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Abstract
Immunoglobulin variable genes undergo several unusual genetic modifications to generate diversity,
such as gene rearrangement, gene conversion, somatic hypermutation, and heavy chain class switch
recombination. In view of these specialized processes, we examined the possibility that variable
genes have intrinsic characteristics that allow them to be processed differently in the course of basic
DNA transactions as well. This hypothesis was studied in an experimental system to gauge the
relative efficiency of a DNA repair pathway, nucleotide excision repair, on a variable gene and a
housekeeping gene. DNA damage was induced by ultraviolet light in murine hybridoma B cells, and
repair was measured over time by an alkaline Southern blot technique, which detected removal of
cyclobutane pyrimidine dimers. The rate of DNA repair in a rearranged variable gene, VHS107, was
compared to that in the dihydrofolate reductase gene. Although both genes were actively transcribed,
the VHS107 gene was repaired less efficiently than the dihydrofolate reductase gene. These results
suggest that variable genes have inherent properties that affect the efficiency of nucleotide excision
repair.
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1. Introduction
Immunoglobulin variable (V) genes, which are located on three chromosomal loci, are unique
in that they undergo unprecedented diversity by several mechanisms. (1) V genes are formed
by joining several gene segments encoding V, diversity (D), and joining (J) regions by non-
homologous recombination. (2) In some species, V genes undergo further diversification by
frequent gene conversions between related genes using homologous recombination. (3)
Following rearrangement, V genes are modified by the massive introduction of nucleotide
substitutions during the process of somatic hypermutation. (4) Finally, V genes in the
immunoglobulin heavy chain locus are recombined next to different constant genes by non-
homologous recombination. All of these modifications suggest that the V gene loci are
inherently unstable. We considered the possibility that these characteristics may also affect
basic molecular processes; for example, DNA repair in the loci may be altered.
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Of the several types of DNA repair, nucleotide excision repair was studied because
dicyclobutane pyrimidine dimers can be readily introduced by ultraviolet (UV) light, and their
removal can be monitored in specific genes (Bohr et al., 1985). This pathway does not directly
contribute to any of the V gene diversification mechanisms discussed above, since V-D-J
joining, hypermutation, and class switch recombination were normal in animals deficient for
repair factors XPA (Winter et al., 1998), XPB (Kim et al., 1997), XPC (Shen et al., 1997),
XPD (Wagner et al., 1996), XPF (Tian et al., 2004a), XPG (Tian et al., 2004b), CSA (Kim et
al., 1997), and CSB (Jacobs et al., 1998), with the exception of ERCC1 (Schrader et al.,
2004). However, it was used as an experimental tool because the nucleotide excision repair
capacity in a specific genomic region may reflect unusual aspects of the locus. For this study,
hybridoma B cells were irradiated with UV light, and the rate of repair of pyrimidine dimers
was measured in a V gene and in a housekeeping gene encoding dihydrofolate reductase
(DHFR).

2. Materials and methods
2.1. Cell lines and probes

Hybridoma cell lines HPCG10 and HPCG17 were made from fusion of BALB/c spleen cells
to the SP2/0 cell line (Gearhart et al., 1980). Both hybridomas have a heavy (H) chain allele
containing the VHS107 gene segment rearranged to D and JH1 gene segments. The hybridomas
secrete anti-phosphorylcholine antibody of the IgG3 and IgG1 classes, respectively.

DNA probes were prepared by digesting plasmids with genes as follows: the DHFR probe for
RNA and DNA analyses was 690 bp containing exon I and flanking sequence (Fig. 1A) from
the pDsa7 plasmid (Crouse et al., 1982); the VHS107 probe for RNA analysis was 300 bp
containing the coding sequence of the VH gene segment (Fig. 1B); and the JH2 probe for
Southern blots was 415 bp containing the JH2 exon and flanking sequence from a PstI-BamHI
digest of the unrearranged JH locus. The restriction fragments were separated on agarose gels,
recovered, and labeled with [α-32P]dCTP by nick translation.

2.2. Nuclear run-on RNA transcription
Nuclei were isolated from the hybridoma cells and incubated for 10 min with [α-32P]UTP,
ATP, GTP and CTP according to Celano et al. (1989). Labeled RNA was hybridized to
nitrocellulose slot blots containing 0.3 pmol (0.3 μg) of the DHFR probe and 0.5 pmol (0.1
μg) of the VHS107 probe. RNA synthesis was quantified after 2 days exposure to a
PhosphorImager screen, and values were corrected to correspond to equal nanomoles of each
probe.

2.3. Gene-specific DNA repair assay
The assay described by Bohr et al. (1985) was modified as follows. Hybridoma cells were
irradiated with 40 Joules (J) per meter (m)2 of UV-C light, and allowed to repair for 0–4 h.
Aliquots were taken every hour, and DNA was isolated and digested with XbaI to generate a
6.2 kb fragment for DHFR and a 4.8 kb fragment for VHS107 (Fig. 1). 20 μg of digested DNA
was then treated with or without T4 denV endonuclease. DNA fragments were separated by
electrophoresis on a 0.75% alkaline agarose gel, and blotted to a nylon membrane. Blots were
hybridized with either DHFR or JH2 probes that were labeled with [α-32P]dCTP, and exposed
and quantified by a PhosphorImager. The blot was then stripped and re-hybridized with the
corresponding probe. The average number of dimers per fragment at each repair point was
determined by the Poisson expression, -ln[T4 denV-treated/untreated]. For example, at 0 h, if
the intensity of the treated band was 288, and the intensity of the untreated band was 784, the
ratio would be 0.3673. The –ln of this ratio is 1.00, which means there is 1 dimer in the fragment.
The percent of DNA repair was calculated as 1-(dimers at each time point/dimers at 0 h). For
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example, if there was 1 dimer at 0 h after irradiation, and 0.81 dimers after 4 h of repair, the
ratio would be 0.81/1, and the percent repair would be 1–0.81 or 19%.

Repair rates were also calculated based on the increase in the fraction of undamaged DNA.
The fraction that is free of dimers was calculated by dividing the intensity of the treated band
by the intensity of the untreated band. The slope of the increase with time was then calculated,
and percent repair was graphed.

3. Results
3.1. Transcription of VHS107 and DHFR genes in hybridoma cells

Two hybridoma cell lines, HPCG10 and HPCG17, with the same rearrangement of the
VHS107 gene segment to JH1 (Gearhart et al., 1980), were used to measure transcription by
the nuclear run-on technique. Labeled RNA from nuclei was hybridized to DNA probes on
nitrocellulose slot blots, as shown in Fig. 2A. For both HPCG10 and HPCG17 cells, two
experiments were performed, and the results of duplicate blots were averaged. The results in
Fig. 2B show that the VHS107 gene was transcribed two-fold more than the DHFR gene, which
was expected since the cells secrete large quantities of immunoglobulin.

3.2. Repair of UV damage in the VHS107 gene compared to the DHFR gene
We used a Southern blot technique to measure the repair of dicyclobutane pyrimidine dimers
in specific genes. At a dose of 40 J/m2, about 1 dimer per 5 kb is generated. However, at this
dose, the hybridoma cells underwent rapid cell death after 4 h, so cells were analyzed from 0
to 4 h, when the viability was greater than 50% (not shown), and DNA repair is underway
(Mellon et al., 1986). For the repair assay, DNA was extracted from irradiated cells, and
digested with a restriction enzyme. The DNA was then treated with T4 denV endonuclease,
which cleaves at sites of pyrimidine dimers. As the damage is repaired over time in cells by
enzymes in the nucleotide excision repair pathway, the extracted DNA will contain fewer
pyrimidine dimers, and therefore have less cleavage by the endonuclease. DNA fragments were
then separated on an alkaline gel, and transferred to a membrane by Southern blotting.
Fragments containing the full-length restriction size were quantified by hybridization to
double-strand probes. The XbaI restriction enzyme was chosen, since it yields fragments of
similar size containing the 5′ ends of DHFR and VHS107 genes (Fig. 1). Although the fragments
contain both 5′ intron and exon sequences, DNA repair for the DHFR gene has been reported
to be constant throughout this region (Bohr et al., 1986). Although the VHS107 gene sustained
slightly more initial damage (0.18 dimers per kb) than the DHFR gene (0.15 dimers per kb),
we do not think this difference is significant.

Repair was determined by measuring the increasing intensity of the probe hybridized to the
restriction fragments with time, and compared to DNA without T4 denV cleavage.
Representative blots are shown in Fig. 3A and B; and the amount of dimers over time is listed
in Table 1. HPCG10 cells had two rearranged H chain alleles that were detected by the JH2
probe, which were a 4.8 kb fragment containing the VHS107 gene rearranged to JH1, and a 8.5
kb fragment containing the VH81X gene rearranged to JH1. Only repair in the VHS107 gene
was analyzed, and compared to the repair in the HPCG17 line, which had a single rearranged
VHS107 chain allele. To assess the reproducibility of loading DNA into the lanes, controls
containing undamaged DNA treated with or without the endonuclease were included. The
intensities of fragments in the control samples were equal (not shown). Thus, although the
amount of DNA between each time point varied, the amount of DNA loaded within a time
point was constant, since the sample was divided in half, and treated with or without the
endonuclease.
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Repair of damage was examined in two separate biological experiments for HPCG10 cells,
and three experiments for HPCG17 cells. For each experiment, several blots were performed,
and the results from the densitometric scans were averaged. The results from Table I are
graphed in Fig. 3A and B, and show that the repair rate was faster in the DHFR gene than the
VHS107 fragment during the first 2 h, and then the rates were similar for the last 2 h. Thus,
after 4 h, about 40% of the dimers were removed from the DHFR fragment compared to 24%
in the VHS107 fragment. Repair rates were also calculated based on the increase in the fraction
of dimer-free DNA listed in Table 1, and the graphs were similar (not shown).

4. Discussion
Immunoglobulin genes undergo genetic modifications that may reflect the inherent instability
of the loci. This instability may also affect basic molecular transactions such as DNA repair,
which employs complexes of different proteins to remove damage. We examined the
nucleotide excision repair pathway, because lesions can be externally introduced by UV light
into the genome at a constant frequency, and repair can be measured in specific genes using a
Southern assay. This repair pathway includes a subpathway which is linked to transcription.
Thus, transcribed genes are repaired faster than nontranscribed genes (Bohr et al., 1985),
because transcription complexes stall at pyrimidine dimers, and repair is initiated to remove
the lesions. Hybridoma B cell lines were used because they have transcribed V genes, and
repair could be compared to other transcribed genes. The housekeeping DHFR gene was chosen
as a control since it is transcribed in all cells, is not amplified in normal cells (Paulson et al.,
1998), and is repaired at the same rate as other transcribed genes. For example, greater than
60% of induced pyrimidine dimers were removed after 8 h in DHFR (Bohr et al., 1985;Mellon
et al., 1986), hypoxanthine phosphoribosyl-transferase (Vrieling et al., 1991), β-actin (Kantor
et al., 1990), adenosine deaminase (Venema et al., 1991), and c-abl (Madhani et al., 1986)
genes in fibroblast lines from mouse and human, and in Chinese hamster ovary cells. In
contrast, repair of nontranscribed genes and bulk DNA containing vast tracts of nontranscribed
regions was slower, with only 20–40% of lesions removed after 8 h.

The results reported here indicate that repair in rearranged VHS107 genes from two cell lines
was slower than in DHFR genes. During the first 2 h of repair, about 10% of dimers were
removed from VHS107 fragments compared to 23% removal from DHFR fragments, and
during the last 2 h, the rates were similar. This suggests that repair factors are recruited less
efficiently to the immunoglobulin locus after damage compared to the DHFR locus. It is
possible that the V gene initially had more undetected dimers than the DHFR gene, which
would affect the rate of repair. However, it has been shown that the efficiency of formation of
pyrimidine dimers by UV light is similar in both a transcribed gene and bulk DNA (Bohr et
al., 1985), so it is likely that both the genes studied here had similar amounts of induced damage.
Our repair data on V genes are consistent with a previous report using the same assay with
murine splenic B cells that were irradiated and stimulated in vitro with lipopolysaccharide
(Beecham et al., 1994). In that study, there was less removal of pyrimidine dimers from the
immunoglobulin Switchα-Cα and Jκ-Cκ regions compared to c-abl and Pvt1 (plasmacytoma
variant translocation) genes. Thus, the repair defect appears to extend 3′ of V genes, perhaps
due to the local microenvironment of the rearranged genes. Using a different technique of PCR
amplification to detect removal of UV-induced dimers in human tonsil B cells, Braun and
colleagues (Fairhurst et al., 1996) also found that rearranged VH genes were repaired more
slowly than unrearranged VH genes.

Inefficient nucleotide excision repair might be caused by limited access of large repair
complexes to the immunoglobulin loci. Histone modifications or proteins bound to DNA,
which have been associated with immunoglobulin genes (Li et al., 2004;Odegard et al.,
2005;Sen and Oltz, 2006;Wang et al., 2006) may impede the access of nucleotide excision
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repair enzymes to sites of base damage. It will be informative to examine other DNA repair
pathways, including base excision and mismatch repair, to see if these processes are also
compromised.
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Fig 1.
Maps of repair fragments. (A) DHFR. The 6.2 kb XbaI fragment contains exons I and II. (B)
VHS107. The 4.8 kb XbaI fragment contains the VHS107 gene segment (open box) rearranged
to D and JH1 segments. The fragment also contains JH2, JH3 and JH4 gene segments. Locations
of probes for transcription analyses are shown. Transcription start sites are indicated by bent
arrows.
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Fig 2.
Nuclear run-on analysis of RNA in two hybridoma lines. (A) 32P-labeled nascent RNA
transcripts from nuclei were hybridized to membranes containing the DHFR or VHS107 probes
depicted in Fig. 1. Two experiments for HPCG10 and HPCG17 cells are shown. (B)
Hybridization intensity was normalized to equal nanomoles of each probe.
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Fig 3.
Autoradiograms and analysis of DNA repair of the DHFR and VHS107 genes. (A) Repair in
HPCG10 cells. XbaI-digested DNA from different time points was treated with and without
T4 denV endonuclease. A representative Southern blot is shown; size in kb is shown at the left
of the blots. The blot was first hybridized to the DHFR probe, and then stripped and re-
hybridized to a JH2 probe. Data was obtained from densitometric scans, which were calculated
in Table 1, and graphed as the average value of two separate biological experiments. (B) Repair
in HPCG17 cells. Blots were prepared, hybridized and scanned as above. The results from
three separate experiments are graphed.
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Table 1
DNA repair in the DHFR and VHS107 loci

Cell line Locus Time (h) after
UV radiation

Dimer frequencya (40 J/m2) in exp: Mean dimer
frequency

(dimer-free
fractionb)

% Repair

1 2 3

HPCG10c DHFR 0 0.86 0.82 0.84 (0.43) 0
1 0.74 0.76 0.75 (0.47) 11
2 0.63 0.67 0.65 (0.53) 23
3 0.60 0.59 0.59 (0.55) 30
4 0.54 0.53 0.54 (0.58) 36

VHS107 0 0.95 0.76 0.85 (0.43) 0
1 0.88 0.73 0.81 (0.45) 5
2 0.82 0.70 0.76 (0.47) 11
3 0.77 0.65 0.71 (0.49) 17
4 0.74 0.58 0.66 (0.52) 23

HPCG17d DHFR 0 0.84 1.01 1.24 1.02 (0.36) 0
1 0.73 0.87 1.03 0.88 (0.42) 15
2 0.62 0.79 0.93 0.78 (0.46) 24
3 0.59 0.73 0.85 0.72 (0.49) 30
4 0.51 0.61 0.70 0.61 (0.55) 41

VHS107 0 0.94 0.86 0.96 0.92 (0.40) 0
0.86 0.83 0.90 0.86 (0.42) 6

2 0.84 0.78 0.84 0.82 (0.44) 10
3 0.82 0.70 0.83 0.78 (0.46) 15
4 0.76 0.63 0.68 0.69 (0.50) 24

a
Average number of dimers in each of the 6.2 kb DHFR and 4.8 kb VHS107 fragments.

b
The fraction of fragments that was free of dimers was calculated for each time point by dividing the intensity of a T4 denV-treated band by the intensity

of the corresponding untreated band.

c
Experiment 1 values were derived from one Southern blot, and experiment 2 values were averaged from 3 blots.

d
Experiment 1 values were derived from one Southern blot; experiment 2 values were averaged from 2 blots; and experiment 3 values were averaged

from 2 blots.
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