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Introduction: There is growing evidence of a connection between tumor clonal profile and its clinical impact. However, there 
is a lack of a feasible and reliable method for clonal profiling in actual clinical practice. Myelodysplastic syndrome is a clonal 
hematopoietic stem cell disorder characterized by morphological dysplasia, cytopenia and a high risk of evolution to acute my-
eloid leukemia. The clinical outcome of myelodysplastic syndrome is greatly heterogeneous; therefore, specific examination of 
clonal profiles is needed to resolve the prognosis of patients with such complex disorders. Purpose: Development of a pipeline 
specifically for determining the clonal profiles in patients with myelodysplastic syndrome on the basis of target next-generation 
sequencing data. Results: The pipeline was developed and evaluated on a set of 35 patients with high-risk myelodysplastic syn-
drome. It is possible to use the target sequencing data in order to assess the heterogeneity of clonal profiles and characterize 
their genetic features. This approach allows you to identify the consistency between a specific individual profile and the disease 
prognosis, which can be critical for the treatment decision. Herein, the characterization and analysis of clonal profiles are pre-
sented. Practical relevance: The information about relation patterns between clonal profile characteristics (number of subclones, 
mutations-per-clone rate) and clinical outcome can be used by doctors in current practice for a more accurate therapy selection 
depending on the identified individual specificity of the disease.

Keywordsb— myelodysplastic syndrome, bioinformatics pipeline, clonal profile, primary mutation, subclone, target sequenc-
ing, next-generation sequencing.
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Introduction

Adult myelodysplastic syndrome (MDS) occurs 
as a result of the gradual accumulation of somatic 
mutations [1]. A set of cells derived from a mutated 
cell is called a clone. Subclones arise from a prima-
ry clone (so-called subclones) in the process of ac-
quiring new somatic mutations (tumor progression, 
clonal evolution), therefore, they are also consid-
ered as clones. To predict the tumor development 
pathway, it is essential to characterize the clone 
with its subclones [2]. 

Each clone is defined by its unique mutational 
profile providing to trace the relation between clone 
genotype and prognosis of the disease. The presence 
of subclones with driver mutations in oncogenes has 
been shown to negatively affect the outcome of the 
disease in case of chronic lymphocytic leukemia 
[3]. A correlation between a large number of sub-

clones and an unfavorable prognosis was identified 
in lung, breast, prostate, kidney tumors, as well as 
low-grade glioma [4–6].

One of the main approaches of next-genera-
tion sequencing (NGS) is targeted sequencing (TS) 
method focused on specific genes panel in order 
to determine the current mutation load. High pre-
cision, relatively low cost, multiple genes analysis 
at once are the main advantages of TS. However, 
there are some technical issues associated with the 
implementation of this technique in actual clinical 
practice: lack of verification methods and standard 
pipelines for analysis of sequencing data, a need to 
adapt for particular diseases. TS method used with 
additional bioinformatic tools could be helpful in 
clonal profile deduction.

Thus, the purpose of present work is to build 
an analytical pipeline using modern bioinformatic 
tools specifically adapted for determination of the 
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clonal profiles in patients with MDS on the basis of 
TS. Such evaluation might help to derive the rela-
tion and corresponding patterns between the num-
ber and the genotype of subclones, and subsequent 
disease prognosis.

Materials and methods

1. Group selection.
Next-generation sequencing of 35 patients with 

high-risk MDS was performed (Table 1) [7].
2. DNA sequencing.
Genomic DNA was extracted from bone marrow 

using TriZ reagent extraction Kit (Inogene, Russia) 
and stored at –80 C. The quality of the samples 
was analyzed with Qubit 4.0 (Thermo Fisher, CA, 
USA). The libraries for target sequencing of the 
genes were prepared using KAPA HyperPlus Kit 
(Roche, Switzerland). The enrichment of targeted 
genome sequences was performed using SeqCap EZ 
Target Enrichment System (Roche, Switzerland). 
Sequencing was performed by MiSeq benchtop se-
quencer using MiSeq Reagent Kits v2 (Illumina, 
USA).

3. Data preprocessing.
The quality of sequencing reads was analyzed 

using FastQC (http://www.bioinformatics.babra-
ham.ac.uk/projects/fastqc/); adapters were elimi-
nated by Trimomatic 0.39 [8].

4. Alignment, analysis and generation of the 
detected variants list. 

Bioinformatic analysis was performed accord-
ing to the GATK-4 manual [9], with alignment to 
the GRCh38 version of the human genome using 
BWA 0.7.17 [10], and determination of somatic var-
iants was accomplished with Mutect2 4.1.5.0 [11]. 
The resulting list of variants was annotated us-
ing Ensemble Variant Effect Predictor 99 [12] and 
ANNOVAR [13].

The custom scripts used in the analysis on the 
basis of GATK Best Practices pipelines, were de-
posited to the Github portal (https://github.com/
bugds/BashGATK). Parallelization was performed 
using GNU Parallel [14].

5. Filtering of the germinal variants.
When analyzing the identified gene variants, we 

excluded those variants whose frequency in differ-
ent populations according to GnomAD [15] exceeds 
1%, and the allelic load (taking into account the chi-
merism) was in the range of 30–70% and 90–100% 
[16].

6. Removing false positives.
Variants not filtered by Mutect2 were not taken 

into account. Additionally, variants found in two 
or more samples with the same allelic load were re-
moved from the analysis that indicate a direct sign 
of mispriming [17].

Samples were removed from the analysis in cas-
es where less than two variants remained as a result 
of filtering (the study of tumor progression is based 
on comparing allelic loads of variants and is possi-
ble only if there are two or more variants). Finally, 
27 patient samples remained in the study (see 
Table 1).

7. Computation of tumor burden and beta-allele 
frequencies.

Beta-alleles are the polymorphisms detected 
during sequencing (Fig. 1, a). Their allelic load must 
be taken into account when calculating copy-num-
ber variations (see point 8): for instance, a germinal 
variant in a heterozygous state with an allelic load 
of about 33 or 67% indicates a duplication of this 
region (Fig. 1, b). The Deep Variant 0.10.0 software 
tool was used to determine polymorphisms [18].

In each sample, variants with the maximum allel-
ic load were identified — they are primary, and ap-
proximately reflect the proportion of tumor cells in 
the sample. In this case, we assume that the variants 
with the maximum allelic frequency in each sample 
are not located in the regions of the genome with a 
copy-number variation (insertions and deletions), 
and are also heterozygous. In this case, the pro-

  Table 1. Characteristics of patients before and after 
filtering of germinal and false positive variants

Parameter

Value

before 

filtering

after 

filtering

Age median (interval), 

years
49 (18–80)

46,4 

(18–80)

Male/female 21/14 16/11

After bone marrow 

transplant
25 (71,4%) 20 (74,1%)

Secondary MDS (after prior 

chemo- or radiotherapy)
5 (14,3%) 5 (18,5%)

Diagnosis

5q deletion 1 (2,9%) 1 (3,7%)

Excess of blasts I 13 (37,1%) 10 (37,0%)

Excess of blasts II 19 (54,3%) 14 (51,9%)

Multilineage dysplasia 2 (5,7%) 2 (7,4%)

Risk according to IPSS-R

Very low 0 0

Low 1 (2,9%) 1 (37%)

Intermediate 5 (14,3%) 4 (14,8%)

High 15 (42,8%) 12 (33,3%)

Very high 14 (40,0%) 13 48,1%)
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 Fig. 1. Compliance between the allelic load detected during sequencing (columns) and the genotype configuration in 
normal (a), with polymorphism duplication (b), the presence of a mutation in 20% of cells (c) and the 50% allelic load of 
the mutation (d)
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 Fig. 2. The workflow of clonal profiling
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portion of tumor cells can be calculated as the dou-
ble number of variant allelic loads (Fig. 1, c). Cases 
where variants with maximum loads are located in 
regions of the genome with copy-number variation 
require high-attention. For example, if a variant is 
found in 50% of the reads, this may indicate both a 
100% tumor load and the above phenomena associat-
ed with a copy-number variation (Fig. 1, d). Similar 
phenomena can be suspected when studying allelic 
loads of the other variants found in the same sample. 
They were analyzed manually, and if interpretation 
was not possible, they were excluded (it was consid-
ered that there is copy-number variation when iden-
tifying stable change of reading depth in the region 
with an allele mutation with the maximum frequen-
cy, and the mutation with the maximum allelic fre-
quency cannot be considered primary).

8. Сopy-number variations analysis.
To determine the copy-number variation, 

CNVkit 0.9.5 was used, an algorithm that utilizes 
both target gene reads and non-specifically cap-
tured non-target reads to identify the copy-numbers 
evenly across the entire genome [19]. This tool has a 
relatively high accuracy [20] and is designed specif-
ically for detecting acquired copy-number variation 
together with TS. To study somatic insertions and 
deletions, it is necessary to take into account the 
proportion of tumor cells in the sample determined 
at the previous stage (see point 7). The copy-num-
ber is calculated by comparing the reading depth 
in certain positions in the control and pathological 
samples, taking into account the proportion of tu-
mor cells and the size of the beta allele. In CNVkit, 
a pooled or single reference can be used as a refer-
ence material. In this study, the usage of a sample 
with more than 99% chimerism and a normal kary-
otype was chosen as a reference, which corresponds 
to complete cytogenetic remission taken from a pa-
tient 4 weeks after bone marrow transplantation.

9. Clonal profiling.
PyClone 0.13.1 software tool was used to deter-

mine the clonal profiles [21] — the algorithm per-
forms Bayesian clustering method to group somatic 
mutations into assumed clonal clusters with an as-
sessment of their cellular prevalence (the propor-
tion of affected cells) and taking into account the 
allelic imbalances introduced by copy-number vari-
ations and contamination of normal cells.

The complete workflow of analysis is presented 
in Fig. 2.

Results

The whole analysis took 7 hours 2 minutes 
(Intel(R) Xeon(R) Silver 4110 CPU @ 2.10GHz, 32G).

Under the analysis, one of the main issues was 
the lack of an out-of-the-box tool for reformatting 
the CNVkit output format into the one suitable for 
PyClone. However, our pipeline avoids the majori-
ty of such complications by using a single package 
(GATK) for the most part of the analysis.

Mutational profiles of the patients were derived 
in form of tables; each variant was annotated with 
its original allele frequency, the calculated tumor 
load (i. e. a fraction of cells where this variant was 
observed), the standard deviation of the tumor load, 
and the cluster-ID that included the variant itself, 
based on the calculated tumor burden. Two matri-
ces were obtained based on the patients’ clonal pro-
files: one, depicting the co-occurrence of primary 
and secondary variants from the genes perspective 
(Fig. 3), and another, describing genes affected by 
mutations in the same clusters (Fig. 4).

The dynamics of tumor progression was de-
scribed for a patient, who was sequenced twice with 
samples taken in 45 days (Fig. 5 [22]). A subclone 
with RUNX1 mutation overcame the detection 
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threshold, and two other clones identified previous-
ly have grown.

Discovered paths of tumor progression were 
plotted (Fig. 6). Moving along the arrows depicts 
acquiring a mutation in a specific gene by a clone. 
The diagram demonstrates all variants of tumor 
progression that may be inferred from the observa-
ble clonal profiles.

Discussion

We have developed and tested the pipeline for 
clonal profiles determination in patients with MDS. 
It is advantageous to identify the correlation be-
tween the clonal profile, their genotypic features 
and disease prognosis, that has been effectively 
demonstrated for other pathologies [3–6].

Genotypes of clones and subclones were plotted 
(Fig. 7). Whiskers indicate the standard deviation 
of tumor burden of a certain variant. The color of 
a mark shows the affiliation to a specific cluster 
(clone or subclone). Genes affected by a variant and 
its genomic position in chromosomes are marked on 
a horizontal axis.

Five mutations were found in the same sample 
(Fig. 7, a) herewith two variants (in LAG3, DICER1 
genes) grouped in a single cluster. This fact, con-
sidering their high tumor load (> 50%), can be 
interpreted as their coexistence in the same cells. 
Otherwise, such a clonal profile would only be ob-
served if the mutation occurs again in the same po-
sition, which is highly improbable.

In the other case (Fig. 7, b), eight mutations were 
discovered in genes: DICER1, TET2-AS1, RUNX1, 
TP53, and TET2. Probably, the variant present in 
the largest number of cells (marked brown, muta-
tion in DICER1) occurred almost simultaneously 
with the mutation in TET2-AS1, which led to the ne-
oplasm formation. Then, all the other variants de-
veloped within the proliferating tumor. Three mu-
tations located in the same cluster (marked in blue) 
appeared in a small fraction of cells, thereby having 
relatively low clonal load, and therefore, their co-
existence and contribution to the current clinical 
course is questionable. Such variants probably in-
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dicate the possibility of new subclones genesis, and 
the diversification of a further clonal population 
within the existing tumor.

Matrix of primary and secondary mutations 
(see Fig. 3) shows that the primary mutations 
mostly developed in DICER1, TP53, and ASXL1 
among the examined samples. It is in compliance 
with the well-known fact that ASXL1 gene is fre-
quently affected primarily in patients with MDS 
[23]. A clonal evolution path with TP53 as a driv-
er mutation was also described [24]. RUNX1 and 
ASXL1 lesions were the most frequent among the 
secondary mutations.

Matrix of variants co-occurring in the same 
clusters (see Fig. 4) illustrates the lack of coex-
istence of mutations in genes of common biolog-
ical function: different splicing genes (SRSF2, 
SF3B1), immune response genes (LAG3, PDCD1, 
CD274), which corresponds to the common trend of 
negative cooperativity where functionally similar 
genes are rarely affected together [25]. However, 
we have identified inconsistencies of such tenden-
cy: mutations in genes of microRNA processing 
(DICER1, DROSHA) appeared in the same clus-
ters. Additionally, it is true for genes of epigenetic 
regulation (TET2, ASXL1, EZH2, DNMT3A, and 
IDH1), that was also observed in another research 
[23]. Such distinguishing tendencies might be re-
lated to the interdependent participation of these 
genes in the same biological pathway. It should 
be noted that the cluster variants with the lowest 
tumor burden (up to 10%) and duplicated probes 
were omitted from the resulting matrices, since 
their mutational load is comparable with the size 
of a method error [16].

One of the main potential applications of the tu-
mor subclones identification and characterization 
is the monitoring of their size and genetic features 
in dynamics. Fig. 5 demonstrates an example of a 
negative tendency for disease progression where 
the growth of a primary clone and its subclone led 
to the emergence of another subclone.

For more reliable identification and subsequent 
exclusion of irrelevant polymorphisms from the 
list of detected variants, matching control material 
can be sequenced for each patient using tissue with 
a germinal genotype. This could also improve the 
copy-number variations calling as both tumor and 
normal genotype files can be introduced to CNVkit.

In some cases the tumor load can be evaluated by 
tissue morphology (in case of solid tumors) or flow 
cytometry: this would be beneficial to avoid the 
assumptions about the maximum allele frequency 
being indicative which were included when deter-
mining the tumor load using only NGS data: we hy-
pothesized this indicative variant is heterozygous 
and not affected by indels (in the absence of obvious 
signs of the opposite).

The importance of subclones in tumor develop-
ment has also been proven in other studies. In case 
of ovarian cancer heterogeneous clonal profiles of 
metastases led to different courses of tumor pro-
gression in each metastasis, which caused poor 
response to immunotherapy, limiting treatment 
options [26]. Clonal structure in MDS was also de-
scribed earlier [1], but both papers imply the meth-
ods yet unavailable in clinical practice. In another 
study, clonal architecture of prostate cancer was 
reconstructed by different methods, and PyClone 
was shown to be appropriate in this case [27]. For 
their turn, we have demonstrated the suitability 
of computational methods in MDS, endorsing this 
technique and its beneficial prognostic value into 
clinical practice.

PyClone uses beta-binomial distribution to mod-
el mutation frequencies. There are alternatives: 
PhyloWGS [28] and DPClust [29] based on binomial 
distribution; but these tools were shown to be not 
applicable in all cases [27]: DPClust failed with the 
rate of 3.1% due to excessive computational mem-
ory (more than 250 GB), and PhyloWGS demanded 
inordinate runtime (more than 3 months). On the 
contrary, PyClone successfully completes all sam-
ples in the same study, which was confirmed by our 
work.

Moreover, the majority of these tools request 
data from the whole genome or exome sequencing 
(WGS, WES), which greatly exceeds the storage 
and computational resources needed for the same 
analysis performed with TS (Table 2 [30]).

In conclusion, the analysis of the clonal struc-
ture, being a modern trend in predicting the out-
comes of tumors, is of highest importance for the 
prognosis and the selection of treatment, which es-
tablishes the relevance for pipeline development in 
case of MDS and other clonal diseases.

The authors have no conflicts of interest. 

  Table 2. Comparison of TS and WGS requirements

Plat-

form

Cost (per 

sample, USD)
Depth

Data size 

(processed bam)

WGS 1000–3000 30–60

Depending 

on coverage 

~60–350 GB

WES 500–2000 150–200 

Depending 

on coverage 

~5–20 GB

TS 300–1000 200–1000 

Varies by panel 

size and coverage 

~0.1–5 GB
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Введение: результаты последних научных исследований показывают более очевидной связь между клональным профилем 
опухоли и его клиническим значением. Однако в настоящее время отсутствует доступный в клинической практике и надежный 
метод для клонального профилирования. Миелодиспластический синдром представляет собой сложную клональную патологию 
гемопоэтической стволовой клетки, характеризующуюся морфологической дисплазией, цитопенией и высоким риском транс-
формации в острый миелоидный лейкоз. Клинический исход миелодиспластического синдрома может быть чрезвычайно гете-
рогенным, поэтому для выяснения истинного состояния гемопоэтической системы и дальнейшего прогноза больных с такими 
сложными нарушениями необходимо специфическое изучение клональных профилей. Цель исследования: разработка пайплай-
на, предназначенного для определения клональных профилей пациентов с миелодиспластическим синдромом на основе данных 
таргетного секвенирования следующего поколения. Результаты: пайплайн был разработан и апробирован на выборке из 35 паци-
ентов с миелодиспластическим синдромом преимущественно высокого риска. Показана возможность использовать данные тар-
гетного секвенирования для оценки гетерогенности клональных профилей и характеристики их генных свойств. Данный подход 
позволит идентифицировать соответствие между типом индивидуального профиля и прогнозом заболевания, влиять на выбор 
терапии. Продемонстрированы характеристики полученных клональных профилей и описан процесс их анализа. Практическая 
значимость: информация о выявленных закономерностях и взаимосвязи между характеристиками клонального профиля (коли-
чеством субклонов, частотой мутаций на клон) и клиническим исходом может быть использована врачами в современной практи-
ке для более точного подбора терапии в зависимости от выявленной индивидуальной специфичности заболевания. 

Ключевые слова — миелодиспластический синдром, биоинформатический пайплайн, клональный профиль, первичная мута-
ция, субклон, таргетное секвенирование, секвенирование следующего поколения. 
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