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ABSTRACT

The seid mutation in ( It-17 mice confers a profound immunodeficiency,
resulting from an inability to rearrange immunoglobulin and T-cell recep

tor genes during lymphocyte development. Moreover, we and others have
recently demonstrated in these seid mice a hypersensitivity to the lethal
effects of ionizing radiation and a defect in DNA double strand break
rejoining. In this report, we further characterize the radiosensitivity and
repair defect in cells from seid mice. In order to determine whether seid
cells were specifically sensitive to agents that produce double strand
breaks, restriction enzymes Rsal and .SV/u.VMwere introduced into seid
and parental ( .11-17 cells by electroporation. seid cells were 2-fold more
sensitive than C.B-17 cells to both the blunt and the staggered end cuts

produced by these restriction enzymes. However, the seid cells proficiently
ligated both staggered and blunt ends of transfected plasmids. To deter
mine whether the extent of DNA rejoining in seid cells was dependent on
the initial dose of -y-rays, final levels of DNA double strand break rejoining

in seid and C.B-17 cells were quantitated by asymmetric field inversion gel

electrophoresis. The results indicate an apparent difference in repair levels
dependent on the dose of y-rays, ranging from 75% rejoining at 10 Gy to

40% rejoining at 50 Gy. In contrast, >90% rejoining was observed in
control C.B-17 cells at all doses. Delineating the links between these ab

errant recombinational events, abnormal Vi Di.l recombination, and dou
ble strand break repair defects, will aid in the understanding of the basic
mechanisms involved in these processes.

INTRODUCTION

In normal lymphocyte development, Â¡mmunocompetent vertebrates
use the process of site-specific recombination in order to generate
diversity in immunoglobulin and T-cell receptor genes (recently re

viewed by Refs. 1 and 2). During this process of V(D)J recombination,
subexons called V(variable), D(diversity), and J(joining) regions are
joined together to form the variable domain exon, which eventually
encodes for the variable regions of immunoglobulins and T-cell re

ceptors. Signal sequences flank each of the V, D, and J subexons and
direct this recombination reaction. Cuts are made at the signal se
quences, and the two signal joints are ligated together. The two coding
ends that remain are also joined together, forming the variable domain
exons. Some processing of the coding ends occurs prior to the for
mation of the final coding joint, generating further diversity in the
coding regions.

C.B-17 mice inheriting the autosomal recessive seid mutation are

profoundly immunodeficient, resulting from an inability to carry out
this V(D)J recombination reaction during both B-cell and T-cell de

velopment. The mechanistic details of the defect are incompletely
characterized. The recombinational process does recognize the signal
sequence and produces a double strand break between the signal
sequence and coding element; however, the resolution of the DNA
ends is defective in seid4 cells. Interestingly, signal joint and coding
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joint formation are uncoupled in the seid lymphocytes, with coding
joint formation being depressed >500 times as compared to signal
joint formation, thus accounting for the lack of antigen receptor gene
assembly observed in lymphocytes (3, 4). Furthermore, the coding
joints that are formed contain large deletions (5-7). As a result of the

defect, seid mice contain no detectable CD3+ cells in the thymus and
are unable to form pre-B-cells (8).

We and others have recently demonstrated that these seid mice are
2- to 3-fold more sensitive to the lethal effects of ionizing radiation,
apparently due to a defect in the ability to repair DNA dsb (9-11 ). This

repair defect is not localized to lymphocytes, but is found in all cell
types, including gastrointestinal crypt cells, basal epithelial cells in the
skin, and fibroblasts ( 10). In addition, Disney et al. ( 12) have observed
higher levels of chromosome damage, especially exchange-type ab
errations in irradiated seid cells compared to C.B-17 cells. This sug

gests that the seid gene codes for a common factor that participates
both in early lymphocyte development and in the repair of DNA
double strand and chromosomal breaks. A common mechanistic fea
ture in both these processes involves the rejoining of free DNA ends.
Steps in this pathway may prove to be the target for the seid gene
product.

In this study, we attempt to further characterize the defect in double
strand break repair displayed by seid cells. We determined whether the
seid cells were differentially sensitive to blunt or staggered double
strand breaks produced in the genome. We also examined the extent of
rejoining of plasmids introduced in seid cells. Finally, we quantitated
final repair in seid cells as compared to control C.B-17 cells at doses

from 10 to 50 Gy. Recently, another radiosensitive rodent cell line,
hamster XRS-5, has been shown to display final repair levels that vary
according to the amount of radiation dose (13). Hamster XRS-5 also

displays similar repair kinetics to seid cells after irradiation at 50 Gy.
We determined whether DNA repair in seid cells is also dose depen
dent. Our findings indicate that seid cells are correctly able to rejoin
breaks produced in plasmid but not genomic DNA, as compared to
control C.B-17 cells. In addition, this deficiency in double strand

break repair is dependent upon the initial dose of irradiation.

MATERIALS AND METHODS

Cells and Cell Cultures. scid/Sl and CB-17 fibroblastic cultures were
originally isolated by us (10) and were grown in Waymouth's media (Gibco,

Grand Island. NY) containing 15% fetal calf serum (Gibco). A final concen
tration of 0.025 mg/ml penicillin and 0.04 mg/ml streptomycin was added to all
media. Cultures were passaged al a 1:5 split as they became confluent. Plating
efficiencies of both cell cultures varied from 21 to 40%. Ataxia telangiectasia
(complementation group D) SV40 transformed fibroblastic AT 5BI cells were
obtained from the National Institute of General Medical Sciences Human
Genetic Mutant Cell Repository, Camden, NJ.

Electroporation of Restriction Endonucleases into scid/St Cells. The
restriction enzymes Rsal and 5ou3AI were obtained from BRL (Gaithersburg.
MD). The techniques of Winegar et al. (14) and Giaccia et al. (15) were
modified and used (o electroporate restriction enzymes into cells. Cultures of
2 X IO6 cells were trypsinized, washed with HEPES-buffered saline (21 nui

HEPES, pH 7.05, 137 mw NaCl, 5 HIMKC1, 0.7 nâ„¢Na2HPO4, 6 ITIMglucose)
and resuspended in 0.8 ml of HEPES-buffered saline; 5 to 100 units of

double strand breaks; HEPES. 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid; AT.

ataxia telangiectasia; CAM, chloramphenicol; CAT, chloramphenicol acetyltransferase.
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restriction enzymes (prepared in 25 ul of the appropriate buffer) were then

added. After incubation of cells in solution for 5 min, electroporation was then
performed at 250 V, 1600 uF, low capacitance, with a BRL Cell-Porator system
at 0Â°C.Immediately after electroporation, cells were stored on ice for 5 min

and then replated at known densities into 60-mm dishes. Cells were fixed and

stained 8 days later, and colonies comprised of greater than 50 cells were
scored.

Cell Complementation Studies. scid/St cells resistant to the antibiotic
G418 (designated scidNKl)) were obtained after calcium phosphate transfection

of pSV2NEO into scid/St cells. scid/St cells were exposed to the precipitate for
16 h, then allowed 48-h recovery before seeding into medium containing 500
ug/ml G418 (Gibco). AT 5BI and St/scidNKO cells were mixed together and

seeded into T-25 flasks. Twenty-four h later, the medium was removed and a

40% solution of polyethylene glycol was added for 1.0 min. Cells were then
washed three times with unsupplemented media. After a 24-h incubation, cells

were trypsinized and seeded into media containing 500 ug/ml G418 and 20 UM
ouabain. Two to 3 weeks later, clones of seid/AT hybrid cells were obtained and
subcultured in selective medium. The colony forming ability of the seid, AT,
and scid/AT cells after ionizing radiation was determined as previously de
scribed above.

Transient Transfection Assays and Chromatographie Analysis of CAT
Activity. CAT assays were performed as described by Henderson et cil. (16)
with minor modifications. Samples of pSV-LTR-CAT were digested with

HindlU, Apuli, Pvull, and Xmnl restriction endonucleases (BRL) in the ap
propriate buffer. The linearization of supercoiled DNA was monitored by
agarose gel electrophoresis. DNA was then extracted with phenol/chloroform
and precipitated with ethanol. After drying, DNA pellets were then dissolved
in sterile water at a concentration of 200 ug/ml; 10-30 ug of DNA were

combined with 1 volume of 0.5 MCaCl2 and 280 min NaCl, 50 HIMHEPES, 1.5
HIMNa2HPO4, pH 7.1 buffer. To evaluate background levels, 30 ug of calf
thymus DNA were used in cell transfections as negative controls. After 30-45
min at 25Â°C,DNA precipitates were added directly to the dishes and the cells
were incubated for 12-16 h at 37Â°C,then shocked with 15% glycerol (1.5-min

exposure). Cells were washed three times with phosphate buffered saline and
then refed with fresh medium. After 48 h, cells were trypsinized and suspended
in 250 HIMTris-HCl, pH 7.8, and 1 HIMphenylmethylsulfonyl fluoride, and cell
extracts were prepared by freeze-thaw lysis (5 min in ethanol/dry ice and 3-5
min at 37Â°C,3 cycles). Samples were then centrifuged for 15 min at 5Â°Cand

supernatants were recovered and analyzed for protein content. Protein (20-100
ug) from cell extract, 0.2 uCi of [I4C]CAM, 20 ITIMacetyl-CoA, and 25 mm
Tris-HCl, pH 7.8, and incubated at 37Â°C.After 1-6 h, 40 ul of reaction mixture
were removed and [I4C]CAM was extracted with 10 volumes ethyl acetate.
Samples were dried and the acetylated metabolites of [UC]CAM were

separated from the parent compound by thin layer chromatography
(chloroformimethanol, 95:5). The radioactive forms were located by autorad-
iography and quantitated by scintillation counting. The percentage of acetyla-
tion was calculated as the cpm in the mono- and biacetylated metabolites

divided by the total cpm in the acetylated and nonacetylated chloramphenicol.
The percentage of reactivation was calculated as the percentage of activity
obtained with the digested plasmid divided by the percentage of activity of the
untreated plasmid.

Pulsed Field Gel Electrophoresis. Initial and final levels of DNA double
strand breaks were quantitated by using asymmetric field inversion gel elec
trophoresis, as described earlier (10). Briefly, C.B-17 and scid/St cells were
exposed to '4C-labeled thymidine for 2 days. The cells were then irradiated at

the appropriate doses, allowed to repair for the indicated times, and immedi
ately collected and assembled into agarose plugs. The plugs were lysed over
night, dialyzed against double distilled water for 4 h, and incubated with RNase
for 2 h. The plugs were then loaded onto a 1% low melting point agarose gel,
and electrophoresed for 900 s at + 1.25 V/cm and at 75 s at -5.0 V/cm for 36

h. The lanes and the wells were cut from the gel, melted with heat, prepared for
liquid scintillation counting with a Beckman LS 6000IC liquid scintillation
system, and the initial DNA damage and final rejoining were calculated.

In order to more rapidly measure rejoining at the shorter repair times, a
slightly different method, as described by Starnato and Denko (17), was used
to investigate repair kinetics after doses of 10 and 50 Gy. Briefly, MC-labeled

scid/St and C.B-17 cells were trypsinized and immediately cast into 1% aga-

rose plugs. The plugs were then irradiated at the appropriate doses, 10 or 50

Gy, at 0Â°C.Immediately after irradiation, the plugs were either lysed overnight
or incubated at 37Â°Cin Waymouth's medium plus 15% fetal calf serum for 3

h to allow for repair prior to overnight lysis. The subsequent methods for plug
preparation, gel electrophoresis, and liquid scintillation are identical as those
described above.

RESULTS

Cytotoxicity of scid/St and C.B-17 Cells to Restriction Endonu

cleases. To test the ability of seid fibroblasts to process certain types
of dsbs such as 5' overhangs and blunt ends, two restriction enzymes

were electroporated into cells. The enzymes chosen, Rsal and 5aÂ«3Al,
produce 5' overhangs, and blunt ends, respectively, at equal frequen

cies in the genome. These were chosen because of a suggestion that
the seid gene product may be involved primarily in joining DNA with
staggered ends (II), which leads to the prediction that the joining of
blunt ends should not be affected in seid fibroblasts. Cytotoxicity
produced after electroporation of buffer alone or of denatured protein
was not different in control and seid cells (8 Â±2% in C.B-17 and 13
Â±4% in scid/St cells). A dose-dependent increase in Cytotoxicity in
both C.B-17 and scid/St cells was observed after electroporation of

either restriction enzyme (Fig. 1). Comparing the number of enzyme
units to produce 70% survival, scid/St cells were approximately 3-fold
more sensitive than C.B-17 cells to the blunt ended dsb produced by
Rsa\. Similarly, the staggered end cutter Sciw3AI was roughly 3- to
4-fold less toxic to C.B-17 cells than to scid/St cells.
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Fig. I. Cytotoxicity in seid (â€¢)and C.B-17 (O) cells after electroporation of restriction

enzyme (A) Rsa\ or (B) Sui/3A I. Points, averages from 3 experiments; bars, SE.
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In order to verify that the same amount of damage was being
introduced into scid/St and C.B-17 cells, production of DNA double
strand breaks was quantified after electroporation of restriction en
zymes in both cell lines. Similar amounts of damage (5 Â±2%) as
measured by asymmetric pulsed field electrophoresis were observed
in scid/St and C.B-17 cells after electroporation of 400 units of either
Kxa\ or Sau3Al (data not shown).

Analysis of scid/AT 5BI Hybrids. To determinewhetherthe de
fect in seid mice was analogous to that displayed in ataxia telang-
iectasia patients, complementation studies were performed with seid
and human ataxia telangiectasia fibroblastic cells (AT 5BI). scid/St
cells previously transfected with a plasmid that confers resistance to
the antibiotic drug G418 displayed the same sensitivity to ionizing
radiation as nontransfected scid/St cells (Fig. 2). When scidNEOcells
were fused with nontransfected scid/St cells, the resultant scidNEOX

seid hybrids were also as sensitive as the scid/St cells alone. However,
full complementation of the radiosensitive phenotype was observed in
scidNEOX AT 5BI hybrids (Fig. 2), demonstrating that the seid mu

tation is different from AT.
Ligation of Plasmids in scid/St and C.B-17 Cells. The plasmid,

pSV-LTR-CAT,was digested with restriction enzymes that produced
single cuts either within the CAT gene (Pvull, Hind\\\) or in the
plasmid sequences (Xmn\, Apa\\). After transient gene transfer of the
plasmid into cells, CAT activity was quantitated by measuring the
percentage of acetylation of chloramphenicol in cells transfected with
the linearized plasmid relative to the CAT activity in cells transfected
with uncut plasmid. CAT activity expressed by either cell line was
found to be greatest 48 h after transfection (data not shown). All data
points shown in Fig. 3 were taken during the linear portions of the
CAT activity assay. Complete linearization of the plasmid was con
firmed by electrophoresis prior to transfection. Linearization of the
plasmid by Xmn\ or Apa\\ decreased CAT activity in transfected
BALB/c and scid/St cells to 40 and 34%, respectively, of control
levels (Fig. 3). When either of the cell lines were transfected with
plasmids cut within the CAT gene, CAT expression was further di
minished to 5% of the activity in cells transfected with the uncut
plasmid. No difference was observed between scid/St and BALB/c
cells in the ability to ligate the plasmid, regardless of the restriction
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DOSE RADIATION (Gy)

Fig. 2. Radialion dose response curve of human HT I080 (O), seid (â€¢),AT (â€¢)and
scid/AT hybrid (A) cells.

BLUNT OVERLAPPING
(Xmn I) (Apa III

Cut in Vector

BLUNT OVERLAPPING
(Hind III)

Cut in CAT GÂ«ne

Fig. 3. Determination of the ability of cells to correctly ligate transfected plasmid
DNA. The plasmid pRSVCAT containing the CAT gene was digested with the indicated
restriction enzymes and transfected into cells via calcium phosphate precipitation. Three
days after transfection, cells were lysed and CAT activity was assayed as described in
"Materials and Methods." Columns, average from three experiments; hars. SE.

enzymes used (Fig. 3). No acetylated chloramphenicol forms were
detected with the calf thymus DNA which served as a negative trans
fection control.

Analysis of DNA Damage and Repair after Different Doses of
â€¢¿�y-Rays.Experimentswere performedto comparethe initialinduction
of DNA double strand breaks in scid/St and C.B-17 cells at doses
between 0 and 50 Gy. Results showed no significant differences
among the cell lines in initial DNA damage at the measured doses.
Results obtained with the use of BALB/c cells are similar (Fig. 4).

We next investigated the effect of different initial doses on the
levels of final rejoining in seid and C.B-17 cells. C.B-17 did not show
any apparent dose dependency in its final level of DNA double strand
break rejoining after irradiation of doses from 10 to 50 Gy (Fig. 5).
The levels of final DNA rejoining remained at approximately 90%
throughout. In comparison, scid/St cells did show a dose dependency
for rejoining, with more overall rejoining occurring at the lower doses
of irradiation ( 10 Gy) and less rejoining occurring at the higher doses
(50 Gy). The final levels of rejoining ranged from 75% at 10 Gy to
40% at 50 Gy. In addition, at all doses, the final levels of rejoining for
seid were lower than those for C.B-17 cells. This dose dependency
displayed by seid is similar to what is seen with XRS-5, a hamster cell
line, as originally described by Iliakis et al. (13). All data pertaining
to XRS-5 were obtained from Ref. 13 and are plotted here for
comparison.

The kinetics of rejoining were also investigated for scid/St and
C.B-17 cells at doses of 10 and 50 Gy (Fig. 6). After irradiation at 10
Gy, seid cells rejoined dsb at the same rate as C.B-17 until approxi
mately 45 min of repair time. At this time, the rejoining curves began
to diverge significantly from each other. After 3 h of repair, the final
level of rejoining achieved by the scid/St cells was again lower than
that for the C.B-17 cells at the same time. At 50 Gy, similar results
were seen. Thus, the results of the rejoining curves showed that seid
cells deviated from the normal after about 45 min postirradiation in a
dose-independent fashion. The initial rejoining kinetics appeared to be
similar between seid and C.B-17 cells at both 10 and 50 Gy. Final
levels of rejoining for seid cells were achieved after approximately 1-h
repair time for both 10- and 50-Gy doses of irradiation. In contrast,
final levels of rejoining for C.B-17 cells at both doses of 10and 50 Gy
were not achieved until about 3 h. This finding indicates that the
half-time of overall rejoining for C.B-17 cells is longer than that for
seid cells (Fig. 6).

The data in Fig. 5 were generated by using the method described by
irradiating the cells adherent on dishes prior to casting in the agarose
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plugs; whereas the repair kinetics curves were generated by irradiating
the cells after suspension into agarose plugs. The latter method was
used to more easily measure the amount of rejoining that occurred at
the shorter repair times. Our data show that there is no difference in
the final level of repair obtained by the two procedures. The data in
Fig. 5 indicate that rejoining after 3 h at 50 Gy is about 40%. Like
wise, the repair kinetics curve for 50 Gy (Fig. 6) also shows rejoining

LU
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o

Dose (Gy)
Fig. 4. Induction of DNA double strand breaks as a function of irradiation dose for seid

(â€¢),CB-17 (D), and BALB/c (A) mice. Points, averages from 4 experiments; bars, SE.
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Fig. 5. Percentage of DNA rejoined after 3 h as a function of ionizing radiation dose

for seid (â€¢)and C.B-17 (O) cells. Points, averages from 4 experiments; bars. SE. XRS-5
data points (O) were obtained from Ref. 13 and overlaid.

levels after 3 h to be at about 40%. In addition, similar results between
the two curves are seen for 3-h rejoining at doses of 10 Gy.

DISCUSSION

It has previously been reported that cells from seid mice are 2- to
3-fold more sensitive to ionizing radiation and that this sensitivity is

due to a defect in double strand break repair. Most of the DNA breaks
produced by ionizing radiation are nonligatable and must be processed
by the cells before rejoining can occur. However, seid cells are still
sensitive to restriction enzymes that cleave DNA "cleanly," indicating

that the defect in seid cells does not lie in the processing of ends for
ligation but in latter stages of dsb repair or V(D)J recombination,
possibly involving the alignment or stabilization of broken ends of
chromosomes. The fact that seid fibroblastic cells display normal
sensitivity to UV, mitomycin C (10), and alkylating agents (methyl
methanesulfonate) (11) also support this hypothesis; dimers, cross
links, and alkyl groups are presumably excised correctly in seid cells.
Interestingly, another cell line, hamster XR-1, is defective in dsb

repair and is also less able to rejoin dsb created by restriction enzymes
(15).

In contrast, the process of religation of plasmid DNA ends, whether
blunt or staggered, appears to be proficiently performed in seid cells.
Here, we show that linear plasmids transfected into seid cells are
recircularized and expressed to a similar extent as parental C.B-17

cells. Although low levels of ligation were observed for both seid and
C.B-17 cells for the plasmid cut within the CAT gene, the data rep

resent true ligase activity, since they were determined in the linear
portion of the CAT activity assay. In the experimental conditions used,
higher levels of ligation are not expected, as has already been shown
for human cells using a very similar experimental protocol (18). In
addition, we have found that ligase activity is similar in both seid and
C.B-17 cell lines (data not shown). Using a different seid fibroblastic

strain, Harrington et al. (4) also showed that plasmid end joining,
regardless of the type of overhang, occurs at normal frequencies.
These studies give additional indirect evidence that the seid defect is
involved at the chromosome (versus DNA) level.

During V(D)J rejoining of antigen receptors in seid lymphocytes,
the junctions of the coding regions are subjected to exonucleatic
activity which creates staggered ends for rejoining, whereas the for
mation of the signal joints involve the rejoining of blunt ends. It has
been postulated that the inability to form coding joints relative to
signal joints in seid cells may be due to a different proficiency in the
processing of staggered versus blunt ends (11). We do not believe this
to be the case, as seid cells are sensitive to both blunt and staggered
end breaks produced after electroporation of restriction enzymes. It is
also unlikely that the seid protein may involve a deregulated exonu
cleatic activity. Such a hypothesis stems from work by Cox et ai. (19),
who found that AT cells displayed an infidelity of repair of restriction

Fig. 6. Percentage of DNA rejoined as a function
of repair time for seid (â€¢)and C.B-17 (O) cells. (A)

after an initial irradiation dose of 10 Gy: (ÃŸ)after an
initial irradiation dose of 50 Gy. Points, averages
from 3 experiments; bars, SE.
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endonuclease-cut plasmid. They hypothesize that a defect may exist in

AT cells that is involved in the regulation of exonuclease activity,
resulting in aberrant exonucleolytic digestion of the cut plasmid be
fore ligation. Complementation studies performed by fusing AT 5BI
cells with seid cells demonstrate that they are different mutations.

Interestingly, the extent of rejoining of DNA double strand breaks
in seid cells is dependent on the initial dose of -y irradiation. We

believe these results are not an experimental artifact on the basis of
two observations. First, at all doses of irradiation we observed that the
damaged DNA pieces were of a uniform size distribution (data not
shown). We did not observe an increased proportion of lower molec
ular weight DNA fragments when cells were irradiated at higher
doses. Second, the strand breaks produced after irradiation increased
linearly up to 50 Gy. If a larger proportion of lower molecular weight
fragments were indeed present at 50 Gy as compared to 10 Gy, we
would have expected to see more of a parabolic dose response curve
instead of a linear curve. To date, only one other cell line, XRS-5, a

hamster cell line, displays a similar dose dependency (13). One pos
sible explanation of this phenomenon is that the genome is intrinsi
cally more stable after lower versus higher radiation doses and this
stability would tend to mitigate the seid repair defect.

Although seid and XRS-5 cells share this similarity, the two cell
lines differ in their repair kinetics. XRS-5 showed a lower level of

final rejoining after prolonged repair times and an increase in the
half-time of initial dsb rejoining as compared to normal cells ( 13). seid

cells also showed a lower level of final rejoining after prolonged
repair times (3 h). However, there did appear to be a difference in
initial rejoining of dsb compared to normal cells. This finding was
seen at both doses of 10 and 50 Gy irradiation. Finally, the differences
in the final levels of rejoining between seid and C.B-17 cells appear

in the latter/slower phases of the repair curve. It has been postulated
that this slow phase of repair, i.e., repair between 1 and 3 h, is
correlated with the processing of chromosome breaks (20). Thus, the
seid protein may be involved in the complex rejoining of chromosome
breaks as opposed to dsb. These results are consistent with Disney et
ai (12) who have recently shown that both unrejoined chromosome
breaks and misrejoined breaks (i.e., exchange-type aberrations) occur

at higher frequencies in irradiated seid cells. Further characterization
of the defect in dsb rejoining in seid cells, especially at the chromo
some level, will aid in the understanding of the role of recombination
in mammalian DNA repair.
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