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Mutant p53: “Gain of Function”” Through Perturbation of
Nuclear Structure and Function?
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Abstract Mutant p53 not simply is an inactivated tumor suppressor, as at least some mutant p53 proteins exhibit
oncogenic properties. Mutant p53 thus is the most commonly expressed oncogene in human cancer. Accordingly, the
expression of mutant p53 in tumors often correlates with bad prognosis, and expression of mutant p53 in p53-negative
tumor cells enhances their transformed phenotype. The molecular basis for this ““gain of function’” is not yet understood.
However, the finding that mutant p53 tightly associates with the nuclear matrix in vivo, and with high affinity binds to
nuclear matrix attachment region (MAR) DNA in vitro, suggests that these activities are connected and may result in
perturbation of nuclear structure and function in tumor cells. MAR-binding of mutant p53 most likely is due to
conformation-selective DNA binding by mutant p53, i.e. the specific interaction of a given mutant p53 protein with
regulatory or structural genomic DNA elements that are able to adopt specific non-B-DNA conformations. In support to
this assumption, human mutant p53 (Gly**> — Ser) was shown to bind to repetitive DNA elements in vivo that might be
part of MAR elements. This further supports a model according to which mutant p53, by interacting with key structural
components of the nucleus, exerts its oncogenic activities through perturbation of nuclear structure and function. J. Cell.
Biochem. Suppl. 35: 115-122, 2000. © 2001 Wiley-Liss, Inc.

Key words: mutant p53; MAR elements; nuclear matrix; DNA-binding; chromatin remodeling; repetitive DNA
elements

going neoplastic transformation. Cell growth
and proliferation are complex phenomena, and
so are the processes controlling it. However, in
the end all changes in cellular proliferation and
cell growth are reflected by changes in gene
transcription, mRNA maturation and export,
and DNA replication, i.e. by changes in highly
organized, complex nuclear processes. It thus is
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not circumstantial that alterations in nuclear
architecture accompany the process of tumor-
igenesis, and that nuclear morphology is an
important diagnostic criterion in characterizing
the pathology of tumors.

Nuclear architecture is built up and main-
tained by various nuclear structures, with
the structural framework of the nucleus, the
nuclear matrix, playing the most prominent
role. Initially only preparatively defined as a
residual, insoluble proteinaceous structure that
facilitates the organization of functional com-
ponents within the nucleus, the nuclear matrix,
meanwhile, itselfis considered as a major deter-
minant of nuclear function. The concept of the
nuclear matrix as a structural framework that
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organizes, and at a superior level mediates and
controls the complex nuclear processes of
gene expression and DNA replication was de-
veloped some 25 years ago. It greatly aided in
recognizing that the intranuclear distribution
of nucleic acids and regulatory factors is tightly
linked to architecturally highly organized mul-
ticomponent complexes that support and even
mediate gene expression and DNA replication.
As the multicomponent complexes are highly
dynamic in architecture and composition, the
nuclear “matrix” also is not a static, but a highly
dynamic structure, constantly changing mor-
phology and composition in response to the
functional requirements of the cell. Dynamicsin
structure, composition, and function thus is an
important aspect of the nuclear matrix concept.

Given the role and dynamics of the nuclear
matrix in organizing and regulating nuclear
processes, it seems logical to postulate that the
nuclear matrix constitutes an important target
for structural and functional alterations during
the process of neoplastic transformation of cells.
Such alterations have indeed been observed
and are even used as markers for this process
[reviewed in Deppert, 2000]. However, very
little is known about the nature of such altera-
tions. Specifically, it is still an open question of
whether the observed alterations in nuclear
matrix composition, structure, and function
simply are the consequence of transformation
processes, or whether such alterations may
actively contribute to tumor development. The
answer to this question is not trivial, as it
requires molecular probes which allow the
follow-up of changes in nuclear matrix struc-
ture and function, and their correlation with
processes relevant to tumorigenesis.

The analysis of nuclear oncogene products,
which directly interact with components of the
nuclear matrix, and, thereby, may modulate
nuclear functions to the requirements of a
tumor cell, should provide an experimental
approach to address the above question. So
far, however, very little is known about such
oncogenic proteins, although a number of
reports have described the association of certain
nuclear oncogene products with the nuclear
matrix [reviewed in Deppert, 2000]. As will be
outlined below, mutant p53 appears to be one of
the most prominent member of a new family of
oncogenes, which exert their oncogenic func-
tions by directly modulating nuclear structure
and function.

Mutations in the p53 Gene May Lead to a ““Gain
Of Function” Phenotype

The gene of the tumor suppressor p53 is
mutated in about 50—60% of all human tumors,
rendering it the most frequently mutated single
gene in human cancer. Consequently, analysis
of p53 as a tumor suppressor has attracted a
large number of top scientists worldwide. While
the multiple functions of wild-type p53 in
maintaining genomic integrity and in protect-
ing cells from all kinds of cellular stress are
analyzed in detail, mutant p53 has drawn much
less attention, despite the notion that mutant
p53 may not simply be an inactivated tumor
suppressor. Figure 1 shows the landmarks of
p53, indicating the complexity of p53 function,
both intrinsic and in cooperation with a variety
of protein partners. Figure 1 also shows that p53
has an unusual mutational spectrum. Whereas
other tumor suppressors are inactivated by
deletions and truncations, or by promoter
silencing, the vast majority of mutations in the
p53 gene are single missense point mutations,
which cluster in the p53 core domain and
thereby eliminate the functions of p53 as a
sequence-specific transactivator and a 3'-5
exonuclease. The mutations lead to the expres-
sion of a full length mutant p53 protein with a
single amino acid substitution which accumu-
lates in tumor cells, because it is not subjected to
rapid degradation by the Mdm2 protein like
wild-type p53. The unique mutational spectrum
of mutant p53, and its accumulation in tumors
imply that these mutations have been selected
for during tumor development, and thus that
the encoded mutant p53 confers an advantage to
tumor cell growth and/or survival.

Very little is known about the molecular basis
for the postulated oncogenic function(s) of
mutant p53. The oncogenic potential of mutant
p53 has become apparent from the analyses of
tumor data banks, which indicated that the
expression of specific mutant p53 proteins in
certain tumors correlates with bad prognosis
and/or resistance to chemotherapy, but direct
proof for its oncogenic potential in an animal
model is still lacking. However, pleiotropic
oncogenic effects of mutant p53 could be
demonstrated unambiguously in cell culture.
There mutant p53 e.g.

(i) promoted cell growth by enhancing the
proliferation rate of human Saos-2 or
mouse 10(3) cells [Dittmer et al., 1993],
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Fig. 1. p53 Landmarks. Roman numerals represent the five
regions of p53 that are conserved within p53 from all
vertebrates. Known phosphorylation (P) and acetylation (Ac)
sites are indicated. The vertical bars, clustered in the center of
the p53 molecule, indicate amino acid residues mutated in

(if) conferred a strongly tumorigenic pheno-
type to the weakly tumorigenic Abelson
murine leukemia virus transformed L12
cells [Shaulsky et al., 1991],

(iii) enhanced the metastatic potential of a
murine bladder carcinoma cell line [Pohl
et al., 1988],

(iv) blocked non-p53-dependent apoptotic path-
ways in tumor cells after treatment with
chemotherapeutic agents [Peled et al.,
1996; Blandino et al., 1999].

Deciphering the molecular basis for the “gain
of function” of mutant p53 has proven to be
difficult, as the observed oncogenic effects are
closely associated with the particular system
under study. As an example, it has been de-
scribed that mutant p53 can transcriptionally
regulate a variety of genes involved in tumor
progression, including the mdr-1 gene, and the
genes encoding the vascular endothelial growth
factor (VGEF; ) and PCNA [reviewed in Dep-
pert, 2000]. However, detection of the transac-
tivator function of mutant p53 strongly depends
on the cellular system and the chosen experi-
mental setup, thus often leading to conflicting
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information concerning various domains of p53 for biological
activities, p53 DNA interactions, and p53-protein complex
formation.

result. This already indicates that transactiva-
tion by mutant p53 must occur by different
mechanisms than transactivation by wild-type
p53. In line with this conclusion, no DNA
consensus element which could mediate
sequence-specific DNA binding of mutant p53
has been identified so far. Despite all these
uncertainties, mutant p53-mediated transacti-
vation is an intrinsic property of the mutant p53
protein, as mutations in the N-terminal trans-
activator domain of p53 that abolish sequence-
specific transactivation of wild-type p53, also
abolish mutant p53-specific transactivation
[Lin et al., 1995].

Mutant p53 Specifically Binds to MAR-DNA
Elements In Vitro

The interactions of wild-type p53 with DNA
are complex. In addition to sequence-specific
DNA binding, p53 binds non-sequence-specific
to single- and double- stranded DNA, to DNA
ends, it binds to Holliday junctions, and it binds
3-stranded DNA mimicking early recombina-
tion intermediates [reviewed in Albrechtsen
et al., 1999]. As all these interactions involve
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the p53 core domain, mutations in that domain
eliminate most of these interactions, with the
exception of its binding to single- or double-
stranded DNA in a non-sequence specific man-
ner. As p53, additionally, is able to interact with
nucleic acids via its basic C-terminal domain,
mutant p53 still has the potential to interact
specifically with DNA. Indeed, we found that in
a variety of different assay systems human and
mouse mutant p53, but not wild-type p53
specifically and with high affinity binds to
nuclear matrix attachment region DNA (MAR)
elements in vitro [Will and Deppert, 1998].
Depending on the binding assay, mutant p53
has a 100-1,000-fold higher affinity for MAR
elements than wild-type p53, which suggests
that MAR-binding is an activity specific for
mutant p53, and as such is suited to form the
molecular basis for its dominant oncogenic
function. This idea is further supported by the
finding that the majority of mutant p53 in tumor
cells is tightly associated with the chromatin
and the nuclear matrix [Steinmeyer, 1989].

Mutant p53 Preferentially Binds to Repetitive
DNA Elements In Vivo

Ifthe MAR-binding of mutant p53 observed in
vitro bears any relevance to mutant p53 func-
tion, then mutant p53 should also bind to MAR
elements in vivo. To test for an in vivo interac-
tion of mutant p53 with MAR elements, we
analyzed the in vivo binding of the human p53
“hot spot” mutant Gly?*®*—Ser [mutant p53
(Ser?#5)] to DNA in human Onda 11 glioma cells
expressing high levels of mutant p53 (Ser?*%)
protein [Koga and Deppert, 2000]. After cross-
linking with cisplatin, extraction of non-cross-
linked proteins with high salt, and fragmenta-
tion of the cellular DNA, mutant p53-DNA
complexes were immunoprecipitated [chroma-
tin immunoprecipitation (CHIP) assay]. Then
the cross-link was reversed, and the CHIP-DNA
fragments were amplified and cloned. A total of
71 clones were analyzed for binding by mutant
p53 (Ser?*?) in vitro, using PCR-EMSA. Thirty-
nine clones showed strong, and 15 clones weak,
but definite and specific binding to mutant p53
(Ser?*®). The specificity of the binding to the
CHIP-DNA fragments was underscored by the
finding that another human hot spot mutant
p53, Arg®’®—His, did not bind to any of the
fragments.

Sequence analysis showed that most of the
CHIP-DNA fragments had a high similarity to

non-coding repetitive DNA elements. Seven
clones had similarity to satellite sequences
(gamma: 5, alphoid: 1, satellite III sequence:
1), and seven additional clones similarity to Alu
sequences. Other repetitive sequences found by
the homology search were MTP, IAP, MMB, and
1IMERI1B. Five clones contained 12 to 28 CA
dinucleotide repeats, although we could not
establish a homology to known (CA)n repeats.
In summary, the CHIP-DNA fragments identi-
fied as possible in vivo targets for mutant p53 in
Onda 11 cells did not show any common
sequence homology, rendering it extremely
unlikely that their specific binding by mutant
p53 (Ser?*®) is mediated by a common sequence
element.

Conformation-Selective DNA-Binding of
Mutant p53

Though specific, the interaction of mutant
p53 with MAR DNA in vitro, and the binding of
mutant p53 to repetitive DNA, both in vivo and
in vitro, must be fundamentally different from
the known sequence-specific DNA binding of
wild-type p53. Several lines of evidence support
the assumption that mutant p53 recognizes
DNA structure, i.e. DNA conformation, rather
than DNA sequence:

(i) Mutant p53 specifically interacts with
oligonucleotides containing variations of
an AATATATTT “unwinding motif”, pre-
sent in certain MAR elements and impli-
cated in MAR function [Will et al., 1998].
Such motifs, also called “base unpairing
regions” (BUR) promote structural altera-
tions within the chromatin, including regio-
nal base-unpairing [Bode et al., 1992]. Due
to their high AT-content, such motifs will
not adopt a stable B-DNA conformation, but
will form non-B-DNA structures, especially
under conditions of superhelical stress.

(i) Using model oligonucleotide substrates
designed to mimick DNA in various non-
B-DNA conformations [Kim et al., 1997], we
could demonstrate that e.g. mutant p53
(Ser?®) is able to bind certain non-B-DNA
structures with high affinity (Gohler, T.;
Koga, H., Deppert, W., Kim, E., unpub-
lished). Interestingly, mutant p53 (His?"®)
failed to bind to such oligonucleotides.
Especially the latter finding supports the
concept that the binding of mutant p53
(Ser?*?) to repetitive DNA elements in vivo
and in vitro indeed reflects its interaction
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with non-B-DNA, since mutant p53 (His?"®)
also had failed to bind to such elements
[Koga and Deppert, 2000].

The data suggest that MAR-binding of
mutant p53 most likely is mediated by the
binding of mutant p53 to elements within MARs
that are able to adopt a non-B-DNA conforma-
tion. As MARs contain multiple repetitive DNA
elements which are able to form non-B-DNA
structures, the possibility exists that several
mutant p53 molecules can bind to a single MAR,
an assumption that could explain the high
affinity of MAR-binding by mutant p53 (Kp
~1071°M). Importantly, however, mutant p53
not simply binds to any non-B-DNA structure
provided, but selectively to DNA adopting
specific, but so far yet undefined non-B-DNA
structures (Gohler, T.; Koga, H., Deppert, W.,
Kim, E., unpublished). We, therefore, have
termed this interaction of mutant p53 with
DNA “conformation-selective DNA binding”. An
interesting possibility which has to be further
analyzed is that different mutants might differ
in their recognition of different non-B-DNA
structures. Thus the failure of mutant p53
(His®™) to bind to the non-B-DNA oligonucleo-
tides or the repetitive DNA elements recognized
by mutant p53 (Ser?*®) not necessarily implies
that mutant p53 (His?>’®) is defective in con-
formation-selective DNA binding. Rather it
might indicate that mutant p53 (His?>’®) binds
to different non-B-DNA structures than mutant
p53 (Ser?*). In fact, our previous findings that
mutant p53 (His?’®) is able to bind to MAR
elements supports this assumption. This raises
the interesting possibility that the different bio-
logical effects ascribed to different mutant p53
proteins may result from their ability to speci-
fically recognize and discriminate between dif-
ferent non-B-DNA structures in MAR elements.

Functional Implications of MAR-DNA Binding by
Mutant p53: A Model

MAR elements organize the cellular chroma-
tin into topologically independent loops,
thereby providing a structural basis for the
independent spatial and temporal regulation of
gene expression and initiation of DNA synth-
esis. It is thought that such a higher order
regulatory mechanism is involved in the control
of development and differentiation [Herbomel,
1990; Berezney, 1991], i.e. in processes that are
grossly disturbed in tumors.

Several possibilities can be envisioned for the
functional interaction of mutant p53 with MAR
elements. The binding to distinct non-B-DNA
structures in MAR elements provides mutant
p53 with the potential to modulate gene expres-
sion and DNA replication in a positive as well as
in a negative way. Initiation of transcription,
and initiation of DNA replication both require
an open DNA structure for the interaction of
transcription/replication factors with DNA. By
stabilizing such DNA structures, mutant p53
could mediate the formation of transcription
and/or replication complexes at those struc-
tures. Formation of such complexes will be
further aided by the ability of mutant p53 to
recruit a variety of factors required for tran-
scription and replication via its N-terminal
transactivation domain. Another important
property of mutant p53 relevant to these
processes is its ability to tightly associate with
the nuclear matrix. Thus mutant p53 could
target facultative MAR elements to the nuclear
matrix, thereby putting them into a functional
state by creating “active” chromatin domains.

Alternatively, or in addition, mutant p53
might promote the dissolution of the non-B-
DNA conformation in a bound regulatory
element, as mutant p53 binds and activates
topoisomerase II [Albor et al., 1998], and
thereby could locally reduce the local super-
helical density required for maintaining the
non-B-DNA structure within a regulatory ele-
ment. This in turn could prevent the association
of the factors that positively or negatively
regulate ordered transcription or replication
in normal cells, thereby perturbing these
processes.

The above model can account for the observa-
tion that the specific effects of mutant p53 in
transcription (and possibly also in replication)
are cell-specific. As the promoter/enhancer
elements for a given gene are identical within
all cells of a species, cell-type specific gene
expression is controlled both by the availability
of the appropriate protein factors and by an
appropriate chromatin structure. A similar
control has to be postulated for the temporal
regulation of initiation of DNA replication. The
fact that mutant p53 is able to specifically
interact with both key players that regulate
transcription and replication processes, the
nuclear matrix and the MAR elements, thus
provides the basis to develop a model for the cell-
type specific modulation of gene expression and
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replication by mutant p53: accordingly, mutant
p53 modulated transcription and replication
will be determined firstly by the recognition of
regulatory elements within MAR elements.
Recognition is determined by sequence and
DNA conformation of the regulatory element,
the surrounding chromatin structure, and the
superhelicity of the DNA. Next, the accessibility
of appropriate “docking” surfaces for the asso-
ciation of mutant p53 with the nuclear matrix,
and, finally, the ability of mutant p53 to recruit
the necessary factors to initiate transcription,
replication, or recombination all are require-
ments for mutant p53 activity. The strong
dependence of mutant p53 induced biological
effects on such a multitude of parameters not
only can explain the cell-type specificity, but
also the pleiotropy of mutant p53 effects. Last
not least, “fixation” of certain chromatin
domains by mutant p53 bound to MAR elements
through the tight interaction of mutant p53
both with nuclear matrix proteins and with
MAR elements could interfere with differentia-
tion processes, as gene expression, replication,
and differentiation are coupled via chromatin
organization. Inline with this model, it has been
described that mutant p53 interferes with
differentiation processes [Shaulsky et al.,
1991]. Table 1 summarizes the pleiotropic “gain
of function” properties of mutant p53 and their
possible relation to mutant p53 MAR-binding.

Functional Implications for the Binding of
Mutant p53 (Ser’*®) to Repetitive DNA
Elements In Vivo

Due to their mode of isolation, the CHIP-DNA
fragments bound by mutant p53 (Ser?*®) in
Onda 11 glioma cells in vivo are rather short and
thus do not constitute MAR elements by
themselves. Nevertheless, preliminary compu-
ter analyses are compatible with the idea that
the repetitive DNA sequences isolated could be
part of MAR elements. Indeed, the functions
speculatively suggested here for the binding of
mutant p53 (Ser?*®) to some exemplary CHIP-
sequences are compatible with the MAR
concept.

Seven clones showed similarities to three
types of satellite DNA sequences (o satellite, y
satellite, satellite III). Satellite sequences fre-
quently cluster at centromeres and play an
important role in the correct assembly of
kinetochores, which are required for an accu-
rate segregation of chromosomes during mitosis

[Murphy and Karpen, 1998]. In this respect,
it is of interest that it has been suggested
that mutant p53 contributes to the loss of
spindle checkpoint controls [Gualberto et al.,
1998].

Five independent clones contained (CA)n
repeats. This dinucleotide repeat is used as a
microsatellite polymorphic marker, is wide-
spread throughout the genome, and is con-
served in many loci. Although some functional
aspects have emerged, the biological role of
(CA)n repeats is not yet understood in detail.
However, an important feature of (CA)n repeats
is their effect on DNA conformation. (CA)n
repeats have the potential toinduce a structural
transition from a right-handed B-DNA con-
formation to a left-handed Z-DNA structure
[Tripathi and Brahmachari, 1991]. Such a
transition is thought to be involved in gene
regulation. In line with this assumption, Shi-
majiri et al., [1999] reported that the promoter
activity of the matrix metalloproteinase 9
(MMP-9) gene is dependent on the number of
(CA)n repeats located in the promoter region.
Floros et al. [1995] described that the number of
(CAn repeats located in intron 4 of the
surfactant protein B (SP-B) gene is related to
the incidence of the respiratory distress syn-
drome (RDS) in a large number of clinical
samples. (CA)n repeats thus may be important
determinants in modulating the expression of
the corresponding genes. Therefore, the inter-
action of mutant p53 with (CA)n repeats might
relate to the findings that mutant p53 acts as a
transactivator of various cancer-associated
genes in tumor progression [Malyapa et al.,
1996; Deppert, 2000].

In summary, the DNA sequence information
obtained from the analysis of a limited number
of genomic DNA fragments serving as target
sequences for mutant p53 (Ser?*®) in Onda 11
cells suggests that the conformation-selective
interaction of mutant p53 with non-coding
repetitive DNA sequences present within
some chromatin-structures (centromeres, telo-
meres), and around coding regions reflects the
interaction of mutant p53 with MAR elements,
and that such interactions play an important
role in the control of chromatin organization
and gene expression. It is tempting to speculate
that the ensuing perturbations in chromatin
structure and function form the molecular basis
for the “gain of function” phenotype of at least
some mutant p53 proteins.
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TABLE 1. Pleiotropic “Gain of Function” Properties of Mutant p53: Possible Relation to its
MAR-Binding Activity

Enhanced cell proliferation

Firing of additional, conditional cellular origins (targeting of replication complexes to conditional origins of replication)

Enhanced expression of growth promoting genes (e.g. PCNA)

Enhanced Tumorigenicity

Enhanced expression of tumor promoting genes (e.g. mdril, VEGF)

Block of cellular differentiation by aberrant “fixation” of differentiation-specific chromatin domains

Block of apoptosis by protecting MAR elements from nucleolytic degradation

Enhanced genetic instability by promotion of recombination events (formation of recombination complexes at MAR elements)
Enhanced genetic instability due to loss of spindle check-point control (interaction of mutant p53 with centromere DNA)

FUTURE AVENUES

The above considerations suggest that the
major transforming function of nuclear onco-
genes associated with the chromatin and the
nuclear matrix is to perturb nuclear structure.
As changes in nuclear architecture are a hall-
mark of neoplastic transformation [Malyapa et
al., 1996], an important future task will be to
functionally analyze transformation associated
changes in nuclear architecture, and their
dependence on transforming proteins at the
nuclear matrix. Three-dimensional microscopy
and imaging techniques, combined with in situ
labeling, already successfully applied to relate
the dynamic changes in nuclear function to
changes in nuclear organization during cell-
cycle progression, should provide a powerful
tool [Berezney and Wei, 1998]. Concerning the
functional analysis of the association of an
oncogene product with the nuclear matrix, the
discovery that mutant p53 not only interacts
with the nuclear matrix, but also specifically
and with high affinity binds to MAR elements
opened the possibility to develop a model for the
biological implications for these interactions
which now is put up for functional testing. Last
not least, such analyses will pave the way for
means of therapeutic intervention, e.g. by
specific interference with MAR-binding of
mutant p53. That such an intervention seems
possibleis suggested by the fact that the binding
of mutant p53 to MAR elements, as well as to
the repetitive DNA elements isolated from
Onda 11 cells can be specifically inhibited by
addition of a p53-specific monoclonal antibody
recognizing an epitope within the C-terminal
domain of p53.
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