The Evolution of Tumors in Mice and Humans
with Germline p53 Mutations

ArnoLD J. LEVINE, 2 CHANG S. CHAN,*? CrISsY DUDGEON,2 ANNA
Puz10-KUTER,2 AND PIERRE HAINAUT*
nstitute for Advanced Study, Princeton, New Jersey 08540
2Cancer Institute of New Jersey, New Brunswick, New Jersey 08903
3Department of Medicine, Rutgers Robert Wood Johnson Medical School, New Jersey 08903
4Grenoble Institute for Research on Cancer, Grenoble 38706, France

Correspondence: alevine@ias.edu

Mice with a homozygous p53 gene deletion develop thymic lymphomas by 9 wk of age. Using the sequence of the rearranged
T-cell receptor gene from each clone of cells in the thymus, one can determine the number of independent transformation
events. These tumors are oligoclonal, occurring at a frequency of 0.13—0.8 new cancer clones per day. By 20 wk only a few
clones are detected, indicating competition among transformed cell clones. DNA sequencing of these tumors demonstrates a
point mutation frequency of one per megabase and many genes that are consistently amplified or deleted in independent
tumors. The tumors begin with an inherited p53 gene deletion. Next is a PTEN mutation in a stem cell or progenitor cell, before
the rearrangement of the T-cell receptor. After that, the T-cell clone selects gene amplifications in cyclin D and cdk-6, and in
Ikaros in the Notch pathway. Humans heterozygous for the p53 mutant gene in the germline (Li—Fraumeni syndrome) develop
cancers at an early age. The penetrance of heterozygous p53 mutations is ~93% of individuals developing tumors over their
lives. At older ages the remaining 7% of this Li—Fraumeni population actually have a lower risk of developing tumors than the

population at large with wild-type p53 genes.

More than 50% of all human cancers contain mutations
in both alleles of the p53 gene, and individuals with
germline mutations in this gene develop Li—Fraumeni
syndrome, a disorder with increased risk of developing
cancers, especially at young ages (Hollstein et al. 1991;
Malkin 2011). The p53 protein is a transcription factor
that responds to a wide variety of stresses by initiating
transcriptional programs for cell cycle arrest and DNA
repair, apoptosis, and senescence. The stresses that acti-
vate pS3-mediated transcription include DNA damage,
hypoxia, nutritional deprivation, spindle damage, aneu-
ploidy, interference with proper ribosomal biogenesis,
telomere shortening, and mutational activation of select-
ed oncogenes (Levine and Oren 2009). The replication
of cells in the presence of any of these stresses leads to
an enhanced mutation frequency. The transcriptional ac-
tivation of p53 is thought to result in the elimination of
clones of cells carrying these mutations. p53 knockout
mice develop CD*'/CD®*" T-cell thymic lymphomas
by 2—6 mo after birth (Donehower et al. 1995), but the
events leading to these tumors remain largely unexplored.
We do not know the mutation frequencies of these tu-
mors during their development and over time. It is un-
clear whether these tumors are initiated as a single clone
that evolves with time or whether the tumor is com-
posed of several independent or oligoclonal lineages
that could compete with each other for resources. How
diverse is the mutational spectrum of the tumor? Do the
same oncogenes and inactive tumor-suppressor genes
drive p53~/ "~ thymic lymphomas formed in independent

mice? If that is the case, are the mutations that arise in
these tumors selected for in a specific order of events
after the p53 mutation is inherited? Do some of these
mutations occur in stem cells, and are they selected for
in the stem cell compartments of the T-cell precursors
before T-cell differentiation? All of these questions are
addressed and answered in this study.

Based upon these results, it will become clear that there
is an order to the selection of some mutations in p53_/ B
stem or early T-cell-lineage progenitors. The absence of a
pS3 protein enhances the mutation frequency of these
cells, producing oligoclonal tumors, which display high
levels of copy number variations (CNVs; deletions, am-
plifications, and aneuploidy). Surprisingly, there are not
an excessive number of point mutations. Additional mu-
tations result in the evolutionary selection for a smaller
number of clones that survive and are detectable with
time. These results will be compared with epidemiologi-
cal observations of human Li—Fraumeni families with
heterozygous p53 mutations. These studies suggest that
developmental lineages (mesenchymal and ectodermal
lineages) in p53 "/~ individuals harbor stem cells that
are much more at risk for developing tumors from certain
tissues at specific young ages, when those tissues are ac-
tively replicating. In contrast, individuals who inherit
wild-type p53 genes and who develop tumors derived
from endodermal derivatives contain high numbers of
somatic p53 mutations in both alleles. Finally, the pene-
trance for tumor formation in p53 mutant Li—Fraumeni
families is ~93%, with ~7% of p53+/7 individuals es-
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caping clinically observable tumors during their lifetimes.
Interestingly, these individuals actually have a lower risk
of developing cancers after 70—75 yr of age than do
p53™/7 individuals in the population. This could be the
result of good luck, a good environment, or the presence of
modifier alleles of the pS3 genes in their genomes.

RESULTS AND DISCUSSION
Thymic Lymphomas in p53_/ ~ Mice

p53~/ " mice develop thymic lymphomas over the first
6 mo of life. As each T cell is produced in the thymus it
acquires a unique T-cell receptor. This permits one to
determine the progeny of a clonal lineage of a T cell by
sequencing the V-D-J region of the DNA from a rear-
ranged T-cell receptor gene (Robins et al. 2009; Gopalak-
rishnan et al. 2013). The number of sequence reads of
identical V-D-J DNA sequences (modified by terminal
transferase) is proportional to the number of offspring
from a T-cell clone. To establish a baseline for the normal
T-cell levels in wild-type mice, the DNA from the thymus
of wild-type C57B1/6 mice was extracted from two males
and from two females at embryonic day 17 (E17), 3, 6, 9,
and 20 wk after birth. The polymerase chain reaction
(PCR) primers were localized just adjacent to the V region
and J region (~200 nt after T-cell receptor [TCR] rear-
rangements are produced) of the TCR-B chain gene. A
possible PCR primer bias that can alter the number of
copies that are amplified and sequenced was corrected
for by employing algorithms provided by Adaptive Bio-
technologies (Carlson et al. 2013). The number of se-
quence reads permits one to calculate the number of
unique clones and replicated clones of T-cell progeny in
the thymus. Table 1 provides the percentage of T cells
from the two most common clones and their progeny in
the thymus. The highest frequencies of replicated clones
from the wild-type C57B1/6 mouse (males and females)
varied between 0.08% and 0.17% of the total T cells se-

Table 1. Percentage of the two largest clones in WT and p53-KO
mice

Time WT

E17 0.16%, 0.15%
0.17%, 0.17%
0.17%, 0.14%
0.16%, 0.15%
3 wk 0.10%, 0.05%
0.07%, 0.07%
0.07%, 0.05%
0.06%, 0.05%
6 wk 0.08%, 0.08%
0.16%, 0.13%
0.11%, 0.11%
9 wk 0.08%, 0.07%
0.07%, 0.06%
0.16%, 0.14%
0.12%, 0.11%
0.15%, 0.09%

p53-KO

0.16%, 0.14%
0.15%, 0.13%
0.25%, 0.20%
0.19%, 0.18%
0.07%, 0.07%
0.18%, 0.14%

0.10%, 0.10%
0.11%, 0.11%

2.9%, 1.2%
21%, 13.8%
20 wk 70%, 28%
43%, 19%
70%, 5%
43%, 19%

WT, wild type; p53-KO, p53 knockout.

quenced (average of 0.11% + 0.05%) at different times
before and after birth. In the p53~/~ thymus (Table 1),
the maximum number of DNA reads from T-cell clones
remained the same from E17 to 6 wk after birth (Student #-
test for a difference; P = 0.14 + 0.054). By 9 wk after
birth, in the p537/ ~ mice, the number of progeny from
highest clones rose (30- to 200-fold) as shown in Table 1,
and by 20 wk the most common T-cell clones were 120- to
600-fold higher in p53 mutant mice than in wild-type
mice. These statistically significant increases in T-cell
clones and their progeny were used as the definition that
a thymic lymphoma was produced. This was confirmed
histologically. The increased number of progeny from a
clone is not due to antigen exposure in the thymus. The
ratio of productive (in reading frame) to nonproductive
TCR-B chains produced was similar over the first 6-wk
period of life in both wild-type and p537/ ~ mice, indi-
cating that the loss of p53 did not interfere with this pro-
cess. However, as the oligoclonal tumors began to be
produced at 9 and 20 wk the ratio of productive clones
(TCR™) to nonproductive clones (TCR™) was reduced
four- to fivefold.

The number of different clones of T cells contributing
to a thymic lymphoma in a single p537/ ~ mouse showed
that multiple independent transformation events occurred
and the tumors are oligoclonal. By 20 wk, dominant
clones arose, so that in one case 98% of the clones were
composed of two different clones (70% and 28%). In
another case as many as 10 different clones contributed
to the tumor (Fig. 1). The number of T-cell lymphomas
produced in a mouse between 9 and 20 wk averaged be-
tween 0.13 and 0.8 transformed clones per day. The fact
that thymic lymphomas were not detected until 9 wk of
age suggested that additional mutations must contribute to
the formation of these lymphomas. The loss of the p53
gene was not sufficient to produce a thymic lymphoma.

Whole-Exome Sequencing of p53_/ B
Thymic Lymphomas

Whole-exome sequencing of three thymic lymphomas
at 20 wk after birth was performed. A matched tail DNA
from one wild-type C57B1/6 mouse was used as a con-
trol sequence. The nonsynonymous point mutations
and frameshift/stop codon mutations detected by this
sequencing uncovered no reproducible tumor driver mu-
tations in the three tumor samples sequenced. The muta-
tion frequency was about one mutation per megabase,
which is not exceptionally high when compared with
human breast or pancreatic tumor frequencies (Lawrence
et al. 2013). There was no indication that the absence of
p53 in these mice contributes to excessive point muta-
tions when compared with a large number of p53 wild-
type or mutant tumors.

Copy Number Variations (CNVs) in p53 Knockout
Thymic Lymphomas

The exome sequencing permitted the reconstruction
of CNVs that were found in all three of the tumors
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Figure 1. p53 knockout (p53-KO) thymic lymphomas are oligoclonal and comprised of a few dominant clones. (4) Clones from a
wild-type thymus: The frequencies of the top 10 clones for each normal T-cell detected. (B,C) The most frequent clones detected in
pS3 knockout mice were plotted to show dominant clones where in one case (B) 98% of the clones were composed of two different
clones (70% and 28%) and in another case (C) 10 different clones contributed to the tumor. Both tumors are from male p53-KO mice.

sequenced. For deletions in the genome, a cutoff of 0.3
was used, corresponding to 38% of the tumor sample
having a one-copy deletion. For amplifications, a 0.2 in-
crease was used, corresponding to 30% of the tumor sam-
ple having a one-copy amplification. Based upon these
criteria, the three tumors had 276, 348, and 422 CNVs,
respectively. In contrast with the point mutations, these
CNVs produced a reproducible pattern of losses and gains
in the three genomes compared. An example of one of
these tumors is shown in Figure 2. Chromosome 3 of this
mouse genome has a chromothripsis signature, which is
commonly observed in human tumors with p53 mutations
and appears to arise by extensive recombination, resulting
in alternate gains and losses on a chromosome. It is of
some interest that biallelic Pten deletions are detected in
all three of the independent mouse tumors. Each of these
three mice had different Pten deletions. However, within
an individual mouse all of the Pten deletions detected by
sequencing were identical, even though the tumors were
oligoclonal, with diverse origins. For example, in one
mouse, the tumor was composed of clones representing
39.4%, 13.5%, 8.4%, and 7.0% of the total tumor load,
but 85% of the sequence reads for the Pren deletion have
identical exons deleted. In a second mouse the tumor was
composed of two clones of 76.7% and 9.7%, and 98% of
the Pten DNA reads were identical. These data are most
consistent with the hypothesis that the Pfen deletion oc-
curred before the TCR rearrangement in a stem or early
T-cell lineage progenitor. The Pten deletion, along with
the inherited p53 loss, contributes to future tumors that
arise from these clones. Different p53 /"~ mice have dif-
ferent Pten deletions, but in each mouse the deletion
arises and is selected for early in development so that
all tumors in a given mouse have the same mutation.
Many chromosomal aneuploidies were detected, and
chromosome 5 was amplified in all three sequenced tu-
mors. The patterns of selected genome rearrangements
were surprisingly reproducible with ~175 genes recur-
rently amplified in all tumors sequenced. These amplifi-
cations occurred in a smaller percentage of clones that

produce lymphomas, suggesting that they occurred after
the TCR rearrangement. A comparison of the amplified
or altered genomes from different mice commonly de-
tected Cdk6 and Ikzf1 (Ikaros) as two genes whose am-
plifications are also observed in human T-cell lym-
phomas and may drive these tumors.

Pten, Cyclin D, Cdk6, and Ikaros Expression
in Thymic Lymphomas

The results of the CNVs observed by DNA sequencing
were confirmed by western blots of Pten, Cdk6, cyclin
D1-3, Rb, and Ikaros (Ik 1-3) and its dominant-negative
splice variants (Ik4—8). Antibodies to each of these pro-
teins were compared in western blots employing tissues
from wild-type mice and p537/ ~ mice that were taken at
6 wk of age (before detection of a tumor) and compared
with samples of thymic lymphomas taken from 10 differ-
ent mice at 20 wk of age. The results are presented in
Figure 3. The Pten proteins are lost from seven of the
10 tumors and a reduced level of Pten protein was ob-
served in the three other tumors. The Cdko6 kinase is over-
expressed in all 10 tumors and either cyclin D1, D2, and/
or D3 (or combinations of the D cyclins) are overex-
pressed in all of the tumors. The retinoblastoma protein
Rb is deleted in three tumors. Dominant-negative forms
of the Ikaros proteins (Ik4—8) are expressed in nine of the
10 tumors, and the Ik protein is missing in the 10th tumor.
Tkaros is in the Notch pathway of T-cell development, and
these types of mutations have been observed in human
T-cell lymphomas (Chilosi et al. 1998; Sun et al. 1999;
Gutierrez et al. 2009).

The inherited p537/ ~ genotype results in genomic in-
stability and rapidly selects in the stem or progenitor cells
of T cells for Pten mutations, which contribute a metabol-
ic preparation for rapid growth. Pten mutations alter glu-
cose metabolism (the Warburg effect) in these cells. After
the rearrangements of the T-cell receptor, the amplifica-
tions of the Cdk6 gene and one or more of the cyclin D
genes help to promote rapid cell cycle replication. Then
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Figure 2. p53 knockout (p53-KO) thymic lymphomas have increased copy number variations (CNVs). CNV plots are from one male
p53 knockout thymic lymphoma. Red lines show areas of amplification, yellow lines show no change, and green lines are areas of

deletion.



MULTICLONAL TUMORS 143

6 week 20 week

p53-
WT KO WT

12 4.2 12 1

p53-KO thymic lymphomas
23456 789 10

v — == DHan

——— e DD

- Cyclin D1
Cyclin D2

-
—— e ———— - ———— PRb (S780)
. * o
—— e e R — R Smeegm - RO

- = -Ik1
SSIRIIS=EE SSgEEgD
= - — — :|Ikd-8

— -

GAPDH

Figure 3. CNV results confirmed by western blots of p53 knock-
out (p53-KO) thymic lymphomas. Western blot analysis of 6-
wk-old wild-type (WT), 6-wk-old p53-KO thymus, and 20-wk-
old p53-KO thymic lymphoma proteins show Pten loss, cyclin
D, and Cdk6 overexpression and 1k4-8 dominant-negative ex-
pression. Proteins analyzed include Pten, Cdk6, cyclin D1, cy-
clin D2, cyclin D3, phospho-Rb, Rb, and Ikaros isoforms (Ik1—
8). GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was
used as a loading control.

Tkaros mutations block development of differentiated
T cells, producing CD4/8 double-positive T-cell lympho-
mas. These results suggest that once a p53 mutation is
inherited, it may act as a gatekeeper mutation, resulting
in the order of selection of subsequent mutations (such as
Pten) producing larger numbers of clones that form the
precursors for additional mutations at a higher frequency
and in tumor formation at an early age. The epidemiolog-
ical evidence from humans with Li—Fraumeni syndrome
and inherited p53 mutations supports this notion.

Germline pS3 Mutations in Humans

A relatively small number of humans and families har-
bor p53 mutations in the heterozygous state, which in
~70% of the cases results in Li—Fraumeni syndrome
(Olivier et al. 2010). This is an autosomal-dominant
disorder that results in a subset of tumors commonly
expressed at a young age of onset. Patients may develop
multiple independent cancers and have a lifetime risk of
93% for developing a tumor. In most cases, a single mu-
tant p53 allele is inherited (or arises spontaneously) and
the wild-type allele is commonly (but not always) lost
during tumor initiation or formation. The International
Association of Cancer Research (IARC, Lyon, France)
collects and stores a great deal of information about
Li—Fraumeni families. The analysis of these data was
performed by Pierre Hainaut from the R16 version of
the IARC database (November 2012). It describes 634
families with p53 germline mutations producing 2483
cancer cases with a 30,000 person-year follow-up. One

of the first observations made with the database was that
individuals who inherit p53 mutations develop cancers
during their lifetime that derive from the mesenchymal
and ectodermal lineages at a five- to 100-fold greater risk
than observed in the wild-type population. The risk of
developing a tumor derived from the endodermal lineage
is only two- to threefold higher than in the wild-type
population. This is in contrast to the observation that
somatic p53 mutations are found at a very high frequency
in endodermal tumors in the colon (75%), lung (75%),
pancreas (80%), and ovary (100%). There is clearly a
difference in the impact of a p53 mutation acquired by
inheritance rather than as a somatic mutation, despite
the fact that the same mutant alleles are observed in
both inherited and somatic p53 mutations. The develop-
mental origin of the tissue affects the p53-mediated risk
of tumor formation (Fig. 4). A second, similar observa-
tion, deduced from these data is that the tissue specificity
and the type of tumor produced in a p53+/ ~ carrier differ
depending upon the chronological age of the patient.
Adrenocortical carcinomas (ADCs) occur at a 50- to
100-fold risk in patients between the ages of 6 mo to 4
yr compared with wild-type populations. Choroid plexus
papillomas (CPTs) occur at 50- to 100-fold increased risk
between 6 mo and 3 yr, whereas medullary blastomas
(MEDs) occur at 50- and 100-fold increased risk between
2 and 9 yr. Rhabdomyosarcomas are observed at a 50- to
100-fold increased risk between 1 and 4 yr after birth.
Leiomyosarcomas are produced between 20 and 60 yr of
age, liposarcomas between 1 and 50 yr of age, and breast
tumors at 18—45 yr of age in Li—Fraumeni patients, all at
five- to 10-fold higher risk than in the wild-type popula-
tion (Fig. 5). Rather clearly, the ages at which a tumor
arises in individuals with a p53™/~ genotype reflects
the time of most active tissue cell division and the activity
of tissue-specific stem cells in the mesenchymal and ec-
todermal lineages (but not the endodermal lineages).
These data tie p53 function to selected germline tissue
types and different stages in the development of the or-
ganism. These observations also distinguish between in-
herited (acting early in development) and somatic (acting
later in tumor formation) p5S3 mutations. This study sug-
gests a role for p53 in selected stem cells, rapid cell divi-
sion, and tissue development over a lifetime.

The epidemiology of this syndrome also uncovers
the presence of a small group of patients (~7%) who
by 65—100 yr of age have never developed a clinically
active tumor, even though they have a p53+/ ~ genotype,
with an allele that will result in tumors in other families or
individuals in a family. These individuals actually have a
lower risk of developing a cancer than the wild-type pop-
ulation in the same age group. This may be explained by
good luck, by living in a terrific environment that does
not stress the patient, or by the presence of suppressor
alleles that increase haploid levels of p53 activity and
protect the patient. Enhanced protein modifications or
levels of the wild-type p53 protein, inhibition of the neg-
ative regulator of p53 (MDM2), or alleles that back up or
replace some p53 functions might all be considered as
viable candidates for this type of genetic modifier.
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Figure 4. Distinct embryonic origin for tumors with high rates of somatic TP53 mutations and tumors frequently associated with
germline TP53 mutations. Red arrow indicates tissues/organs in which tumors with high rates of TP53 mutations (>35%) occur
(% somatic mutations: numbers in red). Green arrows indicate tissues/organs in which tumors frequently develop in subjects who
carry a germline TP53 mutation (% of all cancer diagnoses in mutation carriers: numbers in green). Tumors that are frequent in
mutation carriers are different from those which often contain TP53 somatic mutations, with the exception of cancers of the lung and

colorectum.

MATERIALS AND METHODS
Mice

All animal protocols used in this study were approved
by the Rutgers Biomedical and Health Sciences Animal
Care and Use Committee. WT and p53-KO mice were
killed at the indicated times using CO, and thymus tissue
placed in liquid nitrogen for future analysis.

DNA Extraction and TCR-3 Sequencing

Thymus DNA was extracted using the PureLink Geno-
mic DNA Kit (Life Technologies, Carlsbad, CA). The
TCR-B locus was sequenced using the ImmunoSEQ sur-
vey level assay by Adaptive Biotechnologies (Seattle,

4
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WA) from WT and p53-KO mice at various ages as
well as p53-KO thymic lymphomas. TCR-3 sequencing
was analyzed using the InmunoSEQ Analyzer (Adaptive
Biotechnologies).

Exome Sequencing and Somatic Point
Mutation Analysis

Whole-exome sequencing and SNP/Indel calling was
completed by BGI Americas, Inc. (Philadelphia, PA).
The exonic regions were captured using Agilent Sure-
Select Mouse All Exon 50 Mb and sequenced by 100-
bp paired-end reads on an Illumina platform. Somatic
point mutation analysis was completed as previously
shown (Dudgeon et al. 2014). Somatic point mutations

20-60 yr

20-50 yr

wild type
Breast cancer (BC)

18-45 yr
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Figure 5. Differences in tumor type and tissue specificity in p53 heterozygous carriers is dependent on chronological age. ADCs occur
between the ages of 6 mo to 4 yr, whereas CPTs occur between 6 mo and 3 yr of age, MEDs between 2 and 9 yr of age, RMSs between 1
and 4 yr, LMSs between 20 and 60 yr of age, LPSs between 1 and 50 yr of age, and breast tumors at 18—45 yr of age in Li—Fraumeni
patients. The indicated tumor types occur most often in tissues that replicate and develop in a time-dependent fashion over a lifetime.
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were called on matched normal and tumor BAM files
using MuTect (Cibulskis et al. 2013). After identifying
somatic genomic variants, known single-nucleotide poly-
morphisms (SNPs) were identified by comparing with
dbSNP128 for mouse. After filtering known SNPs,
somatic mutations were found in tumor samples as com-
pared with normal sample.

Structural Variation Analysis

CNV analysis was accomplished using ExomeCNV
(Sathirapongsasuti et al. 2011) using the default parame-
ter setting with sample admixture rate set to 0.5. Analysis
was completed as described (Dudgeon et al. 2014).

Western Blotting

Twenty micrograms of protein extract from thymus and
thymic lymphomas was subjected to SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis) and
transferred to an Immobilon-P membrane (EMD Milli-
pore, Billerica, MA). Western blot was performed using
antibodies to Pten (#9188), Cdk6 (#3136), cyclins D1
(#2978), D2 (#3741), D3 (#2936), phospho-Rb (S780)
(#9307), Rb (#9313), Ikaros (#5443) (Cell Signaling,
Danvers, MA), and Gapdh (#25778) (Santa Cruz Bio-
technology, Inc., Dallas, TX).
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