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Abstract
AcquiredMDM2 inhibitor resistance is commonly caused by loss-of-functionTP53mutations. In addition
to the selection of TP53-mutant cells by MDM2 inhibitors, MDM2 inhibitor-induced DNA damage may
promote the formation of TP53 mutations. Here, we cultivated 12 sublines of the intrinsically MDM2
inhibitor-resistantTP53wild-type acutemyeloid leukaemia cell line PL21 for 52 passages in the presence of
ineffective concentrations of the MDM2 inhibitor nutlin-3 but did not observe loss-of-function TP53
mutations. This suggests that MDM2 inhibitors select TP53-mutant cells after mutations have occurred,
but do not directly promote TP53mutations. Unexpectedly, many sublines displayed increased sensitivity
to the anti-cancer drugs cytarabine, doxorubicin, or gemcitabine. Consequently, therapies can affect the
outcome of next-line treatments, even in the absence of a therapy response. This finding is conceptually
novel. A better understanding of such processes will inform the design of improved therapy protocols in
the future.
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Introduction

MDM2 (Mouse Double Minute 2) inhibitors, which activate p53 by inhibiting MDM2-mediated p53
degradation, are under development for the treatment of TP53 wild-type cancer [1]. The MDM2
inhibitor idasanutlin is currently investigated in clinical phase II and III trials for acute myeloid
leukaemia (AML; NCT02670044, NCT02545283).

Resistance formation of TP53 wild-type cancer cells to MDM2 inhibitors commonly results in the
formation of TP53mutations as resistance mechanism [2-8]. TP53mutations may be the consequence of
the selection of pre-existing TP53-mutant cell subpopulations or the induction of de novo TP53
mutations [3,5-7]. De novo TP53 mutations may be the consequence of the selection of cells in which
TP53 mutations have occurred by chance and which would have disappeared in the absence of the
selection pressure induced by an MDM2 inhibitor. However, MDM2 inhibitors may also actively
promote the formation of TP53 mutations by inducing DNA damage [9-12].
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Objective

We used the AML cell line PL21 to investigate whether MDM2 inhibitor-induced DNA damage may
promote the formation of TP53 mutations in the absence of a selection pressure. PL21 AML cells are
TP53 wild-type (Table 1) but intrinsically resistant to nutlin-3 (an MDM2 inhibitor closely related to
idasanutlin [9]), as indicated by a nutlin-3 IC50 of 20.49 μM (Figure 1, Table 1). Nutlin-3-sensitive cells
display nutlin-3 IC50 values in the very low micromolar range, while nutlin-3 concentrations above
20 μM are associated with non-specific, p53-independent effects [3,7]. Twelve PL21 sublines were
cultivated for 52 passages in the presence of nutlin-3 10 μM. The emergence of TP53 mutations in
response to nutlin-3 treatment would indicate mutagenic effects that promote the formation of TP53
mutations also in the absence of a selective pressure on p53.

Methods

PL21 cells (DSMZ, Braunschweig, Germany) were cultivated in the absence or presence of drug in
Iscove’s modified Dulbecco’s medium supplemented with 10% foetal calf serum, 100 IU/mL penicillin,
and 100 μg/mL streptomycin at 37 °C. Cells were routinely tested for mycoplasma contamination and
authenticated by short tandem repeat profiling.

The TP53 status was determined by next generation sequencing, and cell viability was measured using
eight drug concentrations by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay as previously described [3,7]. Based on the MTT data, concentrations that inhibit cell viability
by 50% (IC50) were determined using CalcuSyn (Biosoft, Cambridge, UK). Nutlin-3 was purchased from
Selleck Chemicals via BIOZOLGmbH (Eching, Germany). Cytarabine was obtained fromTocris via Bio-
TechneGmbH (Wiesbaden, Germany). Doxorubicin and gemcitabine were purchased fromTevaGmbH
(Ulm, Germany).

Results

All sublines had retained wild-type TP53 except for PL21rNutlin20XII and PL21rNutlin20XV, which
displayed an M66L variant (Table 1). This variant was present in 386 (3.2%) out of 11,945 reads from
the parental cell line and, hence not a de novomutation induced by nutlin-3 treatment. If it had been of
functional relevance, it would have been consistently selected by nutlin-3 treatment, as previously
shown in other cell lines [5-7]. Thus, this observation does not suggest that nutlin-3 may directly
induce TP53 mutations.

The 12 nutlin-3-treated PL21 sublines displayed an up to 3.1-fold variation in their nutlin-3
sensitivity (Figure 1, Table 1) and in their sensitivity to cytarabine (up to 6.7-fold), doxorubicin
(up to 7.7-fold), and gemcitabine (up to 40.8-fold). Twelve PL21 sublines that had been cultivated
for 52 weeks as control in parallel in the absence of nutlin-3 did not display any changes in their drug
sensitivity profiles (Table 2).

Discussion

Since treatment of PL21 cells with ineffective nutlin-3 concentrations did not result in loss-of-function
TP53mutations, TP53mutations in MDM2 inhibitor-adapted cells may be rather the consequence of
selection processes than of drug-induced mutations. In agreement, a fraction of MDM2 inhibitor-
adapted cell lines retains wild-type TP53 [3,7]. Unexpectedly, prolonged nutlin-3 treatment resulted in
increased sensitivity of a fraction of sublines to cytarabine, doxorubicin, or gemcitabine. In this context,
MDM2 inhibition has been shown to increase the cellular reactive oxygen species (ROS) levels [13,14],
and higher ROS levels were associated with increased cytarabine sensitivity [15]. Cytarabine and
anthracyclines are standard drugs for AML [16], and gemcitabine has recently been suggested as drug
candidate for paediatric AML [17]. This may be of clinical relevance in AML patients in whomMDM2
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Table 1. Drug concentrations that reduce the viability of PL21 and its sublines cultivated for 52 weeks in the presence of nutlin-3 (20 μM) by 50% (IC50) as indicated by MTT assay after
120 h of incubation.

TP53 status Nutlin-3 IC50 (μM) Cytarabine IC50 (ng/mL) Doxorubicin IC50 (ng/mL) Gemcitabine IC50 (ng/mL)

PL21 P72R1 20.49 � 6.61 19.42 � 6.28 56.12 � 7.50 24.56 � 1.34

PL21rNutlin20I P72R 19.84 � 3.69 (�1.03)2 7.12 � 1.68 (�2.73) 24.37 � 2.59 (�2.30) 20.38 � 4.43 (�1.21)

PL21rNutlin20II P72R 18.32 � 3.05 (�1.12) 24.4 � 8.58 (1.26) 64.85 � 8.17 (1.16) 32.11 � 5.12 (1.31)

PL21rNutlin20III P72R 17.81 � 2.01 (�1.15) 11.62 � 2.44 (�1.67) 23.16 � 3.84 (�2.42) 10.54 � 2.46 (�2.33)

PL21rNutlin20V P72R 7.86 � 3.11 (�2.61) 15.86 � 0.67 (�1.22) 10.24 � 8.16 (�5.48) 0.84 � 0.31 (�29)

PL21rNutlin20VI P72R 18.25 � 2.83 (�1.12) 10.42 � 0.54 (�1.86) 78.59 � 1.01 (1.40) 14.37 � 0.40 (�1.71)

PL21rNutlin20VII P72R 20.00 � 0.71 (�1.02) 31.57 � 3.80 (1.63) 51.99 � 22.53 (�1.08) 10.74 � 4.11 (�2.29)

PL21rNutlin20VIII P72R 21.18 � 1.93 (1.03) 9.96 � 1.12 (�1.95) 38.66 � 4.55 (�1.45) 17.50 � 2.37 (�1.40)

PL21rNutlin20IX P72R 18.29 � 1.44 (�1.12) 8.28 � 2.11 (�2.35) 49.20 � 19.50 (�1.14) 9.55 � 1.03 (�2.57)

PL21rNutlin20X P72R 22.94 � 1.28 (1.12) 9.24 � 4.37 (�2.10) 22.44 � 2.99 (�2.50) 24.13 � 1.60 (�1.02)

PL21rNutlin20XII P72R, M66L 16.51 � 4.32 (�1.24) 13.24 � 1.50 (�1.47) 29.54 � 17.59 (�1.90) 23.53 � 13.48 (�1.04)

PL21rNutlin20XIV P72R 20.25 � 3.97 (�1.01) 4.71 � 0.58 (�4.12) 26.08 � 5.95 (�2.15) 10.43 � 2.94 (�2.35)

PL21rNutlin20XV P72R, M66L 24.29 � 2.00 (1.19) 31.76 � 1.78 (1.64) 30.25 � 3.81 (�1.86) 34.27 � 13.55 (1.40)

1Polymorphism that does not affect p53 function.
2Fold change relative to PL21.
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Figure 1. Drug sensitivity profiles of the AML cell line PL21 and its sublines cultivated in the presence of nutlin-3 (10 μM) for
52 weeks. Concentrations that inhibit cell viability by 50% (IC50, mean � SD from three independent experiments) as
determined by MTT assay after 120 h incubation and IC50 fold changes relative to PL21 were determined for nutlin-3 (A),
cytarabine (B), doxorubicin (C), and gemcitabine (D). * P < 0.05 relative to PL21.

4 Martin Michaelis et al.

https://doi.org/10.1017/exp.2019.1 Published online by Cambridge University Press

https://doi.org/10.1017/exp.2019.1


inhibitor treatment may modify the efficacy of next-line therapies, even if there is no response to
MDM2 inhibitor therapy.

Conclusion

Our data do not provide evidence thatMDM2 inhibitorsmay exertmutagenic effects that would promote
the formation of loss-of-function TP53mutations. MDM2 inhibitors rather seem to select TP53-mutant
cells after mutations have occurred. Surprisingly, we found that cultivation of PL21 cells in the presence
of ineffective nutlin-3 concentrations resulted in increased drug sensitivity in a substantial fraction of
sublines. This is conceptually important, because our findings show that non-effective therapies can
affect the outcome of next-line therapies. A better understanding of such processes may inform therapy
protocols in the future. Our study also illustrates how cancer cell lines as permanent preclinical model
systems can be used to produce findings that cannot be made in the clinics, because different treatment
schedules cannot be compared in the same patient.
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