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Mutant p53 reactivation restricts the protumorigenic
consequences of wild type p53 loss of heterozygosity
in Li-Fraumeni syndrome patient-derived fibroblasts
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The p53 tumor suppressor, encoded by the TP53 gene, serves as a major barrier against malignant transformation. Patients with Li-
Fraumeni syndrome (LFS) inherit a mutated TP53 allele from one parent and a wild-type TP53 allele from the other. Subsequently,
the wild-type allele is lost and only the mutant TP53 allele remains. This process, which is termed loss of heterozygosity (LOH),
results in only mutant p53 protein expression. We used primary dermal fibroblasts from LFS patients carrying the hotspot p53 gain-
of-function pathogenic variant, R248Q to study the LOH process and characterize alterations in various pathways before and after
LOH. We previously described the derivation of mutant p53 reactivating peptides, designated pCAPs (p53 Conformation Activating
Peptides). In this study, we tested the effect of lead peptide pCAP-250 on LOH and on its associated cellular changes. We report that
treatment of LFS fibroblasts with pCAP-250 prevents the accumulation of mutant p53 protein, inhibits LOH, and alleviates its
cellular consequences. Furthermore, prolonged treatment with pCAP-250 significantly reduces DNA damage and restores long-term
genomic stability. pCAPs may thus be contemplated as a potential preventive treatment to prevent or delay early onset cancer in
carriers of mutant p53.
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INTRODUCTION
TP53 is a tumor suppressor gene that encodes the p53 protein.
Pathogenic variants (PVs) in TP53 are found in nearly 50% of all
human cancers, with most PVs occurring within the DNA-binding
domain of p53 [1, 2] and resulting in highly stabilized mutant p53
(mutp53) proteins that not only lose their tumor suppressor activity
but often even acquire oncogenic gain-of-function. p53 can regulate
metabolism, and cancer cells expressing mutp53 display increased
mitochondrial metabolism [3]. p53 stabilization and activation is
induced by a variety of cellular stressors, including ionizing radiation
[4], UV radiation [5], and ribonucleotide depletion [6]. p53 is also
implicated in DNA repair [7, 8], and affects homologous recombina-
tion, nonhomologous end-joining, mismatch repair, and nucleotide-
excision repair and base-excision repair [9–12]. The p53 protein
transcriptionally activates many DNA-damage response genes,
such as XPC, FEN1, DDB2, Mlh1, and Msh2 [13–17]. If the damage is
beyond repair, p53 induces apoptosis [18]. In the absence of
functional p53, DNA damage is devolved to daughter cells, resulting
in genomic instability.
Patients with the rare cancer predisposition Li-Fraumeni syn-

drome (LFS), carrying germline heterozygous TP53 PVs, appear to
exhibit normal development yet are at an almost 100% lifetime risk
to develop a wide spectrum of cancers [19, 20], predominantly
sarcomas, adrenocortical carcinomas, brain tumors, breast cancer
and leukemias [21], with a greater than 83-fold increased risk to

develop multiple primary malignancies [22]. The emergence of
cancer in TP53 PV carriers is often associated with the loss of the
wild-type (WT) TP53 allele, retaining only the mutant allele in the
cancer cells. This process is referred to as p53 loss of heterozygosity
(p53 LOH). WT p53 LOH is often characterized by DNA shuffling
and breakage, leading to chromothripsis [23, 24]. Since mutp53
cannot induce the expression of MDM2, the key negative regulator
of p53 stability, mutp53 accumulates in the cells. TP53 LOH
is considered a prerequisite for mutp53 stabilization and gain-of-
function. LOH of p53 is a critical event in cancer development, as it
allows cells to bypass important regulatory mechanisms and
promotes cancer progression. R248Q is one of the most common
hotspot mutations in the DNA-binding domain of p53. LFS patients
carrying the R248Q mutation exhibit markedly accelerated tumor
onset (10.5 years earlier) and more frequent tumors per individual
than LFS patients carrying loss-of-function TP53 mutations. TP53
LOH is observed in 40–60% of their tumors.
Currently, there are no cancer-preventive measures for LFS

mutation carriers, and individuals with a family history of LFS
undergo intensive clinical surveillance [25], to facilitate early
detection and diagnosis of cancer. We previously reported the
identification of a group of small peptides, called p53
conformation–activating peptides (pCAPs), which bind p53 and
stabilize its structure, leading to reactivation of mutp53 into a
functional protein capable of transcriptional transactivation of p53
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target genes and execution of programed cell death of cancer
cells expressing mutp53 [26]. Here, we characterize protumori-
genic consequences of WT TP53 LOH in LFS cells and report that
these consequences can be abolished by pCAP-mediated mutant
p53 reactivation, suggesting that pCAPs may be considered for
cancer prevention in LFS mutation carriers.

MATERIALS AND METHODS
Mice
Female NOD.CB17-prkdc-SCID/NCrHsd mice aged 6 weeks (Harlan,
Rehovot, Israel) were used in this study. Animal protocols were approved
by the Institutional Animal Care and Use Committee of the Weizmann
Institute of Science.

Cell culture
Skin biopsy samples were cut into small pieces, and incubated with
collagenase in a 37 °C incubator for 1.45 h. Samples were then centrifuged
at 370 × g for 10 min and the supernatant was removed. Trypsin/EDTA was
added to the pellet, and cells were pipetted for homogeneity and
incubated at 37 °C for 30min. The cells were then centrifuged, washed
with 1xphosphate buffer saline and plated in alpha-MEM and 20% fetal calf
serum (FCS), and subsequently maintained at 37 °C in Dulbecco’s modified
eagle’s medium (DMEM; Biological Industries, Bet-Haemek, Israel) supple-
mented with 10% FCS 60mg/mL penicillin, and 100mg/mL streptomycin,
in a humidified atmosphere of 5% CO2. The cells in culture were checked
for mycoplasma contamination.
“Early passage” cells refers to passages 1-12; “medium passage” refers to

passages 13–28, and “late passage” refers to passages 29 and later.

RNA analysis
Total RNA was isolated by using a Nucleospin II kit (Macherey-Nagel,
Duren, Germany), according to the manufacturer’s instructions. RNA (1 µg)
was reverse-transcribed using Bio-RT (Bio-Lab, Jerusalem, Israel) and
random hexamer plus oligo-dT primers (New England Biolabs, Ipswich,
MA, USA). cDNA (100 ng) was sequenced at the sequencing unit by using a
p53 DNA-binding domain–specific primer (Table 1).

Measurement of intracellular ATP levels
Fibroblasts were seeded (18,000 cells/well) in a 96-well plate. After 24 h,
cells were lysed by boiling in tris-EDTA solution (pH 7.75). Intracellular ATP
was measured using a luciferin/luciferase-based assay (ATP Bioluminis-
cence Assay Kit CLS II; Roche, Germany), following the manufacturer’s
instructions.

Transmission electron microscopy
Cells were fixed with 3% paraformaldehyde and 2% glutaraldehyde in
0.1 M cacodylate buffer containing 5mM CaCl2 (pH 7.4), and then in 1%
osmium tetroxide supplemented with 0.5% potassium hexacyanoferrate
trihydrate and potassium dichromate in 0.1 M cacodylate (1 h), stained
with 2% uranyl acetate in water (1 h), dehydrated in graded ethanol
solutions, and embedded in Agar 100 epoxy resin (Agar Scientific Ltd.,
Stansted, UK). Ultrathin sections (70-90 nm) were viewed and photo-
graphed with an FEI Tecnai SPIRIT (FEI, Eindhoven, Netherlands)
transmission electron microscope (TEM) operated at 120 kV and equipped
with an EAGLE CCD camera. TEM was performed by the electron
microscopy core facility of the Weizmann Institute of Science.

“Scratch” assay
Fibroblasts (1 × 106) at early and late passages were grown in serum-free,
phenol-red-free DMEM for 48 h in a 10 cm dish. Conditioned medium (CM)
from early and late passage cells was collected and briefly centrifuged at

250 × g before being used for the wound-healing assay. U2OS cells (ATCC)
were seeded at 20,000 cells/well in a 96-well plate and maintained in normal
DMEM supplemented with 10% FCS. After 6 h, a scratch was made, and cells
were washed with phosphate-buffered saline (PBS). CM(50 µL) was added to
each well and the plate was placed in a humidified CO2 incubator at 37 °C.
After 16 h, the CM was replaced by DMEM with 10% FCS, and cells were
imaged at 0, 4, 8, 16, and 24 h. Data were quantified with ImageJ software.

Lactate assay
Fibroblasts (1 × 106) were grown in serum-free, phenol-red-free medium
for 48 h and conditioned medium (CM) was collected after centrifugation
of the cells at 250 × g for 5 min. The CM was used for measuring
extracellular lactate concentration with Sigma-Aldrich lactate assay kit
(catalog number MAK064), following the manufacturer’s instructions.

Senescence assay
Cellular senescence was monitored by a β-galactosidase assay (Sigma-
Aldrich #CS0030). Briefly, cells were washed with PBS, fixed for 5–10min at
room temperature, washed thrice with PBS and stained with staining
solution overnight in a 37 °C incubator without CO2, and imaged by
brightfield microscopy. The percentage of blue cells out of the total cells
was quantified by ImageJ.

Growth curve analysis
LFS fibroblasts (105/10 cm dish) at the indicated passages were allowed to
grow for 72 h in a humidified CO2 incubator in the presence of pCAP-250,
scrambled peptide, or no peptide. Cells were then photographed in a
brightfield microscope (3 different fields per sample). The number of cells
in the treated cultures was normalized against the untreated culture, taken
as 100%.

Reverse transcriptase quantitative PCR (RT-qPCR)
Total RNA from cells was isolated using the NucleoSpin RNA II kit
(Macherey-Nagel). A 1-μg sample of total RNA was reverse-transcribed into
cDNA by using Bio-RT (Bio-Lab), deoxynucleoside triphosphates and
random hexamer primers. RT-qPCR was performed on a Step One Plus
instrument (Applied Biosystems, Grand Island, NY, USA) using SYBR Green
PCR Master Mix (Quanta BioSciences, Gaithersburg, MD, USA). Values for
specific genes were normalized to the HPRT housekeeping gene by using
the ΔΔCt method. The tables with specific primer sequences are given in
Tables 2, 3, and 4.

Western blot analysis
Cell pellets were lysed in TLB buffer (50mM Tris-HCl, 100mM NaCl, 1%
TritonX-100, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with
protease inhibitor cocktail (Sigma-Aldrich) for 15min on ice and
centrifuged at 10,000 ×g for 15 min. Supernatants were analyzed for
protein concentration using BCA reagent (Thermo-Scientific, Grand Island,
NY, USA). 50- or 80-μg protein extracts were boiled and loaded on 10%-
12% SDS-polyacrylamide gel. Proteins were transferred to a nitrocellulose
membrane at semi-dry conditions. Membranes were blocked using 5% dry
milk in PBST. The following primary antibodies were used: DO-1 p53,
β-actin (Santa Cruz Biotechnology, Dallas, TX USA; sc-47778), mutant p53
(Y5; Abcam, Cambridge, UK). Membranes were subjected to ECL Western
blotting detection (Thermo Scientific) followed by analysis in ChemiDoc
MP (Bio-Rad, Hercules, CA, USA).

Immunofluorescence imaging
Fibroblasts were fixed in 4% paraformaldehyde, rinsed thrice with 1× PBS,
washed twice with 0.1%TritonX-100 for 5 min each, once with 1× PBS
supplemented with 0.2% Tween-20, and blocked overnight with 5%
bovine serum albumin. Subsequently, the cells were stained with the
indicated primary antibodies at room temperature for 1 h in a humidified
chamber and then Incubated with secondary antibody under similar
conditions. At least 100 cells were analyzed for all immunofluorescence
experiments. Slides were imaged in a Zeiss 710 Meta system with 63×/1.4
oil immersion or 40×/0.95 Corr objective. The lasers used were Argon
488 nm (for FITC), DPSS 561 nm (for Cy3), and DPSS 405 nm (for DAPI). Zen
software was used for image acquisition, and Image J software was used
for quantification. Antibodies used were Anti-CPD (Cosmo Bio, Tokyo,
Japan; clone TDM-2, 1:1000 dilution), anti-mutant p53 (Abcam, #ab32049,
Y5) and anti-γH2AX (ab26350, Abcam).

Table 1. Primers for cDNA sequencing of p53 gene.

Primers Sequence (5′-3′)

Full length forward p53 CCCCTCTGAGTCAGGAAACA

Full length reverse p53 CAGTCTGAGTCAGGCCCTTC

Sequencing primer GTGCAGCTGTGGGTTGATT
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Spectral Karyotyping
Exponentially growing cells were incubated with Colcemid (0.1 mg/ml) for
4 h, trypsinized, lysed with hypotonic buffer, and fixed in glacial acetic
acid/methanol (1:3). The chromosomes were simultaneously hybridized

with 24 combinatorially labeled chromosome painting probes and
analyzed using the SD200 spectral bioimaging system (Applied Spectral
Imaging Ltd., Migdal Haemek, Israel). Spectral Karyotyping was performed
at the Stem cell and Advanced Cell Technologies Unit, Weizmann Institute
of Science.

Comet Assay
DNA damage was measured by comet assay (Comet Assay kit (Catalog #:
4250-050-03), Trevigen, Gaithersburg, MD, USA) per the manufacturer’s
instructions. Briefly, cells were detached by trypsinization, washed once,
resuspended in ice cold 1X PBS (Ca++ and Mg++ free), counted and
resuspended at 1.5 × 105 cells/ml in ice cold 1× PBS (Ca++ and Mg++
free). Cells were then combined with Low melting agarose at a ratio of
1:10 and immediately 50 µl of the suspension was pipetted onto a slide.
Slides were then refrigerated for 30 min in the dark, and subsequently
immersed in prechilled lysis buffer overnight. The next day, lysis buffer
was drained off and slides were immersed in freshly prepared alkaline
unwinding solution for 20 min at room temperature. The slides were
then placed in an electrophoresis slide tray and electrophoresis was
carried out at 20 V with prechilled alkaline electrophoresis solution for
45 min. Subsequently, slides were washed twice with water and once
with 70% ethanol for 5 min each. Samples were dried at 37 °C for
10–15 min, stained with SYBR Gold and imaged by epifluorescence
microscopy. Imaged comet tails were quantified using the OpenComet
plugin (https://doi.org/10.1016/j.redox.2013.12.020) with ImageJ soft-
ware. Graphs were plotted using GraphPad Prism.

CPD lesions assay
Cells were grown on coverslips and irradiated in 1X PBS buffer with UV‐C
using a low‐pressure mercury lamp (TUV 15W G15T8, Philips) at a dose
rate of 0.2 J/m2/s. The UV dose rate was measured using a UVX Radiometer
(UVP) equipped with a 254‐nm detector. After irradiation, PBS buffer was
removed, and the cells were replenished with fresh culture medium until
harvest. Immunofluorescence was performed 24 h after UV irradiation
using anti-CPD antibody (CosmoBio, Clone TDM-2) according to the
manufacturer’s protocol. Staining was quantified with ImageJ software and
plotted using GraphPad Prism.

Statistical analyses
Results are presented as the mean ± SEM unless stated otherwise. All the
experiments were done in triplicates and the number of biological
repeats is indicated for each individual experiment. Student’s t-test was
applied when the data followed a normal distribution P values < 0.05
were considered statistically significant. All analyses were performed
using GraphPad Prism.

RESULTS
Late passage LFS primary dermal fibroblasts undergo WTp53
LOH in culture
To establish an experimental model of p53 LOH in LFS, we
performed genotyping of TP53 status from mRNA in fibroblast cell
lines derived from four LFS patients (Table 5). RNA was isolated
from early (9th) and late (32nd) passages. The p53 DNA binding
domain (DBD) cDNA was amplified using flanking primers and
subjected to sequencing to distinguish between the mutant and
WT p53 mRNA. DNA sequencing showed that late passage cells
from all four patients underwent LOH. Early passage cells had a
CNG codon at position 248 corresponding to equal peaks of
adenine and guanine. Following LOH, the mutant form of TP53
became dominant with a CAG codon (i.e., arginine was replaced
by glutamine in the p53 protein) (Fig. 1A).
To validate TP53 LOH, we performed western blot analysis. As

seen in Fig. 1B (and supplemental material-original data file),
mutant p53 (mutp53) protein, assessed by specific antibodies, was
expressed in all the late passages in all the cell lines. Moreover,
LOH led to an increase in overall p53 levels. It seems, however,
that LOH starts to occur already at early stages, probably in the
patients, since early passage cells contain a small subpopulation
of high mutp53–expressing cells (Fig. 1C). This subpopulation

Table 2. RT-PCR primers for mitochondrial RT-PCR.

Primer name Sequence (5′-3′)

h-ND1-Fwd CACTAGCAGAGACCAACCGA

h-ND1-Rev AGGGGAGAGTGCGTCATATG

h-ND2-Fwd TCCAGCACCACGACCCTACT

h-ND2-Rev TGATGGTGGGGATGATGAGGC

h-ND3-Fwd ACCACAACTCAACGGCTACA

h-ND3-Rev GTAGGGGTAAAAGGAGGGCA

h-ND4-Fwd CCTTGGCTATCATCACCCGA

h-ND4-Rev TCTTGGGCAGTGAGAGTGAG

h-ND4L Fwd TCGCTCACACCTCATATCCTC

h-ND4L Rev GGCCATATGTGTTGGAGATTG

h-ND5-Fwd TAGGCGCTATCACCACTCTG

h-ND5-Rev TGGACCCGGAGCACATAAAT

h-ND6 Fwd GGGTGGTGGTTGTGGTAAAC

h-ND6 Rev CCCCGAGCAATCTCAATTAC

h-COI-Fwd GCCCACTTCCACTATGTCCT

h-COI-Rev TGTATGCATCGGGGTAGTCC

h-COII Fwd GGCCACCAATGGTACTGAAC

h-COII Rev CGGGAATTGCATCTGTTTTT

h-COIII-Fwd GTAAAACCCAGCCCATGACC

h-COIII-Rev GTGGCCTTGGTATGTGCTTT

h-CYTB-Fwd TGCCTCTTCCTACACATCGG

h-CYTB-Rev GGGTGGGACTGTCTACTGAG

h-ATP6-Fwd TAACCATACACAACACTAAAGGACGA

h-ATP6-Rev GGGCATTTTTAATCTTAGAGCGAAA

h-ATP8 Fwd TGGCCCACCATAATTACCC

h-ATP8 Rev GCAATGAATGAAGCGAACAG

Table 3. RT-PCR primers for DNA damage genes.

Primers Sequence (5′-3′)

h-XPC-Fwd TTGTCGTGGAGAAGCGGTCTAC

h-XPC-Rev CTTCTCCAAGCCTCACCACTCT

h-MSH2-Fwd TTGGACCAAAGGAATGTGTT

h-MSH2-Rev TCAGAATTCCTCCTCTTTGAAT

h-FEN1-Fwd CGGGCTGTGGACCTCATC

h-FEN1-Rev TCAAGTCGCCGCACGAT

Table 4. RT-PCR primers for p53 targets.

Primers Sequence (5′-3′)

h-p21-Fwd GGCAGACCAGCATGACAGATT

h-p21-Rev GCGGATTAGGGCTTCCTCTT

h-PUMA-Fwd GACCTCAACGCACAGTACGAG

h- PUMA -Rev AGGAGTCCCATGATGAGATTGT

h-GDF15-Fwd GACCCTCAGAGTTGCACTCC

h- GDF15-Rev GCCTGGTTAGCAGGTCCTC

h-GAPDH-Fwd ACCCACTCCTCCACCTTTGA

h-GAPDH-Rev CTGTTGCTGTAGCCAAATTCGT
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becomes dominant at later passages, probably due to a selective
advantage conferred by losing the WT TP53 allele [27].

LOH leads to delayed cellular senescence
Senescence is a process by which a cell permanently stops dividing
but does not die. Senescent cells usually become enlarged, and
their metabolism slows down. Tissue culture shock has been shown
to trigger the onset of cellular senescence in culture [28–30]. p53
plays a critical role in cellular responses to stress. Its activation leads
to cell cycle arrest, allowing for DNA repair, or triggers cellular
senescence or apoptosis, thereby maintaining genome integrity [31,
32]. We therefore examined whether loss of the WT TP53 allele
and mutp53 accumulation affect the onset of senescence. We
performed β-Gal staining of cultured healthy control (WT) and LFS
fibroblasts in early and late passages. As seen in Fig. 1D, the
proportion of senescent cells in late passage LFS fibroblasts was
significantly lower than that in WT primary dermal fibroblasts. It is
therefore plausible that passaging LFS fibroblasts in culture leads to
p53-induced senescence of cells harboring a functional WT TP53
allele, allowing the small mutp53 homozygous population to take
over the culture.

Loss of the WT TP53 allele is correlated with increased
DNA damage
Human cells are persistently exposed to various chemical and
physical agents that have the potential to damage genomic DNA,
such as radiation, ultraviolet (UV) light, reactive oxygen species
(ROS) and DNA replication errors. p53 plays a central role in
maintaining a stable genome in the face of toxic insults, in part by
modulating almost all DNA repair processes, including NER, BER,
MMR, NHEJ, and HR.
To investigate whether the loss of the WT TP53 allele is

correlated with increased DNA damage, we performed immuno-
fluorescence staining of LFS fibroblasts and monitored yH2AX
levels in early passages, as compared to late passages in which the
WT TP53 allele was lost. yH2AX is a DNA damage marker,
instigated by double strand DNA breaks. As seen in Fig. 1E, LOH
was associated with an increase in yH2AX staining, indicative of
increased DNA damage.

LOH is associated with enhanced metabolism
Previously, we reported that aggressive cancer cells display
increased metabolic rates and mitochondrial mass [3]. Concor-
dantly, we found that cells undergoing LOH display increased
metabolism. Specifically, we investigated intracellular ATP content,
mitochondrial gene expression, and mitochondrial mass, before
and after LOH. Intracellular ATP was significantly higher after p53
LOH as compared to early passage cells (Fig. 2A). Intracellular ATP
levels are regulated by mitochondrial genes. We therefore
examined the expression profile of all 13 human mitochondrial
genes and found a significant upregulation in their expression
from early to late passage, consistent with the fact that LOH is
accompanied by enhanced mitochondrial metabolism (Fig. 2B).
To further validate these changes, we investigated the mitochon-

drial mass and density before and after LOH, using transmission
electron microscopy. We observed a significant increase in the area
ratio of mitochondria/cytoplasm after LOH, as well as an increase in
the density ratio of the mitochondria per cytoplasm (Fig. 2C, D).

These changes were confirmed also by immunofluorescence, using
mutp53-specific antibody and MitoTracker Red. As seen in Fig. 2E, F,
the increase in mutp53 levels after LOH was accompanied by
increased mitochondrial mass.

Following LOH, late passage LFS cells facilitate cancer cell
migration
Cancer-associated fibroblasts facilitate adjacent tumor cell migra-
tion [33]. We therefore assessed the ability of early and late
passage LFS fibroblasts to facilitate cancer cell migration. To that
end, we incubated U2OS osteosarcoma cells with conditioned
medium (CM) from early and late passage LFS fibroblasts. As seen
in Fig. S1A, B, CM from late passage LFS fibroblasts that had
undergone LOH enhanced tumor cell migration more than CM
from early passage cells.
In parallel, we injected the LFS fibroblasts subcutaneously into

NOD-SCID mice. As seen in Fig. S1C, the injected fibroblasts did
not form tumors, suggesting that they are not tumorigenic on
their own. Altogether, our observations suggest that upon LOH
and acquisition of high mutp53 levels, LFS fibroblasts may
promote tumor progression by enhancing the malignant features
of adjacent cancer cells.

pCAP-250 restricts the increase in mutp53 expression in
passaged LFS fibroblasts
We hypothesized that if we can specifically inhibit the increase in
mutp53 in LFS cells, we might be able to inhibit the LOH process
and its protumorigenic consequences. With this in mind, we used
pCAP-250, a short peptide that reactivates mutp53 by stabilizing
the p53 protein structure, leading to activation of p53 target
genes and eventually to the death of cancer cells expressing
mutp53 [26]. In all experiments, we used 10 µm of pCAP-250 and
the cells were maintained with the peptide from early to late
passage. As seen in Fig. 3A (and supplemental material-original
data file), pCAP-250 completely inhibited mutp53 expression in all
the LFS fibroblasts, while scrambled peptide pCAP-704 (Scr) had
no effect. Moreover, the expression of the WT p53 target genes
p21, PUMA and GDF15, which decreased with LOH, was
upregulated in the presence of pCAP-250 (Fig. S1D). This effect
was pCAP-250 specific, as treatment of late passage cells with
scrambled peptide did not affect significantly the expression of
WT p53 target genes (Supplementary Fig. S2). Exposure of pCAP-
250-treated late passage cells to cisplatin/or doxorubicin further
increased the expression of these genes, supporting the conclu-
sion that the pCAP-250 treated cells possessed functional WT p53,
which was absent in the scrambled peptide treated cells
(Supplementary Figs. S2 and S3 and supplemental material-
original data file).

pCAP-250 slows down the growth of medium and late-
passage LFS cells
To examine if pCAP-250 can modulate the growth rate of LFS
fibroblasts, cells were continuously treated from early to late
passages with either scrambled peptide or pCAP-250, twice a week.
In agreement with the ability of pCAP-250 to reactivate mutp53,
there was no effect on the growth of early passage cells, which still
express functional wtp53. However, as the cell population accumu-
lated mutp53 with continued passaging, the effect of pCAP-250

Table 5. Details of LFS patients from which fibroblast cells are taken.

ID P53 status Gender Age Cancer

53528 Exon 7: c.743G>A (p.Arg248Gln) M 45 Multiple myeloma

53529 Exon 7: c.743G>A (p.Arg248Gln) M 16 Atypical osteochondroma/low grade chondrosarcoma

55738 Exon 7: c.743G>A (p.Arg248Gln) F 34 Osteosarcoma (humerus)

56012 Exon 7: c.743G>A (p.Arg248Gln) F 34.3 Rhabdomyosarcoma
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Fig. 1 Loss of heterozygosity occurs in late passage LFS fibroblasts. A Representative chromatograms showing TP53 heterozygosity at early
passage (left panel) and at late passage (right panel). The adenine peak (arrows) is visible at late passage (N= 4). B Western blot analysis of
lysates from early (E), middle (M), and late (L) passage cells. Total p53 was detected with the DO-1 antibody, and mutp53 was detected with a
mutp53–specific antibody. GAPDH was used as a loading control (bottom lane) (N= 4). C Immunofluorescence analysis of early and late
passage LFS fibroblasts. Mutp53–specific antibody (green) was used for LOH confirmation and nuclei were stained with DAPI (blue). (Scale bar,
20 μm.) Quantification of mutp53 staining was done using ImageJ (N= 4, n > 200). D Brightfield microscopic images of LFS fibroblasts
undergoing senescence, as detected by β-gal assay; blue indicates senescent cells. Wild-type (WT) p53 fibroblasts at early (P12) and late (P21)
and LFS fibroblasts at early and late passage were analyzed (N= 4). E Immunofluorescence analysis was performed on fibroblasts incubated
with FITC-labeled mutp53–specific antibody (green), and yH2AX was detected by red fluorescence. Nuclei were stained with DAPI (blue).
(Scale bar, 10 μm.) Quantification of DNA damage marker yH2AX was done using ImageJ (N= 4, n > 200). *p < 0.05, **p < 0.01, ***p < 0.001.
Two-tailed unpaired Student’s t-test.
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Fig. 2 Loss of heterozygosity enhances mitochondrial metabolism. A Intracellular ATP levels were measured by ATP Bioluminiscence Assay
Kit CLS II on WT fibroblasts, early passage LFS fibroblasts, and late passage LFS fibroblasts (N= 4). B Human mitochondrial gene expression
was measured by RT-qPCR, using specific primers (N= 4). C Transmission electron microscopy was performed to study mitochondrial size and
density at early passage and late passage (mitochondria are shown with orange arrows). Images were taken at 6500× (N= 3, number of cells
per condition >90) D Data were quantified using Image J. E Immunofluorescence analysis was performed on early and late passage LFS
fibroblasts. Mutp53-specific antibody was used for LOH confirmation, and MitoTracker Red dye was used to label mitochondria Nuclei were
stained with DAPI (blue). (Scale bar, 20 μm.) F Quantification of mitochondrial fluorescence intensity was performed using ImageJ (N= 4,
n > 150). *p < 0.05, **p < 0.01, ***p < 0.001. Two-tailed unpaired Student’s t-test.
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Fig. 3 pCAP-250 restricts mutp53 expression and reduces the growth of late passage cells. AWestern blot analysis of lysates from WT, early
passage LFS, late passage LFS, and late passage LFS cells treated with pCAP-250 or with a scrambled peptide. Total p53 was detected with the
DO-1 antibody, and mutp53 was detected with a mutp53–specific antibody. GAPDH served as loading control. Data was quantified using
ImageJ (N= 4). B Cells were plated in 10-cm dishes at a density of 100,000 cells/dish and then treated with either pCAP-250 or a scrambled
peptide or left untreated as a control (NTC). The cells were counted by brightfield imaging at 4× after 72 h (N= 4). C Immunofluorescence
analysis was performed on nontreated late passage cells and late passage cells treated with pCAP-250. Ki67-specific antibody was labeled with
FITC, and the nuclei were stained with DAPI (blue). (Scale bar, 20 μm) Images were taken at 20X and staining was quantified using ImageJ
(N= 4, n > 150). D Brightfield microscopic images of cells undergoing senescence, as detected by β-gal assay. Blue represents senescent cells.
WT and LFS fibroblasts were imaged at early and late passages, along with late passage LFS cells treated with pCAP-250, and senescent cells
were quantified (N= 4). *p < 0.05, **p < 0.01, ***p < 0.001, ns not significant. Two-tailed unpaired Student’s -test.
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became increasingly apparent, leading to lower cell numbers at
middle and late passages relative to cultures treated with scrambled
peptide (Fig. 3B). This was due to attenuated proliferation, evident
by a significant decrease in Ki67-positive cells upon pCAP-250
treatment (Fig. 3C).

pCAP-250 reduces the senescence of late-passage LFS cells
As shown above, LOH delays the senescence of LFS fibroblasts, as
observed also in Fig. 3D. Specifically, whereas in WT fibroblasts the
fraction of senescent cells increased from 5.5% in P12 to 75% in
P28, in LFS fibroblasts the increase was only from 4.5% to 16.5%.
Interestingly, treatment of late passage LFS fibroblasts with pCAP-
250 caused a mild but statistically significant reduction in their
senescence (Fig. 3D). This effect is specific to pCAP-250 as
scrambled control peptide had no effect on the senescence level
of LFS late passage cells as well as on WT cells, as shown in
Supplementary Figs. S4, S5, and S6A, B. Senescent cells are often
more resistant to chemotherapy [34–36], suggesting that pCAP-
250 may sensitize such cells to chemotherapy drugs.

pCAP-250 restores baseline mitochondrial metabolism in late
passages
As described above, intracellular ATP content levels increased
from early to late passage in the LFS fibroblasts. When the same
LFS cells were cultivated in the presence of pCAP-250, ATP levels
were reduced significantly, indicative of restoration to a non-
transformed phenotype (Fig. 4A). Tumor cells secrete extracellular
lactate, which can serve as an energy source as part of the
Warburg effect [37]. We therefore monitored the extracellular
lactate level in serum-free CM of these fibroblasts. As expected,
extracellular lactate secretion increased from early to late
passages. However, when exposed to pCAP-250, the late passage
cells showed a significant reduction in lactate levels (Fig. 4B),
which became comparable to those in early passage cells,
supporting the effectiveness of pCAP-250 in restoring a normal
metabolic phenotype. Scrambled control peptide, at late passage,
had no effect on intracellular ATP and lactate secretion levels
(Fig. 4A, B).

pCAP-250 reduces mitochondria number and mitochondria/
cytoplasm ratio
As shown above mitochondrial mass, size ratio, and density ratio
(i.e., number of mitochondria per cytoplasmic area) increases with
passages. Like ATP and lactate levels, pCAP-250 significantly
reduced the mitochondrial mass in late passage cells (Fig. 4C).
Furthermore, there was a significant reduction in the size ratio of
mitochondria/cytoplasm and in the mitochondrial density
(Fig. 4D, E). Changes in mitochondrial mass are primarily
controlled by mitophagy, a process regulated by Parkin [38, 39].
Loss of WT p53 and gain of mutp53 depletes Parkin in glial tumors
[40], and Parkin LOH occurs in 33% of colorectal cancers [41], as
well as in lung cancer [42] and breast cancer [43, 44]. Therefore,
we assessed Parkin levels in early, middle, and late passage LFS
fibroblasts treated with pCAP-250. As seen in Supplementary
Fig. S7, Parkin levels decreased significantly from early to late
passage. Importantly, pCAP-250 not only prevented this decrease
but even further increased Parkin expression by 50%, compared to
early passage cells. Furthermore, with the exception of ND2, all
tested human mitochondrial genes were downregulated in late
passage cells treated with pCAP-250, as compared to non-treated
late passage cells (Fig. 4F).

pCAP-250 reduces the ability of late passage LFS fibroblasts to
promote cancer cell migration
Since CM from late passage LFS fibroblasts increased cancer cell
migration, we examined the effect of pCAP-250 treatment on this
activity. As seen in Fig. 5A, B, CM from pCAP-250 treated late
passage LFS fibroblasts significantly reduced the migration of

U2OS cells, restoring it to control levels. This suggests that pCAP-
250 affects the factors secreted by fibroblasts, presumably
through its effect on p53.

Prolonged treatment with pCAP-250 prevents TP53 LOH in
LFS fibroblasts
To examine if pCAP-250 can prevent TP53 LOH in LFS fibroblasts, we
performed genomic DNA sequencing. As shown above, late
passage cells show loss of the G nucleotide in the CNG codon,
corresponding to the WT TP53 allele, and retain only the CAG allele
that encodes mutp53. Remarkably, continuous exposure of LFS
fibroblasts to pCAP-250 caused late passage cells to retain their WT
TP53 allele, as evidenced by the presence of both A and G at this
position, maintaining the heterozygous state (Fig. 5C). Treatment
with the scrambled peptide did not alter the loss of heterozygosity
(LOH) status of late passage cells, as it was comparable to untreated
late passage cells (Supplementary Fig. S8). In contrast, when late
passage cells were treated with the scrambled peptide, the CAG
codon was present, indicating the presence of the mutant p53
encoding sequence. Consequently, pCAP-250 demonstrated the
ability to inhibit the occurrence of wild-type TP53 LOH (Fig. 5C and
Supplementary Fig. S8).

pCAP-250 reduces DNA damage
To examine whether pCAP-250 affects DNA repair and overall
genomic stability of LFS fibroblasts, we performed γH2AX staining.
As seen in Fig. 5D, the staining intensity of γH2AX significantly
increases with the passaging of LFS cells in parallel to the LOH,
becoming 2.5-fold higher at late passage than in early passage.
Likewise, prolonged pCAP-250 treatment significantly reduced
γH2AX levels in late passages of LFS cells (Fig. 5D). Similar
conclusions were obtained when we evaluated DNA damage by
the comet assay (Fig. 6A). As expected, late passage cells exhibited
higher DNA damage compared to early passage. Reassuringly,
prolonged treatment of late passage cells with pCAP-250
significantly lowered the levels of DNA damage, even when
compared to early passage cells. Presumably, this may be due to
reactivation of the mutp53 and enhanced activation of DNA repair
by two functional p53 alleles.
Since reactivation of mutp53 by pCAP-250 entails transactiva-

tion of WT p53 target genes, we next analyzed the expression of
the DNA repair-related genes XPC1, Msh2 and Fen1, reported as
transcriptional targets of p53. As seen in Fig. 6B, all 3 genes were
responsive to cisplatin in early passage cells but less so in late
passages. Remarkably, treatment with pCAP-250 significantly
upregulated the mRNA levels of these genes following DNA
damage, even beyond that of early passage cells. Thus pCAP-250
may prevent DNA damage, at least in part, via increasing the
induction of DNA repair genes by the reactivated mutp53.
Interestingly, this DNA repair effect of pCAP-250 was more
pronounced in the presence of doxorubicin. Treatment of cells
with doxorubicin causes DNA damage, resulting in cell death at
high doses of the drug. However, pCAP-250 elicited protection
against doxorubicin cytotoxicity, as evident from Supplementary
Fig. S9.

pCAP-250 restores genomic stability
The XPC protein helps repair UV-induced damage by nucleotide
excision repair. Therefore, we assessed the ability of pCAP-250-
treated cells to repair UV-induced damage. To that end, we
quantified cyclopyrimidine dimer (CPD) lesions in LFS fibroblasts
exposed to different UV radiation doses. As seen in Fig. 6C, the
number of CPD lesions increased with increasing UV doses.
Importantly, the number of lesions was significantly reduced
upon pCAP-250 treatment. Furthermore, pCAP-250-treated
late passage LFS fibroblasts fared better after UV radiation-
induced DNA damage than their non-treated counterparts
(Supplementary Fig. S10).
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Fig. 4 pCAP-250 helps restore mitochondrial metabolism. A Intracellular ATP levels were measured by ATP Bioluminiscence Assay Kit CLS II.
All fibroblast lines showed enhanced ATP levels after LOH (N= 4). B Extracellular lactate concentration was measured by Sigma kit.
Conditioned medium (50 µL) samples from early passage, late passage, and late passage plus pCAP-250 cells were mixed with master reaction
mix and incubated for 30min. Absorbance was then measured at 570 nm. The X-axis represents concentration (nmol/mL) (N= 4). C Confocal
microscopy was performed on untreated late passage cells and late passage cells treated with pCAP-250. Cells were labeled with mutp53-
specific antibody to confirm LOH and MitoTracker Red to label mitochondria. Nuclei were stained with DAPI (blue). (Scale bar, 10 μm.)
Quantification was done using ImageJ (N= 4, n= 100) D Electron microscopy was performed to monitor mitochondrial size and density.
Images were taken at 6500× at early and late passage and late passage treated with pCAP-250 (mitochondria are indicated by orange arrows)
(N= 3). E Data was quantified using Image J. F Human mitochondrial gene expression was measured by RT-qPCR using specific primers
(N= 4). *p < 0.05, **p < 0.01, ***p < 0.001. Two-tailed unpaired Student’s t-test.
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To evaluate the overall effect of pCAP-250 on the genomic
stability of LFS fibroblasts, about 10 randomly chosen fibroblasts
from early passage, late passage and late passage + pCAP-250
were subjected to spectral karyotyping (SKY) analysis. Stained

chromosomes from representative cells are shown in the left
panel of Fig. 6D, while the right panel shows quantification of
chromosomal aberrations in each group. As seen about 30% of
LFS fibroblasts exhibited chromosomal aberrations already at early

Fig. 5 pCAP-250 reduces cancer cell migration and DNA damage and prevents WT TP53 LOH in late passage LFS cells. A Scratch assay was
performed on U2OS cells using conditioned medium from LFS fibroblasts at early passage, late passage, and late passage with pCAP-250.
Representative images were taken with a brightfield microscope (N= 4). B Gap distance was quantified for all conditions at 24 h. The Y-axis
represents percentage migration, and the X-axis represents passage number. C Representative chromatograms depicting the status of the
TP53 gene. Black arrow indicates WT fibroblast (CGG), heterozygous status (CNG) at early passage, mutant only (CAG) at late passage, and
heterozygous status (CNG) in late passage treated with pCAP-250 (N= 4). D Immunofluorescence was performed to monitor γH2AX foci,
indicative of DNA damage. DNA damage was measured in late passage cells with or without pCAP-250 treatment. γH2AX was detected by red
fluorescence. Nuclei were stained with DAPI (blue) (Scale bar, 10 μm.) Quantification was done using Image J (N= 4, n > 150). *p < 0.05,
**p < 0.01, ***p < 0.001. Two-tailed unpaired Student’s t-test.
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Fig. 6 pCAP-250 prevents chromosomal aberrations and repairs DNA damage in late passage LFS fibroblasts. A Comet assay was
performed on early passage, late passage, and late passage plus pCAP-250 cultures. Data was acquired using epifluorescence imaging (Scale
bar, 50 μm.) and Tail length was quantified using ImageJ (N= 4, n > 200). B RT-qPCR was performed on early passage cells, late passage cells
and late passage cells treated with pCAP-250, to quantify the expression of genes encoding the DNA repair enzymes XPC, MSH2 and FEN1,
which are regulated by WT p53. Cisplatin served as a positive control to induce the expression of these genes by WTp53 activation (N= 4).
C CPD lesions were detected in late passage cells 53528 treated with increasing doses of UV radiation. The cells were incubated in culture
medium for 24 h, and lesions were counted and quantified by ImageJ (n= 50). D Spectral karyotyping was performed on LFS early passage,
late passage, and late passage cells treated with pCAP-250 (n= 10). Percentages of cells with chromosomal aberrations were calculated.
*p < 0.05, **p < 0.01, ***p < 0.001, ns not significant. Two-tailed unpaired Student’s t-test.
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passage. As expected, the proportion of cells with genomic
instability rose two-fold to 60% in late passages. Remarkably,
prolonged treatment with pCAP-250 caused a significant decrease
in the proportion of cells with chromosomal aberrations, down to
10%, even much lower than early passage cells. This activity of
pCAP-250 in “normal” non-transformed cells is of particular
interest: if indeed pCAP-250 is capable of maintaining genomic
stability also in epithelial cells, it may open the possibility to use
pCAPs as a preventive treatment, in LFS in particular and in cancer
in general.

DISCUSSION
LFS patients develop a broad spectrum of tumors, most of which
exhibit loss of the WT P53 allele, considered a primary event that
precedes cancer progression [45]. It is therefore plausible that
prevention or delay of LOH might prevent the onset of cancer in
TP53 pathogenic variant carriers. We show here that primary LFS
fibroblasts contain a rare subpopulation of cells that have
undergone spontaneous LOH and express high level of mutp53.
As primary cells are transferred to culture, they are exposed to
high oxygen and other ex-vivo stress factors that cause culture
shock. Cells that have a functional WT TP53 allele respond by
undergoing growth arrest and senescence, which allows the
homozygous mutp53 subpopulation that remains proliferative to
take over the cultured population in the course of 10-20 passages.
Importantly, we now show that treatment of LFS fibroblasts with

the mutp53-reactivating peptide pCAP-250 attenuates the acquisi-
tion of LOH, and rectifies the aberrant features that accompany the
emergence of LOH, including changes in mitochondrial metabo-
lism. This effect of pCAP-250may be partially attributed to increased
levels of Parkin, a transcriptional target of WT p53. High
mitochondrial metabolism is also associated with fast cellular
growth [46]. Concordantly, cells treated with pCAP-250 grew slower
than non-treated cells.
Secreted factors from CM of late passage fibroblasts, but not

from fibroblasts treated with pCAP-250, enhanced the migration
of cancer cells. Presumably, the LFS fibroblasts after LOH behave
similarly to cancer-associated fibroblasts, which secrete various
cytokines and chemokines that facilitate cancer cell proliferation
and migration, and this is prevented by treatment with pCAP-250.
TP53 is of critical importance for maintaining genomic stability

[47]. Indeed, we show that fibroblasts that have undergone LOH
accumulate more DNA damage than heterozygous fibroblasts. In
cells with functional wtp53, high DNA damage can elicit
senescence or apoptosis [48]. In contrast, late passage fibroblasts
that have lost wtp53 fail to undergo efficient senescence.
However, treatment with pCAP-250 restored DNA damage to
levels that are even below those of early passage fibroblasts.
Furthermore, pCAP-250 treatment significantly elevated the
expression of transcriptional targets of p53 involved in DNA
repair (e.g., FEN1, Msh2, and XPC). pCAP-250 also caused a
significant upregulation of DNA repair activity of UV radiation-
induced CPD lesions. The reduction in DNA damage can be
attributed to increased DNA repair, since no significant cell death
was observed with pCAP-250 treatment.
Remarkably, prolonged treatment with pCAP-250 caused a

significant decrease in the proportion of cells with chromosomal
aberrations, raising hope that peptides such as pCAP-250 may
prove efficacious in cancer prevention. Interestingly, prolonged
treatment with pCAP-250 significantly reduced the proportion of
senescent cells in late passage LFS cells. Since DNA damage has a
major influence on the onset of senescence, the ability of pCAP-
250 to restrict DNA damage in LFS cells might account for the
reduced senescence of the late passage LFS cells.
This is the first report in which a peptide was shown to inhibit

LOH in LFS patient-derived cells. Together, our findings suggest
that pCAP-250 inhibits LOH and reactivates mutp53, leading to

activation of p53 transcriptional targets, enhanced DNA repair,
enhanced genomic stability, reduced mitochondrial metabolism,
decrease in senescence phenotype and attenuated migration of
cancer cells. Thus, pCAP-250 merits further consideration as a
means to prevent LOH in LFS mutation carriers and to improve
combination chemotherapy for tumors harboring TP53 missense
mutations.

REFERENCES
1. Bártek J, Bártková J, Vojtĕsek B, Stasková Z, Lukás J, Rejthar A, et al. Aberrant

expression of the p53 oncoprotein is a common feature of a wide spectrum of
human malignancies. Oncogene. 1991;6:1699–703.

2. Greenblatt MS, Bennett WP, Hollstein M, Harris CC. Mutations in the p53 tumor
suppressor gene: clues to cancer etiology and molecular pathogenesis. Cancer
Res. 1994;54:4855–78.

3. Lonetto G, Koifman G, Silberman A, Attery A, Solomon H, Levin-Zaidman S, et al.
Mutant p53-dependent mitochondrial metabolic alterations in a mesenchymal stem
cell-based model of progressive malignancy. Cell Death Differ. 2019;26:1566–81.

4. Kastan MB, Onyekwere O, Sidransky D, Vogelstein B, Craig RW. Participation of p53
Protein in the Cellular Response to DNA Damage. Cancer Res. 1991;51:6304–11.

5. Maltzman W, Czyzyk L. UV irradiation stimulates levels of p53 cellular tumor
antigen in nontransformed mouse cells. Mol Cell Biol. 1984;4:1689–94.

6. Linke SP, Clarkin KC, Di Leonardo A, Tsou A, Wahl GM. A reversible, p53-
dependent G0/G1 cell cycle arrest induced by ribonucleotide depletion in the
absence of detectable DNA damage. Genes Dev. 1996;10:934–47.

7. Muñoz-Fontela C, Mandinova A, Aaronson SA, Lee SW. Emerging roles of p53
and other tumour-suppressor genes in immune regulation. Nat Rev Immunol
2016;16:741–50.

8. Curylova L, Ramos H, Saraiva L, Skoda J. Noncanonical roles of p53 in cancer
stemness and their implications in sarcomas. Cancer Lett. 2022;525:131–45.

9. Offer H, Wolkowicz R, Matas D, Blumenstein S, Livneh Z, Rotter V. Direct invol-
vement of p53 in the base excision repair pathway of the DNA repair machinery.
FEBS Lett. 1999;450:197–204.

10. Scherer SJ, Maier SM, Seifert M, Hanselmann RG, Zang KD, Müller-Hermelink HK,
et al. p53 and c-Jun functionally synergize in the regulation of the DNA repair
gene hMSH2 in response to UV. J Biol Chem. 2000;275:37469–73.

11. Hwang BJ, Ford JM, Hanawalt PC, Chu G. Expression of the p48 xeroderma
pigmentosum gene is p424-428-dependent and is involved in global genomic
repair. Proc Natl Acad Sci USA. 1999;96:424–8.

12. Menon V, Povirk L. Involvement of p53 in the repair of DNA double strand breaks:
Multifaceted roles of p53 in homologous recombination repair (HRR) and non-
homologous end joining (NHEJ). Subcell Biochem. 2014;85:321–36.

13. Tan T, Chu G. p53 Binds and activates the xeroderma pigmentosum DDB2 gene
in humans but not mice. Mol Cell Biol. 2002;22:3247–54.

14. Adimoolam S, Ford JM. p53 and DNA damage-inducible expression of the xer-
oderma pigmentosum group C gene. Proc Natl Acad Sci USA. 2002;99:12985–90.

15. López-Sánchez I, Valbuena A, Vázquez-Cedeira M, Khadake J, Sanz-García M,
Carrillo-Jiménez A, et al. VRK1 interacts with p53 forming a basal complex that is
activated by UV-induced DNA damage. FEBS Lett. 2014;588:692–700.

16. Jaber S, Toufektchan E, Lejour V, Bardot B, Toledo F. P53 downregulates the
Fanconi anaemia DNA repair pathway. Nat Commun. 2016;7:11091.

17. Janic A, Valente LJ, Wakefield MJ, Di Stefano L, Milla L, Wilcox S, et al. DNA repair
processes are critical mediators of p947-953-dependent tumor suppression letter.
Nat Med. 2018;24:947–53.

18. Chen J. The cell-cycle arrest and apoptotic functions of p53 in tumor initiation
and progression. Cold Spring Harb Perspect Med. 2016;6:a026104.

19. Li FP, Fraumeni JF. Rhabdomyosarcoma in children: epidemiologic study and
identification of a familial caneer syndrome. J Natl Cancer Inst. 1969;43:1365–73.

20. Li FP. Soft-tissue sarcomas, breast cancer, and other neoplasms. A familial syn-
drome? Ann Intern Med. 1969;71:747.

21. Evans SC, Lozano G. The Li-Fraumeni syndrome: an inherited susceptibility to
cancer. Mol Med Today 1997;3:390–5.

22. Malkin D. Li-Fraumeni Syndrome and p53 in 2015: Celebrating their Silver
Anniversary. Clin Invest Med. 2016;39:E37–47.

23. Rausch T, Jones DTW, Zapatka M, Stütz AM, Zichner T, Weischenfeldt J, et al.
Genome sequencing of pediatric medulloblastoma links catastrophic DNA rear-
rangements with TP53 mutations. Cell. 2012;148:59–71.

24. Crasta K, Ganem NJ, Dagher R, Lantermann AB, Ivanova EV, Pan Y, et al. DNA breaks
and chromosome pulverization from errors in mitosis. Nature. 2012;482:53–58.

25. Villani A, Shore A, Wasserman JD, Stephens D, Kim RH, Druker H, et al. Bio-
chemical and imaging surveillance in germline TP53 mutation carriers with Li-
Fraumeni syndrome: 11 year follow-up of a prospective observational study.
Lancet Oncol. 2016;17:1295–305.

H. Agarwal et al.

866

Cell Death & Differentiation (2024) 31:855 – 867



26. Tal P, Eizenberger S, Cohen E, Goldfinger N, Pietrokovski S, Oren M, et al. Cancer
therapeutic approach based on conformational stabilization of mutant p53
protein by small peptides. Oncotarget. 2016;7:11817–37.

27. Light N, Layeghifard M, Attery A, Subasri V, Zatzman M, Anderson ND, et al.
Germline TP53 mutations undergo copy number gain years prior to tumor
diagnosis. Nat Commun. 2023;14:77.

28. Vertrees RA, Jordan JM, Solley T, Goodwin TJ. Tissue culture models. 159–82 (2009).
29. Vis MAM, Ito K, Hofmann S. Impact of culture medium on cellular interactions in

in vitro co-culture systems. Front Bioeng Biotechnol. 2020;8:1–8.
30. Katt ME, Placone AL, Wong AD, Xu ZS, Searson PC. In vitro tumor models:

advantages, disadvantages, variables, and selecting the right platform. Front
Bioeng Biotechnol. 2016;4:12.

31. Itahana K, Dimri G, Campisi J. Regulation of cellular senescence by p53. Eur J
Biochem 2001;268:2784–91.

32. Beausejour CM. Reversal of human cellular senescence: roles of the p53 and p16
pathways. EMBO J. 2003;22:4212–22.

33. Zhang C, Liu J, Liang Y, Wu R, Zhao Y, Hong X, et al. Tumour-associated mutant
p53 drives the Warburg effect. Nat Commun. 2013;4:2935.

34. Gordon RR, Nelson PS. Cellular senescence and cancer chemotherapy resistance.
Drug Resist Updat. 2012;15:123–31.

35. Muñoz DP, Yannone SM, Daemen A, Sun Y, Vakar-Lopez F, Kawahara M, et al.
Targetable mechanisms driving immunoevasion of persistent senescent cells link
chemotherapy-resistant cancer to aging. JCI Insight. 2019;4:1–22.

36. Chen YX, Wang CJ, Xiao DS, He BM, Li M, Yi XP, et al. eIF3a R803K mutation
mediates chemotherapy resistance by inducing cellular senescence in small cell
lung cancer. Pharmacol Res. 2021;174:105934.

37. Levine AJ, Puzio-Kuter AM. The control of the metabolic switch in cancers by
oncogenes and tumor suppressor genes. Science. 2010;330:1340–4.

38. Jin SM, Youle RJ. PINK1-and Parkin-mediated mitophagy at a glance. J Cell Sci.
2012;125:795–9.

39. Narendra D, Tanaka A, Suen DF, Youle RJ. Parkin is recruited selectively to impaired
mitochondria and promotes their autophagy. J Cell Biol. 2008;183:795–803.

40. Viotti J, Duplan E, Caillava C, Condat J, Goiran T, Giordano C, et al. Glioma tumor
grade correlates with parkin depletion in mutant p1764-1775-linked tumors
and results from loss of function of p53 transcriptional activity. Oncogene.
2014;33:1764–75.

41. Poulogiannis G, McIntyre RE, Dimitriadi M, Apps JR, Wilson CH, Ichimura K, et al.
PARK2 deletions occur frequently in sporadic colorectal cancer and accelerate ade-
noma development in Apcmutantmice. Proc Natl Acad Sci USA. 2010;107:15145–50.

42. Veeriah S, Taylor BS, Meng S, Fang F, Yilmaz E, Vivanco I, et al. Somatic mutations
of the Parkinson’s disease-associated gene PARK2 in glioblastoma and other
human malignancies. Nat Genet. 2010;42:77–82.

43. Noviello C, Courjal F, Theillet C. Loss of heterozygosity on the long arm of
chromosome 6 in breast cancer: possibly four regions of deletion. Clin Cancer
Res. 1996;2:1601–6.

44. Orphanos V, McGown G, Hey Y, Boyle J, Santibanez-Koref M. Proximal 6q, a region
showing allele loss in primary breast cancer. Br J Cancer. 1995;71:290–3.

45. Alexandrova EM, Mirza SA, Xu S, Schulz-Heddergott R, Marchenko ND, Moll UM.
P53 loss-of-heterozygosity is a necessary prerequisite for mutant p53 stabilization
and gain-of-function in vivo. Cell Death Dis. 2017;8:e2661.

46. Sainero-Alcolado L, Liaño-Pons J, Ruiz-Pérez MV, Arsenian-Henriksson M. Tar-
geting mitochondrial metabolism for precision medicine in cancer. Cell Death
Differ. 2022;29:1304–17.

47. Williams AB, Schumacher B. p53 in the DNA-damage-repair process. Cold Spring
Harb Perspect Med. 2016;6:a026070.

48. Kumari R, Jat P. Mechanisms of cellular senescence: cell cycle arrest and senes-
cence associated secretory phenotype. Front Cell Dev Biol. 2021;9:645593.

ACKNOWLEDGEMENTS
We would like to thank Prof. Moshe Oren, Dept. of Molecular Cell Biology at Weizmann
Institute of Science, for his invaluable input during the editing and revision process of

this manuscript and Dr. Nili Dezorella from electron microscopy core facility at
Weizmann Institute of Science for electron micrographs.

AUTHOR CONTRIBUTIONS
VR and AA conception and supervision; AA, HA, and VR formal analysis and
investigation; AA and HA manuscript writing; VR, AA, HA, and PT designed
experiments; AA, HA, PT, and NG performed experiments, VR, AA, HA and PT data
interpretation; EC qPCR of mitochondrial genes, VR and DM provided resources, VR,
AA, HA, PT, DM review and editing.

FUNDING
HA was supported by Planning and Budgeting Committee (PBC) of Israeli Council for
Higher Education (CHE); The work of VR was supported by the Center of Excellence
Grant from the Israel Science Foundation (ISF), by the Israel Cancer research Fund
(ICRF) and by the Center of Excellence Grant from the Flight Attendant Medical
Research Institute (FAMRI). VR is the incumbent of the Norman and Helen Asher
Professorial Chair of Cancer Research at The Weizmann Institute of Science. Open
access funding provided by Weizmann Institute of Science.

COMPETING INTERESTS
The authors declare no conflict of interest.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
The study has been approved by institutional ethics committee and consent was
obtained from all subjects.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41418-024-01307-4.

Correspondence and requests for materials should be addressed to Varda Rotter or
Ayush Attery.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

H. Agarwal et al.

867

Cell Death & Differentiation (2024) 31:855 – 867

https://doi.org/10.1038/s41418-024-01307-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Mutant p53 reactivation restricts the protumorigenic consequences of wild type p53 loss of heterozygosity in�Li-�Fraumeni syndrome patient-derived fibroblasts
	Introduction
	Materials and methods
	Mice
	Cell culture
	RNA analysis
	Measurement of intracellular ATP�levels
	Transmission electron microscopy
	“Scratch”�assay
	Lactate�assay
	Senescence�assay
	Growth curve analysis
	Reverse transcriptase quantitative PCR (RT-qPCR)
	Western blot analysis
	Immunofluorescence imaging
	Spectral Karyotyping
	Comet�Assay
	CPD lesions�assay
	Statistical analyses

	Results
	Late passage LFS primary dermal fibroblasts undergo WTp53 LOH in culture
	LOH leads to delayed cellular senescence
	Loss of the WT TP53 allele is correlated with increased DNA�damage
	LOH is associated with enhanced metabolism
	Following LOH, late passage LFS cells facilitate cancer cell migration
	pCAP-250 restricts the increase in mutp53 expression in passaged LFS fibroblasts
	pCAP-250 slows down the growth of medium and late-passage LFS�cells
	pCAP-250 reduces the senescence of late-passage LFS�cells
	pCAP-250 restores baseline mitochondrial metabolism in late passages
	pCAP-250 reduces mitochondria number and mitochondria/cytoplasm�ratio
	pCAP-250 reduces the ability of late passage LFS fibroblasts to promote cancer cell migration
	Prolonged treatment with pCAP-250 prevents TP53 LOH in LFS fibroblasts
	pCAP-250 reduces DNA�damage
	pCAP-250 restores genomic stability

	Discussion
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




