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It is of pivotal importance for genome stability that repair DNA
polymerases (Pols), such as Pols A and g, which all exhibit consider-
ably reduced fidelity when replicating undamaged DNA, are tightly
regulated, because their misregulation could lead to mutagenesis.
Recently, we found that the correct repair of the abundant and
highly miscoding oxidative DNA lesion 7,8-dihydro-8-oxo-2'-de-
oxyguanine (8-oxo-G) is performed by an accurate repair pathway
that is coordinated by the MutY glycosylase homologue (MutYH)
and Pol L in vitro and in vivo. Pol A is phosphorylated by Cdk2/
cyclinA in late S and G2 phases of the cell cycle, promoting Pol A
stability by preventing it from being targeted for proteasomal
degradation by ubiquitination. However, it has remained a mystery
how the levels of Pol L are controlled, how phosphorylation
promotes its stability, and how the engagement of Pol A in active
repair complexes is coordinated. Here, we show that the E3 ligase
Mule mediates the degradation of Pol A and that the control of Pol
A levels by Mule has functional consequences for the ability of
mammalian cells to deal with 8-oxo-G lesions. Furthermore, we de-
monstrate that phosphorylation of Pol A by Cdk2/cyclinA counter-
acts its Mule-mediated degradation by promoting recruitment of
Pol A to chromatin into active 8-oxo-G repair complexes through
an increase in Pol A's affinity to chromatin-bound MutYH. Finally,
MutYH appears to promote the stability of Pol A by binding it to
chromatin. In contrast, Pol A not engaged in active repair on chro-
matin is subject for proteasomal degradation.

base excision repair | Mule E3 ubiquitin ligase

Genetic stability is of crucial importance for any form of life
and if not properly maintained can result in many human
diseases (1). Reactive oxygen species (ROS) are among the many
insults that can affect the stability of DNA by causing damage to
the highly reactive DNA bases, such as guanine. Because of its
prevalence and high mutagenic potential, 8-oxo-2'-deoxyguanine
(8-0x0-G) is recognized as one of the most abundant mutagenic
oxidative DNA lesions arising from such insults (reviewed in
ref. 2). The cardinal problem with 8-oxo-G is that the majority
of polymerases (Pols), including the three replicative Pols a, ,
and e, bypass 8-0x0-G in an inaccurate manner by frequently
incorporating the “wrong” adenine (A) opposite 8-oxo-G. This
error can lead to the formation of GC — TA transversion muta-
tions, which in turn can give rise to diseases such as cancer (3). In
sharp contrast to the other Pols, mammalian Pol A, a member of
the X family Pols (4), is the main Pol capable of correctly handling
an oxidatively damaged DNA strand with very high fidelity in col-
laboration with the auxiliary factors proliferating cell nuclear anti-
gen (PCNA) and replication protein A (RP-A), and incorporates
over 1000-fold more efficiently the correct cytosine (C) opposite
8-0x0-G than the incorrect A (5, 6) in vitro. Furthermore, we have
shown the existence of an accurate repair pathway for §-oxo-G that
is coordinated by the MutY glycosylase homologue (MutYH) and
Pol A in vitro and in vivo (7). These findings suggest that Pol A is the
most likely candidate among the fifteen mammalian Pols to play an
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important role in the accurate repair of oxidative DNA lesions and
that this task is achieved by correctly using the damaged (oxidized)
DNA strand as a template (7, 8).

Components of DNA repair complexes and especially of base
excision repair (BER) need to be tightly regulated in order to
guarantee that they are active only when needed [(9) and as dis-
cussed in ref. 10]. This regulation is of special importance for the
DNA repair Pols, which show a much lower fidelity in polymer-
ization of long stretches of DNA than the replicative Pols, and
therefore could introduce many point mutations when replicating
undamaged DNA. This hypothesis is supported by increasing evi-
dence that deregulation of Pol A and also other translesion synth-
esis Pols including Pol p can lead to diseases in general (11) and
cancer in particular (12). Also, it has been shown that repair Pols
are overexpressed in many tumors, a feature that may contribute
to disease manifestation (13) further strengthening the idea that a
tight control of repair Pols is pivotal. Nevertheless, the regulation
of DNA repair enzymes, and Pols in particular, is so far poorly
understood. Posttranslational modifications (PTMs) constitute a
fascinating means of regulation to ensure proper temporal and
spatial organization of repair components in the cell. Data from
the Dianov lab have shown that BER components, such as Pol §, a
close relative to Pol A, undergo ubiquitination by the ubiquitin E3
ligase carboxy terminus of Hsc70 interacting protein (CHIP),
which is an E3 ubiquitin ligase containing a C-terminal U box
domain providing interaction with an E2 enzyme and an N-term-
inal tetratricopeptide mediating its interaction with heat shock
proteins (14). CHIP plays an important role in the heat shock
response (15, 16) and has been shown to be involved in regulating
cellular levels of proteins like p53 (17). CHIP-mediated ubiqui-
tination of Pol p leads to its degradation by the proteasome under
normal circumstances (9, 18). However, upon DNA damage,
those BER proteins are stabilized and recruited to chromatin
to fulfill their roles in the maintenance of genomic integrity
in vivo.

To date, very little is known about the regulation of Pol A
during the cell cycle. In previous work, we have shown that Pol A
interacts with cyclin-dependent kinase 2 (Cdk2) and is phosphory-
lated in vitro by the Cdk2/cyclinA complex (19). Phosphorylation
per se does not affect the polymerization activity of Pol A, but
phosphorylation is decreased when Pol A interacts with PCNA.
Furthermore, the phosphorylation pattern of Pol A coincides with
the presence of Cdk2/cyclinA during the cell cycle. In follow-up
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work we demonstrated that phosphorylation prevents Pol A from
being degraded by the ubiquitin-proteasome pathway in vivo (20).

In the present study, we were interested in elucidating how the
levels of Pol A are controlled, how phosphorylation promotes its
stability, and how the engagement of Pol A in active repair com-
plexes is coordinated. We found that Pol A can be ubiquitinated
by the E3 ligase Mule in vitro and in vivo and that this interaction
is functionally connected to the phosphorylation-dependent sta-
bilization of Pol A by Cdk2/cyclinA. Importantly, the control of
Pol A levels by Mule has functional consequences for the ability
of mammalian cells to deal with 8-0xo-G lesions in vitro. Further-
more, we demonstrate that phosphorylation of Pol A by Cdk2/
cyclinA counteracts its Mule-mediated degradation by promoting
recruitment of Pol A to chromatin into active 8-oxo-G repair com-
plexes through an increase in Pol A’s affinity to chromatin-bound
MutYH in vitro and in vivo. Finally, MutYH appears to promote
the stability of Pol A by binding it to chromatin. In contrast, Pol A
not engaged in active repair on chromatin is subject for protea-
somal degradation. Our data elucidate how precisely and tightly
PTMs can control Pol A’s activity status along with its overall
cellular levels by orchestrating its subcellular localization and
stability.

Results

Identification of Mule as E3 Ligase for DNA Polymerase A. In order to
shed more light on the regulation of Pol A in vivo, we set out to
identify the E3 ubiquitin ligase responsible for the ubiquitination
of Pol A. To this end, we tested fractions originating from an assay
established by the Dianov lab (9), where Pol A ubiquitination
activity was purified from HeLa whole cell extracts in a series
of biochemical fractionations via chromatographic columns com-
bined with an in vitro ubiquitination assay (Fig. SLA4). The final
Mono Q fractions D14-D10 clearly displayed Pol A mono- and
polyubiquitination activity of Pol A (Fig. 14), and they were sent
for mass spectrometric analysis to identify the E3 ligase present
in the fractions. The MS/MS data clearly identified Mule to be
the major ubiquitin E3 ligase present in these fractions (18). In
the same fractions, the E3 ligase CHIP was also identified and has
been shown to ubiquitinate Pol A in vitro (21). Mule is a 482 kDa
protein in which the catalytically active homologous to the E6-AP
carboxyl terminus (HECT) domain has been mapped to the C-
terminal 370 amino acids (22) and has previously been shown
to play a role in the regulation of another member of the Pol
X family, Pol B (18). We thus used the recombinant truncated
catalytically active HECT domain of Mule and confirmed that
this protein mono- and polyubiquitinates Pol A in a concentra-
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tion-dependent manner in vitro (Fig. 1B). The ubiquitination re-
action could be efficiently supported by any of the three E2
conjugating enzymes HS5b, H5c, or H7 (Fig. S1B). When the
band of in vitro ubiquitinated Pol A was excised from a Coomassie
stained SDS-PAGE gel (Fig. S1C) and subjected to MS/MS ana-
lysis, two lysines (K27 and K273) were identified to be ubiquiti-
nated (Fig. S1D). In vitro ubiquitination assays were performed
by using Pol A with mutated K27, K273, or both residues using a
mutant ubiquitin, not capable of forming polyubiquitin chains, in
order to better quantitatively visualize the total ubiquitination.
Although the single K273R mutant did not display any signifi-
cantly reduced in vitro ubiquitination by Mule, both the single
K27R and the double (K27R/K273R; named K2R) ubiquitina-
tion-deficient mutants of Pol A showed 10 and 5 times reduced
in vitro ubiquitination by Mule, respectively (Fig. S1E), suggest-
ing that K27 is the major site of ubiquitination. The residual ubi-
quitination of the 2KR mutant Pol A that was observed most
probably stems from other K residues in the vicinity of K27
and K273 that are minor ubiquitination sites and can be ubiqui-
tinated more strongly after the loss of the two main ubiquitination
sites identified in the MS/MS approach.

Next, we addressed the question of whether Mule also regu-
lates the protein levels of Pol A in vivo. To test this, we knocked
down Mule in HEK 293T cells by siRNA and found that this
knockdown resulted in a significant increase in Pol A protein le-
vels (p = 0.006) (Fig. 1 C and D). The increase in Pol A levels
upon knockdown of Mule was less pronounced, but still signifi-
cant (p = 0.006), in HeLa cells (Fig. S2 A and B), which are
known to overexpress Mule protein (23). At the same time, the
mRNA level of Pol A remained constant (Fig. S2E), which sug-
gests that transcription of the POLL gene was not affected by
the knockdown of Mule. The effect of the Lipofectamine control
was similar to controls using either nonspecific sSiRNA or siRNA
against luciferase (Fig. S3 4 and B).

Mule directly binds and ubiquitinates targets like p53 (22) and,
thus, represses pS3-mediated tumor suppressor functions leading
to cell cycle arrest or aging (24). In response to DNA damage,
the alternative reading frame of the INK4a/ARF locus (ARF)
protein is induced, inhibits the activity of Mule, and thus leads
to a stabilization of Mule targets as p53 (22) and Pol p (18). Im-
portantly, ARF has not been shown to influence the levels of
Mule but merely to inhibit its ubiquitin ligase activity (18, 22).
To test whether this inhibitory effect of ARF on Mule affects
Pol A levels as well, we next knocked down ARF by siRNA. As
expected, protein levels of Pol A decreased upon knockdown of
ARF in either HEK 293T (Fig. 1E and F) in HeLa cells (Fig. S2 C
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Fig. 1. Identification of Mule as an E3 ubiquitin ligase regulating cellular protein levels of DNA polymerase ). (A) E3 ubiquitin ligase activity of the final Mono
Q fractions from HelLa cell extracts (D14-D10) against Pol A protein. (B) Ubiquitination of Pol A by the purified recombinant HECT domain of Mule. (C) Effect of
siRNA-mediated Mule knockdown on Pol X levels in HEK 293T cells, analyzed by Western blotting. (D and F) Quantification of protein levels shown in Cand E
(three independent experiments each) showing mean + SD and p values obtained from one-sample t tests performed on the data. The Pol A signal was normal-
ized to tubulin. (E) Effect of siRNA-mediated ARF knockdown on Pol A levels in HEK 293T cells, analyzed by Western blotting.
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and D) and reflected the effect of increased Mule activity, even
though the decrease was too small to prove significant (p = 0.204
for HEK and p = 0.166 for HeLa, respectively). At the same
time, the mRNA level of Pol A remained constant (Fig. S2E),
which further supports the evidence that Mule regulates Pol A
protein levels by ubiquitination-dependent proteasomal degra-
dation.

The Correct 8-oxo-G Bypass by DNA Polymerase A Is Regulated
Through Mule. We have previously shown that Pol A is the Pol that
bypasses 8-0xo-G containing DNA most accurately and incorpo-
rates the correct C opposite the lesion in vitro and that the
specificity of correct nucleotide incorporation is provided by
RP-A, PCNA, and MutYH in vitro (5-7). Therefore, we set out
to determine whether modulation of Pol A levels by Mule affects
the amount of bypass of 8-0xo-G lesions. To assess this question,
single-nucleotide incorporation assays using crude cell extracts
with a primer-template combination that allows the quantitative
monitoring of the incorporation of incorrect dATP or correct
dCTP opposite a template containing 8-oxo-G (Fig. 24) were per-
formed as previously described (5). Crude cell extracts from HEK
293T cells treated with either siRNA against Mule [showing ele-
vated levels of Pol A (Fig. 1 C and D)] or Lipofectamine as a con-
trol were prepared, and their single-nucleotide incorporation
activity opposite 8-oxo-G was analyzed. The extracts from cells
with a Mule knockdown showed higher levels of correct C incor-
poration opposite 8-oxo-G than the control extracts, consistent
with a role for Pol A, or another Pol that is regulated by Mule,
in the bypass of 8-0xo0-G in vivo (Fig. 2 B and C and Fig. S4).
When the relative differences of dCTP to dATP incorporation
were analyzed, the extracts treated with siRNA against Mule
showed a higher relative difference of dCTP to dATP incorpora-
tion (Fig. 2C) compared to the control-treated extracts. This dif-
ference could be further stimulated by the addition of PCNA and

RP-A to the reaction, which is in line with our previous findings
that PCNA and RP-A stimulate the correct bypass of 8-oxo-G by
Pol A (5).

To show that the amount of error-free bypass of 8-oxo-G le-
sions specifically depends on Pol A and not on another Pol, and
to confirm the functional effect of modulation of Pol A levels by
Mule in another cell line, we knocked down Mule by siRNA in
Pol 4 4 /4 and Pol 1 — /— mouse embryonic fibroblasts (MEFs)
(Fig. 2D). We found that in Pol 2 + /+ MEFs the cellular protein
levels of Pol A were increased upon Mule knockdown (Fig. 2D).
Importantly, only in cell extracts generated from MEFs contain-
ing Pol A (Pol A 4+ /4 MEFs) was the incorporation of dCTP high-
er in extracts when Mule was knocked down in comparison to the
Lipofectamine-only-treated cells (Fig. 2 E and F). This result
corroborated the fact that the increase in 8-0xo-G lesion bypass
observed after Mule knockdown specifically depends on Pol A.

The Phosphorylation Status of DNA Polymerase ) Regulates Its Sub-
cellular Localization and thus Orchestrates Its Degradation Mediated
by Mule. In order to investigate the functional link between the
stabilizing phosphorylation of Pol A and its degradation by Mule,
we analyzed HEK 293T cells stably transfected with either myc-
Pol L WT or myc-Pol A 4A (a phosphorylation-deficient mutant of
Pol A lacking all four phosphorylation sites S167A, S177A,
S230A, and T553A), because we previously observed that the lack
of phosphorylation in this mutant increases its ubiquitination and
thus leads to decreased cellular protein levels (20). As expected,
examination of total cellular protein levels confirmed a reduction
of 75% of the levels of Pol A 4A compared to the WT protein
(Fig. 34). Furthermore, the majority of the Pol A WT protein was
present in a phosphorylated form (P-Pol 1), whereas the 4A
mutant clearly showed a faster mobility following SDS-PAGE
analysis. Treatment of these cells with siRNA against Mule dra-
matically increased the levels of Pol A 4A by 3.9-fold compared to
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Fig. 2. The extent of error-free bypass of 8-0xo-G by DNA polymerase A in human and mouse cell extracts is dependent on Mule. (A) 5’ labeled DNA primer/
template pair used for the single-nucleotide incorporation assays. The first incorporation event is opposite 8-oxo-G. The incorporation of dATP yields a 40-mer
product, whereas incorporation of dCTP gives rise to a 40-mer and a 41-mer. (B) Single-nucleotide incorporation by crude extracts from HEK 293T cells treated
with siRNA against Mule. Experiments were performed with 10 pg of extracts, 10 uM dATP or dCTP, and +/— RP-A (40 nM) and PCNA (100 nM), respectively. (C)
Quantification for B, mean of three independent experiments +SD. (D) siRNA-mediated knockdown of Mule in Pol A +/+ or —/— MEFs. (E) Single-nucleotide
incorporation by extracts shown in D, performed with 10 pg of crude extracts and 0.5 pM dATP or dCTP, respectively. (F) Quantification for B, mean of four
independent experiments +SD.
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Fig. 3. Phosphorylation of DNA polymerase X inhibits its ubiquitination by Mule and promotes its binding to chromatin. (A) Total cellular Pol A protein levels in
HEK cells stably transfected with myc-Pol & WT or myc-Pol A 4A constructs. Relative Pol A levels were normalized to tubulin and are indicated below the
respective column. P-Pol %, phosphorylated form of Pol A. (B) siRNA mediated knockdown of Mule or Lipofectamine control treatment in HEK cells stably
transfected with myc-Pol A WT or myc-Pol X 4A constructs.(C) Quantification for B, mean of three independent experiments +SD. The Pol A signal was normal-
ized to tubulin. The relative Pol ) levels of siMule treated fractions to the respective Lipofectamine-treated controls are indicated. (D) Cell fractionation of HEK
cells stably transfected with myc-Pol A WT or myc-Pol A 4A constructs. Cyto = cytoplasmic, Nuc = nuclear, and CHR = chromatin-bound fraction. () Quantifica-
tion for D, mean of two independent experiments +SD. The Pol A signal was normalized to tubulin (for the cytoplasmatic fraction), to fibrillarin (for the nuclear

fraction), or to histone H1 (for the chromatin-bound fraction). H1 = Histone 1.

an increase of 1.4-fold in the WT protein (Fig. 3 B and C), which
hints toward an inhibitory effect of phosphorylation of Pol A on
its degradation by Mule. In order to examine the mechanism of
this cross-talk between phosphorylation and ubiquitination more
closely, we next fractionated the stable HEK 293T Pol A WT and
4A cells into cytoplasmic, nuclear, and chromatin-bound protein
fractions. Analysis of these extracts revealed a substantial de-
crease in chromatin-bound Pol A 4A mutant compared to the
WT protein (Fig. 3 D and E). A different fractionation protocol
of these cells into soluble and chromatin fractions under harsher
conditions further corroborated the difference in chromatin as-
sociation between the WT Pol A protein and its 4A mutant
(Fig. S5). Taken together, these findings indicated that phosphor-
ylation of Pol A establishes or enhances its interaction either
directly with chromatin or with a protein tightly bound to chro-
matin and that this binding to chromatin prevents Pol A from
being degraded by Mule-mediated ubiquitination.

Phosphorylation of DNA Polymerase )\ Enhances Its Interaction with
MutYH on Chromatin and thus Regulates Its Activity State in the Cell.
The next question to be addressed was how and why phosphor-
ylation orchestrates the subcellular localization of Pol A and,
more precisely, its binding to chromatin. We hypothesized that
phosphorylation might enable and/or strengthen the interaction
of Pol A with a binding partner on chromatin. MutYH, a known
interactor of Pol A (7), recognizes 8-0x0-G:A mismatches and cat-
alyzes the excision of the wrong A (reviewed in ref. 2). This step is
followed by incision of the apurinic/apyrimidinic (AP) site by the
action of apurinic/apyrimidinic endonuclease 1 (Apel) to gener-
ate the substrate for Pol that performs the subsequent gap filling
reaction (25). Thus MutYH is a protein that, according to our
model of Pol A’s involvement in correct incorporation of
C opposite 8-0x0-G (7), precedes the action of Pol A in repair
of 8-0x0-G lesions. To test whether MutYH influences the
subcellular localization of Pol A, we treated HEK 293T cells with
siRNA against MutYH. Fractionation of siRNA- and Lipofecta-
mine-only-treated cells revealed that both the total cellular levels
as well as the chromatin-bound fraction of Pol A were markedly
reduced upon treatment with siRNA against MutYH (Fig. 4 A
and B). This finding suggested that the interaction of Pol A with
MutYH stabilizes, and possibly also recruits, Pol A to chromatin
into active repair complexes and that this interaction is depen-
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dent on, or can be enhanced by, phosphorylation of Pol A. Thus,
we next asked whether the phosphorylation status of Pol A has any
effect on its binding to MutYH. To investigate this question, re-
combinant purified His-tagged Pol A was phosphorylated by
Cdk2/cyclinA in an in vitro phosphorylation assay and GST-
pull-down experiments were carried out by using recombinant
GST-MutYH and different amounts of His-Pol A (Fig. 4C).
The results of this interaction study clearly show that phosphor-
ylation of Pol A strongly enhances its interaction with MutYH.

Chromatin-association of DNA Polymerase A Is Inducible by Oxidative
Stress. The ultimate question to be answered was whether this
fine-tuning of Pol A levels had a physiological relevance under
conditions of increased cellular stress due to oxidative DNA
damage. To address this, cell fractionation experiments were per-
formed by using T24 cells. T24 cells are human bladder carcino-
ma cells with the particular property that they are arrested in the
GO phase of the cell cycle by contact inhibition upon reaching
100% confluency. Importantly, these cells synchronously reenter
the cycling phase upon seeding and, thus, enable analysis of
synchronized cells without the need to use DNA damaging and
cellular stress-inducing synchronization regimes, which could inter-
fere with cell-cycle-dependent analysis of DNA repair pathways.
GO-arrested T24 cells were seeded, either treated with 500 pM
H, O, for 45 min or mock-treated in the early S phase and frac-
tionated at 2-h intervals upon release into normal medium. Ana-
lysis of chromatin fractions of H,O,-treated cells revealed an
increase in chromatin-bound Pol A levels that peaked to 1.7-fold
4 h after release compared to the control fractions, which did not
show alterations in Pol A levels (Fig. 4 D and E). Although the con-
trol cells clearly progressed through S to the G2/M phase, the
H,O,-treated cells arrested in the S phase and failed to enter
G2/M for the duration of the experiment (Fig. 4D). These results
are consistent with an inducible chromatin recruitment of Pol A
dependent on oxidative DNA damage during the S phase.

Discussion

The data presented in this paper shed more light on the intricate
control mechanisms that are in place to regulate protein levels
of Pol ), its subcellular localization, and its engagement into ac-
tive repair complexes on chromatin upon induction of oxidative
DNA damage. We now identify Mule as an E3 ligase responsible
for ubiquitination of Pol A, leading to degradation of Pol A via the
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Fig. 4. Chromatin-binding of DNA polymerase A is mediated by MutYH, enhanced by phosphorylation of DNA polymerase A by Cdk2/cyclinA, and inducible by
oxidative DNA damage. (A) Cell fractionation of HEK 293T cells treated with siRNA against MutYH. Cyto = cytoplasmic, Nuc = nuclear, and
CHR = chromatin-bound fraction. (B) Quantification for A, mean of two independent experiments +SD. The Pol A signal was normalized to tubulin (for
the cytoplasmic fraction), to fibrillarin (for the nuclear fraction), or to histone H1 (for the chromatin-bound fraction). H1 = Histone 1. (C) GST-pull-down
of different amounts of recombinant purified His-Pol A by recombinant purified GST-MutYH after in vitro phosphorylation of Pol A WT by Cdk2/cyclinA.
Non-P-Pol, 4 = non-phosphorylated control reactions for Pol A, were carried out as the phosphorylation reaction but without the addition of Cdk2/cyclinA.
Negative control for unspecific binding was carried out by adding GST instead of GST-MutYH to the reactions. Immunoblot: GST = GST-MutYH. (D) Analysis of
chromatin-bound Pol A levels in T24 cells upon induction of oxidative DNA damage in the early S phase by H,0, treatment. The Pol  signal was normalized to
Histone H3 and the Oh control cell time point. The cell cycle progression was monitored by analysis of cyclin E and cyclin B. (E) Quantification of D, mean of two

independent experiments +SD.

ubiquitin-proteasome pathway. Although we found that Mule
mainly monoubiquitinates Pol A, the formation of di- or polyubi-
quitin chains can also be observed. It is still unclear whether it is
Mule alone that is responsible for the degradation of Pol A or if,
like in the case of Pol f (18), monoubiquitination by Mule stimu-
lates polyubiquitination by another E3 ligase. The possible role of
the E3 ligase CHIP, also found to ubiquitinate Pol A in vitro (21),
in the regulation of Pol A levels in vivo still remains to be assessed.
In line with our findings concerning the regulation of Pol A levels
by Mule, we demonstrate that this regulation influences the ca-
pacity of HEK 293T cells to perform correct 8-oxo-G repair.
Furthermore, we show that this repair is mainly carried out by
Pol A, as shown with single-nucleotide incorporation experiments
using Pol A+ /+ or Pol 1 — /— MEF cell extracts depleted of
Mule. Experiments assessing the phosphorylation of Pol A, which
has previously been found to stabilize Pol A by decreasing its ubi-
quitination (20), reveal an decrease in chromatin association of
nonphosphorylated Pol A, as determined by fractionation experi-
ments comparing HEK 293T cells stably transfected with Pol A
WTor Pol A 4A phosphomutant. The phosphorylation-dependent
chromatin binding protects and stabilizes Pol A levels, as it pre-
vents Pol A from being shuttled to the cytoplasm, where it is sub-
sequently ubiquitinated by Mule (a cytoplasmic protein) and
degraded by the proteasome. Therefore, levels of Pol A are con-
trolled by means of changes in subcellular localization, which is
dependent on the protein’s phosphorylation status. MutYH is the
DNA glycosylase that catalyzes the excision of an incorrect A op-
posite 8-0x0-G, followed by the action of Apel, and thus precedes
the role of Pol A in incorporating a correct C opposite 8-0xo-G.
We show that phosphorylation of Pol A enhances its binding to
MutYH and that depletion of MutYH in HEK 293T cells leads
to a decrease in total cellular levels of Pol A, as well as a decrease
in the chromatin-associated Pol A fraction. Phosphorylation of
Pol ) by Cdk2/cyclinA has been shown to take place in the late
S and G2 phases of the cell cycle. Considering that frequent mis-
incorporation of A opposite 8-0xo-G is performed by the repli-
cative Pols 6 and e, high levels of A:8-oxo-G mispairs are expected
to be present immediately after DNA synthesis in the S phase. It
is pivotal that those mispairs are corrected before mitosis pro-
ceeds, because otherwise GC to TA transversion mutations can
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manifest themselves. Under these circumstances, the Cdk2/
cyclinA phosphorylation-dependent recruitment of Pol A to
chromatin makes a lot of sense, because Pol A is so far the most
likely candidate to work together with MutYH to achieve a cor-
rect repair of A:8-0xo0-G lesions. This model is further substan-
tiated by the finding that the chromatin-bound fraction of Pol A
can be increased 1.7-fold upon induction of oxidative stress
(Fig. 4 D and E) in the early S phase and is in line with previous
findings implicating the involvement of Pol A in repair of oxida-
tive DNA damage in vivo (7).

Studies assessing the regulation of Pol  protein levels have
recently shown that the levels of Pol p are regulated by Mule
and CHIP in vivo (9, 18). Importantly, these studies showed that
ubiquitin-mediated proteasomal degradation mainly regulates
the protein levels of Pol § and not its activity. So far, we do not
have any evidence indicating that ubiquitination of either Pol A or
B influences the choice of a specific Pol in the BER pathway
directly. Rather, the results from this study point to the possibility
that this Pol choice is brought about by other PTMs, as phosphor-
ylation, enabling a subtle regulation of Pol’s subcellular localiza-
tion, and thus contributes to the regulation of its degradation. It
remains to be seen whether the polymerase activity of any of the
repair Pols can be stimulated directly by means of PTMs, if PTMs
control their association with other proteins to form entire repair
complexes, or if their repair activity can be enhanced simply by
changes in subcellular localization.

In the early Lindahl paper, a steady state of 100-500 8-oxo-G
per cell was suggested (26). Subsequent work warned about arti-
factual DNA oxidation during isolation and suggested an amount
of approximately 1,500 8-oxo-G per genome measured (see, e.g.,
ref. 27). Friedberg et al. indicated that around 1,000-2,000 8-oxo-
G can be repaired per cell per day (28). Such a high steady-state
level of DNA oxidation asks for a robust and tightly controlled
repair system. With the data presented here, not only do we ad-
dress the fine-tuning of Pol A levels during physiological cellular
conditions, we also provide evidence for what occurs upon induc-
tion of oxidative stress. ROS encountering a C:G base pair during
any cell cycle phase devoid of DNA synthesis will lead to the
formation of a C:8-oxo-G base pair, which is a substrate for Oggl
(reviewed in ref. 2). Oggl will remove the damaged base 8-ox0-G,

PNAS | January 10,2012 | vol. 109 | no.2 | 441

BIOCHEMISTRY



and subsequent BER will take care of the resulting AP site. Con-
sequently, 8-0xo-G lesions caused by ROS inflicted on the cell in
any of these nonreplicative phases will mainly necessitate the
action of Oggl. On the other hand, A:8-0xo-G mispairs are
thought to mainly arise from inaccurate bypass of an §-oxo-G
lesion by replicative Pols during the S phase. For this reason, late
S and G2 are the phases during which the removal of A opposite
8-0x0-G is needed. This notion is supported by the fact that
MutYH levels reach their maximum during the S phase (29)
and that the repair of A:8-0xo-G mismatches in vivo by MutYH
is fourteenfold more efficient when the substrate is replication-
proficient compared to a nonreplicating one (30). Those results
are in accordance with a replication-associated activity of
MutYH. Hence, because Pol A is stabilized by phosphorylation
by Cdk2/cyclinA in late S and G2 as well (20), we believe that
the stabilization of an interaction between MutYH and Pol A
during exactly these phases of the cell cycle can promote repair
of A:8-0xo-G mismatches.

Taken together, we have unveiled an important feature in the
dynamics and control of Pol A, a repair Pol pivotal for correct
repair of oxidative DNA damage, which is crucial for the main-
tenance of genetic stability. Our results are consistent with a
model in which Pol A is recruited to and/or retained on chromatin
in a phosphorylation-dependent manner into active repair com-
plexes by MutYH in the late S and G2 phases of the cell cycle.
Importantly, this recruitment is increased upon exposure of
S-phase cells to oxidative DNA damaging agents. This phosphor-
ylation-dependent chromatin recruitment further protects Pol A
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from being sent to the cytoplasm, where it undergoes ubiquitina-
tion by Mule and is then sent for proteasomal degradation.

Materials and Methods

In Vitro Ubiquitination of Pol L. Purification of the ubiquitination activity for
Pol A from Hela whole cell extracts and the in vitro ubiquitination assays
were performed as described in ref. 18.

In Vitro Phosphorylation of Pol ). This experiment was performed as outlined
in ref. 20.

GST Pull-down Assay of Pol A with MutYH. This interaction was done as recently
described in ref. 7. Single-nucleotide incorporation assays were performed as
described in ref. 5 with modifications as indicated in the figure legends.

RNAi Interference. Cells were transfected by using the Lipofectamine RNAi
max (Invitrogen) according to the manufacturer’s protocol and analyzed
72 h after transfection.

Statistical Analysis. For all the statistical analysis, the program GraphPad
Prism (www.graphpad.com) was used.
Full Materials and Methods can be found in S/ Materials and Methods.
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