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Correction of Radiation Sensitivity in Ataxia
Telangiectasia Cells by a Truncated IkB-«

Mira Jung, Yin Zhang, Sung Lee, Anatoly Dritschilo*

Cells from patients with ataxia telangiectasia (AT) are hypersensitive to ionizing radi-
ation and are defective in the regulation of DNA synthesis. A complementary DNA that
corrects the radiation sensitivity and DNA synthesis defects in fibroblasts from an AT
group D patient was isolated by expression cloning and shown to encode a truncated
form of IkB-a, an inhibitor of the nuclear factor kappa B (NF-«B) transcriptional acti-
vator. The parental AT fibroblasts expressed large amounts of the IkB-a transcript and
showed constitutive activation of NF-kB. The AT fibroblasts transfected with the trun-
cated |kB-a expressed normal amounts of the IkB-a transcript and showed regulated
activation of NF-kB. These results suggest that aberrant regulation of NF-kB and 1kB-a

contribute to the cellular defect in AT.

Actaxia telangiectasia (AT) is a human
autosomal recessive disease characterized
by neurological, immunological, and ra-
diobiological deficiencies. Four genetic
complementation groups and two variants
have been identified by heterokaryon
analysis (1). Cells from patients with AT
are hypersensitive to ionizing radiation
and show aberrant regulation of DNA syn-
thesis (2). To identify genes that contrib-
ute to the radiation sensitivity of AT cells,
we used an Epstein-Barr virus (EBV)-
based expression vector to screen a com-
plementary DNA (cDNA) library for the
ability to restore normal radiosensitivity to
AT cells. When this vector (p-CNCNot) is
transfected into cells that produce the
EBV nuclear antigen-1 (EBNA-1), the
plasmids are maintained episomally and
can be retrieved by Hirt DNA extraction
methods (3, 4).

SV40-immortalized fibroblasts from an
AT group D patient (AT5BIVA) were first
transfected with the p266CH2 plasmid
(which carries the EBNA-1 gene), and a
clonally derived cell line (ATCL2) was es-
tablished to serve as the recipient for gene
transfer experiments (4). A cDNA library
from SQ-20B cells, a human squamous car-
cinoma cell line previously characterized as
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radiation-resistant, was constructed in the
pCNCNot vector (4, 5). We reasoned that
these cells would express adequate quanti-
ties of the mRNAs associated with the ra-
dioresistant phenotype.

After cDNA transfection and drug selec-
tion, cells were pooled, expanded, and ex-
posed to radiation selection with 8 gray
(Gy) of ionizing radiation. Cells that sur-
vived the first radiation exposure were ex-
panded and re-exposed. Several surviving
colonies were then subcloned and cultured
for further studies. Clonally derived cell
lines ATCL2-8 and ATCL2-11 were isolat-
ed from independent, but procedurally sim-
ilar transfection experiments.

Radiation sensitivity is defined by the
steepness of the terminal slope of the sur-
vival curve when cells are exposed to grad-
ed doses of ionizing radiation. As deter-
mined from target theory analysis, the slope
is proportional to 1/D,, where Dy is the dose
required to reduce cell survival to 37% (6).
Values for D, range from 1.2 to 1.4 Gy for
normal human fibroblasts and from 1.1 to
1.9 Gy for SV40-immortalized fibroblasts
(7). The ATCL2-8 and ATCL2-11 cells
were less sensitive to radiation (D, = 1.7
and 1.6 Gy, respectively) than were paren-
tal AT5BIVA cells (D, = 0.7 Gy) (Fig. 1).

Episomal DNAs were obtained by Hirt
extractions, revealing seven candidate
cDNAs in ATCL2-11 and one in ATCL2-
8. The cDNAs ranged in size from 0.2 to 2
kb, and sequence analysis revealed that a
1-kb ¢cDNA was common to both cell
lines. The candidate 1-kb cDNA was then
retransfected into ATCL2 cells, yielding
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Fig. 1. Correction of radiation sensitivity in AT
cells. Clonogenic survival of cells was deter-
mined after their exposure to graded doses of
ionizing radiation from a clinical Theratron 80
Cobalt 60 machine. Data were fit with a single-
hit multitarget model (6) to determine values for
D, and n, the extrapolation number (27). Com-
plemented AT cells (ATCL2-11), closed circles
and triangles; D, = 1.6 Gy, n = 1.0. Normal
human fibroblasts (NC-1), open circles and tri-
angles; Dy = 1.2, n = 2.5. Remaining open
symbols show a composite curve for parental AT
cells ATSBIVA. Experimental points were deter-
mined in triplicate; error bars represent +SEM.
Each symbol represents the results of an inde-
pendent experiment.

transfectants with normal radiation sensi-
tivity (ATCL2-]D1; D, = 1.3 Gy).

Failure to arrest DNA synthesis in re-
sponse to irradiation is another characteris-
tic of AT cells and is the basis for the
genetic complementation groups of AT.
We therefore studied DNA synthesis in the
parental and transfected AT cells after ex-
posing them to ionizing radiation. Like nor-
mal fibroblasts, ATCL2-JD1 cells showed
an inhibition of DNA synthesis, whereas
the parental AT5BIVA cells showed no
inhibition (Fig. 2).

The candidate 1-kb cDNA encodes a
truncated form of IkB-a (AlkB-a), a protein

Relative rate of DNA synthesis (%)

10,4;.n|...-I....|
0 20 40 60

Radiation dose (Gy)

Fig. 2. Correction of the DNA synthesis defect in
AT cells. Logarithmically growing AT and control
cells (10* MRC5VI fibroblasts) were incubated at
37°C for 48 hours in minimal essential medium
containing ['“CJthymidine (0.02 uCi/ml) and ex-
posed to the indicated doses of radiation. The cells
were then pulse-labeled with [*H]thymidine (5 wCi/
ml) for 90 min and subsequently lysed and acid-
precipitated. Relative incorporation of [2H]thymi-
dine was determined as the ratio of °H disintegra-
tions per minute to '“C disintegrations per minute.
Curves for AT5BIVA data (broken line), ATCL2-
JD1 (closed symbols, solid line), and MRC5VA1
(open symbols, solid line) were fit by inspection.
Data were determined in triplicate, and each sym-
bol represents the results of an independent ex-
periment. Error bars represent +SD.
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that inhibits the transcription factor NF-xB
(8). NF-kB is a member of the Rel family of
proteins; it binds to specific DNA sequences
(B sites) and functions as a transcriptional
activator in the nucleus (9). IkB-a forms a
complex with NF-«kB that is maintained in
the cytoplasm. When NF-kB is activated
(for example, in response to cytokines, cel-
lular stress, and reactive oxygen intermedi-
ates), IkB-a becomes phosphorylated and
undergoes proteolysis (9). The unbound NF-
kB then translocates to the nucleus, where it
activates transcription.

Fig. 3. Expression of IkB-a mRNA in AT
cells. Total RNA was extracted with an
RNAZzol B kit (Tel-Test, Friendswood, Texas)
and subjected to electrophoresis on a 1.2%
formamide-agarose gel. Hybridizations
were performed with an IkB-a-specific
probe prepared by digestion of the plasmid
containing an IkB-a partial cDNA [350 base
pairs (bp)] and labeled by random priming.
The membrane was washed and rehybrid-
ized with a probe for 28S ribosomal RNA
(Clontech Lab, Palo Alto, California). (A)
Northern analysis was performed on the to-
tal RNA (20 w.g) from the following cell lines:
MRC5CV1 (lane 1), ATSBIVA (lane 2),
ATCL2-11 (lane 3), and ATCL2-8 (lane 4).
(B) Comparison of IkB-a mRNA expression
in other complementation groups (A and C)
of AT fibroblasts: MRC5CV1 (lane 1),
AT3BIVA (lane 2), AT4BIVA (lane 3), and
ATSBIVA (lane 4). (C) A ribonuclease protec-

To determine if AlkB-a was functionally
replacing a mutant, endogenous IkB-a in the
AT5BIVA cells, we investigated the endog-
enous and transfected genes by single-strand
conformational polymorphism (SSCP) as-
says and sequence analysis. Polymerase
chain reaction (PCR) primers were based
on the published IkB-a sequence (10), and
sequencing was confirmed by duplicate au-
tomated and manual techniques (11). No
point mutations were found in either of the
IkB-a sequences (8). However, the trans-
fected 1-kb ¢cDNA encoded a truncated
form of IkB-a (AlkB-at) that was missing 45
amino acids at the NH,-terminus. Analysis
of IkB-a in SQ-20B cells revealed only
full-length species, suggesting that the trun-
cation occurred during construction of the
cDNA library.

Because IkB-a plays a central role in the
regulation of NF-kB, we investigated the
expression of IkB-a in AT and control cells
by Northern (RNA) blot analyses. The
AT5BIVA cells contained larger amounts
of the 1.6-kb IkB-a transcript than did the
transfected AT cells or control fibroblasts
(Fig. 3A). AT cells from complementation
groups A and C also expressed elevated
amounts of the IkB-a transcript (Fig. 3B),
although transfection of group A fibroblasts

el R Rl
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tion assay was performed with a 387-nucleotide cDNA fragment of IkB-a in PCRII (Invitrogen). The
plasmid was linearized with Xba | and transcribed with Sp6 polymerase to yield a 480-nucleotide
antisense transcript. Ten micrograms of total RNA was hybridized with [a-*2Pluridine triphosphate—
labeled antisense RNA probes (8 X 10* counts per minute) of IkB-a and 18S ribosomal RNA (control) for
16 hours at 45°C. After hybridization of yeast RNA (lane 2), AT5BIVA RNA (lane 3), and ATCL2-11 RNA
(lane 4) to the probes, the samples were digested with 0.5 unit of ribonuclease A and 20 units of RNase
T, for 30 min at 37°C. Lane 1 was hybridized with yeast RNA without ribonuclease treatment. The
samples were subjected to electrophoresis in 6% polyacrylamide gels containing 8 M urea and exposed

—20°C to Kodak XAR-5 film. The protected IkB-a and AlkB-a fragments are marked with small and
large solid arrowheads, respectively. Unprotected fragments are indicated with broken arrows. “M”
represents the end-labeled molecular size marker. (D) RT-PCR analysis was performed for determination
of IkB-a and AlkB-a expression in AT5BIVA (lane 1), ATCL2-11 (lane 2), and ATCL2-JD1 (lane 3) cells
with specific primers for the 5’ end of the endogenous and exogenous sequences and the common 3’
end. Samples were subsequently subjected to electrophoresis on a 2% agarose gel containing ethidium
bromide (20 wg/ml). The expected molecular sizes are indicated at the right with broken and solid arrows
for IkB-a (385 bp) and AlkB-a (280 bp) PCR products, respectively. ‘M’ represents the 100-bp ladder

molecular size marker.
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with AlkB-a did not correct their radiosen-
sitivity (12).

We confirmed that both IkB-a and
AlkB-a transcripts were expressed in trans-
fected AT cells by reverse transcription—
. PCR analysis (Fig. 3D). A quantitative ribo-
nuclease protection assay revealed that the
transfected cells contained ~10 times more
of the endogenous IkB-a transcript than the
exogenous AlkB-a transcript (Fig. 3C).

We also analyzed IkB-a and AlkB-a in
AT cells at the protein level with an anti-
body to the NH,-terminus of IkB-a.. Immu-
noblot analysis revealed a single band, re-
flecting the endogenous protein, in both pa-
rental and transfected AT cells (Fig. 4A,
lanes 1 and 2). An antibody to the COOH-
terminus yielded a single band in parental
AT cells, but two bands in transfected cells,
confirming the presence of the truncated
AlkB-a protein (lanes 3 and 4). The second
band was identified as AlkB-a by immuno-
blot analysis and by its comigration with the
AlkB-a in vitro translation product (13).

Activated NF-kB has been reported to
regulate the expression of IkB-a through an
autoregulatory feedback loop (14). We
therefore studied NF-kB activity in the AT
cells (measured as the binding of NF-kB to
its kB recognition site) by a gel shift assay
(Fig. 4B). The parental AT5BIVA cells
showed constitutive activation of NF-kB,
whereas ATCL2-11 cells showed regulated
activation of NF-kB. Furthermore, al-
though the level of NF-kB-DNA binding
should increase in irradiated cells (15), no
such enhancement was observed in
AT5BIVA cells. In contrast, the trans-
fected ATCL2-11 cells did show an in-
crease of protein binding to kB sequences

after irradiation. Taken together, these data
provide evidence that AlkB-a restored reg-
ulated activation of NF-kB in AT cells.
The mechanism by which AlkB-a cor-
rects the aberrant regulation of NF-kB in
AT5BIVA cells remains unclear but may
relate to the deletion of IkB-a Ser*? and
Ser’®, which appear to be critical residues for
signal-induced phosphorylation and degra-
dation of IkB-a (16). However, regulation
of IkB-a amounts is complex and also in-
volves the PEST-like sequence (where P is
Pro; E, Glu; S, Ser; and T, Thr) at the
COOH-terminus of IkB-a (9), which is re-
tained in our truncated IkB-a protein. Re-
gardless of the mechanism, the functional
correction of radiation hypersensitivity by
AlkB-a suggests that aberrant NF-kB regu-
lation may contribute to the cellular defect
in AT. Furthermore, the involvement of
NF-kB in immunoglobulin gene regulation,
and the roles of other members of this gene
family (REL, BCL3) in lymphomagenesis,
are consistent with several nonradiological
aspects of the AT phenotype (17). Finally,
recent reports have noted that NF-«kB is
constitutively expressed at high levels in
neurons, suggesting a possible link to central
nervous system symptoms in AT (18).
IkB-a is unlikely to be the primary defect
in AT group D, as there are no mutations in
the coding sequence of the IkB-a gene in
the AT5BIVA cells. Furthermore, the gene
has been localized to chromosome 14 (19),
whereas genetic linkage analysis has mapped
the putative AT gene to chromosome
11922-23 (20). We hypothesize that the
NF-kB-IkB complex contributes to the AT
phenotype but acts downstream of the gene
representing the primary defect.

Fig. 4. (A) Detection of exogenous AlkB-a in ATCL2-11 A i 3 4
cells. Equal concentrations (10 wg) of whole-cell extracts

were loaded in each lane and immunoblotted. ATSBIVA

cells (lanes 1 and 3) and ATCL2-11 cells (lanes 2 and 4)

were probed with rabbit polyclonal antibodies. Antibodies -
(Santa Cruz Biotech, Santa Cruz, California) directed

against the human IkB-a NH,-terminus (amino acids 6 to
20) (lanes 1 and 2) and against the COOH-terminus (amino B BRI e
acids 297 to 317) (lanes 3 and 4) were used in these protein
immunoblots. The endogenous IkB-a migrates slower than

AlkB-a. (B) Expression of NF-«kB in AT cells was measured
by a gel-shift assay with a kB probe corresponding to the
binding motif present in the human k immunoglobulin en-
hancer. Cell extracts were prepared as described (22).
Nuclear extracts (10 pg) were incubated with a kB probe
end-labeled with [y-*2Pladenosine triphosphate (20,000
counts per minute) and 3 p.g of poly(dl:dC) in 10 mM tris-
HCI (pH 7.5), 50 mM NaCl, 1 mM dithiothreitol, 1 mM
EDTA, and 6% glycerol. DNA-protein complexes were
fractionated on 4% native acrylamide gels in 25 mM tris-
HCI, (pH 8.3), 190 mM glycine, and 1 mM EDTA. Lane 1, no
cell extract; lane 2, Hel a cells; lane 3, ATSBIVA cells; lane
4, AT5BIVA cells, 3 hours after exposure to 6 Gy; lane 5,
ATCL2-11 cells; lane 6, ATCL2-11 cells, 3 hours after ex-
posure to 6 Gy; and lane 7, competition with unlabeled kB

probe (20-fold excess) with ATSBIVA cell extract. The position of the NF-kB-DNA complex is indicated by
the solid arrow. The position of the free probe is indicated by the open arrow.
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