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Early identification of resistant cancer cells is currently a major challenge,

as their expansion leads to refractoriness. To capture the dynamics of these

cells, we made a comprehensive analysis of disease progression and treat-

ment response in a chronic lymphocytic leukemia (CLL) patient using a

combination of single-cell and bulk genomic methods. At diagnosis, the

patient presented with unfavorable genetic markers, including notch recep-

tor 1 (NOTCH1) mutation and loss(11q). The initial and subsequent treat-

ment lines did not lead to a durable response and the patient developed

refractory disease. Refractory CLL cells featured substantial dysregulation

in B-cell phenotypic markers such as human leukocyte antigen (HLA)

genes, immunoglobulin (IG) genes, CD19 molecule (CD19), membrane

spanning 4-domains A1 (MS4A1; previously known as CD20), CD79a

molecule (CD79A) and paired box 5 (PAX5), indicating B-cell de-

differentiation and disease transformation. We described the clonal evolu-

tion and characterized in detail two cell populations that emerged during

the refractory disease phase, differing in the presence of high genomic com-

plexity. In addition, we successfully tracked the cells with high genomic

complexity back to the time before treatment, where they formed a rare

subpopulation. We have confirmed that single-cell RNA sequencing

enables the characterization of refractory cells and the monitoring of their

development over time.
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1. Introduction

Chronic lymphocytic leukemia (CLL) is a lymphopro-

liferative disease primarily affecting the elderly popula-

tion in Western countries. It is characterized by the

accumulation of small, morphologically mature, yet

non-functional B-lymphocytes, in peripheral blood,

bone marrow, lymph nodes, and spleen. CLL clinical

manifestations vary greatly, with some patients

remaining asymptomatic and under observation for

several years, while others experience an aggressive dis-

ease course, necessitating early therapy intervention.

Still, CLL remains an incurable condition, and the

overall survival (OS) rate ranges from a few months to

several years.

The highly variable clinical behavior of CLL can be

attributed to its molecular heterogeneity. Roughly 80%

of patients exhibit one or more recurrent genomic

abnormalities, including del(13q), del(11q), del(17p),

and +12 [1]. Additionally, CLL patients can be catego-

rized into two groups based on the presence or absence

of somatic hypermutation in the immunoglobulin heavy

chain variable (IGHV) genes, with unmutated IGHV

being linked to faster disease progression and shorter

OS [2,3]. Advancements in high-throughput sequencing

have unveiled several frequently mutated genes in CLL,

such as SF3B1, TP53, NOTCH1, XPO1, BIRC3, ATM,

MYD88, POT1, NFKBIE and ZMYM3 [4–6]. Adverse

prognostic implications have primarily been observed

for TP53, ATM, SF3B1, NOTCH1, and BIRC3 muta-

tions [7]. However, current treatment guidelines for

CLL patients primarily consider the presence of recur-

rent chromosomal abnormalities, the IGHV mutational

status, and TP53 gene mutations when making thera-

peutic decisions [8,9].

As with other malignancies, the genome of CLL is

dynamic, and the genetic abnormalities, together with

their prevalence, may evolve throughout the disease

course. This clonal evolution often leads to the emer-

gence of more aggressive clones or subclones. Clonal

diversity plays a significant role in cancer progression,

particularly when the tumor cells are exposed to selec-

tive pressures such as chemotherapy, favoring the

selection and expansion of a resistant clone [10,11].

Detecting the presence of such resistant cells, which

could have a significant impact on cancer progression,

at the time of diagnosis is very challenging because

conventional genomic techniques such as genomic/-

chromosomal microarrays and bulk next-generation

sequencing (NGS) average the signal from several cell

populations. In contrast, single-cell RNA sequencing

(scRNA-seq) offers individual cell resolution, which

presents immense potential in identifying these rare

cells and facilitating further investigation.

In this study, we aimed to investigate the possibility

of utilizing a combination of diverse high-throughput

sensitive methods, primarily scRNA-seq, for unveiling

the dynamics of CLL disease. We have shown that

employing these methods makes it possible to recon-

struct clonal evolution, characterize the resistant cells

and to track them back in time, therefore may help to

elucidate the mechanism of treatment resistance and

lead to more personalized therapy approach.

2. Materials and methods

2.1. CLL samples processing

A retrospective case study subject was diagnosed at the

Department of Internal Medicine, Hematology and

Oncology, University Hospital Brno. The patient was

monitored and treated according to the valid iwCLL

guidelines [12]. A written informed consent for storing

and use of the processed biological material for scientific

purposes was obtained. The consent and study method-

ologies conformed to the standards set by the Declara-

tion of Helsinki and were approved by the Ethical

Committee of the University Hospital Brno (05-

240 619/EK). Relevant clinical information related to

the disease course and treatment was collected. Samples

were collected from April 2012 to March 2017. B-cells

were separated from peripheral blood using the

RosetteSepTM Human B Cell Enrichment Cocktail

(Stemcell Technologies, Vancouver, Canada) and

Ficoll-Paque PLUS (GE Healthcare, Chicago, IL, USA)

density gradient centrifugation. The resulting purity of

B-cells was assessed as > 95% by flow cytometry.

Finally, 5 million cells were used for DNA isolation

(MagCore Genomic DNA Whole Blood Kit, RBC Bio-

science, Taipei, Taiwan) and the remaining cells were

cryopreserved. B-cells and DNA were stored at five con-

secutive time points (TPs): from the time of diagnosis

(DG), during progression shortly before the frontline

therapy with FCR (fludarabine-cyclophosphamide-

rituximab) (PR), in relapse before initiating therapy with

ALZ (alemtuzumab) (RL), in second relapse before initi-

ating therapy with BR (bendamustine-rituximab) (RL2),

and at the time of refractoriness after several therapy

lines (RF) (Fig. 1). RL2 was only used for bulk analyses

(i.e. genomic microarrays, targeted panel sequencing

and TP53 sequencing), as cells were no longer available

at the time the study was performed.
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2.2. scRNA-seq library preparation and

sequencing

Frozen cells were thawed and prepared for scRNA-

seq. Cell concentration and viability were estimated

using a B€urker chamber with the addition of Trypan-

Blue. If viability was < 80%, EasySepTM, Dead Cell

Removal (Annexin V) Kit (Stemcell Technologies) was

used to increase the proportion of viable cells. Next,

the cells from individual TPs were stained with differ-

ent TotalSeq-B Hashtag antibodies (B0251-B0260; Bio-

Legend, San Diego, CA, USA) according to the

manufacturer’s protocol, and proportionally pooled,

allowing multiplexing of cells from different TPs into

a single experiment. Subsequently, a scRNA-seq

library was generated using the Chromium Controller

(10x Genomics, Pleasanton, CA, USA), and Next

GEM Single Cell 30 Library & Gel Bead Kit v3.1 (10x

Fig. 1. Disease evolution and case study design. The graph captures a fluctuation of white blood cell and lymphocyte counts during the

disease course, with different therapy periods and the individual time points included in the study indicated along the timeline. Below the

time points is shown which material was processed from the given sample (B-cells or DNA) and which analyzes were performed on the

given material (single-cell RNA sequencing/SNP arrays and NGS sequencing of the LYNX panel and TP53 amplicons). The combination of

the results finally enabled the reconstruction of the disease clonal evolution in the patient. ALZ, alemtuzumab; BR, bendamustine-rituximab;

COP, cyclophosphamide-vincristine-prednisone; DG, diagnosis; FCR, fludarabine-cyclophosphamide-rituximab; NGS, next-generation

sequencing; PR, progression; RF, refractory disease phase; RL2, second relapse; RL, first relapse; scRNA-seq, single-cell RNA sequencing;

SNParray, single nucleotide polymorphism array; WBC, white blood cell count.
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Genomics) following the manufacturer’s instructions

and targeting approximately 10 000 cells per experi-

ment. In total, cells from four consecutive TPs (DG,

PR, RL, and RF) were processed in three experiments.

The library quantity and size distribution were

checked using QuantiFluor dsDNA System (Promega,

Madison, WI, USA) and Fragment Analyzer DNF-

474 High Sensitivity NGS Fragment Analysis Kit

(Agilent Technologies, Santa Clara, CA, USA).

Libraries were sequenced on NextSeq 500 using High

Output Kit v2.5 (75 cycles, Illumina, San Diego, CA,

USA) with an average coverage of 30 000 reads per

cells.

2.3. scRNA-seq data processing and analysis

Fastq files were processed and aligned to human refer-

ence refdata-gex-GRCh38-2020-A (10x Genomics)

using CELL RANGER v5.0.1 software (10x Genomics).

SEURAT package v4.0.5 [13] was used in the subsequent

step for data cleaning and processing, visualization,

and calculation of differential gene expression (DGE).

First, cells were demultiplexed based on TotalSeq-B

hashtag sequences, while doublets (cells containing

sequences of two different hashtags) and negative cells

were removed from the analysis. Furthermore,

cells with less than 200 expressed genes and more than

25% mitochondrial reads were discarded. After these

quality control steps, cells from the four consecutive

TPs sequenced in different experiments were merged

into a single analysis. In the next steps, the counts

were normalized, scaled, and entered into a PCA anal-

ysis calculated on the basis of the 2000 most variable

genes. The top 20 principal components were used for

UMAP visualization and nearest-neighbor graph con-

struction. If a separate cluster containing cells with a

high proportion of mitochondrial RNA was formed,

such cluster was removed, and the data object was

recalculated. DGE was calculated in Seurat using the

MAST test [14]. The estimation of copy number aber-

ration from scRNA-seq data was performed using the

INFERCNV package v1.19.1 (inferCNV of the Trinity

CTAT Project; https://github.com/broadinstitute/

infercnv).

Since in our dataset, three experiments containing

cells from four time points were combined in one anal-

ysis, the presence of batch effect was evaluated. As

cells from the PR TP were processed twice in two sep-

arate experiments, these cells were used to visualize the

batch effect (Fig. S1). Two batches of PR cells from

the same TP entirely overlapped when visualized in the

Fig. S1, therefore the batch effect was considered

negligible.

2.4. Genomic microarrays analysis

DNA from each TP was used for genome-wide analy-

sis of copy number aberrations (CNA) and losses of

heterozygosity (LOH) using the genomic microarray

CytoScan HD and the respective reagent bundle

(Thermo Fisher Scientific, Waltham, MA, USA)

according to the manufacturer’s protocol. During the

sample processing, the following modifications were

implemented: DNA input was increased to 300 ng,

and the Titanium DNA Amplification Kit (Clontech,

Mountain View, CA, USA) was used instead of the

CytoScan Amplification Kit for DNA amplification

after adaptor ligation. The hybridization, washing and

staining, and scanning were performed using the Gene-

Chip Instrument System. Data were analyzed in CHRO-

MOSOME ANALYSIS SUITE software (version 4.3) with the

NetAffx Genomic Annotation hg19 (version

20 220 623). Genomic abnormalities were inspected

while filtering in CNAs > 20 kbp and LOHs > 5 Mbp

in a default setting and were further compared against

the Database of Genomic Variants (DGV) and

ChASDB aDGV healthy individuals’ dataset. The final

sets of presumably somatic, CLL-associated genomic

abnormalities were recorded according to the standard

ISCN 2020 nomenclature.

2.5. Integrative LYNX panel targeted sequencing

High-throughput sequencing of target regions relevant

to lymphoid malignancies was carried out using a

capture-based NGS panel LYNX [15]. In short, the

sequencing library was prepared using SureSelect XT

HS kit (Agilent Technologies) with a custom probe set

enabling detection of genome-wide chromosomal aber-

rations, recurrent aberrations including del(17p),

del(11q), del(13q) and +12, the assessment of immuno-

globulin gene rearrangements, and the mutational

analysis of 67 protein-coding genes. LYNX libraries

were sequenced on NextSeq 500 using Mid Output Kit

v2.5 (300 cycles; Illumina), and subsequent data analy-

sis was done using a dedicated in-house bioinformatic

pipeline [15]. A plot capturing estimated clonal evolu-

tion was created using the fish plot package [16].

2.6. TP53 amplicon sequencing

Isolated DNA from each TP was used for deep NGS

sequencing of TP53 gene, as described previously [17–
19]. In brief, eight amplicons covering exons 2–11 were

pooled and subsequently used as an input for library

preparation with the Nextera XT DNA Sample Prepa-

ration Kit (Illumina). TP53 amplicon libraries were
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sequenced on the MiSeq instrument using MiSeq

Reagent Kit v2 (300 cycles; Illumina). Variants were

called using an established in-house bioinformatic

pipeline [19].

3. Results

3.1. Case description

A 46-year-old female presented to the hematological

clinic with leukocytosis (80.2 9 106�lL�1), splenomeg-

aly, and lymphadenopathy in April 2012. The patient

was diagnosed with CLL, stage Rai II. Fluorescence in

situ hybridization (FISH) analysis revealed the presence

of del(11q) and del(13q) in 65% and 91% of cells,

respectively. The TP53 mutational status was assessed

as wild-type by functional analysis of separated alleles

in yeast (FASAY) used as standard diagnostic method

[19,20]. The clonotypic IGH rearrangement with the

unmutated IGHV somatic hypermutation status (100%

identity to germline) was reported. Subsequently, dis-

ease progression was observed and a frontline treatment

with three cycles of FCR was initiated 18 months after

diagnosis. Although a complete response was achieved,

the patient relapsed after 22 months and subsequently

received second-line treatment with ALZ. Despite this

treatment, CLL progression was observed again. The

patient did not agree with an allogeneic transplant, thus

was scheduled for treatment with three cycles of BR,

which resulted in partial remission. One year later, com-

plex chromosomal changes in CLL cells were reported

in disease relapse, including newly acquired del(17p) in

43% of cells. The non-functionality of TP53 was con-

firmed by FASAY. While Ibrutinib treatment was being

approved, the patient was treated with dexamethasone

and COP (cyclophosphamide-vincristine-prednisone)

for persistent lymphadenopathy and thrombocytopenia.

Progression to acute lymphoblastic leukemia (due to the

presence of 3% blasts in the peripheral blood) was sus-

pected but not confirmed by bone marrow flow cytome-

try analysis. Transformation to Richter’s syndrome was

not tested. Ultimately, the patient passed away 5 years

from diagnosis in 2017, following fulminant CLL

progression.

3.2. ScRNA-seq revealed a striking change in

clonal dominance during the refractory

disease phase

B-cells from four consecutive TPs were analyzed by

scRNA-seq (Fig. 1). DG and PR cells overlapped in

the 2D UMAP plot, RL cells overlapped only partially

with the previous TPs, while RF cells were clearly

separated (Fig. 2A). Based on gene expression, the cells

were divided into five clusters as shown in Fig. 2B. The

proportion of cells from each TP in the individual clus-

ters and the change in cluster dominance over time are

depicted in Fig. 2C. Cells from cluster 0 dominated in

the DG and PR, accounting for an average of 62% of

cells, while cells from cluster 1 expanded over time to

comprise more than 90% of cells in the RL point

(Fig. 2C). At the RF, two new clusters 2 and 4

emerged, together containing 92% of the cells.

3.3. DGE analysis highlighted the upregulation

of apoptosis inhibitors and the downregulation

of B-cell phenotypic markers in the

refractory phase

DGE analysis was performed comparing cells from dif-

ferent TPs. No significant differences were observed

between DG and PR cells. RL cells showed downregu-

lation of several tumor suppressor genes (Fig. 3A)

including KLF10, PPP1R15A, and GADD45B. When

comparing the RF cells to DG and PR cells, genes asso-

ciated with inhibition of apoptosis (CFLAR, BIRC3,

and BCL2), detoxification (SOD1, GSTP1), and other

processes were found to be upregulated. In addition,

there was a notable downregulation of several B-cell

markers (Fig. 3C), indicating a loss of the original B-cell

phenotype in RF cells. RNA expressions of significantly

changed genes of interest at RF are shown in Fig. 3B,C.

Differentially expressed genes with values of log2 fold

change are listed in Tables S1 and S2, showing RF vs.

remaining TPs, and RL vs. DG + PR, respectively.

Since the majority of RF cells were divided into two

separate clusters (cluster 2 and cluster 4), the similarity

and difference of expression between these clusters were

further investigated. Both clusters showed downregula-

tion of B-cell markers, while genes encoding detoxifica-

tion enzymes were upregulated in cluster 2 and tumor

suppressor genes were upregulated in cluster 4 (Fig. 3D).

3.4. Detecting the high genomic complexity in

the fraction of RF cells and tracking their

presence over time through CNA estimation

The next step involved performing CNA

estimation using the InferCNV tool, with DG cells

used as the reference. Interestingly, CNA estimation

revealed presence of high genomic complexity in cells

from cluster 2 (Fig. S2). As indicated by clustering

based on gene expression, 11 RL cells and two PR

cells (highlighted in Fig. 2D) were assigned to the

aberrant cluster 2, prompting further investigation into

the indication of the high genomic complexity cells in
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other TPs. Therefore, InferCNV with unsupervised

hierarchical clustering was performed, using DG cells

as a reference. Consequently, 1.2% of PR cells (44

cells) and 1.9% of RL cells (34 cells) were assigned to

the aberrant cluster with high genomic complexity pro-

file, along with 76% of RF cells (1400 cells) (Fig. 4A,

B). Figure 4C highlights cells divided into four new

color-coded InferCNV clusters generated by unsuper-

vised clustering in original UMAP. A comparison of

cell barcodes revealed that two PR cell and seven RL

cells assigned to expression cluster 2 matched cells in

the InferCNV cluster with high genomic complexity.

3.5. Genomic microarrays verified CNA

estimation from scRNA-seq data and confirmed

the presence of rare population of cell during

pre-treatment progression

To validate the CNA estimation obtained from

scRNA-seq, highly sensitive CytoScan HD arrays were

Fig. 2. Visualization and review of single-cell RNA sequencing data. (A) Final UMAP visualization of the single-cell RNA sequencing data with

cells colored according to their temporal origin. (B) UMAP visualization of scRNA-seq data with cells color-coded into 5 clusters according to

their expression similarity. (C) Bar plot capturing the proportion of cells from each expression cluster in individual time points and the change in

cluster dominance over time with table of total cell counts of individual time points in expression clusters. (D) Cells from expression cluster 2

with PR and RL cells presence highlighted. DG, diagnosis; PR, progression; RF, refractory disease phase; RL, first relapse.

Fig. 3. Differential gene expression analysis based on single-cell RNA sequencing. Cells from different time points were subjected to

differential gene expression analysis. (A) Violin plots show genes significantly altered when comparing RL cells with DG and PR cells (using

MAST test with absolute average log2FC > 0.9 and P value adjusted < 0.001). (B) Dot plot of genes significantly changed in RF cells compared

to other cells (using MAST test with P value adjusted < 0.001). (C) Dot plot of genes altered in RF cells related to B-cell phenotype.

(D) Heatmap of genes changed in RF cells with emphasis on the difference between cluster 2 and 4. Genes differentially expressed in cluster 2

are marked in a green box and in cluster 4 in a purple box. DG, diagnosis; PR, progression; RF, refractory disease phase; RL, first relapse.
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employed. The arrays confirmed multiple genomic

changes at RF, indicating genomic instability. Further-

more, the arrays revealed the persistence of losses in

3p21, 11q, and 13q throughout the whole disease course.

High genomic complexity with multiple alterations such

as loss(1p), loss(9p), loss(17p), monosomy X, and chro-

mothripsis in 12q and 18p was detected in the RF TP.

The frequencies of individual aberrations at different

TPs are depicted in Fig. 5 and summarized in Table S3.

Interestingly, while loss(11q) was present in approxi-

mately 95% and 100% of cells at diagnosis and progres-

sion, its proportion dropped to 25% at refractory

disease stage, confirming the presence of rare subpopula-

tion without loss(11q) in pre-treatment time. At the same

time, the proportions of detected aberrations and their

changes over time corresponded to the results from

InferCNV and point to the presence of two populations

at the time of the refractory disease phase: one with

loss(11q) and the other without loss(11q) containing the

high genomic complexity (as resulted from InferCNV).

To determine the specific time or therapy that trig-

gered the expansion of the non-loss(11q) population,

an additional TP RL2 was included in the bulk ana-

lyses, even though cells from this TP were not avail-

able for scRNA-seq. According to genomic array data,

the proportion of non-loss(11q) population increased

slightly after ALZ treatment (Table S3), but their

expansion only occurred after BR treatment at RF.

Visual comparison of genomic microarrays CNA

results with scRNA-seq CNA estimation showed that

InferCNV did not detect loss(chrX) and poorly delin-

eated loss(12q) and loss(18p). Discrepancy in results

occurred in the 11q region, with inferCNV showing a

gain of this region, while genomic arrays showed the

opposite. ScRNA-seq estimation, using DG cells as a

reference, showed a higher signal of the 11q region in

RF cells due to a decrease in the number of cells with

loss(11q). In this regard, the output from InferCNV

was correct. To sum up, the CNA estimation from

scRNA-seq via InferCNV proved to be a reliable tool

for CNA detection. The disadvantage of this approach

was lower sensitivity and insufficient resolution to

denote region affected by genomic abnormality, as the

presence of aberration was estimated only from

transcribed regions of the genome. In addition, the sig-

nals on some chromosomes were noisy (e.g. chr6 and

chr19) and prevented CNA assignment.

3.6. LYNX panel revealed mutations in several

genes including ATM, NOTCH1, ZMYM3, TP53,

and BIRC3

To gain insight into the mutational landscape of indi-

vidual TPs, the lymphoid NGS panel LYNX was

employed. The presence of mutations in the NOTCH1

and ZMYM3 genes, with a variant allele frequency

(VAF) of 50% detected at DG, was revealed. The fre-

quencies of these mutations remained stable over time

and increased only at RF, reaching 80% due to

acquired loss(9q) and loss(Xq), where the genes are

located. Furthermore, during the course of the disease,

the mutation in ATM disappeared and new mutations

appeared in other genes, namely XPO1, TP53, and

BIRC3 (Table 1). Clonality of the IG rearrangement

stayed the same during the whole disease course

(Table 1).

Since the TP53 mutational profile of this patient

was retrospectively reanalyzed in our previous study

[11], we used this opportunity and obtained the data

from ultrasensitive TP53 sequencing for more sensitive

detection of this mutation during the disease course.

Results revealed the subclonal presence of the same

mutation detected during the refractory period at DG,

with a VAF of 0.9%. The change in the frequency of

this variant over time is documented in Table 1. The

frequencies are consistent with findings from

scRNA-seq and genomic arrays and point to striking

change in cell populations present in the refractory

phase of the disease.

4. Discussion

In this study, we conducted a comprehensive analysis

of a CLL patient’s disease evolution by combining

single-cell and bulk genomic methods. The complexity

of the presented case highlights the need for a combi-

nation of different sensitive methods to examine in

detail the effect of treatment on clonal evolution

Fig. 4. Graphical representation of CNA estimation from single-cell RNA sequencing data by the InferCNV tool using unsupervised clustering.

(A) Cells divided into time points were subjected to unsupervised clustering based on estimation of copy number aberration (CNA). Inside the

heat maps, the cells are located on the y-axis and ordered chromosomes on the x-axis. The upper heat map shows DG cells that were used as a

reference and the lower heat map shows cells from follow-up time points (PR, RL, and RF) divided into new four color-coded InferCNV clusters

based on a similar CNA profile: cyclamen, brown, orange, and yellow. (B) Stretched yellow InferCNV cluster harboring high genomic complexity

showing the presence of PR and RL cells within this cluster. (C) Cells from the newly created four InferCNV clusters visualized in the original

UMAP with the corresponding color annotation preserved. DG, diagnosis; PR, progression; RF, refractory disease phase; RL, first relapse.
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in CLL patients, particularly those with aggressive

forms of the disease.

The disease of the presented patient case exhibited sev-

eral unfavorable markers at DG, including the presence

of NOTCH1 mutation in all malignant cells and

loss(11q) in 95% of cells, as revealed by genomic micro-

arrays. Throughout the disease course, the patient

underwent several therapies that did not have a

long-term effect and resulted in refractory disease. In

terms of gene expression, cells from this refractory phase

were completely different from cells from previous TPs.

Striking downregulation in the expression of B-cell

markers collectively suggests alterations in B-cell pheno-

type and function at RF. Downregulation of PAX5 and

upregulation of FLT3 suggests de-differentiation state of

RF cells and transformation of the disease, as Pax5 defi-

ciency was proved to lead to de-differentiation of B-cell

and formation of aggressive lymphomas in mice [21].

Further studies are needed to elucidate the underlying

mechanisms driving these changes in gene expression

and their functional implications in refractory CLL.

In addition to expression changes, around a quarter

of RF cells showed high genomic complexity. Remark-

ably, clustering based on both expression and CNA esti-

mation assigned few cells from the PR and RL to the

cluster with high genomic complexity. Based on this

finding, we inferred that high genomic complexity cells

were present as a rare subpopulation already before

therapeutic intervention, while the selection pressure of

several therapy lines enabled their expansion. This

Fig. 5. Graphical representation of CNA detection by genomic microarrays. Visualization of copy number aberration (CNA) results from

genomic arrays for individual samples of B-cells, with ordered chromosomes located on the x-axis. Aberrations that were present from the

beginning of the disease (loss(3p21), loss(11q) and loss(13q)) are marked by arrows and their frequency in percentage. DG, diagnosis; PR,

progression; RF, refractory disease phase; RL, first relapse; RL2, second relapse.
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conclusion was subsequently supported by the genomic

array, as a population of cells without loss(11q) domi-

nated at RF, although this loss was present with fre-

quency of 95–100% at DG and PR.

Most importantly, scRNA-seq data combined with

bulk analyses enabled us to reconstruct the

development of leukemia cells during the course of

the disease (Fig. 6). NOTCH1 and ZMYM3 gene

mutations and loss(13q) were consistently present

throughout the disease progression, indicating they

most likely arose as primary events contributing to

carcinogenesis. In the refractory phase of the disease,

Table 1. Summary of detected variants with their allelic frequencies at individual time points obtained by sequencing the LYNX panel and

TP53 amplicons. DG, diagnosis; IGH, immunoglobulin heavy locus; IG, immunoglobulin gene; IGK, immunoglobulin kappa locus; PR,

progression; RF, refractory disease phase; RL2, second relapse; RL, first relapse; VAF, variant allele frequency.

LYNX VAF (%)

Gene Cytogenetic location cDNA change Protein change Transcript ID DG PR RL RL2 RF

NOTCH1 9q34.3 c.7541_7542del p.Pro2514ArgfsTer4 ENST00000651671 50 50 50 50 80

ZMYM3 Xq13.1 c.2626C > T p.Pro876Ser ENST00000314425 50 50 50 50 80

ATM 11q22.3 c.3077 + 1G > T p.? ENST00000278616 5 10

XPO1 2p15 c.1711G > A p.Glu571Lys ENST00000401558 2 35 35 10

TP53 17p13.1 c.582del p.Ile195SerfsTer52 ENST00000269305 2 5 60

BIRC3 11q22.2 c.1664G > T p.Arg555Ile ENST00000263464 15 30 10

RB1 13q14.2 c.1735C > T p.Arg579Ter ENST00000267163 8

TP53 amplicon sequencing VAF (%)

Gene Cytogenetic location cDNA change Protein change Transcript ID DG PR RL RL2 RF

TP53 17p13.1 c.582del p.Ile195SerfsTer52 ENST00000269305 0.9 0.2 3.0 7.6 64

IG rearrangement analysis Clone proportion (%)

Locus V gene D gene J gene Junction DG PR RL RL2 RF

IGH IGHV5-10-1 IGHD6-19 IGHJ4 CARHQPLGIAEPLDYW 93 96 99 93 93

IGK IGKV1-39 – IGKJ1 CQQSYSTPPKTF 95 95 100 94 95

Fig. 6. Reconstruction of leukemic cell evolution. Fish plot capturing estimated reconstruction of the mutational composition of cell

populations and their evolution in time created by integrating bulk and single-cell data. The emergence of a population within another is

marked with an emergence of new colored stream and means that the given population contains new color-coded change together with

aberrations of population from which it originated. DG, diagnosis; PR, progression; RF, refractory disease phase; RL2, second relapse; RL,

first relapse.
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two populations of cells were present, one with

loss(11q) and loss(3p21) corresponding to expression

cluster 4 and the other with high genomic complexity

forming expression cluster 2. In addition, cluster 4

contained cells with mutations in BIRC3 and XPO1

genes, while TP53 mutation was most likely present

in cluster 2.

5. Conclusion

The presented case of a female patient diagnosed with

CLL at a relatively early age highlights the clinical

challenges associated with disease management and

treatment resistance. In our study, we took advantage

of various single-cell and bulk molecular methods and

reconstructed the clonal evolution of CLL cells over

time. We characterized two populations of refractory

cells in terms of genomic and expressional changes and

tracked them back in time before therapeutic interven-

tion. We believe that conducting similar studies in the

future may contribute to the early identification of

treatment-resistant rare subpopulation and to the

adaptation of therapeutic regimens accordingly. In

conclusion, our results shed light on the complexity of

CLL and the need for comprehensive genomic analyses

to understand better the disease dynamics and mecha-

nism of treatment resistance.
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