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Human tumor p53 mutations are selected for
in mouse embryonic fibroblasts harboring a

humanized p53 gene
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To date, there has been no way to examine induced human p53
gene mutations in cell cultures exposed to mutagenic factors, other
than by restriction site analysis. Here, we used embryonic cells
from our Hupki (human p53 knock-in) mouse strain to generate
human p53 DNA-binding domain (DBD) mutations experimentally.
Twenty cultures of untreated primary mouse Hupki fibroblasts and
20 short-wavelength UV light (UVC)-treated cultures (20J/m?2) were
passaged >20 times. Established Hupki embryonic fibroblast cell
lines (HUFs) were genotyped by dideoxy DNA sequencing of p53
exons 4-9. Seven of the HUFs harbored point mutations in the
humanized p53 DBD. Of the 9 mutations (6 single- and 1 triple-site
mutation), 2 were at the most frequently mutated codons in
human cancers (c.248 and ¢.273). The Affymetrix p53 GeneChip
assay also readily identified the 6 single-base substitutions. All
mutations in HUFs from UV-treated cultures were at dipyrimidine
sites, including 3 nontranscribed strand C —T transitions. The
mutant HUFs were deficient in p53 transactivation function, and
missense mutants had high levels of nuclear p53 protein. In a
second experiment, primary Hupki cells were exposed to the
carcinogen aristolochic acid I (AAI). Five of 10 cultures that became
established within 2 months harbored p53 DBD mutations. All
were transversions, including 4 A — T substitutions on the non-
transcribed strand, a hallmark of DNA mutation by AAIL We
conclude that establishment of Hupki mouse fibroblasts in culture
readily selects for p53 DBD mutations found in human tumors,
providing a basis for generating experimental mutation patternsin
human p53.
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he most common human tumor DNA sequence change is a

pS53 gene missense mutation in the segment encoding the
DNA-binding domain (DBD) of the protein. This event leads to
nuclear accumulation of p53 protein and loss of its normal
functions, such as transcriptional transactivation of target genes
that regulate the cell cycle and apoptosis (1). Over 18,000 human
tumor mutations in the p53 gene have been registered in the
International Agency for Research on Cancer TP53 database R8
[www.iarc.fr/p53 (2, 3)]. Scrutiny of these data has provided
clues to cancer-causing agents and to endogenous promutagenic
processes in humans (4-7). Furthermore, detailed analysis of
this large set of mutations has substantiated inferences on
mechanisms of mutagenesis originally derived from experiments
with lower organisms and experimental mutagenesis assays
(8-15).

Although the nature of a mutagenic agent clearly is a key
factor in shaping a mutation spectrum (8), base context and
biological selection are also crucial determinants. A powerful
approach to testing hypotheses on the origins and modulators of
pS3 mutation patterns in human tumors would be a mutagenesis
assay in which the exogenous or endogenous mutagen targets
human p53 gene sequences in the living cell, and in which the
resultant mutant p53 protein then confers a selectable pheno-
type, preferably one that corresponds to the aberrant functions
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characteristic of human tumor p53 mutants. There has been no
way to accomplish this goal with human cells. The most widely
used systems to study mechanisms of mutation or mutation
spectra exploit the elegance and efficiency of working with either
lower organisms or their genes [for example, the Ames Salmo-
nella typhimurium test, the BigBlue (Lacl) and MutaMouse
(LacZ) rodent systems, and the yeast-based Functional Analysis
of Separated Alleles in Yeast (FASAY)] or are based on
mutation of non-cancer-related genes [e.g., hypoxanthine phos-
phoribosyltransferase (HPRT)] that confer drug resistance and
thereby a selection method to recover mutant cells among a large
population of unmutated human or rodent cells (16-22).

Here, we explore an approach for generating and selecting
dysfunctional human p53 mutations experimentally. We have
made use of gene-targeting in mice to humanize the endogenous
murine p53 gene and have exploited the metabolic competence
of primary embryonic fibroblasts, as well as the fact that mouse
cells, in contrast to human cells, readily undergo spontaneous
disruption of the p53/p19ARF pathways during establishment in
culture (23). We reported previously the construction of the
human p53 knock-in (Hupki) mouse (The Jackson Laboratory
Repository designation: 129Trp53t™Holl) " which involved gene-
targeted replacement of the endogenous murine p53 coding
sequences encompassing exons 4-9 with the homologous WT
human sequences (24, 25). Homozygous Hupki mice are phe-
notypically normal, not tumor-prone, and retain a variety of
normal (WT) p53 functions and characteristics, including nu-
clear accumulation of p53 protein after exposure to DNA-
damaging agents, transcriptional activation of known p53 tar-
gets, and induction of apoptosis in Hupki thymocytes after
y-irradiation, a process that depends on p53 function (24, 26, 27).
We reasoned that p53 DBD mutations would arise spontane-
ously and after mutagen exposure in Hupki fibroblast cultures,
and would be selected for during subsequent growth in vitro. We
isolated Hupki fibroblast cell lines that were found to harbor
functionally deficient human p53 DBD mutations typical of
human tumors.

Methods

Cell Culture. Untreated and UV-treated cells. Primary Hupki (Trp-
53tm/Holl: homozygous for the humanized knock-in p33 allele)
mouse fibroblasts were harvested from 13.5-day-old embryos
according to standard procedures (28). Cells trypsinized and
replated from dishes receiving the embryonic cell suspensions
were designated as passage 1 (p.1). Forty cultures of ~2 X 103
primary embryonic fibroblasts were subcultured at a 1:4 dilution
(1:2 during crisis) for >24 passages; 20 of the cultures were

Abbreviations: HUF, Hupki embryonic fibroblast cell line; DBD, DNA-binding domain; AAI,
aristolochic acid I; dA-AAl, 7-(deoxyadenosine-Né-yl) aristolactam I; RAL, relative adduct
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embryonic fibroblast; c.n, codon n; p.n, passage n.
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irradiated at p.2 with short-wavelength UV light (UVC) (20
J/m?; cell survival 72 h posttreatment, 30%). Cells were grown
in DMEM supplemented with 10% FCS (15% at p.5-8), and
aliquots were frozen at p.12-15 (set I) and at p.23-33 (set II).
Initial p53 mutation screening of all cultures was performed with
cell populations at the later passage (set II), which we designate
hereafter as Hupki embryonic fibroblast cell lines (HUFs). DNA
from set I frozen cell aliquots corresponding to HUFs found to
have p53 mutations was reanalyzed to determine whether the
mutation could be detected at this earlier passage. Cell lines with
multiple mutations or with putative heterozygous mutations
were subcloned by dilution cloning and resequenced to verify
that mutant cells were heterozygous for the p53 mutation.
Aristolochic acid I (AAl)-treated cells. Twenty-four cultures of Hupki
primary cells were exposed to 100 uM AAI (10-mM stock
solution as sodium salt in sterile water; cell survival at 24 h after
end of treatment, 15%) for 48 h and then passaged for 8-10
weeks (9-13 passages). The 10 cultures that seemed to be
established within this time period, i.e., that had acquired a
uniform morphology and population-doubling time of 72 h or
less, were analyzed for the presence of p53 mutations and for
nuclear p53 accumulation.

Mutation Analysis. DBD sequence changes in the p53 gene of
HUFs were examined by PCR amplification of p53 exons 4-9
and fluorescent dideoxynucleotide cycle sequencing using re-
agents, primers, standard protocols, and equipment (Model 310
Genetic Analyzer) from Applied Biosciences International
(ABI, Weiterstadt, Germany) essentially as described previously
for p53 gene mutation analysis of human tumors (29). Mutations
were confirmed by repeat DNA extraction, PCR, and sequencing
of the opposite strand. Additionally, all p53 mutant cell lines, and
15 of the non-mutant cell lines (as determined by direct se-
quencing results) were coded and then retested with the Af-
fymetrix P53 GeneChip assay (Affymetrix, Santa Clara, CA),
which, in the case of Hupki DNA, interrogates the humanized
p53 sequences from exon 4-9 and splice sites. The array is
gene-specific. Protocols, reagents, equipment, and software were
used as recommended by Affymetrix, except that the multiplex
primer mix for exons 4-9 was prepared from oligodeoxynucle-
otides synthesized by ABI. A value of 12 for mutant signals was
chosen as a cut-off score for mutations. Reanalysis of HUF-
UVS5, which harbored 3 substitutions in exon 7, was performed
by ligating PCR product into the pGEM T-Easy vector (Pro-
mega) and by sequencing exon 7 from 8 individual clones. Classes
of base substitutions in p53 mutant clones were compared in the
different experiments with the Fisher’s exact test and were
considered significant at P < 0.05.

Immunohistochemistry. Basal immunostaining levels of p53 pro-
tein were determined by standard immunocytochemistry proce-
dures by using anti-human p53 antiserum CM-1 (Novacastra,
Newecastle upon Tyne, U.K.) at a dilution of 1:1,500. To inves-
tigate stabilization and accumulation of nuclear p53 protein after
exposure to a DNA damaging agent, cells were pretreated with
1 uM adriamycin 12-16 h before fixation and immunostaining.

Expression Analysis. Induction of p53 downstream transcriptional targets
of activated p53. Cells were exposed to 20 Gy +y-irradiation 4 h
before extraction of total RNA with a Qiagen RNeasy Extraction
Kit, cDNA synthesis with AMV reverse transcriptase (Pro-
mega), and quantitative real-time RT-PCR, performed in a
LightCycler (Roche Diagnostics, Mannheim, Germany), by us-
ing the LC-FastStart DNA Master SYBR Green I kit (Roche
Diagnostics). Primer sequences for amplification, synthesized by
ABI are as follows: CIP1/p21/WAF1 forward, 5'-CGGTC-
CCGTGGACAGTGAGC-3'; reverse, 5'-AAATCTGTCAGG-
CTGGTCTGCC-3'; Mdm2 forward, 5'-TAGCAGCCAAGA-
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Table 1. P53 mutations identified in the human DBD of HUF
cell lines

Cell line Codon Mutation Description
UV-treated HUFs
uv 5 248 CGG to CAG* Missense (R/Q), DP*
249 AGG to AGA (Silent), DP
250 CCCto CAC Missense (P/H), DP/NT
uv 17 135 TGC to TGG Missense (C/W), DP/NT
uv 20 179 CAT to TAT* Missense (H/Y), DP/NT
uv 21 151 CCCto TCC* Missense (P/S), DP/NT
uv 24 317 CAG to TAG* Nonsense (Q/stop), DP/NT
Untreated (control) HUFs
CO 15 273 CGT to TGT Missense (R/C)*
co 17 194 CTTto TTT Missense (L/F)S

*The identical mutation (nucleotide position and base change) has been
detected in two or more human skin tumors (H179Y, 12 X; R248Q 8 X;
Q317Stop 3 X; P151S 2 X).

DP, dipyrimidine site; NT, nontranscribed strand.

*7.5% of all human tumor p53 base substitutions are at ¢.273.

80.6% of human tumor mutations are at ¢.194 (IARC TP53 DB, R8).

AAGCGTGAAAG-3'; reverse, 5'-TGGCAGATCACACATG-
GTTCG-3'. Expression levels of GAPDH were used for stan-
dardization in calculation of fold-induction of CIP1/p21/WAF1
and Mdm2 messages. Each experiment was performed in
triplicate.

RNA expression of cytochrome P450 gene family members Cyp 1a1, 1a2,
1b1, and 2e1, NAD(P)H:quinone oxidoreductase, and microsomal epoxide
hydrolase genes. Primer sequences and RT-PCR conditions were
used essentially as established by previous investigators (30-32).
Primers were synthesized from Pro-Oligo (Paris). RNA for
RT-PCR reactions was isolated from p.1-2 untreated Hupki
embryonic fibroblasts during log-phase growth in normal, com-
plete DMEM.

DNA Adducts Analysis. We have described the 3?P-postlabeling
method for detection of AAI-DNA base adducts (33). DNA
samples from primary Hupki embryonic fibroblasts exposed in
vitro to 50 or 100 uM AAI for 1-4 days were digested enzymat-
ically to nucleoside 3'-monophosphates and enriched for adducts
by nuclease P1 digestion. The digests were then analyzed by
32P-postlabeling. Nuclease P1-resistant adducts were 5'-labeled
with [3?P]Jorthophosphate, separated on polyethyleneimine-
cellulose thin-layer plates, and detected by autoradiography by
using a Packard Instant Imager (Canberra, Dowers Grove, IL).
Adducts were measured by assay of their 3?P content. Results
were expressed as mean adduct levels per 10° normal nucleotides
[relative adduct labeling (RAL)]. Comparison of different chro-
matographic mobilities on thin-layer plates of single 32P-
postlabeled adducts obtained in the Hupki cells with those of in
vitro-synthesized reference compounds was used for identifica-
tion purposes.

Results

p53 Status in HUF Cell Lines Established from Untreated and from
UV-Treated Primary Hupki Embryonic Fibroblasts. Forty HUFs were
established by culturing 20 untreated and 20 short-wavelength
UV light (UVC)-treated primary cultures for >24 passages and
then screened by direct PCR amplification of p53 sequences and
dideoxynucleotide cycle sequencing for the presence of homozy-
gous or heterozygous mutations in the DNA-binding domain of
the humanized p53 gene. Seven of the 40 HUFs established in
this way (5/20 cell lines from UV-treated primary cultures, and
2/20 cell lines from untreated cells) harbored a missense or
nonsense mutation in the p53 gene (Table 1 and Fig. 14). The
same mutations (i.e., identical base change at the same codon
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Fig.1. (A)Identification of p53 DBD mutationsin HUFs by Sanger sequencing
with fluorescent dye-labeled dideoxynucleotides. A homozygous base substi-
tution was present in UV20 at p.24 (electropherogram shows 5’ to 3’ sequenc-
ing) and in UV24 (3’ to 5’ sequence shown) at p.25. (B) Correlation of p53
mutation status in HUF cell lines with elevated basal levels of nuclear p53
protein (HUF with missense mutation: UV20), and with accumulation of
p53 protein in a HUF (CO8) with WT p53, 12 h after exposure to the DNA-
damaging agent adriamycin (1 uM). UV24, which harbors a homozygous stop
mutation in exon 9, shows background immunostaining and no accumulation
response after exposure to adriamycin, as expected. Immunostaining was
performed with CM-1 anti-human p53 polyclonal antiserum at 1:1,500 dilu-
tion. NT, untreated; Adr, adriamycin-treated.

and position) have been found in human tumors [RS8, IARC
TP53 Database: www.iarc.fr/P53 (2)]. The base changes derived
from UV-treated cultures were all at dipyrimidine sites of the
p53 gene, including 3 that were C to T transitions on the
nontranscribed strand, a hallmark mutation in the well studied
UV signature on DNA (34). One UV-derived HUF (UVS5)
harbored a hat trick involving 3 single-base substitutions at
codons (c.) 248, 249, and 250. P53 sequence changes identical to
those found in the HUFs from UV-exposed cultures have been
found in human nonmelanoma skin cancers, including 2 that are
human skin cancer hotspot mutations (CAT to TAT at c.179, and
CGG to CAG at c.248, where the rank order is 7th and 15th-
respectively, of 113 multiple entry mutations in the human skin
cancer p53 mutation database). Of the 2 mutant HUFs derived
from untreated (control) primary cultures, one harbors a tran-
sition at ¢.273, which is the second most commonly mutated
codon in human cancers (all types combined). DNA from the 7
mutant HUFs and 15 of the HUFs determined to have a WT
DBD sequence were coded and retested with the semiautomated
p53GeneChip oligonucleotide microarray assay, which con-
firmed ABI sequencing data in all 22 retested cell lines, with the
exception of the mutation cluster at ¢.248-250 in HUF-UVS
(data not shown). Cloning of PCR product spanning the muta-
tion, and resequencing confirmed that the 3 substitutions had
occurred on the same allele. Curiously, this cell line also harbors
a C to G missense mutation on the other allele identical to that
in UV17. This mutation may have arisen spontaneously during
initial in vitro culturing of primary cells (from p.0-2) before
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seeding into separate wells before UV exposure and subsequent
passaging.

In 5 mutant HUFs, both WT and mutant signals were present
at the mutation site in sequencing electropherograms (UVS5,
UV17,UV21, CO15, and CO17). To examine the heterozygosity
of the single-base substitutions, we subcloned these HUFs and
sequenced DNA from clones derived from single cells. Again,
both the mutant and WT sequence were present in UV17 and
CO17 whereas, in the UV21 and CO1S5 subclones, only the
mutant signal was present, indicating either that loss of the WT
allele occurred during outgrowth of these subclones or that a
subpopulation of WT cells contributed the WT signal in the cell
population initially analyzed. We have maintained the 7 mutant
HUFs and several that were p5S3 DBD WT in culture for >65
passages.

We next asked whether we could detect the HUF mutations
that were found at >p.24 in aliquots of cells frozen earlier, at
p.-13-15. Surprisingly, the homozygous mutations we observed at
>p.24 in UV20 and UV24 already were present and were
hemi-/homozygous at these earlier passages (data not shown).
The heterozygous exon 5 missense mutations in UV21 and
UV17 were also detectable by fluorescent dideoxy sequencing at
the earlier passage whereas mutant signals from the mutations
in the 2 HUFs derived from untreated cultures (CO15, CO17)
were not yet detectable/present at p.15.

Nuclear p53 Staining. A characteristic feature of human tumors
with missense p53 mutations is an abnormally high amount of
nuclear p53 protein resulting from deficiency in transcriptional
transactivation by p53 of downstream targets such as Mdm2
involved in feedback control of p53 protein levels and cellular
localization. Accumulation is readily detectable by immunohis-
tochemical staining of tumors or cell lines with certain anti-p53
antibodies. We examined the basal intensity of p53 protein
staining by anti-p53 antiserum CM-1 in the 7 mutant HUFs and
in 7 HUFs without p53 DBD mutations. As shown in Fig. 1B for
3 HUFS, the presence of a missense mutation (UV20) correlated
with intense nuclear staining in nontreated cells as anticipated
whereas, in HUFs with no mutation (CO8) or harboring a
homozygous stop mutation (UV24), the reactivity was at back-
ground levels. Strong nuclear staining indicating accumulation
of nuclear p53 protein was induced after treatment of the p53
WT COS cells with adriamycin, but, as expected, not in p53 null
UV24 HUFs (Fig. 1B).

P53 DBD Mutation Status in HUFs and Transactivation Function. To
determine whether mutations in HUFs cause defects in p53
transactivation function similar to the defects seen in p5S3 mutant
human cell lines, we performed real-time RT-PCR of the p53
downstream target genes CIP1/p21/WAF1 and Mdm?2 in the 7
mutant HUFs and in 7 of the HUFs without DBD mutations
after exposure to adriamycin and y-irradiation. These agents are
known to induce transcriptional transactivation activity of WT
functional p53. As shown for p53 WT and mutant human tumor
cell lines in the NCI anti-cancer drug screen panel (35), there is
an overall correlation between degree of p53 target gene induc-
ibility and HUF p53 mutation status (Table 2). After 4 h
exposure to 20 Gy vy-irradiation, p53-mutant HUFs generally
showed no or attenuated induction of the two downstream genes
in comparison with HUFs with a WT Hupki pS3 DBD. A similar
trend was seen after exposure to adriamycin (data not shown).

Mutation Analysis in Early Passage HUFs Derived from AAl-Treated
Primary Hupki Embryonic Fibroblasts. The experiments described
above with UV-treated HUFs suggested that p53 mutations
could be induced and detected in HUFs at relatively early
passage (<p.15), within 8-10 weeks of treatment. This simple
procedure would offer potential as a mutation assay for human

PNAS | March2,2004 | vol. 101 | no.9 | 2965

GENETICS



z
/|
~ |

Table 2. y-induced expression of Mdm2 and
p21/WAF1/CIP1 mRNAs

HUF p53 status* Mdm2* p21*

uv19 WT 56 1.2 42 +0.8
Cco23 WT 5.1+03 46 £1.0
uvi1 WT 45 *04 3.1+04
uv3 WT 3911 25*0.7
Cco8 WT 3.7+0.8 5.0=0.3
uva1 Mu 26 +0.5 2.6 0.2
uvi13 WT 24 *+0.7 2.1*0.2
uv18 WT 23+04 1.9 £ 0.1
CO15 Mu 22 +0.5 24+03
Cco17 Mu 1.1 0.1 1.7 =03
uv5s Mu 1.1+0.2 1.7 0.3
uva4 Mu 1.1+0.2 1.3 £05
uv20 Mu 1.0 £ 0.1 1.5+ 0.1
uv17 Mu 0.9 = 0.1 14 £0.2

*P53 status: WT, wild-type, no p53 DBD mutation; Mu, p53 DBD mutation (see
Table 1).

TLevel of induction with SD is given as fold-increase over nonirradiated cells
and normalized against GAPDH message level. Cells were collected 4 h after
20-Gy irradiation.

carcinogens, particularly if murine primary embryonic fibro-
blasts are efficient in metabolic activation of xenobiotics. To
explore this possibility, we chose to examine in Hupki cells the
mutagenicity of AAI the major component of the plant extract
aristolochic acid, a potent mutagen and human carcinogen
associated with Chinese herbs nephropathy (CHN) and with
development of urothelial cancer in CHN patients (36). First, we
asked whether the major and most persistent mutagenic adduct,
the adenosine adduct of aristolochic acid I 7-(deoxyadenosin-
NO-yl) aristolactam I (dA-AAI) found in CHN patients could be
detected in Hupki primary embryonic fibroblasts treated with
AALI As shown in Fig. 2 and Table 3, dA-AAl is formed and the
pattern of adducts is similar to that found in AAl-treated
animals (37), indicating the metabolic competence of the Hupki
primary embryonic fibroblasts. Retention in early passage Hupki
embryonic fibroblasts of metabolic competency described for
mouse embryos (30) was indicated by presence of mRNA from
four of the six genes we screened by RT-PCR (Cyp 1a2, Cyp 1b1,
microsomal epoxide hydrolase, and NAD(P)H:quinone oxi-
doreductase), suggesting that these cells may be proficient in
enzymatic activation of a variety of procarcinogens (data not
shown).

We then exposed 24 Hupki primary embryonic fibroblast
cultures at p.2 to 100 uM AAI for 48 h and analyzed the p53
status of the first 10 cultures that had survived crisis, showing

A B C

. <

¢ .

Fig.2. Autoradiogram of 32P-postlabeling of DNA from primary (p.2) Hupki
embryonic fibroblasts treated for 48 h (A) or 96 h (B) with 50 uM AAIl before
harvesting and DNA extraction. The arrows in A indicate the signals from the
two major DNA adducts dA-AAl (long arrow) and dG-AAI [7-(deoxyguanosin-
N-yl)-aristolactam [; short arrow]. (C) An autoradiogram from an experiment
with DNA from solvent control Hupki cells.
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Table 3. Total RAL in HUFs exposed to AAI at p.2

AAl, 50 uM AAl, 50 uM AAl, 100 uM
Time, hr 48 96 72
RAL, X10-6* 0.49 1.1 5.3

*Mean RAL of two separate incubations.

uniform morphology and accelerated growth, and were at p.9-13
by week 10 after exposure. P53 GeneChip screening identified 6
base substitution mutations (4 missense, 1 nonsense, and 1 splice
site mutation) in 5 of the 10 established cultures, and 5 were
verified by independent DNA cycle sequencing analysis (Table
4). Four of the substitutions were A to T transversions on the
nontranscribed strand, a finding significantly different from the
mutation data from UV-treated/untreated cultures, which were
comprised exclusively of base changes at G:C pairs, primarily
transitions. A to T transversion is the predominant mutation
class anticipated from AAI exposure (38, 39), yet is a relatively
rare class of base substitution in spontaneous or in UV mutation
spectra, making it likely that these HUF mutations were induced
by the AAI treatment. Consistent with the immunohistochem-
istry results reported above for UV-treated and control HUFs,
the missense mutant HUF cell strains AA7 and AA13 derived
from the AAI-exposed cultures showed intense nuclear p53
staining whereas A A6, which harbors a homo-/hemizygous
nonsense mutation in exon 6, did not stain with anti-p53 antibody
and failed to show induction of p53 after exposure to adriamycin,
as expected.

Discussion

Mouse embryonic fibroblasts (MEFs) undergo spontaneous
immortalization in vitro readily, and this acquired capacity to
thrive in vitro typically requires a genetic alteration in the p194RF
or the p53 locus, for example, a missense mutation in the p53
gene (23). In principle, this interesting observation offers an
opportunity to gain information on spontaneous mutation sites,
or to produce carcinogen-derived p53 mutation patterns in
MEFs, if it can be shown that p53 mutations are inducible by
experimental treatment of primary MEFs and are selected for
during establishment in culture. Due to the 15% discrepancy in
base sequence and to amino acid differences between the human
and murine DBDs, however, mouse p53 mutations are of limited
use in interpreting p53 mutation patterns in human tumors. The
most notable example of divergence is the 9-bp sequence at
€.248-250, the most heavily mutated sequence in human tumors.
Four of the 9 base residues differ between the two species. In the
present study, we have made use of the inherent characteristic of
murine cells to adapt to in vitro growth by p53 pathway disruption
and have bypassed the drawback of examining mutation patterns
in murine p53 sequences by replacing them with the human

Table 4. P53 mutations detected* in AAl-treated HUFs at p.9-13

Cell line Codon Mutation Description

AA6 209 AGA to TGA Nonsense (R/Stop) A to Tt

AA7 176 TGC to TGG Missense (C/W) C to G*

AA13 280 AGA to AGT Missense (R/S) Ato T*

AA18 158 CGC to GGC Missense (R/G) C to G*
int8 AGto TG Splice site Ato T*

AA22 281 GAC to GTCS Missense (D/V) Ato Tt

*Mutation identified by p53 GeneChip microarray analysis and by DNA se-
quencing.

SDetected only by the P53 GeneChip at p.10; detected by both methods at
p.20.

TA:T to T:A transversion.

*C:G to G:C transversion.
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sequence in the Hupki model. P53 mutation detection in Hupki
embryonic fibroblasts also offers the practical advantage of
identifying p53 DBD mutations with a commercial oligonucle-
otide microarray specific for the human p53 sequence, and
immunohistochemical prescreening of HUFs can improve de-
tection of out-of-frame insertions/deletions, which are not
readily detected by the GeneChip microarray (40).

For the development of a mutation system employing MEFs,
detailed information on expressed cytochrome P450 species and
DNA repair genes would be desirable. Previous studies by others
have shown that murine fibroblasts (C3H10T1/2; primary
MEFs) express cytochrome P450 reductase and Cyp 1bl, an
enzyme involved in the metabolic activation of the carcinogens
DMBA and B[a]P whereas Cyp 1a2 and Cyp lal levels are
typically low to absent but may be inducible (41-44). Choudhary
et al. investigated the presence of 40 murine cytochrome P450
gene message species by RT-PCR in mouse embryos and in adult
tissues and found that most, including Cyp 1b1, were constitu-
tively expressed in the embryonic RNA pool at various devel-
opmental stages (30). In our initial experiments exploring the
potential of primary HUFs to reveal the mutagenic activity of
environmental carcinogens requiring cytochrome P450s for ac-
tivation to electrophilic intermediates, we detected the expres-
sion of several species important in xenobiotic metabolism of
polycyclic aromatic hydrocarbons and other classes of environ-
mental carcinogens. In addition, we detected the major pre-
mutagenic deoxyguanosine B[a]P adduct, benzo[a]pyrene diol
epoxide-N2-deoxyguanosine in 3P postlabeling experiments
with DNA from primary Hupki embryonic fibroblasts exposed
to 1 uM BJ[a]P for 24 h (H.S. and M.H., unpublished results).
Given the complexity, size, and redundancies of the cytochrome
P450 gene superfamily in mice and humans (45, 46) and the role
of phase II enzymes in xenobiotic metabolism, we expect that
DNA adduct measurement will be the more efficient and
predictive means to sound out the capability of Hupki cells to
process specific chemical carcinogens to reactive intermediates.

We also have examined the expression of various cytochrome
P450 mRNAs in a Hupki-derived, p5S3 DBD WT HUF cell line
(42B1) by using Affymetrix oligonucleotide expression microarray
technology, and confirmed that Cyp 1bl message was the single
most prominent P450 species interrogated by the U74Av2 array,
followed by substantial expression of cytochrome P450 reductase
and Cyp 51al mRNA (Z.L. and M.H., unpublished observations).
Array profiling also confirmed that expression of a large number of
DNA repair genes was retained in the HUF cell line, and primary
MEFs are known to have an extensive DNA repair repertoire, and
thus have served as an efficient system to investigate the biological
consequences of specific repair deficiencies in MEFs isolated from
knock-out transgenic mice with disrupted components of the base
excision repair and nucleotide excision repair pathways (47-49).
Despite the overall conservation in evolution of DNA repair
mechanisms, differences between humans and mice have been
found, such as the efficiency of the global genomic repair subpath-
way of nucleotide excision repair (reviewed in ref. 50).

At the present stage, the generation of a representative
mutation pattern with HUFs is labor-intensive. The number of
mutants required to generate representative mutation patterns
with any assay is mutagen-dependent, essentially unpredictable,
and typically large. It will be necessary to explore ways to select
and analyze small numbers of pS3 mutated cells from early
passages of treated Hupki cell populations. In distinction to

1. Vogelstein, B., Lane, D. & Levine, A. J. (2000) Nature 408, 307-310.
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Hovig, E., Smith-Sorensen, B., Montesano, R. & Harris, C. C. (1994) Nucleic
Acids Res. 22, 3551-3555.
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established mutation assays employing selectable markers in
mammalian or yeast cells, the Hupki model has the advantage of
addressing the cancer-relevant p53 gene in its natural mamma-
lian context. The limitations for mutation spectrum studies of the
elegant yeast/p53 reporter system were illustrated by a recent
study on solar UV- and B[a]P-induced p53 mutations, which
showed that preferentially mutated p53 sequences in the yeast
assay were entirely different from those observed in human skin
tumors and in smokers’ lung cancers (22). To accelerate muta-
tion analysis in Hupki cells, it will be necessary to examine how
soon after crisis cell populations can be screened for the presence
of mutations.

To refine the application of HUFs to the study of spontaneously
arising and mutagen-induced p53 mutations, it would be desirable
to know whether and how mouse strain and cell culture immortal-
ization protocol parameters may influence outgrowth and clonal
expansion of postcrisis cells that harbor p53 mutations. Studies with
primary MEFs have revealed that the rare cell (1 cell per 10, or
fewer) that survives the initial crisis period has lost either p53
function (typically by mutation) or INK4a sequences (typically by
biallelic deletion), and, in BALB/c murine embryonic fibroblasts
passaged according to a defined subculturing schedule, immortal-
ization through the p53 pathway is the more common route (51-55).
The p19ARF and p53 tumor suppressor pathways intersect, and it
has been argued that p53 has stronger tumor suppressor activity
than p192RF in mice (56). The conditions or cell attributes of WT
MEFs that regulate the relative frequencies of spontaneous p19ARF
allele loss on the one hand, or p53 mutation on the other, are
incompletely understood.

To exert its mutagenic effect, AAI requires metabolic activation
through reduction of the nitro group to form DNA adducts that
result predominantly in A to T transversions if unrepaired. Enzymes
capable of bioactivating AAI are cytosolic nitroreductases, cyto-
chrome P450 enzymes, and peroxidases (33). The preponderance in
AAl-treated HUFs of the A to T substitution, an infrequent type
of substitution in spontaneous mutation spectra, is consistent with
the prevalent type of DNA adduct and mutation observed from
AALI treatment in different experimental systems. We conclude
that the A to T transversion in the HUFs we identified probably
were induced by the AAI treatment. The RAL of dA-AAI in
Hupki cells cultured for 48 or 72 h in medium containing 50 uM
A AT was comparable with levels we found previously in the kidneys
and ureters of CHN cancer patients from Belgium (36). Interest-
ingly, urothelial tumor cells from the one CHN/AAI-exposed
patient available to us at the time of this study harbored an A to T
transversion on the nontranscribed strand at c.139, leading to a stop
mutation (57).

It is noteworthy that the 12 p53 DBD mutant HUFs selected
for in vitro in our protocol harbored nonsilent base substitutions,
and 6 of the mutations are at sites of the p53 gene that are among
the 15 most commonly mutated codons in human cancers
(c.248, rank 1; ¢.273, rank 2; ¢.179, rank 7; c.176, rank 10; c.158,
rank 12; and ¢.280, rank 13; IARC TP53 Database). This finding
suggests that in vitro selective pressures leading to outgrowth of
p53 DBD mutant Hupki fibroblasts in culture may be a surpris-
ingly good approximation of selection for mutant p53 in tissues
in vivo.
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