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ABSTRACT
THE ROLE OF TUMOR SUPPRESSOR GENE p53 IN MALIGNANT
TRANSFORMATION AND THE ROLE OF THE hREV1 GENE IN DAMAGE-
INDUCED MUTAGENESIS OF HUMAN FIBROBLAST CELLS
By

Xi-De Wang

Alterations in oncogenes, tumor suppressor genes, or genes involved in
DNA repair have been demonstrated to play causal roles in carcinogenesis.
Activation of oncogenes or inactivation of tumor suppressor genes promotes cell
growth, whereas a decreased rate of DNA repair or aberrant repair increases the
mutation rate of the genome, including oncogenes and tumor suppressor genes.
This dissertation concerns two aspects of carcinogenesis, i.e., the role of loss of
function of p53 in the malignant transformation of human fibroblasts in culture
and the role of hREV1 in human cell mutagenesis. The p53 gene is the most
frequently altered tumor suppressor gene in human cancers, and hREV1 is
considered to be an essential gene for mutagenesis induced by DNA damaging
agents.

McCormick and colleagues found that carcinogens such as y-radiation,
ultraviolet (UV) radiation, benzo[a]pyrene diol epoxide (BPDE), or
methylnitrosourea, can induce focus formation in the immortal, chromosomally-
stable, non-tumorigenic human fibroblast cell strain MSU-1.1, and that a high
percentage of the focus-derived cell strains have lost the function of p53. In
addition, only the cell strains that lost p53 could form tumors in athymic mice. To

test whether loss of p53 plays a causal role in allowing cells to form foci in
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culture and malignant tumors in mice, | transfected a wild-type p53 gene into a
focus-derived malignant cell strain that had lost p53 function, and determined
the effects of exogenous p53 expression on the cells' transformed phenotypes.
The results indicate clearly that p53 suppresses focus formation, anchorage-
independence, and the ability to form tumors, strongly suggesting that loss of
p53 predisposes carcinogen-treated MSU-1.1 cells to transformation.

It has been determined that in Saccharomyces cerevisiae, the function of
the REV1 gene is required for mutagenesis induced by a variety of DNA
damaging agents. To determine whether this is also the case for mutagenesis in
human cells, Christopher Lawrence of the University of Rochester cloned a
human gene homologous to the yeast REV17 gene, and | determined whether
this hREV1 gene is required for human cell mutagenesis. To do so, | generated
cell strains that express hREV1 antisense RNA at high levels and used them to
determine the effect of antisense RNA expression on the mutagenic effect of UV
and of BPDE. The results showed that expression of antisense RNA greatly
reduced the frequency of UV- or BPDE-induced mutants. | then expressed
exogenous hRev1 protein in cells that express antisense RNA and found that it
restored their capability of generating mutations in response to such DNA
damage. These data strongly support the hypothesis that hREV1 is required for
virtually all damage-induced mutations. Amplification and sequencing of the
HPRT cDNA from a series of independent BPDE-induced mutants derived from
normal parental cells and from cells expressing exogenous hRev1 revealed that

the kinds of base substitutions induced were virtually identical.
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INTRODUCTION

Carcinogenesis is a multistep process, by which a cell accumulates a
series of genetic changes until it finally becomes a cell capable of forming a
malignant tumor. Three classes of genes are involved in this process:
oncogenes, tumor suppressor genes, and DNA repair genes. My dissertation
project studies two aspects of carcinogenesis: the role of loss of function of p53,
a potent tumor suppressor gene, in the malignant transformation of human
fibroblasts and the role of the hREV1 gene in human cell mutagenesis induced
by DNA damaging agents.

Chapter 1 is a review on the literature closely related to the research that |
pursued in my dissertation project. The first section presents a review of
carcinogenesis, including a brief description of the multistep model of
carcinogenesis and a summary of the functioning of the tumor suppressor gene
p53. The second section discusses in greater detail the Saccharomyces
cerevisiae yeast REV1 gene and its human homolog, hREV1; the mechanisms of
translesion synthesis involving yeast Rev1, Rev3, Rev7 and their human
homologs; and the RAD6/hRAD6 damage tolerance pathway to which these
genes belong.

Chapters 2, 3 and 4, as well as the Appendix, summarize my dissertation
research. Chapter 2 represents a manuscript to be submitted for publication in
Cancer Research. It examines the relationship between loss of p53 function and

the ability of human fibroblasts of the MSU-1 lineage to express characteristics of



ma'gnar’
athymic 1
tture ¢
farsform
artyofc
of celis te
assessing
Carcinoge
11cels 4
finction of
mors in
the cells 1o

3s 10 tran

Bat hag |od

®ud revers



malignant cells, i.e., ability to form foci, colonies in soft-agar, and/or tumors in
athymic mice. Focus formation is a transformation phenotype in which cells in
culture continue replicating, pile up, or form multilayers when the non-
transformed cells form a confluent monolayer. Anchorage-independence, i.e., the
ability of cells in culture to form colonies in semi-solid medium, reflects the ability
of cells to grow without attachment. Athymic mice are used as animal models for
assessing the tumorigenicity of human cells. It had been shown in the
Carcinogenesis Laboratory that carcinogens can induce focus formation in MSU-
1.1 cells, and that a high percentage of the focus-derived cells have lost the
function of p53. It was also found that only cells that had lost p53 could form
tumors in mice. My research was devoted to testing whether loss of p53 causes
the cells to form foci in culture and malignant tumors in mice. The strategy | used
was to transfect a wild-type p53 gene into a focus-derived malignant cell strain
that had lost both copies of the gene and determine whether expression of p53
could reverse the cell's transformed phenotypes. The results clearly indicate that
p53 suppresses focus formation, anchorage-independence, and the ability to
form tumors. Terrence P. McManus, the second author, provided critical insight
intq the relationship between focus formation and loss of p53 and carried out
fundamental background studies on this important question.

Chapter 3 is a paper published in the Proceedings of the National
Academy of Sciences USA in 2000. It describes the earliest study on the role of
the human REV1 gene in UV-induced mutagenesis. The yeast counterpart of

~REV1 was known to play an essential role in damage-induced mutagenesis and
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to function as an auxiliary factor required for DNA polymerase zeta to carry out
synthesis past lesions that block replication. Drs. Peter Gibbs and Christopher
Lawrence of the University of Rochester cloned the hREV1 gene. My role was to
test whether hREV1 is required for mutagenesis induced by UV in human cells.
Using an antisense RNA strategy, | found that cells expressing a high level of
hREV1 antisense RNA show a greatly reduced frequency of UV-induced
mutants. The third author, Zigiang Li, carried out several mutagenesis assays,
and the fourth author, Terrence P. McManus, carried out the transfection of the
human cells and isolation of the transfectant clones to be screened for
expression of the antisense RNA.

Chapter 4 represents a manuscript to be sumitted for publication in
Molecular and Cellular Biology. It summarizes further studies carried out to
determine the role of hREV1 in UV and BPDE-induced mutagenesis. The data
indicate that antisense RNA-expressing cells exhibit a greatly reduced frequency
of BPDE-induced mutants compared to normal cells and that the frequency of
mutants induced by UV or by BPDE in the antisense RNA-expressing cells was
significantly increased by expression of exogenous hRev1 protein. These data
strongly suggest that hRev1 is required for both UV- and BPDE-induced
mutagenesis. Sequencing of the HPRT cDNA amplified from 6-thioguanine-
resistant clones derived from the normal parental cells and cells expressing the
exogenous hRev1 protein show that hREV1 is required for the majority of
damage-induced base substitutions. Dr. Christopher Lawrence, the second

author, provided critical insights into the possible function of the human homolog
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of yeast Revl and the polyclonal antibody 468 against hRev1. Dr. Yoshiki
Murakumo, the third author, constructed and provided the plasmid for the
expression of Flag-hRev1 protein.

The Appendix is a review article regarding the roles of yeast and human
REV1 and REV3 in mutagenesis and translesion replication. It was prepared by
Dr. Christopher Lawrence, and he presented a summary of the research in the
2000 Cold Spring Harbor Symposium on Quantitative Biology, entitled Biological
Responses to DNA Damage. The text, which constitues the Appendix, has been
published in the Cold Spring Harbor Symposium on Quantitative Biology Volume
LXV. My contribution to this paper was to provide the data on the role of hREV1

in UV mutagenesis in human cells.
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CHAPTER 1

Literature Review

I. Carcinogenesis is a multistep process

A. Characteristics of cancer

Cancer is a result of uncontrolled cell proliferation. Under normal
conditions, the multiplication of cells is tightly regulated. Very occasionally, this
exquisite control system breaks down, and a cell begins to grow and divide
without responding to regulation. Ultimately, the indefinite proliferation gives rise
to cancer. At least six essential alterations occur to cancer cells (Hanahan and
Weinberg, 2000). These characteristics include self-sufficiency in growth signals,
insensitivity to anti-growth signals, evasion from apoptosis, unlimited replicative
potential, sustained angiogenesis, and tissue invasion and metastasis (Hanahan

and Weinberg, 2000).

B. Evidence for the multistep nature of carcinogenesis

Several lines of evidence have led to the insight that carcinogenesis is a
multistep or multi-event process. The incidence rate of most common human
cancers, including cancers of the prostate, stomach, skin, rectum, pancreas and
esophagus, increases dramatically with age (Miller, 1980). Apparently a longer
period allows more events to happen. Patients who undergo radiation therapy
often develop new cancers, but the tumors do not form immediately. Neoplasia of
different levels of malignancy can be found in the colon (Kinzler and Vogelstein,

1996). In familial adenomatous polyposis (FAP) patients, one or a few, but not
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all, of the hundreds of adenomatous polyps eventually progresses to cancer. In
sporadic colorectal tumors, malignant carcinoma and premalignant adenoma are
frequently found adjacent to one another. Transfer of one oncogene was not
sufficient to cause obvious changes in primary rodent fibroblasts, but co-transfer
of two oncogenes caused abnormal growth of recipient cells, allowing formation
of foci of piled-up cells, and these focus-derived cells formed tumors in mice
(Land et al., 1983). Human papilloma viruses have many subtypes, but only
those whose E6 and E7 proteins respectively bind Rb and p53 proteins are
associated with cervical cancers in human (Munger et al., 1989). Three lines of
systematic research supporting the mutlistep nature of carcinogenesis will be

discussed in a greater detail below.

1. Colorectal tumorigenesis

a. Mutations found in colorectal tumors

Clinical and histopathology studies have identified in the colon of patients
several types of neoplasia, including hyperproliferative epithelium (hyperplasia),
adenoma (benign tumor), carcinoma-in-situ (malignant tumor) and invasive
carcinoma and have suggested that most, if not all, carcinomas arise from
preexisting adenomas (Toribara and Sleisenger, 1995). The availability of tissues
at different steps provides much advantage in studying the genetic and molecular
mechanisms underlying the multistep carcinogenesis.

The first gene identified to involve in colorectal carcinogenesis is the APC
(Adenomatous Polyposis Coli) gene (Bodmer et al., 1987; Leppert et al., 1987). It

was assigned to chromosome 5g21-22 in genetic linkage studies which compare
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the frequency of coinheritance of disease phenotypes and chromosomal markers
(genotypes). Mutation of APC gene is responsible for the hereditary disease
familial adenomatous polyposis (FAP). Loss of heterozygosity (LOH) in this gene
was also found in 20% of sporadic colorectal tumors (Solomon et al., 1987). The
APC gene was subsequently cloned by the positional cloning strategy (Groden et
al,, 1991; Kinzler et al., 1991). Studies indicated that more than 80% of the
tumors that developed in FAP and non-FAP patients had at least one inactivating
mutation in APC gene (Nishisho et al., 1991; Miyoshi et al., 1992; Powell et al.,
1992).

The APC gene encodes a cytoplasmic protein of 2843 amino acids.
Sequence analysis of this large protein has identified several domains and motifs
that are important for APC function. These include homodimerization domain, the
Asef-binding armidillo domain, domains for binding p-catenin, axin and
microtubule, and nuclear import and export sequences (Sieber et al., 2000). The
key tumor suppressor function of APC lies in its ability to bind and destabilize the
free pB-catenin protein (Smits et al., 1999). The mutation hot spots or mutation
cluster region identified in APC gene of both FAP and sporadic colorectal cancer
patients reside in the p-catenin binding and regulation domain of APC protein
(Sieber et al., 2000). In the 15% of colon carcinomas that retain wild-type APC,
mutations were found in B-catenin (Morin et al., 1997). In addtion, mutations in
genes in the same pathway as B-catenin can also initiate tumorigenesis (for a
review, see Bienz and Clevers, 2000). In normal cells, APC protein forms a

complex with axin, which recruits p-catenin and facilitates the phosphorylation of
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B-catenin by glycogen synthase kinase 3p (GSK3-p). Phosphorylated B-catenin is
targeted for deconstruction at the proteasome. GSK3-B can also phosphorylate
APC and axin, and thereby enhance the binding of B-catenin to APC-axin
complex and increase p-catenin degradation. The activity of GSK3-f is
modulated by the Wnt-1 pathway. Upon binding of Wnt-1 peptide to its
transmembrane receptor frizzled, the dishevelled protein is activated and inhibits
the activity of GSK3-B. The inhibition of GSK3-p reduces the phosphorylation of
B-catenin and thereby represses its degradation. The resulting accumulation of
nuclear and cytoplasmic B-catenin up-regulates the transcription of several proto-
oncogenes including cyclin D1 and c-myc by transcription factor Tcf (Sieber et
al., 2000).

Mutation of a ras gene is another important factor in colorectal
tumorigenesis. There are three members in the ras gene family: N-ras, H-ras and
K-ras, located on chromosomes 1, 11 and 12, respectively (Barbacid, 1987). The
ras gene encodes a small GTPase associated with the inner surface of the
plasma membrane. Like all other GTPases, it exists in a GDP-bound, inactive
form and a GTP-bound, active form. The GDP-bound form is the major form in
unstimulated state. Guanine nucleotide exchange factors (GEF) catalyze the
release of GDP from Ras, allowing GTP to bind. The GTP-bound Ras protein
interacts with down stream effectors and activates them. Finally, the intrinsic
GTPase activity of Ras, further enhanced further by GTPase activating proteins
(GAP), hydrolyzes the GTP into GDP and inactivates Ras. In cells, Ras protein

acts as a relay switch that transmits extracellular signal like epidermal growth
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factor (EGF) to intracellular signaling cascades. The best characterized cascade
is the mitogen-activated protein kinases (MAPK) pathway involved in controlling
cell proliferation, through the effector protein Raf serine/threonine kinase. Other
effectors include lipid kinases such as phosphoinositide 3-phosphate lipid
kinases (PI3Ks) and some guanine nucleotide exchange factors (GEF) (Marshall,
1996). The links between activated Ras protein and deregulated cell cycle are
cell cycle regulatory proteins, such as cyclin D1 and cyclin-dependent kinase
inhibitors, including p21 and p27 (Pruitt and Der, 2001).

Mutation of one or other of the ras proto-oncogenes or amplification of a
ras gene (Bos, 1988) has been found in many types of human neoplasia. The
majority of alterations are point mutations in codons 12, 13 and 61. The point
mutations abolish the intrinsic GTPase activity and result in a constitutively
activated Ras protein, while gene amplification causes an elevated level of Ras
protein. In colorectal tumors, 40-50% have point mutations (Bos et al., 1987;
Forrester et al., 1987), and among the ras gene family, K-ras is the most
frequently mutated ras gene (Vogelstein et al., 1988).

More than 75% of colorectal carcinomas examined showed loss of
chromosome 17p (Fearon et al., 1987). Chromosome mapping with twenty
chromosome 17p markers localized the deleted region to 17p12 to 17p13.3
(Baker et al., 1989). This region contains p53 (Isobe et al., 1986), which is a
potent tumor suppressor gene mutated in more than half of human cancers

(Greenblatt et al., 1994). Li-Fraumeni syndrome patients inherit loss of the
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function of one of their p53 genes and retain only one functional copy of that
gene. They are known to be predisposed to various cancers (Malkin et al., 1990).

In addition to chromosomes 5q and 17p, where the APC gene and p53
gene are located, allelic loss of 18q is also frequently found in colorectal cancers
(Vogelstein et al., 1989). The gene lost in chromosome 18q was originally
believed to be the DCC gene (deleted in colorectal cancer), which encodes for a
protein that shares a significant sequence similarity to cell adhesion molecules
such as N-CAM (Fearon et al., 1990; Cho et al., 1994). However, recent
evidence indicates that loss of an adjacent gene, DPC4/SMAD4 (DPC.: deleted in
pancreatic cancer), localized to 18921 and lost in about 90% of human
pancreatic carcinomas (Hahn et al., 1996), is more likely to be the event playing
a role in colorectal carcinogenesis (Thiagalingam et al., 1996). In addition,
mutations in the SMAD4 gene also cause Juvenile Polyposis Syndrome, a
disorder characterized by a predisposition to hamartomatous polyps and
gastrointestinal cancer (Howe et al., 1998). SMAD4 functions in the transforming
growth factor B (TGF-B) signaling pathway. Upon the binding of TGF-B to its
receptor, the SMAD4 protein forms a heteromeric complex with two other
proteins, SMAD2 and SMAD3, and the complex translocates into the nucleus
and interacts with transcription factors that transactivate inhibitory factors of cell
cycle, such as p15 (Feng et al.,, 2000). Disruption of SMAD4/DPC4 function

abolishes TGF-B-induced growth control and apoptosis (Derynck et al., 1998)

b. Stages of the occurrence of mutations

10
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Benign tumors (adenoma) and malignant tumors (carcinoma) often coexist
in colorectal cancer patients. Based on the size, grade of dysplasia and villous
component of adenomas, Vogelstein et al. (1988) have further divided the
adenomas obtained from patients into three subgroups, Class |, Il and lll. Class |
tumors are small tubular adenomas with low-grade dysplasia. Class Il adenomas
are lesions that had not progressed to carcinoma, and Class Ill are adenomas
that have given rise to small areas of invasive adenocarcinoma. Establishment of
these three benign stages and one malignant stage allows the molecular
charaterization of genetic changes occurring at each step.

About 50% of Class Il and Ill adenomas have K-ras mutations, which is
similar to the frequency of carcinomas. In addition, K-ras mutation occurs in 58%
of adenomas larger than 1 cm, but only in 9% of those under 1 cm in size. Allelic
loss of chromosome 5 is not detected in all Class | adenomas examined, but is
found in 29% of either Class Il or Ill adenomas and 36% of carcinomas. Loss of
heterozygosity of chromosome 18q and 17p is not common in Class | and i
adenomas (less than 13%). But it is common in carcinomas (about 75%). While
loss of 17p sequence is found in 24% Class |ll adenomas, LOH of 18q is found in
about 50% of Class Ill adenomas. These data revealed a possible order and
timing of genetic changes in colorectal carcinogenesis. That is, Ras gene
mutation and deletion of APC gene happen relatively early but probably neither
of them is the first event. Alterations in 18q and 17p happen later, and deletion in
18q precedes the loss of 17p. These data indicate that carcinogenesis happens

in several steps, and every step involves a genetic change.

11



2. Malignant transformation studies of the MSU-1 cell lineage

To investigate the mechanisms of malignant transformation of human
cells, McCormick and colleagues (Morgan et al., 1991) developed an infinite life
span human fibroblast cell strain, MSU-1.1. This was achieved in part by
transfection of a v-myc oncogene into a diploid normal fibroblast strain
(designated LG1) derived from the foreskin of a normal neonate. The vast
majority of the descendants of this cloned transfectant eventually entered crisis
and senesced. However, continued feeding and subculturing of the population
yielded an infinite life span cell strain that had escaped senescence. This cell
strain, designated MSU-1.1, has a stable, near-diploid karyotype composed of 45
chromosomes, including two marker chromosomes. It expresses endogenous
telomerase activity, as shown by the Telomeric Repeat Amplification Protocol
(TRAP) assay (McCormick et al., unpublished data), and grows in 5% serum as
rapidly as early passage finite life span cells grown in 10% serum. Examination
of populations stored frozen at earlier passages revealed the presence of a
diploid precursor strain, designated MSU-1.0, which grows slowly. The MSU-1.0
cells cannot be transformed into malignant cells, whereas the MSU-1.1 cells can
be. The possible role of the two marker chromosomes present in the MSU-1.1
cell strain in malignant transformation is under vigorous investigation.

In contrast to primary normal human fibroblasts, the nontumorigenic MSU-
1.1 cells can be transformed into cells capable of forming tumors in athymic mice
with a short latency by transfecting them with an activated (mutated) H-ras

(Hurlin et al., 1989), N-ras (Wilson et al., 1990) or K-ras (Fry et al., 1990), or by

12
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exposing them to a single dose of y-radiation (Reinhold et al., 1996; O'Reilly et
al., 1998) or chemical carcinogen (Yang et al.,, 1992; Boley et al., 2000).
Examination showed that the cells derived from tumors produced by cells
overexpressing such oncogenes remained diploid (Hurlin et al., 1989; Fry et al.,
1990), whereas the cells transformed to malignancy by carcinogen treatment
exhibited chromosomal changes additional to those two marker chromosomes
(Yang et al., 1992; Reinhold et al., 1996; O'Reilly et al., 1998; Boley et al., 2000).
For example, a large fraction (>40%) of independent cell strains derived from foci
formed by MSU-1.1 cells treated with carcinogens had lost their p53
transactivation function (O'Reilly et al., 1998; Boley et al., 2000). In a focus-
derived cell strain, designated MSU-1.1-y1-2A1, one copy of chromosome 17
was lost. These data suggested that the loss of p53, a tumor suppressor gene,
plays a causal role in transformation of MSU-1.1 cells by carcinogens. In
summary, in this lineage of cells, as the cells become more tumorigenic, i.e.,
from the normal LG1 cells, the immortal MSU-1.0 cells, the MSU-1.1 cells with
marker chromosomes, to tumorigenic cells transformed by oncogenes or
carcinogens, more genetic alterations occur, and the changes can be gain-of-
function of oncogenes or loss-of-function of tumor suppressor genes. This
lineage of cells provides an excellent model of stepwise malignant transformation

of normal human fibroblasts in culture.

3. Transformation of normal cells with defined steps

Primary rodent cells can be easily transformed into malignant cells by

expressing two oncogenes (Land et al., 1983 and Ruley, 1983), but efforts trying
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to convert primary human cells into tumorigenic cells by transfecting oncogenes
have yielded little success. Very recently, Hahn et al. (1999) reported a
successful tumorigenic conversion of normal human epithelial and fibroblast cells
by successive ectopic expression of the telomerase catalytic subunit (RTERT),
the simian virus 40 large-T antigen and an oncogenic allele of H-ras. This same
set of genes can transform primary human mammary epithelial cells as well
(Elenbaas et al., 2001). These data illustrate elegantly the mutistep nature of
carcinogenesis and indicate that a minimal of three events, i.e., telomere
maintenance (by hTERT), inactivation of growth control (of p53 and pRb by SV40
large-T antigen), and constitutive activation of the mitogen-response pathway

(via Ras) are sufficient to create tumor cells directly from primary human cells.

C. Cancer genes

Three classes of genes are mainly involved in carcinogenesis. They are
oncogenes, tumor suppressor genes and repair genes. These genes will be

briefly discussed.

1. Oncogenes

Oncogenes are genes that are able to transform cells in culture or to
induce tumors in animals. They are often mutated forms of protooncogenes, i.e.,
cellular genes that function to encourage the normal cell growth (Bishop, 1995).
The conversion of a protooncogene into an oncogene involves a gain-of-function
mutation, which could be point mutation, gene amplification or chromosomal

translocation. Oncogenes are often constitutively active, or expressed at an
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inappropriate level. The activation or overexpression of oncogenes promotes
uncontrolled cell growth. Because of this gain-of-function mode of action,
mutation in one copy of the oncogene, rather than mutations in both copies, is
enough to produce its oncogenic effects.

The hallmark of cancer is uncontrolled cell growth. One of the most
important mechanisms of controlling cell growth is the signal transduction
cascade triggered by growth factors. This cascade often consists of extracellular
growth factor, membrane-bound growth factor receptor, intracellular signal
transducers and nuclear transcription factors. Indeed, many oncogene products
participate in these signal transduction cascades (Lodish et al., 2000). For
example, the sis oncogene, encodes a type of platelet-derived growth factor.
Many human breast cancers overexpress Her2 oncoprotein, which is a receptor
for epidermal growth factor and other related hormones. Ras, the first human
oncogene identified, encodes a small GTPase, one kind of signal transducer
involved in the MAP kinase pathway. Overexpression of transcription factors Fos,

Jun, and Myc can induce transformation (Lodish et al., 2000).

2. Tumor suppressor genes

Tumor suppressor genes are genes that normally function to inhibit cell
growth, and when they are mutated, cells will grow without a restraint. For a
tumor suppressor gene to lose its function, both copies of this gene must be
inactivated. The ways for inactivating tumor suppressor genes can be allelic loss,
mutations or gene siliencing. At least four broad classes of genes are recognized

as tumor suppressor genes (Lodish et al., 2000). They are inhibitors of cell cycle
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progression, such as RB, p21 and p16; receptors that function to inhibit cell
growth, like TGF-p receptors, genes involved in checkpoint controls, e.g., ATM,
BRCA1 and genes promoting apoptosis, like p53.

The retinoblastoma gene (RB) is the first tumor suppressor gene identified
(Friend et al., 1986; Lee et al., 1987). Loss of function of this gene underlies the
development of retinoblastoma, a malignant tumor arising in the undifferentiated
retina of one or both eyes in early childhood. Since children with hereditary
retinoblastoma develop tumor from only about one cell among 10° developing
cells in the retina, the inherited mutation of RB is recessive to the wild-type allele.
Loss of the function of the second allele is required for a tumor to form. The Rb
gene is the prototype of tumor suppressor gene.

The Rb protein is a nuclear protein, which normally binds to the E2F family
of transcription factors (E2F) and represses the transcription of genes required
for G1 to S transition of the cell cycle by E2F (Weinberg, 1995). When Rb protein
is phosphorylated by cyclin-dependent kinases complexed with cyclin proteins,
the Rb is inactivated and the transcription by E2F is activated and the cell cycle
progresses (Lundberg and Weinberg, 1998; Harbour et al., 1999). Inactivation of
Rb removes the constraint on cell cycle progression imposed by Rb. Expression
of exogenous Rb protein in retinoblastoma or osteosarcoma cell strains that had
inactivated endogenous RB genes suppresses the growth, anchorage-

independence and tumorigenicity of these tumor cells (Huang et al., 1988).

3. Repair genes
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Repair genes are genes involved in various DNA repair mechanisms
functioning in human cells. They do not affect the cell growth directly but reduce
the mutation rate of the entire genome, including oncogenes and tumor
suppressor genes. In mammalian cells, DNA repair pathways repair ~100,000
modifications happening to each DNA molecule every day (Friedberg et al.,
1995). Failure in these genome maintenance mechanisms causes cancer
susceptibility in a variety of tissues (Hoeijmakers, 2001).

The importance of DNA repair in guarding against cancer is best
illustrated in the Hereditary Non-Polyposis Colon Cancer (HNPCC), which
accounts for 5-8% of all colon cancers. The first genetic locus linked to HNPCC
was mapped to chromosome 2p15-16 (Peltomaki et al., 1993). The gene deleted
in this region was found to be a human homologue of bacteria MutS (hMSH2), a
gene required for mismatch repair (MMR) (Leach et al., 1993; Fishel et al., 1993).
Mutations in other genes involved in human MMR were subsequently found,
including hMLH1 (Bronner et al., 1994; Papadopoulos et al., 1994), PMS1 and
PMS2 (Nicolaides et al., 1994), all of which are homologues of the prokaryotic
mutL gene. Indeed, 92% of tumors derived from 74 HNPCC kindreds showed
microsatellite instability, a characteristic of MMR deficiency, and 70% of the 48
kindreds with such instability had mutations in the coding region of 5 MMR genes
known at that time (Liu et al., 1996). Defects in the hMLH1, h(MSH2 and hMSH6
are three most common germline mutations among HNPCC, with approximately

50%, 40% and 10% frequency respectively (Peltomaki, 2001).
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The MMR mainly deals with mismatches that have escaped the
exonucleolytic proofreading of the replication machinery and insertion/deletion
loops that are caused by slippage of DNA polymerase during replication (Jiricny,
1998). In bacteria, the lesions are recognized by the homodimeric MutS protein.
Binding of MutL homodimer to MutS helps bringing the MutH protein, a strand
discrimination factor and other necessary factors. The outcome of MMR is the
removal of mistakes on the newly synthesized daughter strand. In humans, the
heterodimer of hMsh2 and hMsh6 recognizes mismatches and heterodimer of
hMsh2 and hMsh3 recognizes insertion/deletion loops. To mediate the interaction
between recognition complex and other factors, hMIh1 forms a heterodimer with
hPms2, hPms1 or hMIh3. The human MMR system is similar to the prokaryotic
MMR, but has a higher complexity (Harfe and Jinks-Robertson, 2000).

Deficiency of MMR causes at least a 100-fold increase in mutation rate of
microsatellite repeat sequences (Parsons et al., 1993), and enhances mutations
in protooncogenes and tumor suppressor genes. In tumor cells with microsatellite
instability, frameshift mutations have been found in tumor suppressor genes such
as TGFpBRII (Markowitz et al., 1995) and PTEN (Guanti et al., 2000). As models
for human disease, mouse knockouts of MSH2, MSH6, PMS2, or MLH1 showed

a prediposition to diverse types of tumors (Harfe and Jinks-Robertson, 2000).
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D. The p53 gene
1. From a tumor antigen to an oncogene, and from an oncogene to a

tumor suppressor gene

The protein p53 was first identified as a ~53kD protein interacting with the
large-T antigen protein encoded by the small DNA tumor virus simian virus 40
(SV40) (Lane and Crawford, 1979). Because the level of this p53 protein in the
transformed cells was enhanced by SV40 infection or transformation (Linzer and
Levine, 1979), and SV40 infection was indispensable for the induction and
maintenance of the transformed state, p53 was believed to be a tumor antigen.
Subsequent studies on p53 revealed that many tumor-derived cells or cells
transformed in culture exhibited a higher level of p53 protein than normal cells
(Deleo et al., 1979) and that p53 protein expressed in SV40-transformed cells
had a much longer half-life than p53 protein in normal cells (Oren et al., 1981).
The fact that cloned p53 genes could immortalize cells of finite lifespan in vitro
(Jenkins et al., 1984) and could cooperate with the activated H-ras oncogene in
transforming normal cells (Eliyahu et al., 1984; Jenkins et al., 1984) strongly
suggested that p53 was an oncogene. It is now well established that p53 is a
tumor suppressor gene. The p53 genes that helped transform normal cells
(Eliyahu et al., 1984; Jenkins et al., 1984) turned out to be mutant forms of p53
(Hinds et al.,, 1989). It was shown that mutant p53 could interfere with the
function of wild-type p53 by binding to or competing with the wild-type p53, and in
that way cause stabilization of mutant p53 protein (reviewed in Blagoskionny,

2000). What is more, expression of wild-type p53 was found to inhibit oncogene-
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induced focus formation by primary rat embryo fibroblasts (Finlay et al., 1989;
Eliyahu et al., 1989). Additional proof that p53 acts as a tumor suppressor gene
comes from genetic studies showing that the chromosomal region harboring the
p53 gene is lost at very high frequency in colorectal tumors (Vogelstein et al.,
1988). It is now known that more than half of human cancers have mutations in
the p53 gene (Greenblatt et al., 1994), and that Li-Fraumeni syndrome patients,
who inherit one mutant allele of p53, are predisposed to various tumors

(Srivastava et al., 1990).

2. Functional domains of p53

The human p53 protein consists of 393 amino acids. It can be roughly
divided into three major functional domains, the N-terminal transactivation
domain, the central sequence-specific DNA-binding domain, and the C-terminal
regulatory domain (Ko and Prives, 1996). The transactivation domain lies within
amino acid residues 1-42 (Unger et al., 1992). This domain recruits basic
transcription factors like TATA box-binding protein (TBP) (Seto et al., 1992;
Truant et al., 1993) and TBP-associated factors (Thut et al., 1995; Farmer et al.,
1996). The sequence-specific binding domain was mapped to the region
between ~80-300 amino acids (Wang et al., 1993; Pavletich et al., 1993). The
consensus sequence that this domain binds to consists of two inverted
sequences of 5'-PuPuPuC(A/T)(T/A)GPyPyPy-3', separated by 0-13 base pairs
(el-Deiry et al., 1992). Binding of p53 to this sequence in the promoter region of
downstream target genes initiates the transcription of these genes. Residues

300-393 is the C-terminal regulatory domain. In this domain, there are two

20



subdd

(Pavie
(Sten
acts t
can b4
ofam
I (Hug

directs

2.500
tumors
Cluster
1994),

transg,



subdomains. One, the tetramerization domain, lying within residues ~320-360
(Pavletich et al., 1993), can promote DNA binding and enhance transcription
(Stenger et al., 1994). The other, consisting of the last 30 amino acid residues,
acts to keep the DNA binding activity of the whole protein latent. This inhibition
can be alleviated by deletion of the C-terminus, mild proteolysis of p53, addition
of a monoclonal antibody against this region, or phosphorylation by casein kinase
Il (Hupp et al., 1992). In addition, p53 has a nuclear localization domain, which
directs the transport of p53 protein into the nucleus. Compilation of more than
2,500 p53 gene mutations that were found to have occurred in various human
tumors and tumor cell lines revealed that the vast majority of mutations are
clustered in the central sequence-specific DNA binding domain (Hollstein et al.,
1994), suggesting that p53 exerts its tumor suppression function mainly as a

transcription factor.

3. Activation of p53

In normal or unstressed cells, the level and the activity of p53 are both
relatively low (Giaccia and Kastan, 1998). This is achieved mainly by two
mechanisms, the action of Mdm2 protein and the allosteric inhibition by the C-
terminal domain of p53. As a transcription factor, p53 transactivates the
expression of its own negative regulator Mdm2 (Barak et al., 1993). The Mdm2
protein can form a complex with p53 protein (Momand et al.,, 1992) at the
transactivation domain of p53 (Oliner et al., 1993) and thereby conceal the
transactivation domain from basic transcription factors and reduce the level of

transcription induced by p53 (Momand et al., 1992; Oliner et al., 1993). In
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addition, the Mdm2 protein also has a ubiquitin-ligase activity (Honda et al.,
1997). Binding of Mdm2 protein to p53 causes ubiquitination of p53 (Fuchs et al.,
1998) and therefore, targets p53 for degradation via the 26S proteasome (Haupt
et al., 1997; Kubbutat et al., 1997). This latter activity of Mdm2 keeps the level of
p53 protein low. The latent activity of p53 is achieved by the C-terminus, which
normally folds back and keeps the sequence-specific DNA binding domain in a
closed conformation. Together, the actions of Mdm2 and the C-terminus of the
p53 protein keep the p53 function dormant.

The cryptic function of p53 can be activated when the cells are under
stress. A number of factors can activate p53. These include ionizing radiation,
UV radiation, hypoxia, cell adhesion and decreased ribonucleotides. Similarly, a
number of mechanisms can activate p53, for example, phosphorylation,
acetylation and glycosylation are employed. The complexity in the modulation of
p53 has been reviewed in many articles (see for example, Ko and Prives, 1996;
Giaccia and Kastan, 1998). The activation of p53 mainly involves stabilization of
p53 protein by preventing Mdm2-mediated p53 ubiquitination and induction of the
exposure of the sequence specific DNA-binding domain by changing the
conformation of the C-terminus. As an example, in response to ionizing
radiation, Ser15 of p53 protein is phosphorylated (Shieh et al., 1997; Siliciano et
al,, 1997), and Lys382 of p53 becomes acetylated (Sakaguchi et al. 1998).
Phosphorylation of Ser15 leads to an inhibition in the binding of p53 to Mdm2
protein in vitro and in vivo (Shieh et al., 1997) and acetylation of Lys382

enhances the sequence-specific DNA binding of p53 (Sakaguchi et al. 1998). At
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least two kinases are able to catalyze the phosphorylation at Ser15, i.e., DNA-
activated protein kinase (DNA-PK) (Shieh et al., 1997; Woo et al., 1998) and
ATM, the product of the gene mutated in patients with ataxia telangiectasia
(Siliciano et al., 1997; Banin et al., 1998; Canman et al., 1998). Conceivably, the
presence of multiple serine, threonine residues on p53 protein, the availability of
other protein kinases, such as checkpoint kinase (Chk1 and Chk2), ATM-rad3-
related kinase (ATR), and the alternative ways of modification no doubt make the
modulation of p53 activity much more complicated (for review, see Giaccia and
Kastan, 1998).

In addition to being activated by stress factors, oncogenes, such as myc,
can also activate p53, as a result of reduction of Mdm2 activity by turning on
expression of p14*RF, a negative regulator of Mdm2 (Prives, 1998). The cellular
localization of p53 is another way of regulating p53 activity in the cell (Liang and

Clarke, 2001).

4. Tumor suppression functions of p53

a. Growth arrest

As a transcription factor, p53 can activate the transcription of many genes.
p53 executes its functions mainly through these downstream genes. p21 is the
most well studied down stream gene (el-Deiry et al., 1993). p21 protein is an
inhibitor of many cyclin-dependent kinases (Cdk) (Xiong et al., 1993), especially
for Cdk2, the kinase required for G1 to S phase transition (Harper et al., 1993). In
doing this, p21 forms a quarternary complex with cyclin/Cdks and PCNA, the

sliding clamp for DNA replication (Zhang et al., 1993). In response to DNA
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damage, p21 is upregulated by p53 and G1 arrest is induced (el-Deiry et al.,
1994). Embryonic fibroblasts derived from p21 knock-out mice are defective in
G1 arrest in response to DNA damage (Deng et al., 1995). The G1 arrest allows
cells more time to carry out DNA repair and reduces the chance of introducing
mutations into the genome during DNA synthesis at S phase. In addition, the
increased function of p21 alone appears sufficient for tumor suppression.
Introduction of p21 cDNA suppressed the growth of human brain, lung, and colon
tumor cells in culture (el-Deiry et al.,, 1993). Adenoviral vector-transduced
expression of p21 in a p53-deficient mouse prostate cancer cell line significantly
suppressed the growth of the cells in culture and the ability of the cells to form
tumors in mice (Eastham et al., 1995), and this was also the case for a mouse

mammary tumor cell line (Shibata et al., 2001).

b. Apoptosis

A second mechanism by which p53 acts as a tumor suppressor is by
inducing apoptosis, a form of programmed cell death. Apoptosis is characterized
by distinct morphological phenotypes, including blebbing of the plasma
membrane, condensation of the cytoplasm and nucleus, and cellular
fragmentation into membrane apoptotic bodies, and by the biochemical hallmark
of chromosomal degradation into monomers or muitimers of 200 base pairs
(Steller, 1995). In response to cellular stress, stabilization and activation of p53
activates the expression of a number of genes involved in apoptosis. Bax, an
apoptosis-inducing factor, was the first one identified as participating in p53-

dependent pathway (Miyashita and Reed, 1995). By using subtractive
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hybridization or differential display to compare tumor cell lines lacking p53 and
corresponding cells expressing endogenous or ectopic wild-type p53, it has been
possible to identify a number of other genes that play a role in p53-dependent
apoptotic pathway (Moll and Zaika, 2001). Examples include PERP, a member of
the PMP-22/gas3 tetraspan membrane protein family, cloned after subtracting
G1 arrest-associated p53-transactivated messages (Attardi et al., 2000), as well
as p53AIP1 and p53DINP1, two factors induced when p21 protein is not induced
(Oda et al., 2000; Okamura et al., 2001). PERP, p53AIP1 and p53DINP1 are
presumed to be more specific to and more decisive in p53-dependent apoptosis
than other factors. The effect of the apoptotic factors can vary depending on the
types of tissues or cells, and/or the types of cellular stress. For example, mice
lacking a functional Bax gene displayed hyperplasia in thymocytes and B cells,
massive cell death in multinucleated giant cells and dysplastic cells, and
aberrations in other cell lineages (Knudson et al., 1995). What is more, different
factors can act in synergy. Bax deficiency only partially reduced the p53-
dependent apoptosis in mouse primary fibroblasts expressing the adenovirus
E1A oncogene, a cellular setting in which it has been shown that in response to
DNA damage cells undergo apoptosis, but not G1 arrest (McCurrach et al.,
1997). Apoptotic factors induced by p53 activate the caspase cascade and lead
to the characteristic apoptotic phenotypes (Schuler and Green, 2001). In addition
to transcription of apoptotic genes, mechanisms such as transrepression and
direct protein-protein interaction involving p53 have been reported as well (Moll

and Zaika, 2001).
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c. Inhibition of angiogenesis

When a tumor reaches a certain size, it needs a greater supply of
nutrients and oxygen to support its further growth. This is achieved by stimulating
angiogenesis. Angiogenesis is controlled locally by stimulatory factors such as
vascular endothelial growth fatcor (VEGF) and inhibitory factors such as
thrombospondin (lruela-Arispe and Dvorak, 1997). p53 appears to regulate
angiogenesis as well. Li-Fraumeni patients inherit one normal allele and one
mutant allele of p53. Fibroblasts derived from such patients would retain this
characteristic at early passage, but would spontaneously lose the wild-type copy
of p53 in later stage (Yin et al., 1992). Concomitant with the loss of wild-type p53
in continued culture, the level of thrombospondin-1 (Tsp-1) protein secreted into
the media was found reduced, and the anti-angiogenic activity of the media
tested in vitro and in vivo was decreased as well (Dameron et al., 1994). The
modulation of Tsp-1 expression occurred at the mRNA level and was caused by
loss of p53 (Dameron et al., 1994). In addition, human bladder cancers with low
expression level of Tsp-1 exhibited high microvessel density counts, and were
significantly associated with loss of p53 as well (Grossfeld et al., 1997). These
data suggest that p53 can inhibit tumor growth by transactivating inhibitory
factor(s) of angiogenesis. To the same end, the expression of VEGF, the major
angiogenic inducer, is negatively regulated by wild-type p53, and loss of p53
function exhibited an increase in the expression level of VEGF (Kieser et al.,
1994; Mukhopadhyay et al., 1995; Bouvet et al., 1998; Pal et al., 2001). The p53

regulates the expression of VEGF at the transcription level (Kieser et al.,1994;
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Zhang et al., 2000c). Deletion of one of the four Sp1-binding elements in the
human VEGF promoter region completely abolished the transcriptional
repression activity of wild-type p53, but how p53 utilizes this Sp1 element in
repressing transcription is not clear (Zhang et al., 2000c). Thus, tumor
suppressor p53 appears to inhibit angiogenesis by increasing anti-angiogenic

factor(s) and decreasing pro-angiogenic factor(s) simultaneously.

d. Senescence

p53 appeared to play a role in cellular senescence as well. Senescent
cells are characterized by irreversible growth arrest, resistance to apoptosis,
morphological changes, e.g., cellular enlargement, and biochemical alterations,
e.g., expression of pB-galatosidase with optimum pH of 6 (ltahana et al., 2001).
Human fibroblasts in culture that had been immortalized with an inducible SV40
T-antigen underwent senescence following the de-induction of T-antigen, and the
senescence could be rescued by re-expressing intact T-antigen from a second
plasmid, but not by re-expressing a T-antigen deletion mutant lacking the p53-
binding domain (Shay et al.,, 1991). By using an early passage, human diploid
fibroblast stable transfectant cell strain, which expressed p-galatosidase under
the control of p53-responsive element, Bond et al. (1996) found a steady
increase of B-galatosidase activity and steady decrease in DNA synthesis as
cells approached senescence, clearly indicating the involvement of p53
transactivation function in cellular senescence (Bond et al., 1996). Indeed,
Sugrue et al. (1997) showed that induced overexpression of wild-type p53 in EJ

bladder carcinoma cells lacking functional p53 triggered an onset of irreversible
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growth arrest within 2-3 days, with cells exhibiting morphological and biochemical
senescent phenotypes. In addition to its essential role in G1 arrest, p21 is also a
strong candidate for p53-dependent senescence (Fang et al., 1999; Sayama et
al,, 1999; Chang et al., 1999). Normal human diploid fibroblasts with the p21
genes inactivated by two successive rounds of targeted homologous
recombination escaped senescence during continuous growth in culture (Brown
et al.,, 1997). Recently, Jung et al. (2001) showed that the NF-Y transcription
factor, which is inactivated in senescent human fibroblasts and is essential for
transcription of the cdk1 and cyclin B genes, which are also irreversibly
repressed in senescent cells, was inactivated by p53 and its two homologues,
p63 and p73, suggesting an alternative mechanism of p53-dependent

senescence.

e. Role in DNA repair and homologous recombination

Several properties of p53 allow p53 to have a potential role in DNA repair
and homologous recombination. As a transcription factor, p53 transactivates
GADDA45 gene expression in response to DNA damage (Kastan et al., 1992;
Zhan et al, 1994). In addition to inhibiting entry of cells into S-phase by
interacting with PCNA (Smith et al., 1994), GADDA45 protein has activities related
to DNA repair, including recognizing damaged chromatin, modifying DNA
accessibility to other proteins (Carrier et al., 1999) and stimulating excision repair
(Smith et al., 1994). Studies with fibroblasts heterozygous and homozygous for
p53 mutations (Ford and Hanawalt, 1995), normal fibroblasts, and fibroblasts

expressing human papillomavirus 16 E6 protein (Ford et al., 1998) showed that
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p53 is required for nucleotide excision repair of UV damage in non-actively-
transcribing genomic regions. The p48 gene, whose expression is p53-
dependent, and also GADD45 gene, has been implicated as playing a role in this
p53-dependent global genomic nucleotide excision repair (Hwang et al., 1999;
Smith et al., 2000).

Besides transactivating genes involved in DNA repair, p53 also interacts
with proteins physically executing DNA repair. Direct involvement of p53 protein
with the base excision repair machinery has been reported (Offer et al., 1999;
Zhou et al., 2001). These investigators showed that p53 could interact with AP
endonuclease and DNA polymerase B, and that association of p53 with DNA
polymerase p stabilized the interaction between DNA polymerase  and abasic
DNA. Base excision repair capacity of the cell extracts was much reduced when
p53 was immunodepleted (Zhou et al., 2001). Interestingly, p53 protein also
possesses a 3'-to-5' exonuclease activity (Mummenbrauer et al., 1996). This
activity is carried out by a domain overlapping with the sequence-specific DNA
binding domain, but it is differentially affected by factors that activate sequence-
specific DNA binding activity (Janus et al., 1999b). The exact role of the
exonuclease activity of p53 in vivo remains to be elucidated.

Transcription factor IIH (TFIIH) is a basal transcription factor for RNA
polymerase Il, and its function is also essential for nucleotide excision repair
(NER) (Svejstrup et al., 1996). p53 protein has been found to interact with two
TFIIH complex-associated NER factors, XPB and XPD, and a third NER factor,

CSB (Wang et al., 1995). Although modulation of NER activity by p53 has been
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suggested (Wang et al., 1995), the role of p53 in NER in repair of actively-
transcribing genes seems to be limited. Only defective global genomic NER
activity was found in fibroblasts lacking p53 function (Ford and Hanawalt, 1995;
Ford et al., 1998). These data suggest that association with TFIIH is a way for
activation of p53 protein itself. In contrast to the wild-type p53-dependent
apoptotic response in normal cells, primary fibroblasts derived from patients that
belong to xeroderma pigmentosum complementation group B or D, i.e., XPB or
XPD patients, but not XPA or XPC patients, have an attenuated p53-dependent
apoptosis (Wang et al., 1996). Lymphoblastoid cell lines with XPD defect
exhibited reduced and delayed apoptosis induced by doxorubicin, a DNA-
damaging agent and topoisomerase Il inhibitor (Robles et al., 1999). Indeed, the
highly purified kinase components of TFIIH, the CDK7-cycH-p36 trimeric complex
can phosphorylate the inhibitory C-terminus of p53 and activate the sequence-
specific DNA binding activity of p53 in vitro (Lu et al., 1997). The ability of the C-
terminus of p53 protein to bind various DNA structures, such as non-specific
double-stranded or single stranded DNA, double-strand breaks, Holliday
junctions and insertion/deletion mismatches may provide ways for p53 activation
(Janus et al., 1999a).

p53 has been shown to exert an inhibitory role on homologous
recombination. Wild-type p53 can interact with hRad51 protein and its prokaryotic
counterpart, RecA protein, both of which are key factors of homologous
recombination (Sturzbecher et al., 1996). Human p53 protein inhibits the

activities of RecA required for in vitro recombination (Sturzbecher et al., 1996),
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and this suggests that p53 inhibits homologous recombination in eukaryotes as
well. Indeed, inactivation of wild-type p53 function by a dominant negative form of
p53 and various viral proteins causes a dramatic increase in the rate of
homologous recombination as indicated by an engineered reporter plasmid
(Mekeel et al., 1997). An elevated rate of homologous recombination between
intrachromosomal direct repeat sequences was also observed in mouse cells
expressing mutant p53 (Bertrand et al., 1997). Subsequent studies with cell
strains expressing p53 defective in transactivation revealed that the involvement
of p53 in homologous recombination does not require its transactivation function
(Saintigny et al., 1999; Willers et al., 2000), suggesting that direct participation of

p53 protein is involved.

Il. The RAD6 pathway for dealing with DNA damage
A. Cellular responses to DNA damage

1. Sources of DNA damage

DNA is the genetic material for essentially all living organisms. Although it
is relatively stable, it is still quite structurally dynamic and chemically active. The
sources that cause alterations in DNA, or DNA damage can be generally
classified into two categories, spontaneous or environmental. Spontaneous
alterations include incorporation of incorrect nucleotides during replication,
deamination of cytosine, adenine or guanine bases, loss of bases via
depurination or depyrimidination, and damage caused by reactive oxygen
species. DNA reacts easily with a variety of physical radiation or chemical

compounds from the environment as well. lonizing radiation like X-ray or y-ray
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causes base damage and single- or double-strand breaks. Ultraviolet (UV)
radiation induces dimerization of adjacent pyrimidines. DNA alkylating agents,
like N-methyl-N-nitrosourea (MNU) and methyl methanesulfonate (MMS), drugs
used for cancer chemotherapy, such as platinum derivatives or mitomycin C, and
reactive metabolites of a myriad of other naturally occurring or man-made
chemicals, such as aflatoxin and benzo[a]pyrene all react with and modify the
chemistry of DNA in one way or the other (Friedberg et al., 1995). Fortunately, to
maintain the integrity of the genome, organisms have evolved mechanisms to

deal with these DNA damage.

2. DNA repair and damage tolerance

a. Three major pathways in dealing with DNA damage

A defect in pathways dealing with DNA damage often causes increased
sensitivity to agents causing such damage. Thus, sensitivity to DNA damaging
agents of a cell that has an inactivating mutation in a gene indicates that this
gene may function in DNA repair. Comparison of such sensitivity between this
mutant cell and a cell containing an inactivating mutation in this gene and a
second gene can reveal the relationship of these two genes, i.e., either
synergism or epistasis. If having mutations in two genes makes the cell more
sensitive than cells with only one gene mutated, i.e., causes a synergistic effect,
these two genes can be said to function in different pathways. If the second
mutation does not increase sensitivity, that gene is epistatic to the other, i.e.,
these two genes are considered to function in the same pathway. By using this

strategy, scientists have identified three major pathways dealing with DNA
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damage in yeast S. cerevisiae. They are: RAD3, RAD52, and RAD6 pathways
(Friedberg et al., 1995). RAD3, RAD52, and RADG6 are the most important genes
in their own respective pathways because mutations in these three genes are
epistatic in radiation-sensitivity to all the other mutants in the same pathway and
exhibit the most extreme sensitivity in the same pathway as well. It is now well
demonstrated that the RAD3 pathway is the excision repair pathway and the
RAD52 pathway carries out homologous recombination. The RAD6 pathway is
least understood, but in principle, it represents a damage tolerance mechanism
that allows continuation of DNA replication without lesion removal (Friedberg et
al,, 1995). The yeast RAD3 and RAD52 pathways are largely conserved in
humans, and will be described very briefly in the following sections, followed by a

thorough description of the RAD6 pathway.

b. Excision repair

Excision repair refers to the excision of damaged or inappropriate bases
or nucleotides and subsequent repair synthesis of correct bases or nucleotides. It
includes three closely related but mechanistically distinct subpathways, i.e., base
excision repair, mismatch repair and nucleotide excision repair. Base excision
repair utilizes DNA glycosylase to excise the damaged or inapporiate bases, 5'
AP endonuclease and DNA deoxyribophosphodiesterase to remove the
deoxyribose-phosphate moiety, and DNA polymerase and ligase to fill the single
nucleotide gap and to ligate the nicked DNA. Mismatch repair deals with
mismatched base pairs and small insertion/deletion loops by specifically

removing the single mispaired nucleotide or few affected nucleotides. The third
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one, nucleotide excision repair recognizes lesions that distort the helical struture
of DNA and recruits a complex enzymatic machinery to excise an oligonucleotide
of ~25-30nt containing the damage. The resulting gap is filled in by DNA
polymerases and the repair is finished by DNA ligase. The excision repair system
is evolutionarily conserved from prokaryotes to eukaryotes (Friedberg, et al.,

1995).

c. Homologous recombination

Homologous recombination is the major pathway for repairing DNA double
strand breaks caused by exogenous or endougenous agents (Johnson and
Jasin, 2001). Homologous recombination takes place in a stepwise manner.
First, binding of the Rad50/Mre11/Nbs1 complex to the 3' ends of the strand
breaks exposes the 3'-OH groups, and promotes strand invasion. Then, filament
assembly through Rpa, Rad51, Rad51-related proteins and Rad52 allows single
strand exchange and DNA synthesis to occur. Finally, the Holliday junction is
resolved by resolvase. The activation of homologous recombination requires the
function of upstream protein kinases including ATM, a kinase mutated in ataxia
telangiectasia and ATR (ATM- and Rad3-related). Defects in homologous
recombination as a result of mutations in these upstream kinases predispose

patients to lymphomas and other types of cancer (Hoeijmakers, 2001).

B. Damage tolerance: RAD6 pathway in Saccharomyces cerevisiae
1. Principal genes involved

a. RAD6 and RAD18
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At least 15 genes have been assigned to the RAD6 pathway in yeast
(Lawrence, 1994). RAD6 and RAD18 are the founding members of the pathway.
Mutants for RAD6 and RAD18 genes are very sensitive to the cytotoxic effect of
a broad range of DNA damaging agents, including UV, X-ray, y-ray, 4-
nitroquinoline-N-oxide, trimethoprim, bleomycin, and monofunctional and
bifunctional alkylating agents (Friedberg, et al., 1995). A radé mutant strain is
unable to convert the low molecular weight DNA synthesized on UV-damaged
DNA templates into normal high molecular weight form, and rad18 strain is
greatly inhibited in this process (Prakash, 1981). Unlike radé mutants, which
display a loss of UV- and chemical carcinogen-induced mutagenesis (Lawrence
et al., 1974, 1976 and Prakash, 1974), rad18 mutants show normal mutagenesis
(Jones et al., 1988). The rates of spontaneous mutation and both spontaneous
and induced mitotic recombination are increased in both rad6 and rad18 strains
(Kern and Zimmermann, 1978). Biochemical analyses indicate that the yeast
RADE6 gene encodes a ubiquitin-conjugating enzyme (Jentsch et al., 1987) and
the RAD18 gene encodes a protein possessing DNA binding and nucleotide
binding activities (Jones et al., 1988). The ability of yeast Radé and Rad18
proteins to form a heterodimer (Bailly et al., 1994 and 1997) suggest that Rad6
protein could be targeted to damage-containing DNA regions by Rad18 protein.
In addition, the ubiquitin-conjugating activity of Rad6 protein is absolutely
required for its function. The substitution of residue Cys88, an essential residue
for the conjugating activity of Rad6 protein, with either alanine or valine

completely abolished the functions of wild-type Rad6 in DNA repair and
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mutagenesis. The defects caused by this point mutation are equivalent to those

conferred by rad6 null mutants (Sung et al., 1990).

b. RADS

Strains mutant for the RADS gene are more sensitive to the cytotoxic
effect of UV and other agents than wild-type strains, but the sensitivity conferred
by a RAD5 mutation is less than those caused by RAD6 or RAD18 mutations
(Johnson et al., 1992). Epistasis analysis for UV-sensitivity assigns RADS gene
to the RAD6 pathway (Johnson et al., 1992). RADS plays virtually no role in
mutations caused by UV (Lawrence and Christensen 1978). Cloning of the RADS
gene reveals that this gene encodes a protein of 1,169 amino acids. The protein
contains seven domains characteristic of helicases, one cysteine-rich motif that
could form DNA binding zinc-finger domain, and one leucine zipper DNA binding

motif (Johnson et al., 1992).

¢. RAD30 and PCNA

Amino acid sequence alignment analysis of the complete genome of yeast
S. cerevisiae revealed one gene, (SCD9461.8; YDR419W), whose gene product
shares homology with bacteria UmuC, DinB proteins and eukaryotic Rev1 protein
(Kulaeva et al., 1996). The gene was designated as RAD30 when deletion of this
gene was found to confer mild sensitivity to UV radiation (McDonald et al., 1997
and Roush et al., 1998). Epistasis analysis places RAD30 in the RAD6 pathway
(McDonald et al., 1997). RAD30 disruption strains are more sensitive to the

cytotoxic effect of UV than wild-type strains, but rad30 rad6é and rad30 rad18
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double mutant strains are no more sensitive to UV than rad6 or rad18 single
mutants. RAD30 does not belong to the RAD3 or RAD52 epistatis group, since
RAD30 mutation is additive to either RAD1, a gene in the RAD3 group, or RAD52
mutations in UV sensitivity. RAD30 does not work in the same subpathways as
REV3, REV7, REV1 or as RAD5 (McDonald et al., 1997). rad30 rev3, rad30
rev7, and rad30 rev1 double mutants are all more sensitive to killing by UV than
are single mutants for either rad30, rev3, rev7, or rev1. rad30 rad5 double
mutants are more sensitive to either single mutant as well. Interestingly, unlike
rev3, rev7 and rev1 mutants, which are all deficient for UV-induced mutagenesis,
rad30 mutants show an increase in UV-mutagenesis, indicating that RAD30
functions in an error-free manner in dealing with UV damage. In summary,
RAD30 appears to function in a RAD6/RAD18-dependent, REV-independent,
error-free  mechanism that does not involve RADS. Biochemical analysis
demonstrated that Rad30 protein is a translesion DNA polymerase that can
replicate efficiently and faithfully past a thymine-thymine cis-syn cyclobutane
dimer, incorporating two correct adenines opposite the misinstructional thymine-
thymine dimer template (Johnson et al., 1999a). Rad30 has, therefore, been
named DNA polymerase eta. Yeast Pol eta also has been shown to bypass
cyclobutane dimers and (6-4) photoproducts formed at CC and TC sites in error-
free manner (Yu et al., 2001). Kinetic analysis (Washington et al., 2001) and
structural analysis (Trincao et al.,, 2001) also support the error-prone mode of
action of yeast Pol eta. The DNA polymerase activity of Rad30 is essential for its

biological function, since Rad30 protein carrying an inactivating Asp-Glu to Ala-
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Ala mutation in the highly conserved SIDE sequence cannot complement the
rad30 deletion mutation (Johnson et al., 1999c).

Proliferating cell nuclear antigen (PCNA), as a homotrimer, forms a ring-
shape conformation and serves as sliding clamp or processivity factor for the
major replicative DNA polymerase, Pol delta, during DNA replication and for DNA
polymerase epsilon filling the gap in DNA during nucleotide excision repair (Shivji
et al., 1992). The gene encoding S. cerevisiae PCNA is POL30. Because a null
mutation of POL30 is lethal to the yeast, the role of PCNA in the RAD6 pathway
of DNA repair could not be determined until the mutant po/30-46 was identified.
Simultaneous mutations of two adjacent charged residues (Asp, Glu, Lys or Arg)
to two alanines in the PCNA protein gave rise to two mutant proteins (pol30-9
and pol30-22) that allow normal growth and confer modest UV sensitivity
(Ayyagari et al., 1995). Combination of the mutations in these two double
mutants yielded the pol30-46 mutant (Torres-Ramos et al., 1996). This mutant
exhibits a higher degree of UV sensitivity than either double mutant, but the
degree of cytotoxicity, compared to wild-type yeast, is still mild. The pol30-46
mutant protein is as efficient as wild-type PCNA in being loaded by the clamp
loader RFC protein and in mediating processive DNA synthesis by Pol delta or
epsilon. Epistasis analysis clearly places PCNA into a REV3-independent RAD6
pathway, and not in the RAD3 or RAD52 pathways.

Amino acid sequence analysis reveals a potential PCNA-binding motif on
the C-terminus of yeast Pol eta protein (Haracska et al., 2001a). Indeed, wild-

type Pol eta protein forms a complex with PCNA since they are coeluted from
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size-exclusion columns. Also, addition of PCNA protein to the in vitro primer
extension reactions greatly enhances the DNA synthesis catalyzed by Pol eta.
On the other hand, evidence from a yeast two-hybrid system indicated that
mutant Pol eta protein carrying either a deletion of the C-terminal eight amino
acids or a substitution of two conserved amino acids loses the ability to bind
PCNA protein. Although the mutant Pol eta proteins still retain robust DNA
polymerase and T-T dimer in vitro bypass activities identical to wild-type protein,
expression of either of these two mutant proteins in rad5 rad30 double deletion
mutants cannot increase the UV survival of the strain to the level that wild-type
Pol eta protein achieves. These data suggest that interaction with PCNA is
essential for Pol eta function in vivo. Therefore, it is very likely that Rad30 (Pol

eta) functions with PCNA in one branch of error-free RAD6-mediated pathway.

d. Ub, MMS2 and UBC13

Ubiquitin is a small peptide of 76 amino acids. It is best known as a
covalent degradation signal for cellular proteins. The ubiquitin molecules in the
multiubiquitin chain for efficient degradation of substrate protein via the 26S
proteasome are usually linked by Lys48-Gly76 isopeptide bonds (Hochstrasser,
1996). In a study looking at the possibility of multiubiquitin chain formation via
alternate lysine residues, Spence et al. (1995) found that substitution of Lys-63
with arginine (UbK63R) causes disappearance of a family of abundant
multiubiquitin protein conjugates. Interestingly, the overall protein turnover in the
UbK63R mutant strain is not affected, as evidenced by the normal growth rate,

normal levels of ubiquitin-protein conjugates, and fully efficient turnover of short-
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lived proteins in such mutant yeast (Spence et al.,, 1995). Cytotoxicity assays
showed that the UbK63R mutation confers sensitivity to MMS and UV, indicating
the presence of a defect in DNA repair in UbK63R mutant. Epistatic analyses
further assign the UbK63R mutation to the RAD6 group instead of the RAD3 and
RADS52 groups (Spence et al., 1995). These data implicate a role for Lys-63 as a
linkage site in the formation of multiubiquitin chains in the RADG6 repair pathway.
The MMS2 gene was first characterized in a yeast mutant (mms2-1) strain
sensitive to methyl methanesulfonate (MMS) (Prakash and Prakash, 1977).
MMS2, recently cloned from a yeast genomic library by its ability to complement
the original mms2-1 mutant phenotype (Broomfield et al., 1998), encodes a
protein of 137 amino acids, which shares significant sequence homology to
almost all known ubiquitin-conjugating (Ubc) proteins. However, since it lacks a
cysteine residue critical for Ubc activity, Mms2 appears to be a ubiquitin-
conjugating enzyme variant, i.e., a protein looks like Ubc but does not have the
Ubc activity. mms2 null mutants are sensitive to both MMS and UV. Epistasis
analysis shows that mutant MMS2 is additive in UV sensitivity to deletion mutants
of RAD4, a gene for nucleotide excision repair, or of RAD50, a gene for
recombination repair, but it is epistatic to both radé and rad18 deletion mutants.
These data indicate that MMS2 does not belong to the RAD3 and RAD52
pathways, but rather belongs to the RAD6 pathway. In addition, a mutation in
MMS2 does not impair the UV-mutagenesis and is synergistic to a mutation in
REV3 in both UV and MMS sensitivity, suggesting that MMS2 functions in a

REV3-independent pathway. Furthermore, because the spontaneous mutation
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rate of mms2 mutant strains is elevated, and mutations in MMS2 are epistatic to
the mutant Rad6 lacking the first nine amino acids, which presumably causes a
defect in the error-free but not the mutagenesis pathway, MMS2 is considered to
function in the error-free branch of RAD6 pathway (Broomfield et al., 1998).

In 1999, Hofmann and Pickart (1999) showed that a ubiquitin-conjugating
enzyme, Ubc13 mediates the assembly of K63-linked polyubiquitin chains and
that Ubc13 does this with the help of the ubiquitin-conjugating enzyme variant
protein Mms2 (Hofmann and Pickart, 1999). Mms2 protein and Ubc13 protein
form a complex with very high affinity. Genetic data in the same study also
showed that a ubc13 mutant yeast strain is sensitive to killing by UV, and single,
double, and triple mutants of the UBC13, MMS2, and UbK63R genes display a
comparable phenotype, suggesting that these three genes function together
(Hofmann and Pickart, 1999).

The role of UBC13 in RAD6 pathway was further defined by Brusky et al.
(2000) using genetic epistasis analyses. Their data show that the ubc13 mutation
is epistatic to mms2 and rad6, and that ubc13 is synergistic to rev3, indicating
that UBC13 is in a pathway alternative to REV3 but related to MMS2. The ubc13
mutant is fully functional in UV-induced mutagenesis and displays up to a 30-fold
REV3-dependent increase in the spontaneous mutation rate. All these results
together demonstrate that Ub, MMS2 and UBC13 are members of the error-free

branch of the RAD6 pathway.

e. Genes for mutagenesis: REV3, REV7 and REV1
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In addition to RADG6, a number of other genes are involved in mutagenesis
in yeast (Reviewed in Prakash et al., 1993; Lawrence, 1994 and Broomfield et
al., 2001). Mutant REV3, REV7, REV1 strains (collectively referred to as REVS)
are slightly more sensitive to DNA damage than the wild-type yeast, but exhibit
virtually no mutagen-induced mutagenesis. In rev3 mutant strains, the
spontaneous mutation rates are 50-75% lower than in REV3-wild-type strains.
Mutants for other genes such as REV6, NGM2, REV4 and REV5 show varied
levels of increased sensitivity and reduced mutagenesis. As will be further
discussed below, yeast Rev3 and Rev7 interact and form DNA polymerase zeta
(Nelson et al., 1996a), and Rev1 protein is an auxiliary factor for Pol zeta (Nelson
et al., 1996b). Rev3, Rev7, Rev1, and probably other proteins employ a
translesion synthesis mechanism to deal with a stalled replication fork, at a price
of introducing mutations into the genome. Much less is known about the

functions of REV6, NGM2, REV4 and REVS.

f. Damage avoidance and mutagenesis subpathways

RAD6 mediates at least two subpathways (Lawrence, 1994; Xiao et al.,
2000). The first one is the mutagenic pathway dependent on the functions of
REV3, REV7, REV1, and possibly other genes. The functions of REV3, REV1 or
RAD6 are required for more than 90% of base substitutions and frameshift
mutations induced by UV (Lawrence and Hinkle, 1996). The mechanism of this
pathway is translesion synthesis. The second pathway is a damage avoidance
mechanism that requires the functions of RADS5, MMS2 and other genes (Xiao et

al., 2000), and contributes the major portion of the ability of yeast to tolerate DNA
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damage (Watkins et al., 1993). This mechanism is relatively error-free. In a
screen for yeast strains defective in postreplication repair, i.e., the ability to
convert low molecular weight DNA synthesized on UV-damaged DNA templates
into normal high molecular weight DNA, Prakash (1981) found that rad6é and
rad18 mutants are unable to carry out this repair, whereas rev3 mutants are
normal in this repair. The process of converting small DNA into large DNA might

reflect the execution of this damage avoidance mechanism.

2. Damage avoidance mechanisms

a. Recombination-dependent mechanism in the error-free damage

tolerance pathway

The mechanism(s) for the error-free damage avoidance pathway are not
well understood. The conversion of low molecular weight DNA to high molecular
weight DNA might be an intermediate step of this process (Prakash, 1981).
Although homologous recombination is carried out by the RADS2 pathway, a
pathway distinct from the RAD6 pathway, a recombination-dependent
mechanism is believed to play a role in the error-free branch of the RAD6
pathway. Two models, i.e., strand exchange or template switching, have been
proposed (reviewed in Broomfield et al., 2001). More evidence is needed in order

to elucidate the mechanism(s) underlying in the damage avoidance pathway.

b. Coordination of two ubiquitin-conjugating enzymes Rad6é and

Mms2/Ubc13
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It is now known that the RAD6 pathway has at least two ubiquitin-
conjugating units. The Rad6 protein is a ubiquitin-conjugating enzyme (Ubc) that
can attach ubiquitin to a substrate protein with or without the help of a ubiquitin
ligase (Jentsch et al., 1987; Sung et al., 1991). Rad6 protein forms a complex
with Rad18 protein. The second ubiquitin-conjugating unit is the stable Mms2-
Ubc13 complex (Hofmann and Pickart, 1999). As discussed above, Mms2
protein itself is a Ubc variant and it is the Ubc13 protein in this complex that
catalyzes ubquitination. The Mms2-Ubc13 complex can assemble multiubiquitin
chain in the absence of a substrate protein (Hofmann and Pickart, 1999). How
are Rad6, whose function is required for the whole pathway, and Mms2/Ubc13,
whose function is required only for the error-free subpathway coordinated?

The function of MMS2-UBC13 appeared to be dependent on RADS, which
is also genetically placed in the error-free subpathway, since mutation of RADS is
epistatic to mutation in MMS2 in UV sensitivity (Ulrich and Jentsch, 2000; Torres-
Ramos et al., 2002). In addition, yeast single mutant strains defective for RAD5S
or MMS2, and a double mutant strain defective in RADS and MMS2 exhibited
similar reduced ability in converting low-molecular weight DNA into high-
molecular weight DNA fragments after UV treatment (Torres-Ramos et al., 2002).
By using yeast two-hybrid system and coimmunoprecipitation, Ulrich and Jentch
(2000) found that Rad5 interacts with Ubc13 and Rad18 using two distinct
domains. By using yeast three-hybrid system and colocalization assays, they
further showed that interaction between Rad5 and Rad18 can bring Mms2-

Ubc13, via association with Rad5, and Rad6 protein, via association with Rad18,
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into contact and promote the formation of a multimeric complex. Two models
were proposed for the coordination of the activity of Radé and Mms2-Ubc13
(Ulrich and Jentsch, 2000). One, Rad6 might attach multiubiquitin chains pre-
assembled by Mms2-Ubc13 to the substrate protein. The other, the substrate
protein, conjugated with one ubiquitin moiety by Rad6, is further ubiquitinated by
Mms2-Ubc13. The identification of one or more substrates of ubiquitination in
RAD6 pathway will no doubt greatly help elucidate the mechanism of

coordination.

3. Mutagenic mechanisms involving REVs
a. Molecular cloning of yeast REV3, REV7 and REV1 genes

The yeast REV3 gene was cloned by the ability to restore UV-
mutagenesis in a yeast rev3 mutant strain. Sequence analysis predicts that Rev3
protein is a DNA polymerase. Since haploid yeast cells carrying a complete
deletion of REV3 are viable, the putative Rev3 polymerase is not essential for life
(Morrison et al., 1989). In addition, the expression of REV3 does not show cell
cycle dependence, a pattern that many replication enzymes have, suggesting
that Rev3, as a polymerase, has specialized function (Singhal et al., 1992).
REV?7 gene was cloned by functional complementation as well in a rev7 mutant
strain (Torpey et al., 1994). The REV1 gene of S. cerevisiae was isolated by its
ability to complement the yeast rev1-1 mutant, and its identity was verified by
gene disruption using the cloned DNA sequence (Larimer et al., 1989). The
REV1 gene encodes a protein of 985 amino acid residues, with a 152-residue

internal segment sharing 25% identity with bacteria UmuC protein, a protein that
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was recently determined to be a specialized polymerase that functions in
translesion synthesis in E. coli during the SOS response. This protein has been

re-named E. coli DNA Pol V (Tang et al., 1999).

b. Rev3 and Rev7 proteins form Pol zeta

The interaction between Rev3 and Rev7 proteins was first demonstrated
by Nelson et al. (1996a) using the yeast two-hybrid system (Fields and Song,
1989). When LexA-Rev3 was used as bait to screen a GAL4 fusion library of
yeast cDNA, only two positive clones were obtained, and both of these were in-
frame fusions with REV7 (Nelson et al.,, 1996a). When Rev7 protein was
overexpressed in a yeast strain overexpressing Rev3 protein fused with the tag
of Glutathione S-Transferase (Gst), i.e., Gst-Rev3, the Rev7 and Rev3 proteins
were both present in the glutathione-sepharose fraction, indicating that yeast
Rev3 and Rev7 form a complex (Nelson et al., 1996a). The DNA polymerase
activity of the Gst-Rev3:Rev7 complex was 20-30 times the activity of Gst-Rev3
alone, as measured by in vitro primer extension assays. Based on this result, the
Rev3:Rev7 complex was named DNA Pol zeta (Nelson et al., 1996a). Pol zeta is
a nonprocessive polymerase that also lacks 3’ to 5’ exonuclease activity. But, in
an in vitro assay, this polymerase was found to replicate past a thymine-thymine
cis-syn cyclobutane dimer with an efficiency of ~10%. This major UV-induced
photoproduct normally severely inhibits replication. In contrast, the efficiency of
bypass replication past this photoproduct with yeast DNA polymerase alpha is

less than 1% (Nelson et al., 1996a).

c. Studies on Rev1
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1) The Rev1 protein has a deoxycytidyl transferase activity

Purified recombinant Rev1 protein can transfer a dCMP from its precursor
dCTP to the 3' end of a DNA primer in a template-dependent manner. Efficient
transfer was observed opposite a template abasic site, but the efficiencies of
transfer opposite a template guanine was only ~20%, opposite an adenine or
uracil only ~10%, and opposite a thymine or cytosine, less than 1% (Nelson et
al., 1996b). In the absence of Rev1, Pol zeta inserts a nucleotide opposite an
abasic site and further extends it with an efficiency of 7%, but addition of Rev1
protein to the reaction increases the bypass efficiency to 30-40%. In contrast, no
detectable bypass was seen with Pol alpha, in the absence or presence of Rev1

(Nelson et al., 1996b).

2) Rev1 as a dCMP transferase in abasic site bypassing

The role of Rev1 as a dCMP transferase in abasic site bypassing in vivo
was initially recognized by Gibbs and Lawrence (1995). By transforming the
yeast S. cerevisiae with a vector containing a single abasic site specifically
located within a 28-nucleotide single-stranded region, and sequencing the
replicated vectors from transformants, they found that the yeast prefers to insert
a dCMP opposite the abasic site. In three different sequence contexts, the
frequencies of dCMP insertion were 83%, 62% and 85%. A similar bias for
cytosine insertion was also found with entirely single-stranded vectors (Gibbs
and Lawrence, 1995). The yeast rev1-1 strain, which expresses a Rev1 protein
with a glycine to arginine mutation at position 193, and retains substantial dCMP

transferase activity, showed a reduced abilty to bypass abasic sites on
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engineered constructs, i.e., 7%, compared to 25% by wild-type yeast.
Nevertheless, sequencing of those replicated constructs showed that 75% of
them had a dCMP insertion opposite the original abasic site (Nelson et al., 2000).
The above data indicate that the dCMP transferase activity of Rev1 is employed
by yeast in bypassing abasic sites. However, Haracska et al. (2001b) reported a
different observation. They studied the mutation spectrum of the chromosomal
gene CAN® induced by DNA alkylating agent MMS in yeast double mutant strains
defective for AP endonucleases APN1 and APN2, and therefore incapable of
base excision repair. MMS can methylate adenine at the N3 position and guanine
at the Ny position. The removal of alkylated bases by an N-methyl purine DNA
glycosylase results in abasic sites. These investigators found that ~70% of the
mutations obtained were base substitutions, and ~30% were +1 or —1 frameshift
mutations. Among these base substitutions, the majority (64%) were adenine,
suggesting that dAMP is preferentially inserted across from the abasic sites. To
further assess the role of the dCMP transferase activity of Rev1 in vivo, a Rev1
mutant protein lacking the dCMP transferase activity was generated by
substituting the Asp 467 and Glu 468 residues in the highly conserved motif 1lI
consisting of serine, isoleucine, aspartate, and glutamate residues (SIDE) with
alanines (Haracska et al., 2001b). Introduction of the rev1 Ala*®’-Ala*®® mutant
gene into apn1 apn2 rev1 triple deletion mutant strain restored MMS-induced
can1” mutations to the level seen in the parental apn1 apn2 double deletion
mutant strain, indicating that the deoxycytidyl transferase activity of Rev1 is

dispensable for mutagenesis induced by abasic sites (Haracska et al., 2001b).
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Although these data might reflect the difference of the sequence context of the
abasic sites, i.e., an exogenous vector versus a chromosomal gene, other

evidence is needed in order to clarify this discrepancy.

3) Evidence for a second function of Rev1

In addition to the bypassing of abasic sites, Rev1 function is required for
mutagenesis induced by UV, ionizing radiation, and a variety of chemical
mutagens (Lawrence, 1994). Since the latter events usually do not involve the
insertion of dCMP, Rev1l may possess a function other than acting as a
transferase. To obtain more evidence, Nelson et al. (2000) studied the bypass of
T-T cis-syn cyclobutane dimers, T-T pyrimidine (6-4) pyrimidone adducts, and
also abasic sites in yeast strains carrying REV1 or REV3 deletions or the rev1-1
mutation. rev1-1 mutant protein retains substantial dCMP transfearse activity, but
confers UV-sensitivity and impaired mutagenesis to yeast strains carrying this
mutation. Double-stranded vectors containing one of these lesions located
centrally within a 28-nucleotide single-stranded region were transformed into the
mutant and wild-type strains, and the proportion of replicated plasmids resulting
from translesion replication was calculated (Nelson et al., 2000). As expected,
the bypass frequency of abasic sites in rev? or rev3 deletion mutants was greatly
reduced (1-3%), as compared to wild-type strains (25%). The bypass frequency
in rev1-1 mutant was significantly reduced as well (7%). Nevertheless, 75% of
the mutations generated in rev7-1 mutant resulted from a dCMP insertion. These
data suggest at least in part, that function of Rev1 other than the transferase

activity is needed for bypassing abasic sites. Interestingly, these investigators
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also found that REV1 and REV3 functions are required for the bypass of T-T (6-
4) adducts but not T-T cyclobutane dimers. The wild-type strain bypassed 19% of
T-T (6-4) adduct-containing vector molecules used, but rev? or rev3 deletion
mutants or rev1-1 mutant bypassed only 1-2%. The data from the rev7-1 mutant
indicates that a function other than dCMP transferase activity is involved in
bypassing T-T (6-4) adducts. The bypass of T-T cyclobutane dimers might

depend on Pol eta.

Yeast Pol delta consists of three subunits encoded by the POL3, POL31,
and POL32 genes respectively. It has been shown that POL3 and POL31 are
essential for viability, but the POL32 gene is not and that po/32 deletion mutants
are UV-sensitive and defective in UV mutagenesis (Gerik et al. 1998). Haracska
et al. (2001b) studied the role of replicative polymerase Pol delta in bypassing
the MMS-induced abasic sites by determining the effect of the po/32 deletion
mutation on MMS-induced CAN17° to can1" mutations in the apn1 apn2 double
deletion mutant strain. Their data showed that po/32 deletion mutants exhibit mild
sensitivity to MMS, and complete abolishment of MMS-induced mutations,
indicating a requirement of the Pol32 subunit and probably Pol delta for the
mutagenic bypass of abasic sites. In in vitro primer extension assays, purified Pol
zeta was unable to insert a nucleotide opposite this lesion, but Pol delta or Rev1
protein was able to insert a nucleotide but could not extend from the resulting
primer. Efficient bypass of the AP site, however, could be achieved when Pol
delta was combined with Pol zeta, or Rev1 was combined with Pol zeta. Rev1 did

not stimulate AP bypass when it was combined with Pol delta. The bypassing
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efficiency with a Pol delta/Pol zeta combination (55%) was a little higher than that
of a Rev1/Pol zeta combination (32%). The nucleotide preferentially inserted
opposite AP sites by Pol delta in vitro was found to be dAMP, the same as the
major nucleotide (64%) being inserted in vivo (Haracska et al., 2001b). Steady-
state kinetic analyses show that Pol zeta was highly inefficient in inserting
nucleotides opposite the AP sites, but was efficient in extending from
nucleotides, particularly an A, inserted opposite this lesion. In light of these data,
Haracska et al. (2001b) proposed that in eukaryotes, bypass of an AP site
requires the sequential action of two DNA polymerases, wherein the extension
step depends upon Pol zeta, and the insertion step involves either the
predominant action of Pol delta, or the minor role of various translesional
polymerases, like Rev1 or Pol eta, and that the predominant role of Rev1 in AP
bypass is likely to be structural, i.e., to mediate the access of Pol zeta to the

lesion.

C. Damage tolerance RAD6 pathway in humans
1. Damage avoidance mechanisms

a. hHR6A, hHR6B and hRAD18

Humans have a conserved RAD6 pathway. Human homologs for almost
all known yeast genes of the RAD6 pathway have been found. For the founding
member RADG6, two human homologs, hHR6A and hHR6B, have been identified
(Schneider et al., 1990; Woffendin et al., 1991 and Koken et al., 1991), and they
are located on Xq24-q25 and 5q23-q31, respectively (Koken et al., 1992). These

two 152-amino acid Rad6 proteins share 95% sequence identity with each other
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and ~70% identity with the yeast Rad6 protein (Koken et al., 1991). Both of them
are ubiquitously expressed in various tissues and cell types, with an elevated
level in testis (Koken et al., 1996). Inactivation of the hHR6B-homologous gene in
mice causes male infertility (Roest et al., 1996). In addition, both hHR6A and
hHR6B can complement the damage tolerance functions of RAD6 in S.
cerevisiae rad6 deletion mutants including damage avoidance and mutagenesis
(Koken et al., 1991), suggesting that the function of RAD6 is conserved. The
human RAD18 has been cloned as well (Tateishi et al., 2000 and Xin et él.,
2000). Stable hRad18-hHR6A or hRad18-hHR6B protein complexes can be
purified when hRad18 protein is co-expressed in yeast cells with either human
Rad6 protein (Xin et al., 2000). Human fibroblasts which stably express a mutant
hRad18 protein carrying a cysteine to phenylalanine substitution at residue 28 in
the conserved Rad6-binding ring-finger motif become sensitive to the cytotoxic
effect of UV, methyl methanesulfonate, and mitomycin C, and are defective in the

replication of UV-damaged DNA (Tateishi et al., 2000).

b. hMMS2 and UBC13

A human homolog of the yeast MMS2 gene (hMMS2) has been cloned as
well (Xiao et al., 1998b). Like the yeast MMS2 gene, the hMMS2 gene also
encodes a ubiquitin-conjugating variant protein. Interestingly, the hMms2 protein
also shares >90% amino acid sequence identity with Croc-1, a protein previously
identified by its ability to transactivate c-fos expression in cells in culture through
a tandem repeat enhancer sequence. Because hMms2 and Croc-1 also share

~50% identity and ~75% similarity with the yeast Mms2 protein, and both the
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hMMS2 and the CROC-1 genes are able to functionally complement the yeast
mms2 defects with regard to sensitivity to DNA damaging agents and
spontaneous mutagenesis, the h(MMS2 and CROC-1 genes are considered to be
two homologs of yeast MMS2. hMms2 protein forms a complex preferentially
with human Ubc13 (Moraes et al., 2001), just like its yeast counterpart does
(VanDemark et al., 2001). Association of Mms2 protein with Ubc13 facilitates the
ubiquitin chain assembly by Ubc13 (McKenna et al., 2001).

As discussed later, the REV3, REV7, REV1 and RAD30 genes all have
human homologs. In summary, except for RADS, all major yeast RAD6 pathway
genes have identified human counterparts. Therefore, the RAD6 DNA repair
pathway is very likely conserved in humans, and since some human genes have
more than one homolog, the human RAD6 pathway might be more complex than

the yeast system.

2. Translesion synthesis mechanisms
a. hREV3

1) Cloning of hREV3 gene

The human homolog of the yeast REV3 gene was cloned in 1998 by Xiao
et al. (1998a) and independently by Gibbs et al. (1998). The latter group
discovered an expressed sequence tag (EST) in the dBEST database that
encoded a peptide with sequence homology to yeast Rev3 protein. The full
length cDNA of the hREV3 gene was then acquired by combining the EST
sequence and 5' upstream sequence obtained by the method of 5 Rapid

Amplification of cDNA Ends (RACE). The deduced hRev3 protein consists of
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3,130 amino acid residues and shares with the yeast Rev3 protein 29%, 29%,
39% identity in one N-terminal region of ~340 residues, one middle region of 55-
residue and a C-terminal region of ~850 residues, respectively. In addition, the
hRev3 protein contains all six motifs characteristic of eukaryotic DNA
polymerases in the right order. The hREV3 gene was also cloned independently
by Lin et al. (1999a). The hREV3 gene was originally considered to be located at
chromosome 1p32-33 as a result of studies using fluorescence in situ
hybridization with chromosome metaphase spreads (Xiao et al.,, 1998a).
However, a second report of the same year (Morelli et al., 1998) localized hREV3
gene on chromosome 6q21. A more recent study also provided evidence

confirming that hREV3 is located on chromosome 6q21 (Kawamura et al., 2001).

2) The level of hRev3 protein in human cells might be low

In addition to the start codon ATG for the main open reading frame, the
hREV3 gene has an out-of-frame ATG at position -58 nt. The translation initiated
from the additional ATG terminates at a stop codon within the main hREV3 open
reading frame, and would generate a peptide unrelated to hRev3 protein (Gibbs
et al, 1998). Moreover, the translation efficiency from these two ATG start
codons are expected to be comparable since the sequence context of these two
ATG's are almost equally good in supporting translation. An out-of-frame ATG is
also found in the yeast REV3 gene. Examination of the 5' untranslated region of
the hREV3 mRNA also revealed a segment with potential to form a stem-loop
(hairpin) secondary structure (Lin et al., 1999a). The presence of an out-of-frame

ATG and a hairpin structure in the 5’ untranslated region suggest that the
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translation of full-length hRev3 protein is very inefficient, and the level of hRev3

protein in human cells may be very low.

3) Importance of the function of hREV3 in mammals

The presence of the mRNA transcript is often used as an indicator of the
functioning of a gene in certain tissues. By using RT-PCR, Lin et al. (1999a)
examined 16 different human tissues and found that all expressed hREV3
mRNA. In an independent study, Kawamura et al. (2001) reported that hREV3
was ubiquitously expressed in all 27 normal human tissues tested and showed
that the expression is not dysregulated in malignant human tissues.

To study the function of REV3 in mammals, mREV3 knock-out mice were
generated independently by three groups at almost the same time (Wittschieben
et al., 2000; Bemark et al., 2000; and Esposito et al., 2000). Wittschieben et al.
(2000) replaced two mREV3 exons containing conserved DNA polymerase
motifs with a cassette encoding G418 resistance and beta-galactosidase, under
the control of the mREV3 promoter. They found that disruption of mMREV3 caused
mid-gestation embryonic lethality, with the frequency of embryos declining
markedly between 9.5 and 12.5 days post coitum. mREV3 knock-out embryos
were smaller than their heterozygous littermates and showed retarded
development. Tissues in many areas were disorganized, with significantly
reduced cell density. mRev3 expression, traced by beta-galactosidase staining,
was first detected during early somitogenesis and gradually expanded to other
tissues of mesodermal origin, including extraembryonic membranes. Embryonic

death coincided with the period of more widely distributed mRev3 expression. No
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haematopoietic cells, fibroblast cells and embryonic cells could be derived in
mREV3(-/-) embryos (Esposito et al., 2000). These data indicate that REV3 is
essential for embryonic development in mammals. The exact mechanism

causing embryonic lethality is not known.

4) The role of hREV3 in mutagenesis

The requirement of hREV3 gene for mutagenesis was demonstrated with
human cells (Gibbs et al., 1998). Human fibroblasts expressing high levels of an
hREV3 antisense RNA to a 5’ portion of hREV3 mRNA grow normally, are not
significantly more sensititve than normal cells to killing by UV, but show greatly
reduced UV-induced mutagenesis. The human gene, therefore, appears to carry
out a function similar to that of its yeast counterpart (Gibbs et al., 1998). hREV3
also plays a role in somatic mutations in the immunoglobulin and bcl-6 genes
(Zan et al., 2001; Diaz et al., 2001). hREV3 was constitutively expressed in
human B cells. Upon B cell receptor engagement and coculture with activated
CD4+ T cells, these lymphocytes upregulated Pol zeta, and mutated the /g and
bcl-6 genes. Inhibition of the hREV3 by specific phosphorothioate-modified
oligonucleotides decreased /g and bcl-6 hypermutation and UV damage-induced
mutagenesis, without affecting cell cycle or viability (Zan et al., 2001). Following
immunization with antigens, transgenic mice that expressed antisense RNA to a
portion of MREV3 gene could induce vigorous antibody response, switch to IgG
and form germinal center, but showed a delay in the generation of high affinity
antibodies and a decrease in the accumulation of somatic hypermutation in the

Vu genes of memory B cells (Diaz et al., 2001). These data suggest that
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mammalian REV3 is required not only for the mutagenesis induced by DNA
damaging agents, but also for natural process that requires mutagenesis such as

IgG maturation.

b. hREV7

In 2000, a candidate human homolog of S. cerevisiae REV7 (hREV7), was
identified in a yeast two-hybrid screen by using fragments of hREV3 as bait
(Murakumo et al., 2000). The hREV7 gene product displays 23% identity and
53% similarity with yeast Rev7. Northern blot analysis showed that hREV7
mRNA was ubiquitously expressed in various tissues, with the highest level in
testis followed by thymus, spleen, and peripheral blood leukocyte, indicating the
importance of the function of hREV7 in humans. The hREV7 gene was localized
to chromosome 1p36, a region that had been previously shown to have high
frequency of loss of heterozygosity in some types of human tumors (Moley et al.,
1992; Simon et al., 1995). However, Northern blot analysis using a human
multiple tissue blot did not reveal any alterations in the length of hREV7
transcript. Furthermore, sequence analysis of hREV7 cDNA in 50 tumor-derived
cell lines and 33 clinical tumor samples did not reveal any mutations. The hRev7
protein shares 23% identity and 54% similarity with the human mitotic checkpoint
protein hMad2 (MAD: mitotic arrest-deficient). What is more, an interaction
between hRev7 and hMad2 proteins was identified in in vitro pull-down assay.
The significance of the interaction between hRev7 and hMad2 remains to be
elucidated, and also, it has not yet been demonstrated that the hRev7 homolog

conserves the function of yeast Rev7 in mutagenesis.
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c. hREV1

1) Cloning of hREV1 gene

The hREV1 gene was cloned independently by two laboratories at virtually
the same time (Lin et al., 1999b; Gibbs et al., 2000). Lin et al. (1999b) screened
human bone marrow and leukocyte cDNA libraries with a human expressed
sequence tag (EST) as probe and derived the hREV1 cDNA sequence by
aligning the clones generated, based on the overlapping sequences. Gibbs et al.
(2000) started by identifying an EST encoding a peptide with similarity to the C-
terminus of yeast Rev1 protein, followed this by sequencing of the clone, and
then obtained the remaining cDNA by the method of §' rapid amplification of
cDNA ends (Gibbs et al., 2000). The hREV1 genes identified in these two
laboratories are the same. The gene encodes an expected protein of 1,251
amino acid residues, compared with 985 residues in the corresponding yeast
protein. Evidence supporting the hypothesis that this human gene is a homolog
of yeast REV1 comes from comparing these two proteins. They share 41%, 20%,
31% and 83% identity in two N-terminal regions of approximately 100 residues,
one region of approximately 320 residues, and one central motif of 13 residues,
respectively (Gibbs et al., 2000). The calculated molecular weight of the hRev1

protein is ~140kD.

2) Presence of an out-of-frame ATG on hREV1 open reading frame

The hREV1 cDNA has a 5 out-of-frame ATG codon at position —35nt
upstream of the initiator ATG codon of the main open reading frame (ORF). This

ATG initiates a small reading frame that terminates at a TGA stop codon
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overlapping the main ORF ATG (Gibbs et al., 2000). Translation from the 5' out-
of-frame ATG would lead to synthesis of an unrelated peptide. The presence of
this alternate open reading frame predicts that the level of hRev1 protein in cells

is likely to be low.

3) Chromosomal location and functional importance

By using the hREV1 cDNA as a probe, Lin et al. (1999b) isolated two
hREV1 genomic clones from a human placenta genomic DNA library. One of
these two clones contained a sequence tagged site (STS) localized between
2q11.1 and 2911.2 on the cytogenetic ideogram. The STS was approximately
20kb upstream from the 5’ end of the hREV1 gene, as estimated by polymerase
chain reaction. Therefore, the hREV1 gene is located between 2q11.1 and
2q11.2. The mRNA of hREV1 gene was present in all 16 human tissues
examined, suggesting that the function of hREV1 is ubiquitous in humans (Lin et
al., 1999b). In an independent study, Murakumo et al. (2001) reported that the
testis has a much higher level of hREV1 mRNA than does other normal tissues

examined and that hREV1 expression is not abnormal in human cancer cell lines.

4) hRev1 as a dCMP transferase

The yeast Rev1 protein has an intrinsic deoxycytidyl transferase activity,
which inserts a dCMP at the 3' end of a DNA primer opposite a template G or an
apurinic/apyrimidinic (AP) site (Nelson et al., 1996). To determine whether the
hRev1 protein possesses this activity, Lin et al. (1999b) performed in vitro primer

extension experiments with purified recombinant hRev1 protein. Their results
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showed that human Rev1 protein specifically inserts a dCMP opposite a template
G, but does not insert any deoxynucleotide opposite a template A, C or T,
suggesting that hRev1 is a dCMP transferase. In addition, the hRev1 protein is
able to efficiently and specifically insert a dCMP opposite a DNA template abasic
site or a uracil residue, but cannot extend the synthesis if the next template is not
a.G. The hRev1 protein, and its yeast counterpart, are members of a growing
family of translesion DNA polymerases that includes umuC (Tang et al., 1999)
and dinB/dinP (Wagner et al., 1999) of Escherichia coli, Rad30 (Johnson et al.,
1999a) of the yeast Saccharomyces cerevisiae, and XPV/Rad30A (Johnson et
al., 1999b and Masutani et al., 1999a,b), Rad30B (McDonald et al., 1999), and
DINB1 (Gerlach et al., 2001) of humans. Although hRev1 protein contains the
conserved domain required for the polymerase activity of other members in the
family, it does not possess such polymerase activity. Instead, it has a template-
dependent transferase activity. To determine the domains that are responsible
for the transferase activity, Masuda et al. (2001) generated various deletion and
point mutation mutants of the hRev1 protein. Primer extension analyses showed
that hRev1 proteins that carried mutations in the conserved domain of
polymerases lost the deoxycytidyl transferase activity and DNA binding ability,
suggesting that the structure of the active site of the deoxycytidyl transferase

closely resembles the active site of other members of the family.

5) Function of hREV1 is required for human cell mutagenesis

In yeast, the function of REV1 is absolutely required for virtually all

damage-induced mutagenesis (Lawrence, 1994). My research for the Ph.D.
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degree involved the role of hREV1 in human cell mutagenesis. My hypothesis
was that hREV1 is required for mutagenesis. To test this, | employed an
antisense RNA strategy to decrease the function of hRev1 in human fibroblasts.
The data presented in Chapter 3, Chapter 4, and Appendix of this dissertation
indicate that hREV1 is required for mutagenesis induced by UV and BPDE, and
that hRev1 is involved in the generation of all base substitutions induced by
BPDE (Gibbs et al., 2000; Lawrence et al., 2000; Wang et al., manuscript in

preparation).

d. Interactions of hRev3, hRev7 and hRev1 proteins

A yeast two-hybrid system was extensively used to study the interactions
of the hRev1, hRev3 and hRev7 proteins (Murakumo et al., 2000, 2001). In this
system, a bait protein or fragment of a protein is fused with the GAL4 DNA
binding domain and another protein, or fragment of a protein, under study is
fused with the GAL4 transcription activation domain. If the bait protein and the
protein under study bind each other sufficiently, the hybrid transactivator will
activate the expression of two reporter genes, i.e., the gene that allows the yeast
cells to grow in medium without histidine and the gene coding for pB-
galactosidase. These two reporter genes allow qualitative and quantitative
evaluation of the degree of binding between the bait protein and the protein
under study, by using colony growth assay and p-galactosidase assay,
respectively. Using this strategy, Murakumo et al. (2001) found that hRev3 binds
hRev7. The minimal domain for hRev3 to bind hRev7 is within amino acid

sequence 1847-1892 and the minimum region for hRev7 to interact with hRev3 is
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within 21-155aa. These investigators also showed that the hRev1 and hRev7
proteins interact with each other. The minimum sequences of hRev1 and hRev7
proteins for such binding are amino acid sequences 1130-1251 and 21-155,
respectively. Interestingly, the hRev7 protein binds hRev3 and hRev1 protein
with the same region. hRev7 protein was also shown to form homodimer, and the
region of hRev7 for homodimerization is located between amino acid residues
21 and 155, the same region required for its interaction with hRev1 or with
hRev3. The authors used pull-down assays and coimmunoprecipitation assays to
confirm the interactions identified by yeast two-hybrid system (Murakumo et al.,
2001). However, in their in vitro pull-down assays, these investigators failed to
detect hRev1, hRev3, and hRev7 proteins forming a stable complex.
Nevertheless, the possibility that hRev3, hRev7, and hRev1 function together in
human cells cannot be ruled out just because the complex of three proteins could
not be identified in one kind of in vitro pull-down assay.

Sequence comparisons between human and yeast Rev proteins indicated
that the regions homologous to the interaction domains of hRev3 and hRev7 are
also present in yeast Rev3 and Rev7 proteins, suggesting that DNA polymerase
zeta complex is functionally conserved from yeast to human. However, the C-
terminal region of hRev1, which is important for interaction with hRev7 protein,
shows no homology with yeast Rev1, suggesting that hRevi may somewhat
different from Rev1 in its enzymatic properties. Based on their results, Murakumo
et al. (2001) proposed a model in which, prior to DNA damage, hRev7 exists as a

homodimer, and hRev1 or hRev3 exists in the form of monomers in human cells,
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and that when DNA damage occurs and translesion synthesis activity is needed,
hRev7 dissociates from the homodimers and forms the complex with hRev1 or
hRev3, allowing them to execute their functions. More studies are needed in

order to gain more insight into this pathway.

e. Polymerase eta, homolog of yeast RAD30

The human homolog of yeast RAD30 is found to be the gene that is
mutated in the cells of patients with the variant form of xeroderma pigmentosum
(XPV) (Masutani et al., 1999a, b). Cells derived from XPV patients are sensitive
to the cytotoxic effect of UV and show an elevated UV-induced mutagenesis
(Maher et al., 1976). In vitro studies with XPV cell extracts revealed that XPV
cells are less efficient than normal cells in bypassing most bulky lesions,
including UV photoproducts (reviewed in Cordonnier and Fuchs, 1999). By using
a SV40 origin-based plasmid containing a site-specific T-T cyclobutane dimer,
Masutani et al. (1999a) isolated a protein from HelLa cells capable of
complementing the T-T dimer bypassing defect of the XPV cell extracts. A full
length cDNA was subsequently identified from a HeLa cDNA library using DNA
probes deduced from four partial amino acid sequences of this protein (Masutani
et al.,, 1999b). Sequence homology searching revealed that this protein shares
an overall 19.6% identity and 31.9% similarity with yeast Rad30 protein
(Masutani et al., 1999b), which had just been identified as DNA polymerase eta
(Johnson et al., 1999a). Thus, the XPV gene is a human homolog of yeast
RAD30. The XPV gene was designated as hRAD30A as a second homolog,

hRAD30B, to yeast RAD30 was found later (see below). Because XPV protein
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(Pol eta) inserts dAMP across T-T dimers very efficiently (Wang et al., 1991;
Masutani et al., 2000 and Johnson et al., 2000b), i.e., in an error-free manner,

the function of yeast RAD30 is conserved in humans.

f. Additional lesion-bypassing DNA polymerases
1) Poliota

The yeast RAD30 gene was first identified by Woodgate and his
colleagues (McDonald et al., 1997). In an attempt to isolate human homolog(s) of
the yeast RAD30, the same group identified a novel homolog (McDonald et al.,
1999) different from the first homolog, hRAD30A, coding for human Pol eta. The
second homolog was designated as hRAD30B. Northern blot analyses showed
that hRAD30B is expressed in many human tissues, but at a low level (McDonald
et al., 1999). In vitro primer extension experiments with purified recombinant
hRad30B protein revealed that it possesses a DNA polymerase activity, and
therefore, hRad30B protein was named Pol iota (Tissier et al., 2000a). Although
Pol iota replicates DNA in a template-dependent manner, it frequently
incorporates wrong nucleotides, even on undamaged DNA (Tissier et al., 2000a).
This polymerase can insert nucleotides opposite lesions, including UV
photoproducts (Tissier et al., 2000b), abasic sites, 8-oxoguanine and N-2-

acetylaminofluorene-adduct in vitro (Zhang et al., 2001).

2) Pol kappa

Sequence homology searching for a human peptide with homology to E.

coli DinB protein (E. coli Pol 1V), a UmuC homolog involved in untargeted
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mutagenesis, identified hDinB (Gerlach et al., 1999; Ogi et al., 1999). The
hDINB1 gene was found to encode a DNA polymerase (designated Pol kappa),
which synthesizes DNA with extraordinarily low fidelity (~1 error per 200
nucleotides) (Zhang et al., 2000b; Ohashi eta |., 2000). Pol kappa can bypass an
abasic site, an N-2-acetylaminofluorene (AAF)-adduct, or an 8-oxoguanine in an
error-prone manner, but it does not bypass a cis-syn or (6-4) thymine-thymine
dimer or a cisplatin-adduct (Zhang et al., 2000a; Ohashi eta I., 2000). In addition,
human Pol kappa effectively bypasses a template (-)-trans-anti-benzo[a]pyrene-
N2-dG lesion in an error-free manner (Zhang et al., 2000a). These data implicate
an important role for Pol kappa in the mutagenic bypass of certain types of DNA
lesions. Recently, Pol kappa was found to be overexpressed in lung cancer (O-

Wang et al., 2001).

g. Summary of the kinds of lesions bypassed by error-prone DNA

polymerases

Table 1 summarizes the ability of error-prone DNA polymerases in
bypassing various kinds of DNA lesions. This is mainly based on the data
obtained from in vitro primer extension assays. Genetic evidence is used when
biochemical data are not available. It should be noted that the ability of a purified
polymerase found in vitro might not be used in vivo, and that in some

circumstances, more than one DNA polymerase could act together.
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h. Lesion-replicating polymerases could act sequentially in bypassing

lesions

To bypass a replication-blocking lesion and allow continuation of DNA
synthesis, the polymerase(s) must accomplish two steps, the insertion of a
deoxynucleotide opposite the lesion and the extension of synthesis from the
incorporated deoxynucleotide (Woodgate, 2001). This two-step bypassing can be
carried out by one DNA polymerase. For example, human Pol eta inserts AA
across from T-T dimer and extends from the inserted AA very efficiently
(Masutani et al., 1999b). In some circumstances, at least in vitro, error-prone
DNA polymerases have been shown to cooperate in bypassing lesions that block
DNA synthesis (Johnson et al., 2000a). Human Pol iota is error-prone in DNA
synthesis even on undamaged DNA. It can efficiently insert a deoxynucleotide
opposite an abasic site or the 3' T of a T-T (6-4) photoproduct, but can not
extend the synthesis from inserted deoxynucleotides (Johnson et al., 2000a). In
eukaryotes, including yeast and humans, DNA polymerase zeta is essential for
virtually all damage-induced mutagenesis (Lawrence and Maher, 2001). Although
Pol zeta bypasses a T-T dimer with a frequency of 3%-10% (Johnson et al.,
2000a; Nelson et al., 1996), it does not bypass a T-T (6-4) photoproduct and
abasic site (Johnson et al., 2000a). However, efficient bypass of a T-T (6-4)
photoproduct and an abasic site was achieved by the combination of Pol iota and
Pol zeta (Johnson et al., 2000a). Indeed, yeast Pol zeta extends from
mismatched primer-template ends on undamaged or damaged DNA very

efficiently (Johnson et al., 2000a). Other examples of polymerase coordination
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include bypassing of abasic sites by Rev1 and Pol zeta (Nelson et al., 1996b),
and bypassing of bulky adducts by hRev1 and Pol kappa (Zhang et al., 2002), if
Rev1 or hRev1 is considered a DNA polymerase as suggested by Haracska et
al. (2002). Although the cooperation between lesion-replicating polymerases has

only been demonstrated in vitro so far, it is possible to be employed in vivo.

3. Relevance of the damage tolerance pathway to carcinogenesis in

humans

Cancer is a disease charaterized by uncontrolled cell proliferation, which
is caused by mutations in oncogenes and/or tumor suppressor genes. Evidence
suggests that the human RAD6 pathway plays an important role in
tumorigenesis.

Mutations in the hRAD30A gene cause the variant form of xeroderma
pigmentosum (XPV) (Masutani et al., 1999a, b). XPV patients are predisposed to
skin cancer (Mamada et al.,, 1992). In vitro transformation studies also showed
that XP variant cells are more sensitive than normal cells to UV-induced
transformation to anchorage independence (McCormick et al., 1986).

As discussed above, Pol kappa is a low-fidelity polymerase with a
moderate processivity when replicating undamaged DNA. In vitro primer
extension assays also showed that recombinant Pol kappa can replicate DNA
containing lesions such as an abasic site, a N-2-acetylaminofluorene guanine
adduct or 8-oxoguanine. Transient expression of this polymerase in cultured
mouse cells caused a 10-fold increase in the mutation frequency of the

endogenous HPRT gene. In an attempt to explore the potential involvement of
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Pol kappa in carcinogenesis, O-Wang et al. (2001) compared the expression
level of Pol kappa in tumors and adjacent nontumorous tissues by Northern blot,
semiquantitative RT-PCR, and Western blot analyses. Among 29 pairs of tumor
and normal specimens from patients with stages | to lllb non-small cell lung
cancer, including 13 adenocarcinomas, 15 squamous cell cancers, and 1
adenosquamous carcinoma, 21 tumor samples were found to have
overexpression of Pol kappa. The elevated Pol kappa expression was likely due
to an activated transcription, because gene amplification was not found in tumor
samples exhibiting higher expression of Pol kappa, as shown by Southern blot
analysis. These data suggests that Pol kappa may contribute to lung tumor

development by accelerating the accumulation of mutations.
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