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Mammalian ribonucleotide reductase subunit p53R2
is required for mitochondrial DNA replication
and DNA repair in quiescent cells
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In postmitotic mammalian cells, protein p53R2 substitutes for
protein R2 as a subunit of ribonucleotide reductase. In human
patients with mutations in RRM2B, the gene for p53R2, mitochon-
drial (mt) DNA synthesis is defective, and skeletal muscle presents
severe mtDNA depletion. Skin fibroblasts isolated from a patient
with a lethal homozygous missense mutation of p53R2 grow nor-
mally in culture with an unchanged complement of mtDNA. During
active growth, the four dNTP pools do not differ in size from nor-
mal controls, whereas during quiescence, the dCTP and dGTP pools
decrease to 50% of the control. We investigate the ability of these
mutated fibroblasts to synthesize mtDNA and repair DNA after
exposure to UV irradiation. Ethidium bromide depleted both mu-
tant and normal cells of mtDNA. On withdrawal of the drug,
mtDNA recovered equally well in cycling mutant and control cells,
whereas during quiescence, the mutant fibroblasts remained de-
ficient. Addition of deoxynucleosides to the medium increased in-
tracellular dNTP pools and normalized mtDNA synthesis. Quiescent
mutant fibroblasts were also deficient in the repair of UV-induced
DNA damage, as indicated by delayed recovery of dsDNA analyzed
by fluorometric analysis of DNA unwinding and the more extensive
and prolonged phosphorylation of histone H2AX after irradiation.
Supplementation by deoxynucleosides improved DNA repair. Our
results show that in nontransformed cells only during quiescence,
protein p53R2 is required for maintenance of mtDNA and for opti-
mal DNA repair after UV damage.
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NA replication and repair require the continued synthesis of
the four dNTPs. They are synthesized by evolutionary-re-
lated ribonucleotide reductases operating with slightly different
mechanisms in aerobic and anaerobic organisms (1). Each ri-
bonucleotide reductase provides the required amounts of all four
dNTPs. A similar allosteric mechanism, maintained throughout
evolution, regulates both the enzyme’s activity and its substrate
specificity. Cells contain small dNTP pools of similar sizes, ap-
proximately 10-fold larger during DNA replication than during
quiescence. Regulation of pool sizes by ribonucleotide reduc-
tases is of great importance for correct DNA replication, and
changes in the actual sizes or in their balance lead to increased
mutation rates (2). For mammalian cells, the induction of
mutations by pool imbalances has been described in detail, along
with possible mechanisms (3). In yeast, a recent elegant study (4)
linked specific amino acid substitutions in the catalytic subunit of
ribonucleotide reductase to defined pool imbalances, which re-
sult in increased mutation rates.
In mammalian cells, the canonical ribonucleotide reductase is
a complex between two proteins: the large catalytic protein R1
that contains the allosteric sites and the smaller protein R2 that
contributes a stable tyrosyl free radical during the reaction (1).
Both proteins are transcriptionally activated during early S-phase
(5) and are present in roughly equal amounts (6, 7) to deliver the
dNTPs required for DNA replication. R2 is degraded during late
mitosis (8); thus, postmitotic quiescent cells are essentially devoid
of R2 but retain some R1. In the year 2000, a second radical-
providing small subunit, termed p53R2, was discovered in
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mammalian cells (9). pS3R2 has the same function as the ho-
mologous R2, but is not degraded in mitosis. Quiescent cells
contain an undiminished amount of p53R2 (6, 7) but little or no
R2. After DNA damage, pS3R2 is transcriptionally activated by
p53 and was reported to translocate into the nucleus (9). It was
therefore thought to be primarily involved in DNA repair.
However, with affinity-purified antibodies, we found p53R2, as
well as R1 and R2, in the cytosol also after DNA damage (10).
Moreover the concentrations of the three proteins at different
stages of the cell cycle speak against a specific requirement of
p53R2 for DNA repair. During S-phase, murine or human fibro-
blasts contain roughly equimolar amounts of R1 and R2, whereas
pS3R2 amounts to only 3% of R2 and increases to 13% after DNA
damage (6), indicating that the main catalytically active enzyme
is an R1/R2 and not an R1/p53R2 complex. In a study of quies-
cent human fibroblasts, ribonucleotide reduction was catalyzed
largely by an R1/p53R2 complex at a rate amounting to only 2-3%
of that of cycling cells (7).

In 2007, Bourdon et al. (11) opened a new chapter in the
history of p53R2 by reporting that in humans, genetic in-
activation of p53R2 causes a severe mitochondrial disease
characterized by profound depletion of mtDNA in differentiated
cells and lethality shortly after birth. They found that skeletal
muscle of patients with mutations in the RRM2B gene coding for
p53R2 completely lacked mtDNA (11). Similar patients were
described in later studies from several other laboratories (12—
16). It is now clear that pS3R2 activity is required for the stability
of the mt genome in differentiated tissues, shifting the attention
from DNA repair to mtDNA maintenance.

Less clear are the extent to which p5S3R2 is required for DNA
repair and the extent to which it is required only in quiescent
cells. Most experiments concerning p53R2’s function have been
carried out with transformed cell lines (9, 17-19), which are not
suitable for addressing these questions. To investigate p5S3R2 in
nontransformed cells, we recently examined in vitro the con-
sequences of pS3R2 inactivation with fibroblasts from a patient
with a lethal homozygous missense mutation in the iron-binding
center of p5S3R2 who had died at aged 3 mo with severe muscular
mtDNA depletion (16, 20). Compared with age-matched con-
trols, the mutant fibroblasts grew normally in culture and con-
tained a normal complement of mtDNA (20); however, once
they became quiescent, their ability to reduce ribonucleotides
was strongly curtailed, resulting in smaller dCTP and dGTP
pools. The profound changes in deoxyribonucleotide metabolism
did not result in a depletion of mtDNA in vitro, unlike in the
patient. We hypothesized that this ostensible paradox might be
explained by the low copy number of mtDNA in fibroblasts, only
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Table 1. Effect of deoxynucleosides in the medium on dNTP pool sizes in quiescent control and p53R2 mutant
fibroblasts
dNTP, pmoles/10° cells
Control Mutant
Treatment dCTP dGTP dTTP dATP dCTP dGTP dTTP dATP
None 29+063 05+011 26+089 24+056 12+025 02+005 27+079 1.4+041
5pM CdR +5uM GdR 45+ 1.17 1.2+028 29+032 20+067 38+049 08+0.16 34+131 1.4+0.76

Summary of dNTP pools from between five and seven separate experiments with quiescent mutant and control cells. Pools were
measured after an 18-h incubation with deoxynucleosides. Values are mean + SD.

<5% of that in skeletal muscle cells, requiring much less dNTPs
for its maintenance.

In the present work, we tested this hypothesis with cycling and
quiescent fibroblasts. We induced mtDNA depletion by treating
the cells with ethidium bromide (EtBr) (21), and followed the
recovery of mtDNA after removal of the drug. In addition, we
investigated the involvement of p5S3R2 in DNA repair by ana-
lyzing the ability of the mutated fibroblasts to repair DNA after
UV damage. Our data demonstrate the importance of p53R2 for
both mtDNA replication and DNA repair in quiescent cells that
contain insufficient R2 for dNTP synthesis. The data indicate
that correct pool balances are required not only for the fidelity of
nuclear DNA replication, but also for optimal mtDNA synthesis
and DNA repair after UV damage.

Results

Recovery of mtDNA After Depletion with EtBr. Cells growing in the
presence of EtBr lose their mtDNA (21). In preliminary
experiments, p5S3R2 mutant and control fibroblasts cultured for
7 d in medium containing 10% FCS with either 20 or 50 ng EtBr/
mL were rapidly depleted of mtDNA. When growth continued in
the absence of EtBr, all cultures rapidly recovered mtDNA (Fig.
S1A4), with no clear difference between mutant and control cells.
We repeated the experiment with quiescent cells. As before, we
grew the fibroblasts with EtBr in 10% FCS for 7 d, but when the
cultures became confluent we shifted them to 0.1% FCS + EtBr
for 7 d longer. The cells reached quiescence, lost protein R2, and

became dependent on p53R2. We then removed EtBr and fol-
lowed the reappearance of mtDNA in low serum. Now only the
control cells fully recovered their mtDNA (Fig S1B), suggesting
that the cells with mutated pS3R2 did not produce sufficient
dNTPs for sustained mtDNA synthesis.

Previous studies have shown that quiescent mutant fibroblasts
contain smaller dCTP and dGTP pools than controls, whereas
dATP is unaffected and dTTP is slightly increased (20). If the
inability of the mutant fibroblasts to reconstitute their mtDNA
indeed depended on insufficient production of dNTPs, then it
might be possible to compensate the deficiency by exploiting
the salvage pathway of dNTP synthesis (22). Low micromolar
amounts of deoxycytidine (CdR) and deoxyguanosine (GdR)
added to the media of quiescent cultures increased the corre-
sponding dNTP pools in both normal and mutant fibroblasts
(Table 1). GdR alone diminished the dCTP pool of mutant cells
in a concentration-dependent manner with a decrease to 50%
after an 18-h incubation with 5 pM GdR (Table S1). The com-
bination of the two deoxynucleosides increased both the dCTP
and dGTP pools of mutant cells slightly above the pool sizes of
the controls.

We next tested whether changes in intracellular ANTPs arising
from the addition of deoxynucleosides to the medium affected the
recovery of mtDNA in the quiescent mutant cells after depletion
by EtBr. We found no clear increase in mtDNA after the addition
of CdR and GdR ceither alone or in combination. However, when
we also included deoxysadenosine (AdR), the restoration of EtBr-
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Fig. 1. Stimulation of mtDNA recovery in mutant cells by deoxynucleosides present in the medium. We depleted the mtDNA of quiescent mutant or control
fibroblasts in 0.1% FCS with EtBr 20 ng/mL (A) or 50 ng/mL (B). After removal of the drug, the cultures were divided into three groups during a 2-wk recovery
period. Group 1 (blue) was contained in a medium composed of 5 uM AdR, CdR, and GdR; group 2 (red) was in a medium composed of only CdR and GdR; and
group 3 (black) served as control without deoxynucleosides. At the indicated time intervals, in cells from each group we determined the copy number of
mtDNA by real-time PCR (A and B) and measured the sizes of the four dNTP pools (C). Pool sizes are mean + SEM of the values measured at the three time
points after removal of EtBr. nt (white), pool sizes in parallel cultures not treated with EtBr.
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Fig. 2. Effects of UV irradiation and hydroxyurea on dCTP and GTP pools.
(A) Pool changes after irradiation. We irradiated quiescent mutant or control
fibroblasts with UV (24 J/m?) and measured the size of the dCTP and dGTP
pools during a 3-h repair period. (B) Effect of hydroxyurea. The same ex-
periment as in A was run but with 2 mM hydroxyurea (HU) in the medium
starting at 30 min before irradiation and during repair. Bars indicate SEM. In
most cases, the values were too low to be visible in the figure.

depleted mtDNA was almost complete at 7 d after removal of the
drug (data not shown). Thus, in two independent time curves in
quiescent fibroblasts, we compared the effects of AdR + CdR +
GdR with those of CdR + GdR on the recovery of mtDNA de-
pleted by 20 ng/mL EtBr (Fig. 14) and 50 ng/mL EtBr (Fig. 1B).
At both concentrations, control cells recovered a full complement
of mtDNA independent of the presence of deoxynucleosides. In
the mutant cells, in agreement with the preliminary results, mtDNA
fully recovered only in the presence of all three deoxynucleosides,
confirming the importance of AdR. Fig. 1C also shows the changes
in dANTP concentrations induced by the two combinations of
deoxynucleosides after removal of EtBr. We found no systematic
differences in the concentrations at the various times of recovery,
and thus report their average values here.

DNA Repair After UV Damage: dNTP Pools. We first investigated
whether and how UV irradiation affects the size of the four
dNTP pools in quiescent mutant and control cells during a 3-h
period after irradiation. In the control fibroblasts, the pools did
not change, but in the mutant cells, the dCTP pool (originally
50% of the control pool) decreased further to 25% after irra-
diation. UV irradiation had no clear effect on the very small
dGTP pool (Fig. 24). Neither dATP nor dTTP was affected
(data not shown).

Does a remaining activity of ribonucleotide reductase support
the dNTP pools in the mutant cells? The addition of 2 mM hy-
droxyurea to the incubation medium at 30 min before irradiation
and during the subsequent 3 h decreased the size of the dCTP
pool in both mutant and control cells (Fig. 2B). Hydroxyurea
inactivates ribonucleotide reductase by sequestering the free
tyrosyl radical of R2 (23). Its inhibitory effect on the dCTP pool
of both types of cells indicates that in the mutated fibroblasts,
ribonucleotide reduction was responsible for maintenance of the
dCTP pool, implying either that p53R2 was not completely
inactivated by the mutation or that the quiescent cells retained
some R2 activity.

DNA Repair After UV Damage: Disappearance of Primary Damage.
The primary UV-induced damage involves mainly two types of
cross-links in the DNA structure (24): cyclobutane pyrimidine
dimers (CPDs) and a smaller number of 6-4 pyrimidone photo-
products (6-4PPs). Early during nucleotide excision repair (NER),
specific proteins recognize the DNA damages and remove the
cross-links, with 6-4PPs disappearing rapidly during the first 6 h
after irradiation and CPDs possibly persisting longer (24).

Using specific antibodies, we determined the time-dependent
disappearance of the two types of DNA damage in quiescent
mutant and control cells after exposure to UV irradiation (Fig.
3). The 6-4PPs were gone after 6 h, whereas CPD removal took
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considerably longer. In both instances, we found no clear dif-
ference between mutant and control cells, indicating that the
mutant cells were not deficient in the early recognition and re-
moval of the damaged sites.

DNA Repair in Mutant Fibroblasts: Fluorometric Analysis of DNA
Unwinding. dNTPs are required during NER to fill the gaps arising
from excision of the UV-induced photoproducts. At the end of
the process, the nicks are sealed by ligases, restoring the original
dsDNA. Before the ligation step, alkali treatment of the nicked
DNA produces single-stranded regions at the sites of the initial
damage. Thus, the extent of DNA double-strandedness provides
a measure of the ongoing but still incomplete repair (25, 26). This
can be quantified by fluorometric analysis of DNA unwinding
(FADU) (27) from the fluorescence of DNA-bound EtBr. Im-
mediately after the damage occurs, fluorescence of the DNA-
bound EtBr shows a rapid drop in alkali. When the nicks are
sealed after resynthesis with fresh dNTPs, the ensuing recovery of
fluorescence reflects completion of the gap-filling process.

In a series of experiments, we used FADU to evaluate UV-
induced DNA repair in cultures of the two cell lines maintained in
low serum for various time periods. We irradiated cells with 24 J/
m? UV after 0 d (confluent cultures), 3d, 7d, or 14 din 0.1% FCS,
and determined the percentage of dsDNA at 3 h after irradiation
(Fig. 44). At all time points, the mutant contained less dSDNA
than the control, suggesting a greater residual damage caused by
slower repair. We next investigated the time course of DNA re-
pair after UV irradiation with 12 or 24 J/m? immediately after
serum change (Fig. 4B1) or after 7 d in low serum (Fig. 4B2). In
both instances, the fluorescence dropped to low values immedi-
ately after irradiation, indicating the rapid loss of dsDNA, fol-
lowed over the next 6 h by a slow recovery that was almost
complete after 24 h. There were some quantitatively distinct
features, however; the drop in fluorescence was larger in cells
irradiated with the higher UV dose, after incubation in low serum,
and in mutant cells. These data suggest that the timing of fluo-
rescence recovery is related to the efficiency of DNA repair. Such
a relationship is also supported by the effects of hydroxyurea (23)
and aphidicolin (28), two inhibitors of DNA synthesis (Fig. 4C).
Neither drug affected the immediate loss of fluorescence after
UV irradiation, but both drugs completely abolished the recovery
phase in both cell lines. In fact, at the first time point after irra-
diation (i.e., 30 min), fluorescence was already higher in the cul-
tures without inhibitors than in those with the inhibitors. The
difference was particularly marked in the controls, reflecting the
efficiency of repair synthesis.

CdR and GdR were converted to their triphosphates, and in
the mutant fibroblasts, their combination “cured” the dCTP and
dGTP pool deficiencies (Table 1). In a FADU experiment with
mutant cells, the two deoxynucleosides did not affect the initial
decay of DNA fluorescence (Fig. 54), suggesting that they do not
affect the detection and removal of DNA cross-links, that is, the

100Q —— 12J ctrl
=-0--12J mut
—A— 12J ctrl
- -0 12J mut
—e— 24Jctrl | 8-4PP
- & -24J mut

|cPD

Remaining UV lesions (%)

0 3 6 9 12 15 18 21 24

h after UV
Fig. 3. Disappearance of primary DNA damage in mutant and control
fibroblasts. We treated quiescent mutant or control cells with UV (12 or 24
J/m?) and used specific monoclonal antibodies to identify the disappearance
of the two main types of DNA damage products (CPDs and 6-4PPs) over the
subsequent 24 h.
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early steps of NER that do not require dNTPs. However, after
3 h, DNA fluorescence was already higher in the presence of
deoxynucleosides than in the absence of deoxynucleosides and
continued to increase until the end of the experiment, indicating
faster repair. GdR alone had the opposite effect (Fig. 54), re-
ducing the recovery of fluorescence. This suggests that a de-
ficiency of dCTP delays repair (Fig. 5B and Table S1).

We conducted three additional FADU experiments, compar-
ing results from mutant and control cells kept in low serum for
4, 7, or 11 d before irradiation, to substantiate a connection
between dNTP pools and DNA repair (Fig. S2). In all cases,
mutant cells showed delayed DNA repair, with progressively
more marked effects with increasing quiescence time. The ad-
dition of CdR + GdR counteracted the delay. The combined
FADU data strongly suggest that the p53R2 mutation reduces
the cells’ ability to repair UV-induced DNA damage because of
limitations in the supply of dNTPs.

DNA Repair in Mutant Fibroblasts: Histone H2AX Phosphorylation.
The phosphorylation of histone H2AX on Ser-139 (YH2AX) is
considered a marker of repair of double-strand breaks induced
by ionizing radiation (29, 30). DNA damage by UV also induces
yH2AX in both proliferating and quiescent cells (31, 32), but its
relevance to this connection is unclear. Thus, it was proposed
that yH2AX might act as a biomarker of UV damage rather than
as a participant in repair (33). During NER, the presence of
YH2AX signals a persistence of DNA gaps created by excision
of the UV-induced damage, and its disappearance signals filling
of the gaps by dNTP polymerization. A comparison of YH2AX
kinetics in mutant and control fibroblasts after UV irradiation
further illuminates the importance of dNTPs and the p53R2
mutation for DNA repair.

We analyzed the yYH2AX content in quiescent mutant and con-
trol cells at different times after UV irradiation by flow cytometry
and confocal fluorescence microscopy. In cells maintained in low-
serum medium, flow cytometry showed that G1/GO cells accounted
for 95% or more of the total cell population; thus, we limited our
analysis to these phases of the cell cycle. In cycling cultures, the
intensity of the YH2AX signal remained almost unchanged after
irradiation, with no differences between mutant and control fibro-
blasts (Fig. 6). In contrast, in quiescent cultures, the YH2AX signal
increased in the irradiated cells and reached higher values in the
mutant fibroblasts compared with the control fibroblasts. This dif-
ference increased with the time of quiescence (Fig. 6).

We then examined the effects of deoxynucleosides on H2AX
phosphorylation. Mutant and control fibroblasts were incubated
with or without CdR + GdR for 7 d, from the shift to low serum
to the time of UV irradiation, and during the 24 h after the
irradiation. Parallel sets of cultures were maintained without
added deoxynucleosides. Direct microscopic analysis of the ac-
cumulation and decay of yYH2AX in irradiated mutant and con-
trol fibroblasts showed that addition of deoxynucleosides reduced
the intensity and the persistence of the signal in the mutant cells,
whereas it had no effect in the control cells (Fig S3).

In agreement with earlier observations (31, 33) immunofluores-
cence revealed that the cell distribution of YH2AX at each time
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point was not homogeneous (Fig S3). In a parallel experiment, flow
cytometry demonstrated greater heterogeneity of the fluorescent
signal in mutant fibroblasts than in control fibroblasts during the
24-h repair period (Fig. 7). In the control fibroblasts, the distribu-
tion of the YH2AX fluorescence was unimodal at all times after UV
irradiation exception the 8-h time point. Peak fluorescence was
already reached by 3 h and then shifted back to the original pre-
irradiation value by 24 h. In the mutant fibroblasts, a bimodal pat-
tern already began to appear by 1 h, with a high fluorescence peak
that increased in intensity for up to 8 h postirradiation. The sub-
population with lower fluorescence expanded progressively, shifting
toward lower signal intensities. The addition of deoxynucleosides
enhanced expansion of the lower fluorescence subpopulation,
suggesting that the distinctive heterogeneity of the yH2AX signal in
the mutant fibroblasts is related to a limitation of DNA precursors
during repair synthesis. Here again, deoxynucleosides had no effect
on the behavior of the pS3R2-proficient cells.

Discussion

Several levels of control regulate the intracellular concentrations
of the four dNTPs required for DNA synthesis. Pool imbalances
lead to mutations (2-4), and thus the supply of dNTPs is tightly
controlled. The de novo synthesis of dNTPs is regulated by the
sophisticated allosteric regulation of ribonucleotide reduction
(1). In mammalian cells, their degradation to and resynthesis
from deoxynucleosides in substrate cycles (34) provides further
fine-tuning of pool sizes. Attesting to the importance of appropriate
pool sizes are human genetic diseases caused by both deficiencies
in and overproduction of dNTPs (35).

The p53R2 protein is a recent addition to this picture (9). This
protein is a subunit of mammalian ribonucleotide reductase with

120. —®— nt —&— CdR
l —8— CdR+GdR —%— GdR
1008 A /l B
//A 6 - O dCTP
< 80 W dGTP
5 -
2 541
< 601 o
40 - —X 22
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20 —r— 0.
0 3 6 24 nt CdR GdR CdR
h after UV +GdR

Fig. 5. Effects of CdR and/or GdR on UV-induced DNA repair in quiescent
mutant fibroblasts. After 7 d in low serum, we irradiated mutant cells with
UV (12 J/m?). The indicated deoxynucleosides were added at final concen-
trations of 5 pM 18 h before irradiation and during DNA repair. (A) Fraction
of dsDNA determined by FADU at various time points after irradiation. (B)
dCTP and dGTP pool sizes at the time of irradiation. nt, cells not treated with
deoxynucleosides.
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Fig. 6. Histone H2AX phosphorylation after UV-induced DNA damage in
cycling and quiescent mutant and control fibroblasts. Control (A) and mutant
(B) cells were irradiated with UV (12 J/m?) during proliferation in 10% serum
(cycling) or after 3, 7, or 18 d in 0.1% FCS medium. yH2AX was measured
during a 24-h repair period by flow cytometry after staining with a specific
monoclonal antibody. Note the difference in ordinates in the two panels.

the same radical-providing function as the canonical R2 protein.
In postmitotic resting cells in which R2 has disappeared, only
P53R2 can provide the free radical required for ribonucleotide
reduction, acting as the functioning small subunit of mammalian
ribonucleotide reductase (6, 7).

The results of our experiments with the mutant human fibro-
blasts reported here strongly support this concept. These cells
carry a homozygous RR2MB mutation, resulting in the exchange
of a highly conserved glycine residue located in the iron center of
p53R2 with a valine (16). We found that the loss of p5S3R2 ac-
tivity has no consequences for cycling cells containing a large
excess of R2 over pS3R2; however, in quiescent cells, when R2
function should be taken over by pS3R2, mtDNA synthesis and
DNA repair are disturbed. In our experiments, the final degra-
dation of R2 occurred during maintenance of the cells in serum-
depleted medium after they had reached confluency. At con-
fluency, the cultures still contained a minor fraction of S-phase
cells (20), yet the mutant already exhibited delayed repair (Fig.
4BI). After 1 wk in 0.1% FCS, the cells still contained a small
amount of R2, along with small dNTP pools (20). Hydroxyurea,
a known inhibitor of ribonucleotide reductase, blocked dANTP
synthesis (Fig. 2B), demonstrating that the dNTPs are synthe-
sized de novo. Additional evidence for some residual ribonu-
cleotide reductase activity was the decrease in dCTP and dTTP
pools after addition of GdR to the medium (Table S1). GdR
increased the intracellular dGTP pool, resulting in diminished
size of the two pyrimidine dNTPs by allosteric regulation of the
substrate specificity of a functioning ribonucleotide reductase,
probably containing R2 (1). Despite the small remaining R2
activity in the mutant cells, the absence of p5S3R2 resulted in
deficiencies of dCTP and dGTP, which were further accentuated
by UV irradiation (Fig. 24).

The mutant fibroblasts had been obtained from an individual
completely lacking mtDNA in muscle cells. Nevertheless, they
grew normally in culture and contained a normal amount of
mtDNA even during prolonged quiescence (20). We hypothe-
sized that the low mtDNA content in fibroblasts compared with
muscle cells made the fibroblasts less sensitive to a deficiency of
dNTPs. Thus, we set up conditions that forced the cells to renew
all of their mtDNA during a relatively short period after de-
pletion with EtBr. The R2-containing cycling fibroblasts effi-
ciently resynthesized the mtDNA independent of their pS3R2
status, whereas quiescent mutant fibroblasts were deficient (Fig.
1). In response to the increased demand for mtDNA precursors,
the supply of dNTPs in the mutant cells was insufficient. This
deficiency was cured by adding deoxynucleosides, which ex-
panded the dNTP pools. The combination of CdR, GdR, and
AdR was the most effective addition.

The mutant cells also exhibited defective repair of DNA
damage after UV irradiation. Deoxynucleotides participate in
NER only toward the end of the process, after excision of the
damaged sites. The early steps involving recognition and removal
of the cross-links in the damaged DNA functioned normally in
the quiescent mutant cells (Fig. 3); however, the later steps re-
quiring the participation of dNTPs were delayed, and the dam-
age was more extensive and persistent. This delay was evident in
the FADU experiments when the irradiated mutant cells contain
more single-stranded DNA after alkaline treatment and required
more time to reseal the nicked DNA. The addition of deoxy-
nucleosides had a beneficial effect and favored repair. Particu-
larly remarkable are the divergent results seen after the addition
of GdR + CdR or GdR alone. The combination of the deoxy-
nucleosides normalized the dCTP and dGTP pools (Table 1) and
improved DNA repair. GdR alone increased the dGTP pool but
decreased the dCTP pool, resulting in delayed repair. Such
a close correlation between the size of the dCTP pool and the
cellular ability to repair DNA is strong evidence for a causal
relation between the two parameters.

Surprisingly, the mutant cells required a different constellation
of deoxynucleosides for mtDNA maintenance (AdR + CdR +
GdR) and DNA repair (CdR + GdR). Given that the pool
differences between mutant and control fibroblasts concern
mainly dCTP and dGTP, we did not expect to see a requirement
for AdR. However, considering that CdR is a precursor of both
pyrimidine dNTPs via the conversion of dCMP to dTMP,
whereas GdR feeds only the dGTP pool, we reasoned that
adding AdR to the deoxynucleoside mix would create a condi-
tion favoring the synthesis of all four DNA precursors. The main
effect of AdR was a twofold to threefold increase in dATP and
concomitant similar decreases in the dCTP and dGTP pool
expansions caused by the presence of CdR and GdR (Fig. 1C).
The dTTP pool was also decreased by the addition of AdR.
Thus, AdR provokes a large disturbance of the balance between
dNTP pools. An important consideration in relation to the dif-
ferent requirements for deoxynucleosides to support mtDNA
reexpansion and nuclear DNA repair is that different DNA
polymerases are involved in the two processes.

Fig. 7. Heterogeneity of the yH2AX signal after UV
irradiaton of quiescent cells; effect of deoxynucleo-
sides. Control and mutant cells were irradiated with
UV (12 J/m?), and the distribution of yH2AX in the

nuclei of G1/GO cells during the subsequent 24 h was
detected by flow cytometry after immunostaining.

The gray histograms refer to cultures incubated
without deoxynucleoside addition; the white histo-
grams, to cultures incubated with 5 pM CdR + GdR
for 7 d before and 24 h after irradiation. The vertical
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line indicates the median value of yH2AX fluores-
cence in nonirradiated cells, denoted by an arrow.
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The mutant cells also differed from the control cells in the
level of phosphorylated histone H2AX. Kinetic flow cytometry
analyses of UV-irradiated quiescent cells demonstrated larger
amounts and a more extended persistence of YH2AX in the
mutant fibroblasts than in the control fibroblasts. The distribu-
tion of yH2AX was not homogeneous and differed between the
two cell populations. Confocal fluorescence microscopy yielded
essentially similar results. The most important finding with both
types of analysis was that the presence of CdAR + GdR in the
medium had little affect on the control cells, but shifted the
behavior of the mutants toward that of the controls, again in-
dicating that the defective DNA repair exhibited by the mutant
fibroblasts in the absence of added deoxynucleosides depends on
insufficient de novo synthesis of dNTPs.

Materials and Methods

The fibroblasts from a patient with an inactivating mutation in the gene for
p53R2 (16) were identical to those used in a previous study (20). G. Kollberg
and E. Holme (Sahlgrenska University Hospital, Goteborg, Sweden) provided
the original frozen cells (second passage) and suitable age-matched normal
controls. Before use, both cell lines were immortalized with plasmid CMV-
hTERT/PGK-Pura, as described previously (36). The cells for the experiments
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were seeded at 0.35 x 10° cells/10-cm dish and grown in MEM/10% FCS.
Quiescent cultures were obtained by growing cells to confluence (usually for
7 d), changing the medium to MEM/0.1% dialyzed FCS, and keeping the cells
in this medium until use in the experiments at different times, usually after
7 d. Cultures received fresh medium every third day. Where indicated, the
medium was supplemented with 5 pM deoxynucleosides along with a me-
dium change. To prevent degradation of individual deoxynucleosides,
0.5 pM immucillin (37) was added together with GdR and 10 pM erythro-9-2-
hydroxy-3-nonyladenine (38) with AdR.

Details of other methodologies used in this study, including sources of
materials, analytical methods involving determination of dNTPs, quantifi-
cation of mtDNA, depletion of mtDNA from cells, UV irradiation of cells,
analysis of photoproducts to determine DNA damage, FADU after DNA
damage, and determination of histone H2AX phosphorylation by flow
cytometry or immunofluorescence microscopy, are provided in S/ Materials
and Methods.
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