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Chicken DT40 cells deficient in the 9-1-1 checkpoint clamp exhibit hypersensitivity to a variety of DNA-
damaging agents. Although recent work suggests that, in addition to its role in checkpoint activation, this
complex may play a role in homologous recombination and translesion synthesis, the cause of this hypersen-
sitivity has not been studied thoroughly. The immunoglobulin locus of DT40 cells allows monitoring of
homologous recombination and translesion synthesis initiated by activation-induced deaminase (AID)-depen-
dent abasic sites. We show that both the RAD9~'~ and RADI7~'~ mutants exhibit substantially reduced
immunoglobulin gene conversion. However, the level of nontemplated immunoglobulin point mutation in-
creased in these mutants, a finding that is reminiscent of the phenotype resulting from the loss of RAD51
paralogs or Brca2. This suggests that the 9-1-1 complex does not play a central role in translesion synthesis
in this context. Despite reduced immunoglobulin gene conversion, the RAD9~'~ and RAD17~'~ cells do not
exhibit a prominent defect in double-strand break-induced gene conversion or a sensitivity to camptothecin.
This suggests that the roles of Rad9 and Radl7 may be confined to a subset of homologous recombination
reactions initiated by replication-stalling lesions rather than those associated with double-strand break repair.

DNA replication is a complex and fragile reaction that is
frequently stalled by damaged template strands. To alleviate
replication blocks, cells have evolved two basic pathways: ho-
mologous recombination (HR) and translesion synthesis
(TLS). HR facilitates a template switch to the intact sister
chromatid. TLS involves the direct bypass of the damage by
specialized DNA polymerases whose catalytic sites are flexible
enough to accommodate damaged bases in the template DNA.
This flexibility is accompanied by low fidelity. The recruitment
of TLS polymerases is promoted by ubiquitylation of the poly-
merase processivity clamp (PCNA) at lysine 164 (19, 26, 48,
50). HR is also associated with DNA synthesis, which is facil-
itated by TLS polymerases such as Poln and Polg (20, 41).
These DNA polymerases thus perform a function in both TLS
and HR. The role of posttranslational modification of PCNA
in vertebrate HR has not been extensively studied.

The heterotrimeric checkpoint clamp, consisting of the
Rad9, Husl, and Rad1 subunits (corresponding to the Rad17,
Mec3, and Ddcl subunits in budding yeast), is structurally
homologous to PCNA (39). It serves as a damage sensor in the
S and G,/M phases, eventually facilitating cell cycle arrest in
vertebrate cells (8, 39). In vitro, the 9-1-1 complex can be
loaded onto DNA by a specific clamp loader, Rad17-RFC,
which is analogous to the PCNA-RFC clamp-clamp loader
system (5, 10).
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Although these checkpoint factors do not appear to play a
major role in mitotic HR in budding yeast, mammalian Rad9
and Radl7 seem to contribute to some HR reactions (e.g.,
repair of X-ray-induced double-strand breaks [DSBs] and gene
targeting), though they are not required for spontaneous or
damage-induced sister chromatid exchange (SCE) (7, 28). It
was recently proposed that the yeast 9-1-1 complex also con-
trols the access of translesion DNA polymerases to the 3’
termini (18, 32). The significance of these observations in
terms of vertebrate TLS and HR has not been addressed.

The molecular mechanisms underlying the selective use of
HR and TLS at replication blockages are difficult to investigate
because of the paucity of phenotypic assays carried out to
monitor the blockage and subsequent restart of individual rep-
lication forks. Analysis of immunoglobulin variable (Ig V) se-
quence diversification in the chicken DT40 B cell line provides
a unique opportunity to study the decision-making cells that
determine the use of HR or TLS in region-specific genomic
DNA damage. Chicken B lymphocytes, including those of
DT40, diversify their Ig V genes through both HR and single-
nucleotide substitution (point mutation), both of which are
triggered by activation-induced deaminase (AID)-mediated
DNA damage (2, 16). The current model hypothesizes that
AID catalyzes the deamination of deoxycytidine to form uracil,
which is subsequently eliminated by a process involving hydro-
lysis by uracil DNA glycosylase, thus generating abasic sites (9,
29, 36). TLS across these sites depends on REV1 and (in DT40
cells at least) PCNA ubiquitination (3, 40). In birds, the abasic
site can also stimulate Ig gene conversion, wherein tracts of
genetic information from an array of upstream pseudogenes
are nonreciprocally copied into the rearranged V, gene. The
exact mechanism by which abasic sites stimulate Ig gene con-
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version remains unclear. Although it is known that apurinic/
apyrimidinic endonuclease 1 (APE1/Ref-1) and bivalent glyco-
sylases incise DNA strands at abasic sites during base excision
repair (BER), it remains to be determined whether APE1 or
other unidentified nucleases trigger the Ig gene conversion
(reviewed in reference 45).

The balance between gene conversion and point mutation
can be altered by deleting pseudo-V donor sequences or by
disrupting HR or TLS factors. The loss of those proteins that
play an early role in the establishment of an HR reaction (e.g.,
the RADS1 paralogs BRCA1 and BRCA2) results in an inhi-
bition of gene conversion with a concomitant rise in point
mutation (4, 17, 35), while HR factors (such as RADS54) that
act later result in the loss of gene conversion without the
stimulation of point mutation (6). Conversely, perturbing
translesion synthesis triggered by the disruption of REV1 or by
PCNA ubiquitylation results in diminished point mutation (3,
35). Both types of Ig V diversification are dependent on AID-
mediated DNA damage and the subsequent formation of aba-
sic sites (2, 16, 27). Collectively, Ig gene conversion and hy-
permutation are likely to reflect HR and TLS that are initiated
by a common DNA lesion in a physiological context.

PCNAK164R (PCNAK164R/K164R), RADQ*/*, and RADI 7*/*
cells (3, 22) are hypersensitive to a wide variety of DNA-
damaging agents, including vy rays, UV exposure, alkylating
agents, and chemical cross-linkers. This hypersensitivity may
be attributable, either singly or in combination, to defects in
HR or TLS or to a DNA-damage checkpoint. To examine the
contribution of the 9-1-1 complex to both HR and TLS, we
modified the Ig diversification assay of DT40 cells to improve
its sensitivity. By overexpressing AID from a recombinant ret-
rovirus, we forced an increase in nontemplated point muta-
tions at the G/C base pairs, as well as an increase in mutation
at the A/T base pairs. The mutations at the A/T base pairs
reflect short-tract gene conversion, allowing many more re-
combination events to be scored.

Despite previous reports of an interaction between the 9-1-1
complex and TLS (18, 32), we found that both the RAD9 '~
and RADI7~'~ cells were not compromised in their ability to
undergo TLS, as illustrated by the high rates of Ig hypermu-
tation. Remarkably, these mutants underwent virtually no Ig
gene conversion events. In contrast, as previously reported (3),
PCNAX%*R cells showed a marked reduction in the rate of Ig
hypermutation, as well as a generalized compromise of HR
reactions, including Ig gene conversion, DSB repair in an ar-
tificial HR substrate, and cellular tolerance to camptothecin (1,
33). These observations indicate that the 9-1-1 complex and
PCNA modification differentially contribute to HR and TLS
and that the 9-1-1 complex may play a particularly prominent
role in the subset of HR reactions initiated by replication-
arresting DNA damage.

MATERIALS AND METHODS

Cell culture and DNA transfection. Cells were cultured in RPMI 1640 medium
supplemented with 107> M B-mercaptoethanol, 10% fetal calf serum, and 1%
chicken serum (Sigma, St. Louis, MO) at 39.5°C. Methods for DNA transfection
and genotoxic treatments were performed as described previously (42).

Real-time PCR. Total RNA from DT40 cells expressing mouse AID and from
bursae of Fabricius were extracted with Sepasol (Nakalai, Kyoto, Japan). The
chicken or mouse AID and chicken B-actin (internal control) cDNAs were
amplified using real-time PCR with the primers 5'-TTCCTACGCTACATCTC
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AG-3' (forward) and 5'-CCCCTCAGGCTCAGCCTTG-3’ (reverse) for AID;
and 5'-CATTGCTGACAGGATGCAGAAGG-3’ (forward) and 5'-TGCTTGC
TGATCCACATCTGCTGG-3' (reverse) for chicken B-actin. AID primers were
designed from the conserved sequences of mouse and chicken AID.

AID overexpression by retrovirus infection. For retrovirus infection, the pMSCV-
IRES-GFP recombinant plasmid was constructed by ligating the 5.2-kb
BamHI-Notl fragment from pMSCVhyg (Clontech) with the 1.2-kb BamHI-
Notl fragment of pIRES2-EGFP (Clontech). Mouse AID cDNA (38) was
inserted between the BglIl and EcoR1 sites of pMSCV-IRES-GFP. Prepa-
ration and infection of the retrovirus were done as previously described (38).
Expression of the green fluorescent protein (GFP) was confirmed by flow
cytometry. The efficiency of infection was more than 90%, as assayed by GFP
expression. Cells were subcloned into 96-well plates 1 day after infection, and
clones displaying high levels of GFP were determined by a fluorescence-
activated cell sorter.

Ig V mutation. Genomic DNA was extracted at 14 days after subcloning (14 to
15 days postinfection). Using the primer 5'-CAGGAGCTCGCGGGGCCGTC
ACTGATTGCCG-3' at the lead V, intron position and the primer 5'-GCGCA
AGCTTCCCCAGCCTGCCGCCAAGTCCAAG-3' at the back 3’ site of the
JC, intron, the rearranged V, segments were PCR amplified, cloned into the
plasmid, and subjected to sequences analysis. To minimize PCR-introduced
mutations, high-fidelity polymerase, Phusion (at 30 cycles of 94°C for 30 s, 60°C
for 1 min, and 72°C for 1 min; Fynnzymes), was used for amplification. PCR
products were cloned in a topo Zeroblunt vector (Invitrogen) and sequenced
with M13 forward (—20) or M13 reverse primer. Sequence alignment with
Genetyx-Mac (Software Development, Tokyo, Japan) allowed identification of
the changes from the parental sequences in each clone.

As described previously (35), all sequence changes were assigned to one of
three categories: gene conversion, point mutation (PM), or an ambiguous cate-
gory (Amb). This discrimination rests on the published sequences of the V,
pseudogenes that could act as donors for gene conversion. For each mutation,
the database of the V, pseudogene was searched for a potential donor. If no
pseudogene donor containing a string of more than 9 bp could be found, then the
mutation was categorized as a nontemplated point mutation. If such a string was
identified and there were further mutations that could be explained by the same
donor, then all of these mutations were assigned to a single long-tract gene
conversion event. If there were no further mutations, it was possible that the
isolated mutation could have arisen through a conversion mechanism or could
have been nontemplated and was therefore categorized as Amb.

Measurement of HR frequencies in artificial substrates. The DR-GFP re-
porter construct was inserted into the OVALBUMIN locus of DT40 cells. An
amount of 3 pg of I-Scel expression plasmid was transiently expressed by Amaxa
(solution T; A-30 program), and the percentages of GFP-positive cells were
counted by flow cytometry at 48 h after transfection.

Measurement of SCE. The levels of SCE were measured as described previ-
ously (43).

RESULTS

Induction of single-nucleotide substitutions by AID overex-
pression. The rate of Ig gene conversion in DT40 cells (5 X
10~*%/V,/division) is significantly lower than that of B precursor
cells in the bursa of Fabricius (5 X 1072 to 10 X 107%/V,/
division) (30). We wished to increase the number of events in
the Ig loci of our cells to increase the sensitivity of our assay for
Ig gene conversion and nontemplated mutation. To do this, we
transduced DT40 cells with a retrovirus expressing AID as a
bicistronic transcript with GFP. Expression of AID was as-
sessed by measuring the GFP expression levels. To enrich
AlID-overexpressing cells, clones expressing the same high lev-
els of GFP were isolated from infected populations of DT40
cells. RNA analysis of GFP"€" cells suggested that the infected
cells expressed a level of AID that was about 20-fold higher
than that of the endogenous AID protein (Fig. 1). The over-
expression of AID had no effect on cellular proliferation (data
not shown).

We examined Ig gene conversion and hypermutation by
determining the nucleotide sequence of Ig V, in subclones at
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FIG. 1. Expression level of AID in DT40 cells. (A) Reverse transcriptase PCR analysis of the AID transcripts in total RNA from the indicated
cells. Primers for the AID transcripts were designed based on the conserved sequences of mouse and chicken cDNAs. Relative values were
calculated by dividing the level of AID by that of B-actin (internal control). AID o/e, AID overexpression. (B) Quantification of the expression
level of chicken AID by Western blotting. Cdk2 is shown as a loading control.

14 days after infection (Fig. 2). The rate of Ig gene conversion
was determined to be 0.54 X 1073/V,/division in wild-type
cells, given that DT40 cells divide three times per day at 39.5°C.
Upon overexpression of a mouse AID transgene, the rate of Ig
gene conversion rose to 12 X 1073/V,/division, an increase of
about 20-fold (Fig. 2). This rate is comparable to that of gene
conversion induced by treatment with trichostatin A (TSA) (Fig.
2A), a histone-deacetylase inhibitor, which increases the rate of Ig
gene conversion 50- to 100-fold (37). However, the use of the
pseudogene induced by AID is significantly different from that
induced by TSA (Fig. 2D). Remarkably, although point mutations
were barely detectable in wild-type DT40 cells, AID overexpres-
sion induced point mutations in nearly all of the V segments
analyzed, typically with multiple point mutations per sequence
(Fig. 2B). The mutation rate was 6.0 X 10~>/V,/division, which is
at least an order of magnitude greater than that of the parental
DT40 cells (Fig. 3A) (35). Thus, the low AID expression of DT40
cells may, at least partially, account for the loss of Ig hypermuta-
tion.

Induction of mutations at A/T base pairs in AID-overex-
pressing DT40 cells. Ig diversification in DT40 cells also differs
from the in vivo diversification qualitatively in that the non-
templated point mutations associated with gene conversion are
found predominantly at the G/C base pairs rather than at all
four bases. Interestingly, a substantial fraction of the point
mutations occurred at the A/T base pairs in AID-overexpress-
ing wild-type cells (Fig. 3B). This observation is in marked
contrast to the accumulation of point mutations found exclu-
sively at the G/C pairs in the rad51 paralog mutants, as well as
the brca2-deficient cells (17, 35). To investigate the molecular
mechanism underlying the A/T mutations, we followed the
previously described method (34, 35) for classifying Ig changes
in the Ig gene sequence into one of three categories: a non-
templated PM; an Amb mutation, where an isolated mutation
could have arisen through a short-tract gene conversion or
could have been nontemplated; or a true gene conversion. As

shown in Fig. 2C, the AID overexpression resulted in an in-
crease in the rates of both the nontemplated PMs and those
falling into the Amb category in wild-type cells.

In AID-overexpressing clones, nontemplated mutations ac-
cumulated predominantly at the G/C base pairs, whereas the
Amb mutations accumulated at both the A/T and the G/C base
pairs (Fig. 3B). This observation implies that A/T mutations
are generated by a mechanism that differs from that of non-
templated mutations. To test whether point mutations at A/T
are generated through DNA synthesis, using pseudo-V seg-
ments as a template, we overexpressed AID in DT40 cells in
which the entire pseudo-V gene segments were artificially de-
leted (V' ~; PCNA™Y'* JAID ™'~ rAID/v-myb/sV~ [Table 1]) (4).
The rate of total point mutation in the {J” cells was compa-
rable to that in the wild-type cells (Fig. 3A). Strikingly, ¥}~
cells exhibited virtually no mutations at the A/T base pairs
(Fig. 3B). We conclude that the point mutations at A/T depend
on intact pseudo-V segments. This shows that the A/T muta-
tions in the Amb category reflect Ig gene conversion, while
nontemplated PMs at G/C likely reflects TLS past AP sites.

To verify that A/T point mutation was dependent on HR,
we analyzed A/T mutations following AID overexpression in
three mutants (POLm /", RAD54~/~, and XRCC3 /") that
are defective for Ig gene conversion (6, 20, 44). The rate of Ig
gene conversion in POLm /'~ cells was 3.8 X 10%/V,/division
(in agreement with results of a previous report [20]), which is
threefold lower than that in wild-type cells (12 X 1073/V,/
division). Similarly, A/T mutations were substantially lower in
the absence of Poln (Fig. 4B). The RAD54~'~ and XRCC3~/~
clones also showed significant decreases in the rates of muta-
tion at the A/T base pairs (Fig. 4A). These observations con-
firm that the vast majority of the A/T mutations triggered by
AID overexpression in DT40 cells are the products of HR, with
pseudo-V segments serving as the donor template. Taking into
account the ~10% sequence divergence between the pseudo-V
donor and the functional VJ, recipient (31), the length of the
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FIG. 2. Analysis of V, sequences following overexpression of mouse AID transgene. (A) Comparison of Ig gene conversion (Ig GC) rates in
untreated, TSA-treated, and AID-overexpressing wild-type DT40 cells. (B) Ig gene conversion and single-base substitution events in wild-type
parental DT40 cells, TSA-treated cells, and AID-overexpressing cells. Each horizontal line represents the rearranged V, gene (450 bp) with
mutations classified, as described in the text, as nontemplated base substitution (lollipop shape), long-tract GC (horizontal bar above line), or
single-nucleotide substitutions that could be the result of PMs or gene conversion (Amb, vertical bar). Deletions, duplications, and insertions are
excluded. (C) Proportion of nontemplated single-base substitution (PM), long-tract GC, and Amb mutations. Segment sizes are proportional to
the number of sequences, with the numbers of mutations indicated around the outsides of the pie charts. The total number of V, sequences
analyzed is indicated in the center of each chart. (D) Proportion of {V donor segments used in TSA-treated and AID-overexpressing wild-type
cells. Data in panels B, C, and D are pooled from the analyses of more than four independent clones.

vio v8/24

Ig gene conversion tract leading to these point mutations is Thus, AID overexpression in DT40 cells provides an opportu-
likely to be relatively short. In summary, in AID-overexpress- nity for a more precise evaluation of TLS and HR.

ing DTA40 cells, the Ig V PMs at A/T and nontemplated single- Contribution of PCNA ubiquitylation to HR and TLS. To
nucleotide substitutions reflect HR and TLS, respectively. test this phenotypic assay for TLS, we infected cells carrying
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FIG. 3. Point mutations at A/T base pairs are caused by short-tract
gene conversion. (A) Rate of nontemplated single-base substitution
(PM) compared to that of single-base substitution of Amb origin in
wild-type and pseudo-V gene-deleted ($iV/~; PCNA™'*/AID ™/~ JrAID/
v-myb/V/~ in Table 1) DT40 cells. Cells were clonally expanded for 2
weeks. Two clones were analyzed from each data set. (B) Nucleotide
substitution preferences (as a percentage of the total mutations) de-
duced from the V, sequence analysis of the clones shown in panel A.
Preference is shown for mutations categorized as nontemplated base
substitution (PM) and those categorized as Amb. Data are from ref-
erence 40.

both the PCNA K164R mutation and the deletion of pseudo-V
segments (PCNAX/O#R/KISHR 177y with the AID-expressing
retrovirus (Fig. 4). As shown in a previous study (3), the AID-
overexpressing PCNA®/%*R cells exhibit a marked reduction in
the frequency of nontemplated single-base substitutions (Fig.
4A) compared to that of wild-type cells expressing the same level
of AID, which supports a role for monoubiquitylation of PCNA in
TLS. Since the previous study (3) analyzed only the PCNA®/%*?/
Yl cells, the possible role of PCNA ubiquitylation in Ig gene
conversion was not determined. To address this issue, we ana-
lyzed the PCNA®'**RIAID~/~R (PCNAX*RKIHRIAID ™"~ JrAID/
v-myb) and wild-type/AID~'~® (PCNA™'*/|AID ™'~ rAID/v-myb)
clones (Table 1) (2), in which PCNA ubiquitination was disrupted
but the pseudogene donors remained intact. The PCNA K164R
mutation reduced the rate of Ig gene conversion to a level that is
only one-third that found for the wild-type allele (Fig. 5). This
suggests that the ubiquitylation of PCNA promotes Ig gene con-
version as well as TLS-mediated Ig hypermutation.

To explore whether or not the PCNA K164R mutation com-
promises general HR, we measured the following factors in the
PCNAX9*R cells: gene targeting frequency, HR-dependent re-
pair of a site-specific DSB mediated by I-Scel acting on an
artificial substrate inserted into the OVALBUMIN locus (12),
and sensitivity to camptothecin, a topoisomerase I poison. We
found that the frequency of gene targeting for the wild type
was comparable to that for the PCNAK/O*R (PCNAK!0#R/IKI04R
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AID ™'~ [rAID/v-myb/lsV~ in Table 1) cells (Table 2). However,
the efficiency of HR-dependent repair of an I-Scel-induced
DSB was slightly lower in the PCNA®%*R cells than in the
wild-type cells (Fig. 6A). Camptothecin stabilizes a complex of
topoisomerase I covalently linked to nicked DNA. Such com-
plexes interrupt replication and cause DSBs in one of the sister
chromatids. The resulting DSBs are repaired primarily by HR
with the other (intact) sister chromatid (1, 33). In our study,
the PCNA®X%*R cells exhibited a higher sensitivity to campto-
thecin than did their wild-type controls (Fig. 6B). We therefore
conclude that the ubiquitylation of PCNA contributes to a
subset of general HR reactions, as well as to Ig gene conver-
sion.

Dependence of Ig gene conversion on the 9-1-1 complex.
Phenotypic analysis of DT40 clones deficient in Rad9 and
Rad17 has shown that these proteins are indeed required for a
DNA damage checkpoint response, as are their yeast counter-
parts (22). To determine the functions of Rad9 and Radl7 in
HR and TLS, we overexpressed AID in the RAD9 '~ and
RADI77'~ clones and examined Ig V diversification. Remark-
ably, although the level of nontemplated single-base substitu-
tions was 50% higher than that of the wild-type cells in both
mutants (Fig. 4), Ig gene conversion events and A/T mutations
were virtually abolished. To confirm this result, we elevated the
rate of Ig gene conversion by treating the cells with TSA.
However, nucleotide sequence analysis of 30 V, segments,
after an 8-week incubation with TSA, failed to detect any gene
conversion events in RAD9 ™'~ and RAD17~'~ clones (data not
shown). The analysis also revealed that very few A/T PMs had
accumulated in these mutants. Given that the rate of Ig gene
conversion events in the presence of TSA is more than 0.33
events/V,/week in wild-type cells, the loss of these damage
checkpoint sensors reduced the rate of Ig gene conversion by
more than 2 orders of magnitude. In summary, although Rad9
and Radl7 play an essential role in HR-dependent Ig gene
conversion, they are dispensable for Ig hypermutation.

Due to the severe reduction of Ig gene conversion in the
RADY '~ and RAD17~'~ clones, we analyzed their capabilities
for more generalized HR by measuring gene targeting, HR-
dependent repair of an artificial construct, sensitivity to camp-
tothecin, and SCE (Fig. 6). Disruption of both R4D9 and

TABLE 1. DT40 mutants used in this study

Cell line Selection Reference(s);
marker(s)” source
RAD177/~ His 22; this study
RADY9™'~ His/neo 22
POLn~'~ Bsr/puro 20
XRCC3™'~ Neo*/his/bsr 35,51
RAD547/~ Neo/his 6
PCNA™"*/AID™'~ [rAID/ Neo*/his/puro 4
v-myb
PCNAKIOHRIKIGIR AID=/—] Neo*/his/puro 3
rAID/v-myb
PCNA™*|AID ™'~ rAID/ Neo*/his/puro 4
v-myb/pV~
PCNAKIOHRIKIGIR A=/~ Neo*/his/puro 3

rAID/v-myb/ sV~

“ his, histidinol; bsr, blasticidin; puro, puromycin; hyg, hygromycin; neo, neo-
mycin. Asterisk, ER-Cre transgene containing the neo cassette to remove the
human XRCC3-IRES-GFP transgene or selection cassettes flanked by loxP.
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FIG. 4. Templated point mutations at A/T and gene conversion promoted by polymerase m, Rad9, and Radl7. (A) Rates are shown for
nontemplated single-base substitution (PM), Amb point mutation, and Ig gene conversion (GC) in the indicated genotypes with AID overex-
pression. Clones were expanded for 2 weeks. More than two clones were analyzed from each data set. (B) Nucleotide substitution preference was
deduced from V, sequence analysis of cells deficient in Polv, PCNA ubiquitylation, Xrcc3, Rad54, Rad9, and Rad17, as shown in Fig. 3B. Note
that PCNAXK'*Rp1~ (PCNAKO#RIKISHR AID =/~ [rAID/v-myb/sV~ in Table 1) cells lack the whole pseudo-V genes on the rearranged allele.

RADI7 resulted in a modest reduction in gene targeting effi-
ciency (Table 2). HR-dependent repair of an I-Scel-induced
DSB was monitored in the RAD9 ™/~ cells and revealed a slight
reduction in repair efficiency (Fig. 6A). Thus, both HR-depen-
dent repair of DSBs and gene targeting were compromised less
significantly than Ig gene conversion in the 9-1-1 clamp mu-
tants.

Since a previous study indicated that the level of SCE is not
affected by the disruption of RAD17 in murine embryonic stem
cells (7), we measured the frequency of SCE in DT40 clones.

To induce SCE, we exposed cells to cisplatin, a chemical cross-
linking agent. We found that the levels of spontaneous and
induced SCE were only slightly diminished in RAD9 '~ and
RAD17/ DT40 clones (Fig. 6C). To test HR-dependent DSB
repair during replication, we measured sensitivity to killing by
camptothecin. Surprisingly, and in contrast to the effect seen at
the Ig locus, neither the RAD9 ™'~ nor the RADI7~'~ clones
showed increased sensitivity to camptothecin (Fig. 6B). Con-
sistent with the absence of a major effect on DSB-induced
recombination, we found that the kinetics of vy-ray-induced
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rAID/v-myb) cells shown in Table 1.

Rad51 focus formation were within the normal range in the
RAD9~'~ and RAD17~'~ clones (data not shown). We con-
clude that Rad9 and Rad17 are essential for Ig gene conver-
sion, that they play a modest role in gene targeting and HR-
dependent DSB repair, and that they are dispensable for
cellular tolerance to camptothecin. This suggests that RAD9
and RAD17 play an important role in the initiation of HR
from replication-stalling DNA damage but not from DSBs or
collapsed replication forks.

DISCUSSION

Improved sensitivity of Ig diversification in DT40 cells as a
method for monitoring HR and TLS. The use of the constitu-
tively diversifying Ig loci of DT40 cells as an assay to measure
the induction of both HR and TLS by a defined physiologically
created DNA lesion is well established. However, one problem

TABLE 2. Targeted integration frequency

No. of targeted clones/no. of clones analyzed
(% of targeting frequency)®

Genotype
OVALBUMIN Ig V, CENP-H
Wild type 44/50 (88.0) 10/24 (41.7) 56/72 (77.8)°
RADY '~ 16/44 (36.3) 5/16 (31.2)
RADI7 /- 19/44 (43.2) 10/36 (27.7) 9/16 (56.2)
PCNAKI6R 30/48 (62.5) 21/38 (55)

“ Cell lines were transfected with targeting constructs for the indicated loci. Data
shown are the number of targeted clones divided by the number of drug-resistant
clones analyzed. Note that the PCNAX®*R genotype is PCNAKIO#RIKISHR A ID~/~)
rAIDN-myb/yV .

® Data from reference 46.

¢ Data from reference 20.

with this approach is the relatively low level of gene conversion
and the nontemplated mutation in wild-type cells. This means
that long periods of culture and large sequence databases are
needed for accurately determining the pattern of diversifica-
tion.

We were able to achieve substantial improvements in the
specificity and sensitivity of this assay by showing that the
overexpression of AID can induce an increase in both TLS and
short-tract gene conversion. Many of the latter group of mu-
tations appear as single-base changes at A/T base pairs. How-
ever, their formation requires both an intact HR apparatus and
intact V-pseudogene donors. Thus, although it seems unlikely
that they are formed by the same mechanism that is used in
mammalian Ig somatic hypermutation at A/T base pairs (23,
24, 29), they provide an additional and useful marker for HR
events, thereby increasing the dynamic range of the Ig diver-
sification assay in DT40 cells.

Role of PCNA ubiquitination in TLS and HR. Using the
improved assay described above, we analyzed PCNA'%*R cells
and clones deficient in Rad9 or Rad17 to understand the role
these clamp and clamp-loader proteins play in TLS and HR. In
PCNAKI®*R cells, we found a moderate decrease in the rate of
Ig gene conversion, indicating that the ubiquitylation of PCNA
contributes to HR as well as to TLS in Ig V diversification. This
is consistent with the previously demonstrated role of Poln
(20), which is known to be recruited by PCNA ubiquitination
(19, 50). We confirmed the finding that PCNA modification
contributes slightly to cellular tolerance to camptothecin and
HR-dependent DSB repair in an artificial construct. In con-
trast with the significant decrease in the rate of Ig hypermuta-
tion in PCNAX*R cells, we conclude that neither Rad9 nor
Rad17 is required for Ig hypermutation, despite recent reports
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of an interaction between the 9-1-1 complex and some com-
ponents of the TLS apparatus (18, 32).

A Key role for the 9-1-1 complex in Ig gene conversion. A key
finding of this study is the role that the vertebrate 9-1-1 com-
plex plays in gene conversion initiated by abasic sites in the

Ig loci. Although general HR factors such as Rad51 and
Brcal/2 contribute to every type of HR reaction (i.e., Ig gene
conversion, I-Scel-induced DSB repair, camptothecin-induced
DSB repair, gene targeting and SCE), RADY9'~ and
RADI177'~ cells displayed a severe defect only in Ig gene con-
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version and not in other types of HR reactions. Thus, these
early checkpoint factors may facilitate Ig gene conversion by
mechanisms other than general HR. There are a number of
possible models for these mechanisms.

Biochemical studies suggest that the 9-1-1 complex may pro-
mote recruitment of molecules involved in BER, including
APE1, PolB, and FEN1 (11, 13-15, 47, 49). Indeed, the
RADY '~ and RAD17 '~ cells exhibit a marked hypersensitiv-
ity to methyl methanesulfonate (22), an agent that induces
DNA lesions that are repaired by BER. The idea that a defec-
tive 9-1-1 clamp might reduce the activity of APEI1 is consistent
with the 50% increase observed in the level of Ig nontemplated
point mutations in RAD9 ™'~ and RAD17 '~ cells (Fig. 4A).
Moreover, if an APE1-mediated incision at an abasic site stim-
ulates Ig gene conversion, the reduced activity of APE1 might
be expected to diminish the rate of Ig gene conversion. None-
theless, because of the essential requirement of this endonu-
clease for cellular proliferation, we believe that the absence of
detectable Ig gene conversion events in RAD9™'~ and
RADI177'~ cells is unlikely to be caused by the loss of APE1
activity (25).

Our data suggest that the 9-1-1 complex plays a specific role
in the initiation of recombination from a replication stall that
is created, for example, by a replication fork encountering an
abasic site in the Ig locus or by a methyl methanesulfonate
adduct in the genome, but that it does not play a role in
recombination induced by a fork collapse, such as that induced
by camptothecin. This model is consistent with the apparently
early roles played by Rad9 and Rad17 in the Ig gene conver-
sion reaction. This is suggested by the swing toward a nontem-
plated PM in these mutants, similar to that seen in mutants of
RADS51 paralogs or BRCA2 (17, 35). This notion is consistent
with a number of observations made in this study. However, it
does not fully explain the decreased HR-dependent repair by
gene conversion of an I-Scel-induced DSB, although this de-
fect is modest in comparison with that seen in a major HR
mutant such as one of the RADS51 paralogs or BRCA2 (51). In
addition, the defect does not mimic exactly the phenotypes
seen following the loss of the Rad51 paralogs or Brca2. For
example, in terms of the RADS51-focus formation induced by
infrared exposure, unlike mutants of the Rad51 paralogs and
Brca2, RAD9™'~ and RAD17 7'~ cells display normal Rad51-
focus formation following exposure to vy irradiation.

A related possibility assumes that Rad9 and Rad17 are ab-
solutely required for single-strand gap-induced HR but are
largely dispensable for DSB-induced HR such as camptothe-
cin-induced fork collapse and gene conversion of an I-Scel-
induced DSB. Since the abortive HR in a Rad51 paralog or a
Brca2-deficient background causes a shift of Ig V diversifica-
tion from HR- to TLS-mediated hypermutation, Ig gene con-
version may be triggered by single-stranded lesions (17, 35).
This requires that the template strand, including the abasic
site, remains intact, although the extent to which Ig gene con-
version is triggered directly by replication stalling at an abasic
site or by a postreplicative single-strand gap remains to be
determined.

Last, the 9-1-1 complex is required if two homologous du-
plex DNAs contain heterologous sequences, such as the selec-
tion markers in gene targeting constructs or the I-Scel recog-
nition sequences, neither of which is shared by its gene
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conversion donor (21). This hypothesis would explain why
Rad9 and Rad17 are required for Ig gene conversion, where a
sequence divergence of ~10% is present between the Ig gene
conversion donor and the recipient V segments (31). Although
our demonstration of a role for the 9-1-1 complex in HR opens
up a range of possible roles for this complex in vertebrates,
elucidation of its precise function in this context is clearly going
to require further work.
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