Single-molecule DNA sequencing of acute myeloid
leukemia and myelodysplastic syndromes with
multiple TP53 alterations

Although the frequency of TP53 mutations in hemato-
logic malignancies is low, these mutations have a high
clinical relevance and are usually associated with poor
prognosis. Somatic TP53 mutations have been detected
in up to 73.3% of cases of acute myeloid leukemia
(AML) with complex karyotype and 18.9% of AML with
other unfavorable cytogenetic risk factors." AML with
TP53 mutations, and/or chromosomal aneuploidy, has
been defined as a distinct AML subtype. In low-risk
myelodysplastic syndromes (MDS), TP53 mutations
occur at an early disease stage and predict disease pro-
gression.” TP53 mutation diagnosis is now part of the
revised European LeukemiaNet (ELN) guidelines.**

The use of next generation sequencing (NGS), particu-
larly ultra-deep sequencing, has led to the discovery that
patients with either MDS or AML (either de novo, second-
ary or therapy-related) present multiple TP53 mutations,
suggesting that several TP53 independent clones may co-
exist.” Patient follow up also reveals a highly dynamic
evolution of these mutations during disease progression
in treated and untreated patients.”” This observation is in
line with the recent recognition that human tumors har-
bor an extensive genetic intratumoral heterogeneity.®
These findings will likely have implications for therapy
and biomarker discovery, and determination of genetic
complexity is becoming part of clinical decision-making
processes in the age of precision medicine.

In this report, in silico analysis of the UMD_TP53 data-
base showed that TP53 variants detected in patients
with multiple TP53 alterations are fully oncogenic.
Furthermore, using long-range single-molecule real-time
(SMRT) sequencing on AML and MDS patients harbor-
ing multiple TP53 mutations, we showed that all of
these variants are localized on different subclones,
emphasizing the considerable tumor heterogeneity in
these patients.

The 2017 release of the UMD_TP53 database contains
the mutation status of 75,448 patients, including 922
cases of AML and 899 cases of MDS (Ounline
Supplementary Table S1).”"° Among these patients, 158
MDS cases (22.3%) and 99 AML cases (13%) harbor
more than one TP53 variant in their tumors, higher than
the rate observed in solid tumors (Online Supplementary
Table S1). Chronic Lymphocytic Leukemia (CLL) patients
also harbor a high frequency of tumors with multiple
TP53 mutations. This feature has been observed with
increasing frequency over recent years with the advent
of deep sequencing techniques. Whether or not all of the
multiple variants identified in these patients are truly
deleterious or comprise a mix of driving and passenger
mutations has never been addressed. The UMD_TP53
database includes quantitative functional data for all
TP53 missense variants and can therefore be used to
determine whether patients with multiple 7P53 muta-
tions frequently harbor non-deleterious TP53 variants.
Analysis of the 257 AML and MDS cases with more than
one TP53 variant showed that the majority (98%) of
these variants are true deleterious TP53 mutations with
complete loss of function and not simply random pas-
senger mutations co-selected during tumor progression
(Online Supplementary Table S2 and Online Supplementary
Figure S1 a to e). A few non-deleterious variants have
been identified, but they are likely very rare non-somatic
polymorphisms.

To further demonstrate the presence and the dynamics
of multiple independent tumor clones in AML and MDS,
we have developed a novel, third-generation single-mol-
ecule real-time (SMRT) sequencing assay using the
Pacific Biosciences platform with long-read lengths that
span the most frequently mutated region of the TP53
gene. Sanger sequencing cannot be used to define the
allelic distribution of multiple TP53 variants. This is also
true for standard NGS if the two variants are more than
200 base pairs apart. On the other hand, SMRT analysis
can be used to phase mutations located multiple kilobas-
es apart directly from sequencing reads.

Eleven patients harboring multiple 7P53 mutations in
their tumors were enrolled. For 3 patients, sequential
samples were available to assess the evolution of the var-
ious variants. The TP53 status of these patients was
already defined according to stringent clinical criteria
using either Sanger sequencing or standard NGS (Online
Supplementary Material and Online Supplementary Table
S3). In silico analysis of all these variants using the
UMD_TP53 database showed that they were true dele-
terious TP53 mutations that have already been described
in various types of cancer (Online Supplementary Table
S1).

The majority of mutations detected for clinical evalua-
tion were readily identified by SMRT, except for 2 vari-
ants that were not included in the amplicon used for
analysis. SMRT identified 5 mutations that were not
identified by clinical analysis (Online Supplementary Table
S3 and Online Supplementary Figure S2). Manual examina-
tion of the sequencing data performed for clinical analy-
sis confirmed that 2 of these mutations were detected at
a frequency below the cut-off used for the analysis
(Table 1). Most of the remaining mutations detected by
SMRT were present at a very low frequency (Online
Supplementary Figure S2). The variant allele frequency
(VAF) observed for each variant detected by the two
analyses was remarkably similar, despite being per-
formed in different centers according to very different
methodologies (Online Supplementary Figure S3).

Our analysis shows that all oncogenic TP53 variants
were located in different alleles (Table 1 and Ounline
Supplementary Figures S4a to S4k). For two samples,
patient Fr7, sample 7b and patient Fr2, the close proxim-
ity of two TP53 variants allowed analysis of the align-
ment obtained after standard NGS and confirmed that
these mutations were carried by different alleles (Online
Supplementary Figures S5 and S6). For 2 samples, the allel-
ic distribution was also confirmed by the observation
that the different TP53 variants were associated with dif-
ferent TP53 haplotypes (Online Supplementary Figure S4 j
and k, patients Fr10 and Fr11).

Figure 1 shows a typical result observed for two sam-
ples collected 5 years apart from a patient with multiple
TP53 mutations. Of note, the diagnostic sample was neg-
ative with standard NGS and was therefore not used for
SMRT analysis. In the first sample analysed by SMRT,
clinical analysis identified two pathogenic TP53 muta-
tions confirmed by SMRT. SMRT analysis also identified
two novel TP53 mutations at very low frequency and
showed that the 4 variants were distributed in different
TP53 molecules. The two novel variants were readily
identified in the second sample collected 5 years later.
New TP53 variants were also identified by both method-
ologies (2 variants) and 2 additional variants were found
at low frequency by SMRT (Figure 1). All these variants,
carried by different TP53 molecules, were true driver
mutations already identified in multiple tumor types, as
shown by their high frequency in the UMD_TP53 data-
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base. This dynamic evolution of the various subclones can Using both in silico analysis and SMRT sequencing, we
also lead to the elimination of certain subclones, as shown  demonstrate that the presence of multiple subclones with
for patient Fr10 with the disappearance of TP53 variants  different TP53 variants is a common feature in AML and
(Online Supplementary Figure S4]). MDS. All TP53 variants detected in MDS and AML

Table 1. Patient characteristics. More information is available in Online Supplementary Table S1.
Patient Sample Sex/Age Hematologic Treatment TP53 TP53 TP53 Allelic

(diagnosis) malignancy* alteration  alteration Mutation* distribution®
(clinical)>  (SMRT)*
Frl Frl M/77 De novo MK-AML No (at diagnosis, Yes Yes c.673-2A>G NR
before treatment)
Yes No® ¢.897_912dell5 NR
Fr2 Fr2 M63  De novo MK-AML No (at diagnosis, Yes Yes c.673-2A>T Yes
before treatment)
Yes Yes c.743G>A Yes
Fr3 Fr3 F/13 De novo MK-AML No (at diagnosis, Yes Yes c413C>T Yes
before treatment)
Yes Yes c.794T>C Yes
Frd Frd F/18 De novo MK-AML No (at diagnosis, Yes Yes ¢.395A>G Yes
before treatment)
Yes Yes c.824G>T Yes
Fr5 Fr5 F/73 De novo MK-AML No (at diagnosis, Yes Yes c.637C>T Yes
before treatment) Yes Yes c455C>T Yes
Yes Yes cA455C>T Yes
Fr6 Fr6 F/75 s-AML (post LR-MDS del5q) ~ Yes Yes No ¢.524G>A NR
(Lenalidomide)
Yes Yes c.344C>T NR
Fr7a Yes Yes c.314G>T Yes
Yes Yes c.743G>A Yes
No Yes c.818G>A Yes
No Yes c.742C>T Yes
Fr7’ F/73 LR-MDS delq Yes Yes Yes c.314G>T Yes
(Lenalidomide) Yes Yes c.743G>A Yes
Yes Yes c.584T>A Yes
Fr7b Yes Yes c.614A>G Yes
Yes Yes c.818G>A Yes
Yes Yes c.833C>G Yes
No Yes ¢.524G>A Yes
No Yes ¢.659A>G Yes
Fr8 Fr8 F/72 s-AML (post LR-MDS del5q) ~ Yes Yes Yes c.725G>T NR
(Lenalidomide) Yes No ¢.920-1G>A NR
Froaé s-AML (post LR-MDS del5q) ~ Yes Yes Yes cA21T>G Yes
Fr9 M/76 (Lenalidomide) Yes Yes c.71G>T Yes
Fr9b s-AML (post LR-MDS del5q) Yes Yes cA21T>G Yes
Yes’ Yes c.111G>T Yes
Frl0a LR-MDS del5a Yes Yes Yes c.743G>A Yes
Fr10® M/69 (Lenalidomide) Yes Yes c.344C>T Yes
Yes Yes c817C>T Yes
Fr10b s-AML (post LR-MDS del5a)  Yes
(Lenalidomide) Yes Yes c.743G>A Yes
Yes Yes c.844C>T Yes
Frila F/85 LR-MDS del5q Yes Yes’ Yes ¢.659A>G Yes
Fri1" (Lenalidomide) Yes" Yes c.840A>T NR
No Yes c.701A>G Yes
Frilb F/85 LR-MDS del5q Yes Yes Yes c.701A>G Yes
(Lenalidomide) Yes Yes c.659A>G Yes
Yes Yes c.840A>T Yes

'MK-AML: Monosomal karyotype AML; LR-MDS: Lower-risk-MDS; “Identification of 7P53 mutations for clinical analysis using conventional Sanger sequencing (VAF cut-off:
10-15%)or standard NGS (VAF cut-off: 1%); “Identification of TP53 mutations using SMRT sequencing. ‘TP53 variant description using the NM_000546.5 reference. A full
description of the mutations and their consequences is presented in Online Supplementary Table S1.Yes: mutations are located on different alleles; NR: not relevant.
‘Mutation outside the amplicon used for SMRT analysis. 'Samples Fr7a and Fr7b were taken at an interval of 59 months. *Sample 9a and 9b: DNA extracted from a frozen
pellet from whole blood leukocytes or a cytogenetic pellet from bone marrow, respectively (same sampling date).‘Mutation detected by SMRT and identified at very low
frequency by reviewing the standard NGS data. "Sample Fr10a and Fr10b were taken at an interval of 7 months. "Sample Frlla and Frl11b were taken at an interval of 9
months. "Mutation detected at high frequency in the second sample and identified at low frequency by reviewing the data of the first sample.
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patients by SMRT sequencing are true, physically inde-
pendent TP53 variants, confirming the results of indirect
computational studies currently used to infer cancer het-
erogeneity. It is highly likely that each TP53 variant
belongs to an independent subclone arising from a wild-
type TP53 founder clone. The observation of multiple
subclones with different TP53 variants in these patients
suggests the occurrence of a specific genetic background
in the founder clones that requires TP53 inactivation for
further progression. All of these subclones present a high-
ly dynamic evolution, but it remains to be determined
whether this evolution is driven by treatment, a natural
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characteristic of the tumor or both. A recent study on
1,514 MDS patients after stem-cell transplantation
showed that 283 patients (19%) had at least one onco-
genic TP53 mutation and a poor overall survival."! One
hundred and two (36%) of these patients had more than
one TP53 variant (range 2-60). It is likely that the use of a
sensitive methodology for DNA sequencing will reveal
that tumors with multiple TP53 variants constitute a gen-
eral feature raising potential problems for treatment
options. Finally, in this report, we demonstrate the effi-
ciency of SMRT sequencing for the analysis of complex
samples. The rapid progress in NGS, combining longer
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Figure 1. Clinical course and TP53 mutation analysis on patient Fr7. A. Patient Fr7 was diagnosed in February 2007 with lower-risk MDS with del5qg with no
TP53 mutations detected at a cut-off of 1%. One year after initiation of red blood cell (RBC) transfusion for anemia, patient Fr7 was treated with lenalidomide
at a dosage of 5 mg/day, but rapidly experienced major adverse effects, leading to reduction of the dosage to 5 mg every other day (or less in a context of poor
adherence). Five months after onset of therapy, 2 TP53 mutations were identified together with improvement of anemia. Five years later, in July 2013 (and until
the present time), patient Fr7 was still alive and with no disease progression to secondary AML despite growth of at least 6 TP53-mutant clones, suggesting pos-
sible clonal equilibrium due to competition between the numerous mutant clones. B. Sanger sequencing and/or standard NGS analysis is shown in the upper
part with 2 and 6 mutations in sample 7a and 7b, respectively. No allelic distribution can be inferred from this type of analysis. SMRT sequencing (lower part)
provides an accurate picture of the allelic distribution of each TP53 variant, as well as the remaining wt allele. The frequencies of the 9 different alleles are
shown in brackets. Red triangle: TP53 variants identified by both types of analysis. White triangle: TP53 variants detected only by SMRT sequencing.
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reads, increased sensitivity and decreased costs, will allow
investigation of the whole sequence of clinically relevant
genes in a single analysis. Long-read RNA-seq analysis
could also be used to address the issue of TP53 alternative
spliced transcripts that have already been described to be
of clinical interest in AML."
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