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ABSTRACT

Azacitidine (AZA) for higher risk MDS patients is a standard therapy with 
limited durability. To monitor mutation dynamics during AZA therapy we utilized 
massive parallel sequencing of 54 genes previously associated with MDS/AML 
pathogenesis. Serial sampling before and during AZA therapy of 38 patients 
(reaching median overall survival 24 months (Mo) with 60% clinical responses) 
identified 116 somatic pathogenic variants with allele frequency (VAF) exceeding 
5%. High accuracy of data was achieved via duplicate libraries from myeloid 
cells and T-cell controls. We observed that nearly half of the variants were stable 
while other variants were highly dynamic. Patients with marked decrease of 
allelic burden upon AZA therapy achieved clinical responses. In contrast, early-
progressing patients on AZA displayed minimal changes of the mutation pattern. 
We modeled the VAF dynamics on AZA and utilized a joint model for the overall 
survival and response duration. While the presence of certain variants associated 
with clinical outcomes, such as the mutations of CDKN2A were adverse predictors 
while KDM6A mutations yield lower risk of dying, the data also indicate that allelic 
burden volatility represents additional important prognostic variable. In addition, 
preceding 5q- syndrome represents strong positive predictor of longer overall 
survival and response duration in high risk MDS patients treated with AZA. In 
conclusion, variants dynamics detected via serial sampling represents another 
parameter to consider when evaluating AZA efficacy and predicting outcome.

INTRODUCTION

Upon ageing the somatic mutations, via yet 
unknown process, accumulate in genes encoding various 
epigenetic regulators that under normal conditions 
regulate transcription. These genes include DNA 
methylase DNMT3A, Polycomb Group Protein ASXL1, 

and Methylcytosine Dioxygenase TET2 [1]. Individuals 
bearing the ageing-associated variants may develop 
Myelodysplastic syndromes (MDS) with red cell, platelet, 
and myeloid cytopenias and differentiation blockades. 
MDS often progress to acute myeloid leukemia (AML) - 
a condition marked by myeloblast accumulation. Genetic 
aberrations in MDS or AML occur in a stem cell that gains 
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survival properties and outcompeting advantage marked 
by proliferation of myeloid and granulocytic-monocytic 
progenitor pools [2] often without altering lymphopoiesis. 
Strikingly, inhibiting the DNA methylation (DNMTi) 
in MDS either with 5-Azacitidine (AZA) [3] or 5-aza-
2′deoxycytidine (Decitabine) [4] can induce complete 
remission (CR) or at least improve hematologic 
parameters (HI) in up to two thirds of MDS patients. 
Use of DNMTi including AZA therapy has superior 
response rate compared to conventional chemotherapy 
(84% vs. 37%) with median duration ~20 months [5]. 
Progression of MDS on AZA leads to MDS/AML that 
has very limited therapeutic options. It represents yet 
largely unrecognized process involving resistance of 
stem/progenitor populations to AZA in the MDS patient 
bone marrow [6].

Previous studies suggested that altered function 
of the ageing-associated epigenetic modulators was 
involved in resistance to DNMTi. A study of 213 
MDS patients of all IPSS risk categories displayed 
approximately fifty percent response to DNMTi and the 
significant association of response with TET2 mutation. 
However, co-occurrence of TET2 and ASXL1 or ASXL1 
mutation alone was more prevalent in a non-response 
group [7] supporting the possibility that a combination 
of mutations determines the DNMTi therapy outcome. 
Interestingly, mutations in TP53 gene associated with 
shorter overall survival but not with response [7]. 
Another study containing 107 MDS patients treated by 
DNMTi concluded that none of the 26 analyzed MDS 
genes associated with the response to DNMTi, however, 
the TP53 and DNMT3A mutations again occurred in 
patients with shorter overall survival and AML-free 
survival [8]. Another study involving 134 AZA-treated 
patients of all IPSS risk categories confirmed a negative 
impact of TP53 variants on overall survival, however, 
none of the mutated genes associated with the response 
rate [9]. Unexpectedly, variants in histone modifiers 
genes (EZH2, ASXL1) in univariate analysis associated 
with prolonged survival on AZA [9]. Recently, the study 
involving 41 MDS patients that were sequenced before 
and after the progression to AML [10] indicated that 
mutations in genes encoding ASXL1, RUNX1, and TP53 
were often present in post-progression samples albeit the 
statistical power of these data was quite limited in such 
type of study.

Here we addressed the genetics of AZA treatment 
using serial sampling and strengthen the accuracy of 
mutation detection by introducing duplicate library 
sequencing of myeloid population and non-tumorous 
T-cell control samples to call somatic variants 
specifically. Our data extend the previous work that 
suggested existence of substantial somatic variant 
dynamics during AZA therapy further supporting the 
notion of relationship of such dynamics and clinical 
outcome.

RESULTS

Mutation dynamics in the AZA-treated MDS 
patients

To identify variants either tolerated or repelled with 
the AZA therapy we tracked BM samples during AZA 
treatment by the next generation sequencing (NGS). Clinical 
data of studied patients, such as the follow up duration, 
response, sampling, and progression are shown in the Figure 
1. Patient cohort data are summarized in the Supplementary 
Table 1. The NGS platform was the TruSight Myeloid 
Sequencing Panel (Illumina, San Diego, USA) that is a 
set of 568 amplicons and 108 kilobases designed to detect 
somatic variants of 54 genes previously associated with 
myeloid malignancies. 92% of our MDS cohort bore at least 
one somatic mutation with mostly 3 mutations per patient 
(range 1-8). Sum of the detected 116 somatic variants with 
their particular dynamic pattern (in colors) is shown in the 
Figure 2A. When comparing mutations during AZA therapy 
we noted that approximately half of the mutations were 
quite stable and did not vary in their VAF more than two 
fold while other variants displayed increasing or decreasing 
trends of their allelic burden following the AZA therapy. 
Next we constructed a heat map documenting all somatically 
mutated genes per patient that excluded polymorphisms and 
variants bellow 5% of allelic burden (Figure 2B). The most 
abundant were variants in CUX1 (N=10, 8.6%), TP53 (N=9, 
7.8%), BCORL1 (N=9, 7.8%), ASXL1 (N=7, 6%), RUNX1 
(N=7, 6%), BCOR (N=6, 5.2%), TET2 (N=5, 4.3%), SF3B1 
(N=5, 4.3%), SRSF2 (N=5, 4.3%), STAG2 (N=5, 4.3%), 
IDH2 (N=4, 3.4%) and CDKN2A (N=4, 3.4%). 28 out of 
116 mutations were insertions or deletions (in/dels); the 
majority were single nucleotide variants (N=82) or complex 
mutations (N=6). Expectedly, 43% of the detected variants 
matched to the COSMIC database of recurrently mutated 
genes in cancer implicating that these gene variants may 
be more frequently called in randomly sequenced MDS 
samples. Indeed, thirteen of these 116 variants recurred also 
in our MDS cohort. Supplementary Table 3 summarizes all 
detected variants and VAFs at each time point together with 
clinical, laboratory and cytogenetic data.

Mutation dynamics relate to the MDS clinical 
course

As pointed above, we noted substantial mutation 
dynamics of the variants in patients before and during 
AZA therapy. Figure 3 shows data of 6 (out of 8) patients 
that achieved complete remission (CR) according to the 
IWG criteria visualized by the fish plots that are time 
course plots modeling most likely changes in the clonal 
architecture of somatic mutations. We observed that the 
AZA therapy led to the marked decrease of the mutations’ 
allelic burden at the CR time point. Over time, these 
mutations at later time points reappeared upon AZA (thus 
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Figure 1: Swimmers’ plot of 38 patients treated with AZA. Responses (in different colors: CR, SD, HI, or PG), their duration 
(in months), sampling (triangles), and AML transformation (#) are indicated.
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preceding the clinical progression) indicating that these 
variants could not be controlled by AZA. For example, 
patient AZA017 (upper left) displayed mutations in 
STAG2 (VAF=0.95), ASXL1 (0.43), SRSF2 (0.42) and 
HRAS (0.07) at diagnosis while after 6 cycles of AZA 
these mutations were barely detectable; all had VAF<0.03. 
Interestingly, while still in remission, at the bone 
marrow restaging after 14 cycles of AZA, the previously 
detected mutations of STAG2, and SRSF2 had markedly 
reappeared and this was followed later by ASXL1. Finally, 
at progression stage after 21 cycles of AZA all mutations 
from diagnosis were restored (to almost original VAF) and 
the two new mutations developed in PTPN11 (VAF=0.09) 
and SMC3 (VAF=0.45). We noted that AZA017 was 
the only patient that on top of the reappearance of 
previously detected mutations had developed additional 
mutations upon AML progression. Pattern of the mutation 
reappearance was observed also in the patient AZA009. 
In additional 4 patients (AZA002, AZA006, AZA011, 

AZA015) the variants’ dynamics involved less complex 
changes but always included a loss of the mutation 
pattern upon achievement of the CR but at the same time 
these patients never reached a mutation-free status. This 
supports the clinical view that MDS patients receiving 
CR upon AZA may relapse with the clone/s bearing initial 
variants identified prior AZA therapy.

Next we focused on the profiles of MDS patients 
that partially responded to AZA by stable disease (SD) 
either with (Figure 4A) or without (Figure 4B) achieving 
hematology improvement (HI). The patients responding 
by ‘SD with HI’ displayed a decrease in VAF for some 
(but not all) variants (AZA025) at the time of HI while 
later during progression (PG) we again observed the 
variants reappearance or acquisition of new variants 
(AZA037, AZA038). Two patients with SD with HI had 
relatively stable mutation profile (AZA001, AZA031, see 
Supplementary Figure 1) with continuous increase of the 
mutation burden upon AML progression (AZA001, SF1). 

Figure 2: (A) Number of MDS variants (horizontal axis) in genes listed on the vertical axis. Colors indicate dynamics of the variants. 
Variants are also listed within the Supplementary Table 2, the data were obtained by NGS utilizing the TruSight kit (see M&M). (B) 
Mutation heatmap (row: genes, column: patients), unmutated genes are not listed.
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The mutation dynamics of SD patients with HI partly 
resembled the dynamics observed in the MDS patients 
responding by CR. In contrast, the ‘SD’ patients not 
achieving any HI (Figure 3B) had very stable and less 
dynamic mutation profiles throughout the course of AZA 
therapy. Similarly, when we studied mutation architecture 
of patients (N=4) that progressed early on AZA therapy, 
we noticed that the mutation changes were again very 
subtle and basically each mutation that a patient had at 
diagnosis was detected at the time of progression with 
almost identical VAF. These data support the notion that 
the therapy had negligible effect on the clonal pattern 
of the fast-progressing refractory disease in SD and PG 
patients (Figure 4C). Only limited clonal evolution was 
recorded in PG patients as exemplified by the patient 
AZA035 (Figure 4C). Complete set of Fishplots is shown 
in the Supplementary Figures 1 & 2. VAF for each variant 
and each patient is listed in the Supplementary Table 3. 
To conclude this part, we noted that patients reaching 
CR or HI (within SD) displayed substantial dynamics 
of mutation patterns indicating the AZA-imposed 
clonal selection process. In contrast, the changes of 
the mutation spectrum in patients with SD or PG were 
minimal (or for some variants the VAF steadily increased) 
thus implicating possible role of the detected variants 
mediating the AZA resistance.

Statistical evaluation of the mutation dynamics

One of the main aims is to inspect the impact of 
mutated genes and their time-varying mutation dynamics 
during the AZA treatment on the overall survival and, 
consequently, their effect on the response duration on 
AZA. Since the VAF is measured at relatively distinct 
time points, a longitudinal data analysis cannot be 
directly applied. In order to discriminate the prognostic 
value of globally increasing mutations versus globally 
decreasing ones, signs of the regression slopes coming 
from a regression model on VAFs are taken into account. 
Moreover, to model the local time-dependent nature of 
mutation dynamics, time-varying characteristics such 
as the changing VAFs in time are considered. We utilize 
a joint model for the overall survival on the AZA and 
the response duration of the AZA. There are two types 
of covariates included in the joint model: constant over 
time (e.g., sex or globally decreasing/increasing status of 
mutation represented by a 0-1 indicator) and time varying 
(e.g., dichotomized VAF (5% level as a threshold) for a 
particular time point). The Cox proportional hazards (PH) 
model together with the Poisson count model provides a 
plausible framework, where the estimated parameters with 
the corresponding confidence intervals and p-values are 
shown in the Table 1.

Figure 3: Fish plots of somatic variants detected in MDS patients achieving complete remission. Arrows indicate CR 
(empty) and transformation to AML (PG, dark). Y-axis represents VAF (%) and X-axis is the time in weeks.
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From the joint fitted model, negative coefficient for 
the dynamics of TP53 (p-value 0.027) can be noticed in 
case of the Cox PH part of the model. This means that a 
patient with a globally increasing VAF for TP53 has lower 
risk of death. This highlights the possible effects of AZA 
therapy to at least partially control expansion of TP53-
mutated clones thus supporting the notion that patients 
bearing certain TP53 mutations can be treated with AZA 
to gain benefit in overall survival. Thus, one may judge 
that the increasing VAF corresponds to a tumor-static 
effect of the AZA and, therefore, yields longer surviving. 
Besides that, there is a significant effect on the overall 
survival caused by the following mutated genes: CDKN2A 
(p-value 0.023) and KDM6A (p-value 0.011). On one 

hand, presence of mutated CDKN2A tends to shorten the 
overall survival. On the other hand, KDM6A mutations 
yield lower risk of dying and, hence, longer overall 
survival. Presence of 5q- syndrome prior the development 
of high risk MDS (seen in about half of the patients in 
our cohort) provides significantly longer overall survival 
(p-value 0.003). Therefore, preceding 5q- syndrome can 
be viewed as good prognostic factor for patients entering 
AZA therapy. Furthermore, male patients from our cohort 
have in general longer overall survival (p-value 0.046). 
The predicted survival curves for the significant mutated 
genes in combination with the TP53 dynamics (globally 
increasing vs decreasing mutation) and the 5q- syndrome 
are visualized in the Figure 5. It shows that preceding 

Figure 4: Fish plots of somatic variants detected in MDS patients with (A) stable disease achieving hematologic response, (B) stable 
disease without achieving hematologic response, (C) early progression on AZA therapy. Arrows indicate hematological improvement (HI, 
empty) and progression (PG, dark). Y-axis represents VAF (%) and X-axis is the time in weeks.
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5q- minus syndrome as a low risk MDS subtype provides 
favorable outcome for other mutations. In addition, TP53 
mutations that either increase VAF or decrease VAF on 

AZA have substantially different outcome supporting 
existence of additional mechanisms involved in the 
control of TP53 mutant clones by AZA (see discussion). 

Table 1: Fitted joint model for overall survival time and response duration on AZA

Coefficient SE 95% CI Hazard ratio* / 
Incidence rate**

95% CI P-value

Cox PH model for OS time* Hazard ratio Score (logrank overall) test 
0.0095

 Male vs Female -0.906 0.453 -1.795, -0.018 0.404 0.166, 0.982 0.046

Age -0.006 0.030 -0.065, 0.052 0.994 0.937, 1.054 0.833

CDKN2A mutated>5% 1.698 0.749 0.229, 3.166 5.461 1.258, 23.704 0.023

KDM6A mutated>5% -1.598 0.632 -2.836, -0.360 0.202 0.059, 0.698 0.011

TP53 increasing -1.489 0.673 -2.808, -0.169 0.226 0.060, 0.845 0.027

5q- -1.496 0.495 -2.466, -0.525 0.224 0.085, 0.592 0.003

Poisson count model for Response duration** Incidence rate Likelihood ratio (overall) 
test <.0001

Sex (Female as 
intercept) 0.324 0.887 -1.413, 2.062 1.383 0.243, 7.869 0.715

 Male vs Female 1.141 0.179 0.791, 1.491 3.130 2.205, 4.442 <.0001

Age 0.006 0.012 -0.018, 0.029 1.006 0.982, 1.030 0.637

ASXL1 mutated>5% 1.137 0.249 0.650, 1.624 3.118 1.915, 5.075 <.0001

ASXL1 increasing -1.665 0.452 -2.550, -0.779 0.189 0.078, 0.459 0.0002

BCOR mutated>5% -1.079 0.337 -1.739, -0.420 0.340 0.176, 0.657 0.001

BCOR increasing 1.699 0.384 0.947, 2.451 5.467 2.577, 11.597 <.0001

BCORL1 increasing -0.576 0.224 -1.015, -0.137 0.562 0.362, 0.872 0.010

CDKN2A mutated>5% -2.750 0.481 -3.693, -1.808 0.064 0.025, 0.164 <.0001

CUX1 mutated>5% 1.981 0.361 1.274, 2.687 7.248 3.576, 14.691 <.0001

CUX1 increasing -3.105 0.435 -3.957, -2.254 0.045 0.019, 0.105 <.0001

EZH2 mutated>5% -3.304 0.529 -4.340, -2.267 0.037 0.013, 0.104 <.0001

KDM6A increasing 1.209 0.398 0.429, 1.989 3.350 1.536, 7.308 0.002

RUNX1 mutated>5% 0.863 0.192 0.486, 1.240 2.370 1.625, 3.454 <.0001

TP53 mutated>5% 1.733 0.537 0.680, 2.786 5.658 1.974, 16.211 0.001

TP53 increasing -1.022 0.501 -2.004, -0.040 0.360 0.135, 0.960 0.041

5q- 1.254 0.185 0.892, 1.616 3.503 2.440, 5.031 <.0001

(A) Cox PH model for OS time; Score (logrank overall) test.0012.
(B) Poisson count model for Response duration; Likelihood ratio (overall) test <.0001.
SE indicates standard error; CI confidence interval; HR hazard ratio; IR incidence rate.
* A positive (negative) coefficient estimate in the Cox PH model corresponds to a higher (lower) risk of death and thus on 
average a shorter (longer) OS time.
** A positive (negative) coefficient estimate in the Poisson count model corresponds to higher (smaller) number of months 
of response duration.
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Finally, the Figure 5 provides more complex view when 
three variables (TP53 mutation dynamics, preceding 5q- 
deletion, and CDKN2A mutation) are taken in account. 
Let us remark that the fitted joint model provides a 
multivariate approach, which can capture an interactive 
behavior of genes within a complex system. Therefore, 
it should not be surprising to obtain negative estimated 
parameters (coefficients) for some mutated genes or their 
dynamics.

The second part of the joint model represents the 
response duration on AZA. There is a significant effect 
of sex on the response duration, where male patients 
tend to have longer response duration. The significant 
effects of mutated or dynamically changing (increasing 
or decreasing pattern of) allelic burden of ASXL1, BCOR, 
BCORL1, CDKN2A, CUX1, EZH2, KDM6A, RUNX1, 
and TP53 genes were also relieved with respect to the 
response duration. Mutated ASXL1, CUX1, RUNX1, 
and TP53 (VAF above 5%) are found in patients with 
longer response duration (again indicating that these 
variants-bearing clones can be controlled by AZA or, 
alternatively, these mutations occur in longer-responding 
patients efficiently controlled by AZA), whereas BCOR, 
CDKN2A, and EZH2 mutations significantly shorten the 
response duration and thus the effect of AZA to control 
the mutation-bearing clones appears to be lower. Such 
control however is not guaranteeing the response as the 
globally increasing VAF for ASXL1, BCORL1, CUX, TP53 
and globally decreasing VAFs for BCOR, KDM6A mean 
shorter response duration. In addition, the patients with 
5q- syndrome have significantly longer response duration 
supporting the above stated notion of preceding 5q- low 
risk MDS as positive predictive factor. The estimated 
incidence rates (statistically significant from constant 1) 
are displayed in the Figure 6.

DISCUSSION

In this study we present the NGS approach using 
high accuracy detection of the pathogenic MDS variants 
via serial sampling of 38 high risk MDS patients treated 
with AZA (Figures 1, 2). Interestingly, a marked decrease 
of VAF upon AZA was observed in patients achieving 
CR while minor changes in VAF precluded minimal 
response often seen in PG and SD patients (Figures 3, 
4). Although our study indicates that AZA influences 
overall variants’ dynamics (Figures 5, 6 and Table 1) only 
some of the individual mutation dynamics during AZA 
therapy have significant impact on the clinical outcome. 
While several studies suggested that MDS patients in 
progression may evolve new mutations and lose some of 
the clonal architecture detected at preceding stages [10] 
we suggest that progression on AZA is rather associated 
with proliferation of original clones with variants detected 
shortly prior AZA therapy. This contention is supported by 
other study indicating that responders to hypomethylating 

agents bear certain gene mutations [7] further implicating 
that some variants may in turn encode clonal tolerance 
to AZA. Besides genetic factors one could not exclude 
also epigenetic factors to mediate AZA tolerance (of 
the original clone) responsible for the clinical relapse 
possibly also involving additional variables not herein 
studied such as the global effects of DNA methylation 
[11] or expression of specific non-coding RNAs [12] that 
can add to complexity of the AZA sensitivity versus AZA 
resistance.

The tool for detecting the dynamics of somatic 
mutations was the TruSight Myeloid Panel that contains 
54 gene regions with previously documented mutation 
recurrence in 439 patients [13]. The TruSight Myeloid 
Panel is a collection of frequently mutated target genes 
related to myeloid hematology disorders including MDS 
and AML and was designed by a consortium of the 
recognized experts. Many of the observed mutations were 
indeed previously associated with the clinical outcome 
including TP53, RUNX1, ASXL1, EZH2 [14] or TET2 
and ASXL1 [7]. However, not only presence or absence 
of the mutation (above arbitrary cutoff 5% VAF) matters 
but also the dynamics of such variant may matter. The 
variant dynamics observed in our study indeed associated 
with the major clinical outcomes: response duration and 
overall survival. While there exist gene variants that are 
not fully extinguished by AZA there are variants that 
become depleted especially upon achievement of CR 
(Figure 3). Interestingly, the patients with TP53 mutations 
consistently increasing their VAF on AZA therapy 
were however characterized by significantly prolonged 
survival while their response duration was relatively 
short. This implicates that the response to AZA was 
neutral (stable disease), which precludes some potential 
of AZA in controlling the growth of the TP53-bearing 
clones. Recently, TP53 mutations were shown as the only 
molecular signature predictive of a CR in the therapy 
with another DNMTi, Decitabine [15]. It is therefore 
possible that demethylation therapy with AZA have also 
some inhibitory effects in the therapeutic control of the 
TP53-mutated clones. It is however possible that these 
TP53-mutated clones may bear less aggressive variants. 
One can envision that AZA at standard dose is unable to 
control TP53-mutated clones indefinitely and over time 
their allelic burden accumulates. Relatively slow rate of 
progression of the TP53-mutated patients during AZA 
therapy may be still relatively well tolerated by the patients 
thus guaranteeing a survival benefit. It is also an important 
point that the mutations operate with other mutations 
in concert and thus higher occurrence of preceding 5q- 
aberration may have added to selection (during clonal 
evolution) of distinct TP53 mutations (observed in up to 
31% of 5q- patients) [16] that are not as aggressive and 
still may provide certain cell-survival benefit for maturing 
blood elements to maintain residual hematopoiesis while 
preventing rapid progression to MDS/AML.
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Figure 5: Predicted OS (y axis) in Time (x axis, Mo) in respect to the mutated (red) versus unmutated (blue) status of (A) KDM6A, 
(B) CDKN2A from the Cox PH model under conditions specified at the bottom of each survival plot for group with decreasing (left) or 
increasing (right) TP53 mutation VAF dynamics.
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Additionally, the patients with IPSS-defined high 
risk MDS are however already at very high risk of dying 
so the mutation in TP53 may not represent the most critical 

risk factor thus supporting the potential roles for other 
predictive factors of AZA response such as the CDKN2A 
and KDM6A variants seen in our study (Figure 6, Table 

Figure 6: Effects of mutations on AZA-response duration. Coefficients in the Poisson count model documenting the estimated 
incident rates. Effects of listed variables on response duration (blue=increased, red=decreased RD).
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1). Interestingly, while variants of EZH2 were previously 
shown to associate with adverse clinical outcome in MDS 
[17] and were in our study predictive of adverse response 
to AZA, the variants in CDKN2A were not yet previously 
considered (see Figure 6, Table 1). Nevertheless, there 
likely exist additional regions (not herein studied) whose 
mutations may affect progression to AML and whose 
analysis will require additional global-NGS approaches. 
Variants potentially involved in the AML progression are 
highlighted in the Supplementary Table 3.

To conclude, utilizing NGS at the restaging BM 
analysis represents systematic approach for analyzing 
molecular response to the AZA therapy, and moreover, it 
provides newly not yet considered predictive features. We 
think that the serial analyses of MDS patients by NGS or 
digital PCR (that is also capable to determine precisely the 
VAF) at restaging periods will further validate our herein 
presented data to further strengthen the impact of mutation 
dynamics during AZA therapy.

MATERIALS AND METHODS

Patient samples

MDS patients (Supplementary Table 1, Figure 
1) with Int-2/high IPSS risk or MDS/AML with less 
than 30% myeloblasts in BM cytology were treated by 
AZA in 1-month cycles until PG with 75 mg/m2 Vidaza 
(Celgene) in 5+2+2 regimen. Response criteria for CR, 
HI, or SD were used exactly as described elsewhere 
[18]. Marrow and cytogenetic responses were monitored 
as well during each bone marrow (BM) restaging period 
every 4 months (see Supplementary Table 3). BM 
samples representing residua of those used for routine 
diagnostics were cryopreserved in liquid nitrogen with 
patients’ agreement to analyze the DNA content. Patient 
samples were collected in years 2010-2016 following 
the written informed consent based on the Helsinki 
declaration, and approved by the Ethics Committee of 
the General Hospital Prague. The cohort contained 38 
patients that provided in total 97 BM samples; most of 
them were magnetically separated into T-cell CD3+ and 
the myeloid CD3-negative fractions (MACS, Miltenyi, 
Germany). AZA therapy was applied for median 14 
cycles (range 4-34) to patients (median 70 year-old) not 
indicated for allogenic BM transplantation. Treatment 
responses were as follows: CR (11 patients, 29%), 
SD with HI (11, 29%), SD (12, 32%), and finally no 
response with PG on AZA (4, 10%). The patient cohort 
was biased in patient selection as it contains more AZA 
responders and less early-progressing patients. OS on 
AZA was as follows: CR >12 Mo (29.6 Mo), CR<12 
Mo (17.6 Mo), SD w HI (31 Mo), SD (32.4 Mo) and PG 
(6.1 Mo). 25 (66%) patients progressed to AML. Median 
OS range was 4-48 months; 5 patients are currently alive 
with the follow-up exceeding four years.

Sequencing

DNA was isolated using DNeasy Blood and Tissue 
Kit (Qiagen, Hilden, Germany) and further processed 
using TruSight Myeloid Panel Kit (Illumina, San Diego, 
USA) according to the manufacturer’s recommendations. 
Illumina Hi-Seq and Illumina Mi-Seq instruments were 
used to obtain sequence data. The panel focuses on ~141 
kb of genomic content, consisting of 568 amplicons of 
~250 bp in length designed against the human NCBI37/
hg19 reference genome. The oligo-pool targets 15 full 
genes (exons only) plus exonic hotspots of an additional 
39 genes, providing nearly 100% coverage of all targeted 
regions. The uniform coverage of the target regions 
enables > 500× coverage for > 95% of amplicons at > 
5,000 × mean coverage. Reproducibility of the sequencing 
was very high and majority of samples had very similar 
VAF and contained same gene variants. Although the 
sequencing runs were quite homogeneous there existed a 
rare example with lower overlap (~60%) of the detected 
variants. Average amplicon coverage was > 1000. For each 
patient we have collected multiple bone marrow samples 
during the course of the disease, see Figure 1. CD3- 
fraction was sequenced for each sample. For each patient 
we have sequenced at least one CD3+ fraction. We have 
sequenced at least one sample per patient twice including 
two separate sequencing library preparations. Moreover, 
we use age-matched controls and cord blood samples as 
internal controls. Somatic variants were primarily detected 
using CD3- fraction, while duplicate samples and CD3+ 
fraction data were used for control and filtering. We use 
the term sequencing unit to refer to a particular sequenced 
fraction or one sequencing library from a repeatedly-
sequenced sample. By the VAF we mean the proportion of 
sequencing reads that harbor a variant to the total number 
of reads in a given region for given sequencing unit. Note 
that this number is related to the proportion of cells that 
contain the variant to the total number of cells in the whole 
cell population of particular sequencing unit.

Processing of sequencing data

FASTQ files produced by the sequencer were 
processed by custom pipeline. Initial quality control 
was performed by means of FastQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc). After 
sequencing adaptor trimming and low quality regions 
removal by cutadapt, reads were aligned to the human 
genome HG19 using bwa mem (bwa version: 0.7.15-
r1140). Subsequently, bam files were processed by GATK 
IndelRealigner and primer sequences were removed from 
bam files.

Variant detection

We used two variant calling tools (FreeBayes and 
samtools mpileup) [19] to detect SNVs and InDels. We 
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then annotated detected variants using dbSNP and COSMIC 
databases. Criteria for selecting reported variants were as 
follows. We use data from the union of variant detections 
performed using FreeBayes and samtools mpileup with 
default set of parameters to these programs. For each 
sequencing unit from MDS patient, we computed VAF and 
reported only the variants with VAF value that was greater 
by 20 percentage points than the highest VAF for the variant 
in an internal control. Mutation was considered somatic 
and reported if not detected in the CD3+ fraction and if 
successfully detected in a duplicate library sample. Putative 
pathogenic variants that markedly affected protein structure 
also excluding polymorphisms were further filtered by 
experienced biologist. The arbitrary VAF was set at 5% as 
inspired by other studies [9, 10].

Data visualization

We made clusters of variants that had a similar 
evolution during the course of the disease. Majority of 
clusters in our dataset was formed by a single variant. 
By visual inspection of the data we made predictions 
regarding clonal architecture. Based on this data, we 
visualized clonal architecture using fishplot package 
(https://bmcgenomics.biomedcentral.com/articles/10.1186/
s12864-016-3195-z).

Statistical analysis

Multivariate joint model consisting of the Cox 
PH and the Poisson count models including the variant 
dynamics score utilized the logrank score and the 
likelihood ratio tests. Statistics is in detail provided also 
within the last Results’ section.
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