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Mutations in several DExH-containing DNA helicases, including XPD, XPB, WRN, and BLM, are associated with rare familial cancer
syndromes characterized by genomic instability and cancer susceptibility. Known cellular activities of these helicases include DNA
replication, repair, recombination, and/or transcription. The p53 tumor suppressor is a regulator of cellular responses to stress, and is
biochemically involved in the induction of cell-cycle arrest, apoptosis and DNA repair, all of which contribute to maintenance of genomic
integrity. Physical and functional interactions of p53 with DExH-containing DNA helicases have been described. We propose that such
interactions could be compromised in inherited disorders and contribute to their cancer susceptibility. In particular, the role of DNA

helicases in p53-mediated apoptotic pathways is reviewed.
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Since the tumor suppressor gene product p53 was first
discovered two decades ago (1, 2), it has gained unique
notoriety as a guardian of the genome for its role as a
gatekeeper that controls cell growth and death after DNA
damage (3-6). Considerable effort has been invested in
deciphering the specific biochemical pathways in which
p53 is involved, particularly since p53 is mutated in over
half of all human cancers (7, 8). The p53 mutational
spectrum in human tumors has prompted hypotheses con-
cerning the etiology of human cancer and the functional
domains of the p53 protein (7, 9). Furthermore, the famil-
ial cancer syndrome, Li-Fraumeni (LFS), has been linked
to germline p53 mutations (10) and to germline mutations
in genes that are part of the p53 pathway, such as ACHK2
(11). Such mutations have been correlated directly with
genomic instability in the form of chromosomal aberra-
tions, infidelity of centrosome duplication, and aneuploidy,
which may enhance the rate of accumulation of secondary
mutations (including loss of a remaining wild-type p53
allele) and thus contribute to the development of cancer
(12).

It is well established that p53 is a central regulator of
cellular responses to stress (13—15), leading to reversible or
permanent cell-cycle arrest, DNA repair, or apoptosis.
There is a low level of latent p53 present in normal cells,
but upon a variety of stresses involving DNA-damaging
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and non-DNA-damaging agents (such as radiation,
chemotherapeutic drugs, ribonucleotide depletion, hy-
poxia, and oncogene expression) p53 is post-transcription-
ally modified by kinases and acetylases and accumulates in
the nucleus. Recent reports have uncovered a novel type of
modification that involves conjugation to the ubiquitin-like
protein SUMO-1 (16, 17). Upon its stabilization and sub-
sequent activation, p53 directs the sequence-specific tran-
scriptional activation of target genes, including mdm2, a
specific antagonist of p53 activity (18), p21Cir!/WAr-1/Sdil
(p2174F1), a cyclin-dependent kinase inhibitor (19-21),
GADD45, a gene associated with growth suppression and
DNA repair (22, 23), bax, whose product dimerizes with
Bcl-2 and prevents Bcl-2 from blocking apoptosis (24),
NOXA, a BH3-only member of the Bcl-2 family and
putative mediator of apoptosis induced through p53 (25),
and p53R2, a novel ribonucleotide reductase involved in
the p53 checkpoint for repair of damaged DNA (26).
Active p53 can also function as a transcriptional repressor,
without known DNA sequence specificity, and possibly
through interaction with histone deacetylases (27). Re-
cently, by using novel technologies such as SAGE and
cDNA microarray hybridization, many additional genes
that are transcriptionally regulated by p53 have been
identified (28, 29). The sequence-specific transcriptional
activation function of p53 is thought to play a major role
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in p53-mediated pathways, partly because most p53 muta-
tions in human cancers are missense and map to the
central portion or DNA-binding domain of the protein,
leading to its loss of function as a transcription factor.
However, naturally occurring mutations in the COOH-ter-
minal portion of p53 can affect its cell growth inhibitory
and apoptotic activities while leaving an intact DNA-bind-
ing domain (30). These results and those of others (31-33)
indicate that the transactivation-independent activities of
p53 also contribute to its cellular functions, including
tumor suppression. In addition, a variety of proteins bind
to p53 (34). In this regard, several human DNA helicases
form complexes with p53 in vivo and in vitro. The func-
tional consequences of such interactions will be the focus
of this brief review.

PHYSICAL AND FUNCTIONAL INTERACTIONS
OF p53 WITH DExH-CONTAINING DNA
HELICASES

The first DNA helicase found to be associated with p53
was the SV40 large T-antigen, which prompted the discov-
ery of the p53 molecule itself (1, 2). It was later reported
that wild-type, but not mutant, p53 inhibited the unwind-
ing activity of SV40 T antigen (35). A number of cellular
DNA helicases have been associated with some rare famil-
ial cancer syndromes characterized by genomic instability
and cancer susceptibility reminiscent of LFS (36). Taken
together, these observations led us to the hypothesis that
there could be functions of p53 regulated by its physical
and functional interactions with DExH-containing DNA
helicases, and that such functions could be compromised
in inherited disorders and contribute to their cancer
susceptibility.

NER-associated helicases: XPD and XPB

Nucleotide excision repair (NER) is the major pathway for
repair of bulky DNA adducts and lesions caused by ultra-
violet (UV) irradiation (37). Mutations in genes associated
with NER have been found in the rare human syndrome
Xeroderma pigmentosum (XP). UV sensitivity and slow
repair of UV damage characterize cells from individuals
with this disease and lead to lesions and cancers in sun-
light-exposed areas of the skin. The genes complementing
the NER defect in two of the seven XP complementation
groups, namely XPD and XPB, encode DExH-containing
DNA helicases (38, 39). Both helicases are found as sub-
units of the transcription/repair complex TFIIH, and they
are essential when mammalian NER is reconstituted in
vitro with purified components (40). Cockayne syndrome
(CS) and Trichothiodystrophy (TTD) are rare inherited
disorders which are distinct from XP, but surprisingly
show, in some cases, mutations in the XPB or XPD
helicases. Although cells from CS and TTD individuals
have increased UV sensitivity, the patients are not cancer-
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prone. A subset of the CS cases is caused by mutation of
the CSB gene. CSB is also a DExH-containing putative
DNA helicase that is involved in the transcription-coupled
repair function of NER, and possibly in transcription
clongation (41).

In testing the hypothesis that p53 may modulate DNA
helicase activities as part of its stress-activated responses,
our laboratory was the first to show that the carboxyl-ter-
minal domain of p53 binds to XPD, XPB, and CSB and
that wild-type, but not mutant, p53 inhibits the helicase
activity of XPD and XPB (42). Furthermore, LFS fibrob-
lasts, which contain a mutated p53, show a reduced effi-
ciency of NER (42). These findings have been confirmed
and extended by others to show that expression of wild-
type p53 can enhance NER in p53-null fibroblasts (43—45).
In addition, overexpression of the p53 carboxyl-terminus
can cause metaphase fragility at the same loci as loss of
CSB, possibly through inhibition of CSB function as a
transcription elongation factor (41). Thus, p53 can modu-
late the activities of these helicases, as well as the functions
associated with them, including DNA repair. Base excision
repair (BER), a DNA repair pathway specialized in the
excision of single damaged-base residues, is also enhanced
by p53 (46), and Ref-1/APE1, a multi-functional protein
that serves as the abasic (A/P) endonuclease in BER, can
regulate transactivation and the apoptotic functions of p53
(47). In addition to contributing to the repair of DNA
damage, p53 can also trigger cell-cycle checkpoints or
induce cell death by apoptosis to avoid the fixation of
mutations that may arise from unrepaired DNA damage.
Increased expression of wild-type, but not mutant, p53 via
microinjection of a CMV-driven expression vector can
induce apoptosis efficiently in normal fibroblasts. Using
this technique, we showed that the induction of p53-depen-
dent apoptosis is attenuated in XPD and XPB (but not
TTD) fibroblasts, and can be rescued by wild-type XPD or
XPB, respectively (33). Interestingly, p53 retains its ability
to transactivate endogenous p2I "4 in XPD and XPB
cells, and the carboxyl-terminus of p53 is sufficient to
induce apoptosis in normal human fibroblasts (33). These
results indicate that a direct protein—protein interaction
involving the carboxyl-terminus of p53 and the DNA
helicases could contribute to a p53-mediated apoptotic
pathway. Presumably, impairment of p53-mediated apop-
tosis in human syndromes characterized by helicase defi-
ciencies enhances genomic instability and mutagenesis.

In further support of the physiological relevance of
p53-helicase binding, induction of apoptosis through acti-
vation of endogenous p53 by DNA damage leads to
functional interactions with DNA helicases. XPD
lymphoblastoid cell lines (LCLs) exhibit a reduced and
delayed apoptotic response after treatment with doxoru-
bicin, a DNA-damaging agent frequently used in cancer
therapy and capable of inducing apoptosis by a p53-depen-
dent pathway (48). We confirmed the dependence of dox-
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orubicin-induced apoptosis on p53 stabilization in LCLs
through the expression of the HPV16 E6 oncoprotein,
which hastens p53 degradation by the ubiquitin system,
and prevents caspase activation and apoptosis after drug
treatment. The accumulation of p53 was observed concur-
rently at time-points soon after doxorubicin treatment in
normal and XPD LCLs, indicating that the molecular
basis for the delayed response to doxorubicin lies in factors
downstream of p53 stabilization. In addition, receptor-me-
diated apoptosis is unaffected in XPD LCLs. It has been
suggested that XPD mutations can affect TFIIH-directed
gene transcription (49). However, recent studies on the
biochemistry of transcription by TFIIH have uncovered a
critical enzymatic role for XPB in transcription initiation
and promoter escape and a structural role for XPD in
promoter escape (50), and indicated that XPD activity
may not be required for transcription (51). Consistently,
expression of the p53 target genes p21" 45! GADD45 and
bax was up-regulated similarly by doxorubicin in normal
and XPD LCLs, and no XPD genotype-specific differences
were observed in the transcription of the apoptosis effector
genes Flice, FasL, Fas, Fadd, DR3, FAP, FAF, TRAIL,
TNFRp55, TRADD, RIP, Granzyme B, Mch2, ICErel-
111, ICH-1, Mch3, ICE, or ICELap6 (48). A more exten-
sive analysis is now being conducted by cDNA microarray
expression hybridization, using the NCI Human Oncochip
developed at the NCI Advanced Technology Center, to
analyze the effect of XPD and XPB mutations in gene
transcription after DNA damage. Our initial results indi-
cate that XPD mutations do not affect gene transcription
overall, either in basal or drug-challenged conditions, and
further support the hypothesis that a transactivation-inde-
pendent p53-mediated apoptotic pathway is deficient in
XPD mutants (Robles, unpublished).

RecQ family helicases: WRN and BLM

A distinct subfamily within the DExH-containing DNA
helicases is that constituted by E. coli RECQ and its
homologues. Several human homologues of RECQ have
been cloned, and germline mutations in three of them,
namely WRN, BLM and RECQ4, are responsible for the
clinically distinct cancer susceptibility diseases Werner syn-
drome (WS), Bloom syndrome (BS) and Rothmund-
Thomson syndrome (RTS), respectively. Genomic
instability is a common feature found in cells from these
diseases. This is manifested as a high rate of sister chro-
matid exchanges in BS cells as well as acquired chromoso-
mal mosaicism in WS and RTS cells (52).

Recently, we reported that, through its carboxyl-termi-
nus, p53 can bind to WRN in vivo and in vitro (53). This
finding has been confirmed and extended to show that p53
binds to the carboxyl-terminus of WRN, and that WRN is
a co-activator of p53-mediated transcription (54). Similar
to our findings with XPD and XPB fibroblasts, we showed
that p53-mediated apoptosis is attenuated in WS fibrob-
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lasts, as well (53). Primary fibroblasts from WS individuals
display a characteristic premature ageing/senescence phe-
notype in culture (55) that can interfere potentially with
the induction of apoptosis. For this reason, only early
passage WS fibroblasts were used for p53 microinjection
experiments, and the percentage of senescent cells was
confirmed by staining for senescence-associated f5-galac-
tosidase activity (56). Time-course studies showed a persis-
tent reduction in the percentage of p53-mediated apoptosis
in WS fibroblasts when compared with normal fibroblasts.
However, both types of fibroblasts were equally sensitive
to p53-independent induction of apoptosis by the microin-
jection of a caspase-1 expression vector or by treatment
with staurosporine. Furthermore, co-microinjection of a
wild-type WRN expression vector, but not a wild-type
XPD expression vector, restored the sensitivity of WS
fibroblasts to p53-mediated apoptosis. These data provide
genetic evidence that WRN contributes to p53-mediated
apoptosis independently of other DNA helicase(s) (53).

BS fibroblasts are also resistant to apoptosis induced by
ectopic expression of p53, and the introduction of wild-
type BLM restores them to normal sensitivity (Wang et al.,
submitted for publication). LCLs derived from BS donors
are resistant to either y-radiation or doxorubicin-induced
cell killing, both of which are largely dependent on p53
(48, 57), and sensitivity can be restored by stable expres-
sion of wild-type BLM. In contrast, BS cells have a normal
Fas-mediated apoptosis, normal accumulation of p53, nor-
mal induction of p53-responsive genes p21 " 45! GADD45
and bax, and normal G1-S and G2-M cell-cycle arrest in
response to DNA damage (Wang et al., submitted for
publication). The carboxyl-terminus of p53 mediates its
binding to BLM in vitro and stabilization of p53 by
v-radiation enhances such binding in vivo (Wang et al.,
submitted for publication).

MECHANISTIC INSIGHTS

Currently, we are focusing on the identification of the
pathway(s) that bring together p53 and the DExH-con-
taining DNA helicases. There are several possible ap-
proaches to elucidating these interactions. Not only is p53
involved in cellular processes other than apoptosis, but
also XPB, XPD, WRN and BLM each participate in
specific aspects of replication, repair, recombination, and/
or transcription. One possible mechanism of p53 and BLM
interaction in the induction of apoptosis is starting to
emerge. BLM localizes in nuclear foci at promyelocytic
leukemia (PML) nuclear bodies (NBs) (58, 59), structures
that also contain PML, hypophosphorylated Rb, SUMO-
1, p53, and other proteins (60, 61). PML has been impli-
cated in several apoptotic pathways (62, 63). Cells from
LFS patients (carrying p53 germline mutations) and LCLs
without functional p53 have a decreased accumulation of
BLM in NBs, whereas isogenic lines with functional p53



Acta Oncologica 40 (2001)

p53-mediated apoptosis 699

Table 1

Members of the DExH-containing DNA helicase superfamily and their physical and functional association with p53

DNA helicase Human disorder Helicase Cancer p53-mediated
activity proneness
Apoptosis Inhibition of Binding to
helicase activity helicase

XPB Xeroderma pigmentosum, group B 3’ -5 Yes Reduced Yes Yes
XPD Xeroderma pigmentosum, group D 5 -3’ Yes Reduced Yes Yes
CSB Cockayne syndrome No No Normal **  ND Yes
RECQ2/BLM Bloom syndrome 35 Yes Reduced Yes ** Yes
RECQ3/WRN Werner syndrome 35 Yes Reduced Yes ** Yes
RECQ4/RTS Rothmund-Thomson syndrome ND Yes ND ND ND
ND =not done.

** Unpublished data.

exhibit normal accumulation. These results indicate that
the localization of BLM to NBs may be dependent on its
binding to p53 in such a way, that p53 may control
intracellular trafficking of BLM to the NBs (Wang et al.,
submitted for publication). Further studies need to be
done to confirm this novel function of p53 and to clarify
how BLM and other DNA helicases may cooperate to
induce apoptosis.

CONCLUSION

The remarkable similarities between the different DExH-
containing DNA helicases in their functional and physical
interactions with p53 lead us to speculate that a common
defect in the p53-dependent apoptosis pathway may con-
tribute to the cancer predisposition associated with muta-
tions in such helicases, including XPB, XPD, WRN and
BLM (see Table 1). Our primary hypothesis is that DNA
damage triggers p53 activation as part of the cellular stress
response directed towards the preservation of genomic
integrity. Signal transduction pathways and enzymatic ac-

DNA DAMAGE
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p53 Pathways

DNA Transcriptional
synthesis

Non-Transcriptional
Sense Damage

Assembly of Repair or
Apoptotic Complexes

Apoptosis

Mutagenesis

Fig. 1. p53-mediated cellular responses to DNA damage. DNA
damage triggers p53 activation as part of the cellular stress
response directed towards the preservation of genomic integrity.
Signal transduction pathways and enzymatic activities down-
stream of p53 can be dependent on p53-mediated gene transcrip-
tion and/or protein-protein interactions.

[Cell Cycle Arrest Repair |

tivities downstream of p53 can be dependent on p53-medi-
ated gene transcription and/or  protein—protein
interactions involving, for instance, DNA helicases. In this
model, p53 may act as a scaffolding protein, sensing
specific types of DNA damage and alternative DNA struc-
tures (e.g., Holliday junction and tetraplex DNA), and
participating in the assembly of repair or apoptotic com-
plexes at the site of a lesion. Site-specific post-translational
modifications of p53, such as phosphorylation or acetyla-
tion may dictate the ultimate cellular response to the
damage. Modified p53 may be released from a repair
complex(es), thus enabling the repair of potentially muta-
genic lesions, as well as activating a cell-cycle arrest re-
sponse through gene transcription. In cases of more severe
damage or in certain cell types, p53 may remain bound to
those complexes and, possibly through the inhibition of
associated helicase activities, halt attempts to repair dam-
aged DNA, and thus favor apoptosis (see Fig. 1).
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