Klimovich et al. J Exp Clin Cancer Res (2022) 41:80

https://doi.org/10.1186/513046-022-02269-6 Journal Of EXperlmental &

Clinical Cancer Research

RESEARCH Open Access

: SPTRR : : ®
Partial p53 reactivation is sufficient to induce @

cancer regression

Boris Klimovich', Laura Meyer', Nastasja Merle', Michelle Neumann', Alexander M. Kénig?,
Nikolaos Ananikidis', Corinna U. Keber?, Sabrina Elmsh&user', Oleg Timofeev'*" and Thorsten Stiewe '™

Abstract

Background: Impaired p53 function is one of the central molecular features of a tumor cell and even a partial reduc-
tion in p53 activity can increase the cancer risk in mice and men. From a therapeutic perspective it is noteworthy

that tumor cells often become addicted to the absence of p53 providing a rationale for developing p53 reactivating
compounds to treat cancer patients. Unfortunately, many of the compounds that are currently undergoing preclinical
and clinical testing fail to fully reactivate mutant p53 proteins, raising the crucial question: how much p53 activity is
needed to elicit a therapeutic effect?

Methods: We have genetically modelled partial p53 reactivation using knock-in mice with inducible expression of
the p53 variant E177R. This variant has a reduced ability to bind and transactivate target genes and consequently
causes moderate cancer susceptibility. We have generated different syngeneically transplanted and autochthonous
mouse models of p53-deficient acute myeloid leukemia and B or T cell ymphoma. After cancer manifestation we
have activated E177R expression and analyzed the in vivo therapy response by bioluminescence or magnetic reso-
nance imaging. The molecular response was further characterized in vitro by assays for gene expression, proliferation,
senescence, differentiation, apoptosis and clonogenic growth.

Results: We report the conceptually intriguing observation that the p53 variant E177R, which promotes de novo
leukemia and lymphoma formation, inhibits proliferation and viability, induces immune cell infiltration and triggers
cancer regression in vivo when introduced into p53-deficient leukemia and lymphomas. p53-deficient cancer cells
proved to be so addicted to the absence of p53 that even the low-level activity of E177R is detrimental to cancer
growth.

Conclusions: The observation that a partial loss-of-function p53 variant promotes tumorigenesis in one setting and
induces regression in another, underlines the highly context-specific effects of individual p53 mutants. It further high-
lights the exquisite sensitivity of cancer cells to even small changes in p53 activity and reveals that changes in activity
level are more important than the absolute level. As such, the study encourages ongoing research efforts into mutant
p53 reactivating drugs by providing genetic proof-of-principle evidence that incomplete p53 reactivation may suffice
to elicit a therapeutic response.
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for cells with inactivated p53 [3]. Loss of p53 function
(LOF) can result from p53 degradation or sequestration
by viral oncoproteins or cellular inhibitors like Mdm2 or
Mdmx [4, 5]. In approximately 50% of all tumors, LOF
is caused by somatically acquired genetic alterations
affecting the TP53 gene directly [5]. This includes large
deletions encompassing the entire gene as well as small
non-sense, frameshift or missense mutations, which can
differ massively in their functional impact [5, 6]. Dif-
ferent from other tumor suppressor genes, most TP53
mutations are missense mutations, explained in part by
dominant-negative and tumor-promoting neomorphic
(gain-of-function, GOF) properties of at least some of
the mutant proteins [7-10]. Of note, full p53 activity is
essential for optimal tumor suppression as even a par-
tial loss of p53 function increases the cancer risk in mice
and causes hereditary cancer susceptibility in humans
[11-17].

Importantly, restoration of p53 in p53-deficient tumor
cells was found to be detrimental, usually resulting in
cell death or loss of proliferative capacity due to senes-
cence or differentiation [18]. For example, in p53ERTAM
mice with tamoxifen-switchable p53 activity, EuMyc-
driven Burkitt-like lymphomas develop in the p53-off
state, but undergo rapid regression when p53 is switched
on [19]. This was observed even when p53 inactivation
was not the tumor-initiating driver lesion and acquired
only later during tumor progression [20]. Together with
other studies in independent mouse cancer models, this
firmly established that tumor cells can become addicted
to the loss of p53 [21-24]. Moreover, these studies dem-
onstrated the therapeutic potential of p53 reactivation
and provided critical support for the development of
p53-reactivating drugs as cancer therapeutics [25, 26].

Meanwhile a growing number of p53 reactivating
compounds has been developed. While Mdm2 and
Mdmx inhibitors are being evaluated for treatment
of tumors with wild-type p53, diverse strategies have
been proposed to target tumors with 7”53 mutations
[25, 26]. As straightforward as reactivation may seem,
as challenging it turns out in practice. The most com-
mon TP53 mutations either destroy DNA contact resi-
dues or destabilize the thermodynamically labile p53
DNA binding domain and cause its denaturation at
normal body temperature [27]. The most direct reac-
tivation approaches aim to refold the pool of mutant
p53 proteins, that have accumulated in the tumor cells,
into a native conformation [28, 29]. However, as more
than 2000 different mutant proteins have been identi-
fied in cancer patients, a universal reactivation strategy
is unrealistic. As such, many reactivation compounds
target only single or groups of mutants [30]. For exam-
ple, PhiKan083 specifically targets a surface crevice
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created by the Y220C mutation [31]. Metallochaper-
ones increase the intracellular availability of zinc to
rescue folding of zinc-binding site mutants like R175H
[32]. Arsenic trioxide (ATO) binds to a cryptic allos-
teric site formed by Arsenic-coordinating cysteines
and stabilizes the native fold of a subset of p53 mutants
[33]. The clinically most advanced compound APR-
246 (PRIMA-1M°, Eprenetapopt), is converted to the
thiol-reactive metabolite methylene quinuclidinone
(MQ) and proposed to alkylate and thereby reacti-
vate structural mutants, but also, in a mechanisti-
cally poorly understood manner, some DNA contact
mutants [34—36]. In combination with azacytidine,
APR-246 showed promising therapeutic responses in
phase II studies involving myelodysplastic syndrome
(MDS) and acute myeloid leukemia (AML) patients [37,
38]. However, MQ also reacts with numerous other cel-
lular cysteines, forming a thiol-bound drug reservoir,
and through depletion of glutathione (GSH) and inhi-
bition of the GSH and thioredoxin antioxidant systems
exhibits cytotoxic activities [39, 40]. Other reactivating
compounds also display considerable p53-independent
toxicity that certainly adds to, if not determines, the
therapeutic effects [30]. This raises the critical ques-
tion: how much of the observed cytotoxicity is due to
p53 reactivation [18]? Last but not least, the mutant
p53 refolding activity of various reactivating com-
pounds differs by at least two orders of magnitude not
only between compounds but also between individual
mutants [33]. Together these findings indicate that
pharmacological mutant p53 reactivation is continu-
ously improving, but is currently still far from optimal.
This brings up an even more important question: to
what extent does p53 have to be restored [18]? Is full
reactivation required to achieve a therapeutic response
or is partial reactivation already sufficient?

Here, we have modelled partial p53 reactivation using
a conditional knock-in mouse with inducible expression
of the partial LOF variant p53517’R (short: E177R), which
corresponds to human E180R. The E177R mutation dis-
rupts an intermolecular salt-bridge with R178 (human
R181) that is required for cooperative DNA binding [41-
43]. The decrease in cooperativity reduces DNA binding
and target gene activation [15, 44, 45]. As a result, E177R
causes cancer susceptibility and cooperates with various
oncogenes to promote cancer development, including
lung and pancreatic adenocarcinoma and various types of
leukemia and lymphoma [15, 43, 46, 47]. Here, we report
that in p53-deficient leukemia and lymphoma models the
effects of E177R expression are entirely opposite: E177R
inhibits cell proliferation and viability and induces can-
cer regression. p53-deficient cancer cells prove to be so
addicted to the absence of p53 that the residual activity
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of E177R is detrimental for cancer growth. As such, the
study provides genetic proof-of-concept that incomplete
p53 reactivation can make a therapeutic impact.

Materials and methods

Animal experiments

All mouse experiments were performed according to
the German Animal Welfare Law (TierSchG) and were
approved by the local authorities. Mice were housed in
open cages, on a 12h light/dark cycle, fed a standard
housing/breeding diet (Altromin) and received water
ad libitum. The following mouse strains were used:
B6.129S/Sv-Trp53tm1Thst (Trp53-SLE177R) [15], B6.129-
Gt (ROSA)26Sortm1(cre/ERT2)Tyj/] (CreER™) [22],
B6.Cg-Tg (IghMyc)22Bri/] (EuMyc) [48], and B6.129-
Trp53 <tm1Brd>/TacThst (p53KO) [49]. In transplan-
tation experiments, F1 hybrids of C57BL/6] (B6) and
129S1/SvIim] (129) or B6(Cg)-Tyrc-2]/] (B6 albino) and
129X1/Sv] (129 albino) were used as recipients. Genera-
tion of the leukemia and lymphoma, monitoring of dis-
ease development by bioluminescence imaging (BLI) and
therapy were performed as described earlier [50].

For the AML model with Cre-inducible expres-
sion of p53F77R double-heterozygous Trp53-SLEI77R/F,
Rosa26 " ERT2+ mice were intercrossed. Fetal liver cells
from TrpS3LSLEI77RASLEITIR  Rocao6CreERT2  ophrvog
(E14-16) were isolated, transduced with retrovi-
ruses expressing the AMLI/ETO9a fusion oncogene
(co-expressed with GFP) and Nras©!?P oncogene (co-
expressed with firefly luciferase) and 10° cells were trans-
planted into 129 albino recipients as described [46, 50].
Recipients were lethally irradiated (7Gy) 24h before
transplantation using the X-RAD 320iX system. Recipi-
ents were provided with neomycin-supplemented water
(1.6gml~!, pH3) starting 2days before transplantation
until 3weeks after. For in vivo p53 reactivation, recipi-
ent 129 albino/B6 albino F1 hybrid mice were sublethally
irradiated and injected i.v. with 10° AML cells. Both male
and female mice were used as recipients for female AML
cells with and without reactivatable p53. Leukemia pro-
gression was monitored by BLI: mice were imaged under
isoflurane anesthesia 5min after i.p. injection of 100 pl
of D-luciferin solution (15mgml~!) using an IVIS 100
imaging system (Xenogen).

For the EuMyc lymphoma model, double-heterozy-
gous Trp53USLERIT Rosa 26T ERT2/+ females were bred
with EuMyc transgenic males. Lymphomas from EpMyc;
Trp53-SLEITRILSLEITIRY offspring mice with or without
CreER™ were used for transplantation into 129/B6 F1
hybrid recipient mice as described [50]. After disease
onset was confirmed by palpation of enlarged mandibu-
lar, axillary or subiliac lymph nodes, mice were treated
1week with daily i.p. injections of 1 mg tamoxifen. Mice
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were euthanized when pre-defined humane endpoint
criteria were reached. Control experiments for Cre-
mediated toxicity were performed with EuMyc; Rosa-
26°ERT2F [ymphomas. Both male and female donor and
recipient mice were used.

For the spontaneous T-lymphoma model, both male
and female TrpS3USLEUTRASLEITR. oo, agCreERT2 pice
were examined with magnet-resonance tomography
using 7T Clinscan 70/30 USR (Bruker) as described [51].
T2 weighted sequences triggered on respiration in trans-
verse and coronal orientation were used for anatomical
imaging of the thymus. The total measurement time was
approximately 28 min per mouse. Tumor size was meas-
ured using RadiAnt DICOM Viewer and tumor volume
was calculated with the ellipsoid formula V=4/3*n*abc.
Trp53"SYLSL mice without Cre were used as a control
cohort. The first imaging was performed at the age of
120days or earlier for mice that showed clinical symp-
toms of thymic lymphoma (weight loss, hunchback pos-
ture, shortness of breath).

For reactivation of E177R expression via Cre-medi-
ated recombination in vivo, mice were injected i.p. for
7 consecutive days with 100l of 10mgml~! tamoxifen
(Sigma) in sterile corn oil. For mock treatment, mice
were injected with 100 pl of corn oil only.

Cell culture

For generation of mouse AML cell lines, primary tumors
(spleen, bone marrow) were mechanically disrupted by
mashing through 70pum EASYstrainer (Greiner). After
erythrocyte lysis (5min at RT in ACK buffer, Thermo
Fisher), cells were collected by centrifugation, resus-
pended and cultured in B-cell medium (DMEM:IMDM
1:1, Life Technologies), 20% fetal bovine serum (FBS,
Sigma-Aldrich), 100Uml ™! penicillin/streptomycin (Life
technologies), 5x107°M 2-mercaptoethanol) supple-
mented with 0.2ngml™! murine IL3, 2ngml~' IL6 and
20ngml~! SCF (all from Immunotools). Cells were main-
tained on multi-well plates for suspension cells (Greiner)
at ambient oxygen in a humidified cell culture incubator
(37°C with 5% CO,). For colony formation assay, 50,000
cells were plated in MethoCult™ GF M3434 medium
(STEMCELL Technologies, 1.5ml per well on 6-well
plate) and colonies were counted after 7 days.

CRISPR-Cas9

For generation of AML cells with CRISPR-mediated p53
knock-out, TrpS3LSLEI7RISLEITR,  poc,agCreERT2 oy
kemia cells were transduced with pMSCV-Cas9-Blast
retrovirus. For pMSCV-Cas9-Blast plasmid, the puro-
mycin resistance (pac) gene in the pMSCV-Cas9-Puro
plasmid (RRID: Addgene_65655) was replaced with the
blasticidin-S resistance gene (bsr) PCR-amplified from
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lentiCas9-Blast plasmid (RRID: Addgene 52962) using
primer pair 5'-catgcAAGCTTccaccatggccaagcectttgtet-
caag and 5'-gatcgATCGATttagcectcccacacataace using
HindIII and Clal restriction sites, respectively. MSCV-
Cas9-Blast retrovirus was packaged using Platinum-E
cells as described [51] and used for spin-infection in
B-cell medium supplemented with 6pugml™" polybrene
(Sigma). AML cells were spin-infected 4 times (600xg,
40min) in 24-well tissue culture plates (Greiner) coated
with 40 pugml~! RetroNectin (Takara). After 1week of
selection with 50 ugml~! Blasticidin S (Invivogen), 5000
cells were plated on 35 mm tissue culture dish (Greiner) in
MethoCult™ GF M3434 medium and grown for 2 weeks.
Single colonies were picked, expanded and screened for
Cas9 expression by Western blotting. One validated sin-
gle cell clone (AML-Cas9) was used for CRISPR edit-
ing. Oligos, encoding control (scrambled) sgRNA (sense
5'-caccgaaatgtgagatcagagtaat-3’/, antisense 5’-aaacat-
tactctgatctcacatttc-3') or sgRNA targeting TrpS53 locus
[50], were cloned into lentiviral SGL40C.EFS.RFP657
vector (gift from Dirk Heckl, RRID:Addgene_69147 [52])
via BsmBI site using Golden Gate cloning. Lentiviruses
were produced in HEK293-T cells and used for infection
of the AML-Cas9 cell clone [20]. Infection efficiency was
analyzed by flow cytometry for RFP 48h after infection
and the pool of cells was directly used for transplanta-
tion. CRISPR-mediated Trp53 knock-out was confirmed
by Sanger sequencing and InDel analysis using the TIDE
algorithm [53].

Flow cytometry

Immunophenotyping and analysis of differentiation of
leukemia cells was performed as described [50] on an
Accuri C6 Plus flow cytometer (BD Biosciences) with
the following antibodies: mouse Grl-PE (Milteny Bio-
tec #130-102-426, RRID: AB_2659861), mouse CD11b-
APC (Milteny Biotec #130—-091-241, RRID: AB_244268),
mouse Ly-6A/E (Sca-1)-PE/Cy5 (BioLegend #108109,
RRID: AB_313346), mouse CD117 (c-kit)-PE (BioLeg-
end #105807, RRID: AB_313217), Rat IgG2a, k Isotype
Ctrl-PE/Cy5 (BioLegend #400509), Rat IgG2b, k Isotype
Ctrl-PE (BioLegend #400607; RRID: AB_326551). BrdU
labeling of S-phase cells and flow cytometry analysis were
done using A488-conjugated anti-BrdU antibodies (BD
Biosciences #347580, RRID: AB_400326) as described
[50]. For apoptosis assay, Annexin V-APC (MabTag) or
CaspGLOW ™ Red Active Caspase-3 Staining Kit (Bio-
vision) kits were used according to the manufacturer’s
protocols.

Immunohistochemistry and western blot
Immunoblotting (WB) was performed as described [15].
Cells were lysed in NP-40 lysis buffer (50 mM Tris-HCI,
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150mM NaCl, 5mM EDTA, 2% NP-40, pH8.0) sup-
plemented with protease inhibitor (cOmplete ULTRA
tablets EASYpack, Roche) and phosphatase inhibitor
(PhosSTOP, Roche). For WB the following antibodies
were used: anti-p53 (NCL-p53-505, Leica Microsys-
tems, 1:2000, RRID: AB_563932), anti-p21 (F-5,
#sc-6246, Santa-Cruz, 1:200, RRID: AB_628073), anti-
Cas9 (E7M1H, #19526, Cell Signaling, 1:1000, RRID:
AB_2798820), anti-p-actin (AC-15, #ab6276, Abcam,
1:10000, RRID: AB_2223210). Secondary anti-mouse or
anti-rabbit IgG-HRP (GE Healthcare, 1:5000) and Super-
Signal ECL kit (Thermo Fisher) were used for detection.
Tissue samples for histology and immunohistochemistry
(IHC) were formalin-fixed and processed as described
before [15]. For IHC the following antibodies and kits
were used: anti-cleaved caspase-3 (#9661, Cell Signal-
ing, 1:100, RRID: AB_2341188), DeadEnd TM colorimet-
ric TUNEL System (Promega), anti-p53 (NCL-p53-505,
Leica Microsystems, 1:1000, RRID: AB_563932), anti-
GFP (ab6556, Abcam, 1:500, RRID: AB_305564), anti-
BrdU (BU1/75(ICR1), #OBTO0030G, Bio-Rad, 1:100,
RRID: AB_609567) and biotinylated rabbit anti-mouse
IgG (31,834, Invitrogen, 1:500). Detection of senescence-
associated [-galactosidase activity (SA-PGal) in frozen
tissue sections and in cytospin samples was performed as
described [15, 50]. Images were acquired using the Leica
Aperio Versa slide scanner and Leica Aperio eSlide Man-
ager software v. 1.0.3.37. Aperio ImageScope software v.
12.3.2.8013 was used for IHC image analysis, quantifica-
tion was performed using Positive Pixel Count Algorithm
v.9 and calculated as the ratio Npgive/Niora Pixels in 10
fields of view (1000X1000 pixel each) per sample relative
to the mean of the untreated samples as baseline.

PCR and RT-PCR

PCR detection of the LSL cassette and Cre-mediated
recombination in the targeted Trp53 allele was done as
described [15]. For reverse-transcription real-time PCR
(RT-qPCR) RNA was isolated from cells or tissue sam-
ples using the RNeasy Mini Kit (Qiagen) and cDNA was
generated with the SuperScript VILO ¢DNA Synthe-
sis Kit (Invitrogen). Gene expression was analyzed on a
LightCycler 480 (Roche) using SYBR Green (Thermo
Fisher Scientific) and primers specific for mouse Trp53,
Cdknla/p21, Ccngl, Bbc3/Puma, B-Actin/Actb [50]. Data
were evaluated by the AACt method using -actin gene
expression for normalization.

Chromatin immunoprecipitation (ChIP)

AML cells were treated and fixed after 48 h with freshly
prepared 18.5% (w/v) paraformaldehyde (PFA) for 10 min
at RT, aiming at a final concentration of 0.88% (v/v)
PFA. Crosslinking of DNA and proteins was terminated
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by quenching unreacted PFA by addition of glycine to
125mM end concentration and further incubation for
5min at RT. Cells were pelleted by centrifugation at 300
x g for 10min at 4°C, washed twice with ice-cold PBS
and lysed at a concentration of 2 x 107 cells ml~! in SDS
lysis buffer containing protease inhibitor. 250 ul lysate per
tube was sonicated to shear DNA to a fragment size of
200-1000bp, using the Sonicator Bioruptor Twin UCD-
400 (Diagenode) for 5cycles of 30s ON/ 30s OFF. After
sonication, cell debris was pelleted by centrifugation for
10min at 10,000 x g at 20°C. Supernatant containing
the sheared chromatin was aliquoted 4 100 pl and either
frozen at —80°C for later use or directly processed. For
each antibody, one 100l aliquot was used and diluted
1:10 with dilution buffer. Pre-clearing was performed
for 1h at 4°C using 50ul blocked Protein G-coupled
Sepharose beads (GE Healthcare, 1:1 slurry with 20%
EtOH) per sample. Supernatant of pelleted beads (3000
x g, 1 min, 4°C) was transferred into a new tube and 1%
was removed as input DNA and stored at 4°C. Samples
were rotated over night at 4°C with 2.5 pg antibody: p53
(FL393, Santa Cruz sc-6243) or isotype control (E5Y6Q,
Cell Signaling #61656). For precipitation, protein-DNA
complexes were bound to blocked beads (50 ul per sam-
ple) for 4h at 4°C. Beads were washed once with each
Low Salt, High Salt and LiCl Immune Complex wash-
ing buffers and twice with TE buffer. Crosslinking was
reverted by incubating immunoprecipitated samples
and inputs at 99°C for 10min with 100l of 10% (w/v)
Chelex 100 solution. Proteins were digested with pro-
teinase K for 30 min at 55°C and this enzyme was subse-
quently inactivated at 99°C for 10 min. DNA was eluted
in two steps with ddH,0O, first with 55l and then with
100 pl each time by centrifugation (1 min at 12,000 x g).
Analysis of bound DNA fragments were performed using
qPCR with 1ul DNA per reaction using primers specific
for p53 response elements in the Cdknla/p21, Bax and
Bbc3/Puma genes.

Statistical analysis

For statistical analysis the GraphPad Prism 8 software
was used. Graphs show mean values obtained with n
technical or biological replicates, and error bars in all fig-
ures represent standard deviation (SD), unless indicated
otherwise. Two groups were tested for statistically signifi-
cant differences by a two-sided unpaired t-test or, if not
normally distributed, by a Mann-Whitney test. Multi-
ple groups were tested by 1lway ANOVA in conjunction
with a Dunnett’s multiple comparisons test. P-values of
1way ANOVA and selected pairwise comparisons are
reported in the respective figures. Three or more groups
that have been split on two independent variables (here
treatment and genotype) were analyzed by 2way ANOVA
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in conjunction with Sidak’s multiple comparisons test.
P-values for the interaction effect between the two inde-
pendent variables and P-values of selected pairwise com-
parisons are reported in the figures. Survival data were
analyzed with pairwise Log-rank (Mantel-Cox) tests. A
p-value <0.05 was used as level of significance.

Results

Leukemia model for partial p53 reactivation

To model the therapeutic effect of partial p53 reacti-
vation, we have used a previously described genetic
Cre-mediated recombination approach to activate a con-
ditional p53 allele in p53-deficient tumor cells [22]. In
contrast to earlier studies based on restoration of wild-
type p53 [19, 21, 22], we have used a conditional knock-in
allele for the p53 partial loss-of-function variant E177R
(Trp53SLEI77RY in combination with the Rosa26¢TERT2
transgene, which constitutively expresses tamoxifen-reg-
ulated CreER™ [15, 22] (Fig. 1a). The inducible CreER™
recombinase can be activated at will by tamoxifen in vivo,
or 4-hydroxytamoxifen (4OHT) in vitro, to excise the
lox-stop-lox (LSL) cassette that silences expression of
the Trp53SLE7R Jocus, thus triggering expression of
the E177R protein (Fig. 1b). We transduced fetal liver
cells from Trp53LSLEI77RLSLELTIR, R 26CTeERT2 mice with
two bicistronic retroviral constructs — one expressing
Nras®*?P and firefly luciferase, the second AMLI/ETO%%
and EGFP, and transplanted them into lethally irradi-
ated recipient mice as previously described [46] (Fig. 1a).
The mice developed acute myeloid leukemia within
1-2months. As a control for p53-independent toxicity of
tamoxifen and DNA damage induced by Cre, we simulta-
neously generated CreER™-expressing AML with a con-
stitutive p53 knock-out (KO).

Partial p53 reactivation inhibits leukemia proliferation

and viability

p53-deficient leukemia cells were explanted and further
propagated ex vivo. In LSL-E177R;CreER™ (short: LSL)
leukemia cells, 4OHT induced excision of the lox-stop-
lox (LSL) cassette and resulted in expression of E177R at
the mRNA and protein level (Fig. 1c-e). This was accom-
panied by significantly enhanced expression of p53 target
genes such as the cyclin-dependent kinase inhibitor p21/
Cdknla. Of note, we also observed significant induc-
tion of several pro-apoptotic target genes including Bax,
Bbc3/Puma and Pmaipl/Noxa (Fig. le). As E177R has
previously been reported to be unable to bind and trans-
activate pro-apoptotic target genes [15], we also analyzed
binding of E177R to chromatin (Fig. 1f). We not only
detected significant levels of E177R binding to the p21/
Cdknla promoter, but also to the Bax promoter (Fig. 1f).
Moreover, there was also a trend for binding to the Bbc3/
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Fig. 1 Acute myeloid leukemia model with inducible reactivation of the partial LOF variant p53f'"’F a Experimental outline for in vivo generation

of AML by retroviral transduction of fetal liver cells from embryos expressing CreER™ together with constitutive p53 knockout (KO) or Cre-inducible
partial LOF p53 variant E177R (LSL-E177R). Leukemia, that developed after transplantation of transduced FLCs into irradiated wild-type recipient
mice, was further propagated ex vivo for cell culture studies or transplanted into secondary recipients for in vivo reactivation experiments. b
Scheme depicting CreER™-mediated excision of the floxed stop cassette (LSL), which silences p53 expression in the LSL-E177R allele. Shown

are primers A-D used for genotyping and validating Cre-mediated recombination of the Trp53 gene locus. € PCR genotyping: switch from the

A-B to C-D PCR product reveals efficient recombination in Trp53-FE177RSEE77R: posq26eERT2 AML cells upon 48 h treatment with 1 uM 40HT. d
Immunoblot demonstrating induction of p53 and p21/Cdkn1a protein expression upon 40HT treatment of LSL-E177R; CreER'™ (short: LSL) AML
cells. B-actin is shown as a loading control. e Quantitative reverse transcription PCR for Trp53 and p53 target gene induction in LSL-E177R; CreER™
and KO; CreER™ AML cells 48 h after treatment with 40HT. Data were normalized to Actb and mock treatment. f Chromatin immunoprecipitation
analysis of p53 at the indicated target gene promoters 48 h after 4OHT or mock treatment. Chromatin samples were immunoprecipitated with
a-p53 antibody (FL393) or IgG as background control. Shown is DNA binding as % input chromatin. e-f Shown are mean = SD; datapoints represent
biological replicates (n=3); reported are 2way ANOVA P-values for the interaction between the two independent variables treatment and genotype
and P-values for indicated pairwise comparisons (Sidak’s multiple comparisons test)
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Fig. 2 In vitro response of p53-deficient AML to E177R activation. a Flow cytometry of BrdU and propidium iodide (Pl)-stained LSL-E177R; CreER™
(LSL) AML cells 72 h after indicated treatment. KO; CreER'? (KO) AML cells are shown as controls. The percentage of cells in S phase is indicated.

b Senescence-associated 3-galactosidase staining of LSL and KO AML cells 1 week after indicated treatment. ¢ Flow cytometry of LSL AML cells
stained for differentiation markers (Lin, CD11b, Gr-1) 48 h after indicated treatment. d Flow cytometry of LSL AML cells stained for the apoptosis
markers annexin V and cleaved caspase-3 (CC3) 48 h after indicated treatment. e Clonogenic growth assay of AML cells with indicated genotype
and treatment grown in MethoCult medium for 1 week. In all experiments, cells were treated with 1 uM 40OHT or solvent (ethanol) as the mock
control. All quantification bar graphs show mean + SD; datapoints represent biological replicates; reported are P-values of a two-tailed unpaired

Puma promoter that reached statistical significance only
in a pairwise comparison (Fig. 1f). Notably, no target
gene activation was observed in control KO;CreER™
(short: KO) leukemia cells (Fig. le).

Consistent with previous reports demonstrating that
E177R is proficient in regulation of cell cycle and senes-
cence [15], activation of E177R inhibited cell cycle pro-
gression, resulting in a strongly reduced number of cells
in S phase, which was not observed upon tamoxifen
treatment of control KO cells (Fig. 2a). At later time
points, we observed a massive accumulation of senes-
cent cells marked by expression of senescence-associated
beta-galactosidase selectively in tamoxifen-treated LSL
but not KO cells (Fig. 2b). Moreover, as induction of dif-
ferentiation is a recognized tumor-suppressive mecha-
nism exerted by wild-type p53 [21, 54], we tested for
signs of differentiation. We observed an increase of the
lineage-positive population after 7days of 4OHT treat-
ment, in particular an enrichment of the population
of CD11b-positive cells indicating myeloid differentia-
tion (Fig. 2c). Consistent with robust transactivation of

pro-apoptotic target genes (Fig. le, f), we also noticed
a significant drop in viability of LSL leukemia cells after
40HT treatment and flow cytometry revealed induction
of the apoptosis markers annexin V and cleaved-caspase
3 after expression of E177R (Fig. 2d). Importantly, acti-
vation of E177R abolished the clonogenicity of leukemia
cells in 3D culture, whereas KO cells remained unaffected
excluding p53-independent toxicity of 4OHT or Cre as
a cause (Fig. 2e). Together, these experiments demon-
strate that genetic reactivation of E177R induces multiple
tumor-suppressive programs in AML cells that induce
cell cycle withdrawal or cell death and prevent clono-
genic expansion.

Partial p53 reactivation induces leukemia regression

Encouraged by the in vitro data, we transplanted LSL
and KO AML cells (both containing CreER™®) into
sublethally irradiated recipient mice and monitored
transplant engraftment, leukemia progression and
therapy response by bioluminescence imaging (BLI)
of the firefly luciferase co-expressed with NrasS?P
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Fig. 3 E177R activation induces regression of p53-deficient AML in vivo. a-b 10° AML cells of indicated genotype were transplanted into sublethally
irradiated 129X1 albino x B6 albino (F1 hybrid) mice. After engraftment was confirmed by bioluminescence imaging (BLI), mice were treated 1 week
with daily i.p. injections of either vehicle (corn oil) or 1 mg tamoxifen. Mice were euthanized when humane endpoint criteria were reached. a BLI of
representative mice. b Kaplan-Meier survival graph. Log-rank (Mantel-Cox) test for LSL mock vs. Tam. ¢-d 10° LSL-Cas9 AML cells transduced ex vivo
with lentivirus encoding either Trp53-directed sgRNA (sg-p53) or scrambled control sgRNA (sg-scr) were transplanted into mice as in a and treated
1 week with daily i.p. injections of 1 mg tamoxifen. Mice were euthanized when humane endpoint criteria were reached. ¢ BLI of both cohorts. d
Kaplan-Meier survival graph. Log-rank (Mantel-Cox) test. @ Immunohistochemistry for p53 of relapsed leukemia samples from both cohorts

(Fig. 3 a). After detection of bioluminescence in tubu-
lar bones, sternum and spleen as a sign of success-
ful leukemia engraftment, each cohort was randomly
subdivided into two groups which were injected for
1week daily with either tamoxifen (Tam) or solvent
(mock) as control. As revealed by BLI and monitoring
of clinical symptoms, leukemia quickly progressed in
both mock-treated genotypes (median survival for LSL
25 days, for KO 23 days) (Fig. 3b). When the LSL group
was treated with tamoxifen a strong clinical response
was observed: BLI showed a gradual decrease of lucif-
erase signal to almost background levels within 2 weeks
of treatment (Fig. 3a). Median survival was extended
more than twice in comparison to the control group
and reached 57 days, 3/12 mice survived for > 100 days
and 2 for almost 200 days (Fig. 3b). Importantly, tamox-
ifen administration had only minor effect on survival of
mice with KO leukemia, which continued to progress
under treatment (Fig. 3a), and provided only a subtle
survival advantage (median survival 30days, Fig. 3b),

underscoring the role of E177R as the driver of the
therapeutic response.

To confirm that the therapy response is indeed
dependent on E177R expression, we generated an iso-
genic LSL-E177R;CreER™ AML cell clone with sta-
ble Cas9 expression and subsequently transduced this
clone with lentiviruses expressing either a Trp53-tar-
geting (sg-p53) or a non-targeting scrambled sgRNA
(sg-scr). Both sg-p53 and sg-scr AML cell types were
transplanted into sublethally irradiated recipient mice
and, following successful engraftment, treated with
tamoxifen as described above. As indicated by BLI
and survival analysis, sg-p53 AML did not respond
to tamoxifen, whereas the same treatment promoted
regression of sg-scr leukemia and resulted in a strong
survival benefit (median survival 37 and 95days,
respectively) (Fig. 3c and d). Immunohistochemistry
confirmed the absence of p53 protein in sg-p53 AML
after tamoxifen administration, whereas sg-scr leu-
kemia samples collected after disease relapse were
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strongly positive for p53 protein (Fig. 3e). Together,
these results indicate that E177R is mediating the reac-
tivation response and strongly suggest that even a par-
tial restoration of p53 activity can provide a significant
therapeutic effect in vivo.

The remarkable efficiency of reactivation therapy
prompted us to investigate the mechanisms that underlie
the E177R-mediated response. Using immunohistochem-
istry, we analyzed tissue samples collected at different
time-points after therapy start. As expected, we observed
fast accumulation of p53 protein in LSL- tumors after
the start of daily tamoxifen injections (Fig. 4a). Inter-
estingly, all relapsed tumors retained a high expression
level of E177R protein (Fig. 3e), indicating that relapse
is not driven by incomplete Cre-mediated E177R acti-
vation or secondary loss of E177R expression. It rather
suggests that some leukemia cells tolerate the residual
tumor suppressive activity of E177R and eventually adapt
to its presence. Coherent with the loss of the luciferase
signal in BLI, E177R induction led to a gradual elimina-
tion of GFP-positive leukemia cells (Fig. 4a). Consistent
with E177R being proficient in cell cycle inhibition and
senescence induction, we detected a marked drop in pro-
liferation in tamoxifen-treated leukemia, as indicated by
reduced number of BrdU-positive cells (Fig. 4a). In paral-
lel, we observed a significant accumulation of senescent
cells (Fig. 4a and b). However, while cell cycle arrest and
senescence can decelerate or even stop tumor growth,
these processes did not fully explain the rapid removal of
leukemia cells, which became detectable as early as 3 days
and was clearly evident 7days after the first tamoxifen
administration (Fig. 4a). As we had observed induction of
apoptosis following E177R induction in vitro, we there-
fore also analyzed apoptosis levels immunohistochemi-
cally in tissue samples by TUNEL assay and observed
a significant increase in tamoxifen-treated, but not in
mock-treated, tumors (Fig. 4a and c). Thus, similar to
the in vitro results, in vivo induction of E177R also trig-
gered a broad spectrum of tumor suppressive programs,
including cell cycle arrest, senescence and apoptosis.

Restoration of wild-type p53 in liver cancer was shown
to trigger an infiltration by multiple components of
the immune system which contributed to clearance of
senescent tumor cells and accelerated cancer regres-
sion [21]. Using CD3 as a surrogate marker, we observed
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significantly increased staining at day 3 in tamoxifen-,
but not mock-treated tumors (Fig. 4a and d), suggesting
that immune cells might contribute to E177R-mediated
leukemia regression.

Partial p53 reactivation induces regression of Myc-driven
Burkitt-like lymphoma
Inspired by the results in the AML model, we decided
to test whether partial restoration of p53 function is an
effective treatment in other hematological malignancies
such as lymphoma. We first studied EpMyc-driven B cell
lymphoma, which mimics the t (8;14)(q24;q32) transloca-
tion in human Burkitt lymphoma and which is facilitated
by the E177R mutation [15, 48]. We crossed male EyMyc
mice with female Trp53“SYE77RI+Rosa26CERT2 mice
to generate littermates that undergo LOH and develop
p53-deficient LSL-E177R lymphomas with and without
expression of CreER™. These p53-deficient lymphoma
cells were transplanted into immunocompetent recipi-
ent mice. After successful engraftment of the lymphoma,
detected by palpable lymph nodes, all animals were
treated with tamoxifen for 7 consecutive days (Fig. 5a).
In the group of mice with CreER™?, tamoxifen treatment
activated E177R and triggered a pronounced therapeutic
response, as suggested by a significantly extended sur-
vival compared to tamoxifen-treated mice with LSL-lym-
phomas lacking CreER™ (median survival 26 vs. 16 days,
Log-rank (Mantel-Cox) test P<0.0001; Fig. 5a). Excluding
a confounding effect of CreER™? no difference in sur-
vival was observed in mice lacking an inducible p53 allele
(Fig. 5b). Although tamoxifen also functions as an anti-
estrogen, we observed no gender-dependent differences
in the p53 reactivation response (Supplemental Fig. S1).
Expression of E177R protein was readily detected
by immunohistochemistry in tumors 2 days after the
therapy start accompanied by strong inhibition of cell
proliferation, evident from the massive reduction in
BrdU-positive cells (Fig. 5¢ and d). Similar as in the AML
model, we again detected a massive increase in apoptosis,
which culminated at 2 days after therapy start and then
decreased to background levels (Fig. 5c and e). Notably,
p53-deficient lymphomas are highly invasive and infil-
trate into various nonlymphoid organs as evidenced by
periportal invasion and spreading of lymphoma cell clus-
ters throughout the liver parenchyma [55]. Interestingly,

(See figure on next page.)

(Dunnett’s multiple comparisons test)

Fig. 4 In vivo response of p53-deficient AML to E177R activation. a Mice transplanted with LSL AML cells were sacrificed before and day 1, 3, 7
and 11 after start of 1 week of daily treatment with Tam or corn oil (mock). Samples were analyzed by immunohistochemistry for p53E‘77R, GFP (as
a marker of AML cells), BrdU (proliferation), senescence-associated 3-galactosidase (SA 3-gal), apoptosis (TUNEL) and CD3 as a marker of immune
infiltration. Arrowheads indicate senescent cells. b-d Quantification of immunohistochemistry analysis. b Senescence-associated 3-galactosidase.
¢ Apoptosis (TUNEL). d Immune infiltrate (CD3). All bar graphs show the mean positivity index £SD; datapoints represent individual fields of view
(1000X1000 pixel each) from n=2 mice sacrificed at each time point; reported are P-values of Tway ANOVA and indicated pairwise comparisons
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we observed robust E177R expression and apopto-
sis induction also in periportal lymphoma infiltrates
(Fig. 5f), suggesting that partial reactivation is equally
effective in a metastatic setting.

At later time-points, the number of p53-positive cells
dropped and relapsed tumors were mostly negative for
p53 staining with only a few remaining small clusters of
p53-positive cells (Fig. 5c). This suggests that recombi-
nation in this model is either incomplete or recombined
LSL-E177R becomes inactivated by, for example, LOH, so
that residual or emerging p53-deficient lymphoma cells
escape and mediate relapse.

Partial p53 reactivation induces regression of spontaneous
T-cell lymphomas in p53-null mice
As a second lymphoma model, we decided to use thymic
T-cell lymphoma that accounts for the majority of all
cancers detected in p53-null mice and spontaneously
develops early within the first 6 months of age [49, 56].
We generated Trp53-SLEI77RILSLEITR mice which co-
expressed the Rosa26°"ERT? transgene (short: p53-SY/
LSL.CreER™). We used Cre-negative mice that cannot
induce E177R expression upon tamoxifen administration
as a constitutive p53-null control group (short: p53-SY/
ISL), In our previous experiments, we estimated the
median survival of p53-deficient mice to 5-6 months and
therefore expected that the majority of animals should
have developed tumors by 4months of age. As soon
as animals reached 4months of age, both groups were
treated 1 week daily with tamoxifen and monitored for
survival. This approach allowed us to avoid a potential
bias caused by p53-independent effects of tamoxifen. If
re-expression of E177R can block or slow down progres-
sion of such tumors, it should result in enhanced sur-
vival. Indeed, we observed a significantly longer median
survival in the E177R reactivation group (64 vs. 37 days
survival after therapy end, Fig. 6a).

From this experiment, however, we could not con-
clude whether re-expression of E177R prevented tumor
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formation, limited cancer progression or induced regres-
sion of established tumors. To address this question, we
examined p53"SY/ISL animals with and without CreER™?
by MRIL Included were 4-months old or younger mice
with clinical signs of thymoma (breath shortening,
hunchback posture, weight loss). Animals with thymus
enlargement were treated with tamoxifen as described
above and monitored by MRI for up to 4weeks. At
the start of therapy both cohorts had a similar aver-
age tumor volume (Fig. 6b). In conformity with survival
data, imaging showed that all p53"S1/"t animals without
Cre showed progressive tumor growth under tamox-
ifen (Fig. 6b-d). In stark contrast, we observed a clear
reduction of thymus size in 7 of 9 p53“Y/SL mice with
Cre 1-2weeks after E177R activation (Fig. 6b-d). The
response to tamoxifen was similar in mice of both sexes
(Supplemental Fig. S2). Moreover, all control animals
reached the humane endpoint and had to be sacrificed
within 2weeks after therapy start whereas 7/9 mice with
E177R activation survived for more than 4weeks. Thus,
E177R expression elicited in B- and T-cell lymphoma
models a similar therapeutic response as in AML, indi-
cating that even partial restoration of p53 function is able
to induce regression in different hematopoietic cancers.

Of note, after initial remission thymic lymphomas
regrew in virtually all mice. Nevertheless, many of these
animals did not die of thymic lymphoma but were sac-
rificed because of other cancers, mostly sarcomas in
varying locations and some splenic B cell lymphomas
(Fig. 6e and f). These were not detected as the major
tumor before treatment, but apparently continued to
grow despite E177R activation, suggesting that not all
types of cancer might be equally vulnerable to partial p53
activation.

Discussion

Previous studies have indicated that many p53-deficient
tumors regress when p53 is restored, implying that
they are strongly addicted to the absence of p53 activity

(See figure on next page.)

undifferentiated sarcomas in n =6 different animals

Fig. 6 E177R activation induces regression of thymic lymphomas in p53-deficient mice. Trp53-=E177FSEE77R mice (9535500 with the Rosa26-¢ERT?
(CreER™) transgene (n=17) were treated 1 week with daily i.p. injections of 1 mg tamoxifen at 4 months of age and euthanized when humane
endpoint criteria were reached. p53-°**- mice (without CreER™) treated with tamoxifen served as controls (n = 22). a Kaplan-Meier survival graph
with Log-rank (Mantel-Cox) test. b-d Individual mice (pSBLSULSL; CreER™ (red): n=9; p53L5L/LSL (blue): n=8) that were diagnosed with thymic
lymphoma by MRI received tamoxifen treatment and were re-examined by MRI 7, 14, and 28days after treatment start. b Shown is the fold-change
in tumor volume (determined by MRI) relative to pre-treatment for individual animals. Insert shows the mean absolute tumor volume £ SD in

both cohorts at the start of treatment; data points represent individual mice; two-tailed unpaired t-test. ¢ Shown is the maximum response (fold
increase in tumor volume) in individual mice. Reported is the P-value of a two-tailed Mann-Whitney test comparing tamoxifen treatment responses
of p53-YE: CreER™ (red) and p53-°Ht (blue) mice. d Representative MRI results from one mouse of each cohort. The p53-Y* mouse without
CreER™ (blue) progressed under treatment and reached the endpoint before day 14. The p53-*“"** mouse with CreER™ (red) showed tumor
regression until day 14 and presented with relapse on day 28. Shown are tumor sections in all 3 dimensions; tumors are highlighted in color. e-f
Cancer types detected in both cohorts after treatment when the animals reached the humane endpoint criteria. e Fraction of thymic lymphomas
versus non-thymic tumor types (including mostly sarcomas and splenic B cell lymphomas). f Representative histological images of non-regressed
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[19-22, 24]. However, it has remained unclear how much
p53 activity is required to trigger tumor regression [18].
Given the yet limited pharmacological abilities to fully
reactivate a p53 mutant [25, 26], we aimed to analyze
whether partial p53 reactivation may suffice to induce
a therapeutic effect. To reproducibly reactivate p53 to a
defined suboptimal degree, we chose to genetically limit
p53 activity using the previously well-characterized par-
tial LOF variant E177R [15]. This mutation does not
affect any DNA contacting residues and maintains a
normally folded DNA binding domain [41]. Neverthe-
less, it is impaired in DNA binding because it fails to
form a strong intermolecular salt-bridge which is cru-
cial to stabilize the tetrameric protein complex on DNA
[43]. Previous DNA binding studies in vitro and in vivo
have characterized the DNA binding defect as a global
reduction in DNA binding across the entire target gene
spectrum [44, 45]. By limiting global DNA binding in a
genetically fixed manner, the E177R mutation is suitable
to model the consequences of an incompletely reacti-
vated p53 mutant.

Even though the E177R mutation reduced DNA bind-
ing globally, we observed transactivation of the typi-
cal p53 target genes (Fig. le) and induction of a broad
range of effector programs including cell cycle arrest,
senescence, differentiation and apoptosis (Fig. 2). While
transactivation of antiproliferative target genes like p21/
Cdknla is in line with the described phenotype of E177R
knock-in mice and explains induction of cell cycle arrest,
senescence and differentiation [15], activation pro-
apoptotic target genes was rather unexpected, because
E177R and several other related cooperativity mutants
are generally characterized by an apoptosis defect [43,
57-59]. However, the ability of p53 to induce apoptosis
is highly context-dependent and modulated by the extent
and dynamics of p53 protein accumulation as well as the
intrinsic apoptosis threshold of the cell and its level of
mitochondrial priming [60—64]. It is therefore conceiv-
able that sustained high-level expression of a DNA-bind-
ing impaired p53 mutant can trigger apoptosis especially
in cell types with an intrinsically low apoptosis threshold
[65, 66]. In line, massive constitutive stabilization of the
E177R mutant protein by knockout of Mdm2 was shown
to trigger lethal apoptosis in highly proliferative embry-
onic tissues [65], which have a lower apoptosis threshold
than most adult tissues due to Myc-mediated mitochon-
drial priming [65, 66]. Similarly, tumors in E177R mice
commonly display constitutive stabilization of the E177R
mutant protein, and DNA damage in such tumors was
reported to induce pro-apoptotic p53 target genes and
render them sensitive to chemotherapy [47]. In all our
leukemia and lymphoma models, the E177R protein was
readily detectable by immunohistochemistry (Figs. 3e, 4a,
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5f), showing a staining pattern similar to human tumors
with a massively stabilized mutant p53 protein. Moreo-
ver, p53-deficient leukemias and lymphomas commonly
upregulate p19Arf [20, 47], which can sequester Mdm?2,
thereby contribute to the massive E177R accumulation,
overcome the apoptosis-deficiency and enable tumor cell
killing by E177R.

In vivo, additional non-cell-autonomous p53 effects
might contribute to eradication of tumor cells [21, 67,
68]. In liver carcinomas, for example, wild-type p53 res-
toration triggers infiltration by innate immune cells like
macrophages, neutrophils and lymphocytes that support
clearance of senescent tumor cells [21]. While we have
not detected changes in macrophages, we have observed
lymphocytic infiltration upon E177R activation (Fig. 4),
which makes it tempting to speculate that immune infil-
tration induced by p53 in a non-cell-autonomous manner
might contribute to tumor regression in vivo. In sum-
mary, the presented data indicate that E177R is directly
capable of inducing apoptosis in p53-deficient leukemia
and lymphoma cells and provide an explanation for the
observed cancer regression. Whether and how immune
cells contribute remains to be investigated.

We observed cancer regression not only in AML but
also in lymphoma models, including thymic T cell lym-
phomas that spontaneously develop in p53-deficient
mice. While non-reactivated mice mostly succumbed to
thymic lymphoma, reactivated mice at the time of sac-
rifice more often presented with other types of cancer,
often sarcomas (Fig. 6e and f), suggesting that lympho-
mas are more vulnerable to p53 reactivation than other
cancer entities. A differential sensitivity of sarcomas and
lymphomas was also reported upon restoration of wild-
type p53, where restoration in lymphomas caused wide-
spread apoptosis, whereas sarcomas showed a delayed
anti-proliferative response with features of senescence
[22]. The higher sensitivity of hematopoietic cancers is
not entirely unexpected as already the normal bone mar-
row displays an exquisite vulnerability to elevated p53
activity which is at least partially explained by mitochon-
drial priming of the hematopoietic compartment [61, 66,
69-72]. Moreover, this is in line with clinical studies on
p53/mutp53-reactivating compounds like Mdm2-inhib-
itors or eprenetapopt (APR-246), which have reported
clinical responses mostly in patients with hematological
cancers [37, 38, 73].

Even though most animals demonstrated strong
responses to partial reactivation, none of the animals
was cured and all relapsed eventually. The cause of
relapse differed between the different models. Relapsed
EpMyc-driven lymphomas showed a high percentage
of p53-negative tumor cells (Fig. 5c), suggesting that
not all lymphoma cells had recombined the LSL-E177R
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allele and therefore escaped due to a technically ineffi-
cient reactivation. An alternative explanation would be
a secondary loss or inactivation of the E177R mutant,
for example, by LOH. In contrast, relapsed AML mice
showed homogeneous high-level expression of the E177R
mutant, indicating that some tumor cells eventually adapt
and tolerate E177R expression. Of note, these observa-
tions are not unique to partial p53 reactivation and simi-
lar findings have been reported in the previous studies
with wild-type p53 restoration. All EuMyc lymphomas
with tamoxifen-inducible p53ER™M activity relapsed
after reactivation, losing either p53ER™M expression or
deleting its upstream activator p19ARF [19]. Responses
to partial reactivation are therefore mostly transient, call-
ing for synergistic approaches such as DNA damaging
chemotherapeutics that might help to boost p53 activity
to obtain longer-lasting remissions. In AML, even a tran-
sient response might be efficient, by inducing the clini-
cal remission needed for a bone marrow transplant as the
final curative treatment.

Tamoxifen, used to induce E177R-mediated tumor
regression in our study, is an estrogen receptor (ER)
antagonist. As estrogens vary between sexes and interfere
with the p53 pathway [74], the anti-estrogenic tamoxifen
activity might have contributed to the p53 reactivation
response in a sex-dependent manner. In the AML model,
both the LSL and KO leukemia cells were derived from
female embryos and 86% of all recipient mice were also
female. The improvement in survival upon tamoxifen
treatment of LSL-E177R AML mice remained highly
significant when excluding male mice from the survival
analysis (Supplemental Fig. S3). A gender-effect as the
cause for the differential in vitro and in vivo response to
tamoxifen treatment can therefore be excluded. However,
due to the small number of male recipient mice, we could
not analyze whether the reactivation response is different
in male AML mice. Both lymphoma models comprised
comparable numbers of male and female mice and the
reactivation responses were similar in both sexes (Sup-
plemental Fig. S1 and S2). In the transplanted Myc lym-
phomas, reactivation was also independent of the sex of
the lymphoma donor (Supplemental Fig. S1). Together,
these analyses indicate no confounding sex-dependent
effects in the hematopoietic cancer models studied here.
This is in line with the clinical use of tamoxifen primarily
for the treatment of hormone-dependent ER+ breast and
endometrial cancer. In other ER-negative cancer types,
anti-tumor effects of tamoxifen require doses 4-8 fold
higher than necessary for ER inhibition [75], suggesting
that these effects are hormone-independent.

Of note, tumor cells can not only become addicted to
the loss of wild-type p53 activity, they can also become
dependent on neomorphic GOF properties of the p53
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mutant. Refolding a GOF mutant would therefore not
only restore some degree of wild-type function but
simultaneously deprive tumor cells of survival-promoting
GOF effects. As such, it has been demonstrated that loss
of GOF activities by therapeutic ablation of the mutant
protein can be sufficient to induce cancer regression,
even in the absence of any restoration of wild-type func-
tion [76, 77]. By switching p53-null tumor cells to E177R,
we can exclude that the responses observed in our cancer
models are mediated by a loss of GOF properties. How-
ever, it is reasonable to assume that an additional loss of
GOF would synergize with restoration of wild-type func-
tion and could further enhance the extent and duration
of tumor regression. It is therefore expected that a partial
p53 reactivation would be even more effective in tumors
bearing GOF missense mutants rather than pure LOF
mutants.

Conclusions

We demonstrate that a p53 variant, which has partially
lost the activity of wild-type p53 and by itself increases
cancer susceptibility and promotes oncogene-driven
development of leukemia and lymphoma, induces can-
cer regression in vivo when introduced into p53-deficient
leukemia and lymphomas. This not only provides com-
pelling evidence that p53 mutants function in a highly
context-dependent manner, being pro-tumorigenic in
one setting and tumor suppressive in another, it also
highlights how sensitive cancer cells respond to changes
in p53 activity and that changes in activity are more
important than the absolute activity level. Even a slight
increase in p53 activity resulting from switching a p53-
null into a partially active p53 allele can suffice to induce
tumor regression. As such, our findings will encourage
ongoing research into mutant p53-reactivating drugs
by providing genetic proof-of-principle evidence that
incomplete reactivation of p53 mutants can elicit a ben-
eficial therapeutic response.

Abbreviations

LOF: Loss of function; GOF: Gain of function; MDS: Myelodysplastic syndrome;
AML: Acute myeloid leukemia; GSH: Glutathione; Tam: Tamoxifen; 40HT:
4-hydroxy-tamoxifen; LSL: loxpP-stop-loxP; MRI: Magnetic resonance imaging;
BLI: Bioluminescence imaging; LOH: Loss of heterozygosity; BrdU: Bromo-
deoxyuridine; GFP: Green fluorescent protein; RT: Room temperature; PBS:
Phosphate buffered saline.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513046-022-02269-6.

[ Additional file 1. }



https://doi.org/10.1186/s13046-022-02269-6
https://doi.org/10.1186/s13046-022-02269-6

Klimovich et al. J Exp Clin Cancer Res (2022) 41:80

Acknowledgements

Authors thank Sigrid Bischofsberger, Antje Grzeschiczek, Angela Muhling,
Bjorn Geif3ert, Marlen Lahmann and employees of the animal facility of
Marburg University for technical and experimental support. We acknowledge
support by the Medical Core Facilities (Flow Cytometry: Gavin Giel, Cornelia
Brendel; Small animal MRI: Andreas Mahnken; X-ray: Ulrike Schotz).

Authors’ contributions

BK and LM performed experiments in the AML mouse model; OT and NA car-
ried out the experiments in the lymphoma model; AMK performed magnetic
resonance imaging; CUK analyzed and evaluated the histopathology results;
NM performed molecular biology experiments and assisted with animal
experiments; MN performed molecular biology experiments in the AML
model; SE supervised animal experiments; OT and TS conceived the study, and
participated in its design and coordination and drafted the manuscript. All
authors reviewed and edited the draft and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This work was
supported by grants from Deutsche Krebshilfe (111250, 70112623 to TS and
111444 to OT), Deutsche José Carreras Leukdmie Stiftung e.V. (09 R/2018 to
OT and TS), Deutsche Forschungsgemeinschaft (TRR81/3 109546710 Project
A10to TS, T 1028/2-1 to OT, STI 182/13-1 to TS, GRK2573), German Center
for Lung Research (DZL) to TS, BMBF (031 L0063 to TS), von Behring-Rontgen
Stiftung (65-0004 and 66-LV06 to TS).

Availability of data and materials
All data generated or analyzed during the present study are included in this
published article.

Declarations

Ethics approval and consent to participate
The animal experiments were performed under the approval of the local
authority Regierungsprasidium Giel3en.

Consent for publication
All authors have agreed to publish this manuscript.

Competing interests
The authors declare that they have no competing interests.

Author details

'Institute of Molecular Oncology, Universities of Giessen and Marburg Lung
Center (UGMLQ), Philipps-University, Marburg, Germany. 2Clinic of Diagnostic
and Interventional Radiology, Core Facility 7T-small animal MR, Philipps-
University, Marburg, Germany. *Institute for Pathology, University Hospital
Marburg, Philipps-University, Marburg, Germany. “German Center for Lung
Research (DZL), Philipps-University, Marburg, Germany. >Genomics Core Facil-
ity, Philipps-University, Marburg, Germany.

Received: 15 September 2021 Accepted: 20 January 2022
Published online: 02 March 2022

References

1. Boutelle AM, Attardi LD. p53 and tumor suppression: it takes a network.
Trends Cell Biol. 2021,31(4):298-310.

2. Kastenhuber ER, Lowe SW. Putting p53 in context. Cell.
2017;170(6):1062-78.

3. Kaiser AM, Attardi LD. Deconstructing networks of p53-mediated tumor
suppression in vivo. Cell Death Differ. 2018;25(1):93-103.

4. Wade M, Li YC, Wahl GM. MDM2, MDMX and p53 in oncogenesis and
cancer therapy. Nat Rev Cancer. 2013;13(2):83-96.

5. Donehower LA, Soussi T, Korkut A, Liu Y, Schultz A, Cardenas M, et al.
Integrated analysis of TP53 gene and Pathway alterations in the Cancer
genome atlas. Cell Rep. 2019;28(5):1370-1384 e 1375.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 16 of 18

Leroy B, Anderson M, Soussi T. TP53 mutations in human cancer:
database reassessment and prospects for the next decade. Hum Mutat.
2014;35(6):672-88.

Brosh R, Rotter V. When mutants gain new powers: news from the mutant
p53 field. Nat Rev Cancer. 2009;9(10):701-13.

Muller PA, Vousden KH. Mutant p53 in cancer: new functions and thera-
peutic opportunities. Cancer Cell. 2014;25(3):304-17.

Freed-Pastor WA, Prives C. Mutant p53: one name, many proteins. Genes
Dev. 2012;26(12):1268-86.

. Stiewe T, Haran TE. How mutations shape p53 interactions with the

genome to promote tumorigenesis and drug resistance. Drug Resist
Updat. 2018;38:27-43.

. Frebourg T, Kassel J, Lam KT, Gryka MA, Barbier N, AndersenTl, et al.

Germ-line mutations of the p53 tumor suppressor gene in patients with
high risk for cancer inactivate the p53 protein. Proc Natl Acad Sci U S A.
1992,89(14):6413-7.

. Monti P, Ciribilli Y, Jordan J, Menichini P, Umbach DM, Resnick MA, et al.

Transcriptional functionality of germ line p53 mutants influences cancer
phenotype. Clin Cancer Res. 2007;13(13):3789-95.

. Liu G, Parant JM, Lang G, Chau P, Chavez-Reyes A, EI-Naggar AK, et al.

Chromosome stability, in the absence of apoptosis, is critical for suppres-
sion of tumorigenesis in Trp53 mutant mice. Nat Genet. 2004;36(1):63-8.

. Wang Y, Suh YA, Fuller MY, Jackson JG, Xiong S, Terzian T, et al. Restoring

expression of wild-type p53 suppresses tumor growth but does not
cause tumor regression in mice with a p53 missense mutation. J Clin
Invest. 2011;121(3):893-904.

. Timofeev O, Schlereth K, Wanzel M, Braun A, Nieswandt B, Pagenstecher

A, et al. p53 DNA binding cooperativity is essential for apoptosis and
tumor suppression in vivo. Cell Rep. 2013;3(5):1512-25.

. Kang JG, Lago CU, Lee JE, Park JH, Donnelly MP, Starost MF, et al. A mouse

homolog of a human TP53 germline mutation reveals a Lipolytic activity
of p53. Cell Rep. 2020;30(3):783-792 e785.

. Hemann MT, Fridman JS, Zilfou JT, Hernando E, Paddison PJ, Cordon-

Cardo C, et al. An epi-allelic series of p53 hypomorphs created by

stable RNAi produces distinct tumor phenotypes in vivo. Nat Genet.
2003;33(3):396-400.

Lozano G. Restoring p53 in cancer: the promises and the challenges. J
Mol Cell Biol. 2019;11(7):15-619.

Martins CP, Brown-Swigart L, Evan Gl. Modeling the therapeutic efficacy
of p53 restoration in tumors. Cell. 2006;127(7):1323-34.

Klimovich B, Mutlu S, Schneikert J, EiImshauser S, Klimovich M, Nist A,

et al. Loss of p53 function at late stages of tumorigenesis confers ARF-
dependent vulnerability to p53 reactivation therapy. Proc Natl Acad Sci U
S A.2019;116(44):22288-93.

Xue W, Zender L, Miething C, Dickins RA, Hernando E, Krizhanovsky V,

et al. Senescence and tumour clearance is triggered by p53 restoration in
murine liver carcinomas. Nature. 2007;445(7128):656-60.

Ventura A, Kirsch DG, McLaughlin ME, Tuveson DA, Grimm J, Lintault

L, et al. Restoration of p53 function leads to tumour regression in vivo.
Nature. 2007;445(7128):661-5.

Junttila MR, Karnezis AN, Garcia D, Madriles F, Kortlever RM, Rostker F,

et al. Selective activation of p53-mediated tumour suppression in high-
grade tumours. Nature. 2010;468(7323):567-71.

Feldser DM, Kostova KK, Winslow MM, Taylor SE, Cashman C, Whittaker
CA, et al. Stage-specific sensitivity to p53 restoration during lung cancer
progression. Nature. 2010;468(7323):572-5.

Bykov VJN, Eriksson SE, Bianchi J, Wiman KG. Targeting mutant p53 for
efficient cancer therapy. Nat Rev Cancer. 2018;18(2):89-102.

Sabapathy K, Lane DP. Therapeutic targeting of p53: all mutants are
equal, but some mutants are more equal than others. Nat Rev Clin Oncol.
2018;15(1):13-30.

Joerger AC, Fersht AR. Structural biology of the tumor suppressor p53.
Annu Rev Biochem. 2008;77:557-82.

Bullock AN, Fersht AR. Rescuing the function of mutant p53. Nat Rev
Cancer. 2001;1(1):68-76.

Joerger AC, Fersht AR. The tumor suppressor p53: from structures to drug
discovery. Cold Spring Harb Perspect Biol. 2010;2(6):a000919.

Joerger AC, Fersht AR. The p53 Pathway: Origins, Inactivation in

Cancer, and Emerging Therapeutic Approaches. Annu Rev Biochem.
2016;85:375-404.



Klimovich et al. J Exp Clin Cancer Res

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2022) 41:80

Joerger AC, Bauer MR, Wilcken R, Baud MG, Harbrecht H, Exner TE, et al.
Exploiting transient protein states for the Design of Small-Molecule
Stabilizers of mutant p53. Structure. 2015;23(12):2246-55.

Blanden AR, Yu X, Wolfe AJ, Gilleran JA, Augeri DJ, O'Dell RS, et al.
Synthetic metallochaperone ZMC1 rescues mutant p53 conforma-
tion by transporting zinc into cells as an ionophore. Mol Pharmacol.
2015;87(5):825-31.

Chen S, Wu JL, Liang Y, Tang YG, Song HX, Wu LL, et al. Arsenic trioxide
rescues structural p53 mutations through a cryptic allosteric site.
Cancer Cell. 2021;39(2):225-239 e228.

Lambert JM, Gorzov P, Veprintsev DB, Soderqvist M, Segerback D, Berg-
man J, et al. PRIMA-1 reactivates mutant p53 by covalent binding to
the core domain. Cancer Cell. 2009;15(5):376-88.

Bykov VJ, Issaeva N, Shilov A, Hultcrantz M, Pugacheva E, Chumakov P,
et al. Restoration of the tumor suppressor function to mutant p53 by a
low-molecular-weight compound. Nat Med. 2002;8(3):282-8.

Zhang Q, Bykov VJN, Wiman KG, Zawacka-Pankau J. APR-246 reacti-
vates mutant p53 by targeting cysteines 124 and 277. Cell Death Dis.
2018;9(5):439.

Sallman DA, DeZern AE, Garcia-Manero G, Steensma DP, Roboz GJ, Sek-
eres MA, et al. Eprenetapopt (APR-246) and Azacitidine in TP53-mutant
myelodysplastic syndromes. J Clin Oncol. 2021;39(14):1584-94.
Cluzeau T, Sebert M, Rahme R, Cuzzubbo S, Lehmann-Che J, Madelaine
|, et al. Eprenetapopt plus Azacitidine in TP53-mutated myelodys-
plastic syndromes and acute myeloid leukemia: a phase Il study by
the Groupe francophone des Myelodysplasies (GFM). J Clin Oncol.
2021;39(14):1575-83.

Ceder S, Eriksson SE, Cheteh EH, Dawar S, Corrales Benitez M, Bykov
VJN, et al. A thiol-bound drug reservoir enhances APR-246-induced
mutant p53 tumor cell death. EMBO Mol Med. 2021;13(2):e10852.

Liu DS, Duong CP, Haupt S, Montgomery KG, House CM, Azar WJ, et al.
Inhibiting the system xC(—)/glutathione axis selectively targets cancers
with mutant-p53 accumulation. Nat Commun. 2017;8:14844.

. Dehner A, Klein C, Hansen S, Muller L, Buchner J, Schwaiger M, et al.

Cooperative binding of p53 to DNA: regulation by protein-protein
interactions through a double salt bridge. Angew Chem Int Ed Engl.
2005;44(33):5247-51.

Kitayner M, Rozenberg H, Rohs R, Suad O, Rabinovich D, Honig B, et al.
Diversity in DNA recognition by p53 revealed by crystal structures with
Hoogsteen base pairs. Nat Struct Mol Biol. 2010;17(4):423-9.

Timofeev O, Stiewe T. Rely on each other: DNA binding cooperativ-

ity shapes p53 functions in tumor suppression and cancer therapy.
Cancers (Basel). 2021;13(10):2422.

Schlereth K, Beinoraviciute-Kellner R, Zeitlinger MK, Bretz AC, Sauer

M, Charles JP, et al. DNA binding cooperativity of p53 modulates

the decision between cell-cycle arrest and apoptosis. Mol Cell.
2010;38(3):356-68.

Schlereth K, Heyl C, Krampitz AM, Mernberger M, Finkernagel F,
Scharfe M, et al. Characterization of the p53 cistrome--DNA binding
cooperativity dissects p53's tumor suppressor functions. Plos Genet.
2013;9(8):e1003726.

Zuber J, Radtke |, Pardee TS, Zhao Z, Rappaport AR, Luo W, et al. Mouse
models of human AML accurately predict chemotherapy response.
Genes Dev. 2009;23(7):877-89.

Klimovich B, Merle N, Neumann M, EiImshduser S, Nist A, Mernberger M,
et al. p53 partial loss-of-function mutations sensitize to chemotherapy.
Oncogene. 2021. https://doi.org/10.1038/541388-021-02141-5.

Adams JM, Harris AW, Pinkert CA, Corcoran LM, Alexander WS, Cory

S, et al. The c-myc oncogene driven by immunoglobulin enhanc-

ers induces lymphoid malignancy in transgenic mice. Nature.
1985;318(6046):533-8.

Donehower LA, Harvey M, Slagle BL, McArthur MJ, Montgomery CA Jr,
Butel JS, et al. Mice deficient for p53 are developmentally normal but
susceptible to spontaneous tumours. Nature. 1992;356(6366):215-21.
Timofeev O, Klimovich B, Schneikert J, Wanzel M, Pavlakis E, Noll J, et al.
Residual apoptotic activity of a tumorigenic p53 mutant improves
cancer therapy responses. EMBO J. 2019;38(20):e102096.

. Timofeev O, Koch L, Niederau C, Tscherne A, Schneikert J, Klimovich

M, et al. Phosphorylation control of p53 DNA-binding cooperativity
balances tumorigenesis and aging. Cancer Res. 2020;80(23):5231-44.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

Page 17 of 18

. Reimer J, Knoss S, Labuhn M, Charpentier EM, Gohring G, Schlegel-

berger B, et al. CRISPR-Cas9-induced t (11;19)/MLL-ENL translocations
initiate leukemia in human hematopoietic progenitor cells in vivo.
Haematologica. 2017;102(9):1558-66.

Brinkman EK, Chen T, Amendola M, van Steensel B. Easy quantitative
assessment of genome editing by sequence trace decomposition.
Nucleic Acids Res. 2014;42(22):e168.

Stiewe T. The p53 family in differentiation and tumorigenesis. Nat Rev
Cancer. 2007;7(3):165-8.

Schmitt CA, McCurrach ME, de Stanchina E, Wallace-Brodeur RR, Lowe
SW. INK4a/ARF mutations accelerate lymphomagenesis and promote
chemoresistance by disabling p53. Genes Dev. 1999;13(20):2670-7.
Jacks T, Remington L, Williams BO, Schmitt EM, Halachmi S, Bronson
RT, et al. Tumor spectrum analysis in p53-mutant mice. Curr Biol.
1994:4(1):1-7.

Ludwig RL, Bates S, Vousden KH. Differential activation of target cellular
promoters by p53 mutants with impaired apoptotic function. Mol Cell
Biol. 1996;16(9):4952-60.

Rowan S, Ludwig RL, Haupt Y, Bates S, Lu X, Oren M, et al. Specific

loss of apoptotic but not cell-cycle arrest function in a human tumor
derived p53 mutant. EMBO J. 1996;15(4):827-38.

Ryan KM, Vousden KH. Characterization of structural p53 mutants
which show selective defects in apoptosis but not cell cycle arrest. Mol
Cell Biol. 1998;18(7):3692-8.

Purvis JE, Karhohs KW, Mock C, Batchelor E, Loewer A, Lahav G. p53
dynamics control cell fate. Science. 2012;336(6087):1440-4.

Le Pen J, Laurent M, Sarosiek K, Vuillier C, Gautier F, Montessuit S, et al.
Constitutive p53 heightens mitochondrial apoptotic priming and
favors cell death induction by BH3 mimetic inhibitors of BCL-xL. Cell
Death Dis. 2016;7:¢2083.

Kracikova M, Akiri G, George A, Sachidanandam R, Aaronson SA. A
threshold mechanism mediates p53 cell fate decision between growth
arrest and apoptosis. Cell Death Differ. 2013;20(4):576-88.

Chen X, Ko LJ, Jayaraman L, Prives C. p53 levels, functional domains,
and DNA damage determine the extent of the apoptotic response of
tumor cells. Genes Dev. 1996;10(19):2438-51.

Sanchez-Rivera FJ, Ryan J, Soto-Feliciano YM, Clare Beytagh M, Xuan L,
Feldser DM, et al. Mitochondrial apoptotic priming is a key deter-
minant of cell fate upon p53 restoration. Proc Natl Acad Sci U S A.
2021;118(23):22019740118.

Klimovich B, Stiewe T, Timofeev O. Inactivation of Mdm?2 restores
apoptosis proficiency of cooperativity mutant p53 in vivo. Cell Cycle.
2020;19(1):109-23.

Sarosiek KA, Fraser C, Muthalagu N, Bhola PD, Chang W, McBrayer SK,
et al. Developmental regulation of mitochondrial apoptosis by c-Myc
governs age- and tissue-specific sensitivity to Cancer therapeutics.
Cancer Cell. 2017;31(1):142-56.

Pavlakis E, Stiewe T. p53's extended reach: the mutant p53 Secretome.
Biomolecules. 2020;10(2):307-31.

Yoon KW, Byun S, Kwon E, Hwang SY, Chu K, Hiraki M, et al. Control of
signaling-mediated clearance of apoptotic cells by the tumor suppres-
sor p53. Science. 2015;349(6247):1261669.

Ringshausen |, O'Shea CC, Finch AJ, Swigart LB, Evan GI. Mdm2 is criti-
cally and continuously required to suppress lethal p53 activity in vivo.
Cancer Cell. 2006;10(6):501-14.

Abbas HA, Maccio DR, Coskun S, Jackson JG, Hazen AL, Sills TM,

et al. Mdm2 is required for survival of hematopoietic stem cells/pro-
genitors via dampening of ROS-induced p53 activity. Cell Stem Cell.
2010;7(5):606-17.

. Mendrysa SM, O’Leary KA, McElwee MK, Michalowski J, Eisenman RN,

Powell DA, et al. Tumor suppression and normal aging in mice with
constitutively high p53 activity. Genes Dev. 2006;20(1):16-21.

Terzian T, Wang Y, Van Pelt CS, Box NF, Travis EL, Lozano G. Haploinsuf-
ficiency of Mdm2 and Mdm4 in tumorigenesis and development. Mol
Cell Biol. 2007;27(15):5479-85.

Konopleva M, Martinelli G, Daver N, Papayannidis C, Wei A, Higgins B,
et al. MDM2 inhibition: an important step forward in cancer therapy.
Leukemia. 2020;34(11):2858-74.

Konduri SD, Medisetty R, Liu W, Kaipparettu BA, Srivastava P, Brauch H,
et al. Mechanisms of estrogen receptor antagonism toward p53 and


https://doi.org/10.1038/s41388-021-02141-5

Klimovich et al. J Exp Clin Cancer Res (2022) 41:80 Page 18 of 18

its implications in breast cancer therapeutic response and stem cell
regulation. Proc Natl Acad Sci. 2010;107(34):15081-6.

75. Gelmann EP. Tamoxifen for the treatment of malignancies other than
breast and endometrial carcinoma. Semin Oncol. 1997;24(1 Suppl!
1):51-65-561-70.

76. Alexandrova EM, Yallowitz AR, Li D, Xu S, Schulz R, Proia DA, et al.
Improving survival by exploiting tumour dependence on stabilized
mutant p53 for treatment. Nature. 2015;523(7560):352-6.

77. Schulz-Heddergott R, Stark N, Edmunds SJ, Li J, Conradi LC, Bohnen-
berger H, et al. Therapeutic ablation of gain-of-function mutant p53 in
colorectal Cancer inhibits Stat3-mediated tumor growth and invasion.
Cancer Cell. 2018;34(2):298-314 e297.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Partial p53 reactivation is sufficient to induce cancer regression
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Animal experiments
	Cell culture
	CRISPR-Cas9
	Flow cytometry
	Immunohistochemistry and western blot
	PCR and RT-PCR
	Chromatin immunoprecipitation (ChIP)
	Statistical analysis

	Results
	Leukemia model for partial p53 reactivation
	Partial p53 reactivation inhibits leukemia proliferation and viability
	Partial p53 reactivation induces leukemia regression
	Partial p53 reactivation induces regression of Myc-driven Burkitt-like lymphoma
	Partial p53 reactivation induces regression of spontaneous T-cell lymphomas in p53-null mice

	Discussion
	Conclusions
	Acknowledgements
	References


