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Abstract

Li-Fraumeni Syndrome (LFS) results from heterozygous germline mutations of TP53, encoding a key transcriptional factor
activated in response to DNA damage. We have recently shown, from a large LFS series, that dominant-negative missense
mutations are the most clinically severe and, thanks to a new p53 functional assay in lymphocytes, that they alter the p53
transcriptional response to DNA damage more drastically than null mutations. In this study, we first confirmed this observa-
tion by performing the p53 functional assay in lymphocytes from 56 TP53 mutation carriers harbouring 35 distinct alterations.
Then, to compare the impact of the different types of germline TP53 mutations on DNA binding, we performed chromatin
immunoprecipitation-sequencing (ChIP-Seq) in lymphocytes exposed to doxorubicin. ChIP-Seq performed in wild-type TP53
control lymphocytes accurately mapped 1287 p53-binding sites. New p53-binding sites were validated using a functional as-
say in yeast. ChIP-Seq analysis of LFS lymphocytes carrying TP53 null mutations (p.P152Rfs*18 or complete deletion) or the
low penetrant ‘Brazilian’ p.R337H mutation revealed a moderate decrease of p53-binding sites (949, 580 and 620, respectively)
and of ChIP-Seq peak depths. In contrast, analysis of LFS lymphocytes with TP53 dominant-negative missense mutations
p-R273H or p.R248W revealed only 310 and 143 p53-binding sites, respectively, and the depths of the corresponding peaks
were drastically reduced. Altogether, our results show that TP53 mutation carriers exhibit a constitutive defect of the tran-
scriptional response to DNA damage and that the clinical severity of TP53 dominant-negative missense mutations is ex-
plained by a massive and global alteration of p53 DNA binding.

Introduction perception of the syndrome, as defined by the presence of germ-

line TP53 [MIM*191170, NM_000546.5] mutations, has consider-
Li-Fraumeni syndrome (LFS; OMIM#151623) represents a para- ably evolved since its original definition in 1969 by Frederick Li
digm in genetic predisposition to cancer considering the central and Joseph Fraumeni (1-8). Indeed, a remarkable feature of the
role of p53 in the response to DNA damage and because our LFS is the heterogeneity of its clinical presentation, in terms of
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tumour type and age of tumour onset. In clinical practice, the
presence of a germline TP53 mutation should be considered in 4
different situations: (i) a proband with a LFS spectrum tumour
(premenopausal breast cancer, soft tissue sarcoma, brain tu-
mour, adrenocortical carcinoma (ACC)) before age 46 and at
least one first or second-degree relative with a LFS tumour (ex-
cept breast cancer, if the proband has breast cancer) before the
age of 56 or with multiple tumours; (ii) a proband with multiple
malignancies (except recurring breast cancer), two of which be-
longing to the LFS spectrum, the first being developed before 46
years; (iii) patients with rare early-onset tumours such as ACC,
choroid plexus carcinoma (CPC) or embryonal anaplastic rhab-
domyosarcoma, irrespective of the family history; and (iv)
breast cancer before age 31 (1).

If germline TP53 mutations are identified in familial aggrega-
tions of childhood and adult tumours, they can also be detected
in patients and families who have developed only adult cancers
and in patients without a familial history of cancer (1,9). With
the exponential use, in cancer patients, of TP53 tests performed
with gene panels, it is likely that the percentage of germline
TP53 mutations detected in such patients or families will in-
crease. This provides clinical evidence that germline TP53 muta-
tions display a heterogeneous penetrance. The diversity of the
clinical presentations associated with germline TP53 mutations
suggests that it should be appropriate to include Li-Fraumeni
syndrome within an expanded category designated ‘TP53-re-
lated inherited cancers’ characterized by a broader tumour
spectrum and age of tumour onset.

All types of TP53 alterations can be observed at the germline
and at the somatic level. Nevertheless the TP53 mutation spec-
trum is characterized by the predominance of missense muta-
tions (above 65%), most of the mutations reported so far in LFS
corresponding to dominant-negative mutations (1,10). LFS ani-
mal models and clinical data support the existence of genotype-
phenotype correlations in LFS: (i) mouse models of LFS have
shown the phenotypic severity of dominant-negative muta-
tions, as compared with null mutations (11-14); (ii) from a large
series of 415 TP53 mutation carriers, we have recently reported
that the mean age of tumour onset was statistically lower in
carriers harbouring dominant-negative missense mutations
than in carriers with loss of function mutations and that
dominant-negative missense mutations represent the predomi-
nant germline alterations in carriers who developed childhood
cancers, except ACC. In contrast, null mutations such as non-
sense mutations, frameshift mutations or genomic rearrange-
ments are predominantly detected in pedigrees characterized
by cancers occurring in adulthood (1).

Thanks to the development of a new p53 functional assay in
lymphocytes, based on the measurement of p53 transcriptional
response to DNA damage, we provided a first molecular explana-
tion of the dominant-negative missense mutation severity (15).
Indeed, analysis of the p53 transcriptional response after doxo-
rubicin exposure of lymphocytes derived from three TP53 wild-
type control subjects, 3 carriers of dominant-negative missense
mutations and 3 carriers of null mutations, revealed that in lym-
phocytes with germline dominant-negative missense mutations,
the number of induced genes and the level of p53 target gene in-
duction were drastically reduced, as compared to controls and
LFS lymphocytes with null mutations. We subsequently devel-
oped a simpler version of the assay, based on the transcriptional
induction of a limited number of p53 target genes in lympho-
cytes exposed to DNA damaging agents. This assay, performed
in wild-type TP53 lymphocytes, can be used to determine and
quantify the genotoxic effect of chemical or physical agents, p53

being a universal sensor of genotoxic stress (16). It can alterna-
tively be used to determine the functionality of p53 protein in
LFS patients harbouring germline TP53 mutations.

In this study, to deeply characterize the biological impact of
the different classes of germline TP53 mutations, we first
analysed, using a modified version of this functional assay, the
effect of 35 distinct germline alterations on p53 transcriptional
response to DNA damage and then characterized the conse-
quences of germline TP53 mutations on DNA binding, using
chromatin immunoprecipitation followed by massive parallel
sequencing (ChIP-Seq).

Results

p53 transcriptional response to DNA damage in
lymphocytes constitutes an endophenotype of germline
TP53 mutation severity

To confirm the results obtained in our previous study performed
on a limited number of samples and showing that dominant-
negative missense mutations had a more drastic impact on p53
transcriptional response compared to null mutations (15), we se-
lected 35 EBV-immortalized lymphocytes from 5 control subjects
with wild-type TP53 genotype, 14 LFS patients with TP53 null muta-
tions and 16 LFS patients with missense mutations previously clas-
sified as dominant-negative mutations according to the IARC
(International Agency for Research on Cancer) TP53 database
(http://p53.iarc.fr/; date last accessed March 22, 2017) (17) (Table 1).
We analysed the p53 transcriptional response to DNA damage in
these EBV-immortalized lymphocytes, using our simplified p53
functional assay, based on the transcriptional induction of six p53
target genes after exposure of lymphocytes to doxorubicin, a geno-
toxic agent inducing DNA double-strand breaks, and on the subse-
quent comparison of p53 target gene expression levels between
doxorubicin-treated and non-treated cells (Supplementary
Material, Fig. S1). We checked that p53 was efficiently activated fol-
lowing exposure to doxorubicin, by monitoring p53 protein stabili-
zation (Supplementary Material, Fig. S2). In this assay, the p53
functional activity is expressed as an arbitrary functionality score
corresponding to the average of the six p53 target gene induction
levels. As shown in Figure 1, in control wild-type TP53 lympho-
cytes, we obtained a mean p53 functionality score of 11.6 + 1.04, in-
dicating a strong induction of p53 transcriptional activity in
response to DNA damage. In LFS lymphocytes with null mutations,
we observed a 50% decrease of the mean score (6.7 = 0.4) (Fig. 1A) il-
lustrating the p53 haplodeficiency (Table 1). In LFS lymphocytes
with dominant-negative missense mutations, we detected a dras-
tic reduction of the p53 transcriptional activity (mean score-
=3.0+0.2) (Fig. 1A). The mean scores were statistically different
between control wild-type TP53 lymphocytes and those with null
mutations (P-value <0.0001, Student t-test) or with dominant-
negative missense mutations (P-value< 0.0001, Student t-test) (Fig.
1A). As shown in Table 1, we obtained similar results for EBV-
immortalized lymphocytes derived from different individuals har-
bouring the same germline TP53 mutation, indicating the reproduc-
ibility of the assay. These results therefore confirm our previous
results showing that germline TP53 mutations detected in LFS pa-
tients result in a constitutive reduction of p53 transcriptional activ-
ity and that dominant-negative missense mutations have a more
severe impact on this transcriptional activity than null mutations.
We then extended this functional analysis to 26 patients
suspected to present with LFS and harbouring 15 additional dif-
ferent missense mutations. According to the IARC TP53 data-
base (17), 3 had no detectable dominant-negative effect, and for
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Figure 1. Comparative analysis of p53 transcriptional activity in wild-type and mutant TP53 EBV-immortalized lymphocytes exposed to doxorubicin. (A) Dot plot de-
picting the comparison of p53 functionality scores obtained using p53 functional assay, in lymphocytes from 5 wild-type TP53 controls and from 56 TP53 mutation car-
riers. For each type of mutations ‘n’ indicates the number of carriers analysed. (B) Subdivision of the 26 patients harbouring 15 different missense mutations into 3
groups: (i) mutations classified according to the IARC database, as supertrans or functional (p.R290H, p.G302R, p.T304A) (ii) p.R158H and p.R337H mutations, and (iii)
other missense mutations (p.E11Q, p.G108D, p.T125M, p.R175G, p.H193D, p.H193P, p.V216M, p.C229R, p.1254T, p.R282P). Scores correspond to the average of two inde-
pendent experiments; the error bars represent mean * standard error of the mean (SEM). Statistical significance of the comparisons was evaluated using the unpaired

t-test and represented by an asterisk (*P < 0.05; **P < 0.01; ***P < 0.001).

12 mutations the dominant-negative activity had not been as-
sessed (Table 1). For these 15 mutations we observed, as shown
in Figure 1A and Table 1, a dispersion of the p53 functionality
scores, indicating that these mutations have a heterogeneous
effect on p53 transcriptional activity, which led us to subdivide
these mutations into 3 groups (Fig. 1B). The first group corre-
sponded to 3 mutations (p.R290H, p.G302R, p.T304A) previously
classified as ‘supertrans or functional’ in a yeast-based func-
tional assay (18). The scores for these mutations (mean
score=9.7 = 0.8) were very close to the control lymphocyte
scores (Fig. 1B, Table 1), confirming the absence of the deleteri-
ous effect of these mutations on the p53 transcriptional activity.
When we looked at the TP53 missense mutations p.R158H and
p-R337H associated with adrenocortical carcinoma or adult tu-
mours (1,19), we obtained scores close to the ones of the null
mutations (mean score=5.6+0.4) (Fig. 1B, Table 1). Finally,
when we analysed the other missense mutations (p.E11Q,
p.G108D, p.T125M, pR175G, p.H193D, p.H193P, p.V216M,
p-C229R, p.I1254T, p.R282P), we observed a drastic alteration of
the p53 transcriptional activity (mean score =3.8 +0.2), similar
to that observed with well characterized dominant-negative
missense mutations suggesting that most of these mutations
are also bona fide dominant-negative mutations (Fig. 1B, Table
1). These results indicate that the impact of the mutations on
p53 transcriptional response to DNA damage in LFS lympho-
cytes can be considered as an endophenotype of the clinical se-
verity of germline TP53 mutations.

Genome-wide mapping of p53-binding sites in control
lymphocytes exposed to DNA damage

In order to evaluate the impact of germline TP53 mutations on
p53 DNA binding, we did a genome-wide mapping of p53-
binding sites in response to DNA damage, by performing ChIP-
Seq in control EBV-immortalized lymphocytes exposed to

doxorubicin. We used EBV-immortalized lymphocytes derived
from two TP53 wild-type individuals in order to limit a potential
bias due to inter-individual variability and we performed each
experiment in duplicate. In control subject 1, we identified 2969
and 2249 peaks (FDR=0.005) in replicates R1 and R2, respec-
tively, with 1963 peaks in common between the two replicates.
In control subject 2, 1684 and 1986 peaks were identified in rep-
licates R1 and R2, with 1442 common peaks (Figs 2A and 3A). As
expected, few peaks were detected when the same experiment
was performed without doxorubicin treatment (Supplementary
Material, Fig. S3). In order to identify the most relevant p53-
binding sites, we selected peaks detected in common between
replicates performed on lymphocytes from the two controls,
which allowed us to identify 1287 high-confidence peaks
(FDR =0.005) (Fig. 2A, Supplementary Material, Table S1), among
which 65% (842/1287) and 26% (337/1287) were located within
50kb and 10kb from transcription start sites (TSS), respectively.
Moreover, 90% (1158/1287) of these high-confidence ChIP-Seq
peaks harbour the previously characterized p53-binding motif
(20) (Supplementary Material, Table S1).

In order to identify, among these genes containing p53-
binding sites, those who are differentially expressed upon p53
activation, we completed the transcriptomic analysis previously
performed on lymphocytes derived from the control 1 and ex-
posed to doxorubicin (15), by a new transcriptomic analysis per-
formed on lymphocytes derived from control 2. Global gene
expression analysis allowed us to identify in exposed control
lymphocytes a core of 913 differentially expressed genes, in-
cluding 532 up and 381 down-regulated genes (P-value < 0.005)
(Supplementary Material, Table S2). Comparison of ChIP-Seq
data with gene expression profiles showed that 12% (143/1208)
of the genes containing a p53-binding site were differentially
expressed (127 up-regulated and 16 down-regulated genes)
upon doxorubicin treatment (Fig. 2B and C). These 143 genes in-
clude 40 previously known p53 target genes (21,22), such as
CDKN1A [MIM*116899, NM_000389] and MDM?2 and 103 new
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Table 1. Functionality scores in control subjects and TP53 mutation carriers

Individual (gender? age®) Family Phenotype® (age 9 Germline TP53 mutation® P53 mRNA expression!  Score®
Controls
Control 1 (M, 34) F1 No tumour None 79 11
Control 2 (F, 37) F2 No tumour None 100 13.1
Control 3 (F, 30) F3 No tumour None 100 14.6
Control 4 (M, 29) F4 No tumour None 71 11
Control 5 (M, 28) F5 No tumour None 87 8.5
Missense mutations with dominant negative effect (DNE)"
Patient 1 (F, 29) F155 Bilat. ACC (1 + 2), SC (28) ¢.524G>A, p.R175H 93 2.9
Patient 2 (F, 2) F65 anRMS (1) .524G>A, p.R175H 86 4.1
Patient 3 (F, 14) F24 GBM (14), OS (16) ¢.535C>T, p.H179Y 78 3.8
Patient 4 (M, 1) F225 CPC (0.3) €.638G>A, p.R213Q 98 4.1
Patient 5 (F, 23) F185  HD (13), BC(21), BS (21) €.659A>G, p.Y220C 91 33
Patient 6 (F, 23) F161  BC(22) €.733G>A, p.G245S 93 24
Patient 7 (M, 52) F241 No tumour (52) €.733G>A, p.G245S 85 3.8
Patient 8 (F, 26) F254  Bilat. BC (25) €.736A>G, p.M246V 20 2.7
Patient 9 (F, 29) F267  0OS(16), BC (28) €.743G>A, p.R248Q 76 2.2
Patient 10 (F, 37) F212 BC (25) €.742C>T, p.R248W 70 1.5
Patient 11 (F, 35) F141  STS(19), Bilat. BC (29 + 34) €.742C>T, p.R248W 73 3.2
Patient 12 (M, 22) F141  Bilat. tes. GCT (17 + 19), BCC (19) c.818G>A, p.R273H 104 1.9
Patient 13 (F, 3) F209  STS(2) ¢.818G>A, p.R273H 88 2.4
Patient 14 (F, 9) F145  No tumour (10) .844C>T, p.R282W 104 2
Patient 15 (F, 35) F79 No tumour (35) €.844C>T, p.R282W 116 2.7
Patient 16 (F, 9) F79 No tumour (9) €.844C>T, p.R282W 76 4.6
Null mutations
Patient 17 (F, 20) F26 No tumour (20) c.(?_-202)_(*1207_?) del, p.0(comp del)' 57 7.2
Patient 18 (F, 66) F26 BC (46), STS (49) c.(?_-202)_(*1207_?) del, p.0(comp del)! 42 6.5
Patient 19 (M, 16) F35 No tumour (16) c.(?_-202)_(-29 + 1_-28-1)del, p.0 53 5.4
(prom-ex1 dely
Patient 20 (M, 60) F167  STS (59) c.(?_-202)_(-29+1_-28-1)del, p.0 60 8
(prom-ex1 dely
Patient 21 (M, 28) F56 No tumour (28) c.216dup, p.V73Rfs*76 51 4.5
Patient 22 (F, 28) F203 BC (27) c.216dup, p.V73Rfs*76 44 6.5
Patient 23 (F, 31) F208  BC(29) ¢.323_329dup, p.L111Ffs*40 59 6.9
Patient 24 (F, 29) F211  Bilat. BG (26 + 29) c.455del, p.P152Rfs*18 63 4.7
Patient 25 (M, 12) F223 0s (11) €.491_494del, p.K164Sfs*5 50 8.6
Patient 26 (M, 40) F223  Tes. GCT (26), BCC (40) .491_494del, p.K164Sfs*5 68 8.3
Patient 27 (F, 27) F186  Bilat. BC (25) €.632_641del, p.T2111fs*33 50 5.7
Patient 28 (F, 29) Fl146 No tumour (29) c.690del, p.T231Pfs*16 52 9.4
Patient 29 (F, 12) F162  ACC (11) ¢.820del, p.V274Ffs*71 53 7
Patient 30 (F, 35) F28 No tumour (35) c.673-2A>G, p.? 42 5.5
Missense mutations with no detectable DNE or whose dominant activity had not been assessed
Patient 31 (M, 3) F324  NB(2) ¢31G>C, p.E11Q 120 3
Patient 32 (F, 58) F150 No tumour (58) c.323G>A, p.G108D 81 4.2
Patient 33 (F, 2) F204  ACC(0.9) €.374C>T, p.T125M 92 5.1
Patient 34 (F, 16) F149  ACC(0.5) c.473G>A, p.R158H* 83 4.1
Patient 35 (M, 3) F188  CPC(2) .473G>A, p.R158H* 93 43
Patient 36 (F, 18) F41 No tumour (18) .473G>A, p.R158H* 89 4.7
Patient 37 (M, 18) F41 No tumour (18) c.473G>A, p.R158H* 72 5.1
Patient 38 (F, 18) F166 No tumour (18) c.473G>A, p.R158HX 83 6.9
Patient 39 (F, 24) F2 05 (18), bilat. BC (27 +29), LC (45)  ¢.523C>G, p.R175G* 101 3.2
Patient 40 (F, 33) F206  STS (24), BC (26) €.577C>G, p.H193D 91 37
Patient 41 (M, 57) F181  STS (49), LC (54), MM (55) c.578A>C, p.H193P 109 3.7
Patient 42 (M, 30) F144 ARMS (3), STS (17) €.646G>A, p.V216M 94 4.3
Patient 43 (M, 34) F179 No tumour (37) €.646G>A, p.V216M 82 4.3
Patient 44 (F, 37) F238  BC(34) €.685T>C, p.C229R 82 43
Patient 45 (F, 36) F198 No tumour (36) c.761T>C, p.I1254T 72 24
Patient 46 (F, 29) F198 No tumour (29) c.761T>C, p.I254T 72 2.8
Patient 47 (M, 1) F198  ACC(0.9) c.761T>C, p.1254T 104 3.6
Patient 48 (F, 32) F198 No tumour (32) c.761T>C, p.1254T 74 3.9
Patient 49 (F, 24) F148 CPC (17), BS (24) c.845G>C, p.R282P 105 4.7

(continued)
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Individual (gender?, age®) Family Phenotype® (age 9) Germline TP53 mutation® P53 mRNA expression’!  Score®
Patient 50 (F, 67) F160  BC (47) ¢.869G>A, p.R290H* 85 10.9
Patient 51 (F, 44) F142  BC(41) €.904G>A, p.G302R 71 10
Patient 52 (F, 33) F77 Ov. GCT+STS (28) c.910A>G, p.T304A 78 8.3
Patient 53 (M, 2) F195  ACC(2) ¢.1010G>A, p.R337H 81 5.8
Patient 54 (M, 38) F259 No tumour (38) ¢.1010G>A, p.R337H 85 6
Patient 55 (F, 1) F216  ACC(0.6) c.1010G>A, p.R337H 81 6.5
Patient 56 (M, 4) F265  ACC(3) ¢.1010G>A, p.R337H 101 6.9

M, male; F, female.

PAge (in years) at blood sampling for EBV-immortalization of lymphocytes.

€ACC, adrenocortical carcinoma; anRMS, anaplastic rhabdomyosarcoma; ARMS, alveolar rhabdomyosarcoma; BC, breast cancer; BCC, basal cell carcinoma; Bilat, bilat-

eral; BS, breast sarcoma; CPC, choroid plexus carcinoma; GCT, germ cell tumour; GBM, glioblastoma multiforme; HD, Hodgkin’s disease; LC, lung cancer; MM, malignant

melanoma; NB, neuroblastoma; OS, osteosarcoma; Ov, ovary; SC, skin cancer; STS, soft tissue sarcoma; Tes, testis.

dAge (in year) corresponds either to the age at tumour diagnosis or to the age of the unaffected individual.

€cDNA numbering with the first nucleotide corresponding to the A of the ATG translation initiation codon in the reference sequence (GenBank RefSeg-file accession

number NM_000546.5), according to the Human Genome Variation Society guidelines (www.hgvs.org/mutnomen; date last accessed March 22, 2017). The initiation co-

don is numbered as codon 1 (accession number NP_000537.3).

‘Indicated values correspond to p53 mRNA level; data are expressed as percentage of the value observed in control 2.

Indicated values correspond to the mean of the average fold-changes of target genes expression obtained from two independent p53 functional assays.

hAccording to the IARC TP53 database.

iComplete deletion.

JPromoter and exon 1 deletion.

kWith no detectable DNE according to the IARC TP53 database.

putative p53 target genes (Supplementary Material, Table S2).
As expected, functional clustering of gene annotations, using
the DAVID algorithm, revealed an enrichment of genes involved
in biological pathways known to be regulated by p53 in response
to DNA damage (Supplementary Material, Table S2).

Functional validation of new putative p53 target genes
using a p53-binding assay in yeast

To confirm the functional relevance of the p53-binding sites
identified by ChIP-Seq within new putative p53 target genes, we
constructed 2 yeast strains, one expressing human wild-type
p53 (YPH500-TP53) and the other containing the empty vector
(YPH500-Empty). pS3-binding sites, detected by ChIP-Seq, were
PCR-amplified and cloned by homologous recombination into
the gapped plasmid pRS313-cyc-ADE2 in the minimal promoter
upstream of the ADE2 open reading frame and transformed into
the YPH500-TP53 and YPH500-Empty yeast strains. In this assay,
the ADE2 gene expression is strictly dependent on p53-binding
to the cloned fragment. Colonies of YPH500 strains cultured on
media containing a limited amount of adenine are spontane-
ously red, whereas colonies expressing ADE2 turn white
(Supplementary Material, Fig. S4).

From the ChIP-Seq data, we selected 4 binding sites in genes
not known as p53 target genes and absent from previous ChIP-
Seq studies (GCNT3, LINC01480, PLXNB1 and SRSF8) (23) and
tested them in the yeast binding assay. As a positive control, we
used the p53-binding site within MDM2 and, as a negative con-
trol, a sequence from the USH1G gene [MIM*607696, NM_173477]
without any signal detected in the p53 ChIP-Seq experiments.
All 4 putative p53-binding sites generated white colonies when
transformed into YPH500-TP53 strain and red colonies when
transformed into the YPH500-Empty yeast strain, confirming
that they indeed correspond to functional p53-binding sites
(Supplementary Material, Fig. S5). We then performed quantita-
tive RT-PCR analysis to confirm the results obtained in the tran-
scriptomic analyses for these genes. In accordance with the

transcriptomic data, all the genes examined were differentially
expressed in control lymphocytes exposed to doxorubicin ex-
cept for SRSF8 (Supplementary Material, Fig. S5, Supplementary
Material, Table S2). In lymphocytes harbouring the TP53
p-R248W mutation, the up-regulation of these genes was signifi-
cantly reduced, demonstrating the specificity of the regulation
by p53 (Supplementary Materials, Fig. S5, Table S2).

Drastic effect of TP53 dominant-negative missense
mutations on p53 DNA binding

In order to study the functional consequences of germline TP53
mutations on p53 DNA binding in presence of DNA damage, we
performed a ChIP-Seq analysis of EBV-immortalized lympho-
cytes from LFS patients harbouring heterozygous TP53 muta-
tions, after exposure to doxorubicin. For this study, we selected
(i) two null mutations, i.e. a frameshift mutation (p.P152Rfs*18)
and a complete deletion, both resulting into p53 haplodefi-
ciency, (i) two canonical missense mutations, classified as
dominant-negative (p.R248W, p.R273H), according to the IARC
TP53 database and (iii) the p.R337H mutation, a low penetrance
TP53 mutation associated with adrenocortical carcinomas or
adulthood tumours (Table 1). As shown in Figure 3A, the total
number of ChIP-Seq peaks detected was reduced approximately
by half in LFS lymphocytes harbouring the p.P152Rfs*18 muta-
tion or the complete TP53 deletion compared to the two con-
trols. In LFS lymphocytes harbouring dominant-negative
missense mutations, a massive reduction was observed (Fig.
3A). Interestingly, the number of peaks obtained for the p.R337H
missense mutation was closer to those obtained for null muta-
tions than those obtained for dominant-negative mutations
(Fig. 3A). We then compared the peak scores of the p53-binding
sites, detected in wild-type and mutant lymphocytes. We iden-
tified 845, 562, 532, 239 and 139 peaks in common between con-
trol lymphocytes and LFS lymphocytes harbouring p.P152Rfs*18,
complete deletion, p.R337H, p.R273H and p.R248W mutations,
respectively (Fig. 3B). In each case, the peak score in mutant
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Figure 2. Identification by ChIP-Seq analysis of p53-binding sites in control EBV-immortalized lymphocytes exposed to doxorubicin. (A) Venn diagram illustrating the
overlaps of peaks detected in common between the 2 replicates (R1 and R2) performed in 2 controls (control 1 and control 2). The numbers indicate the number of bind-
ing sites recognized by wild-type p53. (B) Overlap between genes containing p53-binding sites and genes differentially expressed upon doxorubicin treatment (note
that the 1287 high-confidence peaks correspond to 1208 different genes). (C) Heat map, obtained in lymphocytes from two wild-type TP53 controls, showing differential
expression upon doxorubicin treatment of 143 genes containing a p53-binding site. For each control, replicates are indicated (R1 and R2). Red color indicates up-regu-

lated genes and green color down regulated genes.

lymphocytes was significantly reduced (P<0.0001 unpaired t-
test), as compared with control lymphocytes (Fig. 3B). As shown
for the 123 peaks detected in common in wild-type and mutant
lymphocytes, (Fig. 3C) and as illustrated by the visualization of
peaks at the CDKN1A locus (Fig. 3D), a well-known p53 target
gene, we observed a massive reduction of the peak scores in LFS
lymphocytes harbouring dominant-negative missense muta-
tions, as compared to control lymphocytes or LFS lymphocytes
harbouring null mutations. Again, the results obtained for the
p-R337H mutation were similar to those obtained with null mu-
tations (Fig. 3C and D).

No evidence for gain of function in lymphocytes with
missense mutations

In addition to loss of function and dominant-negative effect,
some mutant p53 can exert additional oncogenic activity, by
gain-of-function (GOF) mechanism. Because some studies have
shown that some dominant-negative missense mutations, such
as the p.R248W mutation, may result in GOF by modulating ex-
pression of target genes involved in oncogenesis (24,25), we ex-
plored thanks to the ChIP-Seq data, the putative GOF activity of
the p.R248W mutant in lymphocytes not exposed to doxorubi-
cin. As expected in this basal condition, only 17 peaks were de-
tected (Supplementary Materials, Fig. S3A, Table S1). Among
these peaks, none was specific to the mutant. These results in-
dicate that in non-malignant cells, such as lymphocytes, there
is no evidence that missense mutations induce GOF.

Discussion

In this study, we explored the impact of germline TP53 muta-
tions on the transcriptional activity of the protein in response

to DNA damage. Since 1992, it has been established that the tu-
mour suppressor activity of p53 relies mostly on its ability,
when DNA damage occur, to upregulate the transcription of nu-
merous target genes involved in many pathways including cell
cycle arrest, DNA repair, apoptosis and metabolism. The use of
the simple p53 functional assay that we developed in lympho-
cytes, based on the semi-quantitative measurement of the in-
duction of six p53 target genes, confirms that in TP53 mutation
carriers there is a constitutive defect in the transcriptional re-
sponse to DNA damage, detectable in most of the cases. Indeed,
the results of the p53 functional assay obtained for 30 carriers
with TP53 null or dominant-negative missense mutations
clearly showed, except for 4 carriers harbouring null mutations,
that the transcriptional activity was altered as compared to con-
trols (Table 1). It should be highlighted that the main advantage
of this assay developed in lymphocytes, although it requires im-
mortalization of lymphocytes by EBV, is that it allows one to as-
sess the biological impact of heterozygous mutations in the
genetic context of the patients, in contrast to in vitro and ex vivo
assays, such as those developed in yeast (18,26,27).We have
compared the p53 transcriptional response to DNA damage be-
tween peripheral blood mononuclear cells and EBV-
immortalized lymphocytes, and found that the transcriptional
response to doxorubicin was similar (data not shown).
Moreover, the absence of p53 stabilization in unexposed EBV-
immortalized lymphocytes from 5 controls (Supplementary
Material, Fig. S2) confirms that EBV immortalization does not in-
troduce genetic changes activating p53 pathway.

In TP53 mutation carriers, this constitutive alteration of the
transcriptional response to DNA damage, detectable in
non-tumour cells, constitutes an endophenotype before the oc-
currence of cancer and confirms that germline TP53 mutations
represent a genetic permissive context facilitating the
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Figure 3. Impact of germline TP53 mutations on DNA-binding in lymphocytes exposed to doxorubicin, revealed by ChIP-Seq analysis. (A) Histograms presenting the
number of peaks detected by ChIP-Seq performed on lymphocytes derived from two wild-type TP53 controls (control 1 and control 2) (open bars), two TP53 mutation
carriers harbouring null mutations (p.P152Rfs*18 and complete deletion) (grey bars), one carrier harbouring the p.R337H mutation (hatched bars), and two carriers har-
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malignant transformation of cells in which DNA damage has
occurred. This suggests that the core LFS tumour spectrum is
probably explained by the differential sensitivities of tissues to
oncogenic stresses and that the tumour spectrum associated
with germline TP53 mutations is much broader than initially
considered. This also represents an additional argument sup-
porting that genotoxic treatments, such as radiotherapy, con-
tribute to secondary tumours occurring in LFS patients and
therefore should be avoided, if possible. Thus, LFS represents a
rare example of autosomal dominant predisposition to cancers,
in which a biological endophenotype can be detected in muta-
tion carriers. As shown in Table 1 and Figure 1, the results ob-
tained with the functional assays confirm the difference in the
biological severity of dominant-negative missense mutations
versus the other types of missense mutations and the null mu-
tations. This assay should help the classification of TP53 muta-
tions and the interpretation of variants of unknown
significance. We anticipate that this challenge will increase
with the detection of such germline TP53 variants in patients
with atypical clinical presentations, performed in the context of
next-generation sequencing (NGS) cancer gene panels. A nor-
mal score obtained with this p53 functional assay will not ex-
clude that the variant is deleterious, since the assay explores
only the p53-mediated transcriptional response to damage in
lymphocytes and, furthermore, we observed for some null mu-
tations a score close to that obtained in controls (Table 1). In
contrast, an abnormal score should constitute a strong argu-
ment supporting the deleterious effect of the variant.

Several studies have previously analysed p53 DNA-binding
in cells exposed to genotoxic or non-genotoxic agents, using
ChIP-Seq. Most of these studies have been performed in estab-
lished cancer cell lines, such as HCT116 or U20S derived from
human colon carcinoma and osteosarcoma, respectively (28-
31). Our study provides new insights concerning p53 binding to
DNA in non-cancer cells, when DNA damage occurs. First, ChIP-
Seq performed in replicates on control lymphocytes allowed us
to detect 1287 high-confidence p53-binding sites in the presence
of DNA damage, and 90% of these high-confidence peaks har-
boured a p53-binding motif (20). We showed, by gene expression
analyses and yeast assays, that a fraction of these p53-binding
sites corresponds to real p53 target genes. The comparison of
p53 gene occupancy and gene expression profiles in control
lymphocytes exposed to doxorubicin reveals that 12% of the
genes bound by p53 were differentially expressed upon doxoru-
bicin treatment (Fig. 2B and C). The 770 differentially expressed
genes not bound by p53 could represent genes regulated by a
distal p53-binding site or genes indirectly regulated by p53
through other transcription factors. On the other hand, we
showed that 1065 genes specifically bound by p53 were not dif-
ferentially expressed in response to doxorubicin. This lack of in-
duction could either reflect a bias in the annotation of the peaks
which were arbitrary associated with the nearest transcription
start site since the bound elements could represent distal en-
hancers for another gene; it could also be explained by the lack
of a cell-specific or context-specific cofactor needed for p53
transcriptional activity. Indeed, several p53 ChIP-Seq studies
have shown that in different cells treated with different geno-
toxic (doxorubicin, 5-Fluorouracil) or non-genotoxic agents
(RITA, Nutlin-3a), the p53-transcriptional response is different
despite a mostly similar binding profile (30-32). This observa-
tion suggests that changes in gene expression induced by p53
require other factors, such as cofactors recruited in a cell type-
specific and stress response-specific manner, indicating that
p53 binding is necessary, but not sufficient for transactivation.

Alternatively, p53 chromatin occupancy in response to DNA le-
sions without transactivation may reflect other p53 roles in
chromatin integrity (33).

In agreement with recent studies (34,35), our data show that,
in non-damaged cells, p53 is already bound to a small propor-
tion of its genomic targets, and 100% of these p53-binding sites
remain when DNA damage occurs (Supplementary Material,
Fig. S3B), suggesting that this constitutive fixation of p53 to tar-
get genes allows a rapid response to genotoxic stress. As shown
by the results of the ChIP-Seq performed on control lympho-
cytes exposed to doxorubicin, induction of DNA damage results
not only in an increase of peak scores (a measure of p53-binding
strength), at sites detectable in basal conditions, but also into a
massive increase of the total number of p53-binding sites
(Supplementary Material, Table 1, Supplementary Material, Fig.
S3). Our results contrast with those obtained in cancer cell lines
exposed to doxorubicin (30). Indeed, in that study, 90% of the
p53-binding sites detected in untreated cells did not contain the
p53-binding motif, and in treated cells many of these sites were
not bound by p53. The differences between both studies might
be explained by the numerous genetic and epigenetic modifica-
tions occurring in cancer cell lines (36), which deeply modify the
landscape of p53-binding sites (28,29). Indeed, most cancer cell
lines harbour either a TP53 mutated gene or an alteration in the
p53 signalling pathway (37,38).

In lymphocytes from LFS patients harbouring null muta-
tions, the p53 functionality scores obtained with the p53 func-
tional assay, the number and scores of ChIP-Seq peaks were
reduced by half in average, as compared to control lymphocytes
(Figs 1 and 3). These results are those expected for haplodefi-
ciency due to a 50% reduction of the mRNA expression level
(Table 1). This observation suggests that the DNA binding of
wild-type p53 protein, encoded by the wild-type allele allows
maintaining a partial p53 transcriptional response to DNA dam-
age. This probably explains why TP53 null mutations are associ-
ated with later tumour-onset and why in tumours with such
mutations, LOH affecting the wild-type allele is more commonly
observed than in tumours with other types of TP53 mutations
(1,39).

The drastic effect of dominant-negative missense mutations
on p53 transcriptional activity and DNA binding in response to
DNA damage (Figs 1A, 3A-D) is probably explained by the ability
of the p53 dominant-negative mutants to disrupt the wild-type
p53 function by forming inactive heterotetramers. Indeed, it has
been suggested that p53 dimers are formed co-translationally,
resulting in either mutated or wild-type homo-dimers, whereas
tetramers are formed post-translationally by dimerization of
the existing dimmers (40). According to this model, the mutant
p53 protein would inactivate 75% of p53 tetramers (41). This is
consistent with our data showing a reduction close to 75% of
the functionality score and the number of detected peaks in LFS
lymphocytes with dominant-negative missense mutations in
comparison to those observed in control lymphocytes. Thus, we
provide a biological explanation of the clinical severity of the
dominant-negative missense mutations which drastically alter
the p53 transcriptional activity in response to DNA damage by
abrogating binding to DNA.

The observation of germline TP53 null mutations strongly
supports that the primum movens of LFS is the loss of p53 func-
tion. Therefore, the predominance of missense mutations and,
in particular of those with dominant-negative activities, consti-
tutes an apparent paradox. The drastic effect of these mutations
on DNA binding and transcriptional response to DNA, that we
report here, probably may explain only in part their
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predominance and clinical severity. The second part of the ex-
planation probably corresponds to the gain of multiple neomor-
phic properties, TP53 missense mutations being able to
transform the tumour suppressor protein into an oncogenic
protein, providing a selective advantage during cancer progres-
sion. As highlighted by numerous studies, GOF includes alter-
ation of chromatin structures, genomic instability, inhibition of
DNA repair, interaction with transcription factors, aberrant
upregulation of genes and subversion of molecular partners of
wild-type p53 (42,43). A recent study, also based on ChIP-Seq
but performed in cancer cell lines, has reported that missense
mutations with GOF cause aberrant DNA binding and upregula-
tion of genes involved in chromatin conformation (25).
However, our analyses performed in lymphocytes with mis-
sense mutations did not provide any evidence for aberrant tran-
scription or DNA binding. As previously shown by
transcriptomic analyses performed in non-cancer tissues from
p53—/—and p53 mutant/mutant mice, which did not reveal any
significant changes (44), our study confirms that GOF is not ob-
served in non-malignant cells and suggests that GOF occurs
when cells are transformed.

The clinical management of LFS represents a real challenge
for physicians, considering the wide tumour spectrum associ-
ated with germline TP53 mutations, and the diversity of the
clinical severity and age of tumour onset observed among fami-
lies. The ‘Toronto protocol’ including annual total body MRI and
brain MRI, from the first year of life, has recently been elabo-
rated to ensure early tumour detection in germline TP53 muta-
tion carriers (45). In the context of the increased detection of
germline TP53 mutations in atypical LFS presentations, our
study strengthens the idea that it should be appropriate to
adapt the medical management of TP53 mutation carriers to the
severity of the mutation.

Materials and Methods

p53 functional assay

This assay was derived from those previously described (15,16).
EBV-Immortalized lymphocytes from wild-type TP53 control in-
dividuals and from germline TP53 mutation carriers (Table 1)
were cultured in RPMI 1640 medium (GIBCO, Invitrogen), sup-
plemented with 10% heat-inactivated fetal bovine serum
(Invitrogen) at 37°C with 5% CO,. The TP53 genotype was sys-
tematically assessed by Sanger sequencing. For the p53 func-
tional assay, cells were seeded in duplicates in 12-well plates
(Corning) at a density of 10° cells/well and treated or not with
0.3 uM of doxorubicin (Sigma-Aldrich) for 8h. After treatment,
cells were harvested by centrifugation and total RNA extraction
was performed with Nucleospin RNAII kit (Macherey Nagel) ac-
cording to the manufacturer’s instructions and quantified using
a ND-1000 UV-Vis Spectrophotometer (NanoDrop technologies).

Reverse transcription (RT) was performed on 100 ng of total
RNA using the Verso cDNA synthesis kit (Thermo scientific). A
RT-Quantitative Multiplex PCR of Short Fluorescent fragments
(RT-QMPSF) was performed to measure the transcriptional in-
duction of 6 p53 target genes selected from transcriptomic anal-
ysis (CEP170B [NM_015005], PODXL [MIM*602632, NM_00101
8111], RRAD [MIM*179503, NM_004165], GLS2 [MIM*606365,
NM_013267], CABYR [MIM'612135, NM_012189], TP53I3
[MIM*605171, NM_004881]) using two control amplicons (SF3A1
[MIM*605595, NM_005877] and TBP [MIM*600075, NM_003194]) to
normalize the data. Fluorescent amplicons were separated by
size on an ABI Prism 3100 Genetic Analyzer (Applied
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Biosystems, Foster City, CA), and resulting fluorescent profiles
were analysed using the GeneScan 3.7 software (Applied
Biosystems). RT-QMPSF profiles from exposed and unexposed
cells were superimposed after adjustment of control amplicons
to the same height, the fold-change was determined for each
p53 target gene and an arbitrary p53 functionality score corre-
sponding to the average of fold-changes was defined
(Supplementary Material, Fig. S1). For each TP53 mutation, a
functionality score was determined from two independent as-
says and compared to the scores obtained in TP53 wild-type
cells, using two-sided Student’s t-test.

Comparative gene expression profiling

Comparative gene expression profiling of EBV-immortalized
lymphocytes treated or not with doxorubicin, for 8h was per-
formed using Whole Human Genome Oligo 4 x 44K Microarray
(G4112F, Agilent), according to the Agilent Two-Color Gene
Expression workflow, as previously described (15,16). Briefly,
starting from 100 ng of total RNA,cRNA was synthesized and la-
belled using the low input Quick Amp Labeling Kit (Agilent),
with Cy3 (for untreated cells) and Cy5 (for treated cells).
Following co-hybridization, microarrays were scanned (DNA
microarray scanner G2565CA, Agilent Technologies) with a reso-
lution of 5 um. For each experiment, comparative gene expres-
sion profiling was performed in 2 replicates. GeneSpring GX 14.5
software (Agilent Technologies) was used to select the differen-
tially expressed genes between treated and untreated cells in
both replicates (Student t-test, P-value < 0.005).

Quantitative real-time PCR

Cells were treated or not with doxorubicin (0.3 pM) for 8h. For
quantitative real-time PCR (qRT-PCR) analysis, total RNA was
extracted from cells using a Nucleospin RNAII kit (Macherey
Nagel), and cDNA was obtained using the Verso cDNA synthesis
kit (Thermo scientific). gPCR was performed using the SsoFast
EvaGreen supermix (Bio-Rad) detection method on a CFX96
real-time PCR detection system (Bio-Rad). Three biological repli-
cates were performed for each experiment. The comparative Ct
method was used for quantification of MDM2 [MIM*164785,
NM_002392], GCNT3 [MIM"606836, NM_004751], LINC01480
[NR_110724], PLXNB1 [MIM*601053, NM_002673] and SRSF8
[MIM*603269, NM_032102] gene expression compared to that of
the GAPDH [MIM*138400, NM_002046] gene, used as control. The
fold-changes between treated and untreated conditions were
then calculated.

Western blot analysis

For total protein extraction, cells were pelleted and homoge-
nized in 100 pul of RIPA buffer (25mM Tris-HCl, pH 7.6, 150 mM
NacCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS) from
Pierce Biotechnology supplemented with cocktails of protease
inhibitors (Sigma-Aldrich) and phosphatase inhibitors (Pierce
Biotechnology). Samples were centrifuged at 11,300 g for 20 min
at 4°C to remove cellular debris and the supernatant was col-
lected. Thirty pg of protein were resolved by 10% SDS-PAGE.
Proteins were transferred to nitrocellulose membranes
(Hybond-C Extra; Amersham Biosciences). The following pri-
mary antibodies were used: mouse monoclonal anti-p53 DO-1
antibody (1/2000; Santa Cruz Biotechnology, Inc.), anti-actin
JLA20 antibody (1/10000; Sigma Aldrich). Membranes were
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incubated with peroxidase-labelled anti-mouse or anti-rabbit
antibodies  (1/10000)  from  Jackson  Immunoresearch
Laboratories, and signals were detected with chemilumines-
cence reagents using G:Box (Syngene) and GeneSnap software.

p53-binding assay in yeast

Putative p53-binding sites detected by ChIP-Seq were PCR-
amplified and sequences required for homologous recombina-
tion in yeast were added to PCR products using a second PCR
(primer sequences available upon request). The ADE2-YPHS500-
TP53 yeast strain, containing the pLS76 plasmid and expressing
human p53, and the ADE2- YPH500-Empty yeast strain, contain-
ing the pSS16 vector, were transformed, using the lithium
acetate procedure, with PCR products and a linearized pRS313-
cyc-ADE2 vector, containing the ADE2 [NM_001183547.3] open
reading frame downstream of a minimal promoter (cyc) (26,46).
Transformed yeast cells were plated on a synthetic minimal
medium minus leucine and histidine, to select for cells contain-
ing the pLS76 or pSS16 and pRS313 vectors, respectively, plus a
limited amount of adenine (10 pg/ml) and incubated for 2 days
at 30°C (Supplementary Material, Fig. S4).

Chromatin Immunoprecipitation

EBV-immortalized lymphocytes from wild-type TP53 subjects or
from germline TP53 mutation carriers were seeded in duplicates
in 15cm dishes, at a density of 20 x 10° cells/dish and treated
with 0.3 pM of doxorubicin for 8h (Sigma-Aldrich). Cells were
fixed by the addition of 1% formaldehyde for 10 min (Sigma-
Aldrich) and then fixation was stopped by the addition of 0.125
M glycine for 5min (Millipore). Cells were washed 3 times in PBS
and then suspended in SDS lysis buffer supplemented with a
protease inhibitor cocktail (EZ-ChIP kit,Millipore). Chromatin
from 20 x 10° cells was fragmented by sonication using a $220
ultrasonicator (Covaris) yielding genomic DNA fragments with
an average size of 250bp. Chromatin immunoprecipitation was
performed with the EZ-ChIP kit (Millipore), according to the
manufacturer’s instructions, using 4 pg of mouse monoclonal
anti-p53 DO-1 antibody (Santa Cruz Biotechnology, Inc.). DNA
was purified on Millipore columns (EZ-ChIP kit, Millipore) and
then concentrated on columns from DNA clean and
concentrator-10 kit (Zymo Research).

High-throughput Sequencing

Libraries were prepared from 4ng of immunoprecipitated DNA
or input DNA, using the NEBNext® Ultra™ II DNA Library Prep
Kit for Illumina® and the NEBNext® Multiplex Oligos for
[llumina® (NEB). Briefly, after end-repair, A-tailing and adaptor
ligation, libraries were PCR-amplified using 10 cycles and size-
selected. Library concentrations and sizes were checked on a
TapeStation 2200 system (Agilent). Libraries were then sub-
jected to a 2x75bp paired-end sequencing on an Illumina
NextSeq500 sequencer to yield an average of 50 million paired-
end reads per sample.

Bioinformatic Analyses

Paired-end 75bp reads were aligned against the Human
Reference Genome (assembly hgl9, UCSC), using the BWA MEM
algorithm (v0.7.10) (47) and sorted with Picard SortSam (v1.141)
(http://broadinstitute.github.io/picard; date last accessed March

22, 2017). Detection and annotation of the peaks were per-
formed using the HOMER (v4.8) algorithm (48). Peak false discov-
ery rate (FDR) was set to 0.005 (i.e 5 false positive peaks every
1000 called peaks), analysis was performed with default Poisson
P-value and fold change parameters, and retained peaks were
filtered against the input and against their local background.
Peak sequences were checked for significant p53-binding motif
enrichment, using HOMER (P-value < 0.05). Each peak was as-
signed to the gene with the nearest transcription start site (TSS)
during the annotation process (HOMER). Intersections of the
peaks detected in the different ChIP-Seq experiments were per-
formed using the Odysseus software that we developed. Venn
diagrams were plotted using the BioVenn web application
(http://www.cmbi.ru.nl/cdd/biovenn/; date last accessed March
22, 2017). DAVID (v6.7) (49) was used for the functional annota-
tion of genes with a detectable p53-binding site. The peaks were
inspected using the IGV Genome Browser (v2.3) (50).

Supplementary Material

Supplementary Material is available at HMG online.
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