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The role of subclonal TP53 mutations, defined by a variant allele
frequency of <20%, has not been addressed in acute myeloid
leukemia yet. We, therefore, analyzed their prognostic value in a

cohort of 1,537 patients with newly diagnosed disease, prospectively
treated within three trials of the “German-Austrian Acute Myeloid
Leukemia Study Group”. Mutational analysis was performed by targeted
deep sequencing and patients with TP53mutations were categorized by
their variant allele frequency into groups with frequencies >40%, 20%-
40% and <20%. A total of 108 TP53 mutations were found in 98
patients (6.4%). Among these, 61 patients had variant allele frequencies
>40%, 19 had variant allele frequencies between 20%-40% and 18 had
frequencies <20%. Compared to specimens with clonal TP53mutations,
those with subclonal ones showed significantly fewer complex kary-
otypes and chromosomal losses. In either TP53-mutated group, patients
experienced significantly fewer complete responses (P<0.001) and had
worse overall and event-free survival rates (P<0.0001). In Cox regression
analyses adjusting for age, white blood cell count, cytogenetic risk and
type of acute myeloid leukemia, the adverse prognostic effect of TP53
mutations remained significant for all TP53-mutated subgroups. These
data suggest that subclonal TP53 mutations are a novel prognostic
parameter in acute myeloid leukemia and emphasize the usefulness of
next-generation sequencing technologies for risk stratification in this dis-
order. The study was registered at ClinicalTrials.gov with number
NCT00146120.
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ABSTRACT

Introduction

Acute myeloid leukemia (AML) is an aggressive malignancy with an annual, age-
adjusted incidence of 3.5 cases per 100,000 adults, rising to 15-20 cases per 100,000
above the age of 60 years.1 It, therefore, contributes substantially to morbidity and
mortality of the elderly. The pathogenesis of AML represents a multistep process
involving mutagenesis, epigenetic dysregulation and formation of copy number
aberrations. During the process of leukemogenesis, initiating mutations affect
hematopoietic stem and progenitor cells, giving rise to preleukemic/leukemic stem
cells and, ultimately, frank leukemia. Virtually every AML genome is characterized
by a number of subclones of variable size. These subclones may have different
pathobiological properties as well as responses to antileukemic treatments.2-4

Aberrations of the TP53 tumor suppressor gene have been described in a variable
number of cases of AML. They are present in less than 10% of cases of de novoAML,
whereas their rates in therapy-related AML and erythroid leukemias exceed 20%
and 90%, respectively.5-7 These aberrations include gene mutations, most of which
are located within the DNA binding domain of the gene, and/or deletions of differ-
ent sizes affecting the TP53 locus on chromosome 17p13. Although the majority of



TP53 aberrations are somatically acquired, constituting an
early leukemogenic event, germline mutations are increas-
ingly being recognized, predominantly in patients with
therapy-related AML.8,9 Aberrations of TP53 are associated
with an exceedingly adverse prognosis as demonstrated by
several independent reports.5,10,11 Recently, it was shown
that TP53mutations and deletions encompassing the TP53
locus have a different prognostic impact in AML, with only
mutations but not deletions significantly influencing sur-
vival of these patients.12 As a consequence, testing for TP53
mutations has been introduced into the 2017 recommen-
dations of the European LeukemiaNet.13
However, in the studies performed so far, TP53 muta-

tions were assessed as a dichotomous variable only. With
the advent of next-generation sequencing technologies,
mutational subclones can now be detected with high sen-
sitivity. Here, we aimed to investigate the clinical charac-
teristics associated with subclonal TP53 mutations and
their prognostic impact in a large cohort of AML patients
prospectively treated within studies of the “German-
Austrian AML Study Group” (AMLSG).

Methods

The study was approved by the ethics committees of the
University of Ulm, Germany, and the Medical University of Graz,
Austria and conducted in accordance with REMARK guidelines
(“REporting recommendations for tumor MARKer prognostic
studies”).14

Study participants
Data from a total of 1537 intensively treated AML patients

enrolled in three prospective, multicenter, clinical trials of the
AMLSG were analyzed.15-17 Details of these studies as well as a list
of AMLSG investigators and centers are provided in the Online
Supplementary Appendix. 

Sequence analysis
Genetic profiling of  a total of 1,537 diagnostic AML specimens

using a targeted sequencing approach with 111 genes associated
with myeloid neoplasms was reported previously for this com-
bined cohort.2 Sequencing data were deposited in the European
Genome-Phenome Archive (www.ebi.ac.uk/ega, accession number
EGAS00001000275) and retrieved for the present study.
Methodological details are provided in the Online Supplementary
Methods together with information on ultradeep sequencing used
for the analysis of selected, sequential patients’ samples.

Statistical analysis
The study was designed to assess differences in overall survival

between AML patients exhibiting a TP53 wild-type status and
those with subclonal TP53 mutations. Based on data from
Papaemmanuil et al.2 an absolute reduction of 35% in 3-year over-
all survival compared to that of patients with a TP53wild-type sta-
tus should be detectable using a sample size of 574 patients assum-
ing an overall survival rate of 55% for TP53wild-type patients and
a frequency of 5% for TP53muted subclones with a variant allele
frequency (VAF) as low as 5% (power=90%; α=0.05). 
The main outcome parameters assessed were overall survival

and event-free survival, as defined by the European
LeukemiaNet.13 We determined median survival times and esti-
mated 3-year survival rates along with their 95% confidence inter-
vals (95% CI). Survival rates of patients with a TP53wild-type sta-
tus and patients with TP53 mutations were plotted using the

Kaplan-Meier method and compared by the log-rank test. In addi-
tion, TP53-mutated patients were further categorized according to
their VAF (>40%, 20%-40%, <20%). This categorization into
three different groups according to the TP53 VAF was based on
different biological features regarding concomitant chromosomal
aberrations as outlined in the “Results” section. It also allowed a
comparison with previous reports on the impact of TP53 VAF in
patients with myelodysplastic syndromes.18,19 Univariable and
multivariable Cox regression analyses were performed to identify
relevant prognostic factors. We assessed age, white blood cell
count, cytogenetic risk group and type of AML (de novo, secondary
or therapy-related) in addition to the TP53 status. Hazard ratios
(HR) are presented along with their 95% CI. To compare patients’
characteristics among the groups defined by their TP53 status and
VAF, we performed a Fisher exact test for categorical parameters
and the Kruskal-Wallis or Mann-Whitney-U tests, respectively, for
continuous parameters. If the overall test between the three TP53
VAF groups showed statistically significant differences (α=0.05),
post-hoc tests were performed. Due to the multiple groups tested,
we employed a Bonferroni correction and considered a P-value of
<0.017 as statistically significant. All statistical analyses were con-
ducted using R version 3.4.4 (https://www.r-project.org). 

Results

Characteristics of TP53-mutated subclones in acute
myeloid leukemia
A total of 1,537 patients, enrolled in the AMLSG trials

HD98A, HD98B and 07-04, were evaluated in this study.
Their clinical characteristics are shown in Table 1. Of
those patients, 1,408 (91.6%) had de novo AML, 61 (4.0%)
had secondary AML following myelodysplastic syn-
dromes and 68 (4.4%) had therapy-related AML. The
median follow-up of all patients was 25 months (range, 0
- 219.6). 
When analyzing diagnostic AML specimens, 108 patho-

genic TP53 mutations were found in 98 (6.4%) patients.
Seven patients exhibited two TP53 mutations each and
one patient had four. A detailed presentation of the muta-
tions detected in this cohort is given in Online
Supplementary Table S1. When categorizing the 98 patients
with TP53 mutations according to their maximum VAF,
we found 61 (62.2%) with a VAF >40% representing the
major AML clone,  19 (19.4%) with a VAF between 20%
and 40% and 18 (18.4%) with a VAF <20%, this last group
representing subclones. The vast majority of TP53 muta-
tions in all groups were missense mutations located in the
DNA binding domain of the gene. Neither type of the
mutation nor its location showed a statistically significant
difference among the three TP53-mutated subgroups
(P=0.279 for mutation type and P=0.687 for mutation
location) (Figure 1). As compared to AML patients with
TP53 wild-type, those with clonal and subclonal TP53
mutations showed significantly lower white blood cell
counts as well as peripheral blood and bone marrow blasts
(Table 1). 
It is well documented that clonal TP53 mutations are

highly associated with complex karyotypes as well as
marker chromosomes arising from chromothripsis.20,21 As
shown in Table 2, a significant association with complex
karyotypes was observed for TP53 mutations with a VAF
of >40% and between 20% and 40%, but not for subclon-
al ones with a VAF of <20%. There was also a statistically
significant difference between TP53 wild-type and TP53
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Table 1. Patients’ characteristics.
                                                                                                                                                                                  TP53 mutated
                                                       TP53 wild-type          TP53 mutated        P-value                 VAF<20%              VAF 20%-40%               VAF>40%
                                                            (N=1439)                     (N=98)                                              (N=18)                     (N=19)                      (N=61)

Gender                                                                                                                                        0.116                                                                                                                
male                                                            758 (52.7%)                    60 (61.2%)                                                  9 (50.0%)                    14 (73.7%)                    37 (60.7%)
female                                                        681 (47.3%)                    38 (38.8%)                                                  9 (50.0%)                     5 (26.3%)                     24 (39.3%)
Age (median, years) [range]              49.4 [18.3-84.5]             57.4 [20.0-78.8]           <0.001                 58.1 [20.0-73.3]           56.9 [28.4-76.4]            56.9 [28.2-78.8]
Type of AML                                                                                                                               0.002                                                                                                                
de novo                                                     1326 (92.1%)                   82 (83.7%)                                                  18 (100%)                    14 (73.7%)                    50 (82.0%)
secondary                                                    57 (4.0%)                        4 (4.1%)                                                     0 (0.0%)                       1 (5.3%)                        3 (4.9%)
therapy-related                                          56 (3.9%)                      12 (12.2%)                                                   0 (0.0%)                      4 (21.1%)                      8 (13.1%)
WBC (median, 109/L) [range]             15.6 [0.2-532.7]              4.8 [0.5-145.4]            <0.001                  3.0 [1.0-133.2]              3.3 [0.5-43.3]               7.7 [1.0-145.4]
PB blasts (median, %) [range]          38.0 [0.0-100.0]              19.0 [0.0-96.0]              0.001                     5.0 [0.0-96.0]              11.0 [0.0-83.0]              31.0 [0.0-92.0]
BM blasts (median, %) [range]         76.0 [0.0-100.0]            60.0 [14.0-100.0]            0.002                  46.0 [18.0-100.0]          60.0 [14.0-90.0]            69.0 [20.0-95.0]
Cytogenetic risk                                                                                                                      <0.001                                                                                                              
low                                                              202 (15.1%)                      2 (2.4%)                                                     0 (0.0%)                       1 (6.2%)                        1 (1.9%)
intermediate                                             930 (69.9%)                    11 (13.1%)                                                  6 (42.9%)                      0 (0.0%)                        5 (9.3%)
high                                                             199 (15.0%)                    71 (84.5%)                                                  8 (57.1%)                    15 (93.8%)                    48 (88.9%)
ELN 2010 risk                                                                                                                          <0.001                                                                                                              
favorable                                                    421 (33.2%)                      2 (2.4%)                                                     1 (7.1%)                       1 (6.2%)                        0 (0.0%)
intermediate-1                                         402 (31.7%)                      7 (8.3%)                                                    4 (28.6%)                      0 (0.0%)                        3 (5.6%)
intermediate-2                                         258 (20.4%)                      4 (4.8%)                                                     1 (7.1%)                       0 (0.0%)                        3 (5.6%)
high                                                             186 (14.7%)                    71 (84.5%)                                                  8 (57.1%)                    15 (93.8%)                    48 (88.9%)
Complete remission                                1221 (84.9%)                   47 (48.0%)               <0.001                     10 (55.6%)                   11 (57.9%)                    26 (42.6%)
Consolidation therapy                              998 (69.4%)                    33 (33.7%)               <0.001                      6 (33.3%)                     8 (42.1%)                     19 (31.1%)
chemotherapy                                          578 (57.9%)                    14 (42.4%)                                                  3 (50.0%)                     4 (50.0%)                      7 (36.8%)
autologous HSCT                                       87 (8.7%)                        1 (3.0%)                                                     0 (0.0%)                      1 (12.5%)                       0 (0.0%)
allogeneic HSCT                                      333 (33.4%)                    18 (54.5%)                                                  3 (50.0%)                     3 (37.5%)                     12 (63.2%)
Relapse                                                        584 (47.8%)                    32 (68.1%)                 0.007                        5 (50.0%)                     9 (81.8%)                     18 (69.2%)

VAF: variant allele frequency; WBC: white blood cells; PB: peripheral blood; BM: bone marrow; ELN: European LeukemiaNet; HSCT: hematopoietic stem cell transplantation.
Numbers presented are N (%) if not otherwise specified.

Figure 1. Distribution of 108 TP53 mutations found in diagnostic specimens of 98/1537 patients with acute myeloid leukemia. Top panel: TP53 mutations with a
variant allele frequency (VAF) of >40%; middle panel: mutations with a VAF of 20%-40%; lower panel: mutations with a VAF <20%. Missense mutations are marked
in black, nonsense in red, insertions/deletions in blue and essential splice site mutations in purple. Despite different VAF, the vast majority of TP53 mutations are
missense mutations located within the DNA binding domain of the gene.



mutated cases with respect to marker chromosomes
(2.9% versus 59.8%; P<0.001), however, no significant dif-
ference was observed among the three TP53-mutated sub-
groups. Furthermore, in the group with subclonal TP53
mutations, a significantly lower number of chromosomal
losses was detected as compared to the number in the
group with clonal TP53 mutations. The frequency of the
chromosomal aberrations -5/5q-, -7/7q- and -17/17p- did
not differ significantly among the three TP53-mutated
groups, nor did the total number of chromosomal gains.
The number of cooperating driver mutations was low
with zero to five mutations detected per sample and did
not differ significantly between the TP53-mutated groups.
Mutations in DNMT3A (14/98), NRAS (8/98), FLT3 (7/98)
and PTPN11 (7/98) were the most frequent cooperating
mutations (Figure 2).

Impact of TP53-mutated subclones on survival 
of patients with acute myeloid leukemia
Of 1,537 patients undergoing induction therapy, 1,268

(82.5%) achieved complete remission. The complete
remission rate was significantly inferior in the TP53-
mutated cohort (48.0% versus 84.9% for TP53 wild-type
patients, P<0.001) but equally distributed among the VAF-
based groups (TP53 VAF >40%, 42.6%; 20%-40%,
57.9%; <20%, 55.6%; P=0.424) (Online Supplementary
Figure S1). A total of 1,031 patients (67.1%) underwent
consolidation therapy and of those, 439 (42.6%) received
hematopoietic stem cell transplantation (351 allogeneic
and 88 autologous; 42.1% of  consolidated TP53wild-type
patients and 57.6% of TP53-mutated patients) (Table 1).
The relapse rate was significantly higher in the TP53-
mutated cohort (68.1% versus 47.8% for TP53 wild-type
patients, P=0.007) but did not differ significantly among
the TP53-mutated subgroups (TP53 VAF >40%, 69.2%;
20%-40%, 81.8%; <20%, 50.0%; P=0.336) (Table 1).
Within the TP53-mutated cohort, patients who under-
went allogeneic hematopoietic stem cell transplantation
had a significantly better event-free survival than those
given chemotherapy or autologous hematopoietic stem
cell transplantation [HR, 0.25 (95% CI: 0.11-0.58);
P=0.001]. No significant difference was observed for over-
all survival [HR, 0.47 (95% CI: 0.22-1.01); P=0.054].

The estimated median overall survival for the entire
cohort was 28.1 months (95% CI: 24.3-33.5) but differed
substantially between TP53 wild-type and TP53-mutated
patients [33.6 months (95% CI: 28.4-45.0) versus 6.5
months (95% CI: 5.0-8.2)]. The median overall survival
was short in all TP53-mutated subgroups (TP53 VAF
>40%, 5.8 months; 20%-40%, 6.9 months; <20%, 6.9
months). The estimated 3-year overall survival rate for the
entire cohort was 46.5% (95% CI: 44.0-49.1) with notable
differences between TP53 wild-type and TP53-mutated
patients [49.1% (95% CI: 46.5-51.8) versus 8.3% (95% CI:
4.3-16.2)]. Again, 3-year overall survival rates were low in
each of the TP53-mutated groups (TP53 VAF >40%,
11.5%; 20%-40%, 5.3%; <20%, 0%) (Figure 3A,B, Online
Supplementary Table S2). 
The estimated median event-free survival for the entire

cohort was 15.0 months (95% CI: 13.6-16.5) with that for
TP53wild-type patients being 16.5 months (95% CI: 15.0-
18.2) and that for TP53-mutated patients being 5.7
months (95% CI: 4.3-7.4). The median event-free survival
was short in all TP53-mutated subgroups (TP53 VAF
>40%, 5.2 months; 20%-40%, 6.9 months; <20%, 6.5
months). The estimated 3-year event-free survival rate for
the entire cohort was 36.3% (95% CI: 33.9-38.8) with a
pronounced difference between TP53 wild-type and
TP53-mutated patients [38.3% (35.9-40.9) versus 6.3%
(2.9-13.6)]. As for overall survival, 3-year event-free sur-
vival rates were low in all TP53-mutated subgroups (TP53
VAF >40%, 9.8%; 20%-40%, 0%; <20%, 0%).(Figure
4A,B, Online Supplementary Table S3). 
Table 3 and Online Supplementary Table S4 present the

results of the Cox regression analyses assessing the impact
of TP53 mutational status on overall and event-free sur-
vival. The models contain the different VAF groups, age,
white blood cell count, cytogenetic risk group and type of
AML as predictors. Whereas all of the factors assessed
showed a significant impact on both outcome parameters
in the initial univariable analysis, type of AML did not
remain significant for event-free survival in the multivari-
able model. Importantly, each of the TP53-mutated groups
showed significantly worse overall and event-free survival
compared to the TP53 wild-type group. For overall sur-
vival, the HR (95% CI), for the comparison with TP53
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Table 2. Chromosomal aberrations and cooperating gene mutations found in 98 acute myeloid leukemia patients with TP53 mutations according
to their variant allele frequency. 
                                                                                                                                                                                           Post-hoc tests
                                                          VAF<20%          VAF 20%-40%         VAF>40%     Overall P-value*          <20%               <20%              20%-40% 
                                                                                                                                                                           vs.                   vs.                      vs. 
                                                                                                                                                                       20%-40%            >40%                 >40%

Complex karyotype                                   7 (50.0%)               14 (87.5%)             46 (85.2%)                0.019                         0.046                     0.009                       1.000
Marker chromosome                               4 (28.6%)               11 (73.3%)             34 (64.2%)                0.030                         0.027                     0.031                       0.758
-5/5q-                                                            7 (38.9%)                8 (42.1%)              31 (50.8%)                0.625                                                                                           
-7/7q-                                                            4 (22.2%)                6 (31.6%)              15 (24.6%)                0.799                                                                                           
-17/17p-                                                         1 (5.6%)                 4 (21.1%)              16 (26.2%)                0.201                                                                                           
N. of losses, median [range]              1.0 [0.0-8.0]           4.0 [0.0-13.0]         5.0 [0.0-13.0]              0.028                         0.056                     0.008                       0.806
N. of gains, median [range]                 1.0 [0.0-6.0]            4.5 [0.0-9.0]           3.0 [0.0-9.0]               0.050                                                                                           
N. of cooperating mutations,
median [range]                                       1.0 [0.0-4.0]            0.0 [0.0-3.0]           1.0 [0.0-5.0]               0.255                                                                                           
* Post-hoc tests were only performed if the overall test was significant at the 0.05 significance level. Due to multiple group comparisons in the post-hoc tests, a P-value of <0.017
was considered statistically significant therein.(a) With respect to marker chromosomes, data refer to a total of 82 analyzed, TP53mutated cases (VAF <20%, n=14; 20%-40%, n=15;
>40%, n=53).(b) The number (N.) of losses, gains and cooperating mutations refers to the total number of specific aberrations observed per sample.
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Figure 2. Concurrent
gene mutations in 98
TP53-mutated cases of
acute myeloid leukemia
divided by functional
classes.  Of those speci-
mens with two or more
TP53 mutations, only the
one with the highest vari-
ant allele frequency
(VAF) is listed. Each col-
umn represents an indi-
vidual patient with the
total number of cooper-
ating events stated at
the bottom. Each colored
box represents a muta-
tion of the gene listed at
the left. The red vertical
lines indicate the 40%
and 20% cut-offs with
respect to TP53 VAF. #:
number.

Figure 3. Kaplan-Meier analysis of overall survival in 1,537 patients with acute myeloid leukemia stratified by TP53 mutational status. (A) Overall survival: TP53
wild-type patients versus TP53-mutated patients. (B) Overall survival: TP53 wild-type patients versus patients in the three groups with the defined variant allele fre-
quencies of mutated TP53. 

A B



wild-type patients, was 2.03 (1.47-2.79) for patients with
a TP53 VAF >40%, 1.78 (1.04-3.02) for those with a VAF
of 20%-40% and 3.71 (2.11-6.51) for those with a VAF
<20%.  For event-free survival, the estimates were 1.89
(1.38-2.59) for patients with a TP53 VAF >40%, 2.27 (1.35-
3.80) for those with a VAF of 20%-40% and 3.57 (2.04-
6.26) for those with a VAF <20%. 

Case study on longitudinal TP53 mutational 
assessment
In one subject with secondary AML treated at the

Medical University of Graz, Austria, outside a clinical trial,
serial assessment of bone marrow specimens by error-cor-
rected ultradeep sequencing was performed.22,23 This 68-
year old male presented with myelodysplastic syndrome
and an International Prognostic Scoring System risk score of
“intermediate 2”. Within 2 months after diagnosis, the
patient’s disease transformed into secondary AML and he
was then treated with daunorubicin and cytarabine (3+7) as
well as Ida-FLAG as a salvage regimen. Nevertheless, the

patient died of resistant disease 4 months after diagnosis.
Analysis of the diagnostic sample revealed the clonal TP53
p.273H mutation with a VAF of 42.3% and a subclonal
TP53 Q104X mutation with a VAF of 0.4%. Both TP53-
mutated clones expanded slightly in the course of transfor-
mation to secondary AML which was also characterized by
a novel KRASQ61H mutation. However, during two cours-
es of intensive chemotherapy, both TP53 mutations sub-
stantially expanded to a clone size of 64.2% and 18.6%,
respectively. (Figure 5 and Online Supplementary Table S5).

Discussion

In this study, we analyzed a large cohort of intensively
treated AML patients focusing on biological and clinical
characteristics associated with subclonal TP53 mutations.
We found that these aberrations represent a substantial
proportion of TP53-mutated AML. Similarly to clonal
TP53 mutations, subclonal ones are mainly missense
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Figure 4. Kaplan-Meier analysis of event-free survival in 1537 patients with acute myeloid leukemia stratified by TP53 mutational status.  (A) Event-free survival:
TP53 wild-type patients versus TP53-mutated patients. (B) TP53 wild-type patients versus patients in the three groups with the defined variant allele frequencies of
mutated TP53.

A B

Table 3. Univariable and multivariable Cox regression analysis for overall survival.
                                                                                  Univariable                                                                                     Multivariable
                                                        HR                         95% CI                       P-value                               HR                      95% CI                    P-value

TP53                                                                                                                                         <0.001                                                                                                               <0.001
wild-type                                                   1                                                                                                                               1                                                                           
VAF <20%                                              4.95                           3.05 - 8.04                                                                             3.71                        2.11 - 6.51                              
VAF 20%-40%                                         3.44                           2.16 - 5.50                                                                             1.78                        1.04 - 3.02                              
VAF >40%                                              3.73                           2.84 - 4.88                                                                             2.03                        1.47 - 2.79                              
Age                                                             1.04                           1.03 - 1.04                          <0.001                                      1.03                        1.03 - 1.04                        <0.001
White blood cell count (log)               1.08                           1.04 - 1.13                          <0.001                                      1.17                        1.11 - 1.22                        <0.001
Cytogenetic risk                                                                                                                    <0.001                                                                                                               <0.001
high                                                            1                                                                                                                               1                                                                           
intermediate                                        0.45                           0.38 - 0.52                                                                             0.49                        0.41 - 0.58                              
low                                                          0.20                           0.15 - 0.26                                                                             0.27                        0.20 - 0.36                              
Type of AML                                                                                                                           <0.001                                                                                                                 0.019
de novo                                                     1                                                                                                                               1                                                                           
secondary                                              1.74                           1.30 - 2.33                                                                             1.53                        1.13 - 2.07                              
therapy-related                                    1.43                           1.07 - 1.92                                                                             1.21                        0.88 - 1.66                              

HR:hazard ratio; CI: confidence interval; VAF: variant allele frequency.



mutations and are associated with an adverse outcome as
evidenced by significantly inferior complete remission,
overall survival and event-free survival rates. 
Results similar to those presented here have been

obtained for patients with chronic lymphocytic leukemia
in whom those with TP53-mutated subclones with a
median VAF as low as 2.1% showed comparable clinical
phenotypes and survival as poor as those with clonal
mutations.24,25 Interestingly, divergent data have been pub-
lished for patients with myelodysplastic syndromes.18,19
Analyzing two independent cohorts of 219 and 150
patients, also including a few cases with secondary AML,
Sallman et al. stratified TP53 VAF into the same categories
as defined here (>40%, 20%-40%, <20%). Importantly,
there was a significant difference in overall survival
between patients exhibiting TP53 mutant VAF of >40%
and <20%. Whereas myelodysplastic syndrome patients
with a TP53 VAF >40% had a median overall survival of
124 days, overall survival was not reached in patients with
a VAF <20%. In contrast, Goel et al. investigated two
cohorts of 81 and 1,117 patients and did not find any sig-
nificant difference with respect to TP53 VAF and their neg-
ative prognostic impact on overall survival. It was argued
that one of the reasons for these discrepancies might have
been the small number of TP53-mutated patients investi-
gated. In addition, early therapeutic intervention leading
to clonal expansion of a drug-resistant clone may also be
relevant to these differences in survival.26 In our sufficient-
ly powered study of 1,537 patients predominantly with de
novo AML, 98 had TP53-mutated clones of various sizes.
We provide evidence here that small TP53-mutated sub-
clones share biological characteristics with clonal ones,
such as mutation type, location of the mutation within
TP53 domains and cooperating mutations. We also
demonstrate that even TP53-mutated subclones, defined
by a VAF <20%, have a statistically significant negative
prognostic impact with respect to complete remission
rate, overall survival and event-free survival. These find-
ings may have implications for TP53 screening methods
and future risk stratification in AML as classical Sanger
sequencing with a detection limit of mutant clones set at
20% VAF should be replaced by high sensitivity next-gen-
eration sequencing approaches. Furthermore, when con-
firmed by others, subclonal TP53 mutations should be
incorporated into future risk classification for AML.
The mechanisms by which mutant p53 mediates resist-

ance to cytotoxic treatments are poorly understood and
possibly involve novel gain-of-function properties. TP53
mutations affect preleukemic stem cells in AML and it
could be shown in vitro and in vivo that genotoxic stress leads
to expansion of murine hematopoietic stem and progenitor
cells exhibiting either p53 haploinsufficiency or expressing
a heterozygous TP53 mutation.27-29 These data are in line
with the AML case presented here, in which substantial
expansion of both a clonal and a subclonal TP53 mutation
was observed following high-dose chemotherapy but not
during the transition from myelodysplastic syndrome to
frank leukemia. Similar clinical data have recently been
published for patients with lymphomas showing clonal
hematopoiesis including TP53 mutations at diagnosis or
before undergoing autologous hematopoietic stem cell
transplantation. These individuals were at increased risk of
clonal expansion and, ultimately, development of therapy-
related myeloid neoplasms following intensive, lymphoma-
specific chemo- and radiotherapies.30-33

In our study we were able to demonstrate TP53-mutated
clones with a VAF as low as 4.66% (Online Supplementary
Table S1). However, recently developed next-generation
sequencing techniques such as error-corrected ultradeep
sequencing allow an unambiguous identificantion of
mutant alleles with a frequency as low as 0.1%.34 In chronic
lymphocytic leukemia, it has been demonstrated that even
very small TP53-mutated clones constitute an adverse prog-
nostic parameter.24,25 Given the mechanism of selection of
such clones following genotoxic therapies as outlined
above, it is very likely that a similar effect may also be oper-
ational in AML. Another issue is related to the assessment
of VAF using clinical specimens. Specification of VAF refers
either to mononuclear cell fractions or with a correction to
represent exclusively neoplastic cells. However, it must be
taken into account that mutations affecting preleukemic
stem cells in AML are being propagated into mature blood
cells.35 By analyzing highly purified T-lymphocytes of diag-
nostic AML specimens with TP53mutations, we were able
to demonstrate the specific aberration being present in up
to 20% of these mature blood cells.27 Thus, analyzing
mononuclear cell fractions may be the more comprehensive
approach to assess VAF in AML and, possibly, other
myeloid disorders. Finally, the diagnostic specimens in this
study were derived from both bone marrow and peripheral
blood (Online Supplementary Methods) raising the issue of
comparability of these sources. Recently, Duncavage et al.
demonstrated that the mutational landscape is conserved in
peripheral blood of AML and myelodysplastic syndrome
patients at diagnosis as well as during treatment.36 Similar
data were obtained for TP53 mutations in patients with
myelodysplastic syndromes.37
In  this study we investigated the prognostic impact of

subclonal TP53 mutations in intensively treated AML
patients. Results may be somewhat different when assess-
ing AML patients with TP53 mutations treated with
hypomethylating agents such as decitabine. Although a
substantial impact on overall survival could not be shown
with that approach, similar response rates as those of
AML patients with TP53 wild-type have been reported
recently.38 It might, therefore, be necessary to prospective-
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Figure 5. Longitudinal mutational analyses of a patient with secondary acute
myeloid leukemia showing a clonal (R273H) and a subclonal (Q104X) TP53
mutation. VAF: variant allele frequency; MDS, myelodysplastic syndrome: sAML:
secondary acute myeloid leukemia; PD, progressive diesease. Bottom line: coop-
erating mutations.



ly address the impact of subclonal TP53mutations in such
an AML cohort.
In conclusion, we have shown that subclonal TP53muta-

tions represent an adverse prognostic marker in AML, inde-
pendently of the clone size. Our data further corroborate
the use of next-generation sequencing technologies for risk
stratification of patients with AML. Future work will assess
the clonal architecture of these specimens and investigate
whether TP53-mutated subclones exhibit
preleukemic/leukemic stem cell properties which may
explain their persistence following cytotoxic therapies.
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