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All cells rely on DNA polymerases to duplicate their genetic material and to repair or bypass DNA lesions.
In humans, 16 polymerases have been identified, and each bears specific functions in genome maintenance. We
identified here the recently discovered polymerase POLN to be involved in repair of DNA cross-links. Such
DNA lesions are highly toxic and are believed to be repaired by the sequential activity of nucleotide excision
repair, translesion synthesis, and homologous recombination mechanisms. By functionally assaying its role in
these processes, we unraveled an unexpected involvement of POLN in homologous recombination. Moreover,
we obtained evidence for physical and functional interaction of POLN with factors belonging to the Fanconi
anemia pathway, a master regulator of cross-link repair. Finally, we show that POLN interacts and cooperates
in DNA repair with the helicase HEL308, which shares a common origin with POLN in the Drosophila mus308
gene. Our data indicate that this novel polymerase-helicase complex participates in homologous recombination
repair and is essential for cellular protection against DNA cross-links.

Cells are continuously threatened by DNA damage that can
potentially alter their genetic information. Numerous overlap-
ping mechanisms exist to deal with DNA lesions. During S
phase, unrepaired DNA lesions can block the progression of
the replication machinery, causing cell cycle arrest and cell
death. Cells have evolved mechanisms that signal the stalling of
replication forks and recruit enzymes that can quickly restart
these structures. Thus, replication forks can bypass the lesion
without removing it. Homologous recombination (HR) and
translesion synthesis (TLS) represent the most common mech-
anisms for dealing with stalled replication forks. In HR, the
information on the newly replicated sister chromatid is used to
overcome the lesion (32). In contrast, TLS uses special DNA
polymerases that are able to replicate damaged DNA. Often,
however, TLS polymerases insert wrong nucleotides across
lesions, leading to mutations. Most polymerases involved in
TLS belong to the Y family of DNA polymerases (2, 7, 29),
which in addition to their characteristic catalytic domains and
PCNA interaction protein (PIP) motifs, also have ubiquitin-
binding domains toward their C termini. These domains are
required for interaction with ubiquitinated PCNA and are es-
sential for their recruitment to stalled replication forks. PCNA
is an essential cofactor of DNA polymerases during replica-
tion, and it becomes monoubiquitinated when the replication
fork is stalled at a damaged site (22).

POLN (DNA polymerase v) is a recently discovered enzyme,
belonging to the A family of DNA polymerases (16). In vitro,
POLN is capable of DNA-templated synthesis, but it shows
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high mutagenicity, with a preference for inserting T across G
and G across T (37). However, its lesion bypass activity is
restricted to a subclass of DNA damage, namely, thymine
glycol lesions (37). This suggests that POLN might not act as a
TLS polymerase in vivo. Surprisingly, however, POLN was
shown to have a high strand displacement activity (37). POLN
has homology with the C-terminal part of the Drosophila gene
mus308, which is specifically required for repair of interstrand
DNA cross-links (3, 9, 16). Mus308 contains an N-terminal
helicase domain and a C-terminal polymerase domain. The
vertebrate homologues of Mus308 also include POLQ (DNA
polymerase ), containing both domains, and HEL308, only
encompassing the helicase domain. Experiments in avian
DT40 cells showed that concomitant loss of POLN and POLQ,
as well as of HEL308 and POLQ, does not result in hypersen-
sitivity to DNA cross-link-inducing agents; instead, a function
in base excision repair was identified for POLQ (40).

DNA interstrand cross-links are highly toxic lesions, since
they covalently couple the two DNA strands, and block un-
winding by the replication and transcription machineries (33).
Repair of such lesions occurs predominantly during replica-
tion, when it is initiated by the stalling of the replication ma-
chinery (30). Cross-link repair appears to require the succes-
sive participation of three classic DNA repair mechanisms:
nucleotide excision repair (NER), TLS, and HR (25). According
to the current model, dual incision on each side of the cross-link
by the NER endonuclease complexes MUS81-EME1 and XPF-
ERCC1 unhook the lesion, allowing bypass by the TLS poly-
merases REV1 (inserts a nucleotide across the cross-linked
base) and Pol{ (extends a few bases from that original inser-
tion); finally, HR is used to copy the processed strand on the
sister chromatid (8, 26, 27, 30). A second, recombination-in-
dependent, minor pathway has also been proposed, involving
two consecutive steps of NER and TLS (33). Several poly-
merases, including REV1, Pol¢, POLH, and POLK, have been
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shown to participate in cross-link bypass, which also involves
PCNA ubiquitination (19, 21, 34). It is possible that the exact
nature of the cross-link dictates the type of repair and the
enzymes involved.

How the factors participating in cross-link repair are coor-
dinated is not yet understood. However, a group of genes with
regulatory activities required for interstrand cross-link (ICL)
repair has been identified by studying the human syndrome
Fanconi anemia (FA) (5, 13). FA is characterized by bone
marrow failure, developmental abnormalities, and cancer
proneness. Cells from FA patients are hypersensitive to cross-
link-inducing agents, and it is believed that the pathological
characteristics of the disease are caused by accumulation of
DNA damage in progenitor stem cells. Thirteen FA genes have
been identified, and most of the encoded proteins (FANCA,
FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, and
the associated FAAP100) form a large nuclear complex with
ubiquitin ligase activity. During S phase, this complex is targeted
to sites of DNA damage by the FANCM-FAAP24 heterodimer
and monoubiquitinates the substrates FANCI and FANCD2 in a
highly specific reaction (4, 6, 36). This leads to relocalization of
the ubiquitinated substrates to chromatin foci, together with other
FA gene products (FANCD1/BRCA2, FANCN, and FANC])
and several DNA repair factors (RADS1, PCNA, NBS1, and
H2AX) (13, 31). How these events control removal of DNA
cross-links is unknown.

Experiments measuring different repair pathways in FA pa-
tient cells revealed deficiencies in TLS and HR, suggesting that
the FA pathway normally regulates these activities (20, 24, 27,
28). Although HR was shown to be dependent on ubiquitina-
tion of FANCD2-I by the core complex (24), TLS seems to be
controlled by the core complex independent of this event and
independent of PCNA ubiquitination (20). Thus, the FA path-
way appears to be forked, with the core complex controlling
two branches: one that activates HR via FANCD2-I and one
that promotes mutagenic repair via an unknown mechanism of
recruiting TLS polymerases.

Here, we show that POLN is required for repair of DNA
cross-links in mammalian cells. By dissecting the different steps
of ICL repair, we found that, surprisingly, POLN is involved in
HR, and it interacts physically and genetically with FA pro-
teins.

MATERIALS AND METHODS

Cell culture and protein techniques. HeLa, 293T, and U20S cells were grown
in Dulbecco modified Eagle medium (Invitrogen) supplemented with 15% fetal
calf serum. For cell cycle synchronization, cells were incubated with 2.5 mM
thymidine for 18 h, washed twice with fresh medium, incubated again with
thymidine for 18 h, washed, and released in medium containing 100 ng of
nocodazole/ml. Preparation of whole-cell extracts, chromatin fractionation,
immunoprecipitation assays, and immunofluorescence experiments were per-
formed as previously described (14). The immunoprecipitation experiments
were performed in the presence of the DNA-digesting enzyme benzonase. For
immunoprecipitation from chromatin, protein complexes were eluted from chro-
matin by 300 mM NacCl for 5 min on ice. Eluates were diluted threefold to reduce
salt concentration and subjected to immunoprecipitation.

Antibodies. Rabbit polyclonal anti-POLN (R) antibodies were obtained by
immunizing with a recombinant POLN fragment spanning the N-terminal 100
amino acids. Mouse polyclonal anti-POLN (M) was purchased from Abnova.
Other antibodies used included yH2AX and PCNA (both from Abcam),
FANCA and FANCG (39), Rad51 (Novus), green fluorescent protein (GFP;
Clontech), FANCD2, vinculin, cyclin B1, HEL308, hemagglutinin (HA), and
FLAG M5 (all from Santa Cruz Biotechnology) and FANCI (a rabbit polyclonal
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antibody generated in our lab). For Flag immunoprecipitation, anti-Flag beads
were used (M2; Santa Cruz).

Plasmids and small interfering RNA (siRNA). POLN cDNA was kindly pro-
vided by Richard Wood (MD Anderson, Houston, TX). The cDNA for HEL308
was purchased from PlasmID. For transient transfection, the open reading
frames were cloned into pFLAG-080, obtained from Jurg Tschopp (University of
Lausanne, Lausanne, Switzerland). Plasmid transfections were performed with
Lipofectamine 2000 (Invitrogen) or GeneJuice (Novagen). For stable expression
of POLN, the pWZL retroviral system (Millennium Pharmaceuticals) was used.

All siRNA oligonucleotides were purchased from Qiagen, with the exception
of siHEL308, which was obtained from Invitrogen (for sequences, see the
supplemental material). As controls, AllStars Negative Control (Qiagen) and
Stealth RNAi negative controls (Invitrogen) were used. Lipofectamine
RNAIMAX (Invitrogen) and Hiperfect (Qiagen) were used for siRNA transfec-
tion, For creating stable shRNA-mediated POLN knockdown cells, the lentiviral
Plko system (Open Biosystems) was used.

Drug sensitivity assays. For survival assays, cells were transfected with siRNA
in 96-well plates. After 2 days, the respective drugs were added to the wells.
Three days later, cellular viability was assayed by using the CellTiterGlo reagent
(Promega). Unless otherwise indicated in the figure legends, the results shown
are averages of at least five experiments, and error bars represent the standard
deviations. For clonogenic assays, two rounds of siRNA were performed, 24 h
apart. The day after the second siRNA round, 250 to 2,000 cells were plated in
each dish, and 8 h later the drug was added. Colony formation was scored after
2 weeks. The results shown are averages of at least two experiments, and error
bars represent the standard deviations.

Functional assays. SupF assays for measuring mutagenesis frequency (20) and
HR assays using the DR-GFP reporter (24) were performed as previously de-
scribed. At least two or three assays were averaged.

RESULTS

POLN is required for cross-link repair. In an effort to iden-
tify DNA polymerases involved in cross-link repair, we per-
formed a small-scale RNA interference screen using a siRNA
library targeting human DNA polymerases, in HeLa cells (see
Fig. S1 in the supplemental material). Increased sensitivity to
the cross-link-inducing drug cisplatin was scored. Two hits
were identified: REV, previously implicated in cross-link re-
pair in human and avian cells (20, 27), and POLN. To confirm
that POLN is required for cross-link repair, we analyzed meta-
phase spreads of 293T cells depleted of POLN by siRNA (Fig.
1A). We observed that the loss of POLN resulted in a dramatic
increase in chromosomal aberrations after treatment with mi-
tomycin C (MMC) (Fig. 1B). Among these aberrations, there
was a marked increase in radial chromosomes, which are con-
sidered specific cytological hallmarks of cells deficient in the
FA pathway. Expression of a siRNA resistant POLN variant
could suppress MMC-induced chromosomal aberrations, as
well as radial formation (see Fig. S2 in the supplemental ma-
terial). In contrast, the POLN D624A mutant, which was
shown to lack enzymatic activity in vitro (16), did not reduce
MMC-induced radial chromosome formation, the way that
wild-type POLN did (see Fig. S3 in the supplemental material).
Next, we investigated whether the increase in chromosome
aberrations after POLN depletion leads to cellular sensitivity
to cross-linking damage. We knocked down POLN, using two
different siRNA oligonucleotides or used lentivirus-mediated
shRNA stable depletion in different cell lines. Cells depleted of
POLN were consistently sensitive to the DNA ICL-inducing
agent MMC (Fig. 2C; also see Fig. S4 in the supplemental
material).

To detect endogenous POLN, we raised rabbit polyclonal
antibodies against the amino terminus of the protein. Due to
the very low levels of expression of this protein, the antibodies
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FIG. 1. POLN is involved in cross-link repair. (A) Metaphase spreads of 293T cells treated with POLN siRNA or control siRNA and exposed to 15
ng of MMC/ml. Arrows indicate examples of chromatid breaks and radial chromosomes in POLN-depleted cells. (B) Quantification of total chromosomal
aberrations and of radial chromosomes after siRNA-mediated POLN or control depletion from 293T cells. For each condition, 50 cells were analyzed.
(C) Depletion of POLN by siRNA confers MMC sensitivity to HeLa cells in both clonogenic assays and short-term cell survival assays. (D) Western blot
showing POLN knockdown by siRNA. Endogenous POLN could only be detected after enrichment by immunoprecipitation, but not in whole-cell
extracts (input samples). The two anti-POLN antibodies used are identified by the species in which they were raised: rabbit (R) or mouse (M). Both of
them could detect overexpressed POLN in extracts (see Fig. S5 in the supplemental material). The asterisk marks cross-reactive bands.

could not directly detect endogenous POLN in Western blots
of whole-cell extracts. However, after enriching POLN by im-
munoprecipitation, the antibodies could specifically detect the
endogenous protein by immunoblot, with the predicted molec-
ular mass of 100 kDa. Moreover, a commercially available
mouse anti-POLN antibody could detect the immunoprecipi-
tated protein. Thus, we were able to verify that the siRNA
oligonucleotides used diminish POLN protein levels (Fig. 1D).

We concluded that POLN is involved in the repair of DNA
cross-links, and cells depleted of POLN have cytological phe-
notypes similar to FA cells.

POLN is required for efficient HR. HR is considered an
essential step in cross-link repair (25). The Fanconi anemia
pathway has been shown to be required for efficient HR, as
depletion of FANCD2 or FANCI leads to a 50% decrease in
HR efficiency, when measured by a GFP-based HR reporter
assay (24, 36). We investigated whether also POLN is involved

in HR. In cells depleted of POLN, we observed an identical
phenotype with FA-deficient cells, namely, reduction by 50%
of HR efficiency (Fig. 2A). In contrast, we could not detect a
HR defect after REV1 knockdown, confirming that the main
function of REV1 is in TLS rather than in HR. The reduction
in HR efficiency following POLN knockdown is not due to a
deficiency in FA pathway activation, as FANCD?2 is normally
ubiquitinated in the absence of POLN (see Fig. S6 in the
supplemental material). POLH (DNA polymerase ), another
polymerase involved in HR (11, 18), had a mild effect on
recombination, namely, reduction to 75% (although this might
also reflect insufficient depletion). Codepletion of FANCD2 (or
FANCI) and POLN did not further decrease HR frequency (Fig.
2B), suggesting that POLN is epistatic with the FANCD2-I com-
plex in this context. In contrast, knockdown of POLH and FANCI
showed a possibly additive effect (Fig. 2B).

We next examined whether POLN is involved in repair of
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FIG. 2. Efficient HR requires POLN. (A) POLN knockdown decreases HR. U20S cells bearing the DR-GFP reporter, transfected with siRNA
as indicated, were analyzed by flow cytometry. A different siRNA targeting POLN gave similar results (results not shown). (B) POLN is epistatic
to FANCD2-1. HR proficiency was analyzed as in panel A. The efficiency of siRNA treatment is shown in Fig. S7 in the supplemental material.
(A and B) Error bars represent the standard deviations. (C) Depletion of POLN by siRNA in HeLa cells confers sensitivity to DSB-inducing agent
camptothecin, as assayed by clonal viability experiments. (D) HeLa cells bearing stable shRNA-mediated knockdown of POLN show increased
vYH2AX staining after treatment with 20 mM HU for 24 or 12 h after 5 Gy of IR irradiation. At least 50 cells were analyzed for each condition.

double-strand breaks (DSBs). DSB repair during the S and G,
phases mainly uses HR-based mechanisms (35). POLN knock-
down conferred mild sensitivity to camptothecin (Fig. 2C) and
bleomycin (see Fig. S8A in the supplemental material). Camp-
tothecin is a topoisomerase I inhibitor that stabilizes this en-
zyme on DNA creating structures transformed into DSBs by
the replication machinery, whereas bleomycin is a chemother-
apeutic agent that causes DNA breaks. Notably, in cells bear-
ing stable knockdown of POLN by shRNA we detected an
increase in YH2AX staining after treatment with hydroxyurea
or exposure to ionizing irradiation (IR), agents that also cause
double strand breaks (Fig. 2D; also see Fig. S8B in the sup-
plemental material). This result suggests the accumulation of
unrepaired DSBs in the absence of POLN. Moreover, im-
munofluorescence studies concluded that POLN forms
chromatin foci in response to exposure to several agents that
can cause DSBs, including MMC and IR (see Fig. S9 in the
supplemental material), again suggesting a participation of
POLN in the repair of these structures. In conclusion, we
identified a novel function of POLN in promoting HR repair
and DSB resistance, which may be regulated by the FA
proteins FANCD2 and FANCI.

Since POLN was previously characterized as a high-error-
rate polymerase in vitro (1, 37), we also analyzed the mutation
frequency of 293T cells depleted of POLN, by using a plasmid-
based assay that allows accurate identification of point muta-
tions and small insertions and/or deletions (15, 20). Surpris-
ingly, the total number of mutations was not decreased by
knockdown of POLN. Instead, mutation frequency was slightly
increased (see Fig. S10 in the supplemental material). This

increase was consistently found when undamaged plasmid was
used, or when the plasmid was damaged by UVC or cross-link
damage (obtained by UVA and psoralen treatment), before
transfection into mammalian cells. These results suggest that
POLN suppresses accumulation of mutations in vivo.

POLN interacts physically with FANCD2-I and RADSI.
Prompted by the genetic connection between FANCD2-I and
POLN for controlling HR, we tested for a possible physical
interaction between these proteins. A transiently overex-
pressed Flag-tagged version of POLN coimmunoprecipi-
tated with endogenous FANCD2 from 293T cells, as well as
the core complex members, FANCA and FANCG (Fig. 3A).
In addition, overexpressed HA-tagged POLN partly colocal-
ized with FANCD2 in DNA damage-induced foci in HeLa
cells (data not shown). Also interacting with Flag-POLN was
PCNA, a known cofactor of DNA polymerases (Fig. 3A).

Upon activation of the FA pathway by DNA damage, the
core complex monoubiquitinates FANCD2 and FANCI,
leading to their localization to chromatin foci. In order to
investigate whether POLN interacts with the activated form
of FANCD2, we treated cells expressing Flag-POLN with
MMC and, after lysis, separated soluble proteins from the
chromatin-bound fraction (Fig. 3B). As expected, unmodified
FANCD?2 was found in the soluble fraction, whereas ubiquiti-
nated FANCD2, induced by MMC treatment, was on chroma-
tin. When we used the chromatin fraction for Flag immuno-
precipitations, we observed that ubiquitinated FANCD2
interacts specifically with POLN after MMC treatment, on
chromatin, suggesting that POLN participates in FANCD2-
mediated repair.
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bands. (B) POLN interacts with ubiquitinated FANCD2 on chromatin. 293T cells expressing Flag-tagged POLN or empty vector, treated or not
with MMC, were subjected to lysis and separation into soluble and chromatin-bound fractions. The chromatin faction was then used for Flag
immunoprecipitation. (C) Interactions of endogenous POLN. Shown are anti-POLN immunoprecipitations from HeLa cell extracts. The bands in
the Input lane, anti-POLN panel (marked with asterisks), represent cross-reactive proteins and not POLN. (D) Endogenous POLN is only
detectable during S phase. HeLa cells were synchronized by double thymidine arrest, followed by release in nocodazole-containing media. At the
indicated time points, corresponding to early S phase, late S phase, G, phase, and mitosis, cells were harvested, and anti-POLN immunoprecipi-
tation was performed. Samples were analyzed by Western blotting. The asterisk denotes a cross-reactive band.

We next investigated these interactions at the endogenous
level, by performing immunoprecipitations from HeLa cellular
extracts with anti-POLN antibodies. FANCD2 and FANCI, as
well as PCNA, interacted with POLN (Fig. 3C). Interestingly,
the HR factor RADS51 was pulled down with POLN, further
strengthening the hypothesis that POLN is involved in recom-
bination-mediated repair.

The FA pathway is specifically activated during S-phase (38).
In light of the physical and genetic connections between FA
and POLN, we examined whether these interactions are reg-
ulated differentially during the cell cycle. We synchronized
HeLa cells in S phase by double thymidine arrest and released
them in nocodazole-containing medium, thus trapping cells in
mitosis. Cells harvested at different time points after release
were analyzed for POLN. The levels of POLN decreased as

cells exited S phase (Fig. 3D). Concordantly, FANCD?2,
FANCI, RADS1, and PCNA coprecipitated with anti-POLN
antibodies only in S phase. This result confirms the speci-
ficity of the POLN interactions we uncovered and rules out
that these proteins are precipitated nonspecifically by the
anti-POLN antibodies. Indeed, in immunoprecipitates of
mitotic cells (in which POLN is absent), none of the tested
interactors coimmunoprecipitated.

Preliminary experiments suggest that POLN depletion after
S phase is caused mainly by increased protein degradation,
rather than by transcriptional shutoff. A Flag-tagged variant of
POLN, stably expressed in HeLa cells under the cytomegalo-
virus promoter, also showed decreased levels after S phase (see
Fig. S11 in the supplemental material). The mechanism of this
degradation is currently under investigation. We conclude that
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from 293T cells. For each condition, 50 cells were analyzed. (E) Examination of HR frequency using the DR-GFP reporter in HeLa cells reveals
a function for HEL308 in promoting HR in cooperation with POLN and FANCD?2. Error bars represent the standard deviations. (F) Depletion
of HEL308 by siRNA leads to camptothecin sensitivity in clonogenic assays.

POLN interacts with FANCD2-I during S phase, when the FA
pathway is active. Degradation of POLN following S-phase
completion ensures that these interactions occur specifically
during this phase of the cell cycle.

HEL308 cooperates with POLN in HR. Mammalian homo-
logues of the Drosophila gene mus308 include POLN, POLQ
and HEL308 (Fig. 4A) (3, 9, 16, 17). POLQ is likely involved
in base excision repair (40). HEL308, however, was of partic-
ular interest, since disruption of the HEL308 gene in C. elegans
causes cross-link sensitivity (23). Moreover, in this system,
HEL308 was epistatic with FANCD?2 in cross-link repair (23).
In light of the parallels between HEL308 phenotypes in nem-
atodes and our own findings of POLN function in mammals,
we investigated whether human HEL308 is involved in cross-
link repair. Indeed, knockdown of HEL308 by siRNA in HeLa
cells resulted in increased sensitivity to MMC (Fig. 4B). Since
commercially available anti-HEL308 antibodies did not detect

endogenous protein from cell lysates, we used immunoprecipi-
tation to confirm the knockdown efficiency of the siRNA (Fig.
4C). Cytological analyses showed an increased in MMC-in-
duced chromosomal aberrations, including radial chromo-
somes, in 293T cells depleted of HEL308 (Fig. 4D), confirming
an important function for HEL308 in cross-link repair.

Next, we analyzed whether HEL308 is involved in HR.
Knockdown of HEL308 resulted in a significant decrease in
HR efficiency (Fig. 4E) and in cellular sensitivity to campto-
thecin (Fig. 4F) after HEL308 depletion, suggesting that, like
POLN, HEL308 is involved in HR. Codepletion of HEL308
and POLN did not further reduce HR, suggesting that these
factors are epistatic for HR (Fig. 4E). Interestingly, in this
system, HEL308, like POLN, was epistatic with FANCD?2.
Moreover, overexpression of inactive HEL308 K365M mutant
(17) resulted in reduced HR frequency (see Fig. S12 in the
supplemental material), suggesting that the helicase activity is
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FIG. 5. HEL308 interacts with POLN. (A and B) Reciprocal co-
immunoprecipitation assays, from 293T cells overexpressing Flag-
HEL308 and GFP-POLN, revealed an interaction between the two
proteins.

important for HR. Similar to POLN, HEL308 knockdown did
not decrease mutagenesis efficiency, as measured by the SupF
assay (data not shown). Knockdown of either POLN or
HEL308 did not reduce RPA or RAD51 focus formation after
IR irradiation (see Fig. S13 in the supplemental material),
showing that they act downstream of these factors in DSB
repair.

Overall, HEL308 or POLN knockdowns yield similar phe-
notypes, suggesting a common function. Thus, we investigated
a possible physical interaction. Flag-tagged HEL308 and GFP-
tagged POLN overexpressed in 293T cells, interacted in coim-
munoprecipitation assays (Fig. 5). Taken together, our results
suggest that POLN and HEL308 form a complex involved in
HR-mediated repair.

DISCUSSION

POLN and HEL308 cooperate in HR. Here, we demonstrate
that the recently described A family DNA polymerase POLN is
required for efficient HR in mammalian cells. It is likely that
POLN is directly involved in some step of HR requiring DNA
polymerization. Recently, the Y family polymerase POLH was
shown to perform D loop extension in vitro (11, 18). POLH
therefore may function in one of the latest steps of HR, after
strand invasion. Accordingly, loss of POLH in avian cells re-
duced HR efficiency (11). Indeed, we also observed a small
decrease in HR frequency in human cells depleted of POLH
(Fig. 2A and B). It is possible that POLN, like POLH, is
involved in D-loop extension. POLN has marked strand dis-
placement activity in vitro (37), a finding consistent with a role
in D-loop extension. As do other DNA repair proteins, POLN
shows high expression in testis (16). HR activity is known to be
required for proper meiosis, and high POLN expression in
testis might be associated with a possible involvement in mei-
otic recombination.

We also identified HEL308 as a POLN interacting protein
(Fig. 5), and showed that these proteins may work together to
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promote HR (Fig. 4E). HEL308 is an active helicase in vitro
(17), and its activity may further stimulate POLN-dependent
D-loop extension. The two activities, helicase and polymerase,
are present in a single polypeptide in Drosophila (3, 9), and it
remains unclear why higher eukaryotes have evolved two sep-
arate proteins.

Under certain conditions, cells may need to use mutagenic
rather than error free polymerases in the DNA synthesis step
of HR repair. Since only short patches of DNA are synthesized
during HR, a low processivity polymerase may be better suited
to perform this function. Such an enzyme might dissociate
from DNA after synthesizing a few tens of bases. In contrast,
a high processivity replicative polymerase might perform syn-
thesis over a long stretch of DNA and require special regula-
tion to terminate the reaction. Alternatively, POLN may be
deployed in a subset of HR reactions, namely, those requiring
increased strand displacement activity and, possibly, those in-
volving a cross-linked template.

Previously, double-knockout POLN/POLQ and HEL308/
POLQ avian cells were competent for cross-link repair (40). In
our hands, knockdown of POLN or HEL308 by RNA interfer-
ence resulted in increased sensitivity to cross-link- and DSB-
inducing agents. The reason for this discrepancy between avian
and human systems is unclear. We observed that after several
passages, HeLa cells bearing a stable shRNA-mediated knock-
down of POLN become more resistant to damage, without
restoring POLN levels (data not shown). Possibly, another
polymerase is upregulated and takes over its function.

Novel POLN interacting proteins. Endogenous POLN inter-
acts with several DNA repair proteins, including FANCD2,
FANCI, PCNA, and RADS1 (Fig. 3). PCNA may function as
a cofactor for POLN, as it is the case for other polymerases
(22). We could not identify a PIP box in POLN. It is possible
that this interaction is mediated by some other type of PCNA
interaction domain or that the PIP box is highly degenerate.
Interestingly, we identified a putative PIP box in HEL308,
raising the intriguing possibility that this helicase might medi-
ate the PCNA-POLN interaction (G. L. Moldovan, unpub-
lished observations). We could not exclude the possibility that
the interaction between POLN and these repair proteins is
indirect, reflecting a colocalization of these proteins to DNA
repair structures.

Previous studies have shown that POLH interacts with
RADS51, and this molecule can enhance the D-loop extension
activity of POLH (18). RADS1 is an essential HR factor, which
coats the single-stranded DNA formed after resection at the
DSB and catalyzes the strand invasion step leading to the
creation of the D loop (32). Thus, the interaction between
POLN and RADS1 (Fig. 3), suggests that POLN might also be
stimulated by RADS51 to perform DNA synthesis after strand
invasion.

Finally, we reported an interaction between POLN and
FANCD?2 and FANCI (Fig. 3). Coupled with the genetic ep-
istasis between POLN and FANCD2-I for HR efficiency (Fig.
2B), these interactions suggest an intimate connection among
POLN and FA proteins. Perhaps, in a subset of HR reactions
(namely, those initiated by the FA pathway), POLN, rather
than POLH, is involved in DNA synthesis (see the model in
Fig. S14 in the supplemental material). How this regulation is
achieved remains unclear. An HR reaction initiated at a DNA
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cross-link might represent a specific structure, for which POLN
is the most suitable polymerase. Still, POLN may also function
in DNA repair outside the FA pathway. Only a fraction of
POLN foci overlap with FANCD2 in immunofluorescence ex-
periments (data not shown).

Surprisingly, depletion of POLN slightly increased the over-
all mutation frequency, as measured using the SupF assay (see
Fig. S10 in the supplemental material). Although FA mutants
are specifically hypersensitive to DNA cross-links, the FA
pathway is activated by a variety of agents, including UV, IR,
or HU. Moreover, FANCD2 depletion can also affect the out-
come of the repair of other lesions than cross-links: UV-in-
duced mutagenesis is increased (20), and DSB-induced HR
repair is reduced (36). Thus, it is possible that the FA pathway
also coordinates cellular responses to other types of DNA
damages than DNA cross-links. During cross-link repair, a
stepwise involvement of NER, TLS, and HR factors is re-
quired, and the FA pathway may control their orderly partic-
ipation. However, in response to damages other than cross-
links, which can be bypassed by either one repair mechanism or
the other, the FA proteins might be involved in channeling the
reaction into either REV1- or FANCD2-FANCI-POLN-de-
pendent repair (see Fig. S14 in the supplemental material). In
the absence of the latter branch, upregulation of REV1 may
increase mutagenesis.

POLN interactions are regulated by cell cycle-dependent
degradation. POLN is specifically regulated during the cell
cycle, with protein levels peaking in S phase (Fig. 3D). The
mechanism of this regulation is unclear, but preliminary exper-
iments suggest that it involves protein degradation rather than
transcriptional shut off (see Fig. S11 in the supplemental ma-
terial). The differential control of DNA repair pathways during
the cell cycle is currently emerging as a major theme in the
field. The unscheduled activation of certain repair mechanisms
can be inefficient or detrimental for the global repair response.
The preferential use of HR in S and G, and NHEJ in G, is well
documented, involving CDK activity (10, 35). Recently, we
showed that the FA protein FANCM, which recruits the FA
core complex to sites of DNA damage, is degraded in mitosis,
leading to inactivation of the FA pathway (12). Degradation of
POLN after S-phase termination might ensure that this muta-
genic polymerase does not negatively affect genomic integrity.

Different polymerases have evolved in higher eukaryotes
to perform DNA synthesis in specialized conditions (2). Our
identification of POLN (v) function in HR adds a new entry
to the long list of specialized DNA polymerase functions:
POLL (\), POLM (p) and terminal deoxytransferase in
nonhomologous end joining, POLB () and POLQ (6) in
base excision repair, POLA () in Okazaki fragment matu-
ration, POLE (¢) and POLD1 (3) on leading and, respec-
tively, lagging strand synthesis during unperturbed replica-
tion, Y family polymerases in TLS, and POLH (n) in HR.
Our results demonstrate the usage of noncanonical poly-
merases in recombinational repair and substantiate the idea
that particular DNA synthesis reactions require specific
DNA polymerases. How the cell controls these polymerases
and what makes them best fitted to act in their specific
function is currently of fundamental interest.
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