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Myelodysplastic syndromes and acute myeloid leukemia with TP53
mutations are characterized by frequent relapses, poor or short
responses, and poor survival with the currently available therapies

including chemotherapy and 5-azacitidine (AZA). PRIMA-1Met (APR-246,
APR) is a methylated derivative of PRIMA-1, which induces apoptosis in
human tumor cells through restoration of the transcriptional transactivation
function of mutant p53. Here we show that low doses of APR on its own or
in combination with AZA reactivate the p53 pathway and induce an apop-
tosis program. Functionally, we demonstrate that APR exerts these activities
on its own and that it synergizes with AZA in TP53-mutated myelodysplas-
tic syndromes (MDS) / acute myeloid leukemia (AML) cell lines and in TP53-
mutated primary cells from MDS / AML patients. Low doses of APR on its
own or in combination with AZA also show significant efficacy in vivo.
Lastly, using transcriptomic analysis, we found that the APR + AZA synergy
was mediated by downregulation of the FLT3 pathway in drug-treated cells.
Activation of the FLT3 pathway by FLT3 ligand reversed the inhibition of cell
proliferation by APR + AZA. These data suggest that TP53-mutated MDS /
AML may be better targeted by the addition of APR-246 to conventional
treatments.
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ABSTRACT

Introduction

Myelodysplastic syndromes (MDS) are malignant bone marrow disorders charac-
terized by ineffective hematopoiesis leading to refractory cytopenias, and by an
increased risk of progression to acute myeloid leukemia (AML).1 They are prognos-
tically stratified on the basis of the percentage of blasts in the bone marrow, the kary-
otype, and the number of cytopenias present according to an International Prognostic
Scoring System (IPSS),2 which was recently revised (revised IPSS, IPSS-R).2 Current
studies are integrating data on somatic gene mutations into prognostic indices to fur-
ther refine risk stratification.3-6 At the genetic level, it is now widely recognized that
most of the clinical and pathological features of MDS and AML are the direct result
of recurrent acquired somatic genetic lesions. Among these, TP53 gene mutations
have been shown to occur in 5-10% of all MDS and AML cases,3-5,7-9 including 20-
25% of the low-risk MDS with isolated del 5q,7 and 40-50% of the MDS and AML
with complex karyotypes.8-10 Among MDS with complex karyotypes, the presence of
TP53 mutations has been correlated with a lower number of other mutations and a
poorer outcome.11 Furthermore, the allelic burden of the TP53 mutations has been



shown to be a strong predictor of poor overall survival.12
Mutations of p53 proteins generally result in a loss of their
normal functions (including cell cycle and apoptosis con-
trol), but can also result in a deleterious “gain of function”.
In addition, at least in case of complex karyotypes, TP53-
mutated MDS/AML generally acquire del17p, i.e. loss of
the remaining TP53 allele. TP53 mutations correlate with
poor overall outcomes in MDS and AML, independent-
ly4,5,13 or not independently14 of a complex karyotype. TP53-
mutated MDS/AML are associated with resistance to treat-
ment, including anthracycline + aracytine combinations,
low-dose cytarabine,14 and allogeneic bone marrow trans-
plantation (BMT),15 while the hypomethylating agents
(HMA) 5-azacitidine (AZA)7,15 and decitabine16 yield some-
what better, albeit transient, results. For this reason, HMA
are generally considered to be the first-line treatment of
MDS/AML with a TP53 mutation.
As with many other types of cancer, mutated p53 pro-

tein, therefore, appears to be one of the most important
therapeutic targets in MDS and AML, and restoration of
its biological function could prove to be highly beneficial.
PRIMA-1Met (APR-246, APR) is a methylated derivative of
PRIMA-1, a compound that induces apoptosis in human
tumor cells through restoration of the transcriptional
transactivation function to mutant p53.17 Mechanistically,
APR is a prodrug that forms an active moiety that cova-
lently binds to thiol groups of the core domain of mutated
p53 protein,18 thereby resulting in a structural change that
restores its active conformation. APR induces dose-depen-
dent apoptosis in various tumor models, mostly in combi-
nation with other drugs.19-28 A phase I/II clinical trial com-
bining AZA and APR in TP53-mutated MDS/AML is
ongoing at US centers and at our center.29-31
In this study, we show that APR is efficient on its own,

while it also synergizes with AZA in TP53-mutated
MDS/AML cell lines and in TP53-mutated primary cells
from MDS/AML patients. We also identified a functional
pathway involved in the synergy between these two
drugs.

Methods

Reagents and drugs
APR was provided by Aprea Therapeutics AB, Stockholm,

Sweden, and kept frozen (-20°C) as a stock solution. AZA was
provided by Celgene Corporation (Summit, NJ, USA) and was
kept frozen at -80°C as a stock solution. As previously described,32

AZA was added once at day 0 of cell culture and APR was used in
the same manner. FLT3 ligand (FLT3-L) was from PeproTech
(Neuilly-sur-Seine, France).

Cell lines and primary cells
The MDS cell line SKM1 (kindly provided by Thomas Cluzeau,

University Hospital of Nice, France) is an MDS-derived cell line
that has undergone detailed characterization in terms of its pheno-
type and genotype.33 We confirmed the presence of a homozygous
mutation of TP53 (p.R248Q). SKM1 cells were grown in RPMI
1640 medium (GIBCO; Life Technologies Corporation, Carlsbad,
CA, USA) supplemented with 10% FBS (GIBCO),  1%
Penicillin/Streptomycin (P/S), and 1% GlutaMAX. All of the other
leukemic cell lines (K562, KG1a, THP-1, and HL60) were cultured
under the same conditions. Cells in the logarithmic phase of
growth that had been seeded at a density of 2x105/mL were used
for all of the experiments.

Primary cells from MDS and AML patients with complex kary-
otypes, del5q, or known or suspected to have mutated TP53were
provided by the Service d‘Hématologie of the Hôpital Saint-Louis,
Paris, France, after informed consent had been received. Finally,
primary cells were isolated from healthy blood donors as controls.
This study was approved by the Groupe Francophone des
Myélodysplasies (GFM) review board.

Cytotoxicity assay
The following concentrations were used for each drug: APR

from 10-8 M to 10-5 M and AZA from 10-8 M to 10-5 M. Proliferating
cells were plated, incubated for three days, and then counted.
Experiments were performed at least in triplicate. FLT3-ligand was
added at final concentrations varying from 0.1 to 100 ng/mL for
specific experiments. 

Clonogenic assays
Due to partial blastic infiltration in the majority of samples, as

generally reported in MDS/AML with a complex karyotype and
TP53 mutation,9 liquid cultures were not consistently successful.
We used semi-solid cultures to test for the impact of drugs on pro-
genitor clonogenicity. Briefly, 3x105 peripheral blood mononuclear
cells (PBMC) or 1x105 bone marrow-derived mast cells (BMMC)
were cultured in cytokine-containing methylcellulose
(MethoCult™, 84434, STEMCELL Technologies) in the presence of
the IC50 of each drug (0.5 mM APR or 3 mM AZA) on their own or
in combination. After 14 days at 37°C, the erythroid and myeloid
colonies were counted. For patients with TP53mutations, isolated
colonies were picked, and the DNA was extracted and Sanger
sequenced to determine the TP53 genotype at the single progeni-
tor level.

Statistical analysis
All of the results are expressed as means±standard deviation

(SD). All of the single-parameter measurement comparisons were
determined using the Mann-Whitney test (PRISM 18964 software,
GraphPad, La Jolla, CA, USA). All tests were two-sided; P<0.05
was considered statistically significant. Combination indices were
calculated by CompuSyn software according to the Chou-Talalay
method for drug synergy studies.

Results

APR inhibits the proliferation of myeloid cell lines
To evaluate the efficacy of APR-mediated growth inhi-

bition of MDS/AML cells, we tested increasing doses of
the drug on a series of MDS/AML cell lines with mutant
forms of the TP53 gene (i.e. SKM1, K562, KG1a, THP-1,
and HL60 cells). We first verified that all of these cell lines
harbor TP53 mutations. The SKM1 cell line derived from
an MDS patient carries the recurrent homozygous TP53
mutation p.R248Q (c.743G>A). The four other cell lines
carry a frameshift or a splicing mutation (K562:
c.406dupC, HL60: c.1_1182del1182, KG1a: c.672+1G>A,
or THP-1: c.520_545del26). The p53 protein was
detectable in the SKM1 cell line only (Online Supplementary
Figure S1). Treatment with APR led to a pronounced and
dose-dependent reduction in cell proliferation of all of the
cell lines tested (Figure 1A), with 50% inhibitory concen-
trations (IC50) that were in the micromolar range (Figure
1B). Of note, the IC50 was at least 2-fold lower for the
SKM1 cell line compared to the other AML lines (Figure
1B and Online Supplementary Table S1).
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Figure 1. PRIMA-1Met (APR-246, APR) is active on TP53-
mutated acute myeloid leukemia (AML) cell lines and the
combination of APR and azacitidine (AZA) is synergistic. (A)
Relative proliferation with increasing APR concentrations (10-

8 to 10-5 M) in SKM1, K562, KG1a, THP-1, and HL60 cell lines
from day-0 to day-3. (B) Dose-response curves of APR for the
five cell lines. (C) Dose-response curves of AZA for the five
cell lines, and (D) at a low APR concentration (IC10). (E) The
proliferation rate relative to the untreated control at day 3
with IC50 AZA with or without IC10 APR in the five cell lines indi-
cated above. *P<0.05, **P<0.01.



The combination of APR and AZA synergistically
reduces the proliferation of myeloid cell lines
AZA is considered to be a first-line treatment for most

patients with high-risk MDS, but its effect is relatively
limited in MDS patients who have TP53 mutations. After
we evaluated the activity of AZA on TP53-mutated AML
lines (IC50 ranging from 0.54x10-6 M for SKM1 to 4.5x10-6
M for HL60 cells) (Figure 1C), we investigated whether its
efficacy could be enhanced by combination with APR.
The addition of low doses of APR (IC10) (Online
Supplementary Table S1) to increasing doses of AZA
reduced the proliferation of the five cell lines compared to
AZA on its own, with the exception of HL60 cells (Figure
1D and E). SKM1 cells were the most sensitive to the com-
bination, as the IC50 of AZA in these cells was significantly
reduced in the presence of low doses of APR. This syner-
gistic effect was confirmed at different concentrations of
each drug by calculating the combination index (CI < 1)
for all of the tested cell lines, but not at low concentrations
of both drugs (i.e. both drugs at their  IC10) (Online
Supplementary Table S1). 

The combination of APR and AZA promotes G0/G1 cell
cycle arrest and apoptosis
To elucidate the mechanisms underlying the antiprolifer-

ative effect of the combination compared with each drug
on their own, we performed apoptosis and cell cycle studies
using low dose APR (i.e. at the IC10) with a standard dose of
AZA (i.e. at the IC50). Other associations are shown in the
Online Supplementary Figures S2-S4.  Under these conditions,
APR alone did not induce apoptosis, while AZA on its own
induced low levels of apoptosis in some of the cell lines.
The combination of APR with AZA significantly increased
apoptosis compared to the individual drugs in every cell line
that was tested. This effect was more pronounced in SKM1
cells (39% apoptotic cells with APR + AZA vs. 19% with
AZA alone, P<0.01) (Figure 2A-E).
We then analyzed the cell cycle distribution after treat-

ment with IC10 APR, IC50 AZA, or the combination of
these two drugs at these concentrations. At this low con-
centration, APR on its own did not affect the cell cycle dis-
tribution of the various cell lines tested, while AZA tended
to increase the proportion of cells in the G0/G1 phase.
However, SKM1 cells treated with the combination of
AZA and APR underwent cell cycle arrest in G0/G1 as
early as 24 hours after exposure (83% of the cells were in
G0/G1 phase following APR + AZA treatment vs. 62% for
APR-treated cells, P<0.01). In parallel, the proportion of
cells in the S and G2/M phases was significantly reduced
(Figure 2A). Similar results, although less pronounced,
were observed in the other cell lines (Figure 2B-E), while
various combinations of these drugs confirmed the
observed synergism between the two drugs in terms of
cell cycle arrest and the induction of apoptosis (Online
Supplementary Figures S2-S4). Altogether, although the
effect is more pronounced on apoptosis than on cell cycle,
these results suggest that the addition of APR to AZA in
various TP53-mutated cell lines potentiates the AZA
antiproliferative effect by increasing G0/G1 arrest and a
pro-apoptotic effect.

APR is active on primary cells of TP53-mutated
MDS/AML samples
We then investigated the effect of these drugs on pri-

mary cells from MDS/AML patients. Of the 34 patients

included in our study, 15 patients had mutations in the
TP53 gene (10 had a complex karyotype, 2 had an isolated
5q deletion, and 14 had deletion of the other TP53 allele).
All mutations were located in the DNA-binding domain
hotspots (DBD) (Table 1). 
We performed clonogenic assays in semi-solid medium

using the previously determined IC50 for SKM1 cells. AZA
on its own at 3 mM induced only a modest reduction
(30%) of myeloid and erythroid colony growth, while
APR at 0.5 mM significantly inhibited colony growth by
approximately 60% (Figure 3A and B). 
We then sought to determine whether there was a tar-

geted effect on cells from patients with mutated TP53.
When compared to AZA on its own, the drug combina-
tion always had a greater inhibitory effect on the growth
of myeloid or erythroid progenitor colonies, irrespective
of the TP53 genotype of the patients (Online Supplementary
Figure S5). However, when compared to APR on its own,
the APR + AZA combination significantly reduced the
number of myeloid and erythroid colonies formed by pro-
genitors derived from patients with mutated TP53, while
this was not observed with wild-type TP53 patients
(Figure 3C and D). This indicates that the drug combina-
tion may be more beneficial to patients with TP53 muta-
tions. However, the molecular analysis of the residual
colonies from four patients with mutated TP53, irrespec-
tive of the treatment conditions, only revealed mutant
TP53 colonies (Table 2 and data not shown), thus making it
impossible to conclude that cells with mutated p53 are tar-
geted specifically. To further study the specificity of the
combination, we performed liquid cultures of CD34+ cells
isolated from TP53-mutated or wild-type MDS/AML
patients and studied proliferation and apoptosis when
treated by APR and/or AZA. A significant efficacy of the
combination compared to drugs given alone was observed
in TP53-mutated patients only (Figure 4A-D). Accordingly,
CD34+ cells isolated from healthy blood donors did not
show increased sensitivity to the combination compared
to isolated drugs (Figure 4E and F).

In vivo efficacy of APR and AZA in a xenotransplantation
model 
In order to evaluate the in vivo antiproliferative effect of

APR and AZA, we developed a xenograft model of SKM1-
Luciferase cells in NSG mice that allowed us to use biolu-
minescence to measure tumor volumes before and after
APR and AZA treatment. Intravenous injections of 107
cells yielded highly reproducible tumor engraftment and
growth over time (100% of the mice had engraftment)
(Figure 5A). The mice were treated with the drugs as soon
as the tumor bioluminescence signal reached 106
p/sec/cm2/sr. 
Treatment with low doses of APR in combination with

AZA resulted in pronounced inhibition of disease progres-
sion as early as four days after starting the drug treatment
compared to APR or AZA treatment on their own (median
tumor volume: 91.1x106 p/sec/cm2/sr in untreated mice,
64.4x106 p/sec/cm2/sr with APR on its own, 103.2x106
p/sec/cm2/sr with AZA on its own vs. 18.9x106
p/sec/cm2/sr mm3 in the APR + AZA group; P<0.05)
(Figure 5A). There was still a beneficial impact of the drug
combination after eight days of treatment (Figure 5B).
These results confirmed in vivo the efficacy of the combi-
nation of a low dose of APR with standard AZA doses that
we had previously shown in vitro. 
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Figure 2. The combination of
PRIMA-1Met (APR-246, APR)
and azacitidine (AZA) pro-
motes G0/G1 arrest and
apoptosis in various TP53-
mutated acute myeloid
leukemia (AML) cell lines.
(Left)  Percentage of Annexin
V-positive cells at day 3 post
treatment with IC10 APR, IC50

AZA, or the combination of
these two drugs at these
same concentrations. (Right)
Proportion of cells in G0/G1,
S, or G2/M phase 24 hours
after treatment with IC10 APR,
IC50 AZA or the combination
of these two drugs at these
same concentrations. (A)
SKM1, (B) K562, (C) KG1a,
(D) THP-1, and (E)  HL60 cell
lines. *P<0.05, **P<0.01.
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Treatment with the APR + AZA combination is 
characterized by a specific gene expression profile
We conducted a transcriptomic analysis of the SKM1

cell line following treatment with APR, AZA, or a combi-
nation of these two drugs. A large number of genes were
differentially expressed (P<0.05) under treatment by AZA
on its own or by APR + AZA (n=4,620 and n=4,672,
respectively), while the number of genes differentially
expressed under APR alone was relatively small (n= 691)
(Figure 6A). Accordingly, the number of genes deregulated
in common for APR and APR + AZA treatments was small
(n=201) while this was very high for the AZA and the APR
+ AZA treatments (n= 3,461). As expected, the Gene Set
Enrichment Analysis (GSEA) (Figure 6B) and DAVID
analyses of the genes differentially expressed by APR
identified the p53 pathway as one of the main deregulated
pathways [Normalized Enrichment Score (NES) = 1.2;
false discovery rate (FDR) = 0.15], with increased expres-
sion of p53-target genes such as CDKN1A, CASP1, BAX,
and FAS. These differential expression patterns were con-
firmed by real-time quantitative polymerase chain reac-
tion (RT-qPCR) analysis (Figure 6D). In accordance with
the involvement of some of these genes in apoptosis, the
GSEA analysis also revealed activation of an early apop-
totic program (NES= 1.1; FDR= 0.2) (Figure 6B).
Importantly, similar results on p53 and pro-apoptotic
pathways were found to occur when AZA was added to
APR (Figure 6C and E), thus suggesting that AZA did not
suppress the transcriptional modifications associated with
APR treatment. Of note, enrichment of ROS-induced
genes was found to occur with APR on its own (FDR=
0.06; NES= 1.2) (Online Supplementary Figure S6A) and APR
+ AZA (FDR= 0.02; NES= 1.52) (Online Supplementary
Figure S6B), possibly confirming a p53-independent mech-
anism of action of APR on oxidative stress, as has already

been described in other tumor models.27,34,35 Using
Interpretative Phenomenological Analysis (IPA) analysis
and a selection of genes with a significant level of differ-
ential expression (P<0.05) (Online Supplementary Table S2)
on the basis of the difference in fold change (FC), we
found 5,428 transcriptionally-regulated genes with APR +
AZA treatment compared to untreated cells. Eight hun-
dred and seventy-five genes appeared to be up- or down-
regulated with the combined treatment only (“synergistic
only” genes) and not by either drug on their own. GSEA
analysis of the "synergistic only" genes revealed activation
of the p53 pathway, induction of an apoptotic program,
and downregulation of the MYC pathway (Online
Supplementary Table S3). Surprisingly, in this group of "syn-
ergistic only" genes, we identified decreased expression of
several FLT3-pathway genes, including FLT3 and FLT3-L
(Online Supplementary Table S2). This finding was con-
firmed using the comparative GSEA analysis, which simi-
larly revealed downregulation of the FLT3 pathway (Valk,
FLT3-ITD representative of activation of the FLT3 path-
way) (Figure 7A) with the combination treatment com-
pared to either of the drugs on their own. Using RT-qPCR,
we were able to confirm the significant downregulation of
both the FLT3 and the FLT3-L gene with the combined
treatment (Figure 7B). 

Downregulation of the FLT3 pathway contributes 
to the APR + AZA-induced anti-proliferative effect 
To analyze the relevance of downregulation of the FLT3

signaling pathway to the synergistic effect of the APR +
AZA combination, SKM1 cells were cultured with these
drugs in the presence or absence of FLT3-L at different
concentrations. The addition of FLT3-L on its own did not
affect SKM1 cell proliferation, but, when increasing
amounts of FLT3-L were added to the APR + AZA combi-
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Table 1. World Health Organization classification of cytogenetic and molecular characteristics of TP53-mutated myelodysplastic syndromes / acute
myeloid leukemia patients. 
Patient              TP53                                                                                  Karyotype                                                                                 Colonies        Variant
                      mutation                                                                                                                                                                                sequenced        allele 
                                                                                                                                                                                                                                          frequency 
                                                                                                                                                                                                                                           (VAF, %)

1                          p.V157F                            45,XX,add(1)(q4?3),del(5)(q1?3q3?3),der(6)t(6;14)(p2?2;q1?2)x2,-11,-14,+?15,der(16)t                                 71                    90%
                                                                                                                     (?;16)(?;p1?1)[11q13?],-17,+r(11)[24]
2                          p.P190L                 45,XX,-7,add(3)(p2?6),del(4)(q2?4),del(5)(q1?q3q3?3),del(12)(p13)[10]/47,XX,del(4)(q2?4),del(5)                      72                    92%
                                                         (q1?q3q3?3),del(12)(p13),+21[6]/47,XX,del(4)(q2?4),del(5)(q1?q3q3?3),del(12)(p13),+21,+r(?)[4]
3                          p.C238F                                                                                          45,XX,-7[4]/46,XX[6]                                                                                               71                    22%
4                         p.R248Q                             44,XY,del(5)(q1?3q3?3),-7,add(17)(p1?1),-19[11]/44,idem,del(11)(p1?4p1?5)/46,XY[3]                                   50                    30%
5              p.V216M +  p.R248Q                                                              46,XX,del(5)(q1?3q3?3)[11]/46,XX[13]                                                                              ND                    NA
6                          p.S241C            45,XX,t(4;13)(p1?3;q1?2),del(5)(q15q34),del(7)(q21),dic(12;16)(p11;?p1?2),-18,der(?21)(?),+r(?)[cp21]                ND                    NA
7                         p.R248Q              46,XX,ins(3;12)(p2?1;q13q2?4),del(12)(q1?3),-17,+mar1[cp10]/46,idem,-7,+mar2,+min[cp7]/46,XX[6]                   ND                    NA
8                         p.M246R                                                                                        47,XY,+8[21]/46,XY[1]                                                                                             ND                    NA
9                         p.R248Q         43,XX,del(5)(q1?4q3?3),del(7)(q?21),der(12)t(12;13)(p1?1;q1?3),der(13)t(7;13)(q21;q13),del(18(q21)[21]              ND                   77%
10                        p.A276T                                                                           46,XX,del(5)(q1?3q3?3)[15]/46,XX[7]                                                                               ND                    NA
11             p.R248T  +  p.L330R                                                                               46,XY,i(17)(q10)[25]                                                                                              ND                    NA
12                        p.C275Y          44-47,XY,del(5)(q13q33),+8,+9,del(9)(q2?2),t(12;15)(p13;q1?2),-13,-17,+r(?)[3], +1-4mar[cp19]/46,XY[3]              ND                    9%
13                        p.R273C46,XY,del(2)(q1?1),add(10)(p1?1),de1(11)(q2?1),del(16)(p1?1)[19]/46,idem,add(17)(q2?5)[3]/46,XY,-12,-17,+2mar[3] ND                    NA
14                        p.C238Y                                           44,XX,-5,del(7)(q2?1),add(8)(q2?4),-18,?der(21)t(8;21)(q?13;q2?1)[21]                                               ND                    NA
15                    c.675-2A>G                                      45,XY,der(1;5)(q10;p10),del(4)(q2?4q?21),add(17)(p1?1),-21,+r(?1)[21]                                              ND                    NA
ND: not determined; NA: not available.



nation, we observed a dose-dependent reversal of the
inhibition of cell proliferation (Figure 7C). The relative
proliferation of APR + AZA treated cells at day 3 was sig-
nificantly higher when FLT3-L was added (P<0.01) (Figure

7D). This reversal of the inhibitory effect on proliferation
was associated with a decrease in apoptosis, since 40% of
the cells stained positive for Annexin V with the drug
combination treatment without FLT3-L compared with
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Figure 3. Effects of PRIMA-1Met (APR-246, APR)  on primary cells from TP53-mutated myelodysplastic syndromes (MDS) / acute myeloid leukemia (AML) patients
and healthy donors. The median numbers of (A) myeloid and (B) erythroid colonies relative to the untreated control for 34 bone marrow samples from MDS/AML
patients treated with APR, azacitidine (AZA), or the combination APR + AZA in semi-solid medium (methylcellulose). Relative numbers of (C) myeloid and (D) erythroid
colonies according to the TP53 status (WT: wild-type) treated with APR or the combination of APR + AZA. Median numbers of (E) myeloid and (F) erythroid colonies
relative to untreated control for 3 CD34+ cells from healthy donors treated with APR, AZA or the combination APR + AZA. *P<0.05, ****P<0.0001.
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only 26% when FLT3-L was added (Figure 7E). These
results suggest that the synergistic effect observed with
the APR + AZA combination on proliferation and apopto-
sis correlates with downregulation of the FLT3 pathway.

Discussion

APR has been shown to have efficacy on its own as
well as when combined with other drugs in solid
tumors19,20,23-25 and lymphoid tumors.21,27,28,36 In this study,
we observed that APR inhibited the proliferation of sev-
eral TP53-mutated myeloid cell lines, as previously sug-

gested by other studies on myeloid26,34 and lymphoid cell
lines.27,28 Of note, the additive/synergistic impact of the
combination was more robust with regards to apoptosis
compared to cell cycle arrest, suggesting that most of the
anti-proliferative effect may be mediated by hypomethy-
lating agent (AZA) while the pro-apoptotic effects of the
combination was clearly due to APR. 
These inhibitory effects were more pronounced in the

TP53-mutated MDS-derived SKM1 cell line, and may be
related to the structure of the mutant protein in the differ-
ent cell lines. Indeed, APR binding to the cysteine residues
of the DBD has been associated with the reformation of
an active structure by p.R175H and p.R273H mutant p53
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Figure 4. Effects of PRIMA-1Met (APR-246, APR)  on primary cells from TP53 wild-type or mutated myelodysplastic syndromes (MDS) / acute myeloid leukemia
(AML) patients and healthy donors. (Left) Relative proliferation of CD34+ cells treated with 1 mM APR, 1 mM AZA or the combination APR + AZA at these concentra-
tions. (Right) Percentages of Annexin V-positive cells at day 3 post treatment with 1 mM APR, 1 mM of AZA or the combination APR + AZA at these concentrations. (A)
TP53-mutated MDS/AML samples (n=3), (B) Wild-type TP53 MDS/AML samples (n=3), and (C) healthy donors (n=3). *P<0.05.
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proteins.37 The SKM1 cell line has a p.R248Q mutation
located in the DBD, while the other myeloid cell lines test-
ed in this study have various TP53 truncation mutations
that result in a lack of detectable p53 protein in all four cell
lines.38,39 APR may not be able to restore an active confor-
mation to the truncated p53 protein in these cell lines,
thereby explaining the lower efficacy of APR compared
with SKM1 cells. This also suggests that the effects of APR
in these cell lines may be due in part to p53-independent
processes.27 We then demonstrated that the inhibitory
effect of the APR + AZA combination was synergistic in
the five TP53-mutated cell lines that were tested,

although, again, this effect was more pronounced in the
SKM1 cells for presumably the same reason. To confirm
this efficacy, we showed that APR + AZA combination
significantly antagonized development of the disease in an
in vivo model. 
APR exhibited a pronounced anti-clonogenic effect on

hematopoietic progenitor cells from MDS/AML patients
irrespective of the TP53 mutational status. This suggests
that APR on its own targets not only TP53-mutated cells
(at least at the doses that we used in our experiments),
and that its inhibitory effects are partly p53-independent,
as had already been shown previously.27,34,35,40 On the other
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Figure 5. In vivo efficacy of PRIMA-1Met (APR-246, APR) and azacitidine (AZA) in a xenotransplantation model. (A)  Disease development monitored by luciferase
activity and bioluminescence imaging. Images of untreated mice at day 14 (day 1 of treatment) and treated mice at day 18 (day 5 of treatment) following injection
of SKM1-Luc cells. (B) The tumor volume (p/sec/cm2/sr) during and after treatment with PBS, APR, AZA, or the APR + AZA combination (treatment days are indicated
by the solid arrows). The drug treatments were started when the tumor volume had reached 106 p/sec/cm2/sr. *P<0.05.
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hand, the combination of the two drugs (APR + AZA) had
a similar effect as APR on its own in progenitor cells from
patients with WT TP53, whereas the combination had a
significantly more pronounced effect than APR on its

own on progenitor cells from patients with mutant TP53.
This strongly suggests a selective effect on mutant p53
cells, although we were unable to demonstrate the forma-
tion of wild-type TP53 colonies under treatment, which
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Figure 6. Changes in gene expression induced by treatment with PRIMA-1Met (APR-246, APR) + azacitidine (AZA). (A) A Venn diagram representing the number of
deregulated genes with APR on its own, AZA on its own, or the combination of APR + AZA. (B) Gene enrichment plots and associated heatmaps showing reactivation
of the p53 pathway and induction of an apoptosis program in SKM1 cells treated with IC10 APR compared to untreated cells. (C) Gene enrichment plots and associated
heatmaps showing reactivation of the p53 pathway and induction of an apoptosis program in SKM1 cells treated with the combination of APR IC10 + AZA IC50 (APR +
AZA) compared to AZA on its own (AZA). (D)  RT-qPCR expression of the main p53 targets (CDKN1A and BAX) and pro-apoptotic factors (CASP1 and FAS) in SKM1
cells treated with APR compared to untreated cells. (E) RT-qPCR expression of the main p53 targets (CDKN1A and BAX) and pro-apoptotic factors (CASP1 and FAS)
in SKM1 cells treated with the combination of APR + AZA versus AZA on its own. ***P<0.001. NES: Normalized Enrichment Score; FDR: False Discovery Rate.
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Figure 7. The antiproliferative effect of PRIMA-1Met (APR-246, APR) + azacitidine (AZA)  combination is related to downregulation of the FLT3 pathway. (A) Gene
enrichment plots and heatmaps representing the FLT3 activated pathway (Valk, FLT3-ITD) in APR versus untreated SKM1 cells and APR + AZA versus AZA-treated
cells. (B) Real-time quantitative polymerase chain reaction analysis of gene expression by FLT3 and FLT3-L with APR, AZA, or APR + AZA relative to the untreated
control. (C) Absolute numbers of untreated and APR + AZA-treated SKM1 cells exposed to increasing concentrations of FLT3-L. (D) Proliferation of SKM1 cells treated
with APR, AZA, or the combination APR + AZA relative to controls, without or with 10 ng/mL FLT3 ligand (FLT3-L). (E) Proportion of Annexin V-positive SKM1 cells at
day 3 following treatment with APR, AZA, or the combination of APR + AZA, with or without FLT3L. *P<0.05, **P<0.01, ***P<0.001.
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was probably due to the very high proportion of mutant
progenitor cells that grew in these conditions, as no wild-
type colonies could be discerned even in the absence of
treatment. An in vivo evaluation of the change in the TP53
allelic burden in patients treated by the combination
would be relevant to address the question of mutant TP53
selectivity. A clinical trial (clinicaltrials.gov identifier:
03745716) testing the association of APR and AZA in
TP53-mutant MDS/AML is ongoing and may help
answer this question.
The molecular mechanism underlying the efficacy of

the association between AZA and APR remains unknown.
AZA is a DNA demethylating agent and APR is an agent
that reactivates the transcription factor p53. Both drugs
may act by modulating gene expression. Thus, we sought
to study differences in gene expression profiles between
cells treated by the single agents or with the drug combi-
nation. The results of the transcriptomic analysis provide
further evidence that APR, even at low doses, reactivates
the p53 pathway and that it results in activation of an
apoptotic program. We also found that genes involved in
FLT3 signaling were down-regulated by the combination
of APR and AZA. The relevance of this observation was
confirmed as the addition of FLT3 ligand reversed the inhi-
bition of cell proliferation by the APR + AZA combina-
tion. Interestingly none of the cell lines tested had FLT3

mutations or duplications,41 suggesting that the drug com-
bination effect is not dependent on the presence of such
molecular alterations. However, it would be interesting to
test this drug combination in cell lines with FLT-3 muta-
tions or duplications. In addition to providing clues for a
specific mechanism of action of the drug combination
through a synthetic lethality process involving the FLT3
pathway, our observations indicate that the addition of
FLT3-inhibitors to the APR + AZA combination could be
of relevance in TP53-mutated MDS/AML.42
In conclusion, our results suggest that APR exhibits

promising synergistic effects when combined with con-
ventional AZA therapy in the high-risk subgroup of TP53-
mutated MDS/AML. Promising preliminary results of a
phase I/II clinical trial combining AZA and APR in TP53-
mutated MDS/AML, and activated at US centers and our
center, have been reported.29

Acknowledgments
We thank the animal facility of the Institut Universitaire

d’Hématologie of Hôpital Saint-Louis, Paris, for technical assis-
tance and the Genomic Platform at the Cochin Institute for assis-
tance with the transcriptomic analysis. This study was supported
by the Groupe Francophone des Myélodysplasies (GFM). We
are indebted to Aprea Therapeutics and Celgene for supplying
the APR and AZA, respectively.

N. Maslah et al.

1550 haematologica | 2020; 105(6)

References

1. Adès L, Itzykson R, Fenaux P.
Myelodysplastic syndromes. Lancet 2014;
383(9936):2239-2252.

2. Greenberg PL, Tuechler H, Schanz J, et al.
Revised international prognostic scoring
system for myelodysplastic syndromes.
Blood 2012;120(12):2454-2465.

3. Haferlach C, Dicker F, Herholz H,
Schnittger S, Kern W, Haferlach T.
Mutations of the TP53 gene in acute
myeloid leukemia are strongly associated
with a complex aberrant karyotype.
Leukemia 2008;22(8):1539-1541.

4. Bejar R, Levine R, Ebert BL. Unraveling the
molecular pathophysiology of myelodys-
plastic syndromes. J Clin Oncol Off J Am
Soc Clin Oncol 2011;29(5):504-515.

5. Bejar R, Stevenson K, Abdel-Wahab O, et
al. Clinical effect of point mutations in
myelodysplastic syndromes. N Engl J Med
2011;364(26):2496-2506.

6. Bejar R, Stevenson KE, Caughey BA, et al.
Validation of a prognostic model and the
impact of mutations in patients with lower-
risk myelodysplastic syndromes. J Clin
Oncol Off J Am Soc Clin Oncol
2012;30(27):3376-3382.

7. Jädersten M, Saft L, Smith A, et al. TP53
mutations in low-risk myelodysplastic syn-
dromes with del(5q) predict disease pro-
gression. J Clin Oncol Off J Am Soc Clin
Oncol 2011;29(15):1971-1979.

8. Preudhomme C, Vanrumbeke M, Lai JL,
Lepelley P, Wattel E, Fenaux P. Inactivation
of the p53 gene in leukemias and
myelodysplastic syndrome (MDS) with
17p monosomy. Leukemia 1994;8(12):
2241-2242.

9. Lai JL, Preudhomme C, Zandecki M, et al.
Myelodysplastic syndromes and acute
myeloid leukemia with 17p deletion. An
entity characterized by specific dysgranu-
lopoïesis and a high incidence of P53 muta-
tions. Leukemia 1995;9(3):370-381.

10. Soenen V, Preudhomme C, Roumier C,
Daudignon A, Laï JL, Fenaux P. 17p
Deletion in acute myeloid leukemia and
myelodysplastic syndrome. Analysis of
breakpoints and deleted segments by fluo-
rescence in situ. Blood 1998;91(3):1008-
1015.

11. Haase D, Stevenson KE, Neuberg D, et al.
TP53 mutation status divides myelodys-
plastic syndromes with complex kary-
otypes into distinct prognostic subgroups.
Leukemia 2019;33(7):1747-1758. 

12. Sallman DA, Komrokji R, Vaupel C, et al.
Impact of TP53 mutation variant allele fre-
quency on phenotype and outcomes in
myelodysplastic syndromes. Leukemia
2016;30(3):666-673.

13. Kulasekararaj AG, Smith AE, Mian SA, et
al. TP53 mutations in myelodysplastic syn-
drome are strongly correlated with aberra-
tions of chromosome 5, and correlate with
adverse prognosis. Br J Haematol 2013;
160(5):660-672.

14. Wattel E, Preudhomme C, Hecquet B, et al.
p53 mutations are associated with resist-
ance to chemotherapy and short survival in
hematologic malignancies. Blood 1994;84
(9):3148-3157.

15. Lindsley RC, Saber W, Mar BG, et al.
Prognostic Mutations in Myelodysplastic
Syndrome after Stem-Cell Transplantation.
N Engl J Med 2017;376(6):536-547.

16. Welch JS, Petti AA, Miller CA, et al. TP53
and Decitabine in Acute Myeloid Leukemia
and Myelodysplastic Syndromes. N Engl J

Med 2016;375(21):2023-2036.
17. Bykov VJN, Issaeva N, Shilov A, et al.

Restoration of the tumor suppressor function
to mutant p53 by a low-molecular-weight
compound. Nat Med 2002;8(3): 282-288.

18. Lambert JMR, Gorzov P, Veprintsev DB, et
al. PRIMA-1 reactivates mutant p53 by
covalent binding to the core domain.
Cancer Cell 2009;15(5):376-388.

19. Mohell N, Alfredsson J, Fransson Å, et al.
APR-246 overcomes resistance to cisplatin
and doxorubicin in ovarian cancer cells.
Cell Death Dis 2015;6e1794.

20. Zandi R, Selivanova G, Christensen CL,
Gerds TA, Willumsen BM, Poulsen HS.
PRIMA-1Met/APR-246 induces apoptosis
and tumor growth delay in small cell lung
cancer expressing mutant p53. Clin Cancer
Res Off J Am Assoc Cancer Res
2011;17(9):2830-2841.

21. Saha MN, Jiang H, Yang Y, Reece D, Chang
H. PRIMA-1Met/APR-246 displays high
antitumor activity in multiple myeloma by
induction of p73 and Noxa. Mol Cancer
Ther 2013;12(11):2331-2341.

22. Liu DSH, Read M, Cullinane C, et al. APR-
246 potently inhibits tumour growth and
overcomes chemoresistance in preclinical
models of oesophageal adenocarcinoma.
Gut 2015;64(10):1506-1516.

23. Li X-L, Zhou J, Chan Z-L, Chooi J-Y, Chen
Z-R, Chng W-J. PRIMA-1met (APR-246)
inhibits growth of colorectal cancer cells
with different p53 status through distinct
mechanisms. Oncotarget 2015;6(34):
36689-36699.

24. Krayem M, Journe F, Wiedig M, et al. p53
Reactivation by PRIMA-1(Met) (APR-246)
sensitises (V600E/K)BRAF melanoma to
vemurafenib. Eur J Cancer Oxf Engl 1990
2016;5598-110.



25. Fransson Å, Glaessgen D, Alfredsson J,
Wiman KG, Bajalica-Lagercrantz S, Mohell
N. Strong synergy with APR-246 and DNA-
damaging drugs in primary cancer cells
from patients with TP53 mutant High-
Grade Serous ovarian cancer. J Ovarian Res
2016;9(1):27.

26. Ali D, Jönsson-Videsäter K, Deneberg S, et
al. APR-246 exhibits anti-leukemic activity
and synergism with conventional
chemotherapeutic drugs in acute myeloid
leukemia cells. Eur J Haematol 2011;86(3):
206-215.

27. Tessoulin B, Descamps G, Moreau P, et al.
PRIMA-1Met induces myeloma cell death
independent of p53 by impairing the
GSH/ROS balance. Blood 2014;124(10):
1626-1636.

28. Sobhani M, Abdi J, Manujendra SN, Chen
C, Chang H. PRIMA-1Met induces apopto-
sis in Waldenström’s Macroglobulinemia
cells independent of p53. Cancer Biol Ther
2015;16(5):799-806.

29. Sallman D. Phase 1b/2 Combination Study
of APR-246 and Azacitidine (AZA) in
Patients with <em>TP53 </Em>mutant
Myelodysplastic Syndromes (MDS) and
Acute Myeloid Leukemia (AML). ASH;
Blood. 2018;132 (Supplement 1):3091.

30. Lehmann S, Bykov VJN, Ali D, et al.
Targeting p53 in vivo: a first-in-human
study with p53-targeting compound APR-

246 in refractory hematologic malignancies
and prostate cancer. J Clin Oncol Off J Am
Soc Clin Oncol 2012;30(29):3633-3639.

31. Deneberg S, Cherif H, Lazarevic V, et al. An
open-label phase I dose-finding study of
APR-246 in hematological malignancies.
Blood Cancer J 2016;6(7):e447.

32. Lainey E, Wolfromm A, Marie N, et al.
Azacytidine and erlotinib exert synergistic
effects against acute myeloid leukemia.
Oncogene 2013;32(37):4331-4342.

33. Cluzeau T, Dubois A, Jacquel A, et al.
Phenotypic and genotypic characterization
of azacitidine-sensitive and resistant SKM1
myeloid cell lines. Oncotarget 2014;5(12):
4384-4391.

34. Ali D, Mohammad DK, Mujahed H, et al.
Anti-leukaemic effects induced by APR-246
are dependent on induction of oxidative
stress and the NFE2L2/HMOX1 axis that
can be targeted by PI3K and mTOR
inhibitors in acute myeloid leukaemia cells.
Br J Haematol 2016;174(1):117-126.

35. Yoshikawa N, Kajiyama H, Nakamura K, et
al. PRIMA-1MET induces apoptosis
through accumulation of intracellular reac-
tive oxygen species irrespective of p53 sta-
tus and chemo-sensitivity in epithelial
ovarian cancer cells. Oncol Rep
2016;35(5):2543-2552.

36. Saha MN, Abdi J, Yang Y, Chang H.
MiRNA-29a as a tumor suppressor medi-

ates PRIMA-1Met-induced anti-myeloma
activity by targeting c-Myc. Oncotarget
2016;7(6):7149-7160.

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

38. Lübbert M, Miller CW, Crawford L,
Koeffler HP. p53 in chronic myelogenous
leukemia. Study of mechanisms of differ-
ential expression. J Exp Med 1988;167(3):
873-886.

39. Akashi M, Hachiya M, Osawa Y, Spirin K,
Suzuki G, Koeffler HP. Irradiation Induces
WAF1 Expression through a p53-indepen-
dent Pathway in KG-1 Cells. J Biol Chem
1995;270(32):19181-19187.

40. Peng X, Zhang M-Q-Z, Conserva F, et al.
APR-246/PRIMA-1MET inhibits thioredox-
in reductase 1 and converts the enzyme to
a dedicated NADPH oxidase. Cell Death
Dis 2013;4e881.

41. Quentmeier H, Reinhardt J, Zaborski M,
Drexler HG. FLT3 mutations in acute
myeloid leukemia cell lines. Leukemia
2003;17(1):120-124.

42. Lierman E, Lahortiga I, Van Miegroet H,
Mentens N, Marynen P, Cools J. The ability
of sorafenib to inhibit oncogenic
PDGFRbeta and FLT3 mutants and over-
come resistance to other small molecule
inhibitors. Haematologica 2007;92(1):27-34.

PRIMA-1Met and AZA combination in TP53-mutant MDS/AML 

haematologica | 2020; 105(6) 1551


