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Involvement of Rad18 in somatic hypermutation
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Somatic hypermutation of Ig genes is initiated by transcription-
coupled cytidine deamination in Ig loci. Error-prone processing of
the resultant DNA lesions is thought to cause extensive mutagen-
esis, but it is presently an enigma how and why error-prone rather
than error-free repair pathways are recruited. During DNA repli-
cation, recruitment of error-prone translesion polymerases may be
mediated by Rad6/Rad18-mediated ubiquitination of proliferating
cell nuclear antigen, a major switchboard controlling the fidelity of
DNA lesion bypass in eukaryotes. By inactivation of Rad18 in the
DT40 B cell line, we show that the Rad6 pathway is involved in
somatic hypermutation in these cells. Our findings imply that
targeted recruitment of mutagenic polymerases by the Rad6 path-
way contributes to the complex process of somatic hypermutation
and provide a framework for more detailed mechanistic studies of
the mutagenesis phase of secondary Ig diversification.
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G iven the many challenges that damage cellular DNA daily,
the faithful maintenance of genetic information requires the
interplay of multiple DNA repair pathways. In most cases, these
mechanisms ensure restoration of the original DNA sequence,
preventing mutations or aberrations that may lead to impairment
of cellular function. In some instances, though, a certain impre-
cision may be tolerated or even favored by the cell to allow for
survival in critical situations. DNA repair mechanisms that are
inherently imprecise are the basis of the spontaneous mutability
of all genomes and may be recruited and adapted for situations
where high genetic variability is mandatory for survival.

The adaptive immune system of vertebrates has been shaped
in coevolution with pathogenic organisms of high genetic diver-
sity and variability. The high diversity of the primary immune
repertoire established during V(D)J recombination in B and T
cells generates sufficient potential for recognition of any patho-
gen, but the affinity of binding is often not sufficient for effective
neutralization. Therefore, a second wave of diversification dur-
ing acute infections ensures that the binding affinity of the
antibodies produced by B lymphocytes is fine-tuned to the task
at hand. The underlying mechanism in humans is somatic
hypermutation, which modifies the antigen binding region by
targeted mutagenesis in the variable region of the Ig genes (1).
An alternative diversification mechanism prevalent in chicken
and some mammals, Ig gene conversion alters the same region
by targeted homologous recombination with upstream Ig pseu-
dogenes (2).

Somatic hypermutation and Ig gene conversion are related
processes (3) originating from the same initial DNA lesion. The
transcription-coupled deamination of cytosines by activation-
induced cytidine deaminase (AID) leads to uracil that may be
processed to abasic sites or strand breaks by the excision repair
pathway, i.e., uracil-N-glycosylase (4, 5). The resultant DNA
lesions may be repaired by mutagenesis or recombination,
leading to hypermutation or gene conversion, respectively. The
basis for the choice between these pathways and many aspects of
the mechanism of somatic hypermutation are not well under-
stood. It is likely, though, that the B cells undergoing diversifi-
cation of their Ig genes have adapted general mechanisms for
mutagenesis and recombination in mammalian cells and the
regulatory pathways that govern their function and interplay.

www.pnas.org/cgi/doi/10.1073/pnas.0605146103

Recent models of somatic hypermutation postulate multiple
independent mutagenesis pathways (4, 5): (i) replication over the
uracils generated by AID, leading to transition mutations, (if)
uracil-triggered recruitment of an A/T mutator by components
of the mismatch repair pathway, and (iii) translesion synthesis
over abasic sites formed by uracil excision, generating transver-
sion mutations and transitions. It is unknown how mutagenic
polymerases are recruited during these processes. Eukaryotic
genomes encode multiple DNA polymerases that differ in their
processivity, function, and fidelity. Members of the Y family of
translesion polymerases are characterized by a flexible catalytic
site that allows them to bypass bulky DNA lesions, but at the
same time impairs their accuracy while copying undamaged
DNA (6). The low fidelity and hence mutagenic capacity of
translesion polymerases such as Poln and Rev 1 is exploited
during somatic hypermutation (7, 8). Poln serves as an A-T
mutator in this process. Revl cooperates with Pol{, a B family
polymerase that effectively elongates mismatched primer ter-
mini, thus being responsible for most damage-induced mutagen-
esis in yeast cells (6). In higher eukaryotes, Pol{ likely performs
other functions during replication and is considered a specialized
replicative polymerase, but it has also been implicated in somatic
hypermutation (9).

In physiological repair situations, translesion synthesis or
recombinogenic mechanisms represent alternative ways to re-
pair critical DNA lesions, and the cell has evolved pathways that
control the decision between these two. The prototypic example
is the Rad6 pathway of postreplication repair in yeast, which
regulates the employment of mutagenic translesion synthesis
and/or recombinogenic activity during the bypass of unrepaired
DNA lesions encountered by a replication fork (10). The en-
zymes of the Rad6 pathway mediate ubiquitination of prolifer-
ating cell nuclear antigen (PCNA), a sliding clamp and proces-
sivity factor for DNA polymerases and other DNA repair
enzymes (11). Monoubiquitination of PCNA by Rad6, which is
recruited to the site of damage by the RING finger E3 ubiquitin
ligase Radl8, serves as a signal for recruitment of the error-
prone translesion polymerases PolZ and Poln (12, 13) and may
thus lead to mutagenic lesion bypass. Subsequent Lys-63-linked
polyubiquitination of PCNA by Ubc13/Mms2/Rad5, on the
other hand, initiates a pathway of error-free lesion bypass that is
likely based on homology-mediated template switch of replica-
tion to the undamaged sister chromatide.

Components of the Rad6 pathway are conserved in higher
eukaryotes and have been implicated in the regulation of
mutagenic and recombinogenic DNA modifications (14, 15). In
particular, they have also been implicated in the regulation of
translesion polymerases in postreplication repair (16, 17), but the
function of these polymerases in other genetic processes in
eukaryotes may also be regulated by different means, ie.,
independently of the Rad6 pathway (18-20). In the present
study, we show that the crucial initiator factor of the Rad6
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pathway, Rad18, plays a role during somatic hypermutation in
the DT40 B cell line. These findings suggest that to specifically
recruit mutagenic repair factors during nontemplated Ig diver-
sification B cells have adapted a generic DNA repair pathway
that was designed to bypass fork blocking and thus potentially
lethal damage in replicating DNA. Our study leads to a refined
model of the mutagenesis phase of somatic hypermutation and
also provides a system for investigating why error-prone rather
than error-free DNA repair is used to process AID-induced
DNA damage in hypermutating Ig genes.

Results

Inactivation of Rad18 in DT40 Cells. To investigate whether activa-
tion of mutagenesis or recombination by the Rad6 pathway is
involved in somatic hypermutation or Ig gene conversion, we
inactivated the Rad18 gene in the chicken bursal B cell line DT40
that constitutively diversifies its endogenous Ig loci by both
processes (3). As parental cells for targeting, we used DT40Crel
cells that show enhanced Ig diversification activity and contain
a tamoxifen-regulatable MerCreMer recombinase for recycling
of loxP-flanked resistance markers and transgenes. The target-
ing strategy shown in Fig. 14 replaces exons 3 and 4 and part of
exon 5 of the Radi8 gene by loxP-flanked expression cassettes
for antibiotic resistance markers (21). This modification is
expected to abolish Rad18 function and hence inactivate the
Rad6 pathway, as these exons (corresponding to amino acids
46-209) code for essential and conserved parts of the RING
domain that is important in recruiting Rad6 to chromatin to
perform PCNA monoubiquitination (13). Targeted integration
was verified by Southern blot analysis (Fig. 1B), and deletion of
the respective exons was confirmed at the mRNA level (Fig. 1C).
The resultant clones are suitable for quantitative comparative
analysis of Ig diversification, as unlike human hypermutating B
cells, DT40 cells do not show substantial clonal variation in AID
protein expression levels (Fig. 1D).

As shown before, Rad18 deficiency did not adversely affect
cell viability or proliferation (15, 22). Treatment with methyl-
methanesulfonate resulted in efficient PCNA monoubigitination
in WT cells (Fig. 1E), whereas in Rad18-deficient cells a clear
defect was observed. To our surprise, we noted a residual
ubiquitinating activity in the mutant cells. It will be interesting
to see whether this activity represents a DT40-specific phenom-
enon or a more ubiquitous alternative E3 ubiquitin ligase for
PCNA in vertebrates.

Ig Gene Conversion in Rad18-Deficient Cells. The DT40Crel cells
used in this study do not express surface Ig, because of a
frameshift mutation in the rearranged light chain gene (23).
Repair of the frameshift may occur during homologous recom-
bination with upstream pseudogenes, and the generation of
Ig-positive cells is therefore a direct measure of Ig gene con-
version activity. Clones with the desired genotypes were subject
to limiting dilution subcloning, and 23-24 derivative subclones
were analyzed for surface Ig expression after 10 days of culture.
As shown in Fig. 2, the reversion frequency of the frameshift
mutation was not significantly affected by Rad18 deficiency (P =
0.958), averaging ~0.5% in each genotype analyzed. In agree-
ment with a recent study (22), we conclude that Rad18 deficiency
has no adverse impact on Ig gene conversion activity in DT40.

Somatic Hypermutation of Transgenes in DT40. DT40 cells mainly
diversify their Ig genes by Ig gene conversion, which is accom-
panied by a lower degree of somatic hypermutation. The relative
activity of hypermutation may be enhanced by impairment of
homologous recombination in cis [i.e., by deletion of the pseu-
dogene locus (3)] or in trans [e.g., by inactivation of XRCC2/3
(24)]. The latter approach is not suitable in the present context,
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Fig. 1. Inactivation of Rad18 in DT40 cells. (A) Targeting strategy. The first
7 of 10 exons of the Rad18 gene (boxes), the primers for amplification of the
targeting arms (small arrowheads), and the loxP (large arrowheads)-flanked
resistance genes (puro, puromycin; bsr, blasticidin) are shown. A presumptive
exon 2 (hatched, coding for amino acids 19-45) is not contained in the present
genomic sequence files. The exons marked in gray are deleted in the mRNA
resulting from the knockout allele. Ncol restriction sites (N) and the Southern
probe (black box) are indicated. (B) Southern blot analysis, indicating replace-
ment of the WT alleles by resistance marker cassettes, as well as excision of the
resistance marker (—/—A). (C) RT-PCR for the complete Rad18 coding region
indicating loss of the targeted exons in the mRNA. Rad18—/—R, clone recon-
stituted with Rad18 expression cassette; ¥—, pseudogene-deficient cells;
HPRT, hypoxanthine phosphoribosyltransferase. (D) Expression levels of the
endogenous (lanes 1-5) and transgenic (lanes 7 and 8) AID in DT40Cre1 and
¥ —DT40 cells. (E) PCNA ubiquitination upon methylmethanesulfonate (MMS)
treatment in WT and Rad18-deficient DT40 cells. The position of PCNA and its
ubiquitinated form in the blot are indicated.

as combined inactivation of homologous recombination and the
Rad6 pathway is synthetic lethal in DT40 (15).

We reasoned that a transgene containing Ig enhancer ele-
ments (25, 26) but lacking upstream pseudogenes should also be
subject to hypermutation in DT40. To test this idea, we trans-
fected DT40 cells with the hypermutation reporter shown in Fig.
34, which contains a CMV-promoter-driven yellow fluorescent
protein (YFP) gene rendered nonfunctional by a premature
TAG stop codon, and also includes an enhancer cassette derived
from the human k locus (26). Hypermutation of this reporter
causes reversion of the stop codon by point mutations and
expression of functional YFP that is detectable by FACS. Most
of the transfected subclones indeed contained revertant cells
(Fig. 3 B and C), with an average revertant frequency of 3.5 X
10~>. Hypermutation of this construct is clearly AID-dependent,
as in AID—/— DT40 cells (23) only one single revertant cell was
observed among all clones analyzed (Fig. 3C). We conclude that
transfected genes containing appropriate enhancer elements are
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Fig. 2. Ig gene conversion in Rad18-deficient DT40 cells. The frequency of
Ig+ cells among 10,000 total cells in 23-24 clones of the indicated genotypes
is given. Two independently generated Rad18—/— clones were analyzed. The
bar indicates the average frequency of Ig+ cells.

subject to somatic hypermutation in DT40, providing a sensitive
tool for simultaneously studying hypermutation and gene con-
version in these cells.

Impaired Hypermutation in Rad18-Deficient DT40 Cells. The effect of
Radl8 deletion on somatic hypermutation was assessed by
transfection of the hypermutation reporter into cells of the
respective genotypes and analysis of antibiotics-resistant sub-
clones for revertant cells after 2 weeks of culture. In WT DT40,
most of the subclones contained revertant cells, as observed
before (Fig. 44). A similar situation was seen in Rad18+ /— cells.
In contrast, in Radl8—/— cells fewer revertants could be
identified, and more than half of the clones contained no
revertants at all (Fig. 44). A corresponding decrease in the
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Fig. 3. Hypermutation of transgenes in DT40 cells. (A) The hypermutation
reporter. The YFP is driven by a CMV promotor and contains a premature TAG
stop codon. The enhancer cassette contains intronic and 3’ enhancers and
matrix attachment region of the human Igk locus. (B) FACS analyses of DT40
cells transfected with the hypermutation reporter (Left) and a respective
negative control (Right). (C) AID-dependent hypermutation of a transgene in
DT40. The pie charts indicate the fraction of clones with the respective number
of revertants among 500,000 cells analyzed. The total number of analyzed
clones is indicated in the middle of each chart.
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Fig. 4. Rad18 deficiency impairs somatic hypermutation of reporter con-

structs. (A) Cells of the indicated genotypes were transfected with the hyper-
mutation reporter and analyzed as before. The average frequency of rever-
tant cells per clone is given below each pie chart. (B) Schematic view of the
loxP-flanked Rad 18 cDNA expression cassette containing a gpt (mucophenolic
acid) resistance marker. (C) Rescue of the Rad18—/— phenotype by Rad18
overexpression. Cells were assessed for their hypermutation potential as
before. (D) Loss of Rad18 expression impairs somatic hypermutation. A clone
containing both the hypermutation reporter and the loxP-flanked Rad18
expression cassette was subject to deletion of the loxP-flanked Rad 18 expres-
sion cassette in a fraction of the cells by limited activation of the MerCreMer
recombinase. Subclones were independently assessed for Rad18(gpt) positiv-
ity and revertant cells.

average frequency of revertant cells per clone clearly indicates
that the deletion of Radl8 impairs somatic hypermutation in
DT40 (P = 0.002).

To confirm that the observed phenotype was indeed caused by
Rad18 inactivation, Radl8—/— cells were transfected with a
vector containing a loxP-flanked Radl8 cDNA expression cas-
sette linked to a resistance marker (Fig. 4B) and analyzed for
their hypermutation capacity as above. The results shown in Fig.
4C indicate that the re-expression of Rad18 in these cells indeed
rescues the phenotype of Rad18 inactivation (P = 0.006). To
exclude the possibility that the observed effects are caused by
integration or copy number effects of the transfected reporter
system, we activated the MerCreMer recombinase in one of the
reconstituted subclones containing the integrated hypermuta-
tion reporter to achieve deletion of the loxP-flanked RadI8 in a
fraction of the cells. Clones obtained after limiting dilution were
independently assessed for revertant cells and Rad18(gpt) pos-
itivity. The comparison of revertant frequencies in the
Rad18(gpt) + versus Rad18(gpt) — clones again confirmed that its
presence increases hypermutation activity (Fig. 4D; P = 0.002).

Defective Hypermutation of Endogenous Ig Genes in Rad18-Deficient

Cells. Finally, we wanted to ascertain whether inactivation of the
Rad6 pathway also affects somatic hypermutation on the en-
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Fig.5. Impaired hypermutation of endogenous Ig genes in Rad18-deficient
cells. (A) Frequency of sequences with the indicated number of mutations in
Rad18-proficient and -deficient ¥ —DT40 cells. The total number of sequences
analyzed is given in the middle of the pie chart. Average mutation frequencies
for the individual subclones (mutations per 103 bp) were 2.0 and 3.0 for WT
and 0.8, 0.9, and 1.2 for mutant clones. (B) Pattern analysis for the total
numbers (Upper) and percentages (Lower) of mutations in WT and mutant
W—DT40 cells.

dogenous Ig locus. To this end, we inactivated the Rad18 gene
in DT40 cells lacking the pseudogenes required for gene con-
version (W —DT40), as in these cells AID-induced lesions in the
Ig loci are processed by mutagenesis (3). Deletion of the
respective exons was confirmed by RT-PCR (Fig. 1C), and equal
expression levels of the transgenic AID were verified by Western
blot analysis (Fig. 1D).

To analyze hypermutation activity, subclones of Rad18+/+
and Radl8—/— ¥—DT40 cells were cultured for 6 weeks, the
rearranged light chain loci were amplified and cloned, and for
each genotype >100 plasmids (derived from two WT and three
mutant subclones) were sequenced (Fig. 5). In Rad18-proficient
cells, an average mutation frequency of 2.5 X 1073 mutations per
bp was observed, and these base changes focused mainly on
dG/dC residues, as noticed before in DT40 and other in vitro
systems. Rad18-deficient cells showed a significantly decreased
mutation frequency of 0.9 X 1073 mutations per bp (P < 0,001),
because of a decrease in all types of mutations at dG/dC residues
(Fig. 5). Also, an increase in deletions was notable in the
sequence database established from the mutant cells (Fig. 54).
We conclude that Radl18 plays a critical role during somatic
hypermutation in DT40 cells, while it is dispensable for Ig gene
conversion.

Discussion

The present study identifies Rad18, the initiator protein of the
Rad6 pathway, as a key factor in somatic hypermutation in DT40
B cells. It thereby suggests a model for how error-prone DNA
repair factors are recruited to AID-induced lesions in Ig genes.

12084 | www.pnas.org/cgi/doi/10.1073/pnas.0605146103

We propose that bypass of the lesions generated by AID by
mutagenic translesion polymerases may be triggered by activa-
tion of the Rad6 pathway, which ubiquitinates PCNA as a major
cellular switchboard for regulation of DNA repair processes.
This modification would serve as a signal for the switch from
error-free DNA synthesis to error-prone lesion bypass, and
hence mutagenesis. In sum, this model infers that the targeted
activation of translesion synthesis by the Rad6 pathway is a major
mechanistic contributor to somatic hypermutation in DT40.

Rad18 deficiency led to a decrease in mutagenesis in two
independent hypermutation assays and targeting approaches in
our study. As recent models of somatic hypermutation postulate
several parallel pathways of mutagenesis (27), such incomplete
inhibition is certainly not surprising. Partial phenotypes are in
fact a hallmark of factors involved in the DNA repair and
mutagenesis phase of somatic hypermutation (5, 7, 9, 27, 28, 30,
31), because inhibition of one erroneous processing pathway may
channel AID-induced DNA lesions into others. This functional
redundancy may occlude mechanistic analyses of some pathways
in certain experimental settings, in particular if semiquantitative
detection systems are used. Indeed, the role of Radl8 in
hypermutation has been missed in a previous approach using a
different targeting strategy and a combined hypermutation/
gene conversion assay that selects for deleterious changes in Ig
genes (22). Given the high complexity and redundancy of the
hypermutation mechanism, the successful detection of its sub-
pathways may demand systems that are not subject to antigenic
or experimental selection or the use of specialized reporters
focusing on certain mutagenesis modes.

For factors involved in a defined subpathway of hypermuta-
tion, the analysis of mutational patterns may also give decisive
clues, as the three major subpathways are characterized by
transitions, transversions, and A/T mutations, respectively (27).
The DT40 system, as most other in vitro hypermutation models,
does not allow substantial analyses of A/T mutagenesis (3).
Concerning G/C-biased mutagenesis, Rad18 might function
specifically during translesion synthesis over abasic sites, which
is required for G/C transversions but may also insert transitions
(15, 27), and/or might be involved in the recruitment of mis-
match extenders such as Pol{ and Pol#6 that appear to affect the
overall mutation load rather than specific subpathways (9,
32-34). Clearly, all types of mutations are negatively affected by
Rad18 deficiency (Fig. 5B). We do also note a stronger decrease
in transversion than transition mutations, mostly because of
substantial drops in C-G and G-T changes (coupled to a relative
increase in G-A changes), features that have previously been
reported for Revl and Pol6, respectively (34, 35). In the case of
DT40, however, in-depth pattern analyses must be interpreted
with caution, as the consensus sequences of clones differ slightly
because of ongoing mutagenesis in the parental cultures, and not
all of the individually scored base changes may be unique events,
especially at hotspots. The most prominent pattern change was
indeed an increase in deletion events (from ~1% to ~10% of
total events, even though the analysis was focused on close to
full-length PCR products), which may be caused by strand breaks
arising when the processing of abasic sites by translesion syn-
thesis is impaired. It is evident, though, that transversions
indicative of abasic site bypass may still occur in the absence of
Rad18, and also a reporter specialized in transversions (prefer-
entially measuring TAG to TAC/TAT mutations in G/C-biased
systems) shows a clear, but partial, defect in Rad18-deficient
cells (Fig. 4). We surmise that this phenomenon is caused by
Rad18-independent translesion polymerases that either play a
role in the normal hypermutation process or compensate in the
absence of Radl8 function. It will hence be interesting to
investigate which of the mutagenic polymerases involved in
hypermutation requires Rad18 function. In particular, an anal-
ysis of Rad18 effects on the A/T mutator Poln is warranted (7),

Bachl et al.
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as Poln is known to be regulated by the Rad6 pathway during
replication in yeast and mammalian cells (14).

Rad18 is the only factor of the Rad6 pathway for which no role
in other cellular functions has been described to date. Our
findings therefore suggest that monoubiquitination of PCNA
serves as a signal for specific recruitment of error-prone DNA
polymerases to AID-induced lesions in Ig loci. Formal proof for
PCNA as the target of Rad18 activity during hypermutation and
for dispensability of PCNA polyubiquitination will, however, be
required. In fact, the clear-cut decision between error-prone and
error-free lesion bypass in the Rad6 pathway offers a tractable
model system for studying the major mechanistic mystery of
somatic hypermutation: why error-prone rather than error-free
DNA repair pathways are recruited to process AID-induced
DNA lesions in Ig loci.

Given the well established function of the Rad6 pathway
during replication (36), it will be interesting to determine
whether mutagenic bypass of AID-induced lesions occurs during
DNA replication, or whether Rad18 may also recruit error-prone
polymerases during other repair processes. These two possibil-
ities are not mutually exclusive as evidence for AID-dependent
mutagenesis in G; (37) and AID-dependent DNA lesions in G
has been presented (29). Independently of the cell-cycle phase of
Rad18 function during hypermutation, its dispensability for Ig
gene conversion also marks it as a critical player in the apparent
competition of mutagenesis and recombination during process-
ing of AID-induced lesion by hypermutation and Ig gene con-
version (3, 24).

In conclusion, our study identifies an important factor in-
volved in somatic hypermutation and points at a signal for
recruitment of error-prone DNA repair during this process.
These findings provide an experimental system and conceptual
framework to precipitate and facilitate more detailed mecha-
nistic studies of the DNA repair and mutagenesis phase of
secondary antibody diversification.

Materials and Methods

Cell Culture. The DT40Crel line (21) was cultured as described
(23). AID— / — cells were obtained from Hiroshi Arakawa (GSF-
Research Center for Environment and Health) (23). Transfec-
tions were performed as described (23) with a BioRad (Hercules,
CA) gene pulser set at 50 uF and 800 V. Deletion of loxP-flanked
cassettes was achieved by overnight culture in the presence of 2
uM 4’-OHT (H7904; Sigma, St. Louis, MO), followed by limiting
dilution subcloning and genotypic and/or resistance analysis of
resultant subclones.

Targeted Inactivation of Rad18, Expression Analysis, and Reconstitu-
tions. The arms of homology of the targeting vector were amplified
with primers 18Radl (5'-gggctcgagcagegggcagtgaggacacctttee-3")
and 18Rad2 (5'-gggggatcctatacatatgtgtgtecgcgtgtgtet-3) for the 5
arm and 18Rad3 (5'-gggggatccgeaggatcaagagagtgttctgaagge-3') and
18Rad4a (5'-gggactagttcctetctgetcagacagetgtecag-3') for the 3 arm.
PCR products were cut with Spel, Xhol, and BamHI and cloned
into the pBS-KS vector. LoxP-flanked resistance marker cassettes
were excised from ploxpuro, ploxbsr, and ploxgpt (Hiroshi Ara-
kawa) with BamHI and cloned into the BamHI site between the two
targeting arms. Radl8 inactivation in DT40Crel cells was per-
formed with the respective Rad18puro and Rad18bsr targeting
vectors, whereas inactivation in pseudogene-deficient DT40Crel
cells used Rad18bsr and Rad18gpt targeting vectors. After trans-
fection of the vector into DT40Crel cells and selection in the

1. Rajewsky, K. (1996) Nature 381, 751-758.
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4. Rada, C., Williams, G. T., Nilsen, H., Barnes, D. E., Lindahl, T. & Neuberger,
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presence of the respective antibiotics, lysates from ~500 cells were
screened for targeted integration by a PCR approach (21), using
primer 18Rad6 (5'-gaggccggctgtcactcgggecggte-3') in combination
with the primers in the respective resistance cassette. For Southern
blot analysis, 5-10 ug of cellular DNA was cleaved with Ncol, and
the resultant membranes were probed with an external probe
amplified with the primers 18Rad201 (5’-catgtcagtctggatctgctg-3')
and 18Rad202 (5'-aaagaacagaccttcacctgag-3'). The Rad18 coding
region was amplified with the primers 18Rad9 (5'-ggagctagcgccac-
caatggccctggegetge-3') and 18Rad10 (5'-gggagatctgaagceacttagect-
tetgtaccac-3") from DT40Crel cDNA using Pfu polymerase and cut
with Nhel and BglII for cloning into pExpress (21). The cDNA
expression cassette was subsequently excised with Spel and cloned
into the Nhel site of ploxgpt (21). For expression analysis of Rad18,
amplification of the coding region with primers 19Rad9 and
18Rad10 and of hypoxanthine phosphoribosyltransferase (HPRT)
with primers HPRTforl (5'-tattgttggaactggaaggacaatg-3") and
HPRTrevl (5'-actcactgetgtatatattcatcag-3") used Expand high-
fidelity polymerase (Roche, Indianapolis, IN). For analysis of AID
expression, 20 ug of cellular protein was used for Western blotting
with the EK2-5G9 monoclonal anti-AID antibody as described
(38), and loading was controlled with the C2 anti-actin antibody
(Santa Cruz Biotechnology, Santa Cruz, CA). For analysis of
PCNA ubiquitination, cells were cultured in the presence of the
indicated doses of methylmethanesulfonate (Sigma) for 5 h, and
Western blot analysis was performed with the PC10 antibody
(Abcam, Cambridge, MA).

Analysis of lg Diversification Activity. For analysis of Ig gene
conversion, cells were subcloned by limiting dilution, cultured
for 10 days, and stained with anti-chicken-IgM-FITC (Bethyl
Laboratories, Montgomery, TX) before FACS analysis with a
FACStar (Becton Dickinson, Franklin Lakes, NJ). For analysis
of somatic hypermutation, cells were transfected with the plas-
mid pMS-YFP(X) cut with SgrAl and Xmn1 to allow for random
genomic integration of the reporter. After 13—17 days of culture
(variations between different experiments, not within one ex-
periment), cells were harvested, and 500,000 viable cells per
clone were analyzed for YFP expression by FACS analysis.
Control transfections with a functional GFP in the same vector
context confirmed that Rad18 deficiency does not significantly
affect GFP expression levels (data not shown). Data analysis was
performed with CellQuest software, and P values were derived
by Student’s ¢ tests. For analysis of hypermutation on the
endogenous gene locus, cells of the respective genotypes were
subject to limiting dilution subcloning and cultured for 6 weeks.
Genomic DNA from the subclones was used for amplification of
the rearranged light chain locus with primers Vlaml (5'-
tgggaaatactggtgataggteggat-3') and C2 (5'-cctccattttttgacageact-
tacctggacagetg-3'), using Pfu polymerase. Products were sub-
cloned into the Topo-TA vector, and sequencing was performed
with the primer Vlam2 (5’-gagcgcagggagttatttgcatag-3"). Se-
quence analysis was performed with the Applied Biosystems
(Foster City, CA) chromas lite program and ClustalW.
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