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研究成果の概要（和文）：　DNA損傷部位での複製停止の解除には損傷乗り越え機構が中心的な役割を果たす。
この反応では損傷したDNAを鋳型に用いて複製を継続することのできるTLSポリメラーゼと呼ばれる酵素群が関与
することが知られているが、損傷の種類に対しどのポリメラーゼが選ばれて作用するのかほとんど分かっていな
い。例えば、紫外線の損傷にはポリメラーゼη（イータ）が効果的に働き変異を避けて損傷乗り越えを行うが、
他の酵素が誤って働くと変異につながる。本研究では、損傷乗り越え時の変異パターンや損傷乗り越え頻度をシ
ーケンス解析することで、損傷乗り越えの効率や、使われるポリメラーゼ酵素について解明する。

研究成果の概要（英文）：Translesion DNA synthesis (TLS) is pivotal for releasing replication arrest 
at DNA damage on the template strand. TLS polymerases are involved in this bypass replication across
 damaged template. However, the mechanism to select a polymerase to carry out TLS across some 
specific damage has not been elucidated. For the bypass of UV induced T-T dimer damage, Polymerase-
η can replicate in error free manner, while other TLS polymerases induce replication erorrs during 
TLS and thereby induce mutations. In this study, we employed novel TLS assay using artifical damaged
 oligo DNAs and revealed selectivity of TLS polymerase to the kind of DNA damage.

研究分野： 分子生物学

キーワード： DNA損傷　損傷乗り越え　TLSポリメラーゼ　変異
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研究成果の学術的意義や社会的意義
これまで不明であった損傷乗り越え機構において機能するTLSポリメラーゼ群の包括的多重変異細胞を作成し、
これらポリメラーゼ酵素群の関係性を明らかにすることができた。この機構は、発癌につながるDNA変異に関わ
るため、癌発生のメカに住むにつながるとともに、新規のがん治療法開発につながる知見であり社会的意義は大
きい。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
放射線など変異原による発ガンや遺伝的影
響などの確率的影響は、DNA の変異が原因で
あると考えられている。DNA の損傷部位で停
止した複製の再開を行う乗り越え複製機構
が、DNA 変異の主要な原因であると考えられ
ている。乗り越え複製では、損傷した DNA を
鋳型に用いヌクレオチドを挿入できるTLSポ
リメラーゼと呼ばれる特別な酵素が関わる
ことが知られている。細胞内には様々な種類
の TLS ポリメラーゼが存在しており、DNA の
種類ごとに作業分担があると考えられてい
る。例えば、紫外線の損傷にはポリメラーゼ
η（イータ）が効果的に働き変異を避けて損
傷乗り越えを行うが、他の酵素が誤って働く
と変異につながる。しかし、損傷の種類ごと
の詳細な作業分担や、制御機構については、
ほとんどわかっていない。さらに、申請者は
複製ポリメラーゼδがPOLD3サブユニットに
依存して損傷を乗り越えることを発見して
いる。しかし、この新規の損傷乗り越え機構
と従来のTLSポリメラーゼの乗り越え機構と
の関係など、不明のままであった。 
 
２．研究の目的 
本課題では、化学合成した損傷 DNA を染色体
に導入し、細胞内で複製させるアッセイなど、
多面的な細胞生物学的アプローチで研究を
推進し、複製ポリメラーゼδが POLD3 サブユ
ニットに依存して行うTLSと従来知られてい
るTLSポリメラーゼによる乗り越え機構の使
い分けや関係について解明した。 
 
３．研究の方法 
本研究では、研究方法を作成する部分も成果
の一部であるので方法について４の項目に
含めて記載する。 
 
４．研究成果 
(1) ポリメラーゼζ—η経路と複製ポリメラ
ーゼδによる TLS の関係 
申請者は、ポリメラーゼζとηが様々な広い
範囲の損傷の種類に対して一緒に働くこと
を以前示していた(Hirota et al 2010 PLoS 
Genetics)。そこで、主要な TLS ポリメラー
ゼ２種ζとηを欠損した POLζ-/- POLη-/-細
胞、POLD3-/-細胞、両経路を同時に欠損した
POLζ-/- POLη-/- POLD3-/-細胞を作成した。こ
の３重破壊のために、テトラサイクリン添加
時のみ細胞中のPOLD3発現が消える条件変異
を利用した。テトラサイクリン添加後、３重
破壊細胞は３日以降で細胞増殖が停止した
（図１の Exo+(OFF)）。このことから、細胞生
存にとってTLSポリメラーゼζとηの経路と、
複製ポリメラーゼδがPOLD3サブユニットに
依存して行うTLS経路が相補的関係にあるこ
とがわかった。複製ポリメラーゼδによる損
傷乗り越えでは、複製ポリメラーゼδ内在す
る校正エキソヌクレアーゼ活性は、TLS の妨
げとなる。それは、損傷部位に取り込んだヌ

クレオチドは正しいワトソンクリック塩基
対を作れないので、損傷とみなされ即時に除
去されるからである。そこで、この３重破壊
細胞に POLD1exo-変異を導入して４重変異細
胞 を 作 成 し た 。 ４重変 異 細 胞 （図１
Exo-(OFF)）では Exo+(OFF)と比較して有意に
生存の回復が見られた。 

(2) 脱塩基部位の乗り越え 
脱塩基損傷は、遺伝情報を担う塩基を失う

損傷であり、最も有毒な損傷の１つであるに
もかかわらず、細胞あたり１日に１万回以上
発生する多発損傷である。この損傷の乗り越
え効率は、ニワトリ免疫遺伝子座での体細胞
超変異の効率で測定した、細胞において AID
（デアミネースの一種）を過剰発現させると、
免疫遺伝子座中で C→U の変化が起こり、塩
基除去修復が働くと Uが除去され中間体とし
て脱塩基損傷が発生する。この中間体に、複
製フォークが遭遇するとTLSに依存した体細
胞超変異が引き起こされる。 
ニワトリ DT40 細胞から主要な TLS ポリメラ
ーゼ２種を欠損した POLζ-/- POLη-/-細胞は、
この体細胞超変異の効率はほとんど低下し
なかった。一方、POLD3-/-細胞では２０％程度
まで低下していた（図２）。さらに、この低
下は、POLD1exo-変異によってレスキューさ
れた。この事実から、脱塩基損傷の乗り越え
において、複製ポリメラーゼδによる損傷乗
り越えが重要な働きをしており、POLD3 によ
る促進と校正エキソヌクレアーゼ活性によ
る阻害が拮抗的に作用していることが示唆
された。 
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Figure 2. Expression of the proof reading exonuclease de!cient Pol! substantially changes the mutation spectrum of the Ig V" hypermutation. (A) Ig V"
segments isolated from indicated cells, clonally expanded for two weeks. Horizontal lines represent the rearranged Ig V" (450 bp), with hypermutation
(lollipop shapes), single-nucleotide substitutions that could be the result of hypermutation or gene conversion (vertical bars). At least three cellular clones
were expanded for two weeks and analyzed for each data set. (B) The rates of TLS-dependent hypermutation (PM) are indicated with standard error.
White bars represent the rate of G/C to A/T mutations, TLS following A-rule. Data from polη/polζ cells are taken from (19) for comparison. Statistical
signi!cance was determined by a Fisher’s exact test and P-value was calculated. (*) P < 0.05. (C) Pattern of point mutation in wild type, pold3, pold1exo−

and pold3/pold1exo- cells. Tables showing the pattern of mutation in each line. Some of data for wild type, pold3 and polη/polζ cells are from (19).

sic site TLS defect of the pold3 mutant and marked bias to-
wards G/C to A/T transitions (Figure 2B and C) induced
by expression of proofreading-de!cient Pol! supports the
idea that Pol! can perform TLS past abasic sites in vivo and
that this is facilitated by the POLD3 subunit.

Expression of proofreading-de!cient Pol! rescues the atten-
uated replication fork progression of pold3 cells after UV ir-
radiation

Previous work in DT40 cells has revealed temporally sepa-
rated modes of lesion bypass. One mechanism is responsible
for timely !lling of postreplicative gaps at UV-damage sites,
while another operates at or very close to stalled replica-
tion forks and maintains normal fork progression on UV-
damaged DNA (36). pold3 cells are de!cient only in the lat-
ter mode of damage bypass (19), which can be assessed by
DNA molecular combing (Figure 3A). To examine repli-
cation fork progression after UV irradiation, we labeled
nascent strands with IdU for 15 min, irradiated the cells
with UV, and then continued labeling the nascent strands
with CldU for a further 15 min (Figure 3A). After DNA
combing, we detected the tracts of CldU and IdU with im-
muno"uorescence and calculated the ratio between them to
compare the total DNA synthesized before and after UV
exposure on a fork-by-fork basis. Counterstaining the !bers
for DNA allowed us to distinguish fork stalls from broken
DNA. We plotted the data as a cumulative percentage of
forks at each ratio (Figure 3B).

pold3 and polη/polζ/pold3 cells exhibited a signi!cant re-
duction in the DNA synthesized during labeling period af-
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Figure 3. Expression of POLD1exo− restores defective replication fork
progression past UV damaged DNA in pold3 cells. (A) Schematic for DNA
!ber labelling. DT40 cells were labeled sequentially with IdU and CldU
with or without UV treatment after IdU labeling. The right hand panel
shows an example of an ongoing fork. The arrowhead indicates the direc-
tion of replication. (B) The data for cells carrying the indicated genotypes
was plotted as a cumulative percentage (y-axis) of forks at each ratio (x-
axis). The transcription of tet-POLD3 was repressed by doxycycline for 1
day. The P-values of the Kolmogorov-Smirnov test for ratio distribution
of each mutant for UV compared to wild type are indicated. n.s.: not sig-
ni!cant. A part of data for pold3 and polη/polζ/pold3 cells were from (19).

ter UV, as reported previously (19). Interestingly, inactiva-
tion of Pol! proofreading signi!cantly restored the defective
fork progression of pold3 cells after UV (Figure 3B), sug-
gesting that the defective TLS of pold3 cells is suppressed by
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図２免疫グロブリン遺伝子の体細胞超変異の効率。白で示す部

分は G が A に変化した部分で Polδによると考えられている。 
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Figure 1. pold1exo- mutation restores mutant phenotype of pold3 cells. (A) pold1exo- mutation signi!cantly suppresses the growth defect of pold3 cells. The
doubling time for the indicated genotypes is indicated. Error bars represent standard deviations (SD) from three independent assays. Statistical signi!cance
was determined by a Student’s t-test and P-value was calculated. (*) P < 0.01, (**) P < 0.001. (B) Expression of POLD1exo− reverses the synthetic lethality
of polη/polζ/pold3 cells. Growth curves of the indicated cells are shown after addition of doxycycline at time zero. The tet-POLD3 transcription was active
without doxycyclin (ON) and inhibited upon addition of doxycyclin (OFF). (C) Expression of POLD1exo− reverses sensitivities of pold3 cells to MMS and
H2O2. Indicated cells were exposed to MMS or H2O2. The dose of the genotoxic agent is displayed on the x-axis on a linear scale, while the percentage
fraction of surviving cells is displayed on the y-axis on a logarithmic scale. Error bars show the SD for three independent assays. Statistical signi!cance
was determined by a Student’s t-test and P-value was calculated. (*) P < 0.01

Expression of proofreading-de!cient Pol! affects TLS past
abasic sites in Ig V gene

To test the role of Pol! in TLS in vivo, we examined the di-
versi!cation of the immunoglobulin (Ig) V" region in the
DT40 B cell line during in vitro passage. DT40 cells consti-
tutively diversify their Ig VJ" segment through two mecha-
nisms, TLS dependent hypermutation and gene conversion
from upstream pseudo-V" segments (30,31). Hypermuta-
tion at C/G basepairs in this locus is caused by TLS across
abasic sites (32,33). Thus, the nucleotide sequence analy-
sis of Ig V diversi!cation during clonal expansion of cells
provides the opportunity for measuring the rate of TLS as
well as identifying the nucleotides inserted opposite to aba-
sic sites (20).

We overexpressed AID to enhance Ig V diversi!cation.
The resultant AID overexpressing cells were subcloned and

cultured for two weeks. Then we subjected PCR-ampli!ed
VJ" segment to nucleotide sequence analysis (Figure 2A).
pold3 cells exhibited a signi!cant decrease in the rate of TLS
dependent hypermutation as reported previously (19) (Fig-
ure 2B). Remarkably, TLS dependent hypermutation was
restored in pold3/pold1exo− cells to a nearly wild-type level
(Figure 2B). Thus, loss of proofreading exonuclease activ-
ity of Pol! bypasses requirement of POLD3 to execute TLS
past abasic site (15,16). Interestingly, the restoration was as-
sociated with an increase in the proportion of G/C to A/T
transitions (Chi-square test, P = 0.0050, Figure 2B and C).
Pol! preferentially incorporates dA opposite abasic sites (A-
rule (34)) while Rev1 preferentially incorporates dC (C-rule
(35)). Importantly, the presence of a proofreading de!cient
allele of Pol! also increases the proportion of dA incorpo-
ration opposite C even when POLD3 is present (Chi-square
test, P = 0.0068, Figure 2C and C). The reversal of the aba-
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図１テトラサイクリン添加後の細胞増殖。 



(3) T-T ダイマーの乗り越え反応 
  
 次に紫外線によって誘導される TT-ダイマ
ーを細胞内に導入した。この損傷は、化学合
成オリゴ DNA を用いて、図３に示すような両
方の鎖に損傷が入った損傷乗り越えによっ
てのみ複製されるような、生理的には存在し
ない形で導入した。このような状況を作るこ
とで、乗り越え反応のみを選択的に解析する
ことに成功した（図３）。 
 
主要なTLSポリメラーゼ２種ζとηを欠損し
た POLζ-/- POLη-/-細胞は、TT ダイマーの複
製が不正確になっていた。このことからポリ
メラーゼζとηが働かない場合には、不正確
に複製を行う酵素によって複製が肩代わり
されていることがうかがわれる。この細胞に
POLD1exo-変異を導入し、ポリメラーゼδに
よる TLS を活性化させると、大きく正確性が
回復することから、ポリメラーゼδはポリメ
ラーゼζとη不在時には、正確に複製するた
めのバックアップ経路として機能すること
がわかった（図４）。 
  
さらに、UV 処理後の複製速度を DNAファイバ
ーアッセイで検定した。この実験では、チミ
ジン類似体化合物である、IdU と CldU を 15
分間ずつ複製中のDNA鎖に取り込ませて、DNA
をスライドグラス上に展開して免疫染色す
ることで複製長を測定する実験である。IdU
と CldU 処理の間に UV 照射を行い、照射前と
照射後の DNA 複製長の比を出した。図５に示
すように UV 照射後の CldU の取り込み長が、
POLD3-/-細胞では顕著に低下していた。この低
下は、POLD1exo-変異を導入することで正常
レベルまで回復することがわかった。このこ
とから、紫外線処理後の複製に、ポリメラー
ゼδが貢献できることが強く示唆された（図
５）。 
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proofreading-de!ciency of the Pol! catalytic subunit. Like-
wise, the inactivation of Pol! proofreading activity com-
pletely restored the UV-induced fork progression defect of
polη/polζ/pold3 cells (Figure 3B), indicating that POLD3
is operating independently of Pol" or Pol# in this context.
We therefore conclude that Pol! proofreading-de!ciency al-
leviates the in vivo TLS defect induced by loss of POLD3,
which in turn does not depend on Pol" or Pol# .

Expression of proofreading-de!cient Pol! alters pattern of
UV induced mutagenesis

We next investigated whether expression of proofreading-
de!cient Pol! alters the pattern of TLS-induced mutagene-
sis at a UV damage (cyclobutane pyrimidine dimer (CPD))
integrated into chromosomal DNA. To this end, we in-
serted a CPD into the ‘piggyBlock’ transposon-based vec-
tor (28), transfected the CPD-carrying vector into the cells
and picked individual clones having randomly integrated it
(Figure 4A and Supplementary Figure S2). To avoid elimi-
nation of the integrated CPD by nucleotide excision repair
and TLS by Pol" and Pol# , we performed all experiments in
polη/polζ/xpa background. We analyzed individual clones.
These clones were mosaics as the cells within the clone in-
herit either the Watson or Crick strand of the parental in-
tegrant (Figure 4A and Supplementary Figure S2). Thus,
in this assay, release of replication block at the CPD site
by error-free template switching and by TLS can be distin-
guished as the CPD-containing TpT is placed opposite a
GpC. Template switching would result in GpC at the CPD
site, while TLS would insert ApA (accurate TLS) or other
bases (inaccurate TLS) at the site (note, insertion of GpC
opposite the T-T CPD would be unusual. (13,37)). Accord-
ingly, TLS events are expected to give rise to a dual peak in
the sequencing "uorogram (Figure 4A). Template switch-
ing, on the other hand, proceeds through the base opposite
the lesion, and consequently, its signature consists of a sin-
gle peak.

Based on this principle, we determined the frequency of
TLS relative to template switching (Supplementary Figure
S3). We observed a decrease in the use of TLS from 35%
to 5.8% following disruption of both POLη and POLζ in
xpa cells. Further, the proportion of accurate TLS (i.e. in-
corporation of ApA) decreased from 100% in xpa cells to
85% in polη/polζ/xpa cells (Figure 4B). Thus, as expected,
Pol" and Pol# contribute signi!cantly to accurate TLS
past CPDs. Importantly, the expression of proofreading-
de!cient Pol! in polη/polζ/xpa increased the proportion
of accurate TLS from 85% to 100% (Figure 4B). Thus,
proofreading-de!cient Pol! may contribute to the residual
TLS past this UV lesion in cells lacking Pol" and Pol# . To
con!rm this conclusion, we designed another piggyBlock
vector, piggyBlock-op, in which the lesions are placed non-
physiologically opposite each other, a con!guration that
forces bypass to be executed only by TLS (Figure 4C). Us-
ing this approach, we also observed an increase in the pro-
portion of accurate TLS in polη/polζ/xpa/pold1exo− cells
in comparison with polη/polζ/xpa cells (Figure 4D). These
data support the idea that Pol" and Pol# are the primary
enzymes responsible for TLS past CPDs, but that Pol! can

polη/polζ/xpa (n=16) polη/polζ/xpa/pold1exo-

T T T T
A A AA

T

0

100

TL
S 

ev
en

t (
%

)

0

100

TL
S 

ev
en

t (
%

)C

polη/polζ/xpa polη/polζ/xpa/pold1exo-

T T T T
A A AA

T

0

100

TL
S 

ev
en

t (
%

)

0

100

TL
S 

ev
en

t (
%

)

(n=26) (n=20)

CG T

TT
GC5’

5’

TT

GC5’

5’
CG 5’
AA5’

TLS on lower strand

TT

GC5’

5’
CG

5’
5’

GC

Template switching on lower strand

TT
5’

5’
TT

TT

5’

5’

5’
NN5’

TLS on both strand
TTNN

(n=16)

T G A/G A/C G A T G G C G A

C

TT

GC5’

5’
CG 5’
AA5’

CG

GC5’

5’
CG 5’
GC5’

xpa

T T
A A0

100

TL
S 

ev
en

t (
%

)

(n=12)

A

B

D

3’ 5’ 3’ 5’ 3’ 5’

3’ 5’ 3’ 5’

Figure 4. Expression of POLD1exo− changes the mutation spectrum of
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integrated into the genome using the PiggyBlock vector. TLS across the
CPD results in a dual peak in the resulting cellular clone (left), while tem-
plate switching results in a homogenous GC read (right). (B) The pattern
of nucleotide incorporation opposite the CPD site. The percentage of each
nucleotide incorporated at each position is indicated by the size of the
letter of the nucleotide in the column. The total numbers of TLS events
are shown. (C) A schematic representation of the opposed arrangement of
CPD photoproducts in the piggyBlock plasmid (piggyBlock-op) and pos-
sible outcomes of DNA replication, only by TLS, over the lesion. (D) The
pattern of nucleotide incorporation opposite the CPD in polη/polζ/xpa
and polη/polζ/xpa/pold1exo− cells in piggyBlock-op plasmid.

also contribute to bypass of this lesion, particularly in the
absence of these canonical TLS enzymes.

Proofreading-de!ciency causes a dramatic increase in the ef-
!ciency of TLS by puri!ed human Pol! holoenzyme

We next tested the capability of puri!ed proofreading-
de!cient and proofreading-pro!cient Pol! to perform TLS.
Using a physiological concentration (10 $M) of deoxynu-
cleotides, both proofreading-de!cient and proofreading-
pro!cient Pol! exhibited comparable ef!ciency of DNA
synthesis over intact template strands. We then analyzed
TLS using three sets of primer and template strands, two
containing an abasic site and the other one containing CPD
(Supplementary Figure S4). We optimized the concentra-
tion of Pol! for the in vitro DNA synthesis analysis, and de-
cided to use 2 and 6 nM (Supplementary Figure S5A). The
ef!ciency of TLS was evaluated by measuring the amount
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図３ 合成損傷 DNA の染色体導入による、損傷乗り

越え反応の選択的な観測方法 

図 4 各変異細胞での変異率。XPA-ヌクレオチド除去修復酵

素を欠損した背景の細胞で実験した。 
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proofreading-de!ciency of the Pol! catalytic subunit. Like-
wise, the inactivation of Pol! proofreading activity com-
pletely restored the UV-induced fork progression defect of
polη/polζ/pold3 cells (Figure 3B), indicating that POLD3
is operating independently of Pol" or Pol# in this context.
We therefore conclude that Pol! proofreading-de!ciency al-
leviates the in vivo TLS defect induced by loss of POLD3,
which in turn does not depend on Pol" or Pol# .

Expression of proofreading-de!cient Pol! alters pattern of
UV induced mutagenesis

We next investigated whether expression of proofreading-
de!cient Pol! alters the pattern of TLS-induced mutagene-
sis at a UV damage (cyclobutane pyrimidine dimer (CPD))
integrated into chromosomal DNA. To this end, we in-
serted a CPD into the ‘piggyBlock’ transposon-based vec-
tor (28), transfected the CPD-carrying vector into the cells
and picked individual clones having randomly integrated it
(Figure 4A and Supplementary Figure S2). To avoid elimi-
nation of the integrated CPD by nucleotide excision repair
and TLS by Pol" and Pol# , we performed all experiments in
polη/polζ/xpa background. We analyzed individual clones.
These clones were mosaics as the cells within the clone in-
herit either the Watson or Crick strand of the parental in-
tegrant (Figure 4A and Supplementary Figure S2). Thus,
in this assay, release of replication block at the CPD site
by error-free template switching and by TLS can be distin-
guished as the CPD-containing TpT is placed opposite a
GpC. Template switching would result in GpC at the CPD
site, while TLS would insert ApA (accurate TLS) or other
bases (inaccurate TLS) at the site (note, insertion of GpC
opposite the T-T CPD would be unusual. (13,37)). Accord-
ingly, TLS events are expected to give rise to a dual peak in
the sequencing "uorogram (Figure 4A). Template switch-
ing, on the other hand, proceeds through the base opposite
the lesion, and consequently, its signature consists of a sin-
gle peak.

Based on this principle, we determined the frequency of
TLS relative to template switching (Supplementary Figure
S3). We observed a decrease in the use of TLS from 35%
to 5.8% following disruption of both POLη and POLζ in
xpa cells. Further, the proportion of accurate TLS (i.e. in-
corporation of ApA) decreased from 100% in xpa cells to
85% in polη/polζ/xpa cells (Figure 4B). Thus, as expected,
Pol" and Pol# contribute signi!cantly to accurate TLS
past CPDs. Importantly, the expression of proofreading-
de!cient Pol! in polη/polζ/xpa increased the proportion
of accurate TLS from 85% to 100% (Figure 4B). Thus,
proofreading-de!cient Pol! may contribute to the residual
TLS past this UV lesion in cells lacking Pol" and Pol# . To
con!rm this conclusion, we designed another piggyBlock
vector, piggyBlock-op, in which the lesions are placed non-
physiologically opposite each other, a con!guration that
forces bypass to be executed only by TLS (Figure 4C). Us-
ing this approach, we also observed an increase in the pro-
portion of accurate TLS in polη/polζ/xpa/pold1exo− cells
in comparison with polη/polζ/xpa cells (Figure 4D). These
data support the idea that Pol" and Pol# are the primary
enzymes responsible for TLS past CPDs, but that Pol! can
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of nucleotide incorporation opposite the CPD site. The percentage of each
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sible outcomes of DNA replication, only by TLS, over the lesion. (D) The
pattern of nucleotide incorporation opposite the CPD in polη/polζ/xpa
and polη/polζ/xpa/pold1exo− cells in piggyBlock-op plasmid.

also contribute to bypass of this lesion, particularly in the
absence of these canonical TLS enzymes.

Proofreading-de!ciency causes a dramatic increase in the ef-
!ciency of TLS by puri!ed human Pol! holoenzyme

We next tested the capability of puri!ed proofreading-
de!cient and proofreading-pro!cient Pol! to perform TLS.
Using a physiological concentration (10 $M) of deoxynu-
cleotides, both proofreading-de!cient and proofreading-
pro!cient Pol! exhibited comparable ef!ciency of DNA
synthesis over intact template strands. We then analyzed
TLS using three sets of primer and template strands, two
containing an abasic site and the other one containing CPD
(Supplementary Figure S4). We optimized the concentra-
tion of Pol! for the in vitro DNA synthesis analysis, and de-
cided to use 2 and 6 nM (Supplementary Figure S5A). The
ef!ciency of TLS was evaluated by measuring the amount
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Figure 2. Expression of the proof reading exonuclease de!cient Pol! substantially changes the mutation spectrum of the Ig V" hypermutation. (A) Ig V"
segments isolated from indicated cells, clonally expanded for two weeks. Horizontal lines represent the rearranged Ig V" (450 bp), with hypermutation
(lollipop shapes), single-nucleotide substitutions that could be the result of hypermutation or gene conversion (vertical bars). At least three cellular clones
were expanded for two weeks and analyzed for each data set. (B) The rates of TLS-dependent hypermutation (PM) are indicated with standard error.
White bars represent the rate of G/C to A/T mutations, TLS following A-rule. Data from polη/polζ cells are taken from (19) for comparison. Statistical
signi!cance was determined by a Fisher’s exact test and P-value was calculated. (*) P < 0.05. (C) Pattern of point mutation in wild type, pold3, pold1exo−

and pold3/pold1exo- cells. Tables showing the pattern of mutation in each line. Some of data for wild type, pold3 and polη/polζ cells are from (19).

sic site TLS defect of the pold3 mutant and marked bias to-
wards G/C to A/T transitions (Figure 2B and C) induced
by expression of proofreading-de!cient Pol! supports the
idea that Pol! can perform TLS past abasic sites in vivo and
that this is facilitated by the POLD3 subunit.

Expression of proofreading-de!cient Pol! rescues the atten-
uated replication fork progression of pold3 cells after UV ir-
radiation

Previous work in DT40 cells has revealed temporally sepa-
rated modes of lesion bypass. One mechanism is responsible
for timely !lling of postreplicative gaps at UV-damage sites,
while another operates at or very close to stalled replica-
tion forks and maintains normal fork progression on UV-
damaged DNA (36). pold3 cells are de!cient only in the lat-
ter mode of damage bypass (19), which can be assessed by
DNA molecular combing (Figure 3A). To examine repli-
cation fork progression after UV irradiation, we labeled
nascent strands with IdU for 15 min, irradiated the cells
with UV, and then continued labeling the nascent strands
with CldU for a further 15 min (Figure 3A). After DNA
combing, we detected the tracts of CldU and IdU with im-
muno"uorescence and calculated the ratio between them to
compare the total DNA synthesized before and after UV
exposure on a fork-by-fork basis. Counterstaining the !bers
for DNA allowed us to distinguish fork stalls from broken
DNA. We plotted the data as a cumulative percentage of
forks at each ratio (Figure 3B).

pold3 and polη/polζ/pold3 cells exhibited a signi!cant re-
duction in the DNA synthesized during labeling period af-
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Figure 3. Expression of POLD1exo− restores defective replication fork
progression past UV damaged DNA in pold3 cells. (A) Schematic for DNA
!ber labelling. DT40 cells were labeled sequentially with IdU and CldU
with or without UV treatment after IdU labeling. The right hand panel
shows an example of an ongoing fork. The arrowhead indicates the direc-
tion of replication. (B) The data for cells carrying the indicated genotypes
was plotted as a cumulative percentage (y-axis) of forks at each ratio (x-
axis). The transcription of tet-POLD3 was repressed by doxycycline for 1
day. The P-values of the Kolmogorov-Smirnov test for ratio distribution
of each mutant for UV compared to wild type are indicated. n.s.: not sig-
ni!cant. A part of data for pold3 and polη/polζ/pold3 cells were from (19).

ter UV, as reported previously (19). Interestingly, inactiva-
tion of Pol! proofreading signi!cantly restored the defective
fork progression of pold3 cells after UV (Figure 3B), sug-
gesting that the defective TLS of pold3 cells is suppressed by
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図5 DNAファイバー実験によるUV処理後の複製長の変化。

(A) チミジン類似体化合物 IdU と CldU による DNA 標識方

法。 代表的なファイバーの図 (B) 各種変異細胞の

IdU/CldU の比を積算して表示した。（横軸比、縦軸は累積表

示） 
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