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Abstract
Information about the mechanisms that generate mutations
in eukaryotes is likely to be useful for understanding human
health concerns, such as genotoxicity and cancer.
Eukaryotic mutagenesis is largely the outcome of attacks
by endogenous and environmental agents. Except for DNA
repair, cell cycle checkpoints and DNA damage avoidance,
cells have also evolved DNA damage tolerance mechanism,
by which lesion-targeted mutation might occur in the
genome during replication by specific DNA polymerases to
bypass the lesions (translesion DNA synthesis, TLS), or
mutation on undamaged DNA templates (untargeted
mutation) might be induced. DNA polymerase ζ (pol ζ),
which was found firstly in budding yeast Saccharomyces
cerevisiae and consists of catalytic subunit scRev3 and
stimulating subunit scRev7, has received more attention
in recent years. Pol ζ is a member of DNA polymerase δ
subfamily, which belongs to DNA polymerase B family, and
exists in almost all eukaryotes. Human homolog of the
scRev3 gene is located in chromosome region 6q21, and
the mouse equivalent maps to chromosome 10, distal to
the c-myb gene and close to the Macs gene. Alternative
splicing, upstream out-of frame ATG can be found in yeast
scRev3, mouse and human homologs. Furthermore, the
sequence from 253-323 immediate upstream of the AUG
initiator codon has the potential to form a stem-loop hairpin
secondary structure in REV3 mRNA, suggesting that human
REV3 protein may be expressed at low levels in human
cells under normal growth conditions. The functional
domain analysis showed that yeast Rev3-980 tyrosine in
conserved region II is at the polymerase active site. Human
REV3 amino acid residues 1 776-2 195 provide a REV7
binding domain, and REV7 amino acid residues 1-211
provide a bind domain for REV1, REV3 and REV7 itself.
More interestingly, REV7 interacts with hMAD2 and
therefore might function in the cell cycle control by affecting
the activation of APC (anaphase promoting complex).
Currently it has been known that pol ζ is involved in most
spontaneous mutation, lesion-targeted mutation via TLS,
chemical carcinogen induced untargeted mutation and
somatic hypermutation of antibody genes in mammalian.
In TLS pathway, pol ζ acts as a “mismatch extender” with
combination of other DNA polymerases, such as pol ι. Unlike
in yeast, it was found that pol ζ also functioned in mouse
embryonic development more recently. It was hypothesized
that the roles of pol ζ in TLS and cell cycle control might
contribute to mouse embryonic lethality.
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INTRODUCTION
The increase of environmental cancer has been received
intensive attention in recent years[1-6]. An arresting example is
that tobacco smoke significantly increases the risks for oral[7, 8],
esophageal[3, 6, 9, 10], bladder[11-14], pancreas[13], gastric[15] and
colorectal cancers[16].  To understand the relationship between
environmental agents and cancer is a noteworthy hotspot, by
which it is possible to establish a system to prevent and control
environmental cancers.
     Information about the mechanisms that generate mutations
in eukaryotes is likely to be useful for understanding human
health concerns, such as genotoxicity and cancer. Eukaryotic
mutagenesis is largely the outcome of attacks by endogenous
and environmental agents. However, the cells have evolved
sophisticated systems in response to DNA damage, including
DNA repair and cell cycle checkpoints. Even when DNA
repair systems and cell cycle checkpoints are fully functional,
some damage can still persist in the genome during replication
under circumstances such as: (i) when cells sustain significant
DNA damage; (ii) when a particular damage is poorly
repaired; or (iii) when some genomic regions are inefficiently
repaired. DNA damage frequently blocks replication. Such
blockage can be overcome by error-free or error-prone
translesion DNA synthesis (TLS) bypass, employing
specialized DNA polymerases and proteins for promoting
continuous nascent strand extension at forks blocked by the
presence of unrepaired DNA damage at the cost of increasing
mutation frequency[17].  Alternatively, mutation can be
avoided by DNA damage avoidance [18],  or occur on
undamaged DNA template and lead to untargeted mutation
via damage tolerance[19].
     DNA polymerase ζ (pol ζ), consisting of catalytic subunit
scRev3 and stimulat ing scRev7 in  budding yeast
Saccharomyces cerevisiae, has received more attention in
recent years. It is thought to be the major component of error-
prone TLS pathway [20-24], although a number of other
polymerases might be involved in this process[25]. In
Saccharomyces cerevisiae, TLS pathway pasting many types
of DNA damage in yeast depends on the activities of pol ζ
and Rev1p, which is a major source of DNA-damage-
induced substitutions and frameshifts and of spontaneous
mutations[21, 22, 26-30]. It has been speculated and demonstrated
later that human pol ζ plays a major role in UV-induced
mutagenesis and somatic hypermutation in antibody genes[31-34].
More recently, it was found that human pol ζ was also involved
in mammalian untargeted mutagenesis, and the expression of
human mutator REV3 could be upregulated at transcriptional
level in response to chemical carcinogen N-methyl-N’-nitro-
N-nitrosoguanidine (MNNG)[35], which could induce gastric
cancer[36-39] and colorectal cancer[40, 41]. Evidences also suggested
that pol ζ was concerned with cell cycle control and early
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embryonic development[42-45]. The aim of this paper was to
review the structural and functional features of pol ζ, and its
roles in mutagenesis and embryonic development as well.

PROPERTIES OF STRUCTURE AND FUNCTION DOMAIN
OF POL ζ
In the budding yeast Saccharomyces cerevisiae, the scRev3-
scRev7 complex is the sixth eukaryotic DNA polymerase to
be described, and is therefore called DNA polymerase ζ[22].
The catalytic subunit Rev3 is a member of family B DNA
polymerases, which contains six conserved motifs[46, 47].
Mutation analysis in vivo and the X-ray crystal structures of
family B polymerases reveal that yeast scRev3-980 tyrosine
in conserved region II is at the polymerase active site[48].
Investigation suggests that homologues of the yeast scRev3
gene are found in almost all eukaryotes, including Arabidopsis
thaliana, Drosophila melanogaster, Schizosaccharomyces
pombe, mouse and specifically humans[30, 31, 49-53].
     Human homolog of the Saccharomyces cerevisiae scRev3
gene is located on chromosome region 6q21, and the mouse
equivalent maps to chromosome 10, distal to the c-myb gene,
and close to the Macs gene[50, 52]. The full-length cDNA of
human REV3 consists of 10 919 nucleotides, with a putative
open reading frame of 9 390 bp[31, 50, 51]. Human REV3 gene
contains 33 exons in about 200 kb of genomic DNA, in which
an additional exon, alternative splicing event and an upstream
out-of frame ATG have been demonstrated[31, 50]. The same
alternative splicing has also been observed in mouse, with a
128bp exon inserted between nt +139 and +140 in
approximately 50 % of the transcripts[52]. An upstream out-of-
frame ATG with an ORF that terminates within the main ORF
is also found in the yeast gene[21], suggesting that it may be
evolutionally conserved in all pol ζ  genes. The sequence
context of the upstream gene performs a similar function to
that of its yeast counterpart. Interestingly, three stretches of
sequences, GGCAGTGGCGGC, AGGGGAGGGGGC, and
GCCGCCGCCGCTGC, are duplicated in the 5 untranslated
region constituting 323 nucleotides. Furthermore, the sequence
from 253-323 immediate upstream of the AUG initiator codon
has the potential to form a stem-loop hairpin secondary
structure in REV3 mRNA[51]. Such primary structural features
and the secondary structure in the 5’ untranslated region are
expected to reduce the translational efficiency of the message,
suggesting that human REV3 protein may be expressed at low
levels in human cells under normal growth conditions.
     The predicted homogous proteins in human and mouse are
a little over twice the length of the yeast scReve protein (1 504
residues), i.e., 3 130 amino acids with an expected mass of
353 kDa and a calculated p I of 8.7 in human, and 3 122 amino
acids in mouse respectively. The homologous proteins of yeast
scRev3 are highly conserved[31, 51, 52]: (i) in the N-terminal part,
the overall homology between yeast scRev3/Drosophila
DmRev3, yeast scRev3/human REV3 and Drosophila
DmRev3/human REV3 amounts to respectively 33.3 %, 35.0 %
and 50.5 % identical amino acids. (ii) in a region of 850 residues
at the carboxyl terminus, the overall homology between yeast
scRev3/human REV3 amounts to 39 % identical amino acids,
and (iii) in a 55-residue region in the middle of both scRev3
and REV3 proteins, with 29 % identity. But little similarity
can be found in the intervening regions[31].
    The carboxyl terminus region of yeast Rev3 homologue
proteins in human, mouse and Drosophila contains the six
conserved sequence motifs characterized by DNA polymerases
in the right order, including the canonical hexapeptide motifs
within regions 1 and 2, YGDTDS and SLYPSI, which are
found jointly only in type B DNA polymerases[46, 47]. Further
alignment shows that pol ζ is a member of DNA polymerase δ

family with two specifically conserved motifs ζ I and ζ II in
pol ζ, and in the N-terminal part, a conserved glycine repeat
motif (G-x4-G-x2-G-x8-G-x3-YFY) in pol δ is also present in
the homologues which have been implicated in nucleotide
binding[51]. Outside the six DNA polymerase motifs in the C-
terminal, both yeast scRev3 and human REV3 proteins contain
a putative zinc finger DNA binding region, and the location of
this putative zinc finger is also highly conserved from yeast to
humans[51].  Such structural features are consistent with the
notion that the C-terminal region of scRev3 homologue serves
as the catalytic domain during nucleotide polymerization, while
its N-terminal region may provide sites for protein-protein
interactions with other factors such as a putative yeast scRev7
homologue during translesional DNA synthesis.
     However, the existence of a much larger nonhomologous
or species-specific region in the expected human protein
suggests that pol ζ may perform a wider range of functions in
the higher eukaryotes. In Saccharomyces cerevisiae, it was
found that LexA-scRev3 and Gal4-scRev7 fusions interacted
with each other[22]. More recently, studies showed that human
REV3 amino acid residues 1 776-2 195 provided a REV7
binding domain, and REV7 amino acid residues 1-211 provided
a bind domain for REV1, REV3 and REV7 itself [54, 55]. REV7,
the stimulating subunit of pol ζ which is located on
chromosome 1p36, displays 23 % identity and 53 % similarity
with scRev7, as well as 23 % identity and 54 % similarity with
the human mitotic checkpoint protein hMAD2. And yeast two-
hybrid assay suggests that REV7 may interact with hMAD2
but not with hMAD1[54]. It is possible that REV3, REV7, and
hMAD2 might be capable of forming a stable triprotein complex.

CHARACTERISTICS AND ROLES OF POL ζ INVOLVED IN
EUKARYOTIC MUTAGENESIS
DNA damage induced elevation of mutations during the course
of translesion replication is likely to be an important
contributory cause in the development of many cancers[27]. With
in vitro and in vivo investigation, it has been clear that pol ζ
plays a role in an error-prone way. Yeast pol ζ can bypass T-
T cyclobutane dimer, but not (6-4) T-T photoproduct and abasic
site, inserting an incorrect nucleotide with relatively low
efficiency in vitro (f inc values range from 4.1×10-3 to 1.
9×10-5)[22, 56]. When combined with REV1 (transfers a dCMP
residue from dCTP to the 3’ end of a DNA primer in a template-
dependent reaction opposite abasic site), pol ι (inserts a
deoxynucleotide opposite the (6-4) T-T photoproduct and
abasic site) or pol η (bypasses T-T cyclobutane dimer with
relative high accuracy and efficiency), pol ζ can bypass all
three types of lesions with more efficiency (fo

ext values range
from 10-1 to 10-2) at elongating from a mismatched terminus,
which develops the TLS two-step model (Figure 1)[56-58].
    Mutation caused by TLS is usually designated targeted
mutation. However, mutation can also occur on undamaged
DNA template and therefore is called untargeted mutation
(UTM), which has been described in SOS-induced mutagenesis
in E. coli[59]. It has been known that untargeted and targeted
mutations caused by SOS response in E. coli both result from
the inhibition of DNA polymerase functions that normally
maintain fidelity and the involvement of DNA polymerases
with low fidelity, which include DNA pol III, pol IV (dinB),
pol V (UmuD’2C) and other factors (RecA*, β-sliding clamp,
γ-clamp loading complex and single-stranded binding
protein)[60-64]. Using mating experiments with excision deficient
strains of Saccharomyces cerevisiae, Lawrence and Christensen
found that up to 40 % of cycl-91 revertants induced by UV
were untargeted, showing that a reduction in fidelity of DNA
replication[65]. In mouse T-lymphoma cells, stress response
induced by DNA damage agents (8-methoxy-psoralen or UVA)



leads to specific, delayed and untargeted mutations[66]. It has
been found that low concentration N-methyl-N’-nitro-N-
nitrosoguanidine (MNNG), a carcinogen which can induce
gastric cancer, could induce mammalian UTM[19]. However, it
is not clear which factor capable of inhibiting fidelity can be
induced or activated. More recently, it was found that pol ζ might
be involved in the mammalian UTM induced by MNNG. The
transcriptional level of REV3 gene is upregulated when human
cells are treated by low concentration MNNG. Furthermore,
human cells, in which the function of pol ζ is inhibited by
antisense REV3 RNA, display characteristics of both anti UTM
and targeted mutation[35].
    Pol ζ also functions in somatic hypermutation[33,34].
Accumulation of somatic mutations in the V(H) genes of
memory B cells from transgenic mice which express antisense
RNA to a portion of mouse REV3 is decreased, particularly
among those that generate amino acid replacements enhancing
the affinity of the B cell receptor to the hapten[33].  In addition,
inhibition of the mouse mRev3 by specific phosphorothioate-
modified oligonucleotides impaires Ig and bcl-6 hypermutation
and UV damage-induced DNA mutagenesis, without affecting
cell cycle or viability[34].

Figure 1  TLS two-step model in human cells. (1) The main
replicase in humans, pol δ, has difficulty in replicating through
cis-syn T-T cyclobutane dimmer and (6-4) T-T photoproduct.
This recruits specialized polymerases such as pol η, pol ι to
insert or misinsert deoxynucleotides, and then pol ζ functions
as a mismatch extender. (2) Opposite the abasic site, pol ι or
REV1 inserts a deoxynucleotide, and bypass of this lesion oc-
curs when combined with pol ζ.

ROLE OF POL ζ IN MAMMALIAN EMBRYONIC DEVELOPMENT
In Saccharomyces cerevisiae, pol ζ is not essential for cell
viability, as indicated by the fact that haploids carrying a
complete deletion of Rev3 are viable[21]. Besides, human
fibroblast cells expressing high levels of an REV3 antisense
RNA fragment grow normally[31]. However, recent evidences
have shown that pol ζ is essential for cell viability during
embryonic development in mammals (Table 1)[43-45, 67].

Table 1  Characteristics of mRev3-/- embryo

Size Reduced at day 10.5

Viability Usually aborted around day 12.5
Inner cell mass (ICM) Diminished expansion
Haematopoietic cells No haematopoietic cells developed

other than erythrocytes
Morphogenesis of embryo 1. Abnormalities in the development and

maintenance of embryonic mesoderm
2. Predominant disorder and lack of
integrity mainly in mesenchymal tissues,
including heart and large blood vessels

     It has been realized that numerous DNA lesions caused by
unavoidable oxidative and hydrolytic processes are constantly
formed in genomes[68]. Double-strand breaks can form when
DNA replication forks encounter nicked templates, and these
stalled replication forks must be reactivated by replication or
repair. Unlike cells in adult tissues or in culture, which have
mechanisms to cease division or DNA replication temporarily
in order to allow accurate and specific DNA repair enzymes to
act before proceeding through the cell cycle, embryonic
development adheres to a strict temporal program that requires
rapid cell division. Under such conditions, enzymes that can
rapidly bypass DNA lesions may be expected to be particularly
important, and an intolerable load of damaged DNA in critical
embryonic or extra-embryonic cells would then lead to death.
On the other hand, the proliferating cells in the embryo might
gradually accumulate DNA damage and ES cells may be a
special case of a cell type primed to undergo apoptosis after
accumulated low levels of DNA damage[69]. During the
developmental stage of the mRev3-defective mouse embryos
before embryonic death, the embryos are still able to propagate
rapidly and differentiate through many cell divisions.
     It is noteworthy that mouse mRev3 is most highly expressed
in mesodermal tissues and embryonic death coincides with
the period of more widely distributed mRev3l expression. High-
level expression of mouse mRev3 is developmentally regulated
during embryogenesis, occurring first in early somatogenesis
and then in other mesodermal tissues up to at least 11.5 days
post coitum[45]. This differential expression seems likely to
account for the predominant disorder and lack of integrity
found mainly in mesenchymal tissues. Lack of proper
development of the heart and large blood vessels might in itself
be the immediate cause of death. Also, as mouse mRev3 is
normally expressed within extraembryonic membranes, the
absence of functional mRev3 in mouse mRev3–/– embryos could
be the cause of the pericardial sac edema, yolk sac fragility
and weak attachment to the decidual implantation site. Yolk-
sac malfunction can induce osmotic imbalance, leading to
edema, whereas delayed and/or suboptimal chorioallantoic
fusion can result in an implantation defect. Defects of the
chorioallantoic placenta or yolk sac are a common cause of
murine lethality in utero  and could contribute to the embryonic
lethality of mouse mRev3 disruption. Therefore, ES cells may
have a special need for the activity of pol ζ if certain types of
DNA damage accumulate within them, and bypass of specific
types of DNA lesions by pol ζ is essential for cell viability
during embryonic development in mammals.
    However, it is also possible that mouse mRev3 has an
additional unknown function. In view of the fact that yeast
scRev7 shares a region of homology, termed the HORMA
(Hop1p, Rev7p and Mad2) domain with Mad2, which
associates with unattached kinetochores and functions in the
spindle assembly mitotic checkpoint[71]. Mad2, Rev3 and Rev7
proteins might therefore have the potential to interact in vitro.
It has been demonstrated that human REV7 may interact with
hMAD2[54]. Interestingly, the tumor suppressor p33ING1,
which has recently been demonstrated to have no synergistic
effect with p53 in camptothecin-induced cell death in
melanoma cells[72], strongly associates with mRev3 protein in
a two-hybrid assay[30]. It was observed that mouse mRev3-/-

embryonic death occurred in a p53-independent pathway
indicating mRev3 functions with no direct or indirect
interaction with p53[67]. Furthermore, it has been found that
Saccharomyces cerevisiae lacking Snm1, scRev3 or Rad51
have a normal S-phase but arrest permanently in G2 after
cisplatin treatment[42]. Therefore, pol ζ can play a central role
in apoptosis, cell proliferation, and the control of cell cycle by
protein-protein interaction, and thus affect the embryonic
development.
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polδ

  polι or polη

3’            T T                 5’
               G

3’            T T                 5’
               GA

3’            TAoAAT            5’
               AT

3’             TToAAT           5’
                ATG

     C

polδ
  polι or REV1

polι or
polη    polζ or polη

polι or
REV1    polζ or polη

(1) (2)
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