
Mutation Research, 236 (1990) 85-97 
DNA Repair 
Elsevier 

MUTDNA 06397 

85 

Expression of the cDNA for the beta subunit of human casein kinase II 
confers partial UV resistance on xeroderma pigmentosum cells 

Tal Teitz a, Dalia Eli a, Michal Penner a, Mary Bakhanashvili a, Tova Naiman a, 
Terry L. Timme b, Cada M. Wood b, Robb E. Moses b and Dan Canaani a 

a Department of Biochemistry, Tel Aoio Unioersity, Ramat Aviv 69978 (Israel) and b Department of Cell Biology, 
Baylor College of Medicine, Houston, TX 77030 (U.S.A.) 

(Received 22 January 1990) 
(Accepted 1 March 1990) 

Keywords: Casein kinase II; Xeroderma pigmentsoum; UV survival; Cell-cycle regulation; DNA, cDNA expression 

Summary 

An immortalized xeroderma pigmentosum cell line belonging to the complementation group D (XP-D) 
was transfected with a normal human cDNA clone library constructed in a mammalian expression vector. 
Following UV-irradiation-selection, a transformant having a stable, partially UV-resistant phenotype was 
isolated. A transfected cDNA of  partial length was rescued from the transformant's cellular DNA by in 
vitro amplification, using expression-vector specific oligonucleotides as primers in a polymerase chain 
reaction (PCR). Expression of this cDNA complemented the UV sensitivity of the XP-D cell line to the 
UV-resistance levels characteristic of the primary transformant. The nucleotide sequence of the cDNA was 
determined. The deduced protein identified the cDNA as encoding for the beta subunit of casein kinase II 
(CKII-fl). Similar to the effect exerted by the truncated CKII-fl cDNA, expression of a cDNA clone 
encompassing the complete translated region of CKII-fl leads to XP-D cells partially resistant to 
UV-irradiation. However, transfection of CKII-fl cDNA could also partially complement the UV-sensitiv- 
ity of a xeroderma pigmentosum cell line belonging to group C (XP-C). Analysis by Southern, Northern 
and RNAase mismatch cleavage techniques did not reveal any functional defect in the CKII-fl gene of cell 
lines derived from either 7 XP-D or 10 XP-C families. We therefore consider it unlikely that either the 
XP-D or the XP-C DNA repair deficiency is associated with a defect in the beta subunit of casein kinase 
II. Nevertheless, our findings suggest the possibility that the cell's response to DNA damage is modulated 
by CKII-dependent protein phosphorylation. 

Xeroderma pigmentosum (XP) syndrome is a 
generic term for a closely related group of auto- 
somal recessive diseases which constitute today 
the best studied mutations in DNA repair in hu- 
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mans. XP is manifested by early onset of severe 
photosensitivity of the exposed regions of the skin 
and eyes, a very high incidence of skin cancer and 
frequent neurological abnormalities. The primary 
defect in most XP patients is an inability to per- 
form the first step (incision) of excision-repair of 
UV-induced lesions in DNA (Cleaver, 1968). 
Genetic studies involving cell fusion have identi- 
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fied to date 8 complementation groups, termed 
XP-A through XP-H, within the excision-deficient 
class of XP patients (Friedberg, 1985). A claim for 
the existence of a 9th complementation group has 
recently been retracted (Bootsma et al., 1989). 
Exceptionally, the XP 'variant '  (XP-V) was 
thought to be defective in post-replication repair, 
while having normal levels of excision repair. 
However, employing a cell-free extract system, it 
was recently reported that XP-V cells are also 
deficient in excision repair (Wood et al., 1988), 
suggesting that at least 9 gene products are in- 
volved in excision repair. It is noteworthy that the 
full clinical manifestations of XP may not be 
solely attributable to DNA-repair defects. This 
was initially claimed by Lambert and Lambert 
(1985), and their argument was recently refined by 
Lehmann and Norris (1989), who propose that the 
XP syndrome constitutes recessive mutations at 
two independent loci, one controlling DNA re- 
pair, the other regulating natural killer cell activ- 
ity. 

Because of its complexity, little has been eluci- 
dated about the mechanism or genetic control of 
excision-repair in man, or for that matter in higher 
eukaryotes in general. Approaches that have been 
employed in attempts to identify those genes or 
gene products that are defective in the XP syn- 
drome include: stable phenotypic complementa- 
tion of mutant cells by gene transfer; transient 
phenotypic complementation by microinjection; 
use of permeabilized cell systems; and use of in 
vitro systems. 

One of the major difficulties in the use of 
DNA-mediated transfer for the molecular cloning 
of those DNA-repalr genes which are defective in 
XP patients, is that human cells, in the absence of 
continuing selective pressure, retain significantly 
lower amounts of transfected DNA than do ro- 
dent cells (Colbere-Garapin et al., 1987; Hoeij- 
makers et al., 1987; Mayne et al., 1988; Lohrer et 
al., 1988). Nevertheless, the molecular cloning of a 
mouse DNA which partially complements the 
XP-A defect (Tanaka et al., 1989) and of a ham- 
ster DNA which partially restores UV resistance 
to XP-D cells (Arrand et al., 1989) have recently 
been reported. Two human genes, ERCC-1 (Wes- 
terveld et al., 1984) and ERCC-2 (Weber et al., 
1988) were cloned following complementation of 

CHO excision-repair mutants groups 1 and 2 (new 
nomenclature), respectively. However, neither of 
these two genes can complement any of the XP 
genetic groups. 

Our earlier studies have shown that transfec- 
tion with a human cDNA clone library incorpo- 
rated in a mammalian expression vector produced 
a UV-resistant (UV R) phenotype (Teitz et al., 
1987) and DNA excision-repair proficiency (Stark 
et al., 1989) in an immortalized XP-C cell line. 
Rescue by polymerase chain reaction identified a 
cDNA whose product specifically complemented 
the XP-C recipient cell line to the same UV-resis- 
tance levels typical of the secondary transformant 
from which the cDNA was rescued (Teitz et al., 
1990). We now report that, using a similar ap- 
proach, the UV sensitivity of an immortalized 
XP-D cell line was partially complemented. This 
step was followed by rescue and molecular cloning 
of a cDNA whose expression increased the UV 
survival of XP-D as well as XP-C derived cell 
lines. DNA sequencing followed by comparative 
sequence analysis revealed that the complement- 
ing cDNA is the product of the human gene for 
the beta subunit of casein kinase II. 

Materials and methods 

Cell culture, transfection, selection of transductants 
and UV-irradiation 

Conditions for cell growth were as outlined 
previously (Teitz et al., 1987). Except for the 
SV40-immortalized XP-C GM2096-SV3 and XP-D 
GM434-MH3 cell lines (Canaani et al., 1986; 
Wood et al., 1987; respectively) all other cell lines 
were obtained from the Human Genetic Mutant 
Cell Repository (Camden, N J). Details of trans- 
fection with the expressible cDNA library and the 
selections that followed are outlined in Results. 
All the other transfections were performed by a 
modification of the calcium phosphate protocol, 
using 20-30 #g plasmid DNAs per 5 x 10 6 cells 
(Chen and Okayama, 1987). To increase the ef- 
ficiency of stable co-transfer of genes, a 10-fold 
molar excess of the tested plasmid over the neo- 
containing plasmid was employed in each of the 
co-transfections. Selection for G418-resistant col- 
onies was carried out as previously described 
(Canaani and Berg, 1982). In every transfection, at 



least 40 independent transfectants were isolated, 
individually grown and assayed for UV-resistance 
as described (Teitz et al., 1987). Each transfection 
experiment was repeated at least twice and usually 
3 times. 

In vitro amplification of cDNA containing sequences 
The polymerase chain reaction was done in 100 

/~1 reaction volume, starting with 1 /~g of total 
chromosomal DNA as outlined (Kogan et al., 
1987; Chehab et al., 1987). The three 30-mer 
oligonucleotide primers used are SV40 DNA se- 
quences which constitute part of the pcD vector, 
as follows: 5'-TCCCTCGAGGGATCCCCTG- 
GTTCTTTCCGC-3' (primer 1, has the antisense 
polarity and flanks the cDNA on the 3'-end); 
5 '-CCCGGATCCGGTGGTGGTGCAAATCAA- 
AGA-3' (primer 2); and 5'-TTGACAGCTTAT- 
CATCGATAAGCTTGGTGG-3'  (primer 3). 
Primers 2 and 3 both have the sense polarity and 
are located 5' to the cDNA, as shown in Fig. 3. 

40 cycles of amplification were performed man- 
ually with the addition of 4 units Taq DNA 
polymerase (New England Biolabs) every 10 cycles. 
Each cycle consisted of 1 min denaturation at 
92°C, 1 min annealing at 55°C and 5 min exten- 
sion at 63 ° C. The first denaturation step lasted 
for 7 min and the last extension step took 10 min. 
The products of the amplification were analyzed 
by electrophoresis on 1.4% agarose gel. 

Northern and primer extension analysis 
Total cellular RNA was prepared from either 

cultured cell lines or peripheral blood samples, 
according to Cathala et al. (1983). Electrophoresis 
of total RNA (20 gg per lane) through agarose- 
formaldehyde gels and transfer to nitrocellulose 
paper (S and S BA 85) was carried out as de- 
scribed by Antoniou et al. (1986). These Northern 
blots were probed with a 32p uniformly-labeled 
antisense RNA synthesized with T3 RNA poly- 
merase from a Bluescript KS vector containing a 
p50 derived cDNA insert (Melton et al., 1984). 

To map the 5'-termini of the CKII-fl mRNA, 
the primer extension method was employed 
(Calzone et al., 1987). The template for the reverse 
transcription was total RNA (20 #g) extracted 
from the SV40-transformed normal fibroblast cell 
line GM637. The oligonucleotide primer (30 ng) 
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was an antisense 30-mer located between nucleo- 
tide numbers 73 and 44 of the cDNA displayed in 
Fig. 6, and having the sequence: 5'-CAGAAGAA- 
TTCATTGCCACGGAGCCCACAG-3'. 300 units 
of M-MLV reverse transcriptase (BRL) were em- 
ployed, with 2.5 /~1 of [a-32p]dATP (3000 Ci /  
mmole, 10 mCi/ml) as internal label, in a 25 /~1 
reaction volume. Following elongation for 90 min 
at 42 ° C, the reaction products were extracted by 
phenol, precipitated by ethanol and, following re- 
suspension, were separated on a 6% denaturing 
polyacrylamide gel. 

RNAase A cleavage analysis 
Several overlapping DNA fragments derived 

from the CKII-fl cDNA clone pl6 were subcloned 
into the Bluescript KS vector within the polylinker 
region. Single-stranded radioactive RNA probes 
were synthesized from 1 /~g of these linearized 
DNA plasmids, using 10 units of T3 RNA poly- 
merase (Stratagene) in a protocol similar to that 
formulated by Melton et al. (1984). Total cellular 
RNA (20/~g) from each of the indicated call lines 
was hybridized to a 32p uniformly-labeled anti- 
sense RNA (5-9 × 103 c.p.m.) for 16 h at 45 o C, 
essentially as described by Winter et al. (1985). 
Hybridized RNAs were digested at 30°C with 
RNAase A (40/tg/ml) and RNAase T1 (2 btg/ml) 
for 60 min and then electrophoresed through de- 
naturing polyacrylamide gels. After drying, the 
gels were exposed for autoradiography overnight. 

Results 

Complementation of the UV-sensitive (UV s) pheno- 
type of an XP-D cell line 

The recipient used in the gene transfer experi- 
ments was the GM434-MH3 cell line generated by 
Wood et al. (1987), by immortalization of the 
XP-D GM434 fibroblasts with the SV40-contain- 
ing plasmid pSV-7 (Colby and Shenk, 1982). This 
cell line was co-transfected with mpSV2-neo 
(Canaani and Berg, 1982) and a human cDNA 
library from SV40-transformed normal human 
fibroblasts (GM637), constructed in the pcD 
mammalian expression vector (Okayama and Berg 
1983). Transfection of about 2.8 × 10 6 cells was 
accomplished using the calcium phosphate pre- 
cipitation method as modified by Chen and 
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Fig. 1. UV-sensitivities of SV40-transformed fibroblasts from a 
normal control (GM637), an XP-D patient (GM434-MH3), 
and two transformants of the latter: 4/3, derived by transfec- 
tion with a human cDNA clone library, and p50-16, generated 
by transfection with plasmid p50 (PCR-rescued insert in pcD 
vector). UV survival was measured as described by Teitz et al. 

(1987). 

O k a y a m a  (1987) wi th  an  es t imated  20-fold mo la r  
excess of the c D N A  l ib ra ry  ( p c D G M 6 3 7 )  over  the 
selectable marke r -con ta in ing  p lasmid .  Transfec-  
t ion was fol lowed by  select ion for  G418 resis tance 
(provided  by  the co- t ransfec ted  neo gene). The  
efficiency of  t r ans fo rmat ion  to G418 resis tance 
was 6.6 × 10 -3. The  surviving colonies  were 
t rypsinized,  rep la ted  and  then selected for U V  
resistance by  exposure  to several consecut ive  UV- 
i r rad ia t ion  dosages  at  intervals  of  1 - 2  days.  The  
U V  dose employed  (4 J / m  2) is le thal  to the 
G M 4 3 4 - M H 3  recipient  cells bu t  causes l i t t le  
damage  to no rma l  h u m a n  f ibroblasts .  F r o m  the 
in i t ia l ly  t ransfec ted  cell popu l a t i on  there was only  
one surviving co lony  with a s table  U V  g pheno-  
type,  ind ica t ing  a min ima l  efficiency of  t ransfor-  
ma t ion  to UV-res i s tance  of 3.5 × 10 -7. UV 
survival  measurements  (Fig.  1) showed that  this 
t r ans fo rman t  ( 4 / 3 )  had  acqui red  par t i a l  bu t  sig- 
n i f icant  UV-res i s tance  which was s table  and  at 
least  5-fold higher  than  that  of  the X P - D  rec ip ient  
cell l ine G M 4 3 4 - M H 3 .  Cont ro l  exper iments  wi th  
the G M 4 3 4 - M H 3  cell l ine t ransfec ted  by  mpSV2-  

neo p lasmid  alone,  fo l lowed by  select ion for G418 
and  U V - r a d i a t i o n  resistance,  d id  not  give rise to 
any  UV R colonies.  

Transfected vector sequences in the chromosomal 

D N A  of  the U V  R X P - D  transformant 

H ybr id i z a t i on  to Southern  blots  of  low-molecu-  
lar -weight  D N A  presen t  in a Hir t  ext rac t  of  t rans-  
fo rman t  4 / 3  fai led to detect  any  sequences (less 
than  one copy  per  cell) un ique  to the t ransfect ing 
p c D  vector.  However ,  the h igh-molecular -weight  
D N A  of c lone 4 / 3  con ta ined  t ransfec ted  p c D  
D N A  sequences.  Fig.  2A shows Southern  blots  of 
HindIII -c leaved c h r o m o s o m a l  D N A  der ived f rom 
the X P - D  rec ip ient  G M 4 3 4 - M H 3  cell l ine ( lane 1) 
and  its t r a n s fo rma n t  4 / 3  ( lane 2), af ter  hybr id iza-  

A B 

M I 2 M I 2 

C 

I 2 

kb 
kb 

23.1 . . . . . . . .  ?:~<~<: i 
9.4-- 

9.4-  ~ 6.5--  
I < il i 

6.5-  

4 .4 -  ii!! ! ....... 
" - I  

2.o-  ~ • 2 . 0 -  

---]I 

O. 5 6- i 

Fig. 2. DNA sequences homologous to the pcD vector and to 
rescued transfected cDNAs in HindIII-cleaved high-molecu- 
lar-weight DNA of an SV40-immortalized XP-D GM434-MH3 
cell line, and its transfected UV R cell line 4/3 (indicated as 1 
and 2, respectively). The southern blots were hybridized to the 
following 32p-labeled probes: (A) the pcD's XhoI-Pstl fused 
introns 0.165-kb fragment (see Fig. 3); (B) HincII-Pstl 0.17-kb 
fragment from pLl's cDNA; (C) the 0.2-kb HaeIII fragment 
from the PCR-rescued p50's cDNA. The arrows indicate the 
position of transfected DNA sequences I and If. The marker 

(M) is a HindIII-cleaved lambda phage DNA. 
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Fig. 3. Schematic representation of the pcD vector around the 
cDNA region, and the location of the oligonucleotide primers 
used for the in vitro amplification by the polymerase chain 
reaction (marked by filled boxes with the arrow indicating the 
direction of new DNA synthesis). Primer 1 has the antisense 
polarity while primers 2 and 3 both have the sense polarity. 
The pcD plasmid vector has been described in detail elsewhere 

(Okayama and Berg, 1983). 

tion to 32p-labeled SV40 fused intron D N A  se- 
quences (this pcD vector-derived segment, shown 
in Fig. 3, is not present in the co-transfecting 
mpSV2-neo plasmid). Two HindlII-cleaved SV40 
D N A  fragments, corresponding to 0.65-0.86 and 
0.86-0.945 SV40 map units, derived from the im- 
mortalizing plasmid pSV-7, were present as multi- 
ple copies in the XP-D GM434-MH3 recipient cell 
line (Fig. 2A, lane 1). However, the high-molecu- 
lar-weight DNA of transformant 4 / 3  contained 
two additional fragments, indicated as bands I 
and II (Fig. 2A, lane 2) which hybridized to the 
pcD-derived SV40 DNA probe. This suggests that, 
if no DNA rearrangements impair the linkage 
between cDNA and its flanking vector sequences, 
cell clone 4 /3  has only two transfected cDNA 
molecules integrated into its genome. 

Rescue and molecular cloning of a cDNA which 
confers UV-resistance upon an XP-D cell line 

Initially, we rescued an integrated pcD-cDNA- 
like molecule from 4 /3  cells following their fusion 
with COS cells (Breitman et al., 1982). The cDNA 
insert of this plasmid (pL1) hybridized to a trans- 
fected DNA fragment previously indicated as band 
I (Fig. 2B, lane 2). When expressed in GM434- 
MH3 cells, however, this cDNA had no biological 
activity. Sequence analysis of pL1 cDNA demon- 
strated the presence of multiple termination 
codons for translation in all three reading frames 
(our unpublished data). Thus, the cDNA within 
plasmid pL1 represents either a pseudogene or the 
3' untranslated region of an mRNA. 
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In order to rescue the integrated cDNA se- 
quences represented in band II in Fig. 2A, we 
attempted to amplify them in vitro (Saiki et al., 
1985) using pcD-vector-specific oligonucleotides 
as primers for the polymerase chain reaction. Three 
oligonucleotides have been synthesized to serve as 
primers for the Taq D N A  polymerase (Saiki et al., 
1988); two of them are localized 5'  and one 3' to 
the cDNA (Fig. 3). Each primer is a 30-mer con- 
taining several recognition sites for restriction en- 
donucleases, thus allowing for subsequent cloning 
of the amplified D N A  segment. Fig. 4 shows the 
products of in vitro amplification, using as a tem- 
plate genomic DNA of GM434-MH3 cells (lane a) 
and genomic D N A  of transformant 4 /3  (lanes b 
and c). When primers 1 and 2 were used with the 
Taq DNA polymerase, several fragments were 
amplified from the XP-D parental cell line (Fig. 4, 
lane a) while primarily one pronounced DNA 
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Fig. 4. Agarose gel electrophoresis of PCR-amplified DNA 
from control GM434-MH3 genomic DNA (a) and the UV R 
transfectant 4/3 chromosomal DNA (b and c). DNA was 
ampfified with Taq DNA polymerase with primers 1 and 2 (a 
and b) and with primers 1 and 3 (c). Following 40 cycles of 
ampfification, 15-gl aliquots from the amplification mixtures 
were subjected to electrophoresis on 1.4% agarose gel. The gel 
was stained with ethidium bromide and photographed under 
UV light. The arrows point to the major DNA fragments 
amplified from the 4/3 genomic DNA. The marker is SV40 

DNA cut by BstNI restriction endonuclease. 



90 

fragment with an approximate size of 500 bp was 
amplified from the transformant 4 /3  (Fig. 4, lane 
b, lower arrow). Southern blot hybridization, per- 
formed under stringent conditions, revealed that 
this DNA fragment contained the portion of the 
SV40-fused introns sequence bounded by the 
BamHI and PstI restriction endonuclease sites 
displayed in Fig. 3 (data not shown). When the 
PCR reaction on 4 /3  genomic DNA was per- 
formed with primers 1 and 3, a distinct DNA 
fragment was observed (Fig. 4, lane c, upper arrow) 
of a size about 450 bp larger than the one re- 
covered earlier (Fig. 4, lane b). Since this increase 
reflects the distance between primers 2 and 3 (Fig. 
3), it seems reasonable to assume that the same 
cDNA was amplified in both cases. The products 
of an in vitro amplification reaction with primers 
1 and 2, using genomic DNA of clone 4 / 3  as a 
template, were isolated, digested with BamHI re- 
striction endonuclease and separated by agarose 
gel electrophoresis. The mobility of the major 
amplified DNA segment showed no detectable 
change following BamHI cleavage. It was ex- 
tracted from the gel and cloned in the pcD vector 
between the BamHI restriction endonuclease sites 
shown in Fig. 3. 

A plasmid (p50) containing the amplified cDNA 
inserted in the proper orientation for expression 
was co-transfected with a pRSV-neo plasmid 
(Gorman et al., 1983) into the XP-D GM434-MH3 
cell line. Following selection for G418 resistance, 
individual transformants were picked out, grown 
to mass culture and tested for acquisition of UV 
resistance by UV-survival measurements (Teitz et 
al., 1987). Fig. 1 shows a typical survival curve of 
one of the stable UV R transformants (p50-16); it 
is significantly more UV-resistant than cells of the 
parental XP-D GM434-MH3 line, with resistance 
levels similar to those exhibited by the primary 
transformant 4/3.  The frequency of stable UV R 
clones among the G418-resistant p50 transfor- 
mants was 10%. This cotransfer value is relatively 
low, compared to corresponding values in rodent 
cells, but reflects the extreme instability of trans- 
fected DNA in human cells (Hoeijmakers et al., 
1987; Colbere-Garapin et al., 1987; Mayne et al., 
1988; Lohrer et al., 1988). Hybridization of a 
32p-labeled insert from p50 eDNA to HindIII- 
cleaved GM434-MH3 (Fig. 2C, lane 1) and 4 / 3  

genomic DNA's (Fig. 2C, lane 2) revealed that 
this cloned cDNA insert is homologous to the 
transfected cDNA designated as band II (Fig. 2A, 
lane 2). We therefore concluded that the expres- 
sion of the cloned cDNA contained within p50 is 
responsible for the UV-resistant phenotype ob- 
served in transformant 4 /3 .  

DNA sequencing and RNA analysis 
Sequencing of the in vitro amplified DNA seg- 

ment in p50 revealed the expected nucleotide se- 
quences of primers 1 and 2, the pcD sequences 
between primers and the cDNA, and a 277 base- 
pair cDNA insert which includes a poly(dA) tail 
of 35 bases. This cDNA has three open reading 
frames, but none of them has an initiating ATG 
codon. The first reading frame has an internal 
ATG codon, followed by a sequence encoding 20 
amino acid residues. Alternatively, the same read- 
ing frame (encoding 33 amino acids) can poten- 
tially be expressed as part of a fused protein 
initiating at an A TG  codon located 60 nucleotides 
upstream from the cDNA's start site, in the SV40 
16S intron sequence. Such a transcript can still use 
the SV40 late 19S intron for splicing (Okayama 
and Berg, 1983). To assess the size of the corre- 
sponding mRNA in normal human fibroblasts 
and XP derived cells, Northern blot analysis of 
total RNA was carried out. A 0.2 kb HaeIII 
segment from the cDNA of p50 was subcloned 
into Bluescript KS plasmid vector, permitting the 
generation of a uniformly 32p-labeled antisense 
RNA probe (Melton et al., 1984). 

As shown in Fig. 5A, hybridization of this 
probe to Northern blots containing total RNA 
from immortalized normal human fibroblasts 
GM637 (lane 1) or XP-D GM434-MH3 fibro- 
blasts (lane 2) revealed a single species of mRNA, 
of a size close to 1.0 kb. Analysis of RNA from 6 
additional XP-D families failed to reveal any sig- 
nificant change in this particular mRNA's size or 
abundance, in comparison to normal counterparts 
(data not shown). 

In order to isolate a longer eDNA clone, the 
p50 derived 0.2 kb HaeIII segment was uniformly 
labeled by random primer extension (Feinberg 
and Vogelstein, 1983) and used to screen the origi- 
nal pcD-GM637 human cDNA library (Okayama 
and Berg, 1983). This led to the recovery of a 



plasmid clone (p16) with an insert of about 850 
bp. Several overlapping restriction fragments 
covering the insert in p16 were subcloned into 
Bluescript KS vector, and sequenced on both 
strands, using the dideoxynucleotide chain 
termination method. The complete sequence of 
the cDNA insert in p16, excluding the oligo(dG) 
linker to the pcD vector and the poly(dA) tail, is 
shown in Fig. 6. This sequence, of 793 bp, con- 
tains only one large open reading frame encoding 
a deduced protein of 215 amino acid residues, 
initiated by an ATG codon located five base-pairs 
from the 5'  end (Fig. 6). The predicted protein is 
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Fig. 5. Characterization of the mRNA represented in plasmid 
p50. 20 /~g of total RNA from the SV40-transformed normal 
fibroblasts GM637 (A1 and B1) and the XP-D, GM434-MH3 
(A2), were analyzed by northern blot (A) and primer extension 
methods (B). The probe for the Northern blot was a radioac- 
tively labeled antisense RNA synthesiz~ with T3 RNA poly- 
merase from a linearized Bluescript KS vector containing the 
0.2-kb p50 HaelII fragment. The positions of the 18S and 28S 
rRNA are indicated. Extension of an antisense 30-mer primer 
located near the 5'-end of the cDNA shown in Fig. 6 is 
displayed in lane 1 of (B). The template was total RNA 
extracted from the normal GM637 cell line; extension was 
performed with M-MLV reverse transcriptase. The extension 
products were separated on a 6% acrylamide-urea gel and are 
indicated by the two arrows. Two of the fragments derived 
from pBR322 DNA cut by HinfI, which served as a radioac- 

tive marker, are shown in lane M of (B). 
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in the same frame as the first of the three possible 
open reading frames of p50 cDNA. Therefore, the 
putative polypeptide encoded within p50 cDNA 
to which we alluded previously constitutes the 
carboxy terminal part of this predicted protein. 
Inspection of the Y-region of p16 c D N A  shows an 
untranslated region of 170 bp (Fig. 6). The 
poly(dA) tail is preceded, 15 nucleotides upstream, 
by the common polyadenylation signal AATAAA. 
The cDNA clone present within p16 probably 
does not represent the full-length copy of the 
corresponding mRNA. This was suggested ini- 
tially by the revelation by sequence analysis of a 
putative nontranslated leader of only five base 
pairs (Fig. 6). 

To obtain a better estimate of the size of this 
mRNA, a primer extension experiment was car- 
ried out (Fig. 5B). The template for the reverse 
transcriptase was total RNA extracted from 
GM637 cells, and the oligonucleotide primer was 
an antisense 30-mer located between nucleotide 
numbers 73 to 44 in Fig. 6. Two extension prod- 
ucts were seen following separation on a sequenc- 
ing gel (Fig. 5B). Their estimated length of 180 
and 175 bases puts the 5'  termini at 107 and 102 
nucleotides upstream of the 5'-end of the re- 
covered c D N A  clone. This suggested that the nor- 
mal m R N A  consists of about 900 bases, excluding 
the post-transcriptionally-added poly(A) tail. This 
m R N A  may have more than one initiation site 
clustered in one region of the gene, as found for 
quite a number of eukaryotic mRNAs. Alterna- 
tively it is also possible that the shorter extension 
product in Fig. 5B results from premature 
termination by the reverse transcriptase. 

The cDNA responsible for UV-sensitivity-comple- 
mentation codes for the human CKII-fl subunit 

To determine whether the cloned cDNA is ho- 
mologous to other eukaryotic or prokaryotic genes, 
a computer search of the Genbank database was 
carried out. Significant homology was found with 
the nucleotide sequence of the Drosophila casein 
kinase II beta subunit (Saxena et al., 1987). The 
deduced 215 amino acid sequence of the 
Drosophila protein was aligned in a gap-free 
manner with the predicted 215 amino acid human 
sequence, displaying 88% sequence homology. 
Moreover, of the 209 amino acid residue sequence 
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TG AAG ATG AGC AGC TCA GAG GAG GTG TCC TGG ATT TCC TGG TTC 
MET Ser Ser Ser Glu Glu Val Ser Trp Ile Ser Trp Phe 

9O (A) 
TAC ATC CAG GAC AAA TTT AAT CTT ACT GGA CTC AAT GAG CAG GTC 
Tyr Ile Gln Asp Lys Phe Asn Leu Thr Gly Leu Asn Glu Gln Val 

180 
GAT GAA GAA CTG GAA GAC AAC CCC AAC CAG AGT GAC CTG ATT GAG 
Asp Glu Glu Leu Glu Asp Asn Pro Asn Gln Set Asp Leu Ile Glu 

270 
CTT ACC AAC CGT GGC ATC GCC CAG ATG TTG GAA AAG TAC CAG CAA 
Leu Thr Asn Arg Gly Ile Ala Gln Met Leu Glu Lys Tyr Gln Gin 

360 
ATG CTT CCC ATT GGC CTT TCA GAC ATC CCA GGT GAA GCC ATG GTG 
Met Leu Pro Ile Gly Leu Ser Asp lle Pro Gly Glu Ala Met Val 

450 
TCA AGA CAC CAT CAC ACG GAT GGC GCC TAC TTC GGC ACT GGT TTC 
Set Arg His His His Thr Asp Gly Ala Tyr Phe Gly Thr Gly Phe 

540 
CCT GCC AAC CAG TTT GTG CCC AGG CTC TAC GGT TTC AAG ATC CAT 
Pro Ala Asn Gln Phe Val Pro Arg Leu Tyr Gly Phe Lys Ile His 

630 
AGC CCA GTC AAG ACG ATT CGC TGA TTC CCT CCC CCA CCT GTC CTG 
Ser Pro Val Lys Thr Ile Arg TER 

720 
CTG TAT GGT TTT TAG TTT AAA TTA AAG GAG TCG TTA TCG TGG TGG 

45 
TGT GGG CTC CGT GGC AAT GAA TTC TTC TGT GAA GTG GAT GAA GAC 
Cys Gly Leu Arg Gly Asn Glu Phe Phe Cys Glu Val Asp Glu Asp 

135 (C) 
CCT CAC TAT CGA CAA GCT CTA GAC ATG ATC TTG GAC CTG GAG CCT 
p,?t~ His Tyr Arg Gln Ala Leu Asp Met Ile Leu Asp Leu Glu Pro 

225 
CAG GCA GCC GAG ATG CTT TAT GGA TTG ATC CAC GCC CGC TAC ATC 
Gln Ala Ala Glu Met Leu Tyr Gly Leu Ile His Ala Arg Tyr Ile 

315 
GGA GAC TTT GGT TAC TGT CCT CGT GTG TAC TGT GAG AAC CAG CCA 
Gly Asp Phe Gly Tyr Cys Pro Arg Val Tyr Cys Glu Asn Gln Pro 

405 
AAG CTC TAC TGC CCC AAG TGC ATG GAT GTG TAC ACA CCC AAG TCA 
Lys Leu Tyr Cys Pro Lys Cys Met Asp Val Tyr Thr Pro Lys Set 

495 
CCT CAC ATG CTC TTC ATG GTG CAT CCC GAG TAC CGG CCC AAG AGA 
Pro His Met Leu Phe Met Val His Pro Glu Tyr Arg Pro Lys Arg 

585 
CCG ATG GCC TAC CAG CTG CAG CTC CAA GCC GCC AGC AAC TTC AAG 
Pro Met Ala Tyr Gln Leu Gln Leu Gln Ala Ala Ser Asn Phe Lys 

675 
CAG TCT TTG ACT TTT CCC TTC TTT TTT GCC ACC CTT TCA GGA ACC 

765 
GAA TAT GAA ATA AAG TAG AAG AAA AGG CC 

Fig. 6. Nucleotide and encoded amino acid sequence of human CKII-/3 cDNA. The sequence of the coding strand of the cDNA 
insert of pl6 is shown, oriented in the 5' to 3' direction. The deduced amino acid sequence of the largest open reading frame is 
indicated below the nucleotide sequence. The termination codon for translation of the deduced protein is indicated as TER and the 
polyadenylation signal is underlined. The polymorphic nucleotides revealed by RNAase A mismatch cleavage (Fig. 7) and determined 

by DNA sequencing are shown in brackets above the sequence of pl6's cDNA. 

of the bovine lung CKII-fl, determined by protein 
sequencing (Takio et al., 1987), a continuous 
stretch of 208 residues is identical to the predicted 
human enzyme sequence. In comparison with the 
bovine protein sequence the predicted human se- 
quence is longer by three amino acid residues at 
the amino terminus and by two residues at the 
carboxy end. The position of the initiating 
methionine was putatively assigned (Fig. 6), based 
on comparison with the bovine sequence on the 
one hand and the fact that the first 9 amino 
terminal residues were MSSSEEVSW in both 
Drosophila and the deduced human enzyme on 
the other. This assignment is supported by the 
presence of a purine (adenosine) at position - 3 ,  
three nucleotides upstream from the ATG codon. 
According to Kozak (1986), this is the most con- 
served feature of the C C A C C A U G G  consensus 
sequence for translation initiation in eukaryotes. 
The calculated molecular weight of the native 
unmodified human beta subunit is 24 914 dalton. 
This value is close to the value of 25 000 dalton 
estimated for the human enzyme (Boivin and Ga- 
land, 1979). Initially, we reported our findings in 

Canaani et al. (1989). Following the completion of 
this work, the molecular cloning and sequencing 
of a full-length cDNA encoding the CKII-fl sub- 
unit has been reported (Jakobi et al., 1989) con- 
firming both our putative assignment of the amino 
terminus and the deduced amino acid sequence 
for the beta subunit. 

Extent and specificity of phenotypic complementa- 
tion 

Transfection of the cDNA segment for CKII-J3 
contained within p50 conferred only partial UV 
resistance upon GM434-MH3 XP-D cells. To test 
whether increased resistance could be obtained by 
expression of the native CKII-/3 protein, the same 
XP-D cell line was co-transfected by pl6 DNA 
and pRSV-neo DNA. The UV-resistance levels of 
several of the G418 R transfectants were very simi- 
lar to those displayed by clone p50-16 (Fig. 1) 
harbouring p50 D N A  sequences (data not shown). 

To determine the specificity of the UV-sensitiv- 
ity-complementation, p50 DNA was co-trans- 
fected with pRSV-neo DNA into the XP-C recipi- 
ent cell line GM2096-SV3 (Canaani et al., 1986). 



TABLE 1 

UV-RESISTANCE OF XP-C TRANSFORMANTS 

Clone a Transfecting DNA Fraction of cells 
surviving UV dose 

0.9 J / m  2 1.5 J / m  2 

GM637 (normal) 

GM2096-SV3 
transformants 
134-2 
131-4 
131-15 

1.0 1.0 

pRSV-neo 0.08 0.003 
pRSV-neo + p50 0.30 0.075 
pRSV-neo + p50 0.18 0.040 

a GM637 is a normal human fibroblast cell line transformed 
with SV40. GM2096-SV3 is an SVZl0-transformed line of 
XP-C fibroblasts. 

Following selection for G418 resistance, individ- 
ual transformants were isolated and tested for UV 
survival. As shown in Table 1, whereas clone 
134-2 generated by transfection with pRSV-neo 
alone retained the typical UV-sensitivity of the 
parental XP-C cell line, two transformants co- 
transfected with p50 DNA (131-4 and 131-15) 
acquired elevated UV-resistance. In comparison to 
the levels of UV-resistance exhibited by normal 
human cells (GM637) this complementation is only 
partial (Table 1). 

DNA polymorphisms at the CKII-fl locus 
The increased UV resistance conferred upon 

XP-D and XP-C derived cell lines following trans- 
fection with an expressible cDNA for the human 
CKII-/3 enzyme, opened up the formal possibility 
of a defect in the CKII-/3 gene in one or both of 
these genetic groups. To test this possibility, 
Southern blot analysis of genomic DNA samples 
from 7 XP-D families was performed with CKII-fl 
cDNA as a probe. This screening failed to detect 
any DNA rearrangement or large deletion. Like- 
wise, Northern blot analysis of RNA did not 
reveal any change in size or abundance of CKII-/3 
mRNA derived from cell lines belonging to 7 
XP-D families and 10 XP-C families versus those 
taken from normal individuals (data not shown). 

In a search for more subtle mutations, the 
ribonuclease A mismatch cleavage method (Winter 
et al., 1985; Myers et al., 1985) was used to 
analyze the CKII-fl mRNA from normal, XP-D 
and XP-C affected individuals. The degree of 
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RNAase A cleavage depends on both the specific 
mismatch and the flanking sequences. Some mis- 
matches are totally resistant to cleavage, while 
others are cleaved with less than 100% efficiency. 
Thus, only 30-50% of possible single base mis- 
pairings can be identified by this method. When 
RNA from the SV40-transformed normal human 
fibroblast cell line GM637 was hybridized to the 
482-bp antisense CKII-fl  RNA (containing also 
distal Bluescript vector sequences), the expected 
398-nucleotide sequence was protected (Fig. 7, 
lane 2). When RNA from six cell lines established 
from XP-C affected individuals (Fig. 7, lanes 1, 3, 
4) and XP-D affected family members (Fig. 7, 
lanes 5, 6, 7) was tested, two shared the normal 
pattern of protected full-length RNA of 398 bases 
(Fig. 7, lanes 4, 5). In contrast, the RNA from the 
other four individuals exhibited two additional 
protected fragments of 256 and 142 bases (lanes 1, 
3, 6, 7) that add up to the length of the fragment 
normally protected. 

The RNA from the XP-C cell line GM2096-SV3 
displayed, in addition to the former, another 
RNAase A cleavage site resulting in protected 
fragments of 286 and 112 bases (Fig. 7, lane 1). 
Results obtained with two other overlapping 
probes from CKII-fl cDNA unambiguously local- 
ized the RNAase cleavage sites to 142 and 112 
base pairs downstream from the CKII-fl cDNA 
clone 5'-terminus. This suggested the occurrence 
of either a small deletion, or a single base pair 
mismatch, at the site of ribonuclease A cleavage. 
Using the RNAase A mismatch cleavage method, 
the former mutation was found in 5 out of 12 
XP-C families, and in 1 out of 7 XP-D families 
(lanes 6 and 7 in Fig. 7 represent an XP-D mother 
and son, respectively), but also in 7 out of 32 
apparently healthy individuals. In contrast, out of 
68 families tested (mostly normal individuals) the 
putative mutation at 112 bp was found only in the 
XP-C patient GM2096 (Fig. 7, lane 1). The nature 
of the putative mutations was established through 
sequencing of DNA fragments cloned following 
amplification by the polymerase chain reaction 
from either chromosomal DNA or RNA which 
had been reverse transcribed. 

The mutation at 142 bp constitutes a transition 
of T to C, while the one at 112 bp is a transversion 
of T to A. However, as shown in Fig. 6, both 
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3 9 8  - 

2 8 6  

2 5 6  - 

1 4 2  -- 

P I 2 3 4 5 6  7 

112 - 

Fig. 7. RNAase mismatch cleavage patterns of CKII-fl mRNA 
transcripts from normal, XP-D and XP-C cell lines. The radio- 
actively labeled probe is an antisense RNA synthesized with 
T3 RNA polymerase from a linearized Bluescript KS vector 
containing the 0.4-kb Pst I -NcoI  pl6 derived cDNA fragment. 
For RNAase A cleavage analysis, the probe (482 bp long, as 
shown in lane p) was hybridized to 20/~g of total cellular RNA 
from the following cell lines: GM637 representing normal (lane 
2); the XP-C's GM2096-SV3, GM02249C, GM02248A (lanes 
1, 3 and 4) and the affected XP-D GM02485A, the XP-D 
heterozygote mother, GM02473A, of patient GM02253D (lanes 
5, 6 and 7). The sizes of the protected fragments indicated by 
the arrows were determined following DNA sequencing. A 
control lane which included carrier tRNA hybridized to the 
probe did not display any protected fragments and is not 

shown in the figure. 

mutations occur at a third base in a codon and do 
not result in a change of the encoded amino acid, 
tyrosine, in the former, and leucine, in the latter. 

D i s c u s s i o n  

Transfection of an immortalized XP-D cell line 
with an expressible cDNA library led to partial 

complementation of the UV-sensitivity of the re- 
cipient cells. Rescue by the polymerase chain reac- 
tion, followed by cloning and expression in XP 
cells, identified the cDNA which is responsible for 
the partial UV resistance acquired by the XP-D 
primary transformant 4 /3 .  DNA sequencing has 
revealed that this cDNA encodes the beta subunit 
of human casein kinase II. The CKII is a 
ubiquitous messenger-independent ser ine/ threo-  
nine kinase, localized in both the cytoplasm and 
the nucleus (reviewed by Krebs et al., 1988). The 
mammalian enzyme is isolated as a n  012fl2, ol2fl 2 
or aa'fl2 tetramer in which the a and a '  are 
closely related subunits of 37-44 kd that possess 
catalytic activity. The fl subunit (24-28 kd) is the 
regulatory subunit. In vitro studies have shown 
that the CKII catalytic subunit by itself had very 
low activity; addition of an equimolar quantity of 
the fl subunit resulted in a dramatic increase in 
enzyme activity (Cochet and Chambaz, 1983). 
Using the synthetic peptide RRREEETEEE as a 
substrate unique for CKII (Sommercorn and 
Krebs, 1987) we have recently shown that extracts 
prepared from XP-D cells transfected with pcD- 
CKII-fl cDNA acquired a higher activity of CKII 
than the non-transfected parental cells (Teitz, Nai- 
man and Canaani, unpublished results). 

However, the phenotypic complementation ex- 
erted by expression of the CKII-/3 cDNA is not 
specific to group D, as transfection of p50 DNA 
could also partially complement the UV sensitivity 
of an XP-C cell line. Transfection of either XP-D 
or XP-C immortalized cell lines with the co-trans- 
fecting plasmid pRSV-neo DNA by itself had no 
effect on the UV survival of the recovered trans- 
formants. Using Southern, Northern and RNAase 
mismatch cleavage analysis, we were unable to 
detect any functional defect in the CKII-/3 gene of 
cell lines derived from either 7 XP-D or 10 XP-C 
families. 

We do not know the molecular mechanism 
whereby increased UV survival has been obtained. 
This problem is particularly difficult to tackle as 
CKII has multiple substrates in vivo, most of 
which are still unknown at this stage. It was 
recently shown that microinjection of a purified 
CKII, at physiological concentrations, into Xeno- 
pus laeois oocytes, inhibited their progesterone-in- 
duced maturation. This observation suggested that 



CKII participates in the natural arrest of oocytes 
at the G2 phase of the cell cycle (Mulner-LoriUon 
et al., 1988). It is a well established fact that there 
are cell cycle-dependent fluctuations in the sensi- 
tivity of cultured mammalian cells to UV-irradia- 
tion. Sensitivity, measured as either the loss of 
colony-forming ability or the proportion of unre- 
paired thymine dimers, is highest in the M and S 
phases and lowest in the G2 phase of the cell cycle 
(Erikson and Szybalski, 1963; Sinclair and Mor- 
ton, 1965; Rauth and Whitmore, 1966; Djordjevic 
and Tolmack, 1967). Taken together with the in- 
crease of C K I I  activity in  X P - D  4 / 3  p r imary  
t ransformants  men t ioned  above, it might  be con- 
c luded that the XP-D and  XP-C transfectants  

expressing higher levels of CKII - f l  are more  re- 
sistant to UV-i r rad ia t ion  because they have 
acquired a prolonged G2 phase. Whether  C K I I  

has any  role in  the mitot ic  delay which is induced  
by  m a n y  D N A - d a m a g i n g  agents remains  an  open  
question. Recently,  Weiner t  and  Hartwell  (1988) 
showed that  the R A D 9  gene controls  the X-ray 
i r rad ia t ion- induced G2 arrest in  Saccharomyces 
cereoisiae. On the basis of the results of this study, 
we consider  it unl ikely  that either the XP-D or 
XP-C D N A  repair  deficiency is associated with a 

defect in  the beta  subuni t  of casein kinase II. 
However, our  results clearly suggest the possibil i ty 
of modu la t ion  of the cell's response to D N A  
damage by  C K I I - d e p e n d e n t  prote in  phosphoryla-  
tion. 
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