frequency in Msh2 mice is even higher 

than the MF in Msh2 proficient and heterozygous mice after PhIP treatment. An Msh2 

deftcient cell line also displayed a high MF compared to the wild type cell line (Glaab 

and Skopek, 1999). This may indicate that a deftciency of the Msh2 gene itself could 

impose a significant mutational burden to the organism. When deficient organisms are 

exposed to environmental mutagenic compounds, such as PhIP, these two factors 

synergistically affect mutagenesis in the colon.

As shown in table 5.4, the mutational spectrum of Msh2''’’ mice displayed a large 

elevation of the frequency of G:C>A:T transitions, consistent with a high repair 

eGSciency of G:T mispairs by Muta (Msh2/Msh6) in eukaryotes (Kolodner and 

Marsischky, 1999). However, the frequency of other classes of mutation also increased 

from 2” to 8-fold compared to wild type mice. It was demonstrated (Radman et al., 1985) 

in E. coli that among eight base-base mismatches, only C-C is resistant to methyl- 

directed mismatch repair. G-T, A-C, A-A and G-G mismatches could be repaired 

efGciently, while other mismatches including T-T, T-C or A-G are corrected with poor to 

good efBciency depending on the sequence context (Dohet et al., 1986). Short insertion- 

deletion loops are also good substrates for mismatch repair (Modrich, 1991). In 

mammalian cells. Muta also displayed a wide range of mispair binding abilities, 

including all eight base-base mismatches and single nucleotide insertion/deletion 

mismatches (Acharya et al., 1996). To a lesser extent, Mutp (Msh2/Msh3) could repair of
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2-8 nucleotides loops (Acharya et al., 1996; Genschel et al., 1998; Kolodner and 

Marsischky, 1999). Interestingly, some CT dinucleotide deletions (13 among 239 

mutants) at a CTCTCT sequence repeat (position 947/952) were found in Msh2"̂ ' mice, 

but not in wild type and Msh2'^' mice. This is consistent with the repair specificity of the 

Mutp complex. It could thus be inferred that the defect in the Msh2 gene, a major player 

in mismatch repair, will induce a wide range of mutations. This may account for the 

elevation of mutation frequencies in other classes of mutations in addition to G:OA:T 

transitions in this study.

In vivo mutation frequencies and mutational specificity in the colon of Msh2 wild 

type, heterozygous, and nuHizygous mice have been determined in this study. Msh2

nuHizygous mice have a higher induced mutational frequency after treatment with PhIP

+ / “Compared to wild type mice, the Msh2 mice demonstrated an increased frequency o f-I 

frameshifts in both spontaneous and PhIP treatment groups. Based on the prevalence of 

-1 frameshifts in HNPCC tumors, the current results suggest that the Msh2 carriers are 

possibly at an increased risk of developing cancers after PhIP exposure. This may provide 

an animal model for study of pathogenesis and prevention of HNPCC.
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Table 5.1 Mutation frequency (MF) in the colon of different genotypes of mice

Genotype No. of
Animal

Control PhIP PhIP
induced
MF(xlO-5y

pfu" No. of MF(xlO-5) pfii No. of MF(xl0-5)
Miitant.q^ Mutant

Msh2^+ 1 1634000 91 5.6 1286200 254 19.8
2 935600 55 5.9 1194100 114 9.6
3 1154300 51 4.4 1104500 113 10.2
4 943500 140 14.8
5 957200 146 15.3

mean±sEM'‘ 5.3±0.3 14.0±2.0 8.6±2.1
Msb2+ '̂ 1 860500 57 6.6 747900 79 10.6

2 1025700 48 4.7 797600 100 12.5
3 1231400 105 8.5 901100 129 14.3
4 827500 58 7.0

mean±sEM 6.8±0.8 12.6±0.8 5.7±0.9
Msh2- -̂ 1 1040400 586 56.3 1298200 1044 80.4

2 964000 427 44.3 888100 629 70.8
3 1022600 383 37.5 1308300 897 68.6
4 923800 342 37.0 978400 590 60.3

mean±sEM 44.0±4.0 70.6±3.6 26.0F4.1
pfii: plaque forming unit

* number of mutants was corrected for potential clonal expansion (identical mutations identified from same animal were 
considered to result from clonal expansion)

^induced MF defined as the difference of MF in PhIP treatment group and control group 
 ̂SEM standard error of mean

99
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Table 5.2 Mutational specificity of Msh2 mice

Mutation type Control group PhIP treatment
No. of % MF±SEM No. of % MF±SEM
mutants" (xlO-5/ mutants" (xlO-5)

Transitions
G O  A:T 74 45.4 2.4±0.2 105 36.8 4.8m.7
A:T>G:C 8 4.9 0.3±0.1 11 3.9 0.6m .2
Transversions
G O T :A 44 27.0 1.4m 1 90 31.6 4.9j=1.0
G:OC:G 12 7.4 0.4m. 1 24 8.4 1.2m.5
ÆT^TiA 2 1.2 o .im .i 2 0.7 O.im.i
A:T>OG 3 1.8 o .im .i 9 3.2 0.5m.2
Others
+1 frameshifts 1 0.6 o .im .i 3 1.1 0.2m . 1
-1 frameshifts 5 3.1 o .im .i 17 6.0 0.8m.3
Deletions 7 4.3 0 .2m . 1 11 3.9 0.5m . 1
Insertions 5 3.1 0.2m . 1 7 2.5 0.3m . 1
Complex changes 0 0.0 0.0 2 0.7 0.1m  1
Double substitutions 2 1.2 o .im .i 4 1.4 0.3m . 1
Total 163 100 285 100

number of mutants was corrected for potential clonal expansion.
Mutation frequency in each class of mutation = overall MF x fraction of a specific class of mutation
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Table 5.3 Mutational specificity of Msh2^ mice

Mutation type Control group PhIP treatment

Transitions
G O A T

No. of 
mutants"

% MF±SEM
(xlO-5)

No. of 
mutants"

% MFiSE
(xlO-5)

52 38.0 2.7±0.2 29 35.8 4.53K1.8
A:T>G:C 12 8.8 0.6±0.1 4 4.9 0.63=0.6
Transversions
G O T :A 19 13.9 0.9±0.3 20 24.7 3.1±0.5
G:OC:G 5 3.6 0.2±0.1 6 7.4 0.9t0.1
A:T>T:A 3 2.2 0.2±0.1 2 2.5 0.33:0.1
A:T>C>G 8 5.8 0.4±0.1 3 3.7 0.4±0.2
Others
+1 frameshifts 1 0.7 o . im i 0 0.0 0.0
-1 frameshifts 18 13.1 0.8±0.3 13 16.0 2.23:0.3
Deletions 11 8.0 0.5±0.2 2 2.5 0.3±0.1
Insertions 3 2.2 0.2±0.1 1 1.2 0.2±0.1
Complex changes 1 0.7 0.13=0.1 0 0.0 0.0
Double substitutions 4 2.9 0.23:0.1 1 1.2 0.23:0.1
Total 137 100 81 100

number of mutants was corrected for potential clonal expansion.
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Table 5.4 Mutational specificity of Msh2^ mice

Mutation type Control group PhIP treatment
No. of % MF±SEM No. of % MF±SEM

Transitions
mutants" (xlO-5) mutants" (xlO-5)

G:OA:T 109 45.6 20.1±3.0 139 47.3 33.4±3.0
A:TXf:C 26 10.9 4.7±0.9 19 6.5 4.1±0.3
Transversions
G:OT:A 15 6.3 2.8±0.7 22 7.5 4.9tl.O
GCXZG 6 2.5 0.9±0.3 6 2.0 1.9±0.6
AT>T:A 5 2.1 0.8±0.4 12 4.1 2.9±0.9
A:T>C>G 7 2.9 1.4±0.4 13 4.4 2.7±0.6
Others
+1 frameshifts 11 4.6 1.8±0.4 10 3.4 2.8±0.5
-1 frameshifts 40 16.7 7.8±1.8 46 15.6 10.7±1.9
Deletions 13 5.4 2.4±0.3 16 5.4 3.2±0.7
Insertions 0 0.0 0.0 1 0.3 0.2±0.1
Complex changes 
Double substitutions

6
1

2.5
0.4

1.1±0.4
0.2±0.1

2
8

0.7
2.7

0.5±0.2
2.640.9

Total 239 100 294 100

" number of mutants was corrected for potential clonal expansion
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Table 5.5 Distribution of -1 fhimeshifts at G:C/A:T base pairs in different genotypes of mice

G:C/A:T inM sh2^ mice G:C/A:T inMsh2^ mice G:C/A:T in Msh2’̂ ' mice

Control group 2/3 4/14 12/25
PhIP treatment 16/1 8/5 18/28
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Fig 5.1 The induced mutation frequency of G:C>A:T, G:C>T:A and —1 frameshifts in three genotypes
of mice (error bars indicate the standard error of mean)
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Chapter 6. Thymic Lymphomas Arising in Msh2 Deficient Mice Display a 

Large Increase in Mutation Frequency and an 

Altered Mutational Spectrum

Shulin Zhang, Rnth Lloyd, Gregory Bowden, 

Barry W. Glickman and Johan G. de Boer

Centre for Environmental Health, Department of Biology, University of Victoria, 
Victoria, B.C. Canada V8W 3N5

Abstract:
Mismatch repair genes, such as Msh2, are classified as “mutator” genes, responsible for 

the microsatellite instability identified in many tumors. In the current study, the mutation 
fi'equency and mutational spectrum in thymic lymphoma arising in Msh2 deficient mice are 
investigated. Thymic lymphoma developed in Msh2"̂ ' background displayed an 8- to 9-fold 
increase in mutation frequency compared to the normal thymi in Msh2 deficient animals. 
Sequencing demonstrated significantly different mutational spectra between normal thymus tissue 
and thymic lymphomas in Msh2‘̂ 'mice (p=0.02). The tumor mutational spectrum is characterized 
by an increase in base substitutions occurring at A:T sites, and multiple mutations, as well as a 
minor increase in -1 frameshifts. We analyzed mutations in different parts of the tumors, and 
different regional hotspots could be identified. Several hotspot mutations that are a rare event in 
normal tissues were identified in the tumor tissues. We conclude that thymic lymphomas arising 
in Msh2 deficient genetic background are hypermutable and the altered mutational spectrum 
might be an indication of infidelity of DNA replication during tumorigenesis.

6.1 Introduction

Tumor cells typically display multiple genetic alterations both at the level of 

chromosome and nucleotide sequence (Nowell, 1993; Vogelstein et al., 1988; Jackson 

and Loeb, 1998). Such multiple changes were suggested to be caused by a mutator 

phenotype: it has been hypothesized that a mutation in a gene required to maintain the 

stability of the genome is an early event in cancer development (Loeb, 1991). These



106

mutator genes could be genes governing DNA synthesis, DNA repair, and cell cycle 

regulation (Loeb et al., 1974). Microsatellite instabilities displayed in mismatch repair 

(MMR) deScient cell lines are also thought to be a manifestation of such mutator 

phenotypes (Fang et al., 1993; Loeb and Christians, 1996).

The Msh2 gene is one of several DNA mismatch repair genes involved in the 

recognition of mispaired bases during DNA replication and the initiation of the MMR 

process (Fishel and Wilson, 1997). Msh2 knock-out mice are prone to lymphomagenesis 

as well as the development of intestinal neoplasms (Reitmair et al., 1996). Demonstration 

of a quantitative increase in the mutation frequency in tumor tissue will provide direct 

evidence for the hypothesis of a mutator phenotype of cancer.

Repetitive rounds of cell division within a tumor can be an important 6ctor in 

contributing to an increased number of mutations (Jackson and Loeb, 1998). A mutation 

conferring a proliferative advantage would result in an expansion of cells containing that 

mutation. It is not clear whether a random accumulation of mutational events or 

sequential stepwise mutations contribute to the tumor development.

The L a d  transgenic assay makes it possible to study mutations in vivo (Dycaico 

et al., 1994). Double transgenic mice facilitate the detection of mutation in a specifically 

altered genetic background (Andrew et al., 1996; Nishino et al., 1995). To examine the 

correlation between somatic mutation and carcinogenesis and the expansion of specific 

mutational events during tumor development, we investigated the mutation frequency and 

spectrum of la d  gene in different parts of thymic tumors arising in Had mice.
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6.2 Materials and methods 

Animals and tumors

Four out of six male Msbl'^VAzcf transgenic mice (provided by Dr. Frank R.

Jirik's laboratory, University of British Columbia, B.C., Canada) developed thymic 

tumors at the age of 4 to 5 months. The mice were sacrificed when they were moribund. 

Thymic tumors ranged in size from 1.0 x 1.0 x 0.2 cm̂  to 1.5cm x 1.5 x 0.5 cm .̂ Small 

parts (0.5 x 0.2 xO.l cm )̂ of the tumor were cut out and kept in 10% buSered-fbrmalin, 

then parafGn embedded and stained with hematoxylin and eosin (H.E.) for histological 

examination. All tumors were diagnosed as thymic lymphoma by a pathologist. The 

remaining tumor material was equally divided into three parts, flash 6ozen in liquid 

nitrogen, and stored in -80°C for mutation analysis.

Genomic DNA extraction and kcT gene recovery

Genomic DNA was isolated by a dialysis purification procedure (Suri et al., 

1996). la c J  transgenes were recovered &om purified mice chromosomal DNA by m 

vftro % packaging (Stratagene, La Jolla). Packaged phage were plated on an SCS-8 

bacterial lawn in the presence of 5-bromo-4-chloro-3-indolyl-P-D-galactopyranoside 

(X-gal). Phage with the mutated ZucJ gene yield blue plaques, while wild type phage 

form colorless plaques (Rogers et al., 1995). Mutants were picked and purified by re- 

plating at low density. A 1.5 kb /acJ-containing &agment was amplified by PCR 

(Erfle et al., 1996) and the mutational change was determined by direct sequencing 

using a LICOR automated DNA sequencer (Lincoln, NE). Multiple mutations are 

defined as two or more mutational events recovered in a single mutant.
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Statistical analysis

Mutant and mutation &equency data were analyzed using COCHARM, a computer

program that executes the general Cochran-Armitage test (Cariello and Gorelick, 1996). 

Statistical comparisons of mutational spectra were made using a hypergeometric 

algorithm developed by Adams and Skopek (Adams and Skopek, 1987) and Chi-square 

tests using (GraphPad Software Inc. San Diego, CA). Mutant &equency and 

mutation frequency are given with standard error of mean (SEM).

6.3 Results

Mutant frequency (Mf) and mutation frequency (MF)

Mutant frequency (Mf) was defined as the number of blue {lad  mutated) 

plaques per 100,000 plaque forming units (pfii) screened. Mutation frequency (MF) is 

calculated as the ratio of the number of independent mutants and total number of 

plaques screened. Mf and MF of normal thymus from Msh2^' and Msh2^^^ mice and 

of different parts of thymic lymphoma from Msh2" '̂ mice are listed in Table 6.1. Both 

mutant and mutation frequency varied enormously between tumors, ranging from 95 

xlO'^ to 750 xlO'^ in mutant frequency and from 88 xlO'^ to 450 xlO'^ in mutation 

frequency. Different parts of a tumor can also have significantly different Mf and MF. 

The M f and MF in normal thymus tissue of Msh2^^  ̂and Msh2'' mice are significantly 

lower than that of the tumor tissue(p<0.02,COCHARM test). The variation in Mf and 

MF are small in normal thymus tissues, especially after correction for clonal 

expansion. In Msh2 nuHizygous deficient mice, the mutant frequency is 41±7.9xlO'^,
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which decreased to 26±2.8xl0'^ after correction for clonal expansion. For Msh2 wild 

type mice, the Mf and MF are 1.9±0.3xl0'^ and 1.8±0.3xl0'^ respectively.

Clonality

Clonality provides an estimate of the ftaction of mutations that are possibly 

derived ftom clonal expansion. Up to 80% of mutations identified in a thymic 

lymphoma of animal MC-2 may have their origin in the same mutational event. The

clonality of other tumor tissues varied from 7% to 47% (Table 6.1 and Fig 6.1). The 

clonality in normal thymus of Msh2'^' mice ranged from 20% to 50 %, and 0 % (3 out 

of 3) to 25% (3 out of 4) in wild type mice.

Mutational spectrum

The spontaneous mutational spectrum from thymi of Msh2 wild type mice is 

similar to that reported in previous studies (Baross-Francis et al., 1998) (Zhang et al., 

2001)(Table 6 .2). The ftaction of mutation occurring at A:T base pairs increased ftom 

14% (2/14) in wild type mice to 27% (14/52) in Msh2 nuHizygous normal thymus, 

while about half of all mutations occurred at G:C base pairs in both Mshl^"^ and 

MshZ" '̂ normal thymus. However, the portion of mutations occurring at G:C base 

pairs decreased ftom 50% in the Msh2'^' normal thymus to 22% in Msh2'^' thymic 

lymphoma with the increase in the fraction of mutations occurring at A;T base pairs 

(27% to 44%), multiple mutations (4% to 11%) as well as a minor increase in -1 

frameshifts(14% to 19%) (Fig. 6,2). The frequency of substitutions (overall MF 

multiplied by the ftaction of these mutations) occurring at A:T base pairs in
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lymphomas is 12-fold higher compared to the Msh2' '̂ normal thymi, while it is only

3-fold higher at G:C base pairs (Table 6.1 and Table 6.2). The Adams-Skopek and 

Chi-square test were used to compare the mutational spectrum of thymic lymphoma 

and MshZ" '̂ thymus; the p-values are between 0.02 -  0.03 indicating a significant 

difference between these two spectra.

Mutational **hotspots" in tumors

Mutational "hotspots" are defined as sites where mutations were recovered 3 

or more times in 3 or more parts of the tumor. Several sites in the Zoc/ gene are

hotspots for mutations in tumor tissue. The frequency of recovered mutants at each 

hotspot in different parts of the tumor is listed in Table 6.3. No single mutational 

hotspot could be recovered in all tumor tissues, and these sites are different within 

different within different parts of the same tumor. Mutations at position -3 of the la d  

gene are very rare events among non-tumor mutants, it has only been recovered once 

among over 22,000 mutants in our data base.

Multiple mutations

Nine and two mutants, recovered &om thymic lymphoma and Msh2'^' normal 

thymus, respectively, have multiple mutations (Table 6.4). Most of these mutants 

harbor double base substitutions, while others have a deletion and a base substitution. 

Among multiple mutations, ten out of fifteen base substitutions in thymic lymphoma 

occurred at A:T base pairs.
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6.4 Discussion

DNA mismatch repair genes, such as Msh2, are responsible for repairing 

mismatched bases arising during DNA replication, and safeguard the integrity of the 

genome (Harfe and Jinks-Robertson, 2000). Msh2 deficient cell lines displaye 

microsatellite instability, evidence for a mutator phenotype in cancer (Boyer et al., 

1995; Jackson et al., 1998). A mouse strain deficient in Msh2 function displayed an 

increased lymphomagenesis and intestinal carcinogenesis (Reitmair et al., 1996). The 

current study investigates the mutation level and mutational spectrum recovered from 

thymic lymphomas developed in mice with an Msh2 deficient background.

Consistent with a previous report (Baross-Francis et al., 1998), thymic 

lymphoma displayed a wide range but still drastic increase in mutant and mutation 

frequency compared to the normal thymus of Msh2‘̂ ' mice (p<0.02, COCHARM test). 

Hypermutability has also been detected in liver tumors (Mirsalis, 1995). To study 

whether mutational are distributed homogeneously in tumor tissue, we divided each 

tumor into three parts. It was shown that different parts of a tumor also displayed a 

wide range of mutant frequencies (Table 6.1), even when corrected for potential 

clonal expansion. The wide range of mutation levels might be an indication that 

different cell clones within a tumor have different cell proliferative abilities or a 

varying degree of escaping ffom apoptosis during tumorigenesis.

In addition to an increased mutation level in tumor tissue, it is of interest to 

elucidate whether tumors also display a different mutational spectrum. Baross-Francis 

et al. (Baross-Francis et al., 1998) reported that despite possible increase in 

ffameshifts, the overall mutational spectrum was not changed compared to normal
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thymus tissue from Msh2"'̂ ‘ mice. However, in the current study, 169 mutants from 

tumor tissue were sequenced and a distinct mutational spectrum was identified. The 

change in spectrum results mainly from an increase in the portion of base 

substitutions occurring at A:T base pairs, multiple mutations and a minor increase in - 

1 ffameshifts. Interestingly, 2 mammary tumor cell lines derived from 2-amino-1- 

methyl-6-phenolimidazo[4,5-b] pyridine (PhlP) induced carcinoma, displayed a 

significantly higher level of A:T to C:G transversions (Watanabe et al., 2001; Okochi 

et al., 1999). In another study, one of the thymic lymphomas arising in a p53 deficient 

background displayed an increase in A:T>G:C transitions (Buettner et al., 1996) . The 

mutations fbimd in tumor tissue were all recovered at A:T base pairs, similar changes 

found in thymic lymphomas in the current study. The reason for mutations 

preferentially occurring at A:T sites in these tumors is not clear. It might be a 

consequence of a down-regulation of an error-free DNA polymerase or the up- 

regulation of an error-prone DNA polymerase during tumorigenesis. A study using a 

mutDS E. coli strain carrying dominant mutations in the dnaQ gene, the epsilon 

subunit of DNA polymerase y, displayed an increase in A:T>T:A transversions 

(Schaaper, 1988), while the down regulation of pol ^  an error prone DNA 

polymerase, results in a 92% reduction of A:T>C:G and 80% reduction of G :O C :G  

base substitutions (Kunz et al., 2000). These findings might be an indirect indication 

of an abnormality in a DNA polymerase whose error-prone substrates during tumor 

development are A:T base pairs. The inactivation of mismatch repair genes may be 

responsible for mutations in genes regulating cell proliferation or death in same cells 

during tumor development (Kinzler and Vogelstein, 1997). The subsequent mutations
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in these “gatekeeper” genes whose substrate are adenines or thymines may result in an 

altered mutational spectrum in tumors.

It is also possible that with the tumor growth, cells within the tumor are 

exposed continuously to an adverse micro environment including hypoxia, nutrition 

deprivation, and low pH (Reynolds et al., 1996). Any of those environmental changes 

might contribute to the altered mutational spectrum in tumor tissue.

Clonal expansions are thought to be an important factor in increasing the 

mutational load in tumors (Nowell, 1976). The current study showed a multiplicity of 

mutational hotspots in different parts of tumors and between different tumors. Cells 

that sustain a mutation may form a local sub-population during tumor development. 

Such intratumoral mutational heterogeneity was also observed in several other 

endogenous genes from colorectal tumors and it has been suggested that a random 

accumulation of mutations rather than an ordered sequential mutational events drive 

tumor progression (Bametson et al., 2000).

Thymic lymphomas arising in an Msh2 deficient genetic background displayed 

a large increase in mutation frequency. However, this hypermutability has not been 

found in all type of tumors. Non-thymic lymphomas such as diffuse lymphoma, 

squamous cell carcinoma and osteogenic sarcoma that developed in the same 

mismatch repair deficient background failed to show an increased mutation frequency 

(Baross-Francis et al., 2000). In another study, three out of four thymic lymphomas 

derived from a p53 defrcient background displayed a similar mutation frequency and 

spectrum as the control group, and only one tumor showed a 2.3-fold increase in 

mutation frequency and a different spectrum (Buettner et al., 1996). Hypermutability
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might be more common to thymic lymphomas in a DNA mismatch repair deficient 

background. An Msh2 deficient cell line did not display an increased mutation 

frequency when maintained under optimal culture conditions, but mutations 

accumulated when the cells were maintained at a high density (Richards et al., 1997). 

This might suggest that mutagenesis is growth condition dependent in some cells. 

Mutations also accumulate in a time-dependent manner in the absence of growth 

(Strauss, 1992), where the mutation rate measured based on the cell proliferation is 

not necessarily high.

The mutator phenotype in thymic lymphoma arising in an Msh2 deficient 

genetic background was investigated in this study. Compared to Msh2" '̂ normal 

thymus, thymic lymphomas displayed a large increase in mutation frequency and a 

significantly different mutational spectrum characterized by an increase of mutations 

occurring at A:T base pairs, multiple mutations and -1 ffameshifts. The heterogeneity 

of mutational hotspots in different parts of tumors suggests a random accumulation of 

mutational events during tumor development.
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Table 6.1 Mutant frequency and mutation fi^uency In thymic lymphoma and normal thymus

Animal I D Genotype Tissue Mutants Mutant Independent Mutation cionSity^
screened frequency(xlO'̂ ) Mutations frequency(xlO‘̂ ) (%)

MC-2 Msh2^ Thymic tumor part 1 186300 817 438.6 163 87.7 80.0
Thymic tumor part 2 267500 1503 561.8 375 140.2 75.0

Msb2"'-
Thymic tumor part 3 292700 1433 489.5 477 182.9 66.7

MC-3 Thymic tumor part 1 307500 556 180.8 397 129.1 28.6
Thymic tumor part 2 190900 241 126.8 222 116.3 7.9

Msh2"'-
Thymic tumor part 3 212200 469 221.0 435 205.2 7.2

MC-7 Thymic tumor part 1 346100 1915 553.3 1021 295.0 46.7
Thymic tumor part 2 386200 2888 747.0 1732 448.5 40.0

Msh2"'-
Thymic tumor part 3 270900 1429 527.5 833 307.5 41.7

MF-5 Thymic tumor part 1 259700 965 371.6 723 278.4 25.0
Thymic tumor part 2 306600 522 170.3 278 90.7 46.7
Thymic tumor part 3 325500 310 95.2 288 88.5 7.0

MeaniSEM
Msh2"'-

373.6465.7 197.84=36.9
MC-1 Thymus 293600 201 68.0 100 34.1 50.0
MC-4 Mkb2 -̂ Thymus 340200 91 26.7 62 18.2 31.9
MC-5 Nbb2"'- Thymus 312800 118 37.7 87 27.8 26.2
MC-6 Msh2"'- Thymus 321700 96 29.8 76 23.6 20.8
MeaniSEM

Msh2^
40.64=7.9 25.9=k2.8

BC-2 Thymus 275700 4 1.5 3 1.1 25.0
BC-3 Msh2^ Thymus 237200 3 1.3 3 1.3 0
BC-4 Msh2^ Thymus 308700 8 2.6 7 2.3 12.5
BC-5 Msh2^ Thymus 214700 5 2.3 5 2.3 0
MeaniSEM 1.94=0.3 1.84=0.3

* pfii: plaque forming unit
 ̂clomlity = number of clonal (total -independent) mutants / total number of mutants x 100%)

118



Table 6.2 Mutational spectrum in Msh2 thym ic lym phom a, M sh2^ thym us and M s h 2 ^  thym us

Mutation type Msh2 '̂ thymic lymphoma Msh2 ' normal thymus Mshl̂ ''̂  normal thymus

No. of mutants' Percentage No. of mutants' Percentage No. of mutants' Percentage

G:C 25 29.4 11 21.2 0 0
A:T> T:A 8 9.4 2 3.8 0 0

C:G 4 4.7 1 1.9 2 14.3
subtotal 37 43.5 14 26.9 2 14.3

A:T 14 16.5 23 44.2 4 28.6
G : 0 T:A 1 1.2 2 3.8 2 14.3

C:G 4 4.7 1 1.9 2 14.3
subtotal 19 22.4 26 50.0 8 57.2
Others
+1 frameshifts 2 2.4 3 5.8 0 0
-1 fiameshifis 16 18.8 7 13.5 1 7.1
Deletions 2 2.4 0 0 1 7.1
Insertions 0 0 0 0 1 7.1
Multiple 9 10.6 2 3.8 1 7.1
Total 85 100 52 100 14 100

No. of mutants are corrected for clonal expansion. Before clonal expansion the mutants number is 169, 77,16 in Msh2'̂ ' thymic lymphoma, Msh2'̂ ‘ normal
thymus and Msh2̂ ^̂  normal thymus respectively.
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Table 6 3  Recovery of mutations in diflerent parts of thymic lymphomas*

Animal -3
(-Q

+93
(G>A)

+101
(A>G)

+117
(T>Q

+135
(-A)

+586
(-G)

tumor part 1 13
MC-2 tumor part 2 10 1 2

tumor part 3 7 3
tumor part 1 3 1

MC-3 tumor part 2 1
tumor part 3 1 1 2 1
tumor part 1 6

MC-7 tumor part 2 4 2 1
tumor part 3 6
tumor part 1 1 2 3

MF-5 tumor part 2 1 7
tumor part 3 1 2

'Only sites where mutations were recovered 3 or more times 
in 2 or more parts of the tumor are included
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Table 6.4 Multiple mutations* identified in the foe/ gene of Msh2^ thymic lymphoma
and M sh 2  normal thymus

Tissue Change 1
Thymic lymphoma 
Thymic Lymphoma 
Thymic Lymphoma 
Thymic Lymphoma 
Thymic Lymphoma 
Thymic Lymphoma 
Thymic Lymphoma 
Thymic Lymphoma 
Thymic Lymphoma 
Thymus 
Thymus

Change!
T>C @ -8 
T>C @ 89 
A>G @ 135 

O T  @ 270 
T>C @ 360 
G>A @718 
A>G @46 

-C @(-3/-l) 
-C @(-3/-l) 

G>A @ 93 
A  135

A>G@332
T>G@121
G>T@697
T>C@502
T>C@393
O T @ 882
A>C@363
O T @ 377
-CT @ (947/948)
O T @ 250
AXj@144

' multiple mutation defined as more than one non-identical mutation recovered from a single mutant
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800

Thymic lymphomas Msh2'̂ ' thymus Msh2̂ ^̂  thymus

Fig. 6.1 Mutation frequency of the ZacZ gene (White bars indicate 
the frequency of mutation before correction for clonal expansion. 
Black bars are the corresponding frequencies after correction for 
clonal expansion).
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Abstract
To investigate the role of the p27 (p27) gene deficiency in mutagenesis, a Big Blue®

transgenic mouse strain heterozygous for the bacterial lad  transgene was crossed with p27 
heterozygous mice. This novel strain of double transgenic mouse carries a different functional 
status of p27 gene as well as the lad  gene that serves as a mutational reporter. During the 
production of this mouse strain, it was observed that the transmission rate of the neo transgene 
that is used to inactivate the wild p27 gene allele(s) is lower than expected for a Mendelian trait. 
Furthermore, similar to the phenotypes of p27 '̂ mice demonstrated previously by several authors 
(Fero et al., 1996; Nakayama et al., 1996; Kiyokawa et al, 1996), the plT^'ilad mice displayed 
an increased body weight, enlarged thymus and female sterility. Abnormal histologic structures 
could be detected in thymi, spleens and ovaries of the p27 'V lad transgenic mice. The ̂ 2T''Uad 
mice displayed similar appearance and histological structures as the wild type ^21 Had mice.
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7.1 Introduction

The p27 gene is a member of the cyclin-dependent kinase inhibitor &mily (CDI)

which inhibits cell cycle progression from Gi to S phase (Lloyd et al., 1999), In addition 

to the regulation of cell cycle progression, p27 protein is also implicated in the promotion 

of apoptosis, drug resistance of solid tumors, and the tumor suppression (Masuda et al., 

2001; Hiromura et al., 1999; Katayose et al., 1997; St.Croix et al., 1996; Fero et al., 1998; 

Ophascharoensuk et al., 1998). Decreased p27 expression has been detected in many 

types of highly aggressive malignancies (Steeg and Abrams, 1997; Catzavelos et al., 

1997). P27 gene mutation has also been found in several forms of breast cancer (Spirin et 

al., 1996). The role of p27 deficiency in mutagenesis, however, remains unclear. It is 

important, therefore, to address whether a defect in the p27 gene could introduce 

hypermutability and even initiate tumorigenesis.

The Big Blue transgenic mouse carrying the coA Zoc/ gene has been

widely used as an m vrvo mutation detection system for many years (de Boer and 

Glickman, 1998; Dycaico et al., 1994; de Boer et al., 1999). A large data base of

spontaneous and induced mutation frequency and mutational specificity has been 

established in the la d  gene (de Boer et al., 1998; Zhang et al., 2001). In this study, we 

crossed the Big Blue'" mouse with p27 heterozygous mice to create p27^^V6zc7, p27^ '̂ 

and p27^'/Zoc/ double transgenic mice.

7.2 Materials and methods

P27^' mice are the gene targeted strain from C57BL/6 mice (Fero et al., 1996). 

Big Blue"" mice heterozygous for the Azcf gene were purchased from Stratagene (La Jolla,
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CA); the genetic background of this strain is also C57BL/6. According to different 

breeding protocols, the mice were housed in an animal facility monogamously or 

polygamously. Room temperature was maintained at 23°C to 24°C, and room humidity 

was kept between 40% and 50%. Mice were fed Lab Diet (Richmond, IN), a commercial 

rodent diet specifically designed to support reproduction and growth of mice. This diet 

contains 11% fat, 17.5% protein, 2.5% of minerals and small amounts of fibers and 

vitamins. Both out-crossing (> 4 generations unrelated) and inbreeding (within 4 

generations) mating protocols are exploited to produce a maximum number of 

nuUizygous double transgenic mice. Pups were weaned three weeks after birth and 

individually labeled by ear punching.

Genomic DNA was isolated from mouse tail tip at 3 or 4 weeks old using a DNA 

isolation kit (Invitrogen, CA). For genotyping, a DNA fragment containing the la d  gene 

was amplified by polymerase chain reaction (PGR) using two primers complementary to 

position -235 to -216 (5' -GCGTCGATTTTTGTGATGCT -3') and to positions 1338 to 

1354 (5 '- CGCTATTACGCCAGCTGG -3') of the &tc/gene (Erfle et al., 1996). The 

la d  gene subjected to amplification at 94°C for 4 minutes and then 30 cycles of 95°C for 

36 seconds, 59°C for 36 seconds, and 72°C for 90 seconds in a Perkin Elmer 9600 

thermocycler. The wild type allele of the p27 gene was amplified using primer K3 

(TGGAACCCTGTGCCATCTCTAT-3') and Kg (5'-GAGCAGACGCCCAAGAAGC -  

3’) (Fero et al., 1996). The neo gene which is used to inactivate the wild allele(s) of the 

p27 gene was detected by using primer Ni (5’- CCTTCTATCGCCTTCTTGACG- 3’) 

and K3 (Fero et al., 1996). The DNA fragments containing the p27 or «go gene were 

amplified by PCR reaction at 94°C for 4 minutes followed by 40 cycles of 95°C for Imin,
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55°C for 1 min, and 72°C for 3 min, followed by 72°C for 5 minutes as described 

previously (Fero et al, 1996). The PCR products were analyzed on an ethidium bromide 

stained 1.5 % agarose gels. The genotype of a mouse was determined by the presence or 

absence of &%ments of the Zocf gene, the wild type p27 gene or the neo gene. (Fig. 7.1). 

Because of the cost of determining the zygosity of the gene and since this will not 

influence the later mutational screening procedures, we did not test the transgene 

zygosity.

Animal tissues used for histology study were kept in 10% buffered-formalin 

solution and the paraffm-embedded tissue slides were stained with hematoxylin and eosin 

(H.E.).

7.3 Results

Transmission rate of the two transgenes

There is no significant difference in the litter size of different in-breeding and out- 

crossing mating setups. The litter size in all breeding is 4-8 offspring. Neonatal death is a 

rare event in all breedings, and a total of 343 offspring mice were analyzed in this study. 

Table 7.1a shows the observed transmission rate (TR) and the transmission rate expected 

by Mendelian law (ETR) for the two transgenes in different breeding protocols. The ihc/ 

gene, in the Erst generation cross, transmitted to 39.1% of all the offspring, less than the 

expected 50% transmission rate. In all subsequent crosses, the gene transmitted to 

the offspring roughly at its expected transmission rate (Table 7.1a). However, this is not 

the case for the mao gene that is used to inactivate the wild type p27 alleles. The 

transmission rate in p27^' mice is much lower than the expected transmission rate by
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Mendelian law, ranging from 3.5% to 24.8 % in different breeding setup protocols (Table 

7.1a). The lower transmission of neo gene in p27' '̂ mice results in the and P27^' 

mice being the majority of the colony. The co-transmission of the w o gene and the Zacf 

gene in p27'^'//oo/ double transgenic mice varies in diSerent patterns ofbreeding ranging 

from 0% in out-crossing groups to 19.3% in the inbreeding groups between p27^"//oc/ 

male and p27^VZac7 female mice (Table 7. lb). In the p27^' and p27^ '̂ inbreeding group, 

the efficiency of producing p27’̂ V/ac/ double transgenic mice is significantly higher than 

the other groups (p< 0.02, Fisher's exact test).

Phenotypes of the p27  ̂/fncf mice 

Growth curve and appearance:

The body weight of the pTr'llacl mice is higher than the p27'*’̂ V/oc/ and p27^ '̂ 

Had  mice. This is more pronounced in female mice (Fig 7.2a, Fig 7.2b). The male p27^ '̂ 

/Zoo/ mice displayed a trend of intermediate body weight, however, this trend is not 

obvious in female mice (Fig. 7.2a, Fig. 7.2b).

During necropsy, thymus enlargement is very prominent in all the 'P2T''Had mice 

(Fig. 7.3). The average weight is 0.18±0.02 g in the Y lT 'lla d  mice and 0.07±0.03 in the 

p27^V/ac/ mice (p=0.0007). An enlarged spleen was found in most of the knock-out 

mice, but others mice had spleens of a normal size. One of the nuUizygous mouse was 

found to a have a severely enlarged spleen and enlarged abdominal lymph nodes at the 

age of 26 weeks. Pathology examination revealed a leukemia lesion. The mortality and 

tumor incidence are not significantly increased 1.5 years after birth among 30 p27̂ '̂/&zc7
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mice compared to 2 2  p21*''^llacl mice; the gross appearance of the two strains of mice are 

also very similar.

Histological examination:

Abnormal histological changes were detected in the thymi, spleens, and ovaries of 

the p27̂ '/&%c/ mice. A localized proliferation along the thymus cortex and an increased 

cellulaiity of lymphocytes could be observed by microscopic examination (Fig. 7.4). 

However, the absence of the p27 gene does not introduce morphological abnormalities to 

the lymphocytes. Under microscopy, the number of apoptotic bodies is similar to those 

found in wild type mice (data not shown). Similar pathological findings could also be 

detected in the spleens of the p2T''HacI mice, where an increased cellularity in the red 

pulp with some megakarocytes and small lymphocytes are the main pathological 

alterations (Fig. 7.5). The normal development of the splenocytes is also not disturbed, 

and no increased apoptosis was identified. The ^21*''Had mice display similar thymic 

and splenic structures as p27^^/&zc/ mice.

Normal spermatogenesis could be detected in the testis of male ^ IT 'lla d  mice. 

The ovaries of the p27^'//ocf mice are remarkably different &om those in the wild type 

mice, and the decreased number of follicles as well as rare corpora lutea in matured 

knock-out mice are conspicuous pathological finding (Fig. 7.6). Normal testicular and 

ovary histological architecture was detected in the p27^'/Zac7 mice.
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7.4 Discussion

Big Blue^ mice, heterozygous for the transgene, were crossed with p27

heterozyous mice to create double transgenic mice bearing a different functional status of 

the p27 gene as well as the ZocZ mutational reporter gene. We create this animal strain in 

order to study the role of the p27 gene in mutagenesis m wvo by detecting mutations in 

the Zoc/ gene. The transgene transmitted to the offspring at the rate of 39.1% in the

first generation crossing, lower than the Mendelian inheritance rate of 50% for a 

heterozygous crossing. This is consistent with a previous report of la d  gene transmission 

during a colony breeding (Heddle et al., 1995). It was observed that the tandemly 

repeated heterozygous /ac/ gene failed to form direct attachment to the chromosome core 

during meiosis and cells tend to exclude chromosomes bearing such tandem regions 

(Heng et al., 1994; Miele et al., 1989). This observation might contribute to the lower 

transmission rate of la d  transgene in the first generation crossing. However, after two 

generations the transmission rate of the lad  transgene increased roughly to its expected 

level in the current study. It is possible that when this transgene reaches homozygosity in 

next several generations of crossing, the /ac/transgene behaves like other endogenous 

genes during meiosis and could be transmitted to the next generation without loss.

The transmission pattern of the neo transgene that was used to target disruption of 

the p27 gene is quite different f-om that seen in the transgene, and it is also different 

f"om previous p27^' mice breeding reports (Fero et al., 1996; Nakayama et al., 1996). The 

co-transmission of the la d  transgene and the neo gene is also not consistent with a 

Mendelian inheritance pattern. Both the out-crossing and inbreeding yielded very low 

6 actions of p27 '̂/Zac7 mice, 3.5% for out-crossing, 9.7% for sibling mating and 5.4% for
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Other inbreeding patterns. Compared to all other crossing patterns, inbreeding of p27^' 

Had male mice with p27^^'/Azc/female mice yield the highest transmission rate (24.8%) 

of the neo transgene. This breeding protocol also yields the highest co-transmission of 

both the and the w o gene (19.3%). This may suggest that this pattern ofbreeding 

could be a more effective way to produce ^IT^'Had mice.

The ratio of mutant mice ranged from 30% to 100% of its expected ratio in 

colonies resulting from different transgenic breedings. (Ramnaraine and Clohisy, 1998; 

Hetherington and Hegan, 1975). In the current study, some crossing protocols yield an 

even lower transmission rate, especially for the co-transmission of both Zoc/ and w o 

transgenes. Factors influencing the transgene transmission are intriguing. Because of the 

origin of the transgenes, the transgene itself could be transmitted at a non-Mendelian 

ratio, or the transgene may interfere with transmission of endogenous genes (Snyder and 

Silver, 1992). The genetic background and the genomic location of the transgene may 

also influence gene conversion and chromosome segregation during meiosis (Cooper et 

al., 1998). The function of the wild type gene in cell development may also influence the 

transmission pattern of the transgene, since the knock-out animals are sometimes not 

viable due to the loss of vital genes during embryogenesis. Although the p27 gene and 

la d  gene are not located on the same chromosome (Provost et al., 1993; Polyak et al.,

1994), from the present study one could speculate that, due to the presence of two 

transgenes, chromosome recombination and segregation during meiosis is heavily 

perturbed, and the possibility of both transgenes distributed into one progenitor cell is 

lowered.
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Phenotypes of the p27 deficient mice have been reported previously (Fero et al., 

1996). In the current study, plT^'HacI double transgenic mice shared most characteristics 

with p27^' mice. A remarkable phenotype of the p27^Vlhc/ mice is the increased body 

weight which became apparent at the age of 3-4 weeks. This phenotype of p27 '̂/&zc/ 

mice is consistent with previous reports on p27^' mice (Nakayama et al., 1996; Kiyokawa 

et al., 1996). Fero et al. (1996) indicated that this increased body weight is not associated 

with enhanced serum levels of GH, IGF-1 and IGF-2, and the appearance of the knock- 

out mice is also different from those with hormonally induced gigantism in which 

organomegaly is expressed in selected organs. However, in p27 nuUizygous mice the 

increased body size is caused by a generalized organomegaly. It was speculated that this 

phenotype may be cell autonomously regulated (Fero et al, 1996). Cells lacking the p27 

protein possibly undergo excessive proliferation without an increased level of apoptosis. 

This increased cellularity probably contributes to the larger size of the mutant animals.

The occurrence of enlarged thymi is one of the characteristics of p27'V/ac/ mice 

as well as the splenomegaly seen in some animals of this strain. The total number of cells 

in the thymus of p27 knock-out mice is significantly increased compared to wild type 

mice (Fero et al., 1996; Nakayama et al., 1996). In the current study, the increased cell 

density is consistent with this phenotype.

P27 homozygous deficient female mice are sterile. The impairment of the 

formation of the corpora lutea is a major pathological change that contributes to this 

reproductive malfunction. Superovulation treatment of the p27 nuUizygous mice induces 

ovulation but with a reduced number of implanted embryos (Kiyokawa et al., 1996). The 

lack of an appropriate uterine environment for the development of the fetus could be
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another reason for female sterility. Even though testicular hyperplasia was observed by 

Nakayama et al.(Nakayama et al., 1996), this change does not influence spermatogenesis 

as the male p27'^7/ac7 mice are fully fertile.

The current study demonstrates that the introduction of a reporter gene does not 

significantly alter the characteristic phenotypes of the p27 knock-out mice. As the la d  

gene is a non-transcribed gene, it is possible that cell functions are not perturbed in the 

presence of this transgene. On the other hand, it could also be speculated that the 

insertion site of the la d  gene is not in a crucial coding region of an endogenous gene. 

This supports the neutrality of the lad  gene as a mutational reporter gene.

Generation and phenotypes of p27/Zoc/ double transgenic mice were described in 

this paper. The transmission pattern of the neo transgene is not consistent with a 

Mendelian inheritance pattern. Inbreeding of the P27^'/&rc/ with p27̂ V&%c7 mice yields 

the highest production of p27'^V/acJ double transgenic mice. Increased body weight and 

thymi size, as well as female sterility, are the distinct phenotypes of the ^2T''Had double 

transgenic mice.
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Table 7.1a. Transmission rate of the focZand p27 transgene in different crossing protocols

Crossing
protocol

L a cf L a d ' P2Ÿ+/+ P 2 7 ^ P27"̂ -

Numb TR' ETR^ Pup TR E T R Pup TR ETR Pup TR ETR Pup TR ETR
er of 
pups

(%) ( % y No. (%) m No. (%) (%) No. (%) (%) No. (%) (%)

Founder crossing 27 39.1 50 42 60.9 50 22 43.1 50 29 56.9 50 0 0 0

Outcrossing 
(kc/^/p27^- X  

k c f^ /P 2 7 ^

40 71.4 75 16 28.6 25 35 62.5 25 22 39.3 50 2 3.5 25

Inbreeding
(k c r" /p 2 7 ^ x

25 67.6 75 12 32.4 25.0 8 21.6 25.0 26 70.2 50.0 2 5.4 25

Brothers &
Sisters

/p27+/.xZacf*^"
/p2f^-)

63 87.5 75 - 
100

9 12.5 0-25 30 41.7 25 32 44.4 50 7 9.7 25

P27V-&P27+/-
inbreeding

81 74.3 75-
100

28 25.7 0-
25

6 5.5 0 76 69.7 50 27 24.8 50

‘TR; Transmission rate
ÊTR: Expected transmission rate by Mendelian law (because the la d  zygocity was not determined, it could be a range due to using lact'^ or 

mice).
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Table 7.1b. The rate of co-transmission of la d  and p27 transgene in different crossing protocols

Crossing P27^/lacI^ PlT^VIa^ Pzfîiacl^
protocol

Pup No. TR(%) ETR. (%) Pup No. TR (%) ETR(%) Pup No. TR(%) ETR(%)

Founder crossing 12 17.4 25 15 21.7 25 0 0 0
(ioc/^xp27^1
Outcrossing 25 44.6 18.7 15 26.8 37.5 0 0 18.7
(/acf^/p27^- X
kcy^/P27^-)
Inbreeding 6 16.2 18.7 18 48.6 37.5 1 2.7 18.7
(/ac7^/p27^- X

Brothers & 27 31.5 18.7 - 25 30 41.7 37.5-50 6 8.3 18.7-25
Sisters

/p27+/-x/ac/^"
"̂ -/p27̂ ')
P27V-&P27+/- 3 2.7 0 57 52.3 37.5 - 50 21 19.3 37.5 - 50
inbreeding

 __________
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Fig. 7.1 Genotyping of the p27/kc7 double transgenic mice: p27 zygocity was determined by the

presence or absence of wild type p27 gene and neo gene (A), l a d  gene is determined by the presence of 
Znc/ band (B).

139



-P27+/+
-P27+/-

p27-/-25 T

"3 20 -

O)

1 2 3 4 5 6 7 108 9
w e e k

Fig. 7.2a Growth curve of female mice in three genotypes of mice
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F:g. 2b Growth curve of male mice in three genotypes of mice
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Fig. 7.3 Gross appearance of thyml in p27+''+, p27+̂ - and p27'̂ ' mice
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(A) (B)

Fig. 7.4 The increased thickness of thymus cortex in p27  ̂ mice. (A) shows the localized proliferation of thymus cortex 
in p27' '̂ mice. (B) shows the normal thymus structure of p27 wild type mice, the thickness of thymus cortex is similar 
along entire thymus. (xlOO)

143



(A) (B)

Fig. 7.5 Microscopic structure of spleen in p27^ mice. The increased cellularity in the red pulp of p27^ mice caused the 
expansion of red pulp (A). The normal thickness of spleen red pulp was shown in (B). (xlOO)
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(A) (B)

Fig. 7.6 The ovary structure of p27^ mice. No corpora lutea were found in P27^ mice ovary (A). The corpora lutea 
and fbliicles are present in wild type p27 mice, asterisks indicate the corpora lutea (B). (x40)
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Abstract
P2 7 kipl(p2 7 ) is a member of the cyclin-dependent kinase inhibitor family, which 

regulates cell cycle progression. Reduced levels of P27 protein are frequently found in human 
cancers including those in colon, breast, prostate, lung, stomach and bladder. The decreased 
P27 protein levels correlate directly with tumor aggressiveness and prognosis. However, the 
molecular mechanism of p27 as a tumor suppressor remains unclear. In current study, we 
investigated mutations in p27̂ % p27'̂ ' mice carrying the Big Blue® la d  transgenic mutational 
marker. We demonstrated that both p27 nullizygous and heterozygous mice are more 
susceptible than wild type mice to mutation induction by N-nitroso-N-ethylurea (ENU), even 
though neither were spontaneous mutation. We thus conclude that p27 is haplo-insufficient 
for preventing chemically induced mutagenesis. DNA sequiencing analysis revealed a similar 
mutational spectrum following ENU treatment in each genotype of mice. Consistent with the 
function of P27 protein in cell cycle progression, the deficiency of P27 did not appear to 
produce an altered mutational spectrum.
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8.1 Introduction

Cell cycle progression is governed by the holoenzymes formed by cyclins and 

cyclin-dependent kinases (CDKs) (Sherr, 1993; Morgan, 1995) and inhibited by 

cyclin-dependent kinase inhibitors (GDIs) (Sherr and Roberts, 1995). In addition to 

cell cycle regulation, the cyclin-dependent kinase inhibitors, p27’‘‘*’̂  in particular, 

have been found to be involved in many cellular patho-physiological functions 

including induction of apoptosis (Katayose et al., 1997), cell differentiation (Onishi 

and Hruska, 1997), and protecting cells against inflammatory damage 

(Ophascharoensuk et al., 1998). Recently, p27 has been implicated in the drug 

resistance of solid tumors (St Croix et al., 1996), and low levels of p27 protein may 

result in tumor progression (Fero et al., 1998; Philipp et al., 1999). A genetic defect in 

p27 gene has been causally linked to multiple organ tumorigenesis in a murine model 

(Fero et al., 1998). However, the mechanisms of tumor induction by p27 deficiency 

are not fully elucidated. Fearon and Vogelstein (1990) proposed a genetic model for 

colorectal carcinogenesis in which multiple mutations in several genes are required 

for the development of malignant tumors. As suggested by Loeb (1991), these 

multiple mutations identified in tumors might result from a mutator phenotype. It is 

thus necessary to address whether p27 deficiency plays a role by somehow 

contributing to the multiple mutations that are responsible for colorectal 

carcinogenesis.

Mice harbouring the Eschericia coli la d  gene have been used as a mammalian 

mutation assay for many years (Dycaico et al., 1994). In the current study, p27//ac/ 

double transgenic mice were used to address the role of p27 in mutagenesis. This 

strain of double transgenic mice carries different functional status of the p27 gene as 

well as the /ac/ gene as a mutational reporter. The role of/?27 gene in mutagenesis 

can be evaluated by determining the mutations in the /oc/ gene.
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8.2 Materials and Methods

The ^11 Had double transgenic mice were generated in this laboratory as a 

result of crossings between the Big Blue*/Zoc/ transgenic mice and p27^ '̂ mice, both 

of which have C57BL/6 genetic background. The resulting P27' '̂ '̂̂ /Zac/, p27^^V/ac/ and 

p27^'//ac/ mice were genotyped by detecting the presence or absence of the neo gene

which disrupts the p27 gene and la d  transgenes by polymerase chain reaction (PCR) 

(previous chapter).

Five to seven mice were assigned to each treatment group. At the age of seven 

to nine weeks, mice from the ^21*'*, p27"̂ ‘̂ and p27' '̂ groups were treated with N- 

nitroso-N-ethylurea (ENU) (Sigma-Aldrich Co.) at a dose of 150mg/kg (dissolved in 

66.7mM PBS solution) by a single intraperitoneal injection. Mice in the control 

groups were injected with PBS solution only.

The animals were euthanatized by carbon dioxide inhalation three weeks after 

the ENU treatment. Colons were excised, rinsed with sterile PBS, flash frozen in 

liquid nitrogen and stored at -80°C until needed. Genomic DNA was isolated by a 

dialysis purification procedure (Suri et al., 1996). L a d  transgenes were recovered 

from purified mice chromosomal DNA by in vitro X packaging (Stratagene, La Jolla). 

Packaged phage were plated on an SCS- 8  bacterial lawn in the presence of 5-bromo- 

4-chloro-3-indolyl-P-D-galactopyranoside (X-gal). Phage with mutated gene 

yield blue plaques, while wild type phage form colorless plaques (Rogers et al.,

1995). L a d  mutants were picked and purified by re-plating at low density. A 1.5 kb 

/^/-containing &agment was ampliGed by PCR (Erfle et al., 1996) and the mutational 

specificity was determined by direct sequencing using a LICOR automated DNA
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sequencer (Lincoln, NE). Mutation frequency (MF) is calculated as the ratio of the 

number of independent mutants and total number of plaques screened.

MF data were analyzed using COCHARM (created by Troy Johnson, Procter & 

Gamble, Cincinnati, OH), a conqiuter program that executes the general Cochran- 

Armitage test (Cariello and Gorelick, 1996). Fisher’s exact test was used for the 

comparison of mutational changes, and the Bonferonni correction was used when 

comparing data of more than two groups. Mutation frequencies are given with standard 

error of mean (SEM).

8.3 Results 

Mutation frequency

The spontaneous mutation frequency (MF±SEM) in all three p27 backgrounds is 

similar, 4.3±0.3xl03.8±0.3xl0'^ and 5.1+1.0x10'^ in the p27^^\ p27^' and p 2 f ' 

group, respectively (Table 8.1). Howevo", after ENU treatment the MF significantly 

increased to 51.0±3.3xl0'^, 63.0+2.0x10'^, and 117.3+4.7x10'^ in the three different 

genetic backgrounds, respectively (Table 8.1, Fig. 8.1). In the same group, both sexes 

displayed similar mutation frequency. The MF in the p27‘̂‘ group is significantly higher 

than either the heterozygous or the wild type mice (p < 0.004) (COCHARM test). Most 

importantly, the MF in p2T^' mice after ENU treatment is significantly higher than in 

p2T^ mice (p=0.016).
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Mutational specificity

Table 8 .2 lists the spontaneous mutational spectrum and the &equency of each 

class of mutation in the three genotypes of mice. G:C>A:T transitions and G:C>T: A 

transversions are the predominant types of mutation seen in the wild type spontaneous 

background (de Boer et al., 1998). In the p27 heterozygous and nullizygous strains of 

mouse, these two classes of mutation still dominate the mutational spectra. The 

percentage of G :O T  : A increased to 25% in the p27^' mice compared to 16.5% and 

17.9% in the and p27^' mice, respectively. However, this difference is not 

statistically significant. 6,3% of the p27^ '̂ mutations and 4.7% of the p2T'' mutations are 

A:T>T:A tr ans versions. No A:T>T:A transversions were recovered among 85 mutants 

from the p27'̂ '̂ '̂  mice, though we note that they are indeed a rare spontaneous events in 

wild type mice (Zhang et al., 2001). In contrast, -1 frameshifrs which comprise a 

relatively minor event in the wild type group (3.5%) accounted for 8.4% and 9.4% in the 

heterozygous and nullizygous mice, respectively. The MF o f-1 frameshifrs in p27^' mice 

thus appeared to be statistically higher than in the p27̂ ^̂  mice (p=0.036). Although the 

observed excess of -1 frameshifrs in the p27 heterozygote was not statistically 

significant, it is intriguing, none the less, that -1 frameshifrs might arise as a consequence 

of a p27 related pathway.

The mutational spectrum afrer ENU treatment is significantly different from that 

observed spontaneously (table 8.3). The proportion of mutations involving A;T base pairs 

increases in the p2T^^ mice significantly with A:T>T;A substitutions now accounting for 

30.8% of the ENU spectrum. ENU induced an increase in frequency of nearly all types of 

base substitutions except G:C>C:G transversions. In the p2T^' and p27^' mice, the
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distribution of each type of mutations following ENU treatment is similar to that seen in 

wild type mice treated with ENU, however, the hequency of G:OA:T, G:OT: Aand 

A:T>C:G substitutions in the p27' '̂ group is significantly higher than that found in the 

wüd type group (p=0.01, p=0.001, p=0.004 respectively) as well as in the heterozygous 

group (p=0.01, p=0.001, and p=0.04 respectively) (Table 8.3).

As noted the hequency of spontaneous -1 fi-ameshifts was increased in the p27 

homozygous deficient mice. After ENU treatment, the firequency o f-1 fi-amesbifts was 

further enhanced to 8.2+0.4x10'^. Following ENU treatment the fiequency o f-1 

frameshifts remain low in the p27̂ ^̂  and p27^ '̂ mice (0.6+0.3x10'^, and 0.8+0.4x10'^, 

respectively) (Table 8.3). In all strains the fiequency o f-1 fi-ameshifts occurred equally at 

G:C and A T base sites.

8.4 Discussion

P27, a cyclin dependent kinase inhibitor, is primarily involved in the regulation of 

cell cycle progression (Sherr and Roberts, 1995). There is, however, increasing evidence 

that p27 plays an important role in other cellular processes including cell differentiation, 

apoptosis, inflammation, and tumorigenesis (Masuda et al., 2001; Hughes et al., 1999; 

Hiromura et al., 1999). Because the causal link between p27 deficiency and multi-organ 

tumorigenesis as well as the genetic instabilities typically displayed in tumor cells, it is of 

particular interest to address whether p27 deficiency induced tumorigenesis results fi-om 

an inherent contribution to genetic instability. It is also important to investigate the 

molecular basis of the haplo-insufficiency of p27 gene in tumor suppression. To this end
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we measured the mutation frequency and the mutational spectrum in different p27 genetic 

backgrounds using the la d  transgene as a mutational reporter.

The p27‘̂ ' and p2T^' mice demonstrate similar levels of spontaneous mutation as 

p27 wild type mice, indicating that without an exogenous challenge the total or partial 

loss of the p27 protein does not increase the mutational burden in these mice. Fero et al. 

(1998) demonstrated that the incidence of intestinal cancer in spontaneous p27^' mice 

does not significantly increase over two years. This is consistent with a lack of effect of 

p27 deGciency on the spontaneous mutation Gequency. However, compared to p27̂ ^̂  

mice, sequencing data showed a significant increase in the Gequency of -1 Gameshifts 

and A:T>T:A transversions. This could result Gom the Gi/S phase repair deGciency in 

p27 defective cells. However, it seems more likely that the “amplification” of rare 

mutation events in p27' '̂ deficient cells, in which Gi/S cell cycle arrest to accommodate 

optional DNA repair is disturbed. As -1 frameshifts and A:T>T: A transversions 

constitute only a small Gaction of the background mutational spectrum, it is conceivable 

that increases in these two classes of mutaGon do not contribute signiGcantly to the 

overall mutation Gequency, although an extensive sequencing of mutations in p27^' 

tumors might indicate otherwise.

The significant increase in mutation Gequency after ENU treatment, a potent 

colonic mutagen, suggests an alternative pathway. Since the MF after ENU Geatment in 

p27 mice is signiGcantly higher than in p27^  mice, this suggests that a p27 deGciency 

confers an increased sensitivity to envGonmental carcinogenesis. The observed increase 

in mutaGon Gequency reported here Gts well with the increased tumor incidence observed 

in p27‘̂‘ mice following ENU treatment (Fero et al, 1998). The observed hypermutability
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and increased tumor incidence in p2 T '̂ mice may provide a mechanistic insight into the 

mechanisms of p27 induced tumorigenesis.

More importantly, from a population risk point of view, the observation that p27^ '̂ 

mice are hypermutable afrer an exposure to ENU is of particular importance. This 

indicates that the p27 gene is haplo-insufScient in protecting the genomic stability when 

challenged with this alkylating agent. This dominant negative efrect of p27 

heterozygosity displayed at the molecular level, contrary to the "recessive" character of 

tumor suppressor gene hypothesized by Knudson (1985), has been observed for several 

other genes that are involved in colorectal tumorigenesis including p53 and DCC (Fearon 

and Vogelstein, 1990). Due to this dominant negative effect, loss of one allele of this 

class of tumor suppressor genes may be sufficient to provide an altered molecular or 

cellular phenotype. Also, the gene dosage effect or change in expression level needs to be 

considered when analyzing this specific type of tumor suppressor gene. A recent 

observation suggests that an altered cellular localization but not the total amount of p27 

protein might also contribute to a subset of colorectal cancers (Sgambato et al., 1999).

The mutational spectrum of the colon of p2T''' mice after ENU treatment is 

dominated by a increased portion of base substitutions mainly occurring at A:T base 

pairs. This change is similar to that found afrer treatment of p27^  mice, and this 

mutational spectrum is characteristic for ENU (Walker et al., 1996). Nearly every class of 

base substitution increased in p27 deficient mice as well as the -1 frameshifts, indicating 

that the loss of p27 function confers an increased mutational sensitivity to ENU without 

changing mutational spectrum. It could be speculated that cells defrcient in p27 function 

might replicate without cell cycle arrest. When DNA is damaged by environmental
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mutagens, the unrestrained ceil cycle would not provide sufficient time for DNA repair 

resulting in an elevated mutation fiequency in the p27 deficient mice. This increased 

nucleotide instability probably will contribute to ENU induced tumorigenesis in p27 

deficient mice.

P27 deficiency mediated mutagenesis was investigated in this study. In addition 

to a hypermutability displayed by the p27 nullizygous mice after ENU treatment, p27 

heterozygosity confers an intermediate sensitivity to this chemical. The co-occurrence of 

hypermutability and increased tumor incidence suggests that the increased mutation could 

be a reason for the p27 deficiency-induced carcinogenesis. Loss of cell cycle control 

appears to result in a general increase of all types of mutation, consistent with a lack of 

opportunity for DNA repair to take place.
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Table 8.1. Mutation frequency (MF) of different p27 genotype mice in control and ENU treated groups

genotype Control ENU treatment

P27+/+

P27+/.

P27V-

Animal ID Pfu* Mutantŝ MF(xlO-5) Animal I.D Pfii Mutants* MF(xlO-5)
1 0 ) 361000 13 3.6 K(?) 362800 159 43.8
2 0 ) 380200 19 5.0 2((^) 261000 104 39.8
3 0 ) 288300 15 5.2 3 (^ ) 391300 203 51.9
4 0 ) 302200 10 3.3 4((^) 336800 178 52.8
5(9) 287500 11 3.8 5(9) 262400 167 63.6
6(9) 231400 10 4.3 6(9) 172800 100 57.9
7(9) 325000 15 4.6
MeaniSEM* 4.3±0.3 51.013.3
K(?) 568300 23 4.1 K(?) 435500 253 58.1
2(J) 341500 14 4.1 2((?) 287800 180 62.6
3((?) 272100 14 5.1 3((?) 434900 253 58.2
4((^) 268800 11 4.1 4((?) 302100 197 65.2
5(9) 301400 8 2.7 5(9) 354500 250 70.5
6(9) 304900 11 3.6 6(9) 262400 176 67.1
7(9) 345200 10 2.9

63.012.0^MeaniSEM 3.8±0.3
1 (^ ) 203600 19 4.4 1((^) 188500 223 118.3
2((?) 251900 7 2.8 2((^) 196600 186 94.6
3(( )̂ 121400 3 2.5 3(9) 212700 255 119.9
4(9) 245600 24 9.8 4(9) 227600 284 124.8
5(9) 208200 9 4.3 5(9) 257000 321 124.9
6(9) 237700 11 4.6
7(9) 219500 13 5.9

117.314.7*MeaniSEM 5.111.0

* pin; plaque forming unit
 ̂ number of mutants are corrected for potential clonal expansion 
 ̂ the MF is significantly different from the wild type group.

' SEM: standard error of mean

1 5 7



Table 8.2 Spontaneous mutational specificity in three genotypes of mice

Mutation type P27^ P27 -̂
#of % MF±SEM #of % MF+SEM #of % MF+SEM
mutants (xlO"^* mutants (xlO'̂ ) mutants (xlO-^

Transition
G :O A :T 41 48.2 2.0+0.3 40 42.1 1.6+0.2 28 43.5 2.2+0.7

@CpG 32 78.0 1.4±0.3 34 85.0 1.4+0.3 21 75.0 1.6+0.5
A:T>G:C 7 8.2 0.3+0.1 7 7.4 0.3+0.1 3 4.7 0.2+0.1
Transversions
G :O T:A 14 16.5 0.7±0.2 17 17.9 0.7+0.1 16 25.0 1.1+0.2

@CpG 5 35.5 0.2±0.1 9 41.2 0.3+0.1 9 56.3 0.5+0.2
G :O C:G 3 3.5 O.l+O.l 4 4.2 0.2+0.1 1 1.6 O.l+O.l
A:T>T:A 0 0 0 6 6.3 0.2+0.1 3 4.7 0.2+0.1
A:T>C:G 2 2.4 0.1±0.1 1 1.1 0.01+0.01 1 1.6 O.l+O.l
Others
+1 fi'ameshifts 2 2.4 O.l+O.l 1 1.1 0.01+0.01 2 3.1 O.l+O.l
-1 frameshifts 3 3.5 O.l+O.l 8 8.4 0.4+0.2 6 9.4 0.5+0.1
Deletion 9 10.6 0.5+0.2 4 4.2 0.2+0.1 0 0 0
Insertion 2 2.4 O.l+O.l 2 2.1 O.l+O.l 0 0 0
Complex 0 0 O.l+O.l 5 5.3 O.l+O.l 4 6.3 O.l+O.l
changes
Total 85 100 95 100 64 100

* MF in each class of mutation = overall MF in the animal x fiaction of specific class of mutation
# of mutants are corrected for potential clonal expansion
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Table 8.3 ENU induced mutational specificity in three genotypes of mice

Mutation type P 27^ P 2 7 ^ P2y-/-
# o f % MFiSEM # o f % MFiSEM # of % MF±SEM
mutants fxlO'^* mutants IxlO '^ mutants txlO")

Transition
G :O A :T 36 30.8 17.0i4.5 43 33.1 21.212.3 19 26.8 30.514.0

@CpG 14 38.9 5.7±1.1 14 32.6 7.711.5 3 10.5 3.411.6
A:T>CkC 22 18.8 7.1i2.5 24 18.5 10.013.0 9 12.7 16.018.0
Transversion
G :O T:A 10 8.5 3.9±1.8 16 12.3 7.312.0 12 16.9 19.612.0

@CpG 7 70.0 4.2±2.1 11 68.8 4.612.3 7 41.7 9.014.5
G :O C :G 0 0 0 3 2.3 1.310.6 1 1.4 1.8i0.9
A:1>T:A 36 30.8 16.2±3.0 31 23.8 16.013.5 19 26.8 30.617.0
A:T>C:G 9 7.7 2.8±1.4 11 8.5 5.211.4 5 7.0 8.910.4
Otliers
+1 frameshifts 0 0 0 0 0 0 0 0 0
-1 frameshifts 2 1.7 0.6±0.3 1 0.8 0.810.4 5 7.0 8.210.4
Deletion 0 0 0 1 0.8 0.810.4 0 0 0
Insertion 0 0 0 0 0 0 0 0 0
Complex 2 1.8 1.2±0.6 0 0 0 1 1.4 1.810.8
changes
Total 117 100 130 100 71 100

* mutation frequency in each class of mutation
# of mutants are corrected for potential clonal expansion
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SICCrriONTf. GENERAL DISCUSSION AND CONCLUSIONS

Chapter 9. The Msh2 DNA mismatch repair and p27 cell cycle regulation: 

what we learned and future perspectives

9.1 What we learned:

The development of transgenic mutation assays greatly facilitates the study of

mutagenesis in vivo. Double transgenic animals allow study of mutagenesis in engineered 

genetic backgrounds. DNA mismatch repair and cell cycle regulation are two crucial 

cellular functions safeguarding genome integrity. In this thesis, I chose two genes, Msh2 

and p27, important components in DNA mismatch repair and cell cycle regulation, 

respectively, to study their roles in mutagenesis and carcinogenesis using a lad  

transgenic assay.

Several strains and species of la d  transgenic rodents, such as C57BL/6, B6C3F1 

and BC-1 mice and F344 rats, are widely used in many laboratories. In addition to the 

strain difference, the la d  transgene construct is different in BC-1 strain compared to the 

other transgenic mice. Differences in induced mutational specificity in different strains 

and species of rodents (Dycaico et al., 1996; Okonogi et al., 1997) led to the question 

whether these rodents have different mutational background. We showed that the 

spontaneous MF and spectra are similar between different rodent strain and species. This 

study also provides a data set for the comparison of spontaneous mutations.

The Msh2 gene is a central play^ in mismatch repair (MMR). A deEciency in 

Msh2 and Mlhl, another gene involved in MMR, has been linked to the pathogenesis of 

most hereditary non-polyposis colorectal cancers (HNPCC) (Fishel and Wilson, 1997).
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HNPCC is characterized as an early onset of colorectal cancer and the predominant

occurrence at the right side colon, it also could occur at the epithelium of other organs, 

such as endometrium, stomach, pancreas and small intestine (Anwar et al., 2000). We 

successfully demonstrated that a deGciency in the Msh2 gene contributes greatly to colon 

mutagenesis and this increased mutational burden might be responsible for the 

initiation/progression of the colorectal tumorigenesis. However, we failed to show 

regional specificity of mutations in different parts of the colon. This is a reminder that 

mice are not people and hence not perfect models. In addition, mutation is only a 

surrogate for tumorigenesis. It might thus be possible that the inactivation of other 

gene(s) responsible for cell proliferation or apoptosis contributes to the regional 

specificity of HNPCC.

Interestingly, we recovered a distinct mutational spectrum in the Msh2 

heterozygous mouse colon characterized by an increase in -1 ffameshifts. According to 

Knudson’s two-hit hypothesis for carcinogenesis (Knudson, 1996), only the inactivation 

of two alleles of a tumor suppressor gene leads to cancer development. However, in this 

study we demonstrate that the heterozygous status of the Msh2 gene also has a mutator 

phenotype. If  the observed increase in -1 &ameshifts contributes to carcinogenesis, then 

we can argue that the Msh2 heterozygosity also results in an increased risk of developing 

cancer. This has significant consequence if we extrapolate these observations to humans. 

Because of the risk of developing cancer in carriers of Msh2 germ line mutation, it could 

be recommended that they should be under intensive tumor screening.

Both genetic and environmental factors contribute to the pathogenesis of 

colorectal cancers. A deGciency of MMR (Msh2 and Mlhl mainly) and APC gene is
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involved in some type of colorectal cancers such as HNPCC and adenomatous poliposis 

coli (APC) and possible some sporadic cancers (Peltomaki, 2001; Whitehouse et al,

1998). On the other hand, one of the most abundant heterocyclic amines present in our 

daily life, 2-amino-l-methyl-6-phenolymidazo[4,5-b]pyridine (PblP), has been identified 

as a potent colonic mutagen and carcinogen (Malfatti et al., 1999). How these two factors 

interact in mutagenesis and carcinogenesis need to be addressed. The data in chapter 5 

demonstrate a synergistic e@ect of a deGciency of Msh2 gene and PhIP treatment in 

mutagenesis in the colon, indicating an increased risk of developing cancers for a MMR 

deGcient population when exposed to this food-home carcinogen. The mutadonal 

specificity also supports the notion of this synergistic effect, the distribution of 

frameshifts occurring at A;T/G:C base pairs in Mshl"^ '̂ and MshZ"̂ ' mice after PhIP 

treatment demonstrates this distribution is influenced by Msh2 deGciency and PhIP 

treatment. The spontaneous MF in the Msh2'^’ mice is 3-fold higher than the MF in 

Msh2'̂ '̂  ̂mice after PhIP treatment. This might indicate that the genetic deficiency alone 

could already add tremendous mutational burden to the organism, and exposure to the 

carcinogen significantly increased the risk of developing cancers.

The multiple mutations identiGed in various tumor tissues have been attributed to 

a mutator phenotype by Loeb (1991). A loss of functions of a mutator gene will 

contribute to mutaGons in other genes that are responsible for multistage tumorigenesis. 

All the thymic lymphomas displayed a signiGcantly higher mutaGon Grequency compared 

to the Msh2"'’’ normal thymus. We demonstrate a distinct mutational spectrum in Msh2’̂ ' 

thymic lymphoma Gssue with an increase of base subsGtuGons occurring at adenine and 

thymine sites, -1 Gmneshifts and complex mutaGons. However, the drasGc increase in
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mutation frequency and an altered mutational spectrum is not detected in all types of 

tumors. Most thymic lymphomas arising in a p53 deficient background and non-thymic 

tumors derived in an Msh2 deficient background failed to show a significantly increased 

mutation &equency (Baross-Francis et ai., 2000; Buettner et al., 1996). Thus the elevated 

mutation frequency is not a feature of all tumors, but may depend on the tumor sub-type 

and genetic background. The different mutational spectrum might be an indication of 

differences in mutagenic mechanisms between thymic lymphoma and corresponding 

normal thymus. Interestingly, the mutational spectrum after PhIP treatment in rat 

mammary tissue mainly displayed an increase in G:C>T;A transversions and guanine 

deletions (Okochi et al., 1999). However, mammary tumors derived Grom PhIP treatment 

displayed a significant increase in the frequency of base substitution occurring at A:T 

base pairs, mainly A:T>C:G transversions within the transgene (Watanabe et al., 

2001), changes similar to those found in thymic lymphoma in the current study. It could 

be speculated that the mutations in other genes that are responsible for the tumor 

progression or the alterations in the microenvironment of the tumor such as hypoxia or 

low pH might contribute to this altered spectrum.

Another important cellular function coping with DNA damage is the regulation of 

cell cycle progression. This can allow sufGcient time for DNA repair to take place.

P2 ykipi ^27) is a member of cyclin dependent kinase inhibitors (GDIs) and recently 

identified as a tumor suppressor gene (Fero et al., 1998). To study the effect of p27 

deficiency on mutagenesis, we generated p27//acJ double transgenic mice harbouring the 

transgene as a mutational reporter. P27 deGcient mice, both heterozygous and 

homozygous, display a similar level of spontaneous mutation as p27 wild type. However,
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when p27^' mice were treated with the carcinogen N-nitroso-N-ethylurea (ENU), the 

induced mutation frequency is significantly higher in p27^' mice than that in p27^^ and 

p27^^ mice. Contrary to the Msh2 deficiency, lack of p27 function does not contribute a 

discrete mutational spectrum both in the spontaneous and ENU treated groups. This could 

be explained fiom the primary functions of the Msh2 and p27 genes. The Msh2 gene has 

specific nucleotide sequence substrates for mismatch repair, and a defect in the Msh2 

gene mainly results in an increase in specific types of mismatches and causes a specific 

change in mutational spectrum. In contrast, p27 is a checkpoint in cell cycle regulation. 

Without functional p27 protein, cells would undergo unrestrained proliferation, and all 

types of DNA damage will be fixed as mutations without allowing DNA repair process 

normal time to act upon them.

P27 heterozygous mice displayed an increased mutation frequency compared to 

the wild type mice after ENU treatment. An intermediate tumor incidence for p27^^'mice 

has also been detected in a tumorigenesis study (Fero et al., 1998). Surprisingly, in 

pituitary melanotroph tumors arising in p2T^' mice, the other wild type allele remains 

intact (Fero et al., 1998). The molecular basis for the haplo-insufficiency of p27 in the 

suppression of mutagenesis and carcinogenesis is not clear. A decreased amount of p27 

protein may alter the stoichiometric relationship between itself and cyclin-dependent 

kinases (CDKs), and this could underlie the proliferative abnormalities in p27^ '̂ cells. A 

gene dosage effect or changes in expression level also need to be considered. A recent 

study suggests that the change in the cellular localization but not the total amount of p27 

protein might contribute to a subset of colorectal cancers (Sgambato et al., 1999).
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Msh2 and p27 are involved in two different cellular responses upon DNA 

damage: mismatch repair and cell cycle regulation. This probably results in their different 

mutability effects. In addition to different mutational spectrum, Msh2 deGciency mice 

displayed a signiGcantly elevated level of spontaneous mutaGon compared to the wild 

type mice, however, p27 deGciency do not cause an increase in the spontaneous MF. The 

vital role of Msh2 in DNA mismatch repair could account for the increased spontaneous 

MF in Msh2^' group. The reason why p27 deGcient mice demonstrate a shnilar level of 

MF as the wild type is not clear at present.

9.2 Future perspectives:

Transgenic mutational assays provide an advantage to investigate chemical 

mutagenicity, however, the detection of mutagenicity depends on the sensitivity of assays 

used. For low mutagenic chemicals, current transgenic mutational assays often fail to or 

only display a minor change in mutaGon ftequency (Shane et al., 2000; Shane et al.,

1999). It was showed that transgenic strains defecGve in some genes displayed an 

increased mutational sensitivity following chemical treatment. This property of genetic 

defective transgenic mice might provide a new way to detect the mutagenicity for low 

mutagenic chemicals.

Since the discovery of a link between de6cts in MMR and human cancers, there 

has been an explosion of MMR-related research in eukaryotes. The repair specificity of 

each MMR gene and mutaGonal data of and AA/ÜL homologues in various tumors 

have been accumulated. However, many characterisGcs ofMMR proteins and their 

funcGons still remain enigmatic. The elucidaGon of the bases for strand discrimination of
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MMR. in eukaryotes will provide an insight into the interaction between MMR. proteins 

and cellular signals response to DNA damages. The involvement of MMR proteins in 

meiosis (Berts et al., 2000; Santucci-Darmanin et al., 2000) may suggest a role of these 

proteins in chromosomal instability, a typical alteration in most type of tumors. Detailed 

studies of MMR proteins and chromosomal instability will provide a new insight into 

MMR deGciency induced mutator phenotype and tumor development.

The associaGon between deGciency of mitoGc control (CDKs and GDIs) and 

tumorigenesis indicates that the cell cycle regulation genes are also a type of tumor 

suppressor gene. However, the discrepancy of low amount of p27 protein and the rarity of 

mutaGons in p27 gene in many tumors makes it desirable to invesGgate the regulaGon of 

p27 expression and mechanisms involving p27 post-translaGonal modiGcaGon. How 

these regulators operate in tumor cells characterized by absence of contact inhibiGon and 

ability of metastasis need to be addressed extensively. These information will provide an 

explanation for the abnormal cellular behavior of tumor cells and possibly provide a 

harness for the tumor growth and metastasis.

As deGned by Kinzler and Vogelstein (1997), the Msh2 and p27 fall into two 

categaries of genes safeguarding genetic stability; caretakers and gatekeepers, 

respecGvely. Caretakers are responsible for the maintenance of the integrity of the 

genome, DNA repair genes belong to this class (Lengauer et al., 1998). Gatekeepers are 

gaies regulating cell prohferaGon and apoptosis (Kinzler and Vogelstein, 1997). A 

deGciency in either group of genes could lead to tumorigenesis. Cellular signals that link 

these two Gmdamental funcGons in response to DNA damage still remain unclear. The 

unveiling of those signals may greatly facilitate our understanding of the initiation and
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progression of tumors. The detection of a deficiency in those signals and subsequent gene 

therapy may lead to a great improvement for cancer prevention and treatment.
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